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Biocatalysis is fundamental to biological processes and sustainable applica-
tions. Over time, the understanding of biocatalysis has evolved considerably.
Initially, protein enzymes were recognized as the primary biocatalysts due to

their high catalytic efficiency under mild conditions. The discovery of ribo-
zymes expanded the scope of biocatalysts to include nucleic acids and the

development of synthetic or semisynthetic artificial enzymes sought to over-
come the limitations of natural enzymes. The emergence of nanozymes,
nanomaterials with intrinsic biocatalytic activity, has further broadened this
field. Nanozymes possess abundant active sites, multiple active phases, and
nanostructures that maintain stability even under extreme conditions, along
with unique physicochemical properties. These attributes enable nanozymes
to perform efficient biocatalysis in diverse forms and under a wide range of
conditions. The discovery of natural biogenic nanozymes, such as magneto-
somes, ferritin iron cores, and amyloid protein assemblies, underscores their

potential physiological functions and roles in disease pathogenesis. This
review explores the distinct properties and catalytic mechanisms of nano-
zymes, elucidates their structure-activity relationships, and discusses their
transformative impact on biocatalysis, highlighting their potential to reshape
fundamental concepts and practical applications in the field.

Biocatalysis involves the use of biocatalysts, such as enzymes or
enzyme mimics, to accelerate biochemical reactions in biological sys-
tems or biomimetic environments. For millennia, humans have har-
nessed enzymes, initially without understanding their nature, in
processes like brewing and cheese-making'. Diastase was discovered in
1833 from malt extract’, followed by the identification of other
hydrolytic enzymes, including pepsin, trypsin, and invertase®*. In 1835,
the concept of catalysis was introduced to describe reactions accel-
erated by substances that remain unchanged after the reaction’. The
hydrolysis of starch by diastase was hypothesized to be a catalytic
reaction. The term “enzyme” was coined in 1877, derived from the
Greek word evlupov meaning “in leaven,” reflecting the early asso-
ciation of biocatalysis with fermentation studies®.

In 1860, Louis Pasteur observed yeast activity in alcoholic fer-
mentation through a microscope and proposed that fermentation

occurred within living yeast and was driven by a vital force called
“ferments™. This “vitalism” notion was disproved in 1897 when Eduard
Buchner demonstrated cell-free fermentation using yeast extracts,
proving that enzymes can independently drive alcoholic
fermentation®. In 1926, the enzyme urease was crystallized by James
Batcheller Sumner®, soon followed by the crystallization of pepsin,
trypsin, chymotrypsin, and catalase, cementing the conclusion that
pure proteins can be enzymes'. The discovery of ribozyme, RNA with
catalytic properties, in the 1980s expanded the definition of enzymes
to include nucleic acids". This historical overview shows that bioca-
talysis continues to reveal its true nature and extend its boundaries
over the past 200 years (Fig. 1).

Biocatalysis holds substantial value in industries such as food,
textiles, pharmaceuticals, and medicine due to its high catalytic effi-
ciency, selectivity, and compatibility with mild working conditions.
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Biocatalytic Materials
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Fig. 1| Schematic illustration of nanozymes as a class of biocatalytic materials.
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Early industrial enzymes were naturally sourced from animals, plants,
and microorganisms, such as alkaline protease from Bacillus licheni-
formis for detergent production?, rennet from calves’ rumen for
cheese-making”®, and papain from papaya fruit for food
tenderization. Enzyme engineering was developed in the 1960s to
address issues of high cost, poor stability, low efficiency, and limited
working conditions of enzymes in industrial applications through
methods including enzyme preparation, immobilization, and
modification¢. Enzyme engineering has promoted the application of
natural enzymes, but inherent limitations like limited sources and
complex production processes meant only few natural enzymes could
be used for large-scale production. The advent of recombinant DNA
technology in the 1970s allowed the use of genetically engineered
strains to produce enzymes, reducing costs associated with natural
enzyme extraction”. Technologies like gene mutation and directed
evolution, pioneered by Frances H. Arnold, greatly improved enzyme
stability, catalytic activity, and selectivity, expanding their industrial
applications'®", Directed evolution has also been used to develop
enzymes with new-to-nature functions. For example, Frances H. Arnold
evolved cytochrome P450 to catalyze carbene and nitrene transfer
reactions?**.,

Biocatalysis was initially limited to natural enzymes produced by
cells until the mid-twentieth century, when the concept of artificial
enzymes was proposed®. Artificial enzymes are synthesized using
chemical or biological methods to simulate the substrate-binding and
catalytic processes of natural enzymes. Various types have been
developed, including synthetic enzyme mimics based on cyclodex-
trins, crown ethers, linear or cyclic peptides, micelles, and molecularly
imprinted polymers®?, In addition, semi-synthetic enzymes are pro-
duced by modifying natural proteins or enzymes with chemical
methods to introduce active sites or catalytic groups®. DNAzymes*
and abzymes (catalytic antibodies)”’ have further diversified the field
of biocatalysis. Despite these progress, the catalytic activity of most
artificial enzymes remains inferior to that of natural enzymes, and
developing high-activity artificial enzymes continues to be a major
focus of scientific research.

At the beginning of the twenty-first century, advancements in
nanoscience deepened our understanding of microscopic matter,
making nanomaterials a prominent research topic. In 2007, Fe;0,4
nanoparticles were discovered to exhibit intrinsic catalytic activity

similar to horseradish peroxidase (HRP), revealing a new nano-bio
effect?®. Since then, research on nanomaterials with biocatalytic char-
acteristics (nanozymes) has rapidly expanded (Box 1)*. To date,
thousands of nanomaterials, including metal oxides, noble metals,
carbon materials, metal-organic frameworks, and nano-assembled
biomolecules, have demonstrated biocatalytic activity (Box 2)*°. These
materials exhibit various biocatalytic activities, such as
oxidoreductase-like activities, including peroxidase-like, catalase-like,
oxidase-like, and superoxide dismutase-like activities®; hydrolase-like
activities, such as phosphatase-like, protease-like, and glycosidase-like
activities®’; as well as lyase-like*® and isomerase-like** activities in a few
cases. Unlike traditional artificial enzymes that mimic the catalytic
structures or mechanisms of natural enzymes, nanozymes have unique
nanostructures and mechanisms that drive their intrinsic biocatalytic
properties. Nanozymes possess multiple nanostructure-confined
active sites, providing interfaces for substrate interactions and
enabling diverse catalytic functions®. Their catalytic properties can be
tailored by adjusting size and morphology®. Additionally, nanozymes
integrate biocatalytic activity with unique nano-physicochemical
properties, such as supermagnetism and photothermal effects, mak-
ing them versatile and multifunctional entities®.

The discovery of nanozymes reveals that nanomaterials are not
inert in biological systems but are catalytically active. This expands
biocatalysis beyond enzymes and their mimics to include nanoma-
terials capable of catalyzing biochemical reactions (Fig. 1). Nanozymes
offer unique structural stability, designability, and multifunctionality,
making them valuable in breaking through the limitations of enzymes
and expanding the application of biocatalysis across various fields,
such as biomedicine, environmental management, and agriculture® >’
Especially, preclinical results increasingly highlight their potential in
catalytic medicine, with research progressing from in vitro biosensing
to in vivo disease treatment for diseases like tumors, bacterial infec-
tion, neurodegenerative disorders, and stroke*°. These advances lay a
foundation for nanozymes to contribute to human health. Moreover,
certain natural nanomaterials within organisms, such as
magnetosomes*, ferritin iron cores*’, and polypeptide nano-
aggregates*’, have been found to perform biocatalytic functions.
These discoveries deepen our understanding of biocatalysis, raising
questions about whether other substances within organisms, beyond
gene-coded proteins and nucleic acids, contribute to biocatalytic
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BOX 1
Nanozymes as biocatalytic materials

Biocatalysts are traditionally defined as entities of biological origin that catalyze chemical reactions?¥, typically under mild conditions (e.g.,
physiological temperature, pH, ionic strength, and limited substrate concentrations)**. Nanozymes, though mostly synthetic, inherently possess
the ability to catalyze existing or new-to-nature biochemical reactions, irrespective of whether their substrates and products match those of
enzymes. The development of nanozymes for reactions that enzymes cannot catalyze is important, as it could lead to the discovery of new
catalytic processes with broad applications in areas where enzymes are limited. Moreover, nanozymes operate efficiently under mild, biologically
compatible conditions, in contrast to conventional nanocatalysts that require high-energy inputs or concentrated substrates. This positions them
as promising candidates for sustainable applications in environmental remediation, chemical synthesis, and energy production.

Traditional enzyme mimics are typically designed to replicate the common features found in the active sites of enzymes, including the ability
to bind and stabilize reaction transition states, transform intermolecular reactions of reactants into (pseudo) intramolecular reactions, the
presence of correctly oriented and located functional groups, and solvation properties and local pH different from those of the bulk solution®®. In
contrast, nanozymes often possess structures that differ greatly from enzymes yet remain effective in biocatalytic processes. This suggests that
enzymes are not the only blueprint for catalyzing biochemical reactions and underscores the biocatalytic potential of synthetic nanostructures.
Although nanozymes designed to resemble these enzymatic characteristics often exhibit enhanced biocatalytic performance, we recommend
that a nanoscale perspective shall be placed on understanding the processes occurring at the active site of nanozyme during the chemical
transformation of the substrate, which may share some enzyme-like properties but also may involve its unique mechanisms.

Nanozymes are characterized by their nanoscale architectures, which provide spatially confined interfaces to interact with substrates,
distinguishing them from ionic catalysts (e.g., Fenton reagents) and traditional small-molecule enzyme mimics. With a high surface area-to-
volume ratio and multiple active sites, nanozymes enable efficient substrate interactions, often performing apparent binding profiles in enzy-
matic kinetics following the Michaelis—-Menten equation. However, their binding modes differ from those of enzymes. Enzymes bind substrates
typically through an induced-fit mechanism at a specialized binding pocket, whereas nanozymes rely on surface-mediated interactions,
including electrostatic forces (e.g., in metal-based nanozymes) or hydrophobic interactions (e.g., in carbon-based nanozymes) for substrate
binding, facilitated by multiple surface features such as nanostructural motifs, defects, and functional groups®®"™*. For example, glucose oxidase
binds glucose at a precise active site and mediates electron transfer from glucose to O, through the sequential redox cycling of its flavin cofactor
(FAD/FADH,)*®%. In comparison, gold (Au) nanozymes catalyze glucose oxidation by adsorbing glucose onto their surface and acting as electron
transfer mediators to directly transfer electrons from glucose to 0,?**. Although less specific than enzymatic processes, these mechanisms are
effective for certain biocatalytic applications, such as pollutant degradation, biomolecule sensing, and bacterial eradication. Future nanozyme
development could draw inspiration from enzymes, such as incorporating specific recognition motifs or allosteric regulation, to evolve from
broad-spectrum, less specific substrate adsorption to more refined systems with tailored binding interactions, enhancing substrate specificity

and reaction precision.

processes. It also prompts a consideration that nanozymes could
represent some of the primordial biocatalysts, potentially functioning
under extreme conditions, such as the harsh environments on early
Earth, where delicate protein- and nucleic acid-based enzymes could
not function*.

Nanozymes are advancing rapidly, and our understanding of their
properties and mechanisms continues to evolve. In this review, we
introduce the fundamental definition of nanozymes and their dis-
tinctive characteristics, highlight their potential as biocatalytic mate-
rials in biomedical applications, and discuss the physiological and
pathological effects of natural nanozymes. We focus on the key sci-
entific issues surrounding nanozymes, including how nanozymes cat-
alyze biochemical reactions, what unique features differentiate their
biocatalytic properties from those of enzymes, and how they can be
objectively evaluated and compared. We also explore current research
trends in nanozymes and their transformative and long-term impact
on biocatalysis and other related fields such as the origin of life, evo-
lution, pathogenic mechanisms, and so on.

Fundamental insights into nanozymes

“Nanozyme” is a compound term derived from “nanomaterial” and
“enzyme,” akin to the naming conventions of ribozyme, DNAzyme, and
abzyme. The term “nanozyme” was introduced by Lucia Pasquato and
Paolo Scrimin in 2004 to describe gold nanoparticles functionalized
with triazacyclonane that catalyze transphosphorylation®. Subse-
quently, other studies adopted the term “nanozyme” for their cata-
lysts, including a supramolecular containing four Ga** ions catalyzing
acetals and ketals hydrolysis*®, and a cationic block copolymer
encapsulating catalase'. These “nanozymes” represent nano-

immobilized catalysts or enzymes, where nanomaterials act as car-
riers for catalytic groups.

In 2007, it was reported that Fe;04 nanoparticles possess intrinsic
peroxidase-like activity?, shifting the focus of research to the inherent
biocatalytic properties of nanomaterials. Inspired by this discovery
and the following studies, Hui Wei and Erkang Wang published a
review in 2013 that began using “nanozymes” to specifically describe
“nanomaterials with enzyme-like characteristics”™. This definition has
been widely adopted in the literature, prompting the discovery of new
nanozymes by comparing their catalytic activity with that of enzymes.
However, the term “enzyme-like” has sparked debates regarding how
closely nanomaterials must resemble enzymes to be classified as
nanozymes. Some viewpoints hold that nanozymes should “exhibit
some structural and/or functional resemblance to the enzyme™® or
should “mimic most of the properties of enzymes, including an efficient
catalytic activity and a specific mechanism for a given reaction™.
Yanchao Lyu and Paolo Scrimin proposed that nanozymes must meet
“the two critical and minimal requirements: the binding of the substrate
before its transformation and the knowledge of the functional groups
present in the putative catalytic site”°. These discussions are based on
the understanding that nanozymes should or must be a type of
“enzyme mimic”.

An updated definition in 2021 emphasized the potential differ-
ence in catalytic mechanism between nanozymes and enzymes, and
defined nanozymes as “nanomaterials that catalyze the conversion of
enzyme substrates to products and follow enzymatic kinetics(e.g.,
Michaelis-Menten) under physiologically relevant conditions, even
though the molecular mechanisms of the reactions could be different
between nanozymes and the corresponding enzymes™'. More recently,
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BOX 2
The material and catalytic type of nanozymes

Material type. Research on nanozymes initially focused on inorganic nanomaterials, including metal oxides like Fe;0,4, CeO,, and V,0s, metals
such as Au, Ag, Pt, and Pd, and carbon nanomaterials like graphene, carbon nanotubes, and carbon dots?**®, Later, organic-inorganic hybrid
materials such as MOFs?*®, peptide-metal composites'™, metal-anchored protein assemblies?®, and organic materials like histidine-rich
peptides”’ and amyloid-like peptide assemblies*® were also reported to exhibit enzyme-like activity. These materials typically range in nanoscale
and have periodically arranged nanostructures. While most nanozymes are artificially engineered nanomaterials, some natural biogenic nano-
zymes with biocatalytic functions have been discovered in recent years, such as the iron core in ferritin with superoxide dismutase (SOD)-like
activity*” and magnetosomes with peroxidase-like activity*'. Therefore, nanozymes are no longer limited to inorganic and artificial substances but
encompass any nanomaterial whose biocatalytic activity stems from nanoscale properties. Biological macromolecules like natural proteins and
nucleic acids can also be considered nanomaterials in terms of their nanoscale size, but their catalytic activity is determined by amino acid or
nucleotide sequences encoded by genes, rather than by their nanoscale properties. This distinction separates them from nanozymes.
Catalytic type. Researchers have pursued a research paradigm using established enzymatic methods to discover nanozymes since 20077,
resulting in most nanozymes exhibiting “enzyme-like” activities and being classified similarly to enzymes. Among these, the majority demonstrate
oxidoreductase-like activities, with a particular focus on peroxidase-like, oxidase-like, catalase-like, and SOD-like activities. Peroxidase-like
nanozymes such as Fez0,%, Ir'*°, and Os?*® primarily catalyze the oxidation of common HRP substrates such as 3,3',5,5'-tetramethylbenzidine
(TMB), 2,2'-azinobis-(3-ethylbenzthiazoline-6-sulfonate)(ABTS), and o-phenylenediamine (OPD) in the presence of H,O,. There are also glu-
tathione peroxidase-like nanozymes, like V,Os that use glutathione as an electron donor'?; myeloperoxidase-like nanozymes, such as AuPd alloy
that catalyze H,O, with halide ions to produce hypohalous acid®*®; and lipoperoxidase-like nanozymes like CeO, that catalyze lipid peroxide
generation?°, Oxidase-like nanozymes, like Coz04, use oxygen as the hydrogen acceptor to oxidize substrates such as TMB?*'. Other oxidase-like
nanozymes catalyze specific substrates, for instance, Au nanozymes catalyzing glucose similar to glucose oxidase®*°, and CuAg alloys*? and
Cu,0%** catalyzing like cytochrome ¢ oxidase. Catalase-like nanozymes decompose H,O into H,O and O,, discernible by increased oxygen
levels or bubble formation during the reaction. Studied catalase-like examples include Pt'" and Fe-N, single-atom nanozymes’®. SOD-like

nanozymes, such as carbon dots and Cu-MOF?*, dismutate superoxide anions (O,") into O, and H,0,.
As research advances, nanozymes with biocatalytic activities beyond oxidoreductase-like have emerged, including hydrolase-like, isomerase-
like, and lyase-like activities. For example, CdTe quantum dots (4.5 nm) can recognize GAT*ATC DNA sequences and induce light-triggered T*A

phosphodiester bond cleavage?®

. Magnetic CuFe,O, possesses intrinsic protease-like activity that is capable of hydrolyzing bovine serum

albumin and casein under physiological conditions®*. ZIF-8 nanoparticles with carbonic anhydrase-like activity catalytically accelerate CO,
hydration®. Chiral carbon dots derived from cysteine exhibit an activity similar to topoisomerase |, enantioselectively mediating the topological
rearrangement of supercoiled DNA®**, Besides nanozymes with natural enzyme counterparts, some nanomaterials catalyze biochemical reactions

that natural enzymes cannot catalyze. For example, in biological systems, MOF-Cu catalyzes azide-alkyne cycloaddition

4/ and Pd nanoparticles

catalyze the hydrogenation of «OH?*, These nanomaterials should also be considered nanozymes. Collectively, these discoveries underscore the

broad biocatalytic potential of nanozymes.

Mohamad Zandieh and Juewen Liu discussed the evolution of nano-
zymes, and suggested using “enzyme-like” to describe “nanozymes
based on the same substrate and product (as enzymes),” and “enzyme-
mimicking” to describe “nanozymes with efforts made in mimicking the
structure and function aspects of enzymes”’.

Nanozymes are primarily identified by their functional similarities
to enzymes, particularly their ability to catalyze biochemical reactions
involving the same substrates and products. However, evidence
increasingly indicates that nanozymes differ fundamentally from their
enzymatic counterparts in chemical structure, catalytic mechanisms,
and even functions (e.g., Fe;0, nanozymes versus HRP***°). Therefore,
it is reasonable to regard nanozymes as a distinct class of functional
entities that exhibit biocatalytic characteristics rather than simple
enzyme mimetics (Box 1). While nanozymes share some functional
features with enzymes, they possess unique attributes that set them
apart from traditional biocatalysts. They are nanoscale catalytic
materials, typically ranging from a few nanometers to a few hundred
nanometers in size, comparable to or larger than enzymes (e.g., cata-
lase, -10 nm*). Their biocatalytic activity results from nanoscale
effects, where reduced dimensions lead to increased surface area,
abundant active sites, and nano-confined spaces with unique electro-
nic properties that facilitate substrate binding and turnover. Notably,
the catalytic turnover of nanozymes is inherently driven by their
nanostructure rather than by externally introduced catalytic groups,
non-structural modifications, or the release of metal ions. For example,
MnO, acts as a catalase-like nanozyme under neutral conditions, cat-
alyzing the decomposition of H,0, to produce O,. However, under

mildly acidic conditions, MnO, no longer behaves as a typical nano-
zyme because it reacts with H,0, and H* to produce O, and Mn*
without complete catalytic turnover®,

Current evidence suggests that nanozyme-catalyzed reactions
occur at specific surface interfaces (active sites) rather than across
the entire nanoparticle or surface. Due to their structural hetero-
geneity, nanozymes typically possess a variety of active sites. Active
sites located on particular crystal planes, with unsaturated coordi-
nation, at heterostructure interfaces, or at defects (e.g., steps, edges,
corners) often exhibit higher activity”. This is largely attributed to
the influence of local geometric structures on electron density, which
promotes reactant adsorption and activation. The abundance and
diversity of active sites in nanozymes enable them to catalyze mul-
tiple substrates or reaction pathways simultaneously, with potential
collaborative or competitive interactions that influence overall
activity. These characteristics make nanozymes versatile multivalent
catalysts, although they may lead to more complex and less pre-
dictable behavior in dynamic environments. Many enzymes are
highly specific, typically catalyzing only a single reaction®. For
instance, carbonic anhydrase specifically catalyzes the conversion of
carbon dioxide and water into carbonate and protons, increasing the
reaction rate by 108 times compared to the uncatalyzed process®. In
contrast, nanozymes are rarely characterized by strict catalytic spe-
cificity. Many nanozymes are capable of catalyzing multiple sub-
strates, such as peroxidase-like nanozymes that oxidize various
organic substrates in the presence of H,0,, while also facilitating the
transformation of substrates through different reaction pathways,
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Fig. 2 | Reaction kinetic models of nanozymes. a The Michaelis-Menten kinetic
model of a single-substrate reaction. Top: Schematic diagram of the reaction pro-
cess. Bottom: Saturation curve showing the relation between the substrate con-
centration and reaction rate. b Calculation of the saturation behavior of the
multivalent catalyst models E2-E8 for the case where the catalysis is performed by
only a single catalytic unit (top) or by two catalytic units (bottom). Figure adapted

from Zaupa et al.*° ¢ Effect of catalytic unit clustering on the generation of active
sites in multivalent models E2 and E4. Each catalytic unit is represented by a black
dot (@), and each active site is represented by a line connecting two catalytic units
(-). Figure adapted from Zaupa et al.*° Kinetic models for two substrate reactions:
d ping-pong reaction, e random-sequential reaction, f ordered-sequential reaction.

such as decomposing H,0, to produce *OH (peroxidase-like activity)
or O, (catalase-like activity)®.

These multi-substrate and multi-activity characteristics of
nanozymes arise from several factors. First, many nanozymes exhibit
oxidoreductase-like activities due to their exceptional electron
transfer capacity®, yet redox reactions are inherently challenging
to control. These reactions involve oxygen-containing small mole-
cules that extensively interact with biomolecules and diffuse
throughout the reaction system. Many natural oxidoreductases show
relatively low specificity. For example, HRP catalyzes the oxidation of
various organic substrates and also exhibits catalase-like activity
under neutral conditions (pH 6.5-8.5)%. Similarly, the most abundant
cytochrome P450 enzyme CYP3A4 is responsible for metabolizing
over 50% of drugs used in clinical®*. Second, unmodified nanozymes
typically possess active sites exposed on their surfaces, enabling
access to various substrate molecules but often lacking specific
recognition domains. Enhancing substrate selectivity in these sys-
tems can be achieved by functionalizing surfaces with molecularly
imprinted polymers® or chiral molecules®. The size exclusion effect
of porous structures, such as those in covalent organic frameworks
(COFs) or metal-organic frameworks (MOFs), can also regulate sub-
strate accessibility to active sites, thereby improving selectivity®.
Third, the diversity of active sites in nanozymes, along with differ-
ences in their electronic structure, leads to variations in catalytic
performance. For example, the unique d orbitals in transition metal-
N interactions cause Fe-N-C and Co-N-C nanozymes to exhibit up to
200 times opposing selectivity when catalyzing the reaction of
3,3,5,5-tetramethylbenzidine (TMB) and luminol with H,0,%.

Metrics for performance evaluation and
comparison

Analyzing the catalytic kinetics of nanozymes is essential for under-
standing their biocatalytic functionality, particularly how they interact
with substrates and their turnover rates. To ensure clarity, the “active
site” here is defined as the smallest functional unit capable of inde-
pendently binding substrates and catalyzing reactions, while the
“catalytic unit” is a conceptual unit for analysis, which could represent
a single nanoparticle, a single metal atom, or a structural component
that constitutes an active site, depending on the experimental context.

Michaelis-Menten Kinetics

Nanozymes frequently exhibit enzyme-like Michaelis-Menten kinetics,
whichis regarded as a key feature of their biocatalytic behavior. Similar
to enzymes, the catalytic process at a single active site (N) of nanozyme
is hypothesized to involve substrate (S) binding, intermediate complex
(NS) formation, and product (P) desorption (N+S & NS> N+P)*7°,
Assuming the NS complex reaches a rapid equilibrium with a constant
concentration [NS], the catalytic kinetics can be described by the
Michaelis-Menten Eq. (1) (Fig. 2a)”.

— Vmax : [S]

Y= K 18] @

In this equation, v is the reaction velocity, Viax is the maximum
reaction rate when active sites are saturated, [S] is the substrate con-
centration, and Ky is the Michaelis constant, which corresponds to the
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substrate concentration at half of V., (Fig. 2a)”*’2. Accurate mea-
surement of Michaelis-Menten kinetics requires specific conditions™:
1) The reaction involves a single-substrate (or for multiple substrates,
only one concentration varies while others remain constant). 2) The
step NS > N + P is irreversible, or only the initial rates are measured. 3)
The initial substrate concentration [S] is significantly higher than the
active site concentration [N], and [N] remains constant. 4) Other
conditions that may affect the reaction rate, such as temperature, pH,
and ionic strength, remain stable. For nanozymes, additional factors
such as multi-activity, chemical stability, and colloidal stability must be
considered. Ignoring these can lead to errors, such as underestimating
the oxidase-like activity of Mn,O; due to multi-activity or mis-
attributing Au@Ag activity to intrinsic catalytic properties rather than
Ag' ion leakage”™.

The Michaelis-Menten model is tailored for enzymes with a single
active site interacting with a single-substrate’. Nanozymes, however,
typically possess multiple active sites and interact with multiple sub-
strates. Ideally, the kinetic analysis should, whenever feasible, be based
on the concentration of active sites rather than the entire nanozyme.
The number of active sites exposed on the surface of some nanozymes
can be estimated by methods such as chemical adsorption, spectro-
scopy, and geometric estimation”. These methods implicitly assume
that all exposed active sites on the surface are either identical or pre-
dominantly of one type. However, the surfaces of nanozymes are often
heterogeneous with diverse potential active phases and sites exhibit-
ing different substrate affinities and catalytic rates’. As a result, the
total reaction rate represents the cumulative contributions from all
active sites, as described by Eq. (2)77%. Here, n represents the number
of active sites, each characterized by its specific Ky and Viax.

v= < Vmax,i'[s] 2)
~ Ky, +[S] (

Selective identification of these distinct active sites remains
exceedingly difficult at present. In practice, the Michaelis-Menten
parameters of nanozymes are usually measured as the macroscopic
average of all microscopic substrate binding and catalytic events
within the multivalent system, which needs to be reinterpreted to
better reflect the catalytic mechanism of nanozymes.

Michaelis constant K. The Ky, indicates the affinity between the
active site and the substrate, determining the formation of NS com-
plexes. A lower Ky, generally suggests higher substrate binding affinity,
although it is not equivalent to the substrate dissociation constant. The
K is typically governed by the intrinsic properties of active sites and is
independent of their concentration’®. However, for multivalent cata-
lysts, the apparent overall Ky, may be affected by cooperative inter-
actions between catalytic units. Giovanni Zaupa et al. developed a
theoretical model to investigate how the valence of multivalent cata-
lysts (E2-E8, with 2-8 catalytic units) impacts Michaelis-Menten
parameters®. Their findings show that when a single catalytic unit
drives the reaction, all multivalent catalysts (E2-E8) display saturation
curves identical to a monomeric catalyst (Fig. 2b). However, when two
catalytic units are required to form a functional active site, increasing
catalyst valency raises the apparent number of active sites, thereby
lowering the apparent Ky, without altering the intrinsic substrate affi-
nity of individual active sites (Fig. 2b). For example, with 12 catalytic
units, a divalent system (E2) forms 6 active sites, while a tetravalent
system (E4) yields 18 active sites, demonstrating an exponential
increase in potential binding sites for the first substrate with higher
valency (Fig. 2c). This multivalency effect influences only Ky but not
kcat, as the number of substrates accommodated at saturation remains
constant regardless of catalytic unit arrangement®. This principle has
been shown to apply to multivalent catalysts such as dendrimer
catalysts®®* and catalytic self-assembled monolayers on Au

nanoparticles®, though its relevance to other nanozymes remains
uninvestigated.

Catalytic constant k... The k., calculated by Eq. (3), represents the
turnover rate of the complex NS converting to release N and P when
the active sites are saturated with substrate’”. Unlike Vipax, Kear iS
independent of the concentration of active sites, making it suitable for
comparisons across different experimental systems®.

4
max 3
IN] 3

Accurately determining k.., requires precise identification and
quantification of active sites, which remains a challenge for many
nanozymes. Different assumed catalytic units have been used in the
literature to calculate k., including assigning each particle, each metal
atom, or each surface metal atom as the monomeric catalytic unit. An
analysis conducted by Mohamad Zandieh and Juewen Liu, using Fe;0,
nanozymes as a case study, revealed that k., values can vary by an
astonishing eight orders of magnitude when calculated based on dif-
ferent assumed catalytic units®. Assigning an entire particle as a cat-
alytic unit overestimates k.,. because each particle typically contains
many active sites. For nanozymes with discrete homogeneous metal
sites where all metal sites are theoretically accessible to substrates,
such as nitrogen-doped carbon nanozymes coordinated by single-
atom metals, using the total metal content as the number of active sites
can be reasonable®**®, However, it is essential to confirm that the
single-atom metal serves as the actual active site, rather than other
structures like nitrogen functionalities or carbon defects®®. Similarly,
for active sites composed of bimetallic elements, such as Fe-Fe¥,
Fe-Cu®, and Fe-Co®, the correspondence between the metal content
and the number of active sites needs to be carefully considered. For
solid nanozymes, treating all metals as catalytic units underestimates
kear, @s only surface-exposed metals directly serve as active sites.
Moreover, not all exposed surface metals are likely to function as
active sites, and steric hindrance between substrates at saturation may
further limit some active sites from contributing to catalysis. Thus,
normalizing by total surface metals may also underestimate k.., but it
should offer a lower-bound estimate. For non-metal nanozymes (such
as carbon-based nanozymes), identifying active sites is even more
complex, requiring an in-depth understanding of the role of heteroa-
toms, defects, and functional groups in catalysis. Structural factors
such as lattice and pore size distribution must also be considered.
When direct measurement of active sites is impractical, reaction rates
can be normalized by the surface area of the nanozyme or the active
phase, expressing k., in units of s’m™2,

Keqe =

Specificity constant k.../Km. The k., reflects nanozyme properties
when active sites are saturated with substrate and loses its function at
low substrate concentrations®. In industrial applications, inorganic
catalysts are typically used under conditions of high substrate con-
centrations, and catalytic ability is usually expressed by the turnover
frequency (TOF), which is equivalent to k., in enzymology®. In con-
trast, nanozymes typically function within physiologically related
conditions where the substrate concentrations are low in many cases.
Under these conditions, the reaction rate depends on both the sub-
strate binding affinity (related to Ky and the conversion rate after
binding (related to k.,), making both k.. and Ky substantial
parameters®. When [S] « Ky, the kinetic equation simplifies to Eq. (4).
Under these conditions, the reaction rate (v) is contingent upon the
concentrations of active sites [N] and substrate [S], following second-
order reaction kinetics. The specificity constant k.,,/Kyv is a measure of
catalytic efficacy, useful for distinguishing between two competing
substrates for the same nanozyme and for comparing the catalytic
efficiencies of nanozymes with reference uncatalyzed bimolecular
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Fig. 3 | Atypical kinetics applied for nanozymes. The panels depict the v-versus-[S] kinetic plot and the Eadie-Hofstee plot (v-versus-u/[S]) for a multi-site kinetics,

b biphasic kinetics, ¢ sigmoidal kinetics, and d substrate inhibition kinetics.

reactions”. It should be noted that k.,;/Ky is the rate constant for low
substrate concentrations ([S] < Kjy), and cannot accurately describe
the catalytic efficiency when the substrate concentration is close to or
higher than K\,’*°%. Moreover, k../Ky may not be applicable when
comparing the catalytic efficiency of different nanozymes®.

- kcat
b= INJ-15] *

Multi-substrate kinetics

Multi-substrate reactions involve more complex kinetics. For dual-
substrate reactions, kinetics are often simplified by fixing the con-
centration of one substrate and varying the other, enabling the cal-
culation of apparent Ky; and V.« There are two catalytic pathways for
dual-substrate reactions: ping-pong reactions, where one product is
released before all substrates bind (Fig. 2d), and sequential reactions,
where both substrates must bind to the active site in a random (Fig. 2e)
or specific (Fig. 2f) order before the reaction occurs”. For example, the
peroxidase-like activity of the Fe;0, nanozyme follows a ping-pong
mechanism?, while the CTAB-coated Au-CeO, nanozyme follows a
random-sequential mechanism®. Experimentally, Lineweaver-Burk
plots (1/v-versus-1/[S], Eq. 5) can differentiate these mechanisms,
with parallel lines suggesting a ping-pong mechanism and intersecting
lines indicating a sequential mechanism®.

Ky 1, 1

Vmax . [S]

T =

©)

Vmax

Atypical kinetics

Nanozymes with independent and uniform active sites typically follow
standard Michaelis-Menten kinetics, characterized by a hyperbolic
curve. However, when multiple active sites differ in their ability to bind
or convert substrates, or when interactions such as allosteric effects,

cooperativity, or competitive adsorption occur between active sites,
the resulting v-versus-[S] curve deviates from the standard hyperbolic
function, displaying atypical kinetics. Atypical kinetics are likely
widespread in nanozymes, yet detailed analyses remain scarce. Here,
we apply enzymatic methods to explore these non-standard kinetic
behaviors in nanozymes.

Multi-site kinetics. Nanozymes may very likely possess heterogeneous
active sites with varying kinetic properties. Even if these active sites differ
significantly, the overall reaction may still appear to follow a simple
hyperbolic curve, masking the underlying complexity. For instance,
consider a single-substrate reaction catalyzed by a nanozyme with two-
type distinct active sites: one with “high affinity-low capacity” (site 1:
Kwvi =1, Vinaxa =40) and another with “low affinity-high capacity” (site 2:
Kvz2 =20, Vinaxa = 80). If these active sites function independently, the
total reaction rate is the sum of their contributions, as given by Eq. (6).

Vmax2 i [S]
Ky +[S]

v= Vmaxl i [S] +
Ky +[S]

(6)

The resulting kinetic curve reveals that site 2 dominates at high
substrate concentrations, while site 1 prevails at lower concentrations
(Fig. 3a). However, fitting the overall two-site curve to the standard
Michaelis-Menten equation yields apparent single-site parameters
(Km=7.75, Vimax=112.09, R?=0.98), potentially leading to the erro-
neous conclusion that the reaction involves only one active site. To
uncover the multi-site nature, the Eadie-Hofstee transformation (Eq. 7)
is valuable”.

+ VITIHX (7)

For a single-site system, the Eadie-Hofstee plot (v-versus-uv/[S]) is
linear, while in a two-site system, it deviates from linearity, forming a
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concave curve (Fig. 3a). Although rarely used in nanozyme studies,
Eadie-Hofstee plots of some nanozymes exhibit concave patterns%°,
suggesting that active-site heterogeneity may be common yet often
overlooked. Therefore, we advocate incorporating Eadie-Hofstee
transformation into routine kinetic analyses, especially for nano-
zymes composed of heterogeneous structures or composite materials,
where active-site diversity likely influences catalytic performance.

Biphasic kinetics. In standard Michaelis—-Menten kinetics, reaction
rates plateau at high substrate concentrations. In contrast, biphasic
kinetics show a two-phase curve where the rate continues to rise
without saturation (Fig. 3b). For single-site systems, biphasic kinetics
may arise when one active site binds two substrate molecules: the first
binding saturates (low Ky, low Viaxa), while the second does not
saturate (high Ky, high Vinaxo) due to experimental constraints (e.g.,
substrate solubility), modeled by Eq. (8)'°".

— Vmaxl[s] + V/'(“:;z [S]Z

(8)
Ky *+[S]

In multi-site systems, biphasic kinetics can result from the com-
bined activity of two distinct active sites: one saturates at low substrate
concentrations and follows a hyperbolic curve, while the other has a
very high Ky, resulting in a linear curve, described by Eq. (9)°.

— |/maxl ) [S] + Vmaxz
Kwi+[S]  Kw

-[S] ©)

The Eadie-Hofstee plot of biphasic kinetics typically exhibits a
concave curve (Fig. 3b)”. Unsaturated v-versus-[S] curves are fre-
quently observed in nanozyme studies, but it is unclear whether this
reflects insufficient substrate levels or true biphasic kinetics. Fitting
such curves to the standard Michaelis—-Menten equation may lead to
misleading results.

Sigmoidal kinetics. When active sites interact, substrate binding at
one site may influence others, leading to cooperativity and an S-shaped
v-versus-[S] curve (Fig. 3¢). The Hill Eq. (10) is commonly used to
describe this cooperative behavior””. Here, Ss is analogous to Ky, but
it also includes interaction factors'®’. The Hill coefficient n indicates the
degree of cooperativity: n>1 suggests positive cooperativity, while
n <1indicates negative cooperativity. A larger n value corresponds to
greater cooperativity and a more pronounced S-shaped curve. The
cooperativity-induced curve deviation is more apparent in the Eadie-
Hofstee plot, where it forms a characteristic hook shape (Fig. 3¢)”".

— |/max ) [S]n

GRS 10
Sigmoidal kinetics has been revealed in some nanozymes. For
example, the MoO3-TPP nanozyme, with sulfide oxidase-like activity,
catalyzes sulfite oxidation in the presence of ferrocyanide, showing
sigmoidal kinetics when concentrations of both MoO5-TPP and ferro-
cyanide are constant'®. The Hill coefficient n =2.35 indicates positive
cooperativity, likely due to competition between the sulfite anion and
the negatively charged ferrocyanide on the nanoparticle surface. Sig-
moidal kinetics have also been observed in the catalytic oxidation of
reduced cytochrome ¢ by MOF-808-His-Cu nanozyme'** and the cat-
alytic reduction of oxidized cytochrome ¢ by PEG-HCC nanozyme in

the presence of NADH'®,

Substrate inhibition kinetics. In substrate inhibition kinetics, the
reaction rate initially increases with substrate concentration, reaches a
peak, and then decreases as the concentration continues to rise
(Fig. 3d). This is typically attributed to the simultaneous binding of
multiple substrate molecules at the active site, leading to non-

competitive inhibition and reduced substrate turnover'®®. The sim-
plest model for substrate inhibition is described by Eq. (11)”’, where K;
is the inhibition constant for the second substrate molecule. However,
since Vax is never fully reached, the accuracy of Ky, obtained by this
equation is compromised. The Eadie-Hofstee plot for substrate inhi-
bition typically displays a convex curve (Fig. 3d).

Vmax

T+ K+ B
1+ +

an

Some nanozymes (e.g., Au@Pt, Prussian blue) show reduced
peroxidase-like activity at high substrate (TMB) levels, but this was
linked to solvent-induced aggregation (e.g., DMSO effects) rather than
true substrate inhibition”.

Specific activity

For nanozymes, kinetic analysis of active sites offers insights into
catalytic processes but is insufficient for evaluating the overall catalytic
capacity. This capacity depends not only on the intrinsic efficiency of a
single active site but also on the number of active sites and the effect of
non-catalytic components. Therefore, standardized methods and units
are essential to comprehensively assess the overall activity of nano-
zyme. Following the enzymatic standard, a nanozyme activity unit (U)
is defined as the amount of nanozyme that catalyzes the conversion of
1 umol of substrate per minute under specified conditions, including
optimal pH, temperature, and substrate concentration’>'”’. The spe-
cific activity is then defined as the activity units per milligram of
nanozyme (U/mg). In some applications, such as enzymatic electrodes,
it might also be useful to define specific activity in units per mole of
particles (U/mol), especially when the sizes of nanozymes are similar®™.
However, current limitations in accurately quantifying the number of
nanoparticles may introduce errors in defining specific activity as U/
mol. Some studies calculate specific activity based on units per milli-
gram or mole of metal, but this approach does not reflect the overall
activity, complicating comparisons across different batches or studies.
For enzymes, specific activity is commonly used to measure the purity
of enzyme preparations'®®. Similarly, for nanozymes, specific activity
can be employed to compare batches of the same nanozyme or to
evaluate changes in activity during preparation, storage, or recycling.
In research, specific activity serves as a direct metric for comparing
catalytic performance. However, this may lack objectivity when
nanozymes differ in composition or density. For example, a lower-
density nanozyme may exhibit higher specific activity than a denser
one, without implying higher catalytic efficiency. Therefore, when
comparing specific activities, factors such as composition, density,
size, and surface properties should be considered in the context of the
intended application. Despite these limitations, specific activity
remains a valuable reference for evaluating catalytic performance, as it
reflects overall capacity, which cannot be captured by active-site
kinetics alone. However, it provides limited insight into specific cata-
lytic mechanisms and cannot replace detailed kinetic analysis at the
active site level.

Structure-activity relationships

Bulk structure and surficial active center

Both nanozymes and enzymes feature confined and coordinated
active centers supported by bulk architectures, distinguishing them
from free ions and small-molecule enzyme mimics. However, nano-
zymes and enzymes exhibit distinct structure-activity relationships.
Enzymes consist of continuous amino acid chains that fold into a
dynamic tertiary structure, undergoing conformational changes dur-
ing catalysis to facilitate substrate binding and product release. The
active center, composed of specific amino acids and cofactors, fea-
tures a distinct geometry and microenvironment, typically buried
within the protein. Substrates must pass through specific entrances to
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reach the active center. This structural arrangement protects the active
center, enhances substrate specificity, optimizes the catalytic micro-
environment, and allows for dynamic regulation. However, mutations
or damage at critical positions may disrupt the structure of the active
center, severely impacting catalytic activity. In contrast, many nano-
zymes consist of highly crystalline or partially amorphous structures
made from inorganic or organic-inorganic hybrid materials, often in a
periodic arrangement®. These structures are generally rigid, with
limited conformational changes, though some dynamic features can
be introduced through surface modifications. Nanozymes made of
organic materials or featuring substantial organic components in their
outer shells may exhibit enhanced structural flexibility, allowing for
dynamic behaviors'”. The active centers of nanozymes are often
located on the surface and exposed, comprising specific atoms and
structures (such as defects or crystal faces)®. This arrangement
improves substrate accessibility and reaction rates, enabling nano-
zymes to remain active even in extreme environments and achieve
multifunctionality through surface modifications. Moreover, the active
sites of nanozymes are relatively independent, so local structural
changes have minimal impact on overall catalytic activity, conferring
stability and tolerance to harsh conditions.

Simple models of active sites and active phases can be simulated
through theoretical calculations combined with experimental ver-
ification. The active center structures of different nanozyme mate-
rials exhibit distinct characteristics. Metal nanozymes, such as Au,
Ag, Pt, Pd, and their alloys, consist of metal atoms arranged in a
tightly packed lattice, with active centers generally located on high-
energy facets"’. Metal oxide nanozymes, such as Fe;04 and CeO,, are
composed of transition metal atoms and oxygen atoms arranged in a
sequence. Their active centers are often surface-exposed metal
atoms located at lattice defects and oxygen vacancies, which switch
between oxidation states to mediate electron transfer'. In carbon-
based nanozymes, such as carbon nanotubes and carbon dots, active
centers are found at structural defects, edge carbon atoms, or
functionalized modification sites. The conjugated m-electron system
of carbon materials enables electron transfer with substrates, while
functional groups (such as hydroxyl, carboxyl, carbonyl, etc.) help
adsorb substrates and accelerate electron transfer">. MOF nano-
zymes are composed of metal ions (such as Zn*, Cu*, etc.) coordi-
nated with organic ligands (such as imidazole, carboxylic acid, etc.),
where the metal center cooperates with ligand functional groups to
perform catalysis'®. Additionally, single-atom nanozymes (M-N,-C,
M=Fe, Mn, Cu, Zn, etc.) feature dispersed metal atoms on carbon-
based materials coordinating with nitrogen atoms to form active
centers with a coordination environment similar to that of metal
porphyrins®,

Compared to active center structures simulated from single-
crystal material models, real active centers are more complex influ-
enced by defects, surface coordination, and adsorption environments,
and polycrystalline or amorphous states. Identifying and simulating
these real active center structures remains challenging due to the
limitations of detection methods and computational power. Deter-
mining the active centers of composite materials is even more difficult,
as itinvolves additional factors such as heteroatoms, heterostructures,
interface structures, and active site synergy.

Catalytic pathway

Even when catalyzing the same substrate and producing the same
product, nanozymes may follow different catalytic pathways com-
pared to enzymes. As for oxidoreductase-like nanozymes, the cata-
lytic pathways of nanozymes may include mediating electron
transfer between substrates, and producing free or bound reactive
species, and these pathways may exist simultaneously on one
nanozyme™. A well-discussed example is the peroxidase-like activity
of the Fe304 nanozyme.

In the double-substrate reaction, HRP first binds to H,0,, which
then reacts with Fe'" in the active center iron porphyrin to generate an
activated Fe"=0 high oxidation state intermediate (Fig. 4a). This
intermediate undergoes a two-step redox reaction with the double
electron donor substrate, releasing the oxidized product and return-
ing to the stationary Fe" state’>>"'¢, Similarly, Fe30, nanozymes cat-
alyze the oxidation of electron donor substrates in the presence of
H,0,, in an optimal catalytic environment (acidic) similar to that of
HRP, producing the same products. However, in the peroxidase-like
reaction catalyzed by Fe;0,, H,0, is catalyzed to form «OH, which then
oxidizes the electron donor substrate to generate H,O and oxidized
products (Fig. 4b)*. Electron spin resonance has detected the pre-
sence of *OH and HO,+ (generated by the oxidation of H,O, by *OH)
radicals, although it remains unclear whether these radicals are free or
adsorbed on the surface of the nanozyme. Unlike free ferrous ions that
mediate the Fenton reaction, the iron in Fe;0, nanozymes is confined
within the nanostructure, forming active sites with electron transfer
capabilities. Studies have shown that the iron content (21.2 pg/L)
released by Fe;0, nanozymes in the peroxidase-like catalytic system is
about two orders of magnitude lower than the concentration (1 mg/L)
required for the Fenton reaction and exhibits negligible reaction
activity?®"”. This indicates that the catalytic effect is due to the nano-
confined Fe sites rather than free iron ions.

There are two types of iron (Fe'/Fe™) with tetrahedral or octahe-
dral coordination in the crystal nanostructure of Fe;04 nanozymes.
Since the catalytic action primarily occurs on the surface or interface
of the particles, it is widely believed that only the Fe" on the surface of
Fe;04 nanozymes dominates the reaction process of catalyzing H,O,
to produce «OH", This Fe" is regenerated by the reaction of surface
Fe" with HO,, thereby enabling catalytic turnover and continuous
reaction progress. However, recent research indicates that the active
Fe" on the surface of Fe;04 nanozymes is difficult to recover after
being oxidized by H,0,%. Instead, the internal Fe" transfers its elec-
trons to the surface layer through the Fe"-O-Fe" chain in the structure
(Fig. 4c). This process, combined with the outward migration of excess
oxidized Fe", regenerates the surface Fe" and sustains the catalytic
reaction. Over time, as the catalytic action continues, Fe;0, is slowly
oxidized to y-Fe,05, leading to the depletion of its enzyme-like activity.

There is evidence that the Fe;0, nanozyme surface not only forms
*OH radicals but also catalyzes peroxidase-like reactions through the
formation of high-valent Fe"=0 species, with competition between the
two pathways™. This finding illustrates that the Fe;0, nanozyme
combines characteristics of both Fenton-like catalysis (*OH radical
pathway) and HRP-like catalysis (Fe'V=0 intermediate pathway). Recent
studies indicate that the peroxidase-like activity of Prussian blue
nanozymes also involves both pathways, with low-crystallinity Prussian
blue forming Fe"=0 intermediates more significantly than high-
crystallinity counterparts. However, the molecular mechanisms
and structure-activity relationships determining the direction of these
two pathways are not fully understood.

As a semiconductor, Prussian blue nanozyme has two possible
electron transfer pathways in catalyzing peroxidase-like reactions
(Fig. 4d)"™. One is the valence band-mediated pathway, where Prussian
blue first donates electrons to H,O, and then obtains electrons from
the reducing substrate. The other is the conduction band-mediated
pathway, where the Prussian blue nanozyme or its pre-oxidized state
first obtains electrons from the reducing substrate and then transfers
the electrons to H,0,. The key to determining the electron transfer
pathway is whether the valence band and conduction band energy
levels of the Prussian blue nanozyme lie between the energy levels of
H,0; and the electron donor substrate (Fig. 4e). Unlike the depletable
peroxidase-like activity of the Fe;O, nanozyme, the peroxidase-like
and catalase-like activities of the Prussian blue nanozyme increase with
each successive round of catalysis'. This is because the irreversible
oxidation of Prussian blue by H,0, leads to an increase in the valence
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Fig. 4 | Catalytic pathways and mechanisms of nanozymes. a HRP mediates the
peroxidation of the reducing substrate (AH,) by catalyzing H,0, to generate Fe"=0
intermediates in the active center of iron porphyrin. b Fe;04 nanozymes mediate
the peroxidase-like reaction by catalyzing H,0, to generate free or adsorbed +OH
through surface-confined Fe", which differs from HRP. ¢ Fe;04 nanozymes regen-
erate surface Fe" for peroxidase-like catalysis by transferring electrons from
internal Fe" to the surface, during which Fe;0,4 gradually depletes its activity and
transforms into y-Fe,0s. Figure adapted from Dong et al.>. d Prussian blue (PB)

nanozymes may have two electron transfer pathways in the peroxidase-like cata-
lysis process: the conduction band (CB)-mediated pathway, where PB first obtains
electrons from the reducing substrate, or the valence band (VB)-mediated pathway,
where PB first donates electrons to H,0,. Figure adapted from Feng et al.’”. e The
dominant electron pathway is determined by whether the energy level of the CB or
VB is between the energy levels of H,0, and the reducing substrate. Figure adapted
from Feng et al.’’. ABTS, 2,2"-azinobis-(3-ethylbenzthiazoline-6-sulfonate).

state of surface Fe and the formation of Fe"=0, enhancing the con-
duction band or valence band-mediated electron transfer pathways
and thereby promoting catalytic activity.

Key structural parameters

Changes in structural factors (e.g., size, morphology, doping, coordi-
nation form, surface modification) that affect the surface properties
can alter the number or structure of the active sites on nanozymes,
thereby affecting the catalytic activity and catalytic pathway®".

Size and morphology. The surface area exposed by a nanozyme
directly affects the number of active sites. Smaller nanozymes typi-
cally exhibit larger specific surface areas, which results in more
exposed active sites and enhanced catalytic activity. For example, the
peroxidase-like activity of Fe;04 nanozymes decreases with increas-
ing particle diameter (30 >150 >300 nm)®*. Changing the pore size
and morphology also affects catalytic activity by changing specific
surface area. Flower-shaped Mn3;04, nanozymes, for instance,
demonstrate higher superoxide dismutase (SOD)-like, GPx-like, and
catalase-like activities compared to other morphologies (cube,
polyhedron, hexagonal plate, and flake), attributed to their increased
specific surface area'. In addition, different morphologies expose
distinct crystal facets and active phases. For example, V,0s nano-
zymes with exposed (010) facets exhibit higher GPx-like activity than
those with other facets'”. The regulation of crystal facets may also
influence substrate activation pathways and catalytic types. For
example, cubic CeO, nanozymes with exposed (100) facets exhibit
specific peroxidase-like activity but lack haloperoxidase-like activity,

while octahedral CeO, nanozymes with exposed (111) facets show the
opposite trend'?.

Heteroatoms and heterostructures. Introducing heteroatoms or
creating heterostructures on the surface of nanozymes can alter
charge distribution, making the existing active sites more active or
introducing new active sites. For example, Praseodymium (Pr) doping
in CeO, nanozymes results in the formation of a lower energy band
that more effectively accepts electrons from the substrate TMB,
thereby increasing oxidase-like activity'?. Similarly, introducing nickel
(Ni) on the surface of CoMoO, forms Ni-O-Co bonds at the hetero-
structure interface, accelerating electron transfer and enhancing both
oxidase-like and peroxidase-like activities'. In addition, sites at defect
edges may be more active. Compared to single-atom nanozymes with
an intact Fe-N4—C configuration, those with defective Fe-N,-C active
sites at pore edges possess more net charge and asymmetric electrons,
leading to higher catalase-like activity’.

Coordination environment. The coordination environment of the
active center stabilizes metal sites and regulates electron density,
profoundly affecting activity and selectivity. In M-N,-C single-atom
nanozymes, the coordination number of the first coordination shell
influences the electronic state of the metal site'”. For example,
Fe-Ns-C, constructed by adding an N coordination on the axial
direction of the Fe-N,-C coordination plane, more efficiently adsorbs
0, and activates O-O bonds, resulting in higher oxidase-like activity®.
Replacing N in the first coordination shell with heteroatoms may also
modulate catalytic activity. For example, Fe-N;P-C, formed by
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substituting one N atom around the Fe-N,-C center with a P atom,
exhibits enhanced peroxidase-like activity by reducing the energy
barrier for surface O and OH species®. The second coordination shell
also impacts the activity of single-atom nanozymes. For example, sul-
fur functionalization in the second shell alter the electronic structure
of the Fe-N, site, increasing the electron density at the Fermi level and
enhancing electron transfer from the active site to the key inter-

mediate HO,, thereby boosting oxidase-like activity'*.

Surface modification. Surface modification is commonly employed to
improve the stability, dispersibility, and functionality of nanozymes'”.
While it may partially shield active sites, surface modification may also
enhance catalytic efficiency by promoting the binding and conversion
of substrates. For example, modifying the surface of Fe;04 nanozymes
with histidine increases their affinity for H,O, by 10-fold and increases
their k../Ky of peroxidase-like activity by 20-fold'?®, Similarly, cysteine
modification on Au nanozymes enhances peroxidase-like activity
through electrostatic attraction with the substrate TMB'?. Surface
modification with fluoride (F) on CeO, nanozymes regulates chro-
mogenic substrate adsorption via electrostatic interactions and pro-
motes charge transfer during catalysis, resulting in a 100-fold increase
in oxidase-like activity”’. Constructing a TMB binding pocket on the
Fe;0, surface using molecular imprinting polymers increases
peroxidase-like specificity for TMB nearly 100-fold®’. In addition, CeO,
nanozymes modified with chiral phenylalanine selectively bind to and
oxidize chiral dopamine substrates™.

Calculation and prediction

Identifying key structural parameters helps pinpoint the real active
sites and simulate catalytic processes using first-principle theoretical
calculations. Theoretical calculations help reveal crucial
structure-activity relationships and establish predictive models. For
example, the adsorption energy of *OH (E.g4s, on) has been proposed as
a theoretical descriptor for predicting the peroxidase-like activity of
iron oxide nanozymes™. An E,qs, on=—2.6 €V indicates the strongest
peroxidase-like activity, while values significantly above or below this
threshold limit activity due to difficulties in forming or reducing active
intermediates on the surface. Similarly, the e; occupancy has been
proposed as a descriptor for peroxidase-like activity in perovskite
oxides"’. An ez occupancy around 1 correlates with the highest cata-
lytic activity, whereas e, occupancies of O or 2 correlate with lower
activity. In addition, with the development of artificial intelligence,
machine learning is becoming a means of predicting nanozyme per-
formance and designing materials, and has been used in the devel-
opment of SOD-like and peroxidase-like nanozymes™*'*,

Biocatalytic characteristics

Nanozymes differ from enzymes in both bulk structure and active site
composition, leading to distinct biocatalytic properties. Indeed, the
structures of different nanomaterials vary greatly, which means that
each nanozyme may have its unique function. Here, we summarize
some common biocatalytic characteristics of nanozymes.

High activity at multi-level

Nanozymes demonstrate high activity across multiple levels, including
single-site, single-particle, and single-mass (specific activity) (Fig. 5a).
Many enzymes have evolved highly efficient active sites, such as the
catalase with a k../Km (4 x10” M's™) near the diffusional limitation
(108-10° M s™)™¢, In contrast, the catalytic efficiency of single active
sites in many nanozymes falls short of that in enzymes. However, this
efficiency can be enhanced by mimicking the active centers of
enzymes, including the effects of amino acid residues and cofactors
within their catalytic microenvironments’”. For instance, the
Fe-Ns-C single-atom nanozyme, designed to mimic the iron coordi-
nation in heme, exhibits an oxidase-like activity against TMB substrate

with a k¢, (based on total metal content) 79 times higher than com-
mercial Pt/C catalysts and 30-1000 times higher than other oxidase-
like nanozymes®. Similarly, the peroxidase-like activity of the Fe-NsP
single-atom nanozyme, mimicking heme iron coordination, shows a
kcac (based on total metal content) 60 times higher than Fe;04 nano-
zyme against TMB and a k.,/Ky; 12.17 times higher than that of HRP**.

Despite individual active sites in nanozymes being less efficient,
the overall catalytic activity of a single nanozyme particle may rival or
even exceed that of enzymes due to the multitude of active sites
present. For example, the turnover rate of each surface iron atom in a
300-nm Fe3;04 nanozyme (key=9.2x1073s™) is five orders of magni-
tude lower than that of HRP (k.. = 4.0 x 10° s %), while the turnover rate
of a single-particle (k. =3.02x10*s™) surpasses that of HRP
(keae = 4.0 x10°s™) by 7.55 times?®**. In another example, the turnover
rate of catalase-like activity at a single active site on the surface of a
4-nm Pt nanozyme (ke, =3.0 x10%s™) is about 100 times lower than
that of natural catalase (k5 = 3.2 x 10* s%), while the turnover rate of a
single Pt particle (similar in size to catalase) (ko = 2.0 X 10°s™) is higher
than that of catalase (ke, =1.3 x10°s™)"5, Activity comparison at the
single-particle level provides valuable insights in specific scenarios,
such as in vivo applications, where the number of particles reaching
the target site is constrained. Under these conditions, nanozymes with
higher single-particle catalytic efficiency are better suited to achieve
meaningful outcomes. This efficiency is influenced by both the
intrinsic activity of active sites and their number within a particle. To
ensure accurate and meaningful single-particle comparisons, it is
essential to conduct detailed kinetic analyses of the active sites to
confirm their ability to bind substrates and maintain catalytic perfor-
mance under the intended application conditions.

Beyond high single-particle activity, some nanozymes exhibit
higher specific activities compared to enzymes. For example, the
peroxidase-like activity of ruthenium (Ru) nanozymes modified with
polystyrene sulfonate (PSS) reaches 2820 U/mg, which is more than
twice that of HRP at 1308 U/mg"’. PSS readily accepts negative charges
from Ru, reducing the affinity between Ru and «OH, thereby enhancing
catalytic activity. In another example, the SOD-like activity of carbon
dot nanozymes prepared from activated charcoal reaches 10,767 U/
mg, surpassing that of natural SOD at 4743.8 U/mg"2. The high activity
of carbon dot nanozymes is attributed to their rich surface functional
groups, in which hydroxyl and carboxyl groups serve as binding sites
for the substrate O, ", while the carbonyl group coupled to the m sys-
tem serves as the catalytic site. In addition to the optimized active
sites, the high mass ratio of active components in these nanozymes
further boosts their specific activity by ensuring a large proportion of
the material is involved in the catalytic process.

Multiple biocatalytic activities

Most enzymes have a specific type of active site and tend to exhibit a
single-type catalytic activity. In contrast, nanozymes have numerous
and diverse active sites exposed on the surface, enabling them to
catalyze various reactions under the same or different conditions. For
example, CeO, nanozymes have been reported to exhibit SOD-like'*°,
catalase-like'*!, peroxidase-like'?, oxidase-like'*, phosphotriesterase-
like'**, and phosphatase-like'*® activities (Fig. 5b). The optimal catalytic
conditions for each biocatalytic activity may be different. For example,
Fe304 nanozymes catalyze H,O, to generate *OH (peroxidase-like)
under acidic conditions and catalyze H,0, to generate O, (catalase-
like) under neutral conditions'*®. Many nanozymes, such as Pt',
C030,%, Prussian blue'®’, etc., exhibit similar pH-switching dual-
enzyme activities’™.

Nanozymes may carry out cascade reactions involving multiple
catalytic activities under the same conditions, often leading to
enhanced efficiency in catalysis (Fig. 5b). For example, on CeO,
nanozymes, Ce* and Ce*" sites facilitate SOD-like and catalase-like
activities, respectively, with the potential for cascaded conversion of
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¢ Unlike most enzymes that only catalyze under mild physiological conditions,
some nanozymes can catalyze biochemical reactions under extreme conditions
such as low temperature, high temperature, and high salt concentration. d The
activity of nanozymes is influenced by chemical factors such as pH, buffer com-
position, and some small molecules or ionic inhibitors or activators, and responds
to physical stimuli such as heat, light, magnetism, radiation, and ultrasound. SOD,
superoxide dismutase.

0, into O, and H,0""2. However, uncontrolled multi-enzyme
activity may have negative effects, such as competition for substrates
or active sites, which diminish desired reactions or catalyze unin-
tended ones. For instance, Pt nanozymes concurrently exhibit
peroxidase-like and catalase-like activities in specific conditions that
compete for H,0,"%. Therefore, comprehensive research is essential
to discern whether these multiple activities stem from distinct or
shared active sites and to investigate the catalytic kinetics governing
these interactions. This includes understanding issues like active site
competition, catalytic order, and mass transfer dynamics between
multiple reactions.

The regulation of multi-enzyme activities in nanozymes often
involves modifying their surface structures. For example, lithium (Li)

doping in ZnMn,0, improves SOD-like activity and activates catalase-
like and GPx-like activities by converting Mn valence from +3 to +4'%,
However, balancing multi-enzyme activities in nanozymes is still
challenging, as enhancing one may compromise another. To achieve
effective multi-enzyme catalysis, a common strategy involves com-
bining nanozymes with complementary dominant activities. For
example, a composite nanozyme comprising carbon dots and Pt
nanoparticles combines the high SOD-like activity of carbon dots with
the robust catalase-like activity of Pt nanoparticles™*. Such cascades of
different nanozymes may also improve reaction selectivity, as seen in
the cascade of oxidase-like N-doped carbon nanozymes and
peroxidase-like Prussian blue, which enhanced the selectivity of
ascorbic acid oxidation by 2000 times™.
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Conducting biocatalysis under extreme conditions

Most enzymes function optimally under mild conditions, with only a
few exceptions found in extremophilic microorganisms. In contrast,
many nanozymes sustain biocatalytic activity under extreme condi-
tions such as high temperatures and high salt concentrations (Fig. 5¢).
Given the widespread presence of numerous inorganic nano-minerals
in nature, this characteristic might explain the occurrence of biocata-
lysis under extreme conditions, such as those on early Earth. It also
provides a foundation for developing biocatalytic applications in
extreme environments, such as volcanoes, polar regions, or deep-sea
habitats.

Many nanozymes exhibit thermal stability. For example, the
laccase-like activity of Fe;@CN-20 nanozyme remains nearly unaf-
fected even after 45 min of pretreatment at 100 °C, whereas natural
laccase sharply declines at 70°C and becomes almost inactive by
80°C"°. Due to thermal stability, nanozymes often demonstrate
robust performance at temperatures above physiological ranges. For
example, the peroxidase-like activity of porous nanorod CeO, remains
almost constant within the range of 4-60 °C, whereas the activity of
HRP declines rapidly above 40 °C'*. Interestingly, some nanozymes
retain high catalytic activity at low temperatures. For example,
nMnBTC nanozymes maintain stable oxidase-like activity between O
and 45 °C and remain catalytically active to inactivate the HIN1 influ-
enza virus even at —20 °C"’. Another study showed that the catalase-
like activity of a single Pt nanozyme was able to convert more than
1200 H,0, molecules per second at 0 °C, while a natural catalase only
processed 550 H,0, molecules per second at the same temperature's,
The catalytic mechanism of cold-adaptive nanozymes at low tem-
peratures is still unclear but may be related to the numerous active
sites exposed on their surfaces, which facilitate substrate interaction
even at low temperatures.

High ionic strength affects the charge distribution and spatial
structure of enzymes and reduces the solubility of enzymes (salting-
out effect), making many enzymes intolerant to high salt concentra-
tions. In contrast, some nanozymes exhibit tolerance to high salt
concentrations and even have halophilic properties. For example, high
concentrations of NaCl inactivate laccases™®, while the laccase-like
activities of nanozymes such as CH-Cu (the coordination of Cu*/Cu*
with a cysteine-histidine dipeptide)™, I-Cu (imidazole-Cu)'*°, Cu/GMP
(guanosine monophosphate coordinated copper)®, and Cu,0'*
increase with high NaCl concentrations, as NaCl promotes the
adsorption of substrates on the surface of these nanozymes.

Regulation by chemical and physical environmental factors
Like enzymes, the catalytic activity of nanozymes is influenced and
regulated by their surrounding environment (Fig. 5d). Because the
active sites are exposed on the surface, nanozymes may be more
sensitive to environmental factors. However, unlike enzymes, which
undergo irreversible changes in structure and function due to harsh
influences, nanozymes typically experience limited and reversible
structural changes. This characteristic allows for the regeneration and
recycling of nanozymes, which is important for reducing costs and
enhancing sustainability. Moreover, the unique physicochemical
properties of nanomaterials enable the catalytic activity of nanozymes
to be regulated by various physical factors, such as heat, light, sound,
and magnetism. This makes nanozymes more controllable and adap-
table than enzymes in biocatalytic applications.

Chemical regulation. Unlike enzymes, which become inactive outside
the working pH due to conformational changes or structural disrup-
tion, many nanozymes demonstrate structural stability over a broad
pH range. For instance, citric acid-capped Pt nanozymes retain their
morphology, monodispersity, and stability from pH 4.5-9.0"%, and PEI-
encapsulated Prussian blue remains structurally intact within pH 3 to
11'*°. Despite the structural stability, the catalytic activity of nanozymes

exhibits pH dependence, varying across different types of catalytic
activities'”. For example, the optimal pH for the peroxidase-like
activity of nanozymes such as Fe;04%, Pt-Ft'”, and irregular-shaped
Pt'**, and for the oxidase-like activities of nanozymes such as Cu-
MOF"*, N-doped carbon dots'*®, and Pd@Ir'®’ typically ranges from 3 to
5. This is partially explained by that the commonly used substrates
TMB forms dimeric oxidized oxTMB at pH 3 to 5 with the characteristic
peak at A=650nm shifting outside this pH range™. In contrast,
nanozymes exhibiting catalase-like activity often operate optimally
under neutral to alkaline pH conditions, as seen in Prussian blue'®®, and
Fe-N, single-atom nanozymes’. The pH dependence of nanozymes
may be attributed to differences in redox reactivity and the stability of
nanozymes, substrates, and products at varying pH levels as well as
their interactions, such as substrate adsorption and product deso-
rption, which jointly influence the overall pH dependence of
nanozymes'°,

In addition to pH, nanozymes are also affected by other chemical
factors present in the catalytic environment. For example, acetate,
HEPES, and TRIS buffers have been observed to strongly inhibit the
catalase-like activity of Pt nanozymes, possibly due to surface site
blocking or poisoning by buffer components', In contrast, phosphate
buffer showed only minimal effects on Pt nanozyme activity. Similarly,
the peroxidase-like activity of Ni/Co LDHs was notably slower in
phosphate buffer compared to water or TRIS buffer, possibly due to
surface structure alteration caused by the coordination of surface Co
and Ni ions with phosphate'®’.

Some chemical inhibitors and activators have been identified that
modulate nanozyme catalysis. For example, phosphate inhibits the
SOD-like activity of CeO, nanozymes by forming cerium phosphate
with Ce* on the surface, which blocks the Ce*/Ce*" conversion
necessary for catalysis”’’. High concentrations of guanidine hydro-
chloride (0.4 M) reversibly inhibit the peroxidase-like activity of Fe;0,
by competing with H,O, for iron atoms”. Hg® enhances the
peroxidase-like activity of citrate-capped Au nanozyme by altering
surface properties’?. ATP enhances the peroxidase-like activity of
Fe;0, nanozymes at pH 7.4, likely by forming a stable complex with
Fe;0, that accelerates H,0, decomposition to generate *OH'>. More-
over, the active sites on the surface of the nanozymes may be blocked
by the products. For instance, Au-catalyzed glucose oxidation exhibits
rapid self-limitation because the gluconic acid products passivate
the surface™. Studies on inhibition and activation mechanisms
are essential for elucidating active sites and chemical mechanisms.
More detailed kinetic analyses are needed to fully understand how
these chemical factors influence the performance of nanozymes across
different applications.

Physical regulation. Nanozymes composed of specific materials may
alter their surface properties in response to physical stimuli such as
heat, light, sound, and magnetism, thereby influencing their catalytic
activity. For many thermostable nanozymes, heating typically enhan-
ces catalytic activity due to increased molecular motion and improved
substrate interactions. For example, the heat-enhanced catalase-like
activity has been shown in nanozymes such as Co30,4 (20-55°C)"”*, Pt
(0-70°C)", Pt-Ft (4-85°C)'", and Fe-SANzyme (10-70 °C)’°. Never-
theless, the apparent catalytic activity of nanozyme may decrease at
high temperatures due to the thermal decomposition of substrates or
products. For example, the peroxidase-like activity of Fe;04%, Au’?,
carbon’®, and FeN;P single-atom nanozymes®* diminishes when the
temperature reaches 50-60 °C, which may be related to the thermal
instability of the product oxTMB®.

Exploiting the heat-mediated properties, photothermal nano-
zymes such as Au@Ce0O,"”” and PtSn'%, as well as magnetothermal
nanozymes such as Fe;0,"° have been engineered. These materials
respond to light or alternative magnetic fields to elevate their tem-
perature, thereby enhancing catalytic performance. Radiation may
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also boost the activity of nanozymes by accelerating electron transfer
and valence state conversion of active sites. For example, in a com-
posite nanozyme composed of SnS, nanosheets and Fe;0, quantum
dots, X-ray irradiation triggers the transfer of electrons from SnS, to
Fe;04, promoting the regeneration of Fe" and enhancing the
peroxidase-like activity for generating «OH from H,0,"°. In another
study, X-ray irradiation enhances the peroxidase-like activity of Fe-N4-
C single-atom nanozymes by accelerating the conversion of Fe" to
Fe™®, Ultrasound has also been explored to regulate the activity of
nanozymes. For instance, ultrasonic vibrations generate micro-
pressure that induces a continuous separation and accumulation of
positive and negative charges on the surface of piezoelectric tetra-
gonal barium titanate. This effect enhances the binding of few-layer
MoS, nanosheets, which are fabricated on its surface, to HO, and
lowers the energy barrier for H,0, decomposition, thus boosting the
generation of «OH'®, These stimuli-responsive characteristics enable
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remote control of nanozyme activity, offering advantages in applica-
tions such as medical diagnostics and treatments compared to tradi-
tional biocatalysts.

Significance of nanozymes-expanded biocatalysis
Natural role

Nature abounds with nanomaterials formed through natural physical,
chemical, or biological processes, widely present in geological, biolo-
gical, and environmental systems. Recently, natural nanomaterials
found in organisms, such as magnetosomes and the iron core of fer-
ritin, have been discovered to possess biocatalytic functions. Magne-
tosomes are magnetic Fe;0,4 nanoparticles enveloped by a lipid bilayer
membrane synthesized by magnetotactic bacteria (Fig. 6a). Studies
have found that magnetosomes have peroxidase-like activity, a prop-
erty shared with typical Fe;04 nanozymes. However, unlike other
Fe304 nanozymes that generate reactive oxygen species (ROS) during
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Fig. 6 | Physiological and pathological effects of natural nanozymes.

a Magnetosomes in Magnetospirillum gryphiswaldense are natural nanozymes
composed of Fe;0,4 enclosed in a lipid bilayer membrane. These nanozymes exhibit
peroxidase-like activity, but unlike other Fe;0, nanozymes that generate reactive
oxygen species (ROS), they scavenge intracellular ROS. This scavenging effect likely
results from the restricted release of generated radicals, retained on the surface of
the Fe;04 core or confined by the lipid membrane, or from potential catalase-like

Degenerating
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activity under neutral pH conditions in the bacterial cytoplasm. b Recombinant
ferritin expressed by Escherichia coli contains an iron core with ferrihydrite as the
main component, functioning as a superoxide dismutase (SOD)-like nanozyme with
antioxidant properties. ¢ Nanoaggregates formed by the AB;.4, peptide exhibit
peroxidase-like activity, producing reactive oxygen species that may contribute to
neuronal degeneration in Alzheimer’s disease.
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peroxidase-like catalysis®™, magnetosomes eliminate intracellular
ROS™. Typically, peroxidase-like activity produces free radicals, some
of which are readily released and cause oxidative damage, as seen with
typical Fe;0,4 nanozymes. In contrast, other radicals are adsorbed onto
active sites, such as those in HRP, reducing their diffusion and mini-
mizing oxidative damage. In magnetosomes, the radicals are likely
retained on the surface of the Fe;0, core or confined by the lipid
membrane, preventing their diffusion and contributing to an anti-
oxidant effect by decomposing H,0,. Moreover, Fe;0, nanozymes
exhibit catalase-like activity under neutral pH conditions'*. Given that
magnetosomes are localized in the neutral cytoplasm of magnetotac-
tic bacteria, their ROS-scavenging behavior may also involve catalase-
like activity. Ferritin, a cage-shaped protein responsible for iron sto-
rage, has an iron core that exhibits SOD-like activity (Fig. 6b). Notably,
the SOD-like activity of the ferritin cores in prokaryotes is higher
compared to eukaryotes*’. Modulating the expression of ferritin
nanozymes in Escherichia coli, either by overexpression or knockout,
affects the organism’s tolerance to superoxide anions, underscoring its
role in antioxidant defense under physiological conditions. Biogenic
ferrihydrite nanoparticles, which form around fungal hyphae after
interacting with hematite, function as extracellular peroxidase-like
nanozymes, mitigating cytotoxicity by scavenging H,0,'®*'**. These
studies show that nano-minerals, as natural biogenic nanozymes, are
involved in the redox regulation of organisms and may have co-
evolved with them. A recent study showed that condensed droplets
formed by polyphosphate and Mn?* ions as “protocells” protected
internal nucleic acids and proteins from oxidative damage caused by
high-dose radiation (1000 Gy) through their antioxidant activity's>%¢,
Natural nanozymes with antioxidant properties may have played a
similar role during the early stages of biological evolution, aiding early
life in surviving harsh, radiation-rich environments.

In addition to inorganic minerals, some nano-assemblies formed
by peptides or other biomolecules in living organisms may also have
biocatalytic activity. For example, amyloid Af;.4,, implicated in Alz-
heimer’s disease, forms stable nanofibrils that display peroxidase-like
activity (Fig. 6¢)*>. These A4, nanofibrils induce increased cellular
ROS levels and damage neuronal cells, suggesting that they may play a
pathological role as prooxidant nanozymes in the development of
Alzheimer’s disease. In addition to AP..4,, similar amyloid aggregates
have been found in many diseases, such as islet amyloid polypeptide in
type Il diabetes'™’, human calcitonin in thyroid cancer'®®, a-synuclein in
Parkinson’s disease'®’, and mutated SOD1 in amyotrophic lateral
sclerosis'®. These protein aggregates may also have biocatalytic
activity that contributes to disease pathogenesis. More research is
needed to provide evidence.

Biocatalytic applicability

Nanozymes were initially used as substitutes for enzymes in traditional
enzyme applications due to their advantages in cost, stability, and
versatility. For instance, referring to the application of HRP, Fe;0,, and
other peroxidase-like nanozymes were developed for colorimetric
analysis in immunoassays such as enzyme-linked immunosorbent
assay (ELISA), immunohistochemistry, and test strips, and as markers
in biosensors for detecting various analytes, such as glucose and H,0,
(Fig. 7a)"”". With continued research, the scope of nanozyme applica-
tions has expanded beyond traditional enzymatic functions, paving
the way for innovative biocatalytic strategies.

In recent years, increasing attention has been given to the in vivo
applications of nanozymes for disease diagnosis and treatment. Pre-
clinical studies have shown that many nanozymes can perform bio-
catalytic functions within living organisms, and there is hope to break
through the application bottleneck of enzymes in disease treatment
caused by the easy degradation and the induction of immune
responses. Current research on in vivo applications of nanozymes
primarily focuses on regulating ROS through oxidoreductase-like

nanozymes to influence biological processes like metabolism, immu-
nity, and signal transduction (Fig. 7b)**"*2, For example, peroxidase-
like or oxidase-like nanozymes such as Fe;04 and Au are studied to
combat tumors and bacterial infections by elevating ROS levels,
mimicking the physiological effects of natural oxidases such as NADPH
oxidase, xanthine oxidase, and myeloperoxidase'”. Conversely,
nanozymes with SOD-like and catalase-like activities, such as CeO, and
Prussian blue, are being explored for their antioxidant properties to
mitigate oxidative damage induced by radiation and drugs, inflam-
mation such as enteritis and arthritis, and oxidative stress in neurolo-
gical diseases such as cerebral infarction and Alzheimer’s disease'*.
Beyond medical applications, antioxidant nanozymes are also being
used in agriculture to improve the resistance of crops to various
stresses (Fig. 7c). For example, injecting CeO, nanozymes with SOD-
like and catalase-like activities into the leaves of Arabidopsis enhances
the stress resistance by quenching ROS and improving photosynthetic
efficiency’>'*,

The distinctive characteristics of nanozymes enhance their utility
in biocatalytic applications, offering superior performance and
expanded functionalities compared to enzymes. Some nanozymes
outperform enzymes in applications due to their high single-particle or
specific activity, which provides notable advantages such as acceler-
ated reaction rates, increased efficiency, and reduced operational
costs. For example, the peroxidase-like activity of a Ni-Pt nanozyme
(kcag =4.5x107s7, calculated from the single-particle concentration) is
nearly 10,000 times that of HRP (k.. =4.3 x10%s™). In an ELISA assay
based on Ni-Pt nanozyme for detecting carcinoembryonic antigen, an
ultrasensitive detection limit of 1.1 pg/mL was achieved, which is 342
times lower than the traditional HRP-ELISA (376 pg/mL)'”". Similarly,
the specific activity of the peroxidase-like activity of the PSS-modified
Ru nanozyme (2820 U/mg) is nearly twice that of HRP (1305 U/mg),
and the detection sensitivity of Ru-ELISA is 140 times higher than that
of HRP-ELISA in detecting human alpha-fetoprotein'®.

The biocatalytic function of nanozymes is exemplified by their
self-cascading catalysis, allowing them to catalyze multiple reactions
within a single system, thereby simplifying catalytic pathways and
enhancing overall efficiency. For example, BSA-stabilized Au nano-
zymes have glucose oxidase-like activity and peroxidase-like activity.
These two activities are cascaded, with the former catalyzing glucose
oxidation to produce H,0, and the latter catalyzing H,0, to produce
*OH, which is used for rapid one-pot colorimetric detection of
glucose'®'”, Similarly, based on the cascade of glucose oxidase-like
and peroxidase-like activities, Ru nanozymes aggravated glucose
starvation and oxidative damage in Ul4 tumors in mice’®’. Mn;04
nanozyme has SOD-like and catalase-like activities, which cascade to
remove multiple reactive oxygen species such as O,, H,0,, and *OH,
and alleviated phorbol 12-myristate 13-acetate (PMA)-induced ear
inflammation in mice?”.

Nanozymes have expanded the application scope of biocatalysis.
On the one hand, their unique catalytic mechanisms allow for the
exploration of diverse substrates and reaction types. For example,
peroxidase-like nanozymes such as F;0, and Fe;S, catalyze the gen-
eration of OH from H,0,, enabling bacterial and tumor killing, a
capability not achievable with HRP. On the other hand, the robustness
of nanozymes under harsh conditions extends their application to
non-physiological environments. For example, the oxidase-like activity
of the UoZ-4 nanozyme is stable across a wide temperature range
(10°C-100°C), demonstrating both cold- and heat-adapted
properties’®>. This feature has been used to detect the antioxidant
capacity of citrus fruits at different temperatures. Cold-adapted
nanozymes have been studied to block the spread of viruses through
the cold chain. For example, FeN4P, single-atom nanozymes exhibit
lipid oxidase-like activity at cold-chain temperatures (=20 °C and 4 °C)
and destroy a variety of enveloped viruses (human, porcine, and avian
coronaviruses and HI-HI1 subtypes of IAV) by catalyzing lipid
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Fig. 7 | Biocatalytic applications of nanozymes. a In vitro, nanozymes are used as
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oxidative therapies for tumors and bacterial infections. ¢ Nanozymes are employed
in agriculture for their antioxidant catalytic activity and as nutritional components
to mitigate yield reductions caused by abiotic stresses such as heat, cold, drought,
salinity, and heavy metals. (Partly created with BioRender. Zhang, R. (2025) https://
BioRender.com/13q0d9v).

peroxidation of the viral lipid envelope*®. Under simulated cold-chain
logistics conditions, FeN4P, single-atom nanozymes were applied to
antiviral coatings on the outer packaging and personal protective
equipment. Similarly, the cold-adapted nMnBTC nanozyme with
oxidase-like activity showed efficient killing performance against the
HIN1 influenza virus at —20 °C".

Nanozymes are diverse in material and easy to modify, making
them versatile to combine various functional motifs for achieving
diverse applications. For example, Fe;0, nanozymes are synthesized
inside ferritin. These nanozymes target tumor cells through the fer-
ritin shell, while the internal Fe;0, core performs peroxidase-like
activity to catalyze the substrate 3,3’-diaminobenzidine (DAB) to
produce brown precipitates, thereby achieving rapid and sensitive
histochemical detection of tumor tissues®**. In another example,
ultra-small peroxidase-like Au nanozymes modified with neutravidin
were designed for in vivo detection of tumors. After the Au nano-
zymes were injected into mice, the surface modification was cut off
by matrix metalloproteinase-9 (MMP-9) at the tumor site, releasing
free Au particles small enough to be excreted by the kidneys. In the
collected urine, these Au particles catalyzed H,0, and TMB to pro-
duce a color reaction through their peroxidase-like activity, allowing
for tumor diagnosis through colorimetry’”. These modifications
enable targeted diagnostics and customized therapeutic approaches,
highlighting the adaptability of nanozymes in diverse and specialized
applications.

Some nanozymes possess unique magnetic, optical, and other
physicochemical properties that, when combined with their biocata-
lytic activities, enable multifunctional applications. For example, Fe;04
nanozymes used in ELISA not only catalyzed color development
through their peroxidase-like activity but also enriched antigens
through their superparamagnetism, thereby amplifying the detection
signal®®. Some nanozymes, such as Au?’°, Ag>”’, and Mo,N** have both
peroxidase-like activity and surface-enhanced Raman scattering
(SERS) properties. The sensing system constructed by combining
these two properties improves the sensitivity of detection of analytes
such as glucose and lactic acid. For another example, the fluorescence
of Cu-CDs nanozymes is quenched by hydroquinone in a
concentration-dependent manner. When hydroquinone is detected by
using the laccase-like activity of Cu-CDs nanozymes, high-sensitivity
detection is achieved in combination with the degree of fluorescence
quenching®,

Furthermore, certain nanozymes exhibit responsiveness to
external stimuli such as near-infrared light, ultrasound, and magnetic
fields, enabling the development of intelligent and remote-controlled
applications. For instance, liposome-encapsulated Ir nanozymes
accumulate in tumors and catalyze the conversion of H,0, into O,,
thereby alleviating tumor hypoxia*°. When subjected to mild photo-
thermal heating induced by near-infrared laser, the catalytic activity of
these nanozymes was enhanced, boosting their effectiveness in alle-
viating hypoxia and enhancing the therapeutic outcomes of
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radiotherapy on 4T1 tumor-bearing mice. In another study, near-
infrared laser irradiation promoted the peroxidase-like activity of
N-doped sponge-like carbon spheres, enhancing their ability to cata-
lyze H,0, into *OH to kill bacteria?”. Ultrasound as an external signal
input amplifies the peroxidase-like activity of CaF, nanozyme and
promotes its oxidative killing effects on 4T1 breast cancer and H22
liver cancer in mice”?. Fe;04 nanozymes mineralized within a protein
cage respond to alternating magnetic fields to increase temperature,
enhancing their catalase-like catalytic efficiency. This capability not
only alleviates hypoxia but also synergizes with magnetothermal
effects to inhibit the growth of A549 subcutaneous tumors in mice and
extend the survival time of mice with in situ liver cancer’. These
remote-controlled features enable advanced therapeutic strategies
and precise interventions.

Future and perspective

Research on nanozymes has advanced biocatalysis and nanomedicine,
with its influence continuing to expand. Nanozymes have extended the
scope of biocatalytic materials, overcoming the traditional depen-
dence on natural enzymes for biochemical regulation and enabling
catalysis in environments where enzymes are ineffective. Moreover,
studies on nanozymes indicate that nanomaterials may exhibit cata-
Iytic activity in biological systems and induce notable biological
effects, an aspect often overlooked in previous nanomedical
applications.

Looking forward, research on nanozymes faces several promising
yet complex challenges ripe for exploration. One key priority is to
unravel their catalytic mechanisms and pinpoint their true active sites,
tasks complicated by their heterogeneous structures and diverse
active phases. Cutting-edge tools like X-ray photoelectron spectro-
scopy (XPS) and Fourier-transform infrared spectroscopy (FTIR) can
probe atomic-level structures and chemical environments, while
single-molecule and in situ techniques, such as scanning tunneling
microscopy (STM) and cryo-electron microscopy (cryo-EM), enable
real-time observation of catalytic processes®**”. Integrating these
experimental approaches with computational modeling, such as den-
sity functional theory (DFT) and machine learning-based analyses,
could offer deeper insights into substrate binding, transition states,
and reaction pathways®. From a kinetic perspective, many nanozymes
deviate from conventional enzymatic models due to their multi-site,
multifunctional, and multi-substrate characteristics, necessitating tai-
lored kinetic frameworks to accurately describe their catalytic beha-
vior. Bridging theoretical tools from both heterogeneous catalysis and
enzymology may be crucial for capturing their complex reaction
dynamics.

Enhancing reaction specificity is another critical aspect for
advancing nanozyme applications, as it improves catalytic efficiency
while minimizing undesired side reactions. Achieving this requires a
detailed understanding of the structure-activity relationship between
active site microstructures and their catalytic pathways"*. When spe-
cific active sites with well-defined coordination and electronic struc-
tures dominate, the catalytic pathways of nanozymes may exhibit
enhanced specificity?>”°. Additionally, cascade reactions involving
multiple nanozymes can progressively screen substrates to improve
overall reaction selectivity'. While specificity is essential, the broad
substrate interaction spectrum of nanozymes also presents unique
advantages. For example, porphyrin-like Fe-N-C nanozymes demon-
strate enzyme-like behaviors akin to cytochrome P450 enzymes,
accelerating drug metabolism and exhibiting drug inhibition?”. These
behaviors arise from broad interactions between the heme-like Fe-N,
coordination centers and diverse substrates. Exploiting this property
enables the development of rapid, cost-effective platforms for ana-
lyzing drug-drug interactions, which guide therapeutic decisions and
predict in vivo outcomes®. Moreover, the multifunctionality of nano-
zymes parallels that of primordial enzymes, which likely supported

early biological evolution by performing diverse functions with a lim-
ited enzyme repertoire. This characteristic makes nanozymes valuable
models for exploring primitive life-like processes*®,

The range of nanozyme materials and their catalytic functions is
projected to keep diversifying (Box 2). Inorganic materials currently
lead the field, but research is increasingly investigating a broader array
of nanomaterials, including inorganic, organic, or mixed (organome-
tallic) structures with inherent biocatalytic properties. For example,
iron-anchored f-lactoglobulin amyloid fibrils display peroxidase-like
activity and degrade alcohol in the gastrointestinal tract following oral
intake?’. Despite being protein-based, their nanofiber structure with
abundant anchored iron sites qualifies them as nanozymes. This
diversification of material types is expected to expand the catalytic
repertoire of nanozymes, facilitating the development of catalysts
capable of performing complex biocatalytic functions. While
oxidoreductase-like activity remains the primary focus of nanozyme
research, other catalytic functions, including hydrolase-like, iso-
merase-like, and lyase-like activities, have also been demonstrated,
with some nanozymes even catalyzing reactions in biological systems
that natural enzymes cannot (Box 2). To further expand functionality,
strategies could involve exploring alternative materials that offer
tunable structures and diverse active sites, such as MOFs, COFs, or
hybrid materials combining organic and inorganic components.
Another approach is to rationally design nanozymes that mimic the
active sites of hydrolases, isomerases, or lyases by incorporating
functional groups or cofactors.

The integration of high-throughput computing with materials
science has advanced the design and prediction of nanozymes. Using
first-principles calculations, like DFT, researchers can predict the
electronic and thermodynamic properties at the atomic level®. High-
throughput computing leverages parallel processing to rapidly analyze
large datasets, facilitating the identification of nanostructures with
enhanced catalytic performance, and accelerating material screening
while reducing experimental trial-and-error’*. Machine learning is also
becoming more important in nanozyme research. By analyzing
experimental and computational data, it can uncover key
structure-activity relationships, predict catalytic performance, and
guide experimental design****. For example, machine learning has
been used to predict how different doping elements affect the
peroxidase-like activity of graphdiyne-based nanozymes, expediting
discovery and optimization?”. As research on nanozymes generates
larger datasets, the potential of big data analytics and machine learn-
ing in accelerating the development of high-performance nanozymes
becomes even more evident. However, all these computing tools have
their respective strengths and limitations, and relying solely on one
may not fully address the complexity of nanozyme design. For
instance, as nanozyme-catalyzed reactions are often influenced by
external field environments, relying solely on DFT-guided thermo-
dynamic analysis is insufficient to fully elucidate their mechanisms,
requiring integration with kinetic analysis derived from experimentally
validated data or molecular simulations?. Therefore, the next stage of
research could focus on integrating different computational and data-
driven methods to establish more realistic and accurate models for
describing and predicting nanozyme behavior.

The discovery of natural nanozymes, such as magnetosomes”,
ferritin*?, and AP amyloid protein aggregates”, indicates that nano-
zymes are not limited to synthetic materials but may also play phy-
siological and pathological roles as natural biocatalysts. Natural
inorganic nanomaterials are widespread, found both globally and
within organisms, indicating that many other natural nanozymes likely
remain to be discovered. Advances in the characterization of intra-
cellular inorganic particles and related technologies offer promising
avenues for uncovering the diversity of natural nanozymes and
understanding their roles in biological processes. Furthermore,
exploring whether natural nanozymes represent a primordial form of
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biocatalysts and investigating their evolutionary significance to early
life and primitive enzymes presents an exciting area for future
research™,

Research on nanozymes in living organisms is expected to pro-
gress further, with promising applications in addressing redox imbal-
ances, metabolic disorders, and immune dysfunctions. Moreover,
progress in nanozyme-based medical research has led to the discovery
of unique interactions between nanomaterials and biological systems,
such as the specific transcytosis of chiral MOF nanomaterials’** and
ferroptosis-like death in bacteria induced by FeS, nanozymes®.
However, challenges remain for in vivo applications and clinical
translation. The in vivo environment presents distinct hurdles,
including heterogeneous microenvironments, variable pH, ionic
strength, and the presence of competing biomolecules, all of which
substantially impact the activity and stability of nanozymes. These
factors often result in discrepancies between in vitro findings and
in vivo performance. Addressing these challenges requires examining
nanozyme behavior under physiologically relevant conditions and
assessing their catalytic activity, stability, and substrate specificity in
the presence of complex cellular components like proteins, lipids, and
nucleic acids. Advanced techniques, including fluorescence resonance
energy transfer (FRET), in situ Raman spectroscopy, X-ray imaging,
and mass spectrometry, could provide valuable insights by enabling
real-time monitoring of nanozyme activity and substrate interactions
in living systems?*?%, While preliminary studies suggest many nano-
zymes exhibit good biocompatibility, their in vivo effects remain lar-
gely unpredictable, necessitating further investigation into potential
toxicity and long-term side effects. Future research could prioritize the
design of nanozymes with enhanced adaptability, such as respon-
siveness to specific microenvironmental factors like pH or redox
conditions, to improve both their catalytic efficiency and biosafety.
However, it is crucial to strike a balance between material functionality
and complexity. Materials with greater functionality often exhibit
more complex structures, which complicate their clinical translation.
Additionally, there is an urgent need to develop efficient and con-
trollable synthesis methods, stable formulations, and targeted delivery
strategies to ensure consistent performance in in vivo applications.

Finally, understanding the biocatalytic activity of nanozymes
under extreme conditions is an important avenue for future research.
Nanozymes capable of catalyzing reactions in extreme environments
could provide insights into the survival strategies of extremophiles
and early evolutionary organisms, which rely on catalytic processes
for antioxidant functions, metabolism, and energy transport**. These
nanozymes could be used in a broader range of applications com-
pared to natural enzymes. For instance, thermostable nanozymes
could be valuable in high-temperature environments such as che-
mical synthesis, food processing, and textiles. Cold-adapted nano-
zymes may be useful in low-temperature applications like food
refrigeration, cold chain disinfection, and environmental manage-
ment in polar regions. Salt-tolerant nanozymes could be applied in
high-salinity environments such as salted food processing and mar-
ine environmental management. To achieve this, it is essential to
investigate the types of materials and biocatalytic activities of
nanozymes that function under extreme conditions and to elucidate
their catalytic mechanisms to guide the design of materials better
suited for these applications.
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