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A comprehensive exploration of the latest
innovations for advancements in enhancing
selectivity of nanozymes for theranostic
nanoplatforms

Dan Li, ©*2 Tuocen Fan (2 ° and Xifan Mei*®

Nanozymes have captured significant attention as a versatile and promising alternative to natural enzymes
in catalytic applications, with wide-ranging implications for both diagnosis and therapy. However, the
limited selectivity exhibited by many nanozymes presents challenges to their efficacy in diagnosis and
raises concerns regarding their impact on the progression of disease treatments. In this article, we explore
the latest innovations aimed at enhancing the selectivity of nanozymes, thereby expanding their appli-
cations in theranostic nanoplatforms. We place paramount importance on the critical development of
highly selective nanozymes and present innovative strategies that have yielded remarkable outcomes in
augmenting selectivities. The strategies encompass enhancements in analyte selectivity by incorporating
recognition units, refining activity selectivity through the meticulous control of structural and elemental
composition, integrating synergistic materials, fabricating selective nanomaterials, and comprehensively
fine-tuning selectivity via approaches such as surface modification, cascade nanozyme systems, and
manipulation of external stimuli. Additionally, we propose optimized approaches to propel the further
advancement of these tailored nanozymes while considering the limitations associated with existing tech-
niques. Our ultimate objective is to present a comprehensive solution that effectively addresses the limit-
ations attributed to non-selective nanozymes, thus unlocking the full potential of these catalytic systems
in the realm of theranostics.

these limitations and optimize their applications. Various
methods have been investigated to boost the activity of nano-

Nanozymes, a captivating class of artificial enzymes, hold tre-
mendous potential across diverse fields, offering significant
advantages over natural enzymes, including improved stability,
easier synthesis, and customization."® However, unlike
natural enzymes, most nanozymes lack selectivity and can cat-
alyze multiple reactions indiscriminately.*”” This characteristic
arises from their diverse structures, multiple reactive sites on
the surface, abundant redox potential, and non-specific
binding to various substrates.®>* While their multifunctional
enzyme-like properties enable various applications, such as
detections, disease therapy, and environmental
remediation,>* >’ their non-selective nature poses challenges
in certain contexts, particularly for theragnostic nanoplatforms
where precise control is crucial. Therefore, the development of
more selective nanozymes has become essential to address
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zymes. For instance, Dong et al. demonstrated the develop-
ment of AFCT (Fe-doped CeO, (Fe-CeO,)) nanozymes modified
with (4-carboxybutyl) triphenylphosphonium bromide (TPP)
moieties and loading them with 2, 2'-casino-bis(3-ethylben-
zothiazoline-6-sulfonic acid (ABTS)) nanozymes, which exhibi-
ted superior catalytic activities in multienzyme-mimicking
cascade reactions, encompassing superoxide dismutase (SOD),
peroxidase (POD), and nicotinamide adenine dinucleotide
(NADH) POD-mimics. These enhanced -catalytic properties
were attributed to the successful integration of critical enzyme-
mimicking active sites through defect engineering.*® Despite
these advancements in enhancing enzyme-like activities, the
issue of selectivity remains crucial, as non-selective nanozymes
may cause interference in analysis, disrupt cellular processes,
and lead to potential toxicity.>*™** To leverage the full potential
of nanozymes in theranostics, it is necessary to enhance their
selectivity.

Previous reviews have shed light on enhancing the catalytic
activities, discussing mechanisms, synthesis methods, and
applications of nanozymes.**>® However, some of these
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reviews have only offered partial insights into selectivity
enhancement, while others have not sufficiently underscored
the significance of reaction selectivity within the broader
context of the subject matter. A few reviews have indeed delved
into summarizing selectivity enhancement. For instance,
Somerville et al. explored methods such as active site regu-
lation and the creation of nanoconfined substrate channels
around these meticulously controlled active sites to heighten
selectivity.’® Li et al. addressed advancements in catalytic
selectivity through techniques like molecular imprinting,
nanoenzyme cascade reactions, and the integration of nano-
zymes with additional recognition elements for analytical pur-
poses.> Nonetheless, it is worth noting that these works in the
field still fall short of providing a comprehensive treatment of
selectivity modification strategies, which is crucial for their
effective utilization in theranostics.

Not only can analyte selectivity be improved by incorporat-
ing recognition elements, but activity selectivity can also
benefit from the introduction of specific sites through distinct
structural and compositional features. To further elevate both
the activity and selectivity of nanozymes, synergistically inte-
grating various materials has proven to be a viable approach.
Moreover, tailoring the physicochemical properties of nano-
materials provides an effective means to engineer selective
nanozymes. A multitude of strategies is available to enhance
various selectivities, encompassing analyte, activity, and sub-
strate selectivities. Surface modification emerges as a pivotal
strategy for achieving selective nanozymes, as it can influence
both the active site and recognition ability. Furthermore, the
strategic utilization of external stimuli, such as light, pH, and
temperature, offers an effective means to fine-tune activity

View Article Online

Nanoscale

selectivity, thereby enhancing substrate or analyte selectivity.
Another promising approach involves the use of cascade nano-
zyme systems, designed to mimic natural enzymatic cascade
reactions. This approach allows for precise control over reac-
tion pathways while minimizing the generation of undesired
byproducts. These diverse strategies can be applied individu-
ally or in synergy, and their exploration is of paramount impor-
tance for advancing the development of tailor-made selective
nanozymes for theranostic applications. Our exploration
extends to novel strategies highlighted in recent publications,
where we delve deeper into the discourse surrounding nano-
zyme selectivity modification. Moreover, we broaden our per-
spective to explore the potential applications of these strategies
in theragnostics, accompanied by a comprehensive examin-
ation of their broader implications. In summary, we empha-
size the latest strategies (as depicted in Fig. 1) designed to
improve selectivity, encompassing activity, substrate, and
analyte selectivity, while also considering additional factors
that can comprehensively enhance their performance. By
underlining the significance of selectivity improvement in
nanozymes, our objective is to inspire new research directions
and promote the efficient, safe, and selective catalysis of
diverse chemical reactions for the simultaneous diagnosis and
treatment of various diseases.

2. Nanozymes for theranostic
nanoplatforms

Theranostic platforms represent a groundbreaking paradigm
in healthcare, merging diagnostic and therapeutic capabilities

Cascade nanozymes

modification/Cas
cade systems

High index structure

Selective
Nanomaterials

uzz:,:»:‘%;- Recognition )
- element f;"g_
Defectengineering NanOZyme 2
selectivity
r
- «Q
=
P
%
%%, % Aetivity
X - -
5 % =
%%
% “ Temperature

Fig. 1 Schematic representation of recent endeavors aimed at enhancing the selectivity of nanozymes.
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to provide tailored, effective, and minimally invasive treat-
ments. The integration of nanozymes into theranostic nano-
platforms holds the potential for a profound transformation in
healthcare. Nanozymes harness their unique optical properties
to facilitate precise imaging and a diverse array of optical
assays for detecting biomarkers, cells, or lesions associated
with a broad spectrum of diseases.”” In addition to their cata-
lytic capabilities, they may activate prodrugs to generate thera-
peutic substances for disease treatment.’® Nanozymes can also
serve as effective drug carriers.’®®" This versatility expands
their applications in medical interventions.

To further highlight the remarkable potential of nanozyme-
based theranostic platforms, Table 1 is referenced below, pro-
viding compelling examples of their capabilities in treating
animal models. For example, a responsive bismuth-manga-
nese-based nanozyme (BDS-GO,@MnO,) was created using the
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oil-water method.®®> This nanozyme effectively treats tumors
and enhances imaging through computed tomography (CT)
and magnetic resonance imaging (MRI) of mice. Additionally,
a 2D vanadium carbide (V,C) MXene nanozyme, designed to
mimic natural enzymes such as SOD, POD, catalase (CAT), and
glutathione POD (GPx),*® effectively reducing oxidative stress
while diminishing cerebral infarct volumes and protecting
neurons in mice. Furthermore, it serves as a T1-weighted MRI
contrast agent, enhancing its utility. A one-step microwave-
assisted method yields carbon dots (C-dots) nanozymes that
exhibit mitochondrion-specific properties that enhance
therapy and facilitate real-time monitoring as they move from
the mitochondrion to the nucleolus. Similarly, some other
C-dots nanozyme, with SOD-like activity, not only participate
in bioimaging but also venture into therapeutic intervention,
offering relief for conditions like Acute Lung Injury (ALI) in

dopamine hydrochloride (DOPA)/bovine serum albumin (BSA) mice through ROS scavenging.'®%*

Table 1 Typical examples of nanozyme-based theranostic platform

System Nanozyme Activity Diagnosis Therapy Ref.

BDS-GO,@MnO, MnO, Multi-oxidoreductase Tumor-enhanced CT and MR Ablation of malignant 62
imaging tumors

FeCu-GO, PNzyme- FeCu PNzyme POD Enhanced IR/MR/FL imaging of Multimodal tumor therapy 69
MTO tumor ablation
FTRNPs Fe;0, POD PAI of tumor Tumor-specific photo-CD 70
nanoparticles
V,C MXene V,C MXene CAT, SOD, GPx T1-Weighted MRI of ischemia Ischemic stroke treatment 63
stroke
Fe(u)Pc-A Fe(u)Pc POD, OXD, CAT PAI of tumor PTT for tumor therapy 71
CDs CDs OXD, POD In situ visualization of the Modulation of cancer cell 64
apoptosis process ablation
AgPd PB AgPd PB CAT, POD FL imaging, CD, PAI of tumor PTT for TME 72
MFC-Gem MFC POD, GPx MRI of the PDAC treatment CD for anti-PDAC therapy 73
AMP NRs MIL-100 POD PAI of tumor PTT-assisted tumor 65
therapy
Pt NPs-PVP Pt NPs-PVP CAT, POD, SOD PAI of the kidneys Treatment of AKI 66
Lipo-OGzyme-AIE OGzymes CAT IVIS imaging of tumor PDT-assisted tumor 74
therapy
Rh-PEG NDs Rh-PEG NDs CAT, SOD PAI PTT-assisted tumor 67
therapy
ACD Gold OXD, POD TME-activated fluorescence Tumor-specific CDT 75
nanoclusters imaging therapy
Janus-CPS CeO,-Pt ROS scavenging enzyme-like  NIR-II fluorescent imaging of RA RA therapy 76
activities
ACP-Fe@D NCs Fe;0, POD In vitro and in vivo magnetic Enhanced PTT and CDT 77
resonance imaging for tumors
C-dots C-dots SOD Bioimaging and ALI treatment Ameliorating ALI 18
RSPN CeNZ CAT, SOD Photoacoustic ROS imaging Therapy of acute liver 68
failure

AMP NRs, activatable nanozyme-mediated ABTS loaded ABTS@MIL-100/poly(vinylpyrrolidine) (AMP) nanoreactors (NRs); ABTS, 2,2'-azino-bis(3-
ethylbenzothiazoline-6-sulfonic acid); PTT, photothermal therapy; MIL-100, MIL-100 belongs to metal-organic frameworks (MOFs), which
encompass a group of crystalline materials formed by the coordination of metal ions or clusters with organic ligands; Pt NPs-PVP,
polyvinylpyrrolidone-coated platinum nanoparticles; OGzyme, MnO, nanoparticles inside the hollow cavity of ferritin nanocages (FTn); Lipo-
OGzyme-AIE, OGzymes were encapsulated into phospholipid bilayers and the inner cavity of liposome nanocarriers, respectively; Rh-PEG NDs,
polyethylene glycol (PEG)-coated (PEGylated) ultrasmall rhodium nanodots; CDT, chemodynamic therapy; ACD, Cu®*-doped ZIF-8 loaded with
gold nanoclusters and doxorubicin hydrochloride (DOX); Janus-CPS, a Janus platform composed of CeO,-Pt nanozyme and periodic mesoporous
organosilica (PMO) subunit on different sides; ACP-Fe@D NCs, ABTS and camptothecin (CPT) are encapsulated into pore-sized dendritic macro-
porous silica coated Fe;O, nanocapsules, further modified with PVP; NIR-II, second near-infrared window; TME, tumor microenvironment; RA,
rheumatoid arthritis; AKI, acute kidney injury; ALI, acute lung injury; PAI, photoacoustic imaging; RSPN, ROS-sensitive nanozyme-augmented PA
nanoprobe, which was fabricated by integrating zinc phthalocyanine (ZnPc) and ceria nanozyme (CeNZ). FTRNPs, assembling of Fe;O, nano-
particles, TMB and the RGD peptide; 2D, two-dimensional; V,C, vanadium carbide; Fe(u)Pc-A, iron phthalocyanine (Fe(u)Pc) was assembled with
poly(r-lactide-co-glycolide)-block-poly(ethylene glycol) to prepare a Fe(u)Pc assembly; AgPd PB, AgPd plasmonic blackbody nanozyme; MFC,
MnFe,0,-loaded carbonaceous nanoparticles loaded with gemcitabine (Gem) (MFC-Gem); PDAC, pancreatic adenocarcinoma.
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Beyond these examples, various other animal experiments
have demonstrated the potential of nanozymes in theranostics.
The intricate interplay within activatable nanozyme-mediated
ABTS-loaded  ABTS@MIL-100/poly(vinylpyrrolidine) (AMP)
nanoreactors (NRs) enhances the precision of photoacoustic
imaging (PAI) and drives the effectiveness of photothermal
therapy (PTT) by skillfully regulating H,0,.%® Similarly, the Pt
NPs-PVP nanozyme exhibits CAT, POD, and SOD functions,
making it suitable for PAI for renal assessment while addres-
sing acute kidney injury (AKI) by modulating ROS.®® Equally
significant is the combination of CAT and SOD in polyethylene
glycol (PEG)-coated (PEGylated) ultrasmall rhodium nanodots
(Rh-PEG NDs), enabling their dual capabilities in PAI and
PTT.®” As well as this, the symphony of the RSPN nanozyme,
fabricated by integrating zinc phthalocyanine (ZnPc) and ceria
nanozyme (CeNZ) through the amphiphilic ROS-sensitive dise-
lenide (-Se-Se-)-containing polymer (DSeP), heralding the era
of Photoacoustic ROS imaging and delivering hope in the
nuanced realm of acute liver failure therapy.®®

These breakthroughs underscore the immense potential of
nanozymes in the realm of theranostics, spanning their utility
from diagnostics to therapeutic applications.®” They offer the
prospect of propelling precision medicine forward by lever-
aging multifunctional nanozymes. However, despite encoura-
ging outcomes in preclinical studies, the process of translating
these findings into approved clinical treatments is an ongoing
endeavor. A significant concern lies in the possibility of side
effects resulting from non-selective treatments, which under-
scores the need for further research and development to fully
harness their selective mechanisms.

3. Analyte/target selectivity

To achieve precise targeting of a specific analyte, effective
methods involve recognition elements, such as antibodies,
aptamers, DNA strands, peptides, or some small ligands,
securely affixed with the nanozyme are effective.”® The nano-
zymes can be combined with the recognition unit through
both covalent binding and non-covalent binding, depending
on the specific method and recognition elements used.”
Covalent conjugation is typically chosen for applications where
stability and durability are essential, while non-covalent
methods are preferred when preserving functionality and mini-
mizing structural perturbation are priorities. For instance,
some antibodies can be conjugated to the nanozyme surface,
employing cross-linking agents to realize covalent binding.*’
Non-covalent binding for the conjugation of antibodies to
nanozymes can be achieved through several methods, often
relying on electrostatic interactions, hydrophobic interactions,
or antibody adsorption onto the nanozyme surface.®’ To
prevent nonspecific binding events, any remaining unreacted
sites on the nanozyme surface are blocked, and binding con-
ditions, including parameters such as pH and temperature,
are refined to optimize selectivity.
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It’s worth noting that nanozyme-linked immunosorbent
assay (NLISA) represents a notable application where nano-
zymes serve as catalytic labels, replacing conventional enzyme
labels.’” In NLISA, nanozymes show analyte selectivity that
generates detectable signals, enabling the precise identifi-
cation of targets. The process may involve immobilizing
capture antibodies onto a solid surface, such as a microplate,
to capture the targets (Fig. 2). Then, detection antibodies con-
jugated to nanozymes can also be introduced, leading to the
formation of a complex where the target is captured.

NLISA offers several advantages over traditional enzyme-
linked immunosorbent assay (ELISA). The catalytic amplifica-
tion provided by nanozymes enhances the sensitivity of the
assay, allowing for the detection of even low concentrations of
targets. Additionally, the unique catalytic properties of nano-
zymes can result in reduced background noise and improved
signal-to-noise ratios, enhancing the assay’s specificity.®* The
flexibility to choose from various detection methods adds ver-
satility to NLISA, making it adaptable to different experimental
setups and sample types.*®> For instance, Li et al. devised an
innovative method named the nanozyme-linked immuno-
sorbent surface plasmon resonance (nano-ELISPR) biosensor,
designed for highly sensitive cancer biomarker detection.®®
They integrated a cost-effective nano cup sensor with gold
platinum nanoflowers (Au@Pt NFs), known for their POD-like
activity. Within this system, the metal substrate effectively trig-
gers MetaSPR signals, while the nanozyme plays a crucial role
in catalyzing the formation of oxXTMB. A strategically designed
chip features surface functionalization with a polydopamine
(PDA) film to immobilize alpha-fetoprotein antibody (AFP
C-Ab), harnessing PDA’s mussel-inspired adhesive properties
to initiate a Schiff base reaction with antibody amino residues.
Additionally, the incorporation of nanozyme-labeled anti-
bodies accelerates reaction kinetics, thereby boosting the bio-
sensor system’s overall performance. Wei et al. introduced
FeNC-PdNC, an innovative type of Fe single-atom nanozymes
(SANs), employing Pd nanoclusters (PANC) as “modulators” to
amplify POD-like activity.®” FeNC-PANC acted as a positively

Nanozyme
Substrate

L—

Concentration

|eubis

Microplate

Selective recognition

Fig. 2 Graphical representation of direct NLISA for selective reco-
gnition of analytes.
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charged label conjugated with the PSA antibody (Ab,) via
electrostatic interaction. FeNC-PANC NLISA demonstrated an
impressive 0.38 pg mL ™" limit of detection (LOD), surpassing
HRP-based ELISA. Polina Ivanova et al. synthesized noble
metal-decorated magnetic nanocubes (MDMCs) for C-reactive
protein (CRP) detection through a one-step sandwich NLISA.*®
This NLISA outperformed classical ELISA in sensitivity (LOD =
0.336 ng mL~Y, recovery (98.0%), and interference resistance.

While NLISA does offer valuable capabilities, it is important
to acknowledge its limitations, including sensitivity chal-
lenges, specificity concerns tied to antibody selection, com-
plexities in dealing with intricate sample matrices, and cost
considerations. To enhance selectivity in NLISA, one can
employ the integration of multimodal detection approaches,
signal amplification techniques, refined sample preparation
protocols, utilization of advanced nanozyme designs, and the
implementation of rigorous quality control measures. These
strategies may collectively contribute to heightened specificity
and a reduced risk of false outcomes, fortifying NLISA as a
robust and dependable method, particularly in the field of
theranostics.

Much like NLISA, numerous other recognition units have
been incorporated in assay development, utilizing similar
covalent or noncovalent approaches. Wang et al. embarked on
a study to harness the potential synergies between nanobodies
and nanozymes, with the overarching aim of enhancing the
specificity and sensitivity of immunoassays.®® The distinctive
configuration and diminutive dimensions of nanobodies endow
them with the ability to discern epitopes that pose challenges for
full-length antibodies to recognize. These nanobodies hold the
potential to expedite the creation of exceptionally discerning
nanozymes tailored for specific analytes. Zhang et al. developed
an Au@Pt nanozyme mimicking POD for the analysis of 3-phe-
noxybenzoic acid (3-PBA).”® They attached anti-3-PBA nanobodies
to Au@Pt-Nbs via electrostatic adsorption, enabling selective
detection in a lateral-flow nanozyme immunoassay with a cutoff
value of 0.005 ng mL™" determined using Adobe Photoshop CC.
Nanobodies, characterized by their compact size and remarkable
stability, offer valuable support to nanozymes in recognizing
challenging epitopes. However, a notable challenge lies in their
current limitations in detecting small molecules within complex
matrices such as food and biological samples, primarily due to
interference issues. Addressing this limitation requires substan-
tial improvements, particularly in the context of analyzing low-
concentration contaminants. The inherent solvent may facilitate
the selective detection of small molecules following pre-concen-
tration steps.

Incorporating recognition units during the synthesis of
nanozymes is another versatile strategy that enables precise
control over target selectivity and catalytic activity. For
instance, the incorporation of chiral units into covalent
organic frameworks (COFs) enables the realization of stereo-
control in enantioselective applications. Zhou et al. designed a
chiral COF nanozyme with highly ordered active centers.”* The
incorporation of an iron 5,10,15,20-tetrakis(4-tetraphenyla-
mino)porphyrin unit (Fe-ATPP) and 1-Histidine (t-His) modifi-

This journal is © The Royal Society of Chemistry 2023

View Article Online

Review

cation allows for POD-like activity and enantioselectivity in the
oxidation of dopa enantiomers. These chiral modifications
expand the applications of nanozymes in theranostics invol-
ving chiral molecules or pathways.

4. Activity selectivity improvement
4.1 Synergistic materials

The selectivity of a system is greatly impacted by the synergistic
materials it incorporates. While they ensure stability and oper-
ational efficiency, they also play a vital role in upholding the
overall structural integrity and coherence of the system. For
instance, by combining Co;0, and Fe;O, NPs, the resulting
shell structure can lead to enhanced activity selectivity due to
improved electron transfer and increased surface area. The
shell structure can also provide a protective environment for
the active sites, resulting in improved stability and longevity of
the nanozyme catalyst. The inner Co;O, shells and outer Co-
Fe oxide shells served as active sites, while the confined nanor-
eactor created a locally high content of intermediate products.
The integrating Co;0,@Co-Fe oxide double-shelled nano-
structures (DSNCs) resulted in specific POD-like and faint
oxidase (OXD)like activities (Fig. 3a).°> Additionally, Co;0,@Co~
Fe oxide DSNCs showed higher reaction rates for TMB oxidation
than single-shelled counterparts due to their peculiar structure
and synergistic effect, which can be used to sensitively and selec-
tively detect H,O,. Chen et al. developed Fesy—Ptc by incorporat-
ing Pt clusters onto the atomically dispersed Fe-N-C support
with hierarchically porous structures (Fig. 3b).”* The integrating
Fesp—Ptc exhibits more excellent POD-like selectivity than Fe
single atoms (Feg,) and Pt clusters (Ptc) nanozymes, which is
attributed to the synergy effect as well as the hierarchically
porous structure. Liang et al. show that integrating substrate-reco-
gnition nanomaterials such as C-dots (CDs) with PtNPs can
create highly specific POD-like nanozymes (CDs@PtNPs).”* The
enhanced POD-like selectivity facilitated specific bacterial inacti-
vation and biofilm eradication.

Synergistic materials have the potential to enhance the
activity selectivity. However, this approach may also pose a risk
of reducing their catalytic activity due to the introduction of
additional materials, or other agents. Factors such as the
choice of materials, as well as the integrating structure and
synthesis methods, all influence the selectivity and perform-
ance of the integrating nanozymes. Thus, further research and
development is necessary to optimize these strategies.

4.2 Structure/composition modification

Through alterations in the physical attributes, structures, and
chemical composition of nanozymes, researchers can effec-
tively augment their activity selectivity. For example, Lian et al.
utilized various agents to finely adjust the Ni/Co ratio of
NiCo,S, nanoparticles, thereby achieving distinct POD-like
activities and selectivities.”® They observed that the presence
of PVP facilitated NiCo,S, nanoparticles with a higher Ni/Co
ratio compared to NiCo,S; (CTAB) nanoparticles, ultimately

Nanoscale, 2023,15, 15885-15905 | 15889


https://doi.org/10.1039/d3nr03327a

Published on 23 Mvuka 2023. Downloaded on 2/11/2025 18:53:42.

Review

View Article Online

Nanoscale

Nanozymes

Fig. 3 (a) Schematic representation of Co3z0,@Co—Fe oxide DSNCs' POD-like activity. Adapted with permission from ref. 92. Copyrights 2023,
Elsevier. (b) Enhanced POD-like activity colorimetric immunoassay via Fesa coupled with Ptc.>® Copyrights 2021, ACS.

resulting in the nanozymes exhibiting enhanced POD-like
selectivities. Furthermore, numerous other strategies have
been employed to influence the structure and composition of
nanozymes, to modify their selectivities.

4.2.1 High-index nanozymes. The activity selectivity of
high-index nanozymes can be significantly different from that
of their low-index counterparts due to the unique atomic
arrangements on their surfaces and some molecules can selec-
tively adsorb onto the high-index plane of the metal surface.”®
Tang et al. discovered a highly efficient intermetallic com-
pound, known as H-Pt;Sn, which exhibited excellent POD-like
activity and specificity.”” H-Pt;Sn has a unique structure with
evenly distributed Pt and Sn and a (540) terrace step indicated
by TMB assay (Fig. 4a and b). It demonstrates excellent cata-
lytic specificity towards H,0, activation and very low OXD-like
and CAT-like activities. Xu et al. also enhanced activity selecti-
vity using high-index nanozymes.”® They engineered gold
nanorods (Au NRs) induced by Cu** to form high-index {200}
facets (Fig. 4c). These specially designed Au/Cu NRs exhibited
increased charge density at specific locations owing to their
high-index facets, which facilitated efficient electron transfer
to H,O, and resulted in enhanced POD-like properties. The
catalytic efficacy of these Au/Cu NRs demonstrated a remark-
able 4.5-fold increase in catalytic activity compared to low-
index Au NRs. High-index nanozymes enhance the selectivity
of nanozymes by offering new functionalities due to their dis-
tinct physical and chemical properties. However, as the
number of facets increases, the surface area also increases,
which can lead to instability and degradation. Controlling the
morphology and size of high-index nanozymes can be difficult,
leading to variations in their properties and performance.
Thus, further research may be required to control the selecti-
vity of high-index nanozymes.

4.2.2 Defect engineering. The introduction of defects
through various methods, such as creating vacancies, incor-
porating binding sites, or designing SANs with vacancies
(Fig. 5), can lead to several advantageous effects. These effects
may include the creation of new active sites, an increase in

15890 | Nanoscale, 2023, 15, 15885-15905

surface area, and the introduction of new functionalities, all of
which collectively contribute to enhancing catalytic selectivity.

4.2.2.1 Vacancy introduction. Vacancies can be created by
intentionally removing or adding atoms or by altering the
crystal structure of the nanozymes. Amorphous materials have
disordered features that can provide catalytically active defects
and unsaturated atoms on their surfaces. For instance, Zhang
et al. created a vacancy-rich monolayer nanosheet (m-CoAl-
LDH) with higher SOD-like activity for mitigating mitochon-
drial oxidative damage.®® The m-CoAl-LDH’s monolayer struc-
ture and numerous vacancies resulted in high activity in
specifically decomposing O, into H,0, and O,. Shang et al. syn-
thesized amorphous/crystalline PtRuTe nanozymes with abun-
dant amorphous domains, resulting in highly efficient POD-like
selectivity.'” The highly amorphous PtRuTe nanozymes show
much higher POD-like activities than their crystalline counter-
parts, with remarkable enzymatic specificity and suppressed
OXD-like activities. Lu et al. enhanced oxygen vacancies (OVs),
which resulted in increased oxygen storage capacity and OXD-like
activity, promoted the presence of lower-valence Mn species (as
illustrated in Fig. 6a)."”" In particular, OV-Mn;0, outperforms
Mn;0, Nanoflowers (NFs) in the detection of 1-cysteine, offering
a significantly lower detection limit (1.31 pM vs. 5.69 pM).'”
Additionally, Song et al. synthesized OVs-rich manganese oxide
(OVs-Mn,05-400) by pyrolyzing an Mn(u)-based metal-organic gel
precursor. OVs-Mn,0;-400 exhibited robust OXD-like activity,
leveraging oxygen vacancies to produce O, (Fig. 6b). These
vacancies may influence reaction pathways, kinetics, and the
stabilization of intermediates, allowing for the selective enhance-
ment of catalytic activity towards specific reactions or substrates.
Additionally, synergistic effects may arise when vacancies are
combined with other catalytic materials, further optimizing both
activity and selectivity. In essence, vacancies offer a versatile
means to fine-tune nanozyme properties, making them more
efficient and selective for applications.

4.2.2.2 Incorporation of active sites. By introducing active
sites, such as transition metals, nonmetals, certain center
structures, or ligands into nanozymes, it is possible to modify

This journal is © The Royal Society of Chemistry 2023
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their electronic and structural properties and create new active Nitrogen (N) doping can be a general strategy to enhance
sites for catalysis. These sites can improve the activity selecti- the POD-mimicking activities of carbon-based materials such
vity of the catalytic reaction by bringing the substrate mole- as carbon nanotubes and graphene by modifying their elec-
cules close to the active site of the nanozymes. tronic properties and surface chemistry.'® Ye et al. introduced

This journal is © The Royal Society of Chemistry 2023 Nanoscale, 2023, 15, 15885-15905 | 15891


https://doi.org/10.1039/d3nr03327a

Published on 23 Mvuka 2023. Downloaded on 2/11/2025 18:53:42.

View Article Online

Review Nanoscale
a s, B (o ridase-like activity
———
@
0, ®
€
Mn** ‘ lThe colorimetric detection for L-(Tl
b A o, _on
[ [* (F’ubl.-.,
‘ + (5 RT Freeze- (¢ pyrolysis
0 A O drying e
on on .
Mn**  H,BTC ™8 OVs-Mn,0,-400
“ (&
B € ¢
»< € 4 AAP
S ¥
€ P b ,(‘ :
Oz‘k Reducing ‘7;_3
: : oxTMB.
o/ : ceAA €
v’ogooﬁo ‘ ‘
0 i
S Rcacting--Wfth‘Oz’7 ................. :
Fig. 6 (a) OVs modulation MnzO4 nanozyme with enhanced OXD-mimicking performance for L-cysteine detection. Adapted with permission from

ref. 101. Copyrights 2021, Elesver. (b) Preparation of OVs-Mn,03-400 (A) and the colorimetric sensor for ALP detection (B). Adapted with permission

from ref. 102 Copyrights 2023, ACS.

a method for preparing a nanozyme named HBF-1-C800,
which was an N-doped carbon material with a porous struc-
ture.'®* The authors used a high-temperature pyrolysis process
to prepare this material, resulting in a high N-doping
efficiency of 5.48%. HBF-1-C800 nanozyme is highly stable and
displays a 3- to 7-fold improvement in POD-like activity com-
pared to conventional carbon nanozymes and a 5-fold improve-
ment compared to the reported N-doping graphene. Moreover,
the HBF-1-C800 nanozyme showed negligible activities for
OXD, CAT, and SOD, indicating a highly specific property. This
specific activity is essential for designing accurate biosensors
and was further utilized for sensing biomarkers such as hydro-
gen peroxide, glutathione, and glucose. Hu et al. found that
N-doping in reduced graphene oxide (rGO) significantly
boosted its POD-mimicking activities while also achieving
exceptional specificity.'” N-rGO selectively activates H,O,
rather than O, and O, by forming and stabilizing radical
oxygen species near the N sites of N-rGO. These radical oxygen
species then oxidize POD substrates, leading to the specific
POD-mimicking activity of N-rGO.

The addition of other elements such as phosphorus (P)
heteroatom to Fe-N-C SANs improves their POD-like
activity.'°® Boruah et al. synthesized a 1D carbon nanowire
catalyst (FeNCP/NW), with enriched Fe-N, active sites, and P
atoms are doped into the carbon matrix to affect the Fe center
through long-range interaction. P-doping significantly

15892 | Nanoscale, 2023, 15, 15885-15905

enhances the POD-like activity, with excellent selectivity and
stability. Furthermore, FeNCP/NW is used for highly sensitive
colorimetric detection of acetylcholine in an enzyme cascade
platform.

Metal doping can also improve the selectivity of nanozymes
by introducing new active sites and altering their electronic
properties. For example, metal elements such as Fe, Ni, Bi,
and Cu are known to be useful in enhancing POD-like selecti-
vity.'”” Au, Co, Ce, Cd, and Pt may enhance the CAT-like
activity,'®® which may be useful in the removal of H,0, and
other oxidants. Wang et al. found doping Cu aerogel with
bismuth (Bi) at a 9:1 CuBi ratio improved its POD-like activity
compared to the undoped aerogel.'®® Compared to CeO,, M/
CeO, showed significantly improved POD-like activity (8-10
fold), with Mn/CeO, showing superior SOD-like activity and
Co/CeO, exhibiting high selectivity towards CAT-like activity.""°
Cheng et al. developed a strategy to directly construct highly
efficient 1D sub-nanochannels within Fe-based (MIL-53(Fe))
nanozymes.""" Ni-doping and H,-treatment generated Ni" and
mixed-valence Fe"/Fe™ nodes in the 1D iron oxide octahedral
chains to act as adsorption and reversible catalytic sites of
H,0,, respectively. Ni,Fe-MOF-based nanozymes exhibited
high activity, sensitivity, and selectivity toward H,0, (Fig. 7a
and b) and glutathione (GSH) detection. The Fe"/Fe™ revers-
ible catalytic and Ni" adsorption sites worked synergistically,
leading to the formation of more coordinated unsaturated

This journal is © The Royal Society of Chemistry 2023


https://doi.org/10.1039/d3nr03327a

Published on 23 Mvuka 2023. Downloaded on 2/11/2025 18:53:42.

View Article Online

Nanoscale Review
a b G
2.0 + P 722 Fe-MOF Ni, .Fe-MOF
= ﬁfﬁ’; TER E L n?,,nuor rNi,,F:Mor s ] . @ adsorption  and
S 1.5{Bank  NiFeMOF  NimoF| @ |25 NuFeOf R I NiFeMoE ._o e
3 g1o o ) | & € sosorption site
£1.0 ] 7 ¥ 4y
Qo = Fe'cus © oﬂ.,.. oxTMI
- 4 o
205 E e R Mg /\/
o o Hioedl
< 7]
0.0 g 0.0 f
500 600 700 800 Peroxidase-like - g )
Wavelength (nm)
=
d (b)

\
] ¥
\Q; S &
e o 1
H,0, \ o0 ’_ _f\\',
< Mn-PC ¢ TMB ,,
TMB ,, Biﬁ/TMB
O X

X
L
»N‘
3
-~ ’I
od
S
o Absorbance(@.u)

1
R

00 550 600 650 700 750
Wavelength(nm)

Current (nA)

Potential (V)

Fig. 7 (a) The POD-like activities of Ni,Fe-MOFs (x = 0, 2.4, 3.6, 4.8, 6.0, and 7.2) were evaluated by the TMB + H,O, assay. (b) Comparison of POD-
like activities of Ni,Fe-MOF nanozymes. (c) A proposed mechanism of how bimetallic Ni,Fe-MOF nanozymes activate both catalytic and adsorption
sites. Adapted with permission from ref. 111. Copyrights 2022, Elsevier. (d) Metallacages incorporating precise porphyrin-based active sites through
the self-assembly of PC, Zn-PC, and Mn-PC complexes, with subsequent applications in colorimetric and electrochemical biosensing utilizing Mn-

PC. Adapted with permission from ref. 112. Copyrights 2022, ACS.

sites (CUSs) and accelerating substrate transport (Fig. 7c).
However, excess Ni'' adsorption sites reduced Fe activatable
catalytic sites, thereby reducing catalytic activities. This strat-
egy could potentially be used for designing highly selective
MOF-based nanozymes. Zhou et al. employed the coordi-
nation-driven self-assembly methodology to fabricate an Mn
(m)-containing supramolecular nanocage named Mn-PC
(Fig. 7d), given the role of coordinated metal ions with variable
valence states as the active center of enzymes."">

Mn-PC manifested enhanced POD-like activity selectivity
compared to the previously reported porphyrin cage (PC) and
zinc porphyrin cage (Zn-PC). Mn-PC solely demonstrated POD-
mimicking activity, and its cage-like configuration facilitated a
uniform microenvironment for the active sites, analogous to
the intricate scaffolding of natural enzymes. Thus, Mn-PC
exhibited selective POD-like activity, precluding any OXD-like
or CAT-like characteristics. A MOF-818 nanozyme was modified
to include trinuclear Cu centers that exhibit exceptional
selectivity, much like the natural catechol OXD activity.'"?
During the catalytic cycle, O, was required to reoxidize copper
(1), while H,O, was produced gradually in a rate-determining
step. Compared to previously reported catechol nanozymes, it
outperforms their catechol OXD selectivity.

Overall, introducing active sites can improve the selectivity
of nanozymes and enhance their potential for specific appli-
cations. However, incorporating foreign sites into the lattice or
surface of nanozymes may alter their morphology, size, and
crystallinity, leading to variations in their properties and per-

This journal is © The Royal Society of Chemistry 2023

formance. The distribution of active sites can also be uneven,
creating regions with different catalytic activity. The effective-
ness in improving selectivity depends on the intrinsic pro-
perties of the nanozymes, the dopant selection, and the cata-
Iytic mechanism involved. Therefore, it is essential to carefully
optimize the synthesis and functionalization of the material to
achieve the desired selectivity.

4.2.2.3 Construction selective SANs with vacancies. SANs can
potentially have defects, which are irregularities or imperfec-
tions in their atomic or molecular structure arising from
factors such as the synthesis process, environmental con-
ditions, or inherent material properties. These defects in
SANs, including missing atoms, surface imperfections, and
coordination irregularities, can influence their catalytic
activity. The missing atoms within their atomic structure can
impact their catalytic efficiency, while surface defects may alter
their surface reactivity and catalytic properties. The coordi-
nation of the single atom with the support material can also
affect activity selectivity, and suboptimal coordination can be
considered a defect. For instance, Chen et al. developed a
flower-like single copper site (CuN3) nanozyme (Cu SSN) with
exceptional activity and specificity to oxidize phenols using
solid migration.""* When abundant CuN; was engaged, the
specific activity of Cu SSN was found to be nine times greater
than that of laccase, and it demonstrated remarkable stability
even in challenging environmental conditions. Yang’s group
developed Cu SAs/CN nanozyme with active Cu-N, moieties,
which exhibited comparable ascorbate POD (APX) mimetic
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activity and fast kinetic to natural APXs.''> Cu SAs/CN’s
superior APX-like activity comes from the electron transfer
process between single Cu atoms and coordinated N atoms,
which activates absorbed H,0, and leads to facile cleavage.
Additionally, Cu SAs/CN outperforms natural APXs in terms of
robustness and selectivity. The results provide insight into the
APX-like reaction process for nanozymes and inspire the
specific utilization of nanozymes as APX mimics in biothera-
peutic fields. Besides Cu-N,, POD-like reactions could also be
influenced by the other M-N coordination sites. Zhuang’s
group demonstrated the ability of M-N (M = Fe, Co, Mn, Ni,
and Cu) to produce active M=0 intermediates, and the reactiv-
ity of substrates at the M=O sites jointly determined the oxi-
dation reaction’s selectivity. Remarkably, in catalytic reactions,
SANs like Fe-N-C and Co-N-C displayed up to a 200-fold
difference in selectivity, surpassing the performance of the fre-
quently employed HRP.'*® Wang et al. demonstrated the corre-
lation between the coordination environment of molybdenum
(Mo) single-atom sites and POD-like specificity in SANs by
designing a series of MoSA-N,-C nanozymes with different
Mo-N, coordination numbers (Fig. 8aA).""” MoSA-N;-C exhibi-
ted exclusive POD-like activity and is used for selective analysis
of xanthine in human urine samples. Mo-N; moiety exhibited
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better catalytic activity due to its lower energy input, and
MoSA-N;-C displayed the highest H,0, adsorption energy and
AE,4s. values among Fe-Nj, Co-Nj, Ni-N3, and Mo-Nj; struc-
tures, indicating their high efficiency and specific POD-like
performance (Fig. 8aB and C). Zhang et al. developed SANs of
RhN,, VN,, and Fe-Cu-Ng with catalytic activities surpassing
natural enzymes.''® Furthermore, Rh/VN, preferably formed
an Rh/V-O-N, active center to decrease reaction energy bar-
riers and mediates a “two-sided oxygen-linked” reaction path
(Fig. 8b), showing 4 and 5-fold higher affinities in POD-like
activity than the FeN, and natural HRP.''® RhN, presented a
20-fold improved affinity in the CAT-like activity compared to
the natural CAT; Fe-Cu-Ng displayed selectivity towards the
SOD-like activity; VN, favored a 7-fold higher GPx-like activity
than the natural GPx.

Although SANs with defects have shown great potential in
improving reaction selectivity, there are still several limitations
that need to be addressed. Achieving high selectivity for SANs
may require careful consideration of various factors such as
the central atoms, atomic geometrical structure, coordination
number, and coordination atoms, which all play a significant
role in determining the catalytic activity and selectivity."** To
fully realize the potential of SANs, efforts are needed to
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address the challenges and limitations associated with their
synthesis process. The synthesis process can lead to significant
variations in the size and shape of the supported metal
species, resulting in variations in their catalytic selectivity.
Moreover, SANs are prone to oxidation or dissolution over
time, which can affect their stability and selectivity.
Additionally, their high cost and strict synthesis conditions
can limit their use when compared to traditional enzymes or
other types of nanozymes. Many SANs lack biocompatibility
and water solubility, further limiting their use in biocultures.
Therefore, it is essential to further optimize the methods to
synthesize SANs with improved stability, selectivity, and bio-
compatibility, to fully realize their potential as efficient and
effective nanozymes. The SANs may achieve specificity in ther-
anostics through their precisely engineered atomic structure,
tunable catalytic activity, surface functionalization, biomimetic
design, and multifunctional integration.

4.3 Selective nanomaterials

Among the various types of nanozymes, some unique nano-
materials exhibit exceptional enzyme-like specificity without
requiring complicated modification. One such example is Os
nanozyme."”" Compared to conventional noble metal-based
nanozymes such as Pt and Au, the POD-like activity of Os
nanozyme is considerably high, while its OXD-like activity is
negligible. This specificity as a POD mimic facilitates the devel-
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opment of colorimetric sensors to be free from O, and color
interference in a nanozyme-based colorimetric assay.
Moreover, the catalytic selectivities of these nanomaterials can
be further modulated by changing their physicochemical pro-
perties. CeO, nanospheres with specific shapes have been
reported to mimic phosphatase and POD-like activities. Tan
et al. found that acidic Ce species on the octahedron (111)
surface selectively catalyze substrate dephosphorylation, while
the electron-rich counterpart on the cube (100) surface only
promotes substrate oxidation (Fig. 9a).">*> Surface Ce species
on the cube have a higher electron density, promoting POD-
like activity with ~10 and ~49 times higher reactivity than
those on the sphere and octahedron surfaces, respectively.
Zhang’s group has achieved the selectivity of nanozymes
through ingenious HOMO/LUMO-mediated strategies, elimi-
nating the need for additional modifications (Fig. 9b)."*?
Their groundbreaking approach involved developing chito-
san-coated Se nanozymes with a remarkable 23-fold increase
in antioxidative activity compared to Trolox, and bovine
serum albumin-coated Te nanozymes with intensified proox-
idative biocatalytic effects. This study introduces a pioneer-
ing strategy for enhancing the catalytic prowess of Se and
Te nanozymes, transcending the boundaries of conventional
modifications. These nanomaterials exhibit selectivity
without the need for complex modifications, making them
highly promising for a broad array of straightforward appli-
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Fig. 9 (a) Shape Regulation of CeO, Nanozymes regulates reaction specificity. Adapted with permission from ref. 122. Copyrights 2022, Wiley-VCH
GmbH. (b) Catalytic selectivity of LUMO-mediated Se and HOMO-mediated Te. Adapted with permission from ref. 123. Copyrights 20233, ACS.
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cations, such as selective biosensing, drug delivery, and
environmental remediation.

5. Comprehensive selectivity
improvement

Several versatile methods can be harnessed to not only modu-
late the activity selectivity of nanozymes but also to bolster the
selectivity when it comes to analyte detection. A particularly
noteworthy approach involves the meticulous regulation of the
nanozyme’s surface characteristics, a strategy that can wield a
multifaceted impact. This regulation has the potential to influ-
ence the recognition of analytes, induce the formation of
defective nanozyme structures, or even prompt alterations in
the internal structure of the nanozyme’s active space. It is
essential to emphasize that these methods do not solely target
a singular aspect of selectivity but rather embrace a holistic
approach to refining the nanozyme’s performance in diverse
applications.

5.1 Stimuli-responsive selectivity

The operating conditions of the reaction, such as light, pH,
and temperature, may influence the selectivity of the nano-
zymes.">* For instance, upon light irradiation, these materials
can undergo structural changes that expose or conceal the
active sites of the nanozymes, leading to changes in activity,
substrate, and analyte selectivity. Liu et al. developed three
photoactive MOF-based nanozymes (2D-TCPP, 3D-TCPP, and
AD-TCPP) with different structures and unshielded active
sites."*® All three nanozymes exhibited light-responsive OXD-
like activities and efficient controllability. These nanozymes
exhibited excellent photoresponsive OXD-like activities and
substrate specificity for typical oxidase substrates, organic pol-
lutants, and antioxidants. A TiO, nanochannel arrays-based
membrane (TiNM) was used to create a selective biomolecule
detection device by designing a target-molecule triggered reco-
gnition event that enabled the growth of POD-like nanozyme
Prussian blue nanoparticles (PBNPs) through photocatalytic
reaction.'®® The resulting POD-like activity of PBNPs was uti-
lized to detect telomerase activity based on the change in ionic
transport behavior induced by the accumulation of positively
charged oxTMB molecules in nanochannels. Tian et al. discov-
ered that UV light enhances selectivity in porous nanorods of
ceria (PN-CeO,), which exhibit photolyase-like activity."””
These nanorods selectively cleave UV-formed DNA cyclobutane
pyrimidine dimers (CPDs) under visible light. Unlike TiO, and
ZnO, PN-CeO, avoids CPD fragmentation through ROS gene-
ration. It retains 91.7% activity even after five cycles and per-
forms better with EDTA due to improved electron-hole separ-
ation. PN-CeO,’s unique photocatalytic role in converting
CPDs to monomers holds potential for DNA photorepair, akin
to natural photolyases. As well as this, graphene oxide (GO)
demonstrates notable DNA cleavage activity and selectivity.'*®
Remarkably, this process is highly efficient when driven by
light, enabling the cleavage of DNA molecules with diverse
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View Article Online

Nanoscale

lengths, ultimately resulting in the formation of the desired
products. C-dots demonstrate efficient photo-oxidation corre-
lated with phosphorescence quantum yields, guiding rational
design (Fig. 10a)."*® These superior C-dots outperform other
carbon nanomaterials and molecular photosensitizers, swiftly
driving oxidation reactions. Their potent photosensitized
oxygen activation holds promise for applications like photo-
dynamic antimicrobial therapy. Liu’s group further improved
nanozyme selectivity using C-dots to generate singlet oxygen,
converting Mn(u) to Mn(m), and acting as a mediator, selec-
tively enhancing electron transfer for sensitive Mn(u) detection
(Fig. 10b)."*° Mn(u) also facilitated substrate oxidation through
photosensitized 'O, production at physiological pH, broaden-
ing substrate applicability. This progress drove exploration in
biological contexts, addressing pH limitations. In a different
vein, the same group discovered the production of 'O, via an
Mn*"-mediated system, distinct from the heavy atom effect of
Ln*" on photosensitizers (Fig. 10c)."*' Ln*" enhanced 'O,
emission in C-dots and rose bengal four-fold, while nonpho-
sphorescent but fluorescent dyes produced 'O, mediated by
Ln*". Ln®" also boosted graphene quantum dots, GO, and
¢-C3N,, demonstrating high photocatalytic activity. Fan et al
demonstrated that anchoring nano hooks onto Ni@ZIF67-C
materials could enrich the superficial N-doped carbons and
metal-N, sites, leading to enhanced POD-like activity.'*?
Additionally, Ni@Co-NC exhibited pH-selective and NIR-
enhanced POD-like performance. Hong et al. investigated the
pH-controllable N- and B-doped fullerenes (N-fullerene and
B-fullerene) as potential metal-free nanozymes.'** Under
neutral pH conditions, both N- and B-fullerenes with bare sur-
faces demonstrated dominant POD-like H,0O, decomposition
activity. The B-fullerene exhibited POD-like activity under sol-
vation at neutral pH. In acidic and basic environments, both
N- and B-fullerenes showed dual-enzyme-like functionality,
which could be tuned by pH conditions. These findings
suggest that fullerene-based nanozymes have pH-dependent
enzyme-like activity and selectivity for H,O, decomposition.
The CeO, nanoparticles embedded in N-doped carbon
(CeO,@NC) nanozyme has been found to exhibit excellent per-
formance in catalyzing hydrolysis reactions at low tempera-
tures, while CeO, NPs do not show enzyme-like properties
until high temperatures are reached.'”® The exceptional per-
formance of the CeO,@NC nanozyme is attributed to the Ce
(v)/Ce(m) species that serve as active sites for polarization and
hydrolysis of P=—O bonds and the NC template that acts as
synergistic sites for substrate adsorption. These discoveries
not only provide highly efficient nanozymes with appropriate
stimuli but also highlight the need to address several chal-
lenges to fully realize the potential of stimuli-responsive
selectivity of nanozymes. Overall, stimuli-responsive selectivity
in nanozymes offers several advantages in theranostics. By
incorporating stimuli-responsive elements, nanozymes can
achieve controlled drug release, enhance imaging contrast,
function as smart biosensors, enable controlled biochemical
reactions, and support personalized therapeutics. On the other
hand, one of the major challenges is designing nanomaterials

This journal is © The Royal Society of Chemistry 2023
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that can respond to specific stimuli, which requires a deep
understanding of the interactions between nanomaterials and
stimuli, as well as the underlying mechanisms of the response.
Additionally, there are limitations to studying the real-time
change of stimuli-responsive nanozymes. For instance, it may
be difficult to understand the conformational changes or
structural dynamics of nanomaterials in response to stimuli.
Additionally, expanding reaction types remains crucial, as
most stimuli-activated nanozymes mimic oxidases.’**> Thus,
further research is required.

5.2 Surface modification

Surface modification strategies play a pivotal role in reshaping
the characteristics and functions of diverse surfaces, under-
pinned by distinct mechanisms."****° These mechanisms
encompass both chemical bonding-based and non-covalent
modifications."** Peptides, for example, emerge as a captivat-
ing pathway for engineering nanozymes, and may rely on
precise functional regulation facilitated by supramolecular
non-covalent interactions."*" Beyond peptides, a myriad of
strategies have been harnessed to enhance nanozyme’s
selectivity.

Recent publications spotlight two prominent methods for
modification: DNA-based techniques and Molecularly

This journal is © The Royal Society of Chemistry 2023

Imprinted Polymers (MIPs). DNA-based approaches harness
the versatility of DNA molecules for surface modification,
encompassing both covalent bonding and non-covalent inter-
actions. DNA serves multifaceted roles in these strategies,
functioning as templates, structural regulators, or recognition
elements when coupled with nanozymes. Molecularly
Imprinted Polymers (MIPs) primarily rely on non-covalent
interactions. Within MIPs, the polymer creates complementary
cavities or binding sites that interact with the template mole-
cule through non-covalent mechanisms, such as hydrogen
bonding, van der Waals forces, and electrostatic interactions.
While MIPs themselves leverage non-covalent interactions to
achieve selective binding of target molecules, their collabor-
ation with nanozymes may involve distinct interaction
mechanisms.

5.2.1 DNA modification. Harnessing the unique properties
of DNA allows for the creation of highly selective nanozymes
tailored to specific applications. Various strategies have been
proposed to achieve this objective. One such strategy involves
using DNA as a template to synthesize DNAzymes and nano-
zymes with specific structures and surface conditions.'*> DNA
templates can guide the covalent bonding of building blocks
to form a specific structure. By involving DNA sequences with
specific recognition capabilities, precise targeting of disease-
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related DNA or RNA molecules is achievable. Another strategy
is the modification of the surface of non-selective nanozymes
through non-covalent attachment using DNA aptamers to con-
struct selective nanozymes."** The aptamer moiety is designed
to recognize disease-specific biomarkers, such as proteins or
other molecules, allowing the nanozyme to selectively bind
and catalyze reactions only in the presence of the target
biomarker.

DNAzymes, also known as deoxyribozymes or catalytic DNA,
endowed with the remarkable capability to catalyze specific
chemical reactions. As an illustration, researchers employed
in vitro selection techniques to pinpoint a DNAzyme responsive
to metal ions. In a series of iterative amplification rounds, they
evolved DNA sequences capable of catalyzing Pb>*-dependent
cleavage of an RNA phosphodiester bond.'** Additionally, Li
et al. harnessed DNAzymes with hydrolytic cleavage activity to
create a Pb>" sensor.'*> Moreover, through the integration of
DNAzyme and nanozyme specificity and activity, opportunities
arise for their strategic design and engineering to enhance
reaction selectivity. Zuo et al. introduced an inventive approach
involving the modification of AuNPs with DNAzymes, leading
to the development of highly efficient and selective nano-
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zymes."*® They utilized a DNA hairpin with two poly(adeno-
sine) internal loops in its stem to bind with AuNPs and form a
corona structure, resulting in the creation of novel corona-
zymes (Fig. 11aA). The coronazymes exhibited 5 times higher
catalytic efficiency than bare AuNP nanozymes and outper-
formed most DNAzymes in the same oxidation reaction. The
researchers found that 5 nm bare AuNPs had almost identical
catalytic efficiency in N-deoxygenation of resazurin (RZ)
reduction and amplex red (AR) oxidation, indicating a lack of
specificity (Fig. 11aB). However, the coronazymes did not sig-
nificantly enhance catalytic efficiency in RZ reduction. These
results suggest that optimizing the nanozyme using DNAzyme
with a corona structure could lead to improved activity selecti-
vity. Mei et al. found that the POD-like activity of Pt nanozymes
was significantly boosted in the presence of T-rich DNA
sequences, showcasing bidirectional regulation (Fig. 11b).**’
This DNA-mediated enhancement extended to stability, with
DNA-encoded Pt nanozymes displaying increased robustness
against high temperatures, freezing, and prolonged storage.
This research’s practical application involved creating a sensor
array with Pt nanozymes, exhibiting exceptional accuracy in
distinguishing antioxidants.

A B
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U e . @ Ij
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O DNA-AuNPs
0 L N
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1
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Fig. 11 (a) Selectivity improvement by coronazyme: (A) the integration of DNAzymes and gold nanozymes to form a coronazyme (DNA@AuUNPs); (B)

the cornazyme does not mimic the dehydrogenase-like reaction; the single-catalyst turnover rate v was examined as a function of [RZ] for the nano-
zyme-catalyzed reaction, using NH,OH for bare AuNPs and DNA@AUNPs. The chemical equation for the N-deoxygenation RZ reduction is provided
in the inset. Adapted with permission from ref. 146. Copyrights 2023, ACS. (b) DNA-directed bidirectional control of Pt nanozyme's POD-like activity
for bioanalysis, T-rich DNA enhances selective POD-like Activity. Adapted with permission from ref. 147. Copyrights 2023, ACS. (c) pA-AuNPs nano-
particles exhibit dual nanozyme catalytic functions involving H,O,-mediated oxidation of dopamine to aminochrome and aerobic oxidation of
glucose to gluconic acid and H,O,. The modification with AS1411 aptamer enhances the nanozyme’s selectivity for targeting cancer cells. Adapted
with permission from ref. 148. Copyrights 2022, ACS.
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DNA aptamers have been employed to enhance analyte
selectivity. Ouyang et al. ingeniously designed aptananozyme
bioreactors, augmenting the activity and selectivity of polyade-
nine-stabilized Au nanoparticles (pA-AuNPs) by directly attach-
ing dopamine-binding aptamers (DBAs) to their 3’- or 5-ends
or via spacer units (Fig. 11c)."*® These pA-AuNPs exhibit dual
catalytic functions as nanozymes, participating in both H,O,-
mediated dopamine oxidation to aminochrome and the
aerobic oxidation of glucose to gluconic acid and H,0,. To
create a nanozyme for targeted chemodynamic cancer treat-
ment, the AS1411 aptamer, which recognizes the nucleolin
receptor on cancer cells, is integrated with pA-AuNPs.
AS1411 guides the aptananozymes to cancer cells, facilitating
selective entry and revealing notable cytotoxicity towards
MDA-MB-231 breast cancer cells (approximately 70% cell
death) compared to MCF-10A epithelial cells (approximately
2% cell death).

The covalent modifications of nanozymes using thiolated,
aminated, and phosphate DNA require additional binding pro-
cedures that may influence analyte selectivity. To overcome
this limitation, Wei et al. developed novel polyadenine-contain-
ing diblock DNA as a capping agent for one-pot synthesis of
nanoflower-shaped gold nanostructures (AuNFs).''® The
AuNFs exhibited notable POD-like selectivity, rendering them
suitable for deployment in colorimetric assays for cancer cell
detection. This functionality arises from the combined attri-
butes of the recognition block (aptamer) and the photothermal
performance exhibited by the polyadenine block. Compared to
spherical gold nanostructures (AuNSs), AuNFs also demon-
strated higher sensitivity for the cancer cell assay, enabling the
detection of as low as 10 cells per mL. Fu et al. utilized bi-
metallic nanozyme Fe,M00, NPs in combination with hybrid-
ization chain reaction (HCR) to analyze PSCA rs2294008 as a
risk factor for bladder cancer prediction.'*® Amplification of
absorbance variation and selectivity was achieved by HCR,
leading to prolonged DNA length beyond the range of ‘OH
action and double chain with more negative charge to occupy
more TMB while repelling the negatively charged nanozyme.
This method achieved POD-like selectivity and allowed specific
detection of the DNA mutation, which is superior or compar-
able to most previously reported colorimetric sensors.

Moreover, DNA modification can be utilized as a regulator
of nanozyme selectivity by incorporating stimuli-responsive
elements that react to specific signals.">*™** For instance,
DNA modification can be employed to create switchable nano-
zymes that remain inactive under normal conditions but can
be activated in response to specific triggers. By incorporating
switchable DNA components, such as aptamers or DNA
strands with specific secondary structures, the nanozyme can
be designed to respond to stimuli such as pH, temperature, or
the presence of particular molecules.'”*'** This trigger-depen-
dent activation ensures that the nanozyme exhibits catalytic
activity only in the desired disease environment, improving
selectivity and minimizing off-target effects.

It’s important to note that the field of DNA-modified nano-
zymes is still advancing, and ongoing research and develop-

This journal is © The Royal Society of Chemistry 2023
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ment efforts are exploring various modifications and strategies
to further improve their selectivity and efficacy in theranostics.
The DNA molecules may bind non-specifically to the surface of
the original nanozymes, leading to the production of unfavor-
able products that can affect their catalytic activity.
Furthermore, the DNA corona structure may degrade in bio-
logical environments due to the presence of nucleases, redu-
cing the lifespan of the nanozymes. Despite these challenges,
DNA modification presents new opportunities for comprehen-
sively improving the selectivity of nanozymes. For instance,
site-specific DNA modifications can be employed to achieve
precise control over the selectivity of modified nanozymes.
Additionally, the use of stable 3D DNA models for modifying
nanozymes may enhance their stability. Nevertheless, the high
cost and complexity of DNA engineering remain a concern for
the large-scale production of DNA-modified nanozymes.

5.2.2 Molecularly imprinted polymers or particles (MIPs).
Molecularly imprinted polymers or particles (MIPs) are syn-
thetic materials that are designed to have specific binding
sites for target molecules. MIPs can be tailored to selectively
bind to certain analytes due to their molecular recognition
properties, similar to antibodies in the immune system."*® The
use of MIPs may significantly improve the analyte, substrate,
and activity selectivity of nanozymes.">® The construction strat-
egies include imprinting transition state molecules, post-
imprinting modification, opening cross-linked polymers’
internal space, one-pot synthesis, and some special prepa-
ration methods (Table 2). For instance, Wu et al. showed that
g-C3N, has photo-OXD activity, and improved activity selecti-
vity can be achieved by MIPs on g-C;N, nanozymes.'”” MIP-g-
C;5N,; led to over 1000-fold matrix-interference alleviation,
4-fold improved enzymatic activity, and enhanced substrate
specificity compared to bare g-C3N, in colorimetric sensing.
Peng et al. synthesized Co;0,-biomass-derived porous carbon
(PC) nanocomposites by calcining.'®® They then created the
Glu-CS/Co304-PC electrode by electrodeposition in a mixed
solution, and later prepared MIP-Glu-CS/Co3;0,-PC by eluting
glucose electrochemically. This MIP-modified nanozyme
shows higher analyte selectivity toward glucose specifically.
Chen et al developed DSMIP@Mn;0,4, a smart tetracycline
(TC) imprinted material, using atom transfer radical polymer-
ization of dual ionic liquid monomers on the surface of
Mn;0, NPs.'*® The introduction of MIP modification has a
dual effect: it inhibits the OXD-like reaction while preserving
the POD-like activity. This modulation serves to diminish the
generation of "OH/O," ", consequently leading to a reduction in
the production of blue oxTMB. Consequently, this strategic
adjustment paves the way for the establishment of an excep-
tionally selective colorimetric method for the detection of TC.
Zhang et al. developed a rapid visible analysis method for gly-
coproteins using a unique ELISA-like satellite structure immu-
nosandwich (SS-ICS) colorimetric strategy.'®® The SS-ICS con-
tained two engineered materials: the boric acid affinity-
oriented magnetic titanium dioxide molecularly imprinted
particles (MTi-MIP) and the asymmetrically modified Janus
gold NPs nanozyme (J-GNPSNE). The MTi-MIP was used as an
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Table 2 The performance of recently developed MIPs in enhancing the selectivity of nanozymes

Printed polymer/ Enzyme-like
Nanozymes template activity Method Application Ref.
MIL-53(Fe) PDA/MNZ POD Self-polymerization Analysis of MNZ 161
Fe-MOF CMIP/TCC POD Sol-gel method TCC detection 162
Fe;0, NPs, Au NPs, and Nanogel/TMB, POD Aqueous precipitation Specificity improvement for 163
Nanoceria ABTs polymerization inorganic nanozymes
Fe;0, PDA/TC POD Self-polymerization TC detection 164
MVSM MIP-2/UA Uricase Two-step synthesis Reduce UA 39
MIL-101(Co,Fe) PC/vanillin POD Chemical cross-linking Dexamethasone and prednisone 23

reaction detections

MNZ, metronidazole; PDA, polydopamine; TCC, triclocarban; CMIP, the capillary molecularly imprinted polymer used in this article is based on
Fe-MOF (Fe-MOF@CMIP), which was synthesized by the sol-gel method; TC, tetracycline; AGEC-TCA, termed affinity gathering-enhanced
coupling and thermal cycling amplification; MVSM, mixed valence state MOF; UA, uric acid; MIP-2, MIP-2 synthesized using a “two-step
synthesis” method involving monomer acrylamide (AM), N,N-methylenebisacrylamide (MBAA) and Ce-MOF. PC, a polymer prepared by using a
functional monomer immobilized by metal chelation and hydrogen bonding.

“artificial antibody”, while J-GNPsSNE acted as a target reco-
gnition and signal amplification unit. This method enhances
the selectivity for analyzing glycoproteins. The integration of
MIPs with nanozymes provides a powerful approach for achiev-
ing highly specific and efficient catalytic processes. This selecti-
vity, combined with catalytic activities and imaging capabilities,
makes MIP-based nanozymes promising tools for theranostics,
offering personalized and precise diagnosis, therapy, and moni-
toring of various diseases. However, the MIP may limit the
direct interaction between substrates and active sites exposed
on the surface of the nanozyme, which can reduce the efficiency
of the catalytic process. To overcome these limitations, various
approaches are worth to be further developed to optimize the
design of MIP-nanozymes.''"*>" For example, advances in com-
puter-aided design may facilitate the rapid and efficient optim-
ization of MIP for different substrates or targets.

5.3 Cascade nanozyme system

A cascaded nanozyme system can improve reaction specificity
by incorporating multiple nanozymes with different enzymatic
activities in a sequential manner. Each nanozyme in the
cascade performs a specific enzymatic reaction, and the
product of the first reaction becomes the substrate for the sub-
sequent reaction (Fig. 12a)."®®> A cascade nanozyme system can
be designed to exhibit analyte selectivity, substrate selectivity,
and control over the activity of nanozymes, depending on their
specific configuration and components. For instance, Zhou
et al. developed a spatially confined microfluidic device for a
two-step cascade reaction using N-doped carbon (N-C) nano-
cages and PB nanoparticles as nanozymes.'®® The overall
selectivity of the reactions was substantially improved when N-
C and PB nanozymes were cascaded. The system showed high
selectivity in the oxidation of AA against interferences, and the
efficiency was more than 100-fold higher compared to an open
reaction system. The selectivity enhancement even surpassed
those in previous reports by at least one order of magnitude,
showing the operation principle of substrate channeling and
screening in living can also be facilely mimicked with remark-
able efficiency.

15900 | Nanoscale, 2023, 15, 15885-15905

The sequential reaction process is designed to streamline
the identification of target substrates while excluding
unwanted interferences through well-suited stimuli, particu-
larly under favorable pH conditions. To exemplify this, the
Fe;0,-GO, exhibits inherent capacities akin to glucose OXD
(GO,), CAT, and POD, enabling it to execute pH-triggered
cascade reactions initiated by glucose.'®” These encompass
GO,/POD and GO,/CAT reactions in both acidic and neutral
environments. Specifically, in the context of the GO,/POD
cascade reaction, a sequence of hydroxyl radical fluxes is gen-
erated to target the acidic biofilm at a pH of approximately 5.5,
effectively eradicating it and initiating wound healing by cur-
tailing the inflammatory phase. Conversely, the GO,/CAT
cascade reaction produces successive O, fluxes that focus on
the neutral wound tissue, thereby expediting the proliferation
and remodeling stages. Zhang et al. utilized neutral pH H,0,
reactions to fabricate nanoceria, demonstrating potent oxi-
dative activity at pH 7.0. This effect is further heightened by
protein-induced  desorption of oxidation products.'®®
Moreover, capitalizing on the negatively charged attributes of
BSA and GO,, with respective isoelectric points of 4.7 and 4.2,
fosters favorable interactions with oxTMB and oxOPD, aug-
menting OPD oxidation while curbing the oxABTS reaction.
This strategic approach enables an optimal catalytic cascade
involving GO, and nanoceria at 37 °C and pH 7.0, building
upon previous catalytic achievements for targeted serum
glucose detection. The selectivity of the nanozyme hinges on a
cascade mechanism involving TMB, C-dots, and Sc** ions."®®
Initially, TMB oxidation was confined to pH 4.0-5.0 when com-
bined with C-dots. However, Sc*" infusion remarkably intensi-
fied TMB oxidation across all pH levels, yielding 20-fold higher
oxTMB absorbance than C-dots alone. This unique enhance-
ment resulted solely from the Sc**-C-dots interaction.
Additionally, irradiation time was shown to gradually tran-
sition TMB oxidation products from a blue to a green solution,
indicative of the cascade’s role in achieving substrate selecti-
vity and oxidation.

In the domain of chemical reaction networks, a single H,O,
stimulus engenders diverse responses with varying intensities

This journal is © The Royal Society of Chemistry 2023
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Fig. 12 (a) Scheme highlighting similarities between enzymes that perform cascade reactions. Adapted with permission from ref. 165. Copyrights
2019, ACS. (b) Scheme of the nanozyme-based network of a cascade system. Adapted with permission from ref. 170. Copyrights 2023, RSC.

(Fig. 12b)."”° This phenomenon is exemplified in the two-elec-
tron cascade oxidation of TMB, where H,0O, concurrently
hampers and accelerates reactions within different nanozyme
configurations. CeO,’s activation of H,0, and its emulation of
POD-like, CAT-like, and haloperoxidase (HPO)-like activities
necessitate precise modulation due to the competitive utiliz-
ation of H,0,."”! Intriguingly, manipulating the H,O, acti-
vation pathway on distinct CeO, surfaces, such as (100) and
(111), fosters specificity towards POD-/CAT-like and HPO-like
activities, attributed to the distinct coordination and electronic
structures of Ce sites. This research contributes to the compre-
hensive regulation of nanozyme activity, encompassing selecti-
vity, reaction specificity, and H,0, utilization. These studies
highlight the crucial influence of pH conditions and other
stimuli in enhancing the selectivity and efficiency of the
cascade nanozyme system in biological catalytic processes.

The cascaded nanozyme systems may achieve specificity
and selectivity in theranostics by combining complementary
catalytic activities, leveraging enzyme-mimicking synergistic
effects, enabling targeted therapy, supporting multiplexed
detection, and integrating imaging and biosensing capabili-
ties. However, the design of different nanozymes that can work
together in a sequential and coordinated manner, reproduci-
bility, stability, characterization, toxicity, and biocompatibility
may need to be further addressed.

6. Conclusions

Selective nanozymes hold the key to unlocking a world of pos-
sibilities across a diverse range of applications, and ongoing
research is focused on enhancing their selectivity through
various promising strategies. The summarized strategies,
encompassing recognition element introduction, surface
modification, precise control of structure and composition,

This journal is © The Royal Society of Chemistry 2023

synergistic material synthesis, identification of selective nano-
materials, external stimulus management, and the construc-
tion of cascade nanozyme systems, collectively form a robust
foundation for enhancing selectivity in specific applications.
However, further advancements are necessary to fully exploit
the potential of these strategies.

A notable approach involves the development of high-
throughput screening methods that empower researchers to
efficiently identify the most effective nanozymes for specific
reactions and optimize their properties to enhance selectivity.
These methods encompass various techniques, including com-
binatorial chemistry for simultaneous testing of numerous
nanozyme compositions, parallel reactor arrays for evaluating
multiple nanozymes under various conditions, microfluidic
platforms for precise control and rapid screening, compu-
tational screening for predicting catalytic activity, and machine
learning to facilitate data analysis for uncovering trends and
patterns in extensive datasets. Collectively, these techniques
expedite nanozyme identification and property optimization,
significantly reducing time and resource demands while
enhancing catalytic performance for specific reactions.
Furthermore, the combination of different strategies, such as
the synergistic use of stimuli, defect engineering, surface
modification, and more, to enhance nanozymes holds promise
in achieving specific reactions. However, careful consideration
is essential to balance their interactions and prevent compro-
mising selectivity.

Furthermore, in the pursuit of improved selectivity within
complex biological contexts, the development of intelligent
nanozymes capable of responding to a broader range of exter-
nal microenvironmental stimuli holds significant promise. An
illustrative example of this approach involves the creation of
stimuli-responsive nanozymes for theranostics. Within this
context, surface functionalization employing responsive
ligands assumes a pivotal role in enhancing adaptability.
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Beyond the conventional stimuli widely recognized, such as
pH, temperature, and light, considering cellular factors like
overexpressed reactive oxygen species holds promise as a valu-
able parameter for finely modulating the activities of various
nanozymes. Furthermore, the incorporation of drug payloads
alongside imaging agents not only facilitates precise targeted
therapy but also empowers real-time monitoring through a
diverse array of imaging techniques.

The pursuit of clinical translation necessitates a strong
focus on biocompatibility, safety, and scalability. Meanwhile,
personalized medicine approaches should tailor nanozyme
designs to the specific disease microenvironment of individual
patients. In this intricate optimization process, a multi-dimen-
sional approach is indispensable. By further advancing the
selectivity of nanozymes, we can fully unleash the remarkable
potential of these nanomaterials, enabling their flexible and
diverse applications across a wide range of fields. The ability
to selectively target specific molecules, cells, or pathological
features will revolutionize diagnostics, therapeutics, and per-
sonalized medicine, opening new avenues for precise and
effective treatments.
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