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Abstract

Sections

Nanozymes, nanomaterial-based artificial enzymes, exhibit potential
for emulating the catalytic functions inherent in enzymes. Nanozymes
have advantages such as low cost, facile synthesis, high stability

and adjustable activities. As a promising approach for healthcare,
nanozymes have sparked considerable interest, and have been

chosen as one of the 2022 Top Ten Emerging Technologies in Chemistry
by the International Union of Pure and Applied Chemistry (IUPAC).
This Primer provides theranostic insights from the nanozyme

toolbox, encompassing the design of nanoparticles, evaluation of
activities and applications. We focus on rational strategies to enhance
nanozyme activities, emphasizing standardized evaluations across
different activities, and outline specific details for their practical
applications. The selection of candidates for diagnosis, as well as those
forinvivo theranostic applications, is carefully considered based

on appropriateness. We also acknowledge current challenges and
limitations, presenting future perspectives and positioning nanozymes
as an alternative and effective choice in theranostics. This Primer aims
to contribute to the understanding and advancement of nanozyme
applicationsinhealthcare, offering a comprehensive guide for
researchersinthis dynamic field.

Introduction

Experimentation

Results

Applications

Reproducibility and data
deposition

Limitations and optimizations

Outlook

'Department of Biomedical Engineering, College of Engineering and Applied Sciences, Nanjing National
Laboratory of Microstructures, Jiangsu Key Laboratory of Artificial Functional Materials, Nanjing University,
Nanjing, Jiangsu, China. 2Jiangsu Key Laboratory of New Drug Research and Clinical Pharmacy, School of
Pharmacy, Xuzhou Medical University, Xuzhou, Jiangsu, China. *Department of Chemistry and Material Science,
College of Science, Nanjing Forestry University, Nanjing, Jiangsu, China. “State Key Laboratory of Analytical
Chemistry for Life Science, Nanjing University, Nanjing, Jiangsu, China. *Chemistry and Biomedicine Innovation
Center (ChemBIC), Nanjing University, Nanjing, Jiangsu, China. [<'e-mail: weihui@nju.edu.cn

Nature Reviews Methods Primers | (2024) 4:36


https://doi.org/10.1038/s43586-024-00315-5
http://crossmark.crossref.org/dialog/?doi=10.1038/s43586-024-00315-5&domain=pdf
http://orcid.org/0000-0002-0238-2124
http://orcid.org/0009-0007-9481-2083
http://orcid.org/0000-0002-8641-2430
http://orcid.org/0000-0003-0870-7142
mailto:weihui@nju.edu.cn

Primer

Introduction
Enzymes have wide applications in biomedicine, owing to their cata-
lytic ability. Enzymatic interventions to address genetic deficiencies
are focused on substances involved in metabolism that serve as sub-
strates or products in designed catalytic reactions. Although current
therapeutic enzymes have shown promise in treating diseases’, they
are specialized and often need to be used in combination. Moreover,
enzymes face inherent limitations in practical applications, such as
easy inactivation and the need for effective delivery systems>.
Nanomedicine involves the use of nanotechnology for diagnostics
and therapeutics®. To date, liposomes*, iron oxide nanoparticles®’ and
gold nanoparticles®, among others, have been developed as nanocarri-
ers, magnetic resonance imaging reagents and photothermal therapy
(PTT) reagents, owing to theiramphiphilic, magnetic and optical prop-
erties. Nevertheless, the catalytic ability inherent in nanomaterials
was largely overlooked in the early development of nanomedicine’™.
Nanozymes are functional nanomaterials with enzyme-like activi-
ties'” ™. The discovery of intrinsic peroxidase-like activity of Fe,O,
nanoparticles sets off a trend in nanozyme research'®. Compared with

Box 1

Common methods for
nanozyme synthesis

Various methods can be employed to produce the desired
nanozymes, including hydrothermal, co-precipitation, sol-gel,
pyrolysis and microwave radiation methods. Each method

offers unique advantages and is suitable for different types of
nanozymes and their applications'®. For instance, a hydrothermal
method involves the use of high-temperature and high-pressure
conditions in an aqueous solution to promote the synthesis of
nanostructures'. It is often favoured for its simplicity and ability

to produce highly crystalline nanozymes. The components and
structures of nanozymes can be modulated by varying conditions
such as reaction time, temperature and precursor concentration. In
a co-precipitation method, two or more precursor salts are dissolved
in a solvent, and a precipitant is added to induce the formation of
insoluble nanoparticles. This is a straightforward technique for
producing homogeneous nanozymes such as Fe;O, nanoparti-
cles'”. The sol-gel method involves the formation of a sol (a stable
colloidal suspension of nanoparticles) followed by gelation to form
asolid gel. Itis known for its versatility in producing various shapes
and sizes of nanozymes with controlled porosity*®. Pyrolysis involves
the decomposition of organic precursors at high temperatures in an
inert atmosphere to form nanostructured materials. It is particularly
useful for synthesizing carbon-based nanozymes with unique
properties (for example, carbon-based single-atom nanozymes®).
A microwave irradiation method utilizes microwave radiation to
heat reaction mixtures rapidly and uniformly, leading to accelerated
synthesis processes compared with conventional heating methods.
The microwave irradiation method has been utilized to synthesize

a range of nanozymes including carbides, nitrides, sulfides, oxides
and metal-organic frameworks (MOFs)'#*'°,

their natural counterparts, nanozymes exhibit advantages such as
economic affordability, robust stability and diverse physico-chemical
properties. These advantages not only effectively address the insta-
bility and cost challenges associated with enzymes but also present
potential for rational design and functionalization™. Meanwhile,
nanozymes exploit the inherent characteristics of nanomaterials,
including mechanics”, magnetism'®, optics'® and electricity?. These
attributes have found applications in nanozyme-related diagnosis and
therapy. Compared with enzymes, anintriguing aspect of nanozymes
is their ability to achieve self-cascade reactions owing to their multi-
enzyme-like activities. This feature facilitates anintegrated approach
that reduces mass transfer limitations across spatio-temporal dis-
tances?. The potential for self-cascade reactions broadens the scope
of applications for nanozymes in various therapeutic and diagnostic
scenarios, with promising advancements in nanomedicine”*,

Nanozymes have found increasingly wide utilizationin healthcare,
similar to enzyme replacement therapy, which is based on catalytic
reactions in metabolism. In an ideal process, after confirming the
target in diseases, a designed nanozyme can be used as a diagnostic
agentoratherapeutic drug. Besides evidence-based synthesis (Box 1),
therational design of nanozymes through structure-activity relation-
ships is gradually becoming a consensus?. Refined manipulation at
the atomic scale and the nanoscale can result in a high-performance
nanozyme for a given reaction and, in turn, the regulation strategy
can guide the design of other nanozymes. Following the acquisition
of requisite nanozymes, surface engineering becomes essential to
impart non-catalytic properties, such as specificity to target molecules
or targeting diseased sites of the nanomedicine itself. The modified
nanozyme canserve asamodulator to alter surfaceacidity and charge,
and even influence the adsorption and desorption of intermediates®
(Fig.1). The primary structure of nanozymes can be established from
the initial design, whereas the modification of nanozymes can be
regarded as the secondary structure. The modified nanozymes can
be used for biomedical applications including diagnostics and thera-
peutics. Increased activity generally lowers the limit of detection and
enhances the outcome of therapy, whereas enhanced selectivity pre-
vents interference from other substances, establishing a robust basis
for analytical and therapeutic applications.

Once synthesis has been optimized, physico-chemical and
enzymatic properties of nanozymes should be determined for the
intended application (Fig. 1). Initial characterization methods to
confirm the structure of nanozymes should include determining
the size, shape, surface condition and dispersion to ensure they are
suitable for the intended application. For example, the kidneys’ fil-
tered threshold is 5.5 nm. Nanozymes smaller than this threshold
can be excreted, indicating potential for trans-urinary metabolic
theranostics®. Furthermore, the assessment of enzymatic activi-
ties is crucial for verifying the catalytic capabilities of nanozymes?.
Numerous enzyme-like activities, such as superoxide dismutase,
peroxidase, catalase, oxidase and hydrolase, have found biomedical
applications?®. Various approaches for assaying enzymic activities
have been explored®*~*2, Most commonly, changes in the absorbance
or fluorescence of reacting substrates or products serve asindicators
for activity of nanozymes.

For nanozymes as diagnostic agents, interference studies should
then be conducted to assess the stability, specificity and sensitivity of
nanozymes under working conditions. Forinvivo diagnostics, biocom-
patibility and metabolism should be considered. During pilot studies,
it isimportant to screen an analytical method and administration

Nature Reviews Methods Primers | (2024) 4:36



Primer

mode that aligns with the disease of interest. For nanohealthcare-
related analysis, various methods have been employed, including the
nanozyme-linked immunosorbent assay®, test strips**** and sensor
assays’. Notably, the nanozyme-assisted strip gained recognition for
its rapid local diagnosis of Ebola**. In therapeutic applications, the
choice of administration method and the nanozyme dosage are of
significance. A low yet efficacious dose is desired, considering factors
ranging from cost to biosafety. As the formal assessment commences,
the insights from the pilot results are important for optimizing the
treatment plan. For example, if outcomes related to biosafety indica-
tors, such as pharmacokinetics, prove suboptimal, adjustmentsto the
nanozyme dosage should be made. This iterative process ensures that
the therapy remains both effective and safe.

There are two types of nanozyme-assisted therapy; the first is
based on catalysing the conversion of substrates that are often overex-
pressed in diseased sites, and the other relies on producing products
thatare helpful to treat diseases. For example, in conditions character-
ized by animbalance in reactive oxygen species (ROS), such as organ
injury”, depression®® and orthopaedic disease’*’, nanozymes with
catalase-like and superoxide dismutase-like activities can effectively
scavenge excessive ROS. Thisapproach aimstorestore redox balance
by reducing the elevated levels of ROS. By contrast, when dealing
with cancer, the goal is to induce the production of ROS to selectively
target and eliminate malignant tumour cells. Nanozymes facilitate
this process through targeted and controlled generation of ROS for
therapeutic purposes.

This Primer aims to give an overview of nanozyme preparation,
fromnanomaterial design to activity evaluation and theranostic appli-
cations, and aguide to analyse and validate the efficacy of nanozymes.
Furthermore, concrete stepsto enhance experimentreproducibility and
the reliability of data deposition are discussed. Finally, challenges
and limitations in the field for presenting perspectives of nanozyme-
assisted healthcare are presented. Nanozymes are considered an
alternative, effective and promising choice in the ongoing evolution
oftherapeutic strategies. This Primer seeks to contribute to the knowl-
edgeinnanomedicine, especially fostering adeeper understanding of
nanozyme applicationsin healthcare.

Experimentation

Nanozymes present an avenue to build a platform for precision medi-
cine*®*, Precision medicine aims to design specific therapeutic and
diagnostic strategies based on disease indicators, demanding both high
sensitivity and specificity from the choseninterventions. In this section,
the key factors involved in nanozyme design, surface engineering
and the experimental flow of nanozyme application are discussed.

Design of nanozymes

Trial-and-error method. High-performance nanozymes are often
obtained usingatrial-and-error approach™ (Fig. 2a). In this approach,
different materials with diverse structures are synthesized under vari-
ous conditions to find the optimal conditions through iterative test-
ing. The size of nanoparticles is a pivotal factor influencing catalytic
activities; smaller nanoparticles typically exhibitincreased activities,
attributed to their larger surface area, which increases the number of
active sites*’. The composition and facets of nanoparticles are also
crucial for catalytic activities. Generally, noble metals, such as plati-
num, are often regarded as good oxidase mimics whereas nanozymes
composed of variable valent metals, such as cerium and manganese,
may have good superoxide dismutase-like activity. These nanozymes

Design and synthesis
Design of nanozyme

Surface engineering

Characterization

Nanozymes Physico-chemical property
for —

rerehesliheEe Enzymatic activity

Biological evaluation

Application

., Invitro and in vivo diagnosis

Nanozyme-based therapy

Fig.1| Concept of nanozymes for nanohealthcare. Workflow of nanozymes for
nanohealthcare involves design and synthesis, characterization and application.

demonstrate varying levels of activity when they expose different
crystal facets. Transmission electron microscopy (TEM) or X-ray pow-
der diffraction (XRD) can be used to identify facets and composition
associated with enhanced performance. Employing suitable synthesis
methods allows for the deliberate exposure of specific facets, further
optimizing catalytic activity***.

Structure-activity relationship-directed design of nanozymes.
Structure-activity relationship-directed design has emerged as a pow-
erful approach for material design. This method involves constructing
materials with a deep understanding of their physico-chemical prop-
erties, including interfaces. By fine-tuning these materials based on
experimental data, researchers can identify performance indicators,
often described as activity descriptors® (Fig. 2b).

To understand activity descriptors, it is essential to first under-
stand catalytic reactions. The adsorption or desorption of reactants
and products determines the efficiency of the catalytic reaction; under-
standing and manipulating these interactions can aid the design of
nanozymes withexcellent catalytic activity. Intermediates are transient
species that exist between the reactants and products, which should
also be considered during the catalytic process. Intermediates often
represent key points in the reaction pathway and can influence the
overall efficiency and selectivity of the catalytic process. Through
computation, theseintricate processes can be simulated and analysed,
allowing for a more systematic approach to nanozyme design. These
principles are embodied in descriptors.

Nanozyme-catalysed reactions involve critical surface interme-
diates that play a pivotal role in enzyme-like activities. The under-
standing of these surface processes has been guided by principles
in heterogeneous catalysis. The Sabatier principle has provided a
valuable framework for correlating various factors, such as adsorp-
tion energy and activity*°. This principle suggests that there exists
an optimum interaction strength between a catalyst and its reac-
tants or intermediates for achieving the highest catalytic activity.
Forexample, the energy of the d states serves as a classic descriptor for
evaluating catalyst-substrate interaction***, The d-band theory
provides insights into the catalytic activity of metals based on their
electronicstructures, namely, a higher energy position of the metal’s
d states relative to the Fermi level signifies less availability of anti-
bondingstates. This, in turn, corresponds to stronger adsorptionin
catalytic processes.
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Fig.2|Rational design and surface engineering of nanozymes. a, Employing
the trial-and-error method, nanozyme design focuses on crucial factors such as
size, morphology, composition, crystal facet and external triggers. b, Structure—
activity relationship-directed design of nanozymes. Material characterization
providesinformation on composition, structure and energy, which can be
inputinto calculations to establish models for further processes (step 0).
Calculationsyield a set of descriptors, some of which are predicted to be related
to nanozyme activities (step 1-1). Subsequently, nanozymes exhibiting the
best-predicted activities are synthesized, and their activities and selectivity are
assessed (step 1-2). Alternatively, researchers synthesize a range of nanozymes
and evaluate their activities. They then deduce a descriptor that illustrates the
structure-activity relationship based on test data (step 2-1). To validate this

relationship, quantum mechanics calculations are employed for thorough
verification (step 2-2). ¢, In data-driven nanozyme design, the process begins
with literature screening. Artificial intelligence facilitates this by transforming
manual literature screening into efficient data mining. Following human or
artificial intelligence-supported summary and analysis, predictions are made
and verified by experiments. d, Representative formulation materials for
surface engineering of nanozymes: inorganicion, amino acid, polymer, lipid,
nucleicacid and protein such as antibody (bovine serum albumin (PDB:4F5S)).
Representative strategy for surface engineering: physisorption mechanism
(for example, electrostatic and m-m stacking interaction) and chemical
interaction (covalent, coordination and metal-thiol bonding). CB, conduction
band; TEM, transmission electron microscopy; XRD, X-ray powder diffraction.

Similar to the d-band centre, the e, electron can also be regarded
as adescriptor. This descriptor has been investigated in perovskite or
spinel transition metal oxides (TMOs) and their peroxidase-like activ-
ity*>*°. The splitting of the d orbital of transition metal sites in an octa-
hedral crystal would form two antibonding molecular orbitals (such as
0% .and oz*l)' which are referred to as the e, orbitals. e, occupancy
representsthed-electron population ofthe e orbitals. The occupancy of
these orbitals has a governing role in influencing the peroxidase-like
activity of perovskite or spinel TMOs. By exploring the e, occupancy,
therelationship between electronic structure and catalytic behaviour
of TMOs can be better understood. This understanding guides the
design of TMOs with optimal peroxidase-like activity, paving the way
for developing efficient and versatile nanozymes.

Computed results, obtained through computational modelling and
simulations, suchas density functional theory calculations, areimportant
inunderstanding the reaction processes of nanozymes**2, Density func-
tional theory calculations provide a versatile platform for exploring the
thermodynamics andkineticsinherentinnanozyme-catalysed processes.
The principles derived from density functional theory calculations can
effectively forecast the activities of nanozymes, including superoxide
dismutase-like activity, which offers valuable insightsinto their catalytic
behaviourand screening approach for given enzyme-like activity™. These
results can help understand the electronic structure, surface properties
and energetics of nanozymes. By combining with experimental results,
a set of descriptors can be established to predict activities to uncover
the underlying mechanisms that governthe behaviour of molecules and
their role in chemical reactions and biological processes.

As the field of nanozymes continues to advance, the descriptors
used to understand and predict their catalytic activities must also
evolve. For nanozymes with different catalytic activities, descrip-
tors should be tailored to suit the specific reaction mechanisms and
behaviours of each nanozyme. The other key to reliable and effective
nanozyme design lies in making meaningful connections between
theoretical predictions and experimental outcomes. By confirming
and fine-tuning models based on experimental data, researchers can
develop dependable strategies for the rational design of nanozymes
with different enzyme-like activities.

Data-driven design of nanozymes. Thereisarichrepository ofinvalu-
able data, offering insights into previously undiscovered aspects of
nanozyme behaviour. A strategic approach involves the collection
and systematic analysis of research papers relevant to the research
question to determine patterns and trends, which can serve as guid-
ing principles to facilitate exploration to inspire innovative ideas for
nanozyme design (Fig. 2c).

Aseries of hydrolytic nanozymes have been discovered following
a data-driven strategy®, such as metal-organic frameworks (MOFs);
MOF-based hydrolase mimics show higher representation and bet-
ter performance in the literature than other materials. Furthermore,
Lewis acid-based metal clusters exhibit pronounced affinity towards
hydrolysis substrates. Through finely tuning the size of organic link-
ers, aspecifically designed nanozyme can be synthesized, showcasing
remarkable performance, particularly for phosphatase-like activity.
Successful implementation of this approach requires careful analy-
sis of the gathered data, coupled with the discerning utilization of
intuition to generate a novel design tactic.

Data acquirement (or data mining) is essential to data-driven
design of nanozymes. Data mining represents a comprehensive pro-
cess encompassing the extraction, organization, analysis, summa-
rization and integration of vast data sets**. The primary objective is
to unearth valuable information residing in the expansive layers of
data, such as discerningtrends, identifying features, recognizing pat-
ternsand unveiling hiddenrelationships. Within artificial intelligence,
machine learning emerges as a distinct and highly accessible data
mining method. Over recent years, machine learning has experienced
significant development. Machine learning, within the data mining
framework, automates the analysis process by adeptly extracting
patterns from the data, subsequently employing these patterns to
make predictions regarding unknown data. This automated learning
capacity isimplemented through algorithms meticulously designed for
predicting specific characteristics. Through experimentation verifica-
tion, artificial intelligence can be utilized to enhance the performance
of nanozymes through iterative feedback loops. Increasingly, this
artificial intelligence-human collaboration-based design principle
is playing a crucial role in the rational design of nanozyme activity>.

Surface engineering of nanozymes

Surface engineering of nanozymesis an effective strategy to modulate
their activity, selectivity and targeting ability>*~®. Surface engineering
of nanozymes is quite straightforward and robust, and the surface
chemistry of the nanozymes dictates the strategy used. For example,
negatively or positively charged nanozymes can adsorb molecules
with opposite charges on their surface. This can be achieved through
incubation of pristine nanozymes within solutions of ions or molecules.
To remove free ions or molecules, centrifugation can be employed to
wash the modified nanozymes. If the nanozymes are too small for cen-
trifugation, dialysis canbe used, whereas magnetic separationisideal
for magnetic nanozymes. Surface engineering of nanozymesincludes
strategies such as electrostatic interaction, -t stacking interaction,
covalent bonding, coordination bonding and metal-thiol bonding.
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Nanozymes possess Ti-electrons that caninteract with the m-electrons
onaromatic molecules. Functional groups onthe surface of nanozymes
canbe employed to conjugate molecules covalently. Inaddition, metal
species onthe surface of nanozymes can haverelatively stronginterac-
tions with Lewis base groups; if noble metals are present, nanozymes
will react with thiol groups. These enable abundant molecules to
modify nanozymes.

Surface engineering for activity modulation. Surface modifica-
tion is effective for fine-tuning the catalytic activity of nanozymes’®.
Adiverse array of inorganic ions*’, small molecules®, polymers® and
biomacromolecules® have been harnessed to modulate the catalytic
behaviour of nanozymes (Fig. 2d). The modification of nanozymes
withions and molecules primarily involves physisorption mechanisms,
such as electrostatic interactions®. In some cases, molecules can be
covalently attached or coordinated®* to the surface of nanozymes®.
Typically, theactive sites of nanozymes are located ontheir surface, and
thisis where modification can play a pivotal role. The modification can
either obstruct these catalyticsites, leading to areductionin activity,
or create an environment to enhance the activity. Such enhancements
are achieved by establishing a tailored chemical microenvironment
that facilitates the local accumulation of substrates®, improves sub-
strate affinity®’, enhances product desorption®® and promotes efficient
charge transfer®. For instance, amino acids, with abundant amino
and carboxyl groups, can be utilized to modify peroxidase-like Fe;0,
nanozymes, resulting in aboostin their catalytic activity’. In addition
to improved affinity for H,0,, modification with negatively charged
biomolecules such as DNA can attract positively charged substrates
such as 3,3",5,5-tetramethylbenzidine (TMB) through electrostatic
forces, leading to anincrease in activity. In another example, fluoride
ions canbe adsorbed onto the surface of cerium oxide (Ce0,), thereby
enhancing the oxidase-like activity of CeO, through the facilitation of
charge transfer processes®. In brief, modification serves as a versatile
tool for optimizing the catalytic performance of nanozymes by either
fine-tuning their active sites or creating a conducive chemical envi-
ronment. Moreover, modification can also improve fine dispersity of
nanozymes inreaction mediums.

Surface engineering for substrate selectivity modulation. In
addition to activity modulation, various modification strategies can
be employed to fine-tune the substrate selectivity of nanozymes.
Electrostatic interactions serve as a potent strategy for tuning the
substrate reactivity. Negatively charged nanozymes have enhanced
activity towards positively charged substrates, but can repel negatively
charged substrates, such as 2,2’-azino-bis(3-ethylbenzothiazoline-
6-sulfonic acid) (ABTS), leading to an improved substrate selectiv-
ity towards TMB®. To avoid the activity inhibition of nanozymes for
certain substrates, electrostatic repulsion between the surface and
substance should be noted. Steric effects represent another strategy
for modulating substrate selectivity, particularly in enantioselec-
tive reactions where numerous chiral ligands have been utilized to
modify nanozymes. For instance, D-cysteine-modified gold nanozymes
exhibitapreference for catalysing the peroxidation of L-3,4-dihydroxy-
phenylalanine (L-DOPA), whereas L-cysteine-modified gold nanozymes
tend to catalyse the peroxidation of D-DOPA”’. Furthermore, addi-
tional modification strategies offer advantages in governing the sub-
strate selectivity of nanozymes. One noteworthy example involves
the coating of molecularly imprinted polymers, which can provide
Fe,0, nanozymes with a100-fold increase in substrate selectivity’.

Modification with aptamers, selected to bind certain targets, also
improve substrate selectivity®. Ingeneral, when considering the selec-
tivity towards chiral substrates, chiral ligands should be used to modify
nanozymes. To achieve the selectivity towards a specific substrate, use
of molecularly imprinted polymers or aptamers is effective.

Surface engineering for targeting. There are numerous modification
strategies for targeted applications. Antibodies can be employed to
customize the surface of nanozymes, enabling them to precisely target
specific antigens in immunoassays'®. Beyond antibodies, nanozymes
canalsobe coated with other ligands, such as ferritin, to target tumour
cells. Ferritin exhibits an affinity for the transferrin receptor 1, which
is often overexpressed on the surface of tumour cells. The cavity of
ferritinis areaction chamber to load metal ions and then condensate
for mineralization”. By encapsulating nanozymes within ferritin, it
becomes possible to target tumour cells and visualize tumour tis-
sues™. Furthermore, biomacromolecules can be used asamodification
strategy to target macrophages. For instance, hyaluronic acid exhibits
aspecific binding affinity towards CD44 receptor, which iscommonly
overexpressed on the surface of macrophages. Functional groups such
asthe carboxyl groupsinhyaluronicacid canserve as covalent conjuga-
tion sites for nanozymes. Nanozymes modified with hyaluronic acid
effectively target macrophages atinflammatory sites, offering poten-
tial treatment for inflammation”. In an alternative strategy, nanozymes
can be encapsulated within negatively charged polymers, such as
alginate, facilitating their targeting abilities through electrostatic
interactions. This strategy has been harnessed for the specific target-
ing of ulcerative colitis’. To boost the spatio-temporal precision and
effectiveness of nanozymes, employing dual modification can pave the
way for acascade-targeting approach. For example, nanozymes modi-
fiedwith hyaluronicacid and (3-carboxypropyl)triphenylphosphonium
bromide target the CD44 receptor on tumour cells and mitochondria
sequentially”. These diverse modification strategies underscore the
adaptability of nanozymesin targeting precise cellular or tissue sites,
making themimportant for various applications.

Experimental flow of nanozyme applications

After designing and synthesizing nanozymes, a specific emphasis
on their application is necessary. Nanozyme-based nanohealth-
care includes both diagnosis and therapeutics. In this context, the
experimental flow for both is discussed.

In vitro or in vivo diagnosis. In diagnostics, nanozymes are used to
detect biomarkers, pathogens and abnormal cellular activities with
high sensitivity and selectivity. Rational design endows the nanozymes
with high performance. To achieve selectivity, nanozymes are often
conjugated with recognition moieties, enabling them to specifically
recognize targets* (Fig. 3a). Two main approaches to diagnosis using
nanozymes are nanozyme-involved reactions and nanozymes as
catalytic tags. In nanozyme-involved reactions, a cascade reaction
transforms a substance that is challenging to detect into an easily
detectable one. Enzymes, such as oxidase, which can catalyse the
conversion of small molecules (for example, glucose, uric acid and
cholesterol) to H,0, are combined with nanozymes for the cascade
reactions. H,0,, acting as a reactant for peroxidase-like nanozymes,
oxidizes substrates such as TMB or Amplex Red, producing oxidized
products with colorimetric or fluorescent signals. The signal intensity
correlates with the concentration of the targets, providing insights
into disease severity. The second approach, nanozymes as catalytic
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for nanozyme-based diagnostics comprises three steps. First, enzymatic
characterization of pro-oxidant nanozymes is evaluated by chromogenic
reaction (D1). Aninterference study should then be conducted, which involves
stability, selectivity and sensitivity (D2). Next, samples are obtained from
patients or animal models, through collection of representative body fluids such
assweat, tears, blood, urine and saliva. Following necessary treatment (such as
concentrating), the targets undergo recognition and detection through catalytic
reactions. Finally, the signals indicating the health status are demonstrated
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by absorbance and other visualizable approaches (D3). b, Experimental
workflow for anti-oxidant nanozymes in the treatment of inflammatory bowel
disease (IBD). Initially, the anti-oxidant capability of nanozymesis verified (T1).
Subsequently, the nanozymes undergo evaluation for nano-bio interactions,
such as acid resistance in simulated gastric fluid, inflammatory targeting
ability and biocompatibility (T2). Following characterization, the nanozymes
areadministered through various methods, such as oral ingestion. After the
administration of the nth dose, data are collected for analysis to validate

the efficacy of the nanozymes at organism, tissue and cellular levels (T3).

Ce0,, ceriumoxide.

tags, involves modification on the surface of nanozymes to detect
targets. Elements with recognition capabilities, such as antibodies,
are employed to capture targets in blood, urine or other body fluids.
These captured targets are then detected through catalytic reactions
of nanozymes. Commonly used methods within these approaches
include the nanozyme-linked immunosorbent assay, test strips and
otherassays. These techniques offer high accuracy and rapid detection,
providing user-friendly and real-time monitoring capabilities.

By leveraging the versatility of nanozymes, these approaches con-
tribute significantly toadvancements in healthcare, facilitating precise
and efficient disease detection and monitoring’®.

In vivo therapies. In therapeutics, nanozymes are employed to accel-
erate reactions that facilitate the elimination of excess substances or
that supplement reactions lacking substances. To effectively employ
nanozymes for therapeutics, itis crucial to understand and target the
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pathologic microenvironment of diseases. Biology developments pro-
videinsightinto disease progression, revealing system dysfunctions at
themolecularlevel, which aids exploration of nanozyme-based thera-
pies. Indiseased states, harmful substances tend to accumulate, owing
tothe dysfunction of enzymes or protective mechanisms. Nanozymes
scavenge excessive harmful substances, mitigating damage caused by
their accumulation. Additionally, they facilitate the release of benefi-
cial substances that serve as crucial signal messengers. This process
involves the required molecules fromboth endogenous and exogenous
supplementation. Given theinherent and tunable catalytic abilities of
nanozymes, the optimal activity of a therapeutic nanozyme should
matchthe microenvironment at the diseased sites to fulfil its efficacy.
Microenvironment characteristics suchas pH, temperature and oxygen
levels should be considered when designing therapeutic nanozymes.
Additionally, it is important to account for potential poisoning of
nanozyme active sites during the design process.

The administration routes, based on the specific requirementsin
diseases, affect the choice of nanozymes”. Common administration
approachesincludeintraperitoneal injection, oral administration and
intravenous administration. In certain medical scenarios, particu-
larly in treating infections and certain cancers, therapeutic methods
often gravitate towards in situ treatment, directly targeting the dis-
eased areas. In animal studies, intraperitoneal injection stands out
as acommonly employed method for delivering nanozymes, owing
to the rich blood supply in the peritoneum. This route proves suit-
able for investigations involving systemic delivery or the targeted
delivery of nanozymes to specific organs within the abdominal cavity.
Oral administration represents a patient-friendly delivery approach.
However, the harsh conditions within the stomach pose challenges
for the delivery of non-acid-resistant nanozymes and intestinal peri-
stalsis accelerates the excretion process. To overcome this hurdle,
robust and targeted carriers can be employed to facilitate the effective
delivery of nanozymes, particularly in the treatment of gastrointesti-
nal diseases™ (Fig. 3b). For deep tissue diseases or illnesses affecting
the bloodstream, intravenous administration is a preferred choice.
This method entails directly injecting nanomedicines into the blood-
stream, ensuring rapid and widespread distribution throughout the
body. This approach proves effective in addressing conditions that
require a systemic impact or involve deep-seated tissues. In all these
approaches, the key considerations revolve around pharmacokinetics,
which encompasses distribution, metabolism and elimination. Under-
standing how nanozymes move within the body, undergo metabolic
processes and are, eventually, eliminated is crucial for optimizing their
therapeutic efficacy (Fig. 3b).

Beyond traditional ‘drug-like’ treatments, significant efforts have
been dedicated to the development of implants or devicesincorporat-
ing nanozymes®**%, These engineered implants or devices leverage
persistent catalytic activity of nanozymes, offering a dual benefit of
addressing disease-related issues and mitigating the foreign body
response elicited by theimplants or devices. The inherent properties of
nanomaterials further enhance the mechanical behaviour ofimplants
or devices, bestowing them with additional functionalities. Thisinno-
vative approach holds promise in advancing the field of implants and
devices, providing solutions beyond conventional pharmaceutical
interventions.

Results
Sufficient characterizations of nanozymes are a prerequisite for
their applications. In this section, techniques to characterize

physico-chemical, enzymatic and biological properties of nanozymes
are discussed (Fig. 4).

Physico-chemical characterization

Size and morphology. The size and morphology of nanozymes affect
the number and reactivity of their active sites. Smaller nanozymes offer
ahigher surface area per unit of volume, resulting inagreater number
of active sites®’. This leads to enhanced activity when compared with
larger nanozymes at the same mass concentration. The morphology of
nanozymes is equally important, as it influences not only the specific
surface area and the quantity of active sites but also the nature of the
bonds and reactivity of individual active sites*>®, Different crystal-
line planes exposed on the surface lead to variations in reactivity and
catalytic behaviour. To assess the characteristics, various analytical
techniques are employed. Dynamic light scattering (DLS) is used to
determine the hydrodynamic diameter of nanozymes based on the
Stokes-Einstein equation and to evaluate their dispersity by analysing
thesize distribution. Scanning electron microscopy (SEM) and TEM are
utilized to visualize nanozymes at the nanoscale, providing insights
into their size and morphology (Fig.4a). For example, high-resolution
TEM canrevealstructural details, such as core-shell structures adorned
with organic coatings or diverse components, which proves successful
modification of nanozymes.

Zeta potential. Surface charge plays a pivotal role in various aspects
of nanozymes, including their dispersity, substrate adsorption and
targeted delivery. Zeta potential represents the surface charge of
nanoparticlesinasolution. Itis measured using techniques such as
laser Doppler electrophoresis (Fig. 4a). Nanozymes with a higher
absolute zeta potential value often exhibit superior dispersity.
Ahigher valueindicates astronger electrostatic repulsion between
the nanozymes, preventing them from agglomerating and lead-
ing to better stability in solution. The activity and targeting ability
of nanozymes are also influenced by zeta potential as discussed
above®.

Composition and structure. The composition of nanozymes impacts
their active sites. Techniques such as doping and alloying are used to
adjust the composition and, consequently, the catalytic activity of
nanozymes®>®, Several analytical methods are applied to assess the
material synthesis and composition modulation. Inthis regard, induc-
tively coupled plasma (ICP) serves as a quantitative tool to measure the
elemental composition of materials. Additionally, X-ray photoelec-
tron spectroscopy (XPS) is a non-destructive method that provides
detailed information about the elemental composition, chemical
states and electronic states on the surface. Nanozymes with similar
compositions but different structures can exhibit substantially vary-
ing catalytic activities, requiring further methods to determine their
structures. XRD canbe used toidentify crystalline phases and composi-
tion, whereas Fourier transforminfrared (FTIR) canidentify functional
groups on the surface of nanozymes and their molecular conforma-
tions. Nuclear magnetic resonance (NMR) is used to determine the
chemical environment, such as for MOF-based nanozymes, circular
dichroismis used for assessing chiral structures, X-ray absorption fine
structure (XAFS) is used for exploring atomic arrangements within the
material (especially for coordination environment, bond distances and
bond angles for analysing active sites of nanozymes) and high-angle
annular dark-field scanning TEMis used for element mapping for atom
visualization (Fig. 4a).
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Fig. 4| Characterization of nanozymes for nanohealthcare. a, Physico-
chemical characterization encompasses a range of techniques, including
dynamic light scattering (DLS), scanning electron microscopy (SEM),
transmission electron microscopy (TEM), X-ray powder diffraction (XRD),
X-ray photoelectron spectroscopy (XPS), inductively coupled plasma (ICP),
Fourier transforminfrared (FTIR), nuclear magnetic resonance (NMR), circular
dichroism and X-ray absorption fine structure (XAFS). These techniques analyse
various aspects of the nanozymes, such as nanoparticle size, morphology,

zeta potential, composition, crystal facet and structural features, including
surface modifications and active sites. Representative SEM and TEM images

of Prussian blue nanozyme are demonstrated. b, Enzymatic characterization
involves the study of catalytic kinetics and analysis. This includes assessing

the catalytic efficiency, substrate specificity, reaction rates and other
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parameters that provide insights into the enzymatic activity. ¢, Biological
characterization contains both in vitro and in vivo studies. In vitro studies
extend to the cellular and bacterial levels. Cellular assessments include the
evaluation of cytotoxicity (methylthiazolyldiphenyl-tetrazolium bromide
(MTT) and cell counting kit-8 (CCK-8)), examination of cellular uptake (TEM,
confocallaser scanning microscopy (CLSM) and flow cytometry (FCM)), and
exploration of various cellular functions influenced by nanozymes. Bacterial
studies delve into the impact of nanozymes on bacterial viability. In vivo studies
include observing the behaviours of nanozymes within living organisms and
assessing their influence on pathology, genetic profile, proteomic changes,
microbiome and biodistribution, providing insights into their systemic
effects. PET-CT, positron emission tomography and computed tomography;
TMB, 3,3',5,5-tetramethylbenzidine; V,, initial velocity.

Enzymatic characterization

Catalytic activity. Catalytic activity relates to the rate at which
ananozyme accelerates a chemical reaction. It is quantified using
the nanozyme activity unit (U), where 1 U represents the quantity of
nanozyme required to catalyse the transformation of 1 umol of sub-
strate per minute under optimal reaction conditions¥. The specific
activity isthe measure of nanozyme activity units per milligram of the
nanozyme. The turnover frequency represents the number of substrate
molecules converted by an active site per unit of time***°, Turnover

frequency compares activities based on the normalized active sites
rather than the whole of nanozymes, focusing on the sites themselves
and excluding extra factors such as sizes and unexposed atoms of the
nanozymes.

To evaluate the catalytic activities of oxidase-like and peroxidase-
like nanozymes, a UV-Vis spectrophotometer or a microplate reader
is used to monitor the absorbance change in oxidation or peroxi-
dation of reductive substrates over time, including TMB, ABTS and
3,3’-diaminobenzidine (DAB)" (Fig. 4b). Similarly, hydrolase-like
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nanozymes often use p-nitrophenyl phosphate or bis(p-nitrophenyl)
phosphate as substrates. The product p-nitrophenol has a characteristic
absorption peak that can be measured using a spectrometer. For the
activity of catalase-like nanozymes, a dissolved oxygen analyser can be
used to detect the production of oxygen during the catalytic process
(Fig.4b). Thismethod is limited by anarrow detection range, owingtoa
low saturated concentration of dissolved oxygen. Alternative methods
are to measure oxygen pressure signals in a confined space (such as in
a confined tube)”, or to utilize oxygen-sensitive probes. For example,
dopamineis an oxygen-sensitive probe, whose self-polymerization can
beactivated by O, produced in catalase reactions and produce colour?.
For superoxide dismutase-like nanozymes, several fluorescent or col-
orimetric probes can be oxidized by superoxide radical ("O,") to assess
activities, including dihydroethidium, nitrotetrazolium blue chloride,
iodonitrotetrazolium chloride, water-soluble tetrazolium salt (WST-8)
and cytochrome c*°. The choice of probes depends on their physico-
chemical properties and those of nanozymes. For example, the limited
water solubility of the reduced by-product of nitrotetrazolium blue
chloride canrestrict the sensitivity of detection. Furthermore, the dihy-
droethidium probe canbe oxidized by nanozymes with oxidative abilities
providing false negative results. In addition, electron paramagnetic
resonance is a more reliable method to analyse superoxide dismutase-
like nanozymes, through the use of 5,5-dimethyl-1-pyrroline-N-oxide to
indicate the presence of ‘0, (ref. 92).

Catalytic kinetics. Catalytic kinetics describes the effect of physico-
chemical factors on the catalysed reaction rate, including tempera-
ture, pH, activator, inhibitor, nanozyme concentration and substrate
concentration®. By studying the kinetics, the reaction environmenta
nanozyme is mostly adapted to and where it could be applied can be
determined, as the detection, diagnosis or therapy may offer different
environmental conditions for reactions. Based on kinetics, catalysis
mechanisms canbe studied and nanozymes with high activity applied
inspecific situations can be further modulated or rationally designed™.

Similar to enzymes, the initial velocity (V,) of a nanozyme-
catalysed reaction related to a substrate concentration mostly obeys
the Michaelis-Menten equation based on the assumption of steady-
state equilibrium. In this context, two parameters — maximum velocity
(Vmay) and the Michaelis constant (K,,) — are obtained to characterize
the catalytic kinetics of nanozymes. V,,,, is the maximal velocity of a
catalytic reaction by a saturated nanozyme under given conditions.
However, V,,,.depends on the nanozyme concentration, makingit hard
to compare across samples. To overcome this, the catalytic constant
(K.at = Vimax /INanozymel]) is used to compare velocities among differ-
ent nanozymes at normalized nanozyme concentration. K, refers
tothe substrate concentrationthatgives V.., /2, at which halfthe active
sites of the nanozyme function. Generally speaking, the K, value
describes a nanozyme’s affinity towards its substrates — a lower K,
valueindicates a higher affinity. Combining the k,. and K, values gives
the specificity constant (k. /K,,,) to determine the catalytic efficiency
ofthe nanozyme (Fig. 4b).

Thekinetics of reactions catalysed by oxidase-like, catalase-like or
hydrolase-like nanozymes can be assessed directly by the Michaelis-
Menten equation as they have only one substrate (or their second
substrate concentration remains constant). Their initial velocities
are measured using a spectrometer or dissolved oxygen analyser. For
two-substrate reactions catalysed by peroxidase-like nanozymes, the
standard assay is to keep one substrate concentration fixed as a control
variable and testitas aone-substrate reaction using aspectrometer?.

Apparent K, and V,,,, values vary with different fixed concentrations,
which allows the kinetic mechanisms of peroxidase-like nanozymes,
such as ping-pong mechanisms or sequential mechanisms, to be
explored™.Ina catalytic reaction that follows a ping-pong mechanism
(such as A +B~> C+D), substrate A first binds a nanozyme to form a
binary complex. The complex reacts to convert substrate A to prod-
uct C and the nanozyme to its intermediate state. After product C is
released, substrate Bbinds theintermediate state of nanozymeto yield
product D and turn the nanozyme into the original state. In sequential
mechanisms, both substrates bind the nanozyme to form a ternary
complexinarandom orordered binding sequence. The two products
arereleased toregenerate the nanozyme. Note that there isno conveni-
entmethod todetect the catalytic kinetics of superoxide dismutase-like
nanozymesbecause ‘0, isso unstable thatitis frequently necessary to
employ stopped-flow spectrophotometry to measure concentration
changes within extremely brief temporal intervals®*,

Biological characterization
Interaction between nanozymes and biofluids. Understanding
the interaction between nanozymes and biofluids is important in the
biological characterization of nanozymes®’. Typically, a set of artifi-
cial solutions, designed to mimic the composition and conditions of
physiological environments, are used to evaluate the nanozymes®*®,
In simulated solutions, nanozymes may exhibit aggregation when
interacting with components present in the solution, owing to the high
specific surface energy inherent in nanomaterials. These unwanted
interactionssignificantly impact the activities of designed nanozymes,
subsequently altering the functionalities of these nanozymes.
Nanozymes have the potential to impact blood stability; hae-
molysis tests should be conducted to prevent the breakdown of blood
cells in the body?*'°°. Materials with a high degree of compatibility
with blood are selectively utilized in these scenarios. The impact of
nanozymes onblood functionis multifaceted and depends on various
factors, including their physico-chemical properties, surface modifi-
cations and intended applications. The main approaches to evaluate
blood functions are routine blood examination and blood biochemical
examination. For example, the anti-oxidant nanozymes can mitigate
oxidative stress in the bloodstream by scavenging ROS, which con-
tributes to the redox balance of blood. The results of routine blood
examination (for example, leukocyte count) can reveal the impact of
nanozymesonblood functions. Moreover, in anticoagulationresearch,
careful considerationmustbe givento the interplay between platelets
and nanozymes.

In vitro studies. For in vitro studies, nanozyme catalytic abilities within
asuitable cellular model should be evaluated to reflect potential thera-
peuticeffects. The initial step entails selecting asuitable cell line for the
study, typically choosing cells at the diseased sites. For instance, in vas-
cular diseases, cell lines such as human umbilical veinendothelial cells
and vascular smooth muscle cells are commonly employed to simulate
avascular enviroment'®. Once the cell types are chosen, cytotoxicity is
assessed using assays such as the methylthiazolyldiphenyl-tetrazolium
bromide (MTT) colorimetric assay or the cell counting kit-8 (CCK-8)
assay. High absorbance of the cell viability-related product indicates
low toxicity of nanozymes. During these assays, factors such as overlap-
ping of absorbance between chromogenic substrates and nanozymes
should be considered, especially for carbon-based materials that are
hard to wash away, as well as the interaction between the reagents for
MTT or CCK-8 and nanozymes. Nanozymes, such as graphene-based

Nature Reviews Methods Primers | (2024) 4:36

10



Primer

materials, can react with these colorimetric substances, resulting in
false positive signals'®>. The cellular uptake of nanozymes canbe stud-
ied using techniques such as TEM, confocal laser scanning microscopy
(CLSM) and/or analytical flow cytometry (FCM) to determine whether
nanoparticles are successfully internalized.

After cell viability and uptake assessments, various cellular models
are designed to better mimic in vivo scenarios to determine the effi-
ciency of nanozymes. For instance, to evaluate the ability of nanozymes
totraverse physiological barriers such as the blood-brainbarrier, tran-
swell experiments are employed to simulate the mass transfer process
between specific cell lines'®®. For malignant tumours, multicellular
tumour spheroids can be used to mimic the acidicand enzyme micro-
environments of solid tumours'®*. Implants or devices incorporating
nanozymes canserve as aplatform forinvestigating proliferation and
migration of cells, assessed through SEM or fluorescentimaging'®'°°. To
visualize and quantify outcomes post treatment, fluorescence signals
(utilizing fluorescence microscopy and FCM) and microscale imaging
(TEM and SEM) prove effective'””. These technologies aid in evaluating
the behaviours of specific cells, and initial results obtained in vitro
can provide insights into potential outcomes when applied in vivo.

Bacterial behaviour and viability are key factors in microbial dis-
eases. Monitoring bacterial viability often involves measuring the
optical density at 600 nm after co-incubation with nanozymes.
The optical density value at 600 nm is sensitive to changes in bacte-
rial cell concentration during growth'®®. At this wavelength, bacterial
cells scatter and absorb light, and the amount of light absorbed is
proportional to the number of cells present. Additionally, the spread
plate method is applied to quantify colony-forming units of bacteria,
further contributing to the assessment of bacterial states. Nanozymes
exhibit a dual nature against bacterial infections. On the one hand,
they function as robust ROS producers, deploying this capability as a
potent mechanism to counteract bacterial invasions'*’. On the other,
nanozymes canbeingeniously engineered toserve asguardians, shield-
ing probiotics from the deleterious effects of ROS, thereby presenting
aversatile tool in microbial control scenarios®.

Biofilm formation isacommon bacterial strategy to resist external
stimuli, leading to recurrentinfections'”’. The evaluation of nanozymes
ofteninvolves studying their ability to eliminate biofilm or preventbio-
filmformation. Methods such as crystal violet staining and fluorescent
dyes prove valuable in visualizing the status of biofilms®.

In vivo studies. Typically, the choice of animal models hinges on the
specific diseases under investigation. Rodents, such as mice, and
mammals, including rabbits, dogs and pigs, are typical animal mod-
els for evaluating nanozyme efficacy. Rabbits serve as ideal models
for eye diseases, owing to the similarities in size and structure of their
eyes compared with humans. This resemblance allows researchers to
draw pertinentinsightsinto performance of nanozymes within ocular
health™. Similarly, when exploring diseases of the intestines, mice of
the C57BL/6 strain and Beagle dogs emerge as recognized subjects,
specifically for studying bowel inflammation®®. In cases where gene
manipulation is required to emulate genetic deficiencies, such as in
atherosclerosis studies, unique mouse models such as apolipoprotein
E-deficient mice are employed. These genetically engineered mice are
incapable of producing apolipoprotein, leading to fat accumulation,
particularly after a high-fat diet'®". With the continuous evolution of
gene technology, researchers have the chance to develop an ever-
expanding array of animal models, each tailored to their specific
research needs.

Once the appropriate animal models have been screened and
administration routes have been selected, in vivo studies can com-
mence. The key here lies in determining the optimal dosage and tim-
ing, which are essential for effective therapeutic outcomes. In the
later stages of animal experiments, various approaches are employed
to comprehensively assess the efficacy of nanozymes. Certain visu-
alization technologies aid in the initial assessment of efficacy. For
instance, colonoscopy allows for in situ observation of the intestine
in cases of inflammatory bowel disease (IBD)%, ultrasound technol-
ogy facilitatesimaging observation of vascular-related diseases™ and
nuclear magnetic technology enables the observation of tumours
and other diseases through visualization"* Collecting histological and
pathological data is paramount; techniques such as immunofluores-
cence,immunohistochemistry and pathological section staining offer
invaluable insightsinto the physiological and structural changes within
the tissues. Furthermore, gaining an in-depth understanding often
necessitates the analysis of genetic profiles and proteomics, offering
a deeper glimpse into the underlying molecular mechanisms and
signal pathways affected by nanozymes. In cases of diseases related to
microbial factors, an exploration of the microbiomeis indispensable,
unravelling the interplay between microorganism and host before and
after treatment'™. Post-treatment evaluations are a vital component
of the research process, encompassing parameters such as survival
rates, body or organ weights and cognitive abilities"*. These metrics
help evaluate the impact and effectiveness of nanozymes.

Lastly, the often underestimated aspect of nanozymesis biodistri-
bution. To address this, techniques such as ICP are used to detect the
content of nanozymes in specific organs. In cases where nanozymes
can be tagged with radionuclides or fluorescent dyes, their distribu-
tionis visually elucidated through imaging modalities such as positron
emission tomography and computed tomography (PET-CT) scans
or fluorescent imaging'”. Beyond these, body fluids and excrement
can serve as valuable analytes, shedding light on the metabolism and
elimination processes of nanozymes®*"®,

Applications
Inthis section, the application of nanozyme-based nanohealthcarein
several key areas is discussed with some representative examples.

Invitroandin vivo diagnostics
Nanozyme-involved reactions. Nanozymes catalyse reactions that
areindicative of certain diseases. The signal indicating a disease con-
dition is often based on the alteration of reaction substrates or the
appearance/disappearance of reaction products. Various types of
signals can be employed for detection, including colorimetric, fluo-
rescent and surface-enhanced Raman scattering signals. These signals
are generated as a consequence of nanozyme catalysis™ " (Fig. 5a).
Peroxidase-like or oxidase-like nanozymes have gained attention,
owing to their ability to oxidize colourless substrates such as TMB to
produce coloured productsin the presence of H,0, or O,. The intensity
ofthe colorimetric signal generated is directly related to the concentra-
tion of reactants, such as H,0,. In some cases, the targeted molecules
(for example, glutathione (GSH)) might react with H,0, or reduce the
coloured product™. Insuchassays, the colorimetric signal and the con-
centration of the reducingtarget molecule canbe used to determine the
target’s concentration. The ability of nanozymes to catalyse reactions
and their sensitivity to changes in the presence or concentration of
target molecules has been utilized for the detection and quantifica-
tion of specific analytes or biomolecules'” %, In addition, blocking
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Fig. 5|Nanozyme-based diagnosis and representative applications.

a, Innanozyme-involved reactions, the focus is the active participation of
nanozymes in detection processes. Nanozymes, acting as peroxidase or oxidase
mimics, catalyse the conversion of targets into easily detectable signals. The
peroxidase-like catalysis is facilitated by H,0, generated through enzyme
catalyticreactions. Factorsinfluencing the detectable signal can offer alternative
ways to detect substances that may block the active sites or reduce the oxidized
product/H,0,. The sensing signal can be absorbance and other visualization
approaches. b, Nanozymes, as catalytic tags, rely on recognition processes
facilitated by surface-conjugated ligands, such as antibodies. Nanozymes
enhance sensing signals catalytically within various technologies. Nanozymes
areintegral to the development of diagnostic strips for virus detection. Specific
interactions between antibodies and antigens enable rapid and accurate

detection using nanozyme-based strips. The nanozyme-linked immunosorbent
assay operates similarly, utilizing surface-conjugated components for disease
marker detection. Nanozymes can be used to stain pathological tissue sections.
With the assistance of antibodies, nanozymes target specific pathological
regions, catalysing chromogenic substrates (such as 3,3’-diaminobenzidine
(DAB)) to their oxidized state to reveal the disease status. For in vivo diagnostics,
nanozyme systems can be triggered by the microenvironment, responding

to elevated levels of reactive oxygen species (ROS) and dysfunctional

protease levels. This triggers decomposition into metabolizable fragments
that can be excreted through the kidneys. Nanozymes present in urine can
oxidize chromogenic substances or decompose H,0, into oxygen, allowing

for microfluidic monitoring of diseases. SERS, surface-enhanced Raman
spectroscopy; TMB, 3,3",5,5-tetramethylbenzidine.
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the active sites prevents nanozymes from catalysing the oxidation
reaction, alsoresultinginareduced signal, where the change in signal
intensity reflects the concentration of target molecules. Forexample,
theactivesitestructure similarity allows the single-atom nanozyme to
serve as a substitute for cytochrome P450 in assessing the potential
toxicity of drugs and evaluating drug metabolization. During these
processes, the active site of single-atom nanozymes is blocked or
regenerated, indicating the interaction between enzymes and drugs'.
The use of nanozymes in drug evaluation offers a versatile avenue
for enhancing the safety and efficacy assessment of pharmaceutical
compounds.

Onthe other hand, the lack of selectivity in nanozymes may limit
their specificity in complex biological environments. In such cases,
combining nanozymes with enzymes to form a cascade system pre-
sents a promising solution. In a cascade system where enzymes work
in conjunction with high-performance nanozymes, asequential trans-
formation of a target molecule into an easily detectable substance,
suchas H,0,, canbe made. Once H,0, is produced, the nanozymes can
then detect and quantify the concentration of H,0,, thereby indicating
the level of the target molecule. For example, by integrating haemin
and glucose oxidase (GOx) into the ZIF-8 nanostructure, anintegrated
nanozyme (INAzyme) can achieve glucose detection through a col-
orimetric cascade approach. H,0, produced in the GOx catalytic pro-
cess can serve as the next peroxidase-mimicking substrate. Such an
INAzyme-based colorimetric assay could easily detect cerebral glucose
changes in the microdialysed samples from the brain of living rats.
Furthermore, considering the significant therapeutic and scientific
importance in practical applications, microfluidic technology was
introduced to form an online in vivo analytical platform, which can
monitor the dynamic changes of glucose in acute rat braininsults (for
example, ischaemic stroke and head trauma)?. Nanozymes, together
with lactate oxidase to form a cascade system to identify lactate, find
applicationsinwearable sensor technology. Anin-ear integrated array
has been developed for in situ monitoring in various health-related
contexts related to the brain, such as injury and stress. In this system,
the nanozyme, particularly Prussian blue, acts as a converter, facili-
tating the conversion of H,0, to electronic signals. When combined
with lactate oxidase, this integrated array enables real-time health
monitoring, providing insights into brain-related conditions'”. The use
of cascade systems in wearable sensors holds promise for advancing
personalized and continuous health monitoring.

Nanozymes as catalytic tags. Nanozymes can be integrated into
existing diagnostic techniques as catalytic tags to enhance sensitivity,
specificity and accuracy, making them more effective in identifying
diseases or specific biomarkers (Fig. 5b).

Specific recognition elements, such as antibodies, have been
used to modify nanozymes'®. The modified nanozymes, which are
specifically linked to the targets, can be employed for enrichment and
concentration toimprove the sensitivity of detection. The addition of
chromogenicsubstrates or other detectionreagentsinitiatesareaction
togenerate signals corresponding to the level of the captured biomark-
ers. For example, an Fe;0, magnetic nanozyme-based immunochroma-
tographic strip (nanozyme strip) has been developed to detect Ebola
virus. The surfaces of nanozymes were coated with antibody toimprove
their selectivity. Comparable with ELISA inaccuracy, ananozyme strip
issimpler (without special equipment) and has afaster detection time.
Based on its sensitivity and simplicity, the nanozyme strip emerges
as a crucial screening tool for Ebola-stricken areas®*. Nanozymes can

also be used to assist with slice staining. Iron oxide nanozymes were
encapsulated inside arecombinant human heavy-chainferritin protein
shellto form magnetoferritin nanoparticles, which canbe used to tar-
get and visualize tumour tissues. In testing of 474 clinical specimens
from nine cancer types, these nanozymes achieved 98% sensitivity and
95% specificity in distinguishing cancerous from normal cells, which
showcases great promise for clinical use™.

Nanozyme-based sensors or detectors can be designed to
respond to specific biomarkers. Ultra-small gold nanoclusters prove
promising for in vivo imaging with exceptional tumour accumulation
and efficient renal clearance. Their intrinsic peroxidase-like activity
enablesthe design of multifunctional protease nano-sensors, offering
adirect colorimetric urinary read-out of disease states. The protease-
sensitive complex is cleaved under the relevant dysregulated pro-
teases and theliberated gold nanoclusters are filtered into urine for
diagnostics. This nano-sensor showcases a versatile approach
for rapidly detecting various diseases with specific enzymatic sig-
natures”. For point-of-care analysis, the catalase-like capabilities of
platinum nanozymes can be integrated into acompanion volumetric
bar-chart chip (V-Chip) system"¢. The changes induced in nanozyme
systems owing to biomarker interaction provide a clear and specific
signal that allows for the sensitive detection and quantification of
the targets.

The versatility of nanozymesin generating detectable signals via
diverse reaction pathways and assisting established diagnostic tests
hasinfluenced disease detection and monitoring. Their application
in these diagnostic methods offers the potential for rapid, sensi-
tive and specific detection of diseases, contributing significantly
to the advancement of personalized medicine and point-of-care
diagnostics.

Nanozyme-based therapeutics
Inthis section, the applications of nanozyme-based therapyin several
diseases are discussed with some representative examples (Fig. 6).

Neurodegenerative disease. Oxidative stress is vital in the develop-
mentof various neurodegenerative diseases, contributing to neuronal
deathand functionalimpairmentin the nervous system. Protein oxida-
tion, such as the case of amyloid-f peptide (AB) interfering with metal
utilization in the brain, is linked to the pathogenesis of neurodegen-
erative disorders (Fig. 6a). Several types of nanozymes, including
fullerenes'”, Mn,0, nanoflowers®, CeO, (ref.128) and Prussian blue'”’,
have been developed and studied in animal models for neurological
disorders. Cq,-C;, a derivative of fullerene, has been shown to treat
Parkinsonian non-human primates'”’. These nanozymes exhibit the
ability to mitigate neurodegenerative diseases by inhibiting pyroptosis.
Nanozymes such as Prussianblue can act asinhibitors of pyroptosis by
eliminating ROS, thereby reducing the progression of diseases such as
Parkinson disease and neurodegeneration in mice. These nanozymes
achieve treatment by inhibiting the activation of NLRP3 inflamma-
some, downregulating the cleavage of gasdermin D and reducing the
production of inflammatory factors'”. Beyond scavenging excessive
ROS, nanozymes equipped with hydrolytic activity (such as polyoxo-
metalate-based material) can degrade pathogenic proteins, addressing
the multifaceted neurotoxicity associated with AB°>"*°"*!, Through
proteolysis, nanozymes can mitigate Ap-mediated toxicity by clear-
ing AP and reducing cellular ROS levels. This multifunctional ability
holds promise for addressing the complex mechanisms underlying
neurodegenerative diseases.
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Fig. 6 | Nanozyme-based therapeutics demonstrate versatile applications
across various diseases. a, In neurodegenerative disorders, nanozymes
function as reactive oxygen species (ROS) scavengers, eliminating excessive
ROS. Protease-mimics contribute to the removal of amyloid- peptide (ApB)
fibrils and repression of A aggregation. b, In orthopaedic disease, nanozymes
with anti-oxidant and hydrolase-like abilities regulate osteogenesis and
osteolysis. Besides, uricase mimics decompose pathologic depositions.

¢, For cardiovascular disease (CVD), anti-oxidant nanozymes achieve anti-
inflammation and anti-senescence, particularly in atherosclerosis. They also
serve as functional coatings on implants, catalysing prodrugs to produce

beneficial molecules such as CO, NO and H,S, promoting vascular regeneration.
d, In cancer, nanozymes modulate the tumour microenvironment, deplete
glutathione (GSH), accumulate ROS and mitigate hypoxia, enhancing treatment
tactics such as photodynamic therapy (PDT), photothermal therapy (PTT),
sonodynamic therapy (SDT) and immunotherapy. Nanozymes also assist with
insitu drug production using hydrolase-like activity. e, Ininfections, nanozymes
act as pathogenicKkillers or probiotic guardians, leveraging their diverse
abilities. They also produce toxic substances such as free radicals, which destroy
extracellular matrices and interfere with quorum sensing signalling molecules to
eliminate biofilms and inhibit biofilm formation. GSSH, oxidized glutathione.

Orthopaedic disease. Orthopaedic disease encompasses a spec-
trum of conditions such as inflammatory arthritis, osteoporosis,
traumatic bone defects, bacteria-associated infections and osteosar-
coma®. Nanozymes have emerged as a promising avenue in effectively
addressing these orthopaedic diseases, owing to their remarkable
anti-oxidant ability and regulation of related signalling pathways such
asinflammation, osteogenesis and osteolysis (Fig. 6b).

Inosteoarthritis characterized by pathological joint deterioration,
oxidative stress induced by elevated ROS disrupts joint microenviron-
ment homeostasis, leading to lipid peroxidation, DNA damage and an
intensified inflammatory response. ROS-scavenging nanozymes can
mitigate oxidative stress in the pathogenesis of osteoarthritis. For
instance, by attenuating oxidative stress, Prussian blue nanozymes
can effectively remodel the joint microenvironment and then protect
chondrocytes, delaying the progression of osteoarthritis'**. Gout, the
most common inflammatory arthritis, occurs when there is exces-
sive uric acid agglomeration. In this case, uric acid degrading com-
bined with ROS scavenging is an ideal method to cure this disease.
The nanozyme with uricase-like and catalase-like activities (such as
Pt/CeO,composite) was developed for alleviating acute gout. Uricase
mimics decompose uric acid, whereas catalase mimics eliminate the
by-product H,0, generated from uric acid degradation®.

In osteogenic therapies, osteoblastic differentiation is a critical
section. Phosphate anions are essential for bone remodelling, mak-
ing alkaline phosphatase an early marker for osteogenesis'>. Anti-
oxidative nanozymes such as ceria can upregulate the expression of
anti-inflammatory cytokines and promote mesenchymal stem cell
proliferation*, Meanwhile, because of ROS scavenging, ceria can pro-
mote osteogenic differentiation toimprove the alkaline phosphatase
activities in mesenchymal stem cells™,

Cardiovascular disease. Cardiovascular disease (CVD) represents
agroup of disorders affecting the heart and blood vessels. Chronic
inflammation serves as the primary pathological mechanism under-
lying CVD, making it a focal point for therapeutic interventions.
Nanozymes can treat CVD via two primary mechanisms®°. First, nano-
zymes can directly scavenge excess ROS. This action modulates
theinflammatory microenvironment, thereby attenuating the progres-
sion of CVD.Second, nanozymes can catalyse the production of signal
molecules, facilitating communication among cells in the pathological
environment, promoting therapeutic effects (Fig. 6¢).
Inischaemia-reperfusioninjury, nanozymes with mitochondrion-
targeting capabilities prove effective in mitigating mitochondrial
oxidative damage®. This targeted approach aids in the recovery of
cardiac function. Ischaemic stroke, characterized by a sudden block-
age of blood supply to the brain, leads to an explosive increase in ROS
and neural apoptosis during cerebral ischaemic-reperfusion injury.

A cascade nanozyme with multi-enzyme activities (such as selenium-
containing MOF-based nanozyme) demonstrates cytoprotective abili-
ties by eliminating intracellular ROS and inhibiting neural apoptosis.
Thisinterventionresultsinadecreaseininfarct volume and improved
neurological deficits'’.

Atherosclerosis is the primary pathological basis of CVD. In
atherosclerosis plaques, where senescent cells and elevated inflam-
matory microenvironments prevail, nanozymes engineered with
anti-senescence and multiple anti-oxidant activities prove effective
in therapy. These nanozymes (such as MOF@Se nanozyme) protect
DNA from damage, attenuate cell senescence and decrease cellular
uptake of oxidized low-density lipoprotein, thereby suppressing foam
cell formation'".

In metabolic conditions associated with CVD, there isa demand
for specific gas supplies, such as oxygen and nitric oxide. Under a
hypoxic condition, nanozymes can act as an oxygen transfer station
to improve the oxygen in this environment. Owing to the activa-
tion of hypoxia-inducible factor 1a, angiogenesis is promoted®',
Nanozymes with GPx-like activities catalyse the prodrugs of nitric
oxide (for example, S-nitrosoglutathione) to nitric oxide, which is
animportant signal moleculein CVD therapy. For example, copper-
based nanozyme-functionalized artificial vessels could promote
normal vessel reconstruction by producing nitric oxide. Generating
nitric oxide by the copper-based nanozymes, the neointimal hyper-
plasia in vessels was suppressed and the inflammatory response
was reduced™’. In another application, nanozymes can be coated
on a vascular stent. Acting as a nitric oxide producer, nanozyme-
coated stents can largely avoid late stent thrombosis and in-stent
restenosis'®'*!, Such coating inhibited platelet aggregation and
activation via the nitric oxide-cGMP signalling pathway, and signifi-
cantly reduced thrombosis in an ex vivo extracorporeal circulation
model'®.

Cancer. The tumour microenvironment, characterized by hypoxia,
acidity and elevated H,0, levels, plays a pivotal role in cancer pro-
gression. Nanozymes can improve therapies such as photodynamic
therapy (PDT), PTT, sonodynamic therapy (SDT) and chemotherapy
by changing the microenvironment of tumours.

The peroxidase-like nanozymes are extensively applied in cancer
therapy by catalysing H,0, into ‘OH. For instance, pyrite peroxidase-like
nanozymes, owing to their strong affinity for H,0,, generate abun-
dant "OH, effectively eliminating tumour cells. Additionally, these
nanozymes can convert GSHinto oxidized glutathione (GSSH), contrib-
uting to ferroptosis-based tumour therapy'**. Exploiting GSH oxidase-
like capabilities, copper hexacyanoferrate nanozymes effectively
decrease intracellular GSH levels, amplifying their impact through
cascade catalysis in collaboration with peroxidase-like or oxidase-like
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activities'. This combined action increases ROS accumulation,
enhancing the anticancer effects of the nanozymes.

Nanozyme catalytic production of O, in pathological regions
can interrupt the metabolism of cancer cells. Nanozymes can allevi-
ate the hypoxic tumour microenvironment by catalysing H,0, into
0,, thus enhancing therapeutic outcomes that rely on sufficient O,
levels for their efficacy in cancer treatments. This multifunctional
approach showcases the potential of nanozymesin creating a condu-
cive therapeutic environment by regulating oxygen levels, which can
be beneficial for further cancer therapy™*'*.

Nanozymesalso function in prodrugactivation'*°, For instance, a
degradable bio-orthogonal nanozyme can enhance the efficiency of
mitoxantrone prodrugactivation and improve therapy'*"**, Moreover,
nanozymes facilitate the synthesis of cell-selective and subcellular
organelle-targeted resveratrol analogues through copper-catalysed
azide-alkyne cycloadditionreactions. This approach exhibits promise
intumour therapy"**° (Fig. 6d).

Infection. Nanozymes, in contrast to traditional antibiotics, exert
their antibacterial effects through catalytic activities™". Specifically,
nanozymes such as peroxidase mimics and oxidase mimics generate
ROS, disrupting bacterial structures, inhibiting growth and leading
to bacterial demise™?. Nanozymes may also possess photothermal
effects or magnetic properties. Light irradiation or magnetic fields
can exploit these properties, boosting enzyme activity and inducing
bacterial death through photothermal or magnetocaloric heating.
Nanozymes also offer a promising approach to combat viral and fungal
infections!>"*%*,

In addition, nanozymes have shown potential in combating bio-
films. For anti-biofilm applications, hydrolase-like activities can target
the biofilm matrix. This matrix often contains polysaccharides, pro-
teinsand DNA, providing structural support to the biofilm. Nanozymes
with broad hydrolase-like activities (such as cerium-based MOFs) can
degrade this matrix, making it more vulnerable to other antimicrobial
strategies®. Besides, ROS-producing activities of nanozymes induce
oxidative stress in microbial cells and, finally, disrupt biofilms'>*¢,

Beyond their antimicrobial role, nanozymes can shield probiot-
ics from oxidative stress at diseased sites’®""">*, Nanozyme-armed
probiotics can survive in excess ROS induced by over-proliferation
of pathogenic bacteria at diseased sites. By preventing the ROS from
probiotics, nanozymes contribute to restoring the balance of the
microbial ecosystem (for example, intestinal microbiota), offering
an avenue for disease treatment. This dual functionality positions
nanozymes as versatile agents capable of not only eliminating harmful
microorganisms but also safeguarding beneficial microorganisms. This
innovative approach holds promise for preserving the delicate balance
of microbial communities in disease contexts (Fig. 6e). Furthermore,
nanozymes have the potential to modulate the release of enzymes
involved in bacterial metabolism and the metabolites produced by
bacteria™’ ¢,

Reproducibility and data deposition

Factors affecting reproducibility

There are several factorsinfluencing the activities of nanozymes, which
are critical for the reproducibility and reliability of nanozyme-based
research.

Nanozyme synthesis. Minor variations in the synthesis conditions
may profoundly influence the properties of nanozymes. Therefore,

the control of synthetic parametersis necessary. Researchers provide
increasingly detailed information, including temperature, reaction
time and even stirring speed, but still face challengesin enabling con-
sistentreplication of results. Moreover, the purity of reagentsis critical.
Consistent sourcing from the same chemical supplier is advisable.
Additionally, removing excessive reagents that are not consumed in
reaction after synthesisis essential to obtain pure samples for reliable
characterization.

Enzymatic evaluation. There are various methods to evaluate
nanozyme activities, such as superoxide dismutase-like activities.
This diversity in assessment methods brings challenges in compar-
ing different nanozymes effectively. A comprehensive and compara-
tive study for the methods of superoxide dismutase-like activities
has been published, which may offer assistance for verification of
superoxide dismutase-like activity®. Similar scenarios were observed
in peroxidase-like nanozymes. A more effective approach for com-
paring these activities involves assessing the kinetics of catalytic
reactions. Typically, controlling the pH, temperature and substrate
concentration is necessary to measure these kinetics accurately. For
instance, precise determination of the V,,,, value aids in comparing
activities, investigating mechanisms and enhancing nanozyme activi-
ties. Presently, a standardized assay is employed to ascertain the V,,,,
value of peroxidase-like nanozymes through a single fitting using the
Michaelis—-Mentenequation. However, the genuine V,,,, value cannot be
reliably confirmed using this method, owing to the constraint of a fixed
substrate concentration. To address this limitation, a double-fitting
method is introduced to establish the intrinsic V,,,, value by employ-
ing an additional Michaelis-Menten fitting'*>. Except for optimizing
the fitting process, using the standard method that has been widely
tested is another way to help researchers achieve reproducibility?.

In vitro evaluation and diagnostics. In vitro evaluation, encompass-
ing both cellular and bacterial assessments, necessitates adherence
to established methodologies to ensure reproducibility of results.
Diagnostics should precisely follow the recommended protocols
and guidelines outlined by the assay manufacturer. This includes
proper sample collection, handling and processing to obtain accurate
and reliable diagnostic results. Factors such as temperature, humid-
ity and sterility are necessary for the accuracy and reproducibility
of evaluation.

In vivo therapy. Reproducibility in therapy refers to the ability of
nanozymes to consistently deliver the intended therapeutics in dif-
ferent settings and across various subjects. Reproducibility relies on
adhering strictly to standardized protocols related to the treatment
of specific diseases. This encompasses ensuring that nanozymes are
administered following well-defined procedures and dosages recom-
mended for the targeted diseases. Maintaining strict quality control
measures and accurately reporting methodologies, results and any
deviations during experiments are also essential.

Datareporting

Ensuring reproducibility in nanozyme-based nanohealthcare demands
particular attention to synthesis methods, standardized assessment
methods and adherence to established protocols in both in vitro and
in vivo settings. Transparent reporting and information sharing can
enhance research reliability and replicability. Typically, the entire
processisarchivedin electronic or laboratory note formats, allowing
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global researchers to follow along. Details on nanozyme composition,
structure, design strategies and safety should be well documented in
academic publications. However, in the development of nanozyme-
based nanohealthcare, established standards for storing data sets and
other critical information are lacking. The absence of standardized
procedures has hindered comparisons between different nanozymes.
Uploading protocols and relevant data sets to cloud-based repositories
(forexample, GitHub) or specialized databases such as the nanozymes
database could enhance transparency and accessibility, fostering more
comprehensive analysis and validation. Moreover, to better construct
the database, it is essential to provide not only the fundamental material
characterization, enzymatic characteristics and biosafety informa-
tion pertaining to ananozyme but also crucial details such as storage
methods, shelf life and other pertinent information facilitating its
biomedical applications.

Limitations and optimizations

Design of nanozymes

Thedrugdiscovery processinvolvesatrial-and-error approach, screen-
ing through compounds to identify lead compounds that can inter-
act with biotargets such as proteins and nucleic acids'®. Following
high-throughput in vitro screening, the lead compounds progress as
aclinical candidate'®*. Advancements in computing have popularized
structure-based drug design'®", This methodology also provides guid-
ance for the development of therapeutic enzymes. The evolutionary
pathway involves intricate selection for mutants, driving the direc-
tion of progress in this field'”’. For nanozymes, the overall pathways
for nanohealthcare closely resemble those of drugs and therapeutic
enzymes. However, several constraints remain.

Currentapproaches for the design of nanozymes may not be appli-
cable to all nanozymes, owing to a lack of characterizing technique.
Thelack of tools for in situ monitoring of electronic structure and the
interactions between substances and active sites poses significant
challenges. Although numerous endeavours have been initiated to
bridge these gaps, there remains much ground to cover.

There is still a vast amount of unexplored enzymatic activities.
The current method to address this challenge involves emulating the
structure of enzymes'®®, Furthermore, certain transformations involve
multistep reactions that include electron transfer and the formation
of intermediates. Accomplishing these steps solely with nanozymesis
difficult; similar to enzymes, nanozymes might require co-factors to
aid in these complex processes.

Targeting mechanisms for nanozymes

The precise targeting mechanisms of nanozymes are unknown. The
lack of a clear understanding of how nanozymes precisely locate and
interact with diseased sites or specific biomolecules hampers their
effective utilization in therapies. The current targeting mechanisms
of nanozymes are similar to those of nanomedicine where both active
and passive targeting methods are commonly employed. In passive
targeting, the enhanced permeability and retention effect exploitsthe
inherent characteristics of the body’s physiology to direct nanoparti-
cles towards diseased areas'’. However, the efficacy of this process
must be re-evaluated, owing to the variable and often unpredictable
results in animal experiments. Although progress has been made in
uncovering the actual mechanisms behind the transportation of nano-
particles”%", the current understanding falls short in facilitating the
transition fromthe design to practical application of nanozymes. There
isaneedto clarify the targeting mechanisms for further advancement.

Glossary

Activity descriptors
Parameters that can govern the activity
of a catalyst.

Catalase
An enzyme that can convert H,O, into
water and oxygen.

Enzyme replacement therapy
A medical intervention in which a
deficient or malfunctioning enzyme

is supplemented or replaced with

a synthetic or modified form of the
enzyme to restore physiological
functions and alleviate the symptoms
associated with enzyme deficiencies or
genetic disorders.

Oxidase

An enzyme that can catalyse
the transfer of electrons from

a donor molecule to molecular
oxygen.

Peroxidase

An enzyme that can catalyse reduction
of H,0, and other organic peroxides
using an electron donor.

Self-cascade reactions

A series of consecutive reactions
where the product of one enzymatic
step becomes the substrate for the
subsequent step, resulting in an
efficient and self-sustaining cascade

of reactions.

Hydrolase
An enzyme that can catalyse the

Superoxide dismutase
hydrolysis of various chemical An enzyme that can catalyse the
bonds through the addition of water

molecules.

dismutation of superoxide radicals (O,")
into oxygen and H,0O,.

Interference study

A study focusing on assessing the
impact of interfering substances on
the accuracy of analysis.

Biological effects of nanozymes

In abiological environment, nanozymes interact with various biomol-
ecules, forming protein coronaaroundtheir surface, which canalter the
surface characteristics and functions of the nanozymes. In some cases,
the protein coronacan modify the properties of the nanozymes in benefi-
cial ways. For example, the corona can provide astealth effect, reducing
recognition by the immune system to prolong the circulation time in
thebody. Additionally, the corona might enhance stability or modify the
interaction of the nanozymes with their intended targets, potentially
improving their overall performance””. Understanding and controlling
theformationofthe coronaandits subsequentinfluence onthe behaviour
ofthe nanozymes isimportant to optimize their therapeutic efficacy.

To determine the therapeutic mechanisms and address potential
biosafety concerns of nanozymes, theimpact of nanozymes on biologi-
cal barriersalso needs to be understood. Receptor-mediated transcel-
lular transport is a common approach for crossing the blood-brain
barrier, where nanozymes are often modified with functional proteins
ormolecules”. However, variations in the chirality of molecules could
result in different effects’”. Moreover, certain nanozymes interact-
ing with the body’s systems might trigger circulatory inflammatory
responses, potentially compromising the integrity of the blood-brain
barrier and other important barriers'”.

Biodegradation of nanozymes refers to their breakdown into
smaller components that can be easily eliminated from the body. The
metabolism and potential biodegradability of nanozymes within
the body caninfluence their safety, long-term effects and impacton the
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body’s homeostasis. The decomposition and clearance of nanozymes
fromthebody is influenced by their composition, size, shape and sur-
face properties. Some nanozymes may be metabolized and excreted
through the kidneys, whereas other nanozymes might accumulate in
other organs or tissues. Certain nanozymes may release ions during
degradation, which can trigger animmune response. For example, Mn?'
ions possess immunostimulating capabilities that could be harnessed
for disease treatment". On the other hand, the biotransformation of
materials such as molybdenum disulfide canresultinthe incorporation
of molybdenumions into molybdenum-dependent enzymes, particu-
larly in the liver””’. Similar to monitoring drug treatments, assessing
the signals from nanozymes or their degradation productsis essential
in understanding their potential adverse effects. Developing a range
of methodologies to assess both short-term and long-term toxicity
is imperative. Vesicle-mediated secretion and organelle metabolism
should be considered when exploring the impact of nanozymes in
organ clearance to determine nanozyme biosafety'”s.

Outlook

In the coming years, there are major challenges and opportunities
that the research community must face. This section delves into the
perspectives on nanozymes in nanohealthcare.

Rational design of nanozymes

The recent progress in nanozyme design, although promising, has
not fully met the diverse needs of the field, which encompasses a
wide array of enzyme-like activities. A promising avenue is to draw
inspiration from enzymes, leveraging the lessons about the unique
active sites and microenvironments that contribute to the superior
activities of their biological counterparts. Several advancements have
validated the potential of this tactic*®"7*'*°, However, there is still a
considerable journey ahead to fully harness the expansive possibili-
ties of nanozymes. The distinctive features of enzymes, such as their
intricate active sites and precisely tuned microenvironments, provide a
richsource of inspiration for nanozyme design. Mimicking these facets
introduces perspectives for optimization of nanozymes, potentially
leading to enhanced catalytic activities and substrate specificities for
diagnostics of specific disease biomarkers.

Artificial intelligence, through algorithms, has proven to be a
powerful toolin materials science and bioinformatics'' %%, Research-
ers candevelop human-machineinteraction-based strategies for the
rational design of nanozymes using machine learning. This involves
the use of algorithms to analyse vast data sets, identify patterns and
predict optimal nanozyme structures for specific applications. This
paradigm affords the opportunity to establish a universal artificial
intelligence-assisted methodology for rational design of nanozymes.

Nanozyme-involved metabolism processes

Living systems might have incorporated catalytic elements from the
environment, such as nanozymes, into their biological processes after
the emergence of the first life forms**'*>1%¢ This hypothesis suggests
that nanozymes may contribute to the formation and development of
essential biomolecules, eventually integrating into the biochemistry
of living organisms. Exploring the role of nanozymesin the context of
life evolution, particularly in essential metabolism processes (for
example, the Krebs cycle)'®'8, is important to understand impera-
tive metabolic reactions that serve as a linchpin for unravelling the
mysteries behind metabolism-related conditions, including tumours
and ageing. By delving into the evolutionary route of these crucial

reactions, researchers can gain valuable knowledge to guide future
evolutionary pathways, potentially offering perspectives on preventing
or treating metabolic disorders.

Moreover, recognizing the potential involvement of nanozymes
in metabolic reactions gives opportunities to create innovative tools
for nanohealthcare. One such promising avenue involves combin-
ing nanozymes with organ-on-chip systems, which consist of engi-
neered microfluidic chips mimicking the physiological environment
of organs™’. This hybrid approach could yield a simple yet potent
disease model suitable for drug screening or cytotoxicity evalua-
tion. By replicating the microenvironment of organs and incorpo-
rating nanozymes to mimic catalytic activities, these hybrid models
provide a realistic platform for studying diseases. This approach is
valuable for understanding complex metabolic disorders and their
interplay with nanozyme-catalysed reactions. The hybrid models
have the potential to transform our understanding of diseases, offer-
ing insights into the intricate interactions between nanozymes and
metabolic pathways. This, in turn, can facilitate the development of
new approaches in healthcare, ranging from innovative treatments
to advanced diagnostics.

How do nanozymes function?

The promise of nanozymesin healthcareliesin their ability tointeract
with ROS throughscavenging or generation. However, to translate these
promises into therapeutic breakthroughs, the intricate mechanisms
governing nanozyme treatments need to be further explored. Unrav-
elling the detailed workings of nanozymes will offer comprehensive
insights into the factors influencing their efficacy. Determining how
nanozymes interact with biological systems, which cellular compo-
nents are affected and the ensuing outcomes can aid in optimizing
nanozyme-based treatments, ensuring both effectiveness and safety.
Similar to small-molecule drugs, understanding the mechanisms of
nanozyme treatmentsis essential to avoid and mitigate potential tox-
icities. Thisinvolves not only comprehending theimmediate catalytic
effects but also predicting and addressing any secondary effects that
may arise. The aim is to tailor nanozyme treatments for maximum
therapeutic benefit while minimizing adverse reactions.

Rodents are often used as primary animal models for in vivo
studies of nanozymes. However, some studies have chosen dogs and
monkeys to better mimic human disease conditions’®'?, facilitating
future translational studies. By analysing the expression of proteins
or genes and cell phenotypes, researchers can delve into the bio-
logical mechanisms of nanozymes, paving the way for future clinical
applications. This kind of exploration will advance systems biology,
uncovering potential disease target sites'”°. Meanwhile, systems
biology approaches can provide insights into the complex biologi-
cal processes underlying diseases, thereby guiding the design and
optimization of nanozyme-based theranostics forimproved efficacy
and specificity. The integration of systems biology and nanozymes
isalso driving the exploration of emerging research directions, such
assyntheticbiology and personalized medicine. Future applications
of nanozymes, especially in clinical use, should include treating
diseases by synergizing with the body’s systems (for example, the
immune system)'”, as well as contributing to disease screening, such

192

asliquid biopsy"”.

Standards and database of nanozymes
Itis crucial to establish astandardized method for evaluating nanozyme
activities; a standardized evaluation method will provide common
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ground for researching different nanozymes. With diverse nanozymes
emerging, ranging from various materials to structural designs, having
a consistent benchmark will ensure that their performances can be
objectively compared. A standardized evaluation framework will also
allow clear and reproducible experiments to be established. Consist-
ency in experimental protocols will enable studies to be replicated
across differentlaboratories, reinforcing the reliability of results. This
enhances the credibility of findings and accelerates the validation
process for nanozyme-based theranostics. In addition, a standard-
ized evaluation approach should foster collaboration and informa-
tion exchange within the scientific community. This collaboration is
vital for collective problem-solving, pooling knowledge and exper-
tise to address challenges and innovate solutions in nanozyme-based
theranostics.

Data sharing is beneficial for those entering the field, provid-
ing a comprehensive understanding of past experiments, outcomes
and methodologies. The integration of artificial intelligence assis-
tance on such a platform amplifies its utility. Artificial intelligence
can screen through vast data sets, identifying patterns, correlations
and potential areas for innovation. Through artificial intelligence,
the process of designing nanozymes and devising novel applications
canbestreamlined toaccelerate the researchand development cycle.

Inconclusion, although nanozymes hold potential for revolution-
izing healthcare, acknowledging and addressing the current limitations
and challengesis essential. By fostering collaborative efforts, the field
of nanozymes for nanohealthcare can be propelled forwards, unlock-
ing new possibilities for diagnosis, treatment and overall healthcare
improvement.

Published online: 30 May 2024
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