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ABSTRACT

Increasing necessity towards the advancement of detection systems has sparked considerable curiosity in inte-
grated dual-modal sensing technologies. The recent progress in the fields of nanozymes and materials chemistry
highlights the significance of integrated dual-mode systems for biomedical sensing applications. Interestingly,
the combination of two detection signals can enhance diagnostic performance, while minimizing assumptions.
Moreover, the integrated technologies boost diagnostic capabilities through immense flexibility, improved ac-
curacy, and broad-range detection. In this perspective, nanozymes have been incorporated into a variety of dual-
mode biosensing systems due to their enhanced catalytic activities; and they provide benefits of low cost, high
stability, ease of surface tuning, and biocompatibility. Herein, dual-mode biosensing, which leads two output
signals can be combination of colorimetric, fluorescent, photothermal, electrochemical, or SERS, owing to their
remarkable benefits for sensitive and real-time detection as well as the development of point-of-care (POC)
devices. In this seminal review, an in-depth fundamental understanding of different nanozymes-based dual-mode
sensing techniques i.e. colorimetric/fluorimetric, colorimetric/photothermal, colorimetric/electrochemical, and
colorimetric/SERS, has been provided, followed by emphasizing their usage in sensing applications. Here, a
comprehensive analysis has also been conducted for the sensing methodologies involving nanozyme-based sensor
arrays, synergistic catalytic activities, and the foundational principles of the signal transduction systems, while

addressing the challenges and future opportunities for the progress in the domain.

1. Introduction

Enzymes are a class of biological macromolecular catalysts proved to
be essential for both industrial and organismal biotransformation pro-
cesses. However, the wide range applications of natural enzymes have
been limited, especially in difficult settings, due to their intrinsic con-
straints, including susceptibility to environmental influences, low
operating stability, high costs, and short lifespans. Therefore, significant
attempts have been made to overcome these limitations. In this context,
nanozymes (artificial enzymes) can outperform natural enzymes due to
their catalytic activity, versatility, and stability under adverse condi-
tions, and nanozymes have prospective uses in chemical engineering,
environmental sciences, industrial settings, bio-medical field, and agri-
cultural sectors [1]. The rapid progress in supramolecular chemistry,
protein engineering, and nanoscience has escalated the nanozyme en-
gineering approaches to tackle the issues associated with natural en-
zymes [2]. The tailor-made, specifically designed nanomaterials, which
can mimic natural enzymes, are termed as nanozymes, and they have
remarkable stability, recyclability, customizable catalytic efficiency,
and a blend of classical chemical and biocatalyst benefits [3]. As a result,
basic research on nanozymes and their practical applications is
becoming significant [4], and over 7500 articles have been published on
nanozymes since the discovery of peroxidase-mimic Fe304 nanoparticles
in 2007 [5]. A variety of nanomaterials, including carbon-based nano-
materials, noble metal nanoparticles [6], metal oxides, metal-organic
frameworks (MOFs) [7], and polymetallic nanostructures [8] have
been reported to mimic natural enzymes, and they are gaining promi-
nence in a broad spectrum of nanotechnology-based applications,
including biosensors, food safety, environmental protection, drug de-
livery, disease diagnosis, imaging and treatment, tissue engineering, and
antibacterial/antioxidant agents [9,10]. Approximately 300 distinct
types of nanozymes, including oxidoreductases, proteases, hydrolases,
DNAs, endonucleases, nitric oxide synthases (NOS), and others, have
been developed [11], and because of the small size, high surface area,
and adaptable surface characteristics, nanozymes can efficiently bind to
biomarkers for improving the speed and sensitivity of illness diagnosis,
particularly for infectious, cardiovascular disease, and cancer disorders
[12,13].

In the context of above, a multitude of nanomaterials with broad
biomedical uses have been discovered with enzyme mimicking actions
of catalase (CAT), superoxide dismutase (SOD), oxidase (OXD), peroxi-
dase (POD), glucose oxidase (GOx), and glutathione peroxidase (GPx)
[14-16]. Currently, metal and metal oxides nanoparticles are majorly
being employed as nanozymes since the metallic active core has
demonstrated a remarkable ability of catalytic electronic redox pro-
cesses, like natural enzymes. Interestingly, the enzyme-mimicking

activities of metallic nanozymes can be influenced by a number of var-
iables, including temperature, pH of the surrounding environment,
reduction agent, and the oxidation states of the metallic centre [17,18].
Likewise, the characteristics of the disease vary from those of normal
tissues, hence offer potentially common therapeutic possibilities for the
application and logical designing of nanozymes in biomedicine. For
instance, tumor microenvironment (TME) redox potential levels are
known to be higher than those of normal tissues, therefore, different
tumors can stimulate the nanozymes’ functions making it distinct from
response of normal tissues [19-21]. It has already been shown that the
intracellular glutathione (GSH) can reduce metal ions (Fe3+, Cu2+,
Mn**, etc.) to lower-valent ions (Fe?", Mn®*, and Cu™), and therefore,
the catalytic efficiency and peroxidase-like nanozymes activities could
be significantly changed in the diseased microenvironment [22].

Like metal nanozymes, the discovery of enzymatic activities in car-
bon nanotubes (CNTs) and graphene has expanded their biological ap-
plications. Fullerene (Cgo) exhibits distinct catalytic activity, resembling
it as a carbon-based nanozyme. Under light, water-soluble carboxylic
acid (-COOH) functionalized fullerene can accelerate the breakdown of
DNA phosphodiester links [23]. Further, the applications of carbon-
bound nanozymes are explored as an interest in the activity of nano-
materials, particularly nanozymes [24-26]. In 2010, Qu’s group
discovered that graphene has intrinsic peroxidase-mimetic activity and
broadened the classification of carbon-based nanozymes [27]. From
then on, carbon-based nanozymes with well-defined geometric and
electronic structures and a host of other outstanding properties,
including mechanical, optical, thermal, and electrical capabilities, have
become viable candidates for their use as enzyme-mimics in biomedical
applications. In addition to metal, metal oxide, and carbon-based
nanozymes, numerous MOF-based nanozymes from the families of hy-
drolase (such as nuclease, protease, phosphatase, and carbonic anhy-
drase) and oxidoreductase (such as SOD, peroxidase, oxidase, and
catalase) have recently been developed [28]. MOF-based nanozymes
have shown great promise in environmental management, analytical
chemistry, diagnosis and treatment of diseases. The exceptional catalytic
activity of these nanozymes made them useful in the development of
colorimetric biosensors, which have become a strong and efficient way
for real-time detection. Combining nanozymes with colorimetric sensors
has resulted in the development of novel colorimetric sensing techniques
[29], and numerous studies have been conducted on MOF-based
methods for hydrogen sulfide (HyS) detection using fluorescence,
catalysis, and electrochemical characteristics [30].

From the above discussion, it is apparent that the field of biomedi-
cine has been supported by nanozymes, however, the understanding of
factors influencing the catalytic efficiency, enzyme-mimicking proper-
ties, and substrate specificity of nanozymes remains a complex
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challenge. In particular, the relationship between nanozyme’s inherent
structural features and external environmental conditions requires
deeper exploration to optimize their performance [31,32]. Furthermore,
the catalytic mechanisms are essential for the logical design of new
nanozymes with innate catalytic capabilities, and this strategy has been
extensively used in biomedicine as a controlled multifunctional platform
[33,34]. A wide range of biological applications, such as chemodynamic
therapy (CDT), oxygen-dependent tumor therapy, radiation therapy,
reactive oxygen species (ROS) related diseases, bacterial infection dis-
orders, etc., have recently been reported, which can be achieved by
numerous nanoparticles having intrinsic catalytic characteristics
[35-37]. The newly explored biomedical capabilities of nanozymes have
provided a fresh perspective towards expanding their use in the field of
sensing and medical sciences [38,39]. However, biocompatibility,
biosafety, scalability, stability, and side effects are among the aspects
that require further research attention before explicitly employing
nanozymes in sensing and medical sciences [33,34].

Nevertheless, in the recent past, various modes of nanozyme-based
biosensing approaches, including colorimetric, fluorescence, electro-
chemical, photothermal, and photoelectrochemical have been reported
for the detection of various target analytes, including biomolecules,
microbes, cancerous cells and other disease biomarkers [3]. In com-
parison to conventional techniques, nanozyme-based biosensing ap-
proaches offer several advantages like low detection limit (LOD),
enhanced specificity and accuracy, reduced cost, fast, and convenient
operation [40]. In this milieu, peroxidase-mimic nanozymes enable the
development of colorimetric sensors for qualitative and quantitative
detection of analytes. It has drawn wide attention from the scientific
community due to cost effectiveness, rapid response, and easy operation
with simple instrumentation. However, peroxidase-mimicking nano-
zymes encounter low catalytic response, influence of surrounding
environmental conditions, and weak affinity, which can be overcome by
alteration and modification of nanozyme’s surface [41]. Secondly,
fluorescent properties of nanozymes offer development of fluorometric
sensors with enhanced optical and fluorescence properties along with
high photostability and broader selection of excitation and emission
wavelength, and narrow emission peak [42]. However, this approach
suffers several disadvantages due to blinking effect, and aggregation-
caused quenching (ACQ), which leads to weakening or disappearance
of fluorescence effect. Further, biological systems also cause interference
in fluorescence activity and cause high background signal interference
[43]. Furthermore, due to biocompatibility and effective photothermal
conversion, nanomaterials have become widely popular in photo-
thermal sensing applications [44]. Nanomaterials, particularly those
possessing plasmonic characteristics such as gold nanoparticles
(AuNPs), demonstrate significant light absorption capabilities, and they
are adept at transforming absorbed light energy into heat. Alike, gra-
phene and its derivatives present benefits including easy preparation,
distinctive structures, strong photothermal effect, and biocompatibility,
all while lacking any inherent biological toxicity [45]. In addition, some
nanozymes suffer intrinsic constraints, including limited photothermal
conversion efficiency, inadequate photothermal stability, and complex
synthesis processes [46]. On the contrary, nanomaterials enhance the
response time of electrochemical sensors because of their remarkable
reactivity and rapid electron transfer rates [47]. AuNPs enhance elec-
trochemical signals by offering a substantial surface area for biomole-
cule immobilization, resulting in increased sensitivity for detecting low-
abundance biomarkers [48]. Further, high aspect ratio of Au nanowires
provides better electrical conductivity for electrochemical applications.
Small differences in dimensions, form, and surface characteristics of
nanomaterials can greatly influence their electrochemical performance,
posing challenges in obtaining consistent and repeatable outcomes.
Metal nanoparticles with a rough surface exhibit a more intense elec-
tromagnetic field around the surface protrusions. When the molecules
being measured are in proximity to these ‘tips’, their Raman signals have
a higher probability of being amplified. The mechanism of chemical
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strengthening indicates that only molecules that are adsorbed on
designated SERS-active sites on the surface of metal nanoparticles can
produce robust SERS signals [49]. The process involves a substantial
amplification of the Raman scattering signal when analyte molecules
adhere to the metal surface, which is predominantly composed of
nanoparticles or nanowires exhibiting nanoscale roughness. The appli-
cation of SERS to examine these isolates on the nano surface signifi-
cantly amplifies the Raman signal by 10'*-10'® folds, enabling the
detector to assess trace amounts of substances at the molecular level
[50]. Despite the significant enhancement provided, noble metal
nanostructures utilized as substrates exhibit several inherent limitations,
such as low stability, high cost, inconsistent repeatability, and biocom-
patibility, along with a lack of selectivity for probe molecules. Creating
highly sensitive, stable, expansive, and reusable SERS substrates
through economical production techniques poses significant challenges
[51].

Therefore, nanozyme-based dual-mode sensing strategies like
colorimetric/fluorometric, colorimetric/photothermal, colorimetric/
electrochemical, and colorimetric/SERS (Fig. 1), which generate two
distinct measurable signals in response to chemical or biological stimuli,
may offer a highly effective detection platform. Dual-mode approach
enhances accuracy through self-validation and self-correction, making it
a valuable tool for analytical applications [52]. Notably, the dual-mode
system identifies the target analyte by generating two distinct physico-
chemical signals through synchronized target interactions. This process
employs independent detectors rather than relying on multiple tech-
niques for the same sample. Unlike single-mode analysis, dual-mode
detection operates efficiently without cross-interference, ensuring
enhanced reliability and accuracy [53]. Moreover, utilizing dual-mode
methods could prevent inconsistencies in data interpretation inside a
complicated matrix and facilitate reciprocal verification, hence
improving the diversity, dependability, and precision of sensing [54].
The detection range of the analytes can be increased to enable initial
observation of the subject, if the two modes have varying sensitivities.
Furthermore, a dual-mode sensing system has the potential to overcome
the drawbacks of single-mode approach, including excessive assay
usage, restricted information gathering, and diminished reliability and
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nanozyme-based dual-mode sensing techniques used in sensing, biomedical,
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precision [53]. Hence, there is a growing focus on the advancement of
dual-mode biosensing systems that are efficient and cost-effective [55].
Although earlier publications have provided an excellent summary of
nanozymes’ activity [56] and their utilization in the detection of wide
range of target analytes employing different sensing strategies for mi-
crobial detection [57,58], theranostic purpose [59,60], and develop-
ment of techniques like sensor array [61], and lateral flow assay [62].
These articles majorly highlight on the nanozymes-based application in
particular areas i.e., detection of pathogenic microbes, therapy and di-
agnostics, and technique development, with their major focus on
different target analytes using different classes of nanomaterials. Thus,
insufficient emphasis has been placed regarding multi-mode biosensing
devices as a novel technique for the detection, leading to a scarcity of
available information. Moreover, with the increasing need for enhanced
precision and sensitivity in identifying targets due to the generation of
two distinct physicochemical signals, the rapid progress of multi-mode
assay technology has become a crucial focus of study. Thus, the major
focus of this review is to investigate the recent developments in nano-
zymes dual-mode sensing applications, with an emphasis on their
structural properties and how their catalytic activity can be affected by
various factors. Further, a summary has been presented about the
development and application of nanozyme-based sensor arrays as well
as the synergistic effect of smart nanozymes in sensing and biomedical
applications.

2. Nanomaterials with enzyme-mimicking characteristics

Each living organism comprises various enzymes that either function
independently or collaboratively to facilitate a specific biochemical re-
action or a set of reactions in living entities. Peroxidase, catalase, lac-
case, hydrolase, superoxide dismutase, and oxidase are some of the
important enzymes, which are essential for life.

2.1. Peroxidase (POD)-mimetic activity

Peroxidases catalyze the reduction of peroxides by donating an
electron to a substrate, which acts as an electron acceptor. Many studies
have reported excellent peroxidase-mimetic activity in various nano-
materials, including metal oxide nanoparticles, noble metal nano-
particles, carbon-based nanoparticles, and other nanocomposites [96].
Similar to an enzymatic reaction, the nanozyme reactions follow the
standard ping-pong mechanism and Michealis-Menten kinetics [97]. To
understand the mechanism underlying peroxidase-like activity of
nanomaterials, many studies have been carried out, and it is found that
the generation of ROS and electron transfer play a crucial role. This
mechanism was first discovered and validated in iron oxide nano-
particles (IONPs), which states the surface Fe™2 ions activate the
hydrogen peroxide (H203) and liberate ROS via Fenton or Haber-Weiss
reactions [2]. Later, this mechanism was observed in MOFs, in which
it was proposed that upon the absorption of HyO5, O—O bond is dis-
rupted, leading to release -OH radicals on the surface nanomaterial.
Furthermore, the generation of free radicals and the peroxidase-like
activity of noble metal-based nanomaterials exhibit pH switchable free
radical generation property [98]. In brief, in the first condition,
following H204 absorption at surface, O—O bond in H2O; breaks down
to generate OH* radicals, which in turn produces H,O and O* radicals.
In combination with hydrogen atoms from different chromogenic sub-
strates [TMB (3,3,5,5-Tetramethylbenzidine), OPD (o-phenylenedi-
amine dihydrochloride), or ABTS (2,2-azino-bis(3-
ethylbenzothiazoline-6-sulfonic acid)], the free O* radicals have the
ability to oxidize them to produce visible color thus establishing color-
imetric applications [99]. This phenomenon contributes to peroxidase-
mimic activity following a base-like pathway under acidic conditions
which is represented in Eq. (1).

H,0, < H,0 +0" @
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On the contrary, under basic conditions, the adsorbed OH atoms
contribute to catalase-like activity by following an acidic-like pathway.
In brief, the HyO5 breaks down into H* and HO5* due to breakdown of
the O—H bond and the mechanism has been represented in Eq. (2).
Here, produced H* combines with pre-adsorbed OH* to produce HyO
molecules.

H,0, - H" +HO," @)

* Denotes the adsorbed species at the nanoparticle’s surface.

Vernekar et al. had used vanadia (V20s) nanoparticles to exhibit
peroxidase-mimetics in a nanowire system to convert HyO2 to water
[100]. The mechanism is explained as in Fig. 2A. The work demon-
strated the GPx activity of the V,05 nanowires as compared to the other
metal oxides in the recycling of glutathione reductase (GR). It further
explains the internalization of the V205 nanowires in mammalian cells
through endocytic pathways in low concentrations. Likewise, Rashtbari
et al. provided an interesting technique where argon cold plasma is used
to modify cobalt oxide (Co304) nanoparticles for enhanced degradation
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Fig. 2. Schematic illustrating the mechanism of nanozyme activities corre-
sponding to Panel A: Peroxidase-mimetic by nanowire surface of vanadium
nanozymes. Reprinted with permission from Nature Communications, Nature
[100] Copyright © 2014. Panel B: Mechanism underlying the radical scav-
enging activity of cerium oxide nanoparticles along with nano-ceria surface
chemical reaction. Reprinted with permission from Biomaterials, Elsevier [102]
Copyright © 2007.
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rate of the malachite green (MG) [101]. The degradation mechanism is
attributed to Fenton like mechanism by the peroxidase-mimic Ar-Co304-
NPs and it was compared against the pristine Co3O4-NPs for their ability
to degrade MG.

Ar-Co304 + H"—Co™"/Co™" + H,0 3)
Co** +H,0,—~Co*"* + HO™ +HO- 4)
Co*** + H,0,—Co"" + H" + HOO- (5)
MG + HO —»Degraded Product 6)
MG + HOO —Degraded Product ()

The dye was subjected to a series of reactions such as reduction,
cleavage of ring, methylation as well as amination to form the by-
products before undergoing oxidation and reduction to hexadecenoic
acid. Peroxidase-mimetic activity of citrate-coated osmium nano-
particles has also been demonstrated for their use in nitrophenol
degradation [103]. Addition of osmium oxide (OsO2) as dopants en-
hances the peroxidase-like activity of osmium nanozyme [104]. The
assays to detect the OPD and TMB turned out to display the increased
peroxidase-like activity of the OsOzdoped osmium nanoparticles. The
material was also able to degrade 6 mixed phenolic pollutants (2,5-DCP,
2,4-DCP, 4-NP, 4-CP, 2-NP, and 2,6-DCP) by the enhanced catalytic
activity. In other study, peroxidase-mimetic nanozyme carrying dual
vanadium and iron inspired active catalytic center has been developed
[105], and the system was utilized in the detection of HoO2 produced
intracellularly from cancerous cells, wherein the peroxidase-like activity
attributed to the production of both ¢OH and eO,H™ radicals.

2.2. Catalase (CAT)-mimetic activity

As the nanozyme behavior exploration continued, the catalase-like
nanozymes gained popularity because of their role in restricting ROS.
It facilitates the degradation of HyO» to oxygen and H,0, which leads to
preventing oxidative damages to the cells [106,107]. However, it is
contingent upon the relative concentrations of nanozymes and sub-
strates, and the decomposition rates rise as the concentrations of these
agents increase [108]. By halting the production of ROS, this procedure
can successfully shield cells from oxidative stress. The amount of dis-
solved oxygen present during the reaction process is typically used to
gauge the catalase-mimicking activity. Further, temperature and pH also
have a significant impact on catalase-like nanozyme activity. While most
prefer neutral and alkaline settings, some nanozymes can also function
similarly to catalase in slightly acidic environments [109,110], and it
adhere to the conventional Michaelis-Menten catalytic process [111].
The structure, shape, and surface valence of nanoparticles, in combi-
nation with the pH of surrounding environment, are all strongly related
to the catalytic reaction caused by catalase-like activity. Redox reactions
and adsorption activation are common examples of catalytic processes.
The catalytic mechanism of metal-based catalase-mimicking nanozymes
is found to be intimately linked to the free radical chains. On nanozyme
surfaces, pre-absorbed OH* (* indicates species that are attached to
metal surfaces) play a crucial role in inducing H,O5 to favour acid-like
decomposition. Subsequently, the decomposed H interacts with pre-
adsorbed OH* to give HOy* and Hy0*. The produced HO.* then
passed H to another HyO5*, resulting in an O,* and changing the HoOx*
into HpO* and OH* [112]. Furthermore, because Co3O4 nanozyme
contains redox forms, the breakdown of HyO» is accompanied by a redox
reaction in addition to a free radical reaction. OOH, which is more
nucleophilic than H0,, reacts with OH- at a high pH to make OH and
Co (II), respectively. OOH is also easily able to engage with Co (III), and
the resulting OoH would then react with the OH produced by Co (II),
activating HyO,. High pH would help both reactions along and speed up
Co304 breakdown of HoO3 [113]. In case of Prussian blue nanoparticles

Coordination Chemistry Reviews 540 (2025) 216768

(PBNPs), reports showed that at higher pH they exhibited highly effi-
cient catalase-mimetic activity [114]. At alkaline pH, H202/05 redox
potential is highly reduced, and thus HyO, is more prone to easy
oxidation into Oj. Generally, reduction of PB leads to the formation of
Prussian white (PW), whereas oxidation forms the Berlin green (BG) or
Prussian yellow (PY). At higher pH, less amount of PBNPs can be
oxidized to PY or BG to facilitate the electron transport from TMB to
H50,. Therefore, at alkaline pH, catalase-like activity dominated by the
following reactions (8-11).

3 PB4 H,0,—BG +20H" (8)
2BG + H,0,—6PY + 20H" 9
6PY + H,0, + 20H™ —2BG + O, + 2H,0 (10)
BG + H,0, +20H =3 PB + O, + 2H,0 an

Cerium oxide nanoparticles (CeO,) as catalase-mimics unexpectedly,
have been reported to demonstrate a redox-state-dependent behavior.
Following the electron transfer from H,02 to two ce®t, the 0—O link
between the Hy0, molecules and the Ce3* site cracks, releasing water
molecules [115]. Ce** then returns to Ce®* by an oxidation reaction,
and the catalase activity benefits from the high valence state on nano-
zyme surfaces [116]. CeO5 nanoparticles also aid in the hydroxyl ion
free radical scavenging activity as explained by Das et al., in a work
where they evidenced the autocatalytic behavior of ceria nanoparticles
[102]. The work claims in nano dosage amounts, the ceria nanoparticles
have a free radical scavenging activity which aids the neurodegenerative
condition in rats (Fig. 2B).

2.3. Oxidase-mimetic activity

Nanozymes exhibiting oxidase-like activity can catalyze the oxida-
tion process on substrates. The reaction follows Michaelis—-Menten ki-
netics, and the catalytic process involves electron transfer that is
influenced by pH, temperature, and substrate. The production of reac-
tive species and electron transfer are steps in the reaction pathway of
nanozyme oxidase-like activity [117]. The intermediate synthesis of
singlet oxygen, oxygen superoxide anion, and electron transfer processes
influences the oxidase-type properties of nanomaterials. Nanozymes
engage in the electron transfer process, acts both as electron donors and
recipients. The activity resembling that of oxidase in naked AuNPs is
elucidated by the initial adsorption of the hydrated glucose anion onto
the Au surface, resulting in the formation of electron-rich Au species. A
nucleophilic attack ensued, activating dissolved oxygen and resulting in
a dioxo Au intermediate, facilitating the conversion of electrons from
glucose to dioxygen [118]. Studies have revealed that MoO3 possesses
sulfite oxidase activity, and it has been hypothesized that Mo (VI) is
reduced to Mo (IV) and that SO3™ is first bound, then oxidized to SO‘zf
on MoOs nanoparticles having various oxidation states. Subsequently,
Mo (IV) underwent oxidation to revert to Mo (VI) through a series of two
one-electron reduction reactions [119].

Interestingly, free radicals are the starting point to produce reactive
species, and they can originate from substrates or oxygen molecules. For
instance, it has been reported that the free radicals are produced from
substrates for the trinuclear complex [CU3(1T1-O)3]2+, imitating methane
monooxygenase [120]. Herein, the antibonding CH orbital [s*(CH)] of
methane and the corresponding single-occupied molecular orbital of
[Cug(m—O)g]2+ interact to activate methane, followed by the cleavage of
the C—H bond, which forms a link with the cluster between the OH
group and methyl radical (CHs). Subsequent CH activation, methanol
molecules tend to coordinate with two neighboring copper centers in the
trinuclear species. This process occurs without an energy barrier, as CHs
radicals recombine with the hydroxyl group bound to Cu within the
cluster. Reports indicate that activated dissolved oxygen is a source of
free radicals. Substrate oxidation is caused by ROS intermediates (such
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as Oge—, 105, or eOH), which are produced by enormous dissolved ox-
ygen being absorbed and activated by the huge specific surface area of
nanozymes [121-124]. According to Huang et al., the oxygen radical
chain reaction generates O3 first, which is then quickly transformed into
H,0, and 10, [125].

Likewise, the oxidase-like activity of AuNPs has been explained by
employing ultrasmall-sized 3.6 nm particles to evaluate their catalytic
behavior [118]. The electron-rich Au species interact with the glucose
anion to activate molecular oxygen via nucleophilic attack, which is by
virtue of the electronic properties of the metallic nanoparticles of size
less than 10 nm (Fig. 3A). Peng et al. had demonstrated the oxidase-like
behavior of Mn304 nanoparticles coated on top of porous reduced gra-
phene oxide for the detection of ascorbic acid [126]. The work explains
that, with increased surface area, faster electron transfer occurs,
resulting in the faster oxidation of tetramethylbenzidine. Furthermore,
the effect of pH, temperature, and interfering moieties are tested and
found to have no effect on the system [126].

2.4. Superoxide dismutase (SOD)-mimetic activity

Superoxide dismutase serves as significant antioxidant enzyme to
converts superoxide anion (0%) radicals into HyO5 and oxygen [1].
Several nanozymes, including CeO, nanoparticles, Mn304, and MnO,,
are known to exhibit SOD-mimetic activity, and the actions of these
mimics are elucidated via the coupled electron transfer model pertaining
to CeO; nanoparticles. One of the earliest known nanomaterials to
demonstrate SOD-mimicking properties is nanoceria, which is attributed
to oxygen vacancies and convertible valence states (Ce3+ and Ce4+).
While the Ce** could revert to the original Ce>* through the oxidation of
H20,, the oxygen vacancy could react with superoxide to transfer
electrons through the formation of HyO5 as shown in Fig. 3B [115]. In
summary, the O3 molecule attaches to the reduced oxygen vacancy site,
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leading to the release of HyO5 as a result of the absorption of two protons
and the subsequent transfer of one electron from Ce3* [128]. Alternative
theory suggests that SOD activity in CeO nanoparticles is caused by the
surface defect locations, where HO3 adsorbs. CeO3 nanoparticles regain
their original state, followed by the production of H,O5 and oxygen as
nanoparticles’ surface reacts with HO3. Moreover, iron oxide and cobalt
oxide are reported to exhibit SOD-mimetic activity based on Eley-Rideal
(ER) and Langmuir-Hinshelwood (LH) mechanisms, respectively.

As discussed earlier, the SOD-mimetic activity of nanozymes may
also be attributed to the surrounding pH or the structure and surface ions
of nanomaterials. A pH that is too high, suppresses the catalytic activity
by creating a stronger electrostatic barrier against superoxide radicals.
The primary functions of nanozymes are adsorption, activation, and
electron transfer because of the unpaired electrons and multivalent ions
on the surface. Nevertheless, surface ions, pH or nanozyme architectures
dictate the actual processes. The protonation of Oz and the adsorption
and rearrangement of HO3 (hydroperoxyl radical) on metal surfaces are
the primary routes for the SOD-like activities of metals and alloys. Due to
the strong adsorption of HO3 on the nanozyme surface, Oz~ (oxide ion),
acting as a Brgnsted base, readily accepts a proton from water, leading to
the formation of HO2~ (hydroperoxide ion) and OH ™ (hydroxide ion).
Consequently, the rearrangement of HO3 results in the simultaneous
generation of HyO, and Oy [129]. According to reports, superoxide
radicals could be eliminated by tris-malonic acid derivative of the
fullerene Cgp molecule (C3) by drawing in electron-deficient areas. Su-
peroxide anions are electrostatically driven towards electron-deficient
regions of malonic acidic group at nanozyme surface. Further, proton
on carboxyl group stabilizes the O3~ via hydrogen bonding until the
arrival of second O3 to combine with earlier. This leads to dismutation
of O3~ due to protons present on carboxyl group/ water molecules [130].
Similarly, poly-(ethylene glycol) hydrophilic carbon clusters (PEG-
HCCs) have shown improved SOD-mimetic catalytic activity, however,
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Fig. 3. Schematic illustrating the mechanism of nanozyme activities corresponding to, Panel A: Oxidase-mimetic demonstrated by ultrasmall gold (Au) nano-
particles. Reprinted with permission from Advanced Synthesis & Catalysis, Wiley [118] Copyright © 2006. Panel B: Superoxide dismutase (SOD)-mimetic exhibited by
cerium oxide nanoparticles as depicted by electron transfer model. Reprinted with permission from Chemical Reviews, American Chemical Society [36] Copyright ©
2019. Panel C: Laccase-mimetic activity exhibited by Cu—S cluster in detection of hydroxyquinone. Reprinted with permission from Journal of Hazardous Materials,
Elsevier [127] Copyright © 2023. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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they do not have an effect over peroxynitrite (ONOO ™) and nitric oxide
(NO-) [131]. Herein, two different mechanisms for SOD-mimetic activity
of PEG-HCCs are proposed, (i) covalent bond formation among PEG-
HCCs graphitic domain and radical, which in turn leads to radical
annihilation activity, (ii) PEG-HCCs mediated transformation of O3~ to
O,. In contrast to the aforementioned nanozymes, melanin nanoparticles
(MeNPs) possessing SOD-mimetic activity would be able to scavenge
03, NO-, and ONOO™ jointly [132].

2.5. Hydrolases-mimetic activity

One of the most prevalent enzymes, hydrolase, is essential to bio-
logical systems because it catalyzes the hydrolysis of chemical bonds.
Many nanomaterials (including Ce-AuNPs, Au, CeOs, ZrO,, MOFs, and
Fe304) have outstanding hydrolase-like activity. Reaction mainly uti-
lizes water as receptor for the for the transfer group to catalyze the
hydrolysis reaction [133]. Despite the catalytic mechanism of hydrolase-
like activity in nanozymes, it has received less attention in comparison
of others. According to findings, MOF/g-C3N4 demonstrates hydrolase-
like activity in catalysis of dimethyl chlorophosphate (DMCP) through
the process of adsorption and substrate breakdown activity. Cu-BTC
(1,3,5-benzenetricarboxylic) and g-C3N4-0x can be combined to form a
nanocomposite (MOFgCNox) of heterogeneous porosity and chemistry.
First, the P—O0 group of the vaporized DMCP molecules complexes on
copper sites, causing the molecules to be adsorbed. Subsequently,
distinct interactions occur between DMCP and the copper-based amor-
phous phase, including hydrogen bond formation and polar interactions.
These involve the P—O group interacting with uncoordinated hydroxyl
groups of BTC units or positively charged Cu?' ions, respectively.
Further, hydroxyl groups in water molecules take the position of
DMCP’s chlorine atom, causing DMCP to hydrolyze into DMP [134].
Kuang and colleagues also found that CdTe nanoparticles treated with
chiral cysteine might resemble restriction endonuclease, enabling it to
identify and cut at the restriction site GAT’ATC in double-stranded DNA
that has more than 90 base pairs [135]. In this mechanism, DNA acts as
an electron acceptor, aiding in the cleavage of phosphodiester bonds,
while nanoparticles serve as electron donors, promoting the generation
of ROS. In another study, chiral copper sulfide quantum dots (d/1-QDs)
are used as photocatalysts to induce protein cleavage. The hydroxyl
radicals produced by d/1-QDs selectively disrupt peptide bonds between
lysine (K) and leucine (L), facilitating precise protein fragmentation (61
kDa + 5 kDa) [136].

2.6. Laccase-mimetic activity

Laccase enzymes are found in many natural sources, including bac-
teria, fungi, plants, and insects. As a part of the multi-copper oxidase
family, laccase can oxidize various phenolic and non-phenolic com-
pounds due to its broad substrate range and low specificity [137]. To
this enzyme, oxygen serves as an electron acceptor to produce water as a
byproduct. The reaction mechanism of laccase involves the sequential
one-electron oxidation of four reducing substrate molecules, coupled
with the simultaneous two-electron reduction of oxygen into water. This
process facilitates the catalytic exchange of four protons [138]. Liang
et al. synthesized amorphous MOF of guanosine monophosphate coor-
dinated copper [139]. Interestingly, the mechanism of conversion of
polyethylene has created a lot of interest in the laccase enzyme, which
eventually is being replaced by laccase-mimicking, more robust alter-
natives like the copper-substituted MOF. The work explains the mech-
anism of conversion of polyphenols by the laccase-like nanozyme. The
catalytic ability of the Cu-GMP is demonstrated with the conversion of
2,4-dichlorophenol (2,4-DP) under a variety of pH, temperature, and
saline conditions. In another study, Huang et al. utilized Ag>O nano-
particles to mimic laccase-like catalysis to detect kanamycin via a
smartphone-based interface [140]. This work illustrates the calorimetric
detection of incremental concentrations of kanamycin by the Ag,O
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nanoparticles to an extremely low concentration of 1.3 nM. The phenolic
substrates are oxidized to form a semiquinone radical, which is reacted
with 4-Aminoantipyrine (4-AAP) to form red solution. The kanamycin
reacts electrostatically with the cubic Ag»0 and adsorbed onto the sur-
face, hindering the formation of the semiquinones. The color change
correlated with the concentration of kanamycin, which gives the calo-
rimetric signal for the ultra-low levels. Furthermore, Xu et al. employs
octahedral Cu—S clusters with a size range of 200-450 nm to evaluate
the chromogenic interaction between 2,4-DP and 4-AAP to detect
hydroxyquinone (HQ) through advanced oxidation reaction (Fig. 3C)
[127]. HQ showed fast reaction kinetics with Cu—S and had rejected
interference from metal ions and organic molecules showcasing their
selectivity.

3. Characteristics of nanomaterials, and their role in enzymatic
activity

The distinct physicochemical properties of nanomaterials, which can
be tailored to meet specific application requirements, are closely linked
to their enzyme-like properties. Aspects of enzymatic activity like sub-
strate selectivity, catalytic activity, and multienzyme-like activity
depend on physicochemical properties of nanomaterials, including their
size, shape, crystallographic state, surface modification, and self-
assembly [141-145]. In addition to these aspects, pH and temperature
are other important parameters which can have significant effect over
nanozymes catalytic activity [141,146]. Table 1 summarizes the effect
of each of these parameters on nanozyme catalytic activity and effi-
ciency. Interestingly, the key surface properties that influence enzyme-
like activities of nanomaterials include surface charge density, hydro-
phobicity, and binding affinity [147], and all these can be modulated
through chemical functionalization or careful nanomaterial synthesis.
Furthermore, the small size of nanomaterials allows them to penetrate
and interact with biological systems at the molecular level, potentially
enabling activities like gene delivery, cell membrane disruption, and
targeted formulation delivery [143,148]. Nanomaterials with tailored
surface properties could be designed to mimic natural enzymes and
catalyze specific reactions, while avoiding drawbacks of natural en-
zymes, such as limited or low stability and high production costs. This
could enable a new field of ‘artificial enzymes engineering’ to enhanced
catalytic efficiency, reusability, and stability compared to natural en-
zymes. The unique nanoscale properties, particularly high surface area
to volume ratios and tunability, make designer-made nanomaterials
promising candidates for a wide range of enzymatic-based applications
[149]. In the context, it has been discussed that how various factors like,
size, shape, chemical composition, and surface modifications matter in
the nanozyme-based disease diagnosis and treatment strategies. It has
been well indicated that Fe304 nanozymes’ basic catalytic mechanisms
is highly essential in the current developments of tumor catalytic ther-
apy, which can be further enhanced by surface modification. Besides,
surface modifications effect with polymers, organic small molecules,
and inorganic materials can affect the enzymatic properties of nano-
materials [150]. Likewise, Au nanozyme surface modifications aimed at
integrating enzyme-like activities, while enhancing or inhibiting cata-
lytic functions in the presence of specific analytes or substrate targets for
biosensing and bioassay applications have also been explored [151].
This section explains and provides examples related to size-, shape-,
crystallographic state-, surface modifications, as well as pH and
temperature-based changes toward nanozymes, including binding af-
finity, selectivity enhancer, reversible catalytic activity inhibitor,
multienzyme-like activity, and catalytic activity enhancer.

3.1. Chemical composition
The chemical composition of nanomaterials is an essential factor

influencing their enzymatic activity. Nanozymes can have their catalytic
properties fine-tuned through surface modification and doping. For



R. Singh et al.

Coordination Chemistry Reviews 540 (2025) 216768

Table 1
Effect of various factors on catalytic activity of nanozymes.
Factor Nanoparticles and enzyme-like activity Variation Activity Effect Refs.
3.3 nm IS(S?t: 9.4 x 10*
. 5
Pd-Ir core-shell nanoparticles 5.9 nm gf?t' 3410 Increase in Pd—Ir nanoparticles catalytic activity with increases
Size Keat: 9.6 x 10° in particle size. Detection sensitivity enhanced by reducing the [63]
Peroxidase 9.8 nm g1 size.
13.0 nm KE:lit: 1.2 x 10°
S
11 nm
Size Fe304 nanoparticles Peroxidase 20 nm Km: 0.27 Reduced sample size leads to the increased catalytic activity. [64]
150 nm
' 3.3 nm PO]?lUnit: 217
Size g::\;)l;;z:gopamcles gogD Unit: 1009 Smaller-sized nanoparticles possessed higher enzyme-activity [65]
1.5 nm 1
U.g
14.0 + 0.6 kJ/
Tetrahedral mol Pd icosahedra exhibited significantly superior peroxidase-like
Shape Platinum nanoparticles Cubic 26.4 + 1.3 kJ/ acti\{ity. At'tributed to Pd icosahedra. exhibiFed a higl.'ler ?evel (?f [66]
mol tensile strain compared to compressive strain, resulting in their
Spherical 22.6 + 1.2kJ/ enhanced effectiveness in the formation of OH radicals.
mol
Shape Palladium nanoparticles Octahedrons Km: 135.1 mM Pd octahedrons exhibit significantly greater catalase activity 1671
Catalase Nanocubes Km: 102.4 mM compared to Pd nanocubes.
Nanoprism S/V: 0.55 nm ™!
Nanocubes S/V: 0.14 nm™! Catalytic activity order
Shape AuNPs Nanospheres S/V:0.3nm ! nanoprisms > nanocubes > nanospheres > nanorod 1681
Nanorods S/V: 0.54 nm~!
Surface AuNPs Unmodified Unmodified AuNPs have stronger catalytic activity than citrate-
modification Peroxidase Amino-Modified capped or amino-modified. The surface gold atoms contribute to [69]
Citrate-capped the observed peroxidase-like activity.
Amino Kc4at: 21.11 X
10* S~
Carboxyl Kcat: 21.25 X NH;-Co304 has highest catalytic activities followed by SH-
Surface €040, nanoplates 10* s~ Co304 > COOH-Co304 > pure Co304 > OH-Co304. Variations in [70]
modification 34 P Hyd 1 Kcat: 1.60 x functional groups altered electron transport and catalytic
yaroxy 104571 activity.
Kcat: 2.39 x
Sulfhydryl 10%s1
Methyl IS(S';H: 2.0 x 10°
Surface Keat: 2.7 x 106 Cationic nanozymes with hydrophobic surfaces follow the
Modification Ruthenium or palladium catalysts Benzyl g1 Michaelis Menten model, substrate inhibition exhibited by polar
Tolyl Keat: 4.8 x 10° groups:
S
Laccase-
High temperature mimetic activity
Temperature Copper peroxide@polydopamine and neutral pH Potential mechanism for the dual enzymatic activity of 71
and pH (CuO,@PDA) nanozyme CuO,@PDA has been suggested, highlighting the significant role i
of the conversion of Cull/Cul active sites in the catalytic cycle of
CuO,@PDA.
Peroxidase-
Low temperature mimetic activity
and acidic pH
pH (2-10) . Pemxidas‘e activi.ty rises as pH levels shift frf)r.n 2 to 4, followed
Temperature Gold nanoparticles intercalated into the Pe.r0x1fiase-. . by a decline attributed to the rfeduced .SOIUblhty of TMF aF -
and pH walls of mesoporous silica (AuMS) mimetic activity ~ elevated pH levels. The change in reaction temperature indicates ~ [72]
that the catalytic activity reaches
its peak at 40 °C.
Peroxidase-
Temperature mimetic activity
(20-80 °C)
pH Porous coordination network (PCN)s- Physiological pH Peroxidase- Peroxidase-like activity of PCN-222-Fe nanozymes shows a [73]

222-Fe nanozymes

mimetic activity

significant increase at physiological pH.
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instance, the incorporation of different metal ions into the lattice of a
metal oxide nanoparticle can significantly alter catalytic activity.
Doping, can create surface defects, induce unsaturated vacancies, and
regulate the oxidation states of surface metal ions, which play major role
in enzymatic properties of nanomaterials [143]. A prominent example is
the synthesis of ceria-zirconia nanoparticles (CZ NPs) comprised of
different Zr-to-Ce ratios. Result showed that incorporation of Zr ions in
the lattice of Ce nanostructure leads to significant enhancement of the
vacant oxygen availability, due to fast conversion of Ce®>* to Ce** and
vice versa. It might be attributed to the reduced capacity of small Zr ions
to alleviate lattice strain driven by the Ce®" to Ce*' transition. The
findings suggest that the Ce®*/Ce** ratio rises and there are more sur-
face oxygen vacancies, which increases the nanoparticles’ multi-
antioxidant capabilities. Ceo.7Zro.302 nanoparticles, in particular,
exhibited better and improved ROS scavenging properties required for
the treatment of diseases such as lipopolysaccharide-induced endotox-
emia [152]. Another heteronanostructure composed of Ce (core) and
Mng30y4 island has been reported with enhanced oxidase-mimetic activity
[153]. Strained Mn304 island forms on the surface of Ce core as a result
of the heterogeneous precipitation of Mn3O4, which may enhance the
amount of available oxygen in Ce core and accelerates the redox reac-
tion. These nanostructures are more effective at scavenging ROS than
individual metal ions because of their bimetallic composition.

Furthermore, it has been demonstrated that CeO, nanoparticles
coated with 12-phosphotungstic acid (PTA) following exposure to UV
light PTA self-reduces to PTA*, which in turn accelerates the transfer of
electrons from CeO; nanoparticles to AuNPs, where the metal nano-
particle serves as an electron sink. The resulting CeOy NPs -PTA*-AuNPs
exhibit approximately twice the peroxidase-like activity compared to
PTA*-AuNPs alone, attributed to the efficient transfer of electron from
CeO2 nanoparticles to AuNPs facilitated by PTA* [154]. For CeOq
nanoparticles, our group also showed that the catalase-mimetic activity
is robust to the phosphate anions, changes in pH, and the makeup of the
media used in cell culture [155].

Report showed that doping of Mo over the Ni—Fe PBA-based
nanocages significantly increased the stability and catalytic activity of
the nanocages with enhanced peroxidase, and catalase-like activities by
37 and 27 times in comparison to pristine PBNPs [30]. Furthermore,
nanocages demonstrated significantly greater stability than normal en-
zymes in adverse conditions like variable pH, high temperature, and
high salt concentration. Incorporation of iridium (Ir) over the palladium
(Pd) nanocubes has been demonstrated to develop (Pd—Ir) bimetallic
nanostructure [156]. Result showed that These Pd—Ir nanoubes en-
hances the H,O, degradation as they exhibited ultrathin Ir shell, which
has capability to adsorb more OH, in comparison to bare Pd nanocubes.
High reactivity and enhanced contact with the Pd nanocubes are
attributed to the ultrathin structure of Ir shells. In another study, Liu
et al. reported the development of copper-doped carbon dots (Cu-CDs)
with high peroxidase-like and catalase-like activity and enhanced
biocompatibility [157].

Heteroatom doping, has been shown to improve the catalytic activ-
ities of carbon-based nanocatalysts and confer new enzyme-like activity
by coordinating their properties. This is because heteroatoms like ni-
trogen (N), boron (B), sulphur (S), oxygen (O) and phosphorus (P) have
significant electron negativity, which may help with electron transit and
efficient use of the different nanozyme components [158].Heteroatoms
creates defect at surface of nanozyme, thus delocalizing and affecting
the total electron density framework which in turn act as active sites for
catalytic activity [159]. In consideration to their electron donor
behavior, N-doping leads to development of highly active n-type
nano-carbons to enhance the catalytic activity. It can be attributed to the
fact that lone pair of electrons can produce more surface defects and thus
active sites by perturbing the surrounding electronic structure [160]. In
a study, Fan et al. demonstrated the doping of “N” over porous carbon
nanosphere leads to the inheritance of peroxidase, catalase, oxidase, and
SOD-like activity. These nanozymes targets the tumor cell death by
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producing toxic ROS [161]. In addition to “N”, catalytic activity of
nanozymes can also be readily enhanced by the doping with oxygen
family. In this context, oxygen-doped carbon nitride has been analyzed
for their peroxidase-mimetic activity. Result suggests that, oxygen
doping has significantly enhanced the catalytic activity nanozymes due
to the accelerated electron transfer in comparison to pristine g-CsN4
[162].

Further, catalytic activity of carbon-based nanozymes can also be
majorly enhanced by the co-doping with mixed heteroatoms or metal or
metal oxides. In this context, it was discovered that co-doping with N, S,
and P increased the active sites and ROS generating capacity, incorpo-
rating the peroxidase-mimicking activity in CQDs (NSP-CQDs).
Furthermore, the pH window is expanded by heteroatom doping
because of the improved stability and polarity. In addition to having
antibacterial properties, these NSPCQDs were active against ABTS
oxidation at neutral pH [163]. The edge structure was enhanced by co-
doping with N and B in another example by Luo et al. As a result, there
were more structural flaws and faster electron transport from N to B,
which served as peroxidase activity active sites [164]. Thus, heteroge-
neous components of the nanozymes work in concert to improve sub-
strate binding and active sites, enable electron transfer, and ultimately
increase the nanozymes’ selectivity and sensitivity.

3.2. Size

The size of nanoparticles is another critical determinant of their
enzymatic activity, as smaller nanoparticles exhibit higher catalytic
activities. This effect can be attributed to the fact that with decrease in
particle size, corresponds to increased specific surface area and atomic
number of the surface which in turn leads to formation of multiple un-
saturated and dangled bonds on the particle surface. Due to this, surface
energy improved with exposure of many active sites finally enhancing
the catalytic activity [165]. For FesO4 nanozymes, investigation
revealed a size-dependent decrease in the peroxidase-like activity in
order 30 nm > 150 nm > 300 nm. It might be attributed due to the
presence of high Fe(I) on the small-sized particle because of high sur-
face area, which plays crucial role in enhancement of peroxidase-like
activity [2]. This fact is further confirmed by size dependent investiga-
tion of Peng et al. to different sizes of nanozymes [64]. Here, again
catalytic activity of different sized Fe3O4i.e. 11 nm, 20 nm, and 150 nm,
has been evaluated. As expected, result showed increased catalytic
response with decreasing size of nanoparticles. It could be explained, the
reduction in particle size exhibited enhanced surface area with more
active sites, which in turn facilitate the more efficient contact with the
substrate. Ruthenium nanoparticles (RuNPs) also demonstrated the size-
dependent antioxidant enzyme-like activity [66]. Result showed that, as
expected, in comparison to 3.9 nm and 5.9 nm, RuNPs at small size of
~2 nm, exhibited high enzymatic activity due to dominance of surface-
oxidized Ru atoms. Likely, other group also discovered that, in com-
parison to large-size PBNPs (128 nm), ultrasmall PBNPs of 3.4 nm
showed considerably increased peroxidase - and catalase-like activities.

However, this trend does not always hold, as several other factors
such as surface defects effects can also influence enzymatic activity of
nanoparticles. For example, catalytic activity of citrate AuNPs and pol-
yvinylpyrrolidone (PVP)@AuNPs in size range of 10-15 nm has been
evaluated for their catalytic activity [166]. Result indicated that AuNP
of varying sizes, while maintaining the same total surface area, exhibited
distinct catalytic behaviors. The pattern of catalytic activity shows no
dependence on the conjugated ligands for citrate and PVP ligands.
Increased defects are observed on the surface of larger AuNP, potentially
leading to a greater distribution of active sites on their surface. This
observation could elucidate the enhancement of the catalytic reaction
based on size dependency. Furthermore, variations in the stabilities of
nanoparticles throughout the catalytic process could result in distinct
aggregation states, potentially affecting the rate of the reaction. Obser-
vation further supported by a recent investigation that thoroughly
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examines the size effect on peroxidase-like activities of nanozymes by
utilizing Pd—Ir core-shell nanoparticles with different size i.e., 3.3, 5.9,
9.8 and 13.0 nm, but with same surface structure and shape [63]. Result
profoundly indicated that catalytic activity increased with particle size,
with area-specific activity remaining stable for 3.3-9.8 nm particles but
decreasing slightly at 13.0 nm. It was also shown that with increase of
particle size K. value (highest number of substrate conversion to
product per second) also increases from 9.4 x 10% to 1.2 x 10 s71.
Smaller nanoparticles showed lower detection limits in ELISA-based
biosensing, offering insights into optimizing nanozyme performance.
Further, a study was conducted on four different sizes i.e., 2 nm, 4 nm, 8
nm and 12 nm of on AuNPs stabilized with bovine serum albumin
(Au@BSA nanoparticles). Result demonstrated that 4 nm-sized nano-
particles possessed higher peroxidase-like activity in comparison to 2, 8,
and 12 nm, whereas, GOx-like activities remain constant at all size
range. The reason behind this anomaly was not entirely clarified, sug-
gesting that factors beyond mere size, such as the nature of surface li-
gands or particle agglomeration, might play a significant role [167]. In a
recent study, catalytic efficiency of carbon nanotube-supported ultra-
small Pt-based nanozymes (Pt/CNTs) in size range of 0.55-2.81 nm has
been evaluated [168]. The observed electronic and kinetic effects that
depend on size have been noted for the peroxidase-like reaction,
demonstrating a volcano-type relationship between intrinsic activity
and the sizes of Pt nanoparticles, with the optimal size identified as
approximately 1.69 nm. Result demonstrated that at optimum size Pt
nanoparticles facilitate the proper affinity to substrate with excellent
catalytic performance.

In addition of regulating catalytic activity and efficiency, size of
nanozyme also govern the selectivity in few cases. Interestingly, it has
been found that, at optimum size, multienzymatic activity of CeOy
nanozymes can be governed by the shuttling of electrons from one
oxidation to other ie., Cet> and Ce™. Only small-sized CeO, nano-
zymes, typically smaller than 5 nm, tend to acquire the SOD mimicking
function. This is most likely because more oxygen vacancies are formed
on the surface to maintain a greater ce3t [11]. Thus, size of nanozymes
exhibited a significant impact on their catalytic activity as well as on
sensitivity and selectivity enabling wide range of application in diag-
nostic as well as therapy.

3.3. Morphology and crystallographic state

Several morphology-dependent properties like energy, nanocrystals
plane, and surface dimensions are well reported to influence the enzy-
matic property of nanoparticles [3]. Different morphologies, such as
spherical, rod-like, or flower-like structures, provide varying surface
areas and active site configurations, which can enhance or inhibit cat-
alytic performances. For instance, flower-shaped Mn3O4 nanoparticles
exhibited high catalase- and GPx-like activities in comparison to syn-
thesized counterparts (polyhedron, flake-like, hexagonal plate-like, and
cuboid structure). This effect might be attributed due to the significantly
higher pore size and enhanced surface area of nanoflowers. In another
report, catalase- and GPx-like activity of orthorhombic V305 having
different morphologies i.e. nanosheets, nanowires, nanospheres, and
nanoflowers, has been evaluated [169], and results showed that cata-
lytic activity of nanozyme followed the order of nanospheres > nano-
flowers > nanosheets > nanowires, indicating no correlation between
available surface area and GPx-like nanozyme activity. This difference in
activity might be attributed to the difference in formation rate of V-
peroxido species at nanozyme surface due to the reactivity of V=0 bond
towards H20». This reaction is highly favored on the nanosphere surface
in comparison to all other morphologies. Further, various carbon mor-
phologies like nanoflakes, nanoflowers, dendrites, nanosheets, and
nanoleaves have been evaluated for their enzyme-mimetic activity.
Results have confirmed that as tentacle of dendrites exhibited high
exposed surface area, which in turn accelerates the enzymatic activity by
providing more surface-active sites. Further, core-shell structure imparts
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the additional activity as tubular structure can provide both internal and
external site for catalytic activity [160]. A recent study compared the
catalytic reactivities of gold nanorods (AuNRs) and gold nanospheres
(AuNSs), and it was shown that in presence of sodium borohydride
(NaBHy4), both AuNRs or AuNSs grown by seed-mediated technique and
coated with CTAB were catalytically active. The investigations revealed
that the catalytic system utilizing AuNRs exhibits the higher activity,
attributed to the greater number of particles and atoms present on the
surface compared to spherical particles [170]. Another study on iron
oxide nanoparticles demonstrated that flower-like Fe3O4 nanoparticles
exhibited superior peroxidase-like activity compared to their spherical
counterparts. The increased activity is attributed to the higher surface
area and more active sites for substrates exposed in the flower-like
structure, which facilitates better interaction with substrate molecules.
The unique morphology also allows for multi-point attachment of sub-
strates, enhancing the catalytic process. Zhang et al. in another study
prepared the different shapes of Co304 nanoparticles, including nano-
cubes, nanorods, nanopolyhedrons, and nanoplates [171]. It has been
shown that {112} plane is considered as most active and accessible
plane out of the three. Co>™ is pivotal to the catalytic properties of Co304
nanoparticles; thus, increasing the surface exposure of Co®* on nano-
particles is advantageous for augmenting their catalytic efficacy. It has
been well reported that Co>" do not exist on plane {111} and {100},
whereas each {110} consists of 4Co°" and 5Co®>" and {111} plane
contains more Co®* than {100} plane. In the context of above expla-
nation, catalytic activity depending on plane follows the order of {112}
> {110} > {111} > {100} and thus Co304 nanoplates exposing {112}
exhibit the highest catalytic activity. The results indicate that Co304
nanorods reveal an active {110} plane on their lateral surface and a less
active {111} plane on their terminal surface, resulting in their catalytic
activity being superior to that of Co304 nanocubes with {100} plane
exposure and inferior to that of Co304 nanopolyhedrons with {110}
plane exposure. In another example, {110} plane exposing CeO3 nano-
rods exhibited higher oxidase-like activity in comparison to their cuboid
counterpart with {100} plane. Whereas CeO; nanocubes exhibit
enhanced catalase-like activity, with octahedron {111} plane exhibiting
lower catalase-like activity [172]. A subsequent mechanistic investiga-
tion revealed that the electron density of the surface cerium atoms
varied consistently across different crystal facets, resulting in their
distinct catalytic activity. Another study on manganese dioxide (MnO2)
nanozymes has shown that nanowires and nanosheets display different
levels of catalase-like activity. The anisotropic growth in nanowires
exposes specific crystal facets that are more reactive, while the layered
structure in nanosheets allows for easier electron transfer, thus affecting
the overall enzymatic activity [173]. Thus, the mentioned result suggest
that morphology and crystallographic state significantly influence the
catalytic performance of nanozymes, necessitating further investigation
into their regularity and mechanisms in further research.

3.4. Self-assembly

Self-assembly of nanomaterials is an advanced strategy to enhance
their catalytic activity. This involves the spontaneous organization of
nanoparticles into structured assemblies, which can exhibit new or
improved functionalities and stability. The hierarchical structures
formed through self-assembly can provide additional catalytic sites or
facilitate multi-step catalytic processes, which may have an impact on
multi-enzymatic properties. An illustrative example is the self-assembly
of neurotransmitter dopamine and Au nanowire hydrogels, where
dopamine cross-linking induces the self-assembly of Au nanowires,
resulting in a hydrogel with higher GOx-like and SOD-like activities
compared to mildly covered Au-polydopamine or Au-hydrogel without
dopamine. This increased activity is attributed to the hydrogel’s porous
structure and enhanced electron transfer capabilities [174]. Another
approach is the engineering of multi-substrate assemblies to create
nanozymes with cascade catalytic activities. For instance, the
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construction of a multifunctional V-0s@pDA@MnO: nanozyme assem-
bly has demonstrated improved catalytic ability due to in-situ formation
of MnO: nanoparticles on a V20s core, providing a synergistic effect from
the combined properties of different components. Report showed the
development of self-assembled nanozymes Cu-Phen showing electron
interplay between cytochrome C [175]. This is designed with a metic-
ulously crafted structure that includes a clearly defined active site,
showcasing a receptor-like hydrophobic surface. This design enhances
electronic communication with cytochrome C, primarily through hy-
drophobic interactions, effectively replicating the role of the cyt ¢ oxi-
dase (CcO) enzyme in physiologically relevant conditions. Authors
demonstrated for the first time, through kinetic isotopic effects, that
electron transfer at the Cu-Phen self-assembled nanozyme and cyt c
interface takes place via a proton-coupled electron transfer mechanism.
This process occurs in a controlled manner, with the phenylalanine
ligand potentially playing a combined role in proton relays throughout
the catalytic cycle. Other self-assembled MnO,@PtCo nanoflower-based
nanozyme has been reported where MnO; exhibited catalase-mimetic
activity, whereas, PtCo showed oxidase-mimetic effect [176]. Here, by
adjusting the reactant concentration, both the components assembled in
to high-ordered nanoflower. PtCo nanozyme has the ability to catalyze
oxidation reaction cascades, resulting in intracellular oxidative damage
and ultimately achieving an effective therapeutic outcome. In the
meantime, the inherent catalase-like activity of the MnO2 component
enables it to swiftly and effectively catalyze the decomposition of HoO5
into Os.

Supramolecular nanozymes, developed through self-assembly
methods and diverse non-covalent interactions, have surfaced as
another intriguing tool. The organization of biomolecular nanozyme
systems through supramolecular self-assembly is crucial factor for the
development of structured functional molecular sequences or unit
structures in sensing and therapy system [177]. In this context, Xu et al.
developed noble metal ion supramolecular nanospheres (Fmoc-His-Au)
via utilizing the combination of two interactions ie., electrostatic
adsorption and multifarious weak intermolecular forces among AuCly
and amphipathic histidine [178]. Supramolecular nanostructure
constitution provided by the noncovalent interaction among AuCl; and
histidine. Further, it also facilitates the stabilization of highly active
AuCly centre, which significantly enhances the oxidase and peroxidase-
mimetic activity for efficient generation of ROS. In another study, PVP
modified Cu single atom nanozyme has been activated by coordination-
driven self-assembly strategy using l-cysteine (MoOx-Cu-Cys) [179].
Here, catalase-like activity of nanozyme can be activated by modulation
of Cu single atom in acidic condition. Result demonstrated that opti-
mization of catalase-like activity can be performed by well-formed 1-Cys-
Cu---O active site to align with the active sites of natural catalase via a 1-
Cys bridge that accelerates electron transfer from Cys-Cu to MoOx, as
revealed by density functional theory calculations. At the same time, the
elevated presence of Cu single atoms in MCCP facilitates the production
of eOH through a Fenton-like reaction.

Organic nanozymes requires additional factor such as peptides for
their catalytic process, which is considered as major hindrance to their
application. Zhang et al. developed the cofactor free organic nanozyme
by self-assembly of cyclodextrins modified AuNPs and azobenzene
modified peptide chain through host-guest interaction [180]. Devel-
oped nanozymes exhibited catalytic activity due to peptide chain or-
dered assembly on the support surface as well as due to the
deprotonation of adjacent histidine imidazole groups. This deprotona-
tion in turn, promotes the proton splitting from water, thereby
enhancing nucleophilic attack on incoming substrates. Assembly and
disassembly of nanozyme can be regulated by photoisomerization of
azobenzene, which further affects the catalytic behavior. Thus, studies
conclude that the enzymatic activity of nanozymes can be significantly
enhanced by the self-assembly approach. By utilizing this, researchers
can design nanozymes with enhanced or tailored catalytic activities
suitable for specific biomedical applications, including biosensing,
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disease therapy, neuro regeneration, and environmental remediation
[181].

3.5. Surface modification

Surface modification of nanomaterials plays a pivotal role in deter-
mining their enzymatic activity by changing surface chemistry, which
can improve interaction with substrates and expand catalytic efficiency
[182]. The overall catalytic efficacy and specificity of nanozymes may
be impacted by surface modification, which may partially shield or
selectively increase their activity [165]. Surface modification can
involve the functionalization of nanomaterials with specific molecules
like aptamers, antibodies, ligands, or polymers that tailor the surface
properties to optimize activity, stability, specificity and selectivity. For
instance, modifying the surface of CeO, nanoparticles with polyacrylic
acid (PAA) notably enhances their peroxidase-like activity. The PAA not
only stabilizes the nanoparticles but also increases the number of
available active sites by preventing nanoparticle aggregation. Addi-
tionally, PAA-modified CeO, nanoparticles exhibit increased affinity
towards selective substrates, enhancing catalytic efficiency. Such sur-
face modifications are essential for improving the functionality of
nanozymes in biological environments, where stability and biocompat-
ibility are crucial [183]. Another example includes the functionalization
of Au nanoparticles with thiol-terminated polyethylene glycol (PEG).
This modification not only stabilizes the nanoparticles in physiological
conditions but also reduces non-specific protein adsorption, thereby
improving the selectivity and sensitivity of nanozyme-based biosensors
and formulations for neurological applications. The choice of surface
modifiers can be tailored to achieve specific interactions with target
molecules, thereby enhancing the desired catalytic and multi-enzymatic
activity [184].

Fan et al. incorporated the histidine residue at Fe304 nanoparticles
surface in order to provide a similar microenvironment as of natural
peroxidase enzyme [185]. Result showed that modification with single
amino acid leads to enhanced substrate affinity by ten-folds for HyO9
which in turn accelerated the nanozyme catalytic efficiency by twenty-
folds. Here, Hy0- affinity has been increased due to the formation of a
hydrogen bond among imidazole group of histidine and HO3 to provide
similar configuration as depicted in natural HRP. In addition to
peroxidase-mimetic activity, incorporation of histidine also enhances
the catalase-mimetic activity, thus highlighting the increased affinity
towards HyO». For instance, CeO, nanozymes had been surface modified
with poly(tannic acid) (PLTA) to demonstrate their antioxidative
behavior [186]. Result showed that PLTA/CeO5 Nanoparticles exhibited
the enhanced SOD-mimetic activity in comparison to bare CeO2 Nano-
particles which in turn cause high radical scavenging rate in both
ABTS"e and DPPHe. This enhancement in SOD-mimetic activity might
be attributed to the fact that presence of PTA can increase the content of
Ce3" at the nanozyme surface and TA serves as effective radical scav-
enger. However, peroxidase-mimetic activity of bare CeO, nanozyme
found to be slightly higher than that of PLTA/CeO,, which might be
attributed to the reduced surface interaction towards HyO4 substrate.

In case of multienzymatic activity, surface modification could readily
show effect on one type of enzymatic activity without interfering with
other [185]. For instance, upon coating with amine-terminal poly-
amidoamine (PAMAM) dendrimer, gold nanocluster (AuNCs) (AuNCs-
NHy) loses their peroxidase-mimetic activity while retaining catalase-
mimetic activity [187]. This result might be attributed to the radical
scavenging effect of AuNCs-NHj, as amines are readily oxidized. Here,
highly reactive eOH produced in the system preferably reacts with the
abundant amines from the hyper-branched dendrimers (i.e., the pe-
riphery 1°-amines and the interior 3°-amines). While amino- and citrate-
modified gold nanoparticles demonstrated distinct oxidation behaviors
on various substrates (such as TMB and ABTS), unmodified gold nano-
particles were found to have noticeably greater catalytic activity against
peroxidase substrates than either of these modifications [188]. The
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charge properties of the nanoparticles probably have an impact on the
catalytic processes as well as the affinity of enzyme and substrate
binding [69].

Carbon-based nanozymes like fullerenes, CNTs are not be properly
soluble in water which in turn restricts their enzyme-mimicking activity.
This issue can be addressed by coating of nanozyme surface with hy-
drophilic moieties (polymeric or monomeric amines) or oxygenated
functional groups [189]. Peroxidase-mimetic activity of graphene
quantum dots has been studied by deactivation of different functional
groups i.e., carboxylic (0=C-0-), carbonyl (-C=0), and hydroxyl group
(-C-OH) [190]. Here, O=C-O- and -C=0 group served as substrate
binding site and catalytic active sites, respectively. Whereas —C-OH
exhibited inhibitory effect. Result demonstrated that removal of deac-
tivation of carboxyl group leads to reduction in nanozyme affinity to-
wards HpO, substrate, whereas deactivation of hydroxyl and ketonic
group increased and decreased the catalytic response, respectively. The
catalytic activity of peroxidase-mimetic activity of GQDs was observed
to surpass that of GO in the oxidation of TMB. The rise in activity was
accomplished through a higher density of functional groups, leading to
an abundance of catalytic sites and enhanced electron transport capa-
bilities [191]. Additionally, -COOH group also plays a crucial role in
SOD-like activity, majorly owing to its strong interaction with ROS
through hydrogen bonding [160]. Thus, surface modification of nano-
zymes can effectively alter their catalytic response and thus should be
chosen carefully according to application prospects.

3.6. pH and temperature

As discussed in earlier sections, like natural enzymes, the impact of
external factors such as pH and temperature on nanozymes must be
considered that can alter their catalytic activities. Nevertheless, nano-
zymes demonstrate superior tolerance across a broad spectrum of pH
levels, compared to numerous natural enzymes [192]. Generally,
nanozymes exhibiting multi-enzymatic action have high chances to
depict catalase- or SOD-like activity at high pH, and peroxidase-like
activity at low pH [114]. It has been shown that in the case of Fe;O3
and Fe30y4, different enzymatic activity will be exhibited at different pH
conditions. Both nanozymes generate toxic ¢OH radical at acidic pH due
to peroxidase behavior, whereas they showed protective effect in cyto-
solic conditions by decomposing hazardous Hy04 into HyO and O due to
catalase-like activity, and thus suppress the cytotoxic effect [193]. In
other report, pH dependence of oxidase- and laccase-like activity has
also been monitored. At pH 7.0, CeO- oxidase-mimetic activity produces
the fluorescent product from non-fluorescent amplify substrate by its
oxidation, and at pH 4.0 converts it into non-fluorescent resazurin,
which is reliable and sensitive method in cancer-specific biomarker
detection for theranostic approach.

Further, it has been widely shown that at acidic condition, nano-
zymes exhibit effective enzymatic activity, whereas under physiological
condition their catalytic efficiency declines. To overcome this, re-
searchers have developed Co-doped mesoporous cerium oxide (Co-m-
ceria) nanozymes to effectively work in near-neutral pH for multiple
biomarker detection [188]. The Co-m-ceria-incorporated paper micro-
fluidic device allows for the precise and accurate identification of
various biomarkers through an image captured by a smartphone. This
investigation showcases the possibilities of thoughtfully designing
nanozymes and their use in sensing devices, establishing a foundation
for application of nanozymes in point-of-care (POC) testing with mul-
tiple analytes.

Likewise, inorganic nanozymes typically demonstrate a broader
range of temperature tolerance than many natural enzymes, which tend
to be sensitive to temperature fluctuations and show the highest cata-
lytic activity at physiological temperature (37 °C) [165]. It has been
shown that some nanomaterials like CuPO4 tend to have enhanced
peroxidase-mimetic activity over a wide temperature range of 15-65 °C
with direct correlation with increasing temperature [194]. In case of
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multi-enzymatic activity, each enzymatic activity is governed by
different optimal temperatures. In the case of cerium-based MOF
nanozymes, strong temperature-based peroxidase and oxidase activities
have been reported. Herein, oxidase-like activity shows slight increment
with the increasing temperature, with sudden decrease at temperature
more than 40 °C. Whereas, peroxidase-like activity follows the direct
correlation of catalytic activity and temperature with optimum activity
at 25 °C [195]. In a similar way, peroxidase- and oxidase-like activity of
N-rich carbonized silk fibroin materials (CSFs) has been explored in
temperature range from 30 to 80 °C [196]. Both the peroxidase- and
oxidase-like activity have optimum catalytic activity at 50 and 60-°C,
respectively. Additionally, nanozyme exhibits the highest peroxidase
activity at 60 °C, distinct from other reported nanozymes. The catalytic
activity resembling that of peroxidase-mimetic activity appears to
diminish in high-temperature reactions, likely because of the inadequate
thermostability of peroxidase-transformed ox-TMB. Nonetheless, CSF-
900, characterized by its stable graphitic structure, demonstrates
effective charge transfer capabilities, potentially preventing the
disproportionation of oxidized products and contributing to the stabi-
lization of enzyme-like activity at elevated temperatures. In addition to
this, temperature also impacts the kinetic energy of the nanozyme active
sites, which is attributed to the rate of molecular collisions. The size of a
few temperature-sensitive nanozymes is also affected by the change in
temperature and represented the hydrodynamic diameter of poly-
(vinylcaprolactum-co-N-methylol acrylamide) [P-VCL-co-NMAM] as a
function of temperature. The results indicated that the as-synthesized
nanohydrogels shrink from 1250 nm at 20 °C to 380 nm at 57.5 °C,
and it can be attributed to the change of PVCL hydrophilicity to hy-
drophobicity at higher temperatures [146].

All these findings suggest that the functionality of nanozymes,
particularly those composed of nanomaterials exhibiting multiple cata-
lytic activities, can be fine-tuned through innovative design and tailored
application conditions for targeted objectives. For effective biomedical
applications, adjusting nanozyme activity at physiological pH and
temperature is essential to maintain consistent catalytic performance.
Furthermore, tailored surface modifications using functional groups like
polymers, aptamers, or antibodies can significantly enhance specificity,
catalytic efficiency, and biocompatibility. These modifications enhance
specificity in complex biological samples, leading to improved overall
detection. The enhancement of critical elements via nanomaterial en-
gineering and hybrid nanozyme designs, along with multi-enzyme
cascade reactions, can result in improved sensitivity and selectivity of
nanozymes in biomedical detection, thereby further elevating their
performance.

4. Nanozymes in dual-mode sensing approaches

Emerging biosensing technologies like colorimetric, electrochemical,
fluorometric, etc. have been extensively important in sensing applica-
tions. However, the shortcomings of single-mode investigations,
including but not limited to high assay consumption, restricted infor-
mation acquisition, and suboptimal reliability and accuracy are major
concerns, which could be mitigated by a dual-mode sensing system. In
this context, dual-mode biosensing strategies applying nanomaterials
like gold, iron, and copper nanoparticles can provide an excellent plat-
form via generating two distinct measurable signals, and thus work
autonomously, devoid of any reciprocal interference in contrast to
single-signal analysis. Further, if two different modes have different
sensitivities, it is possible to extend the target’s sensing range to conduct
primary monitoring. Despite this fact, selection of dual-mode sensing
technique is preferred by various factors like analyte types, sample
matrix, detection sensitivity, specificity, and instrumentation. For
example, metallic (Au, Ag, Pt) nanoparticles, metal oxides (MnO2, CeO2,
FesO4) nanoparticles, carbon-based (graphene, carbon dots) nano-
materials, and MOFs can possess specific enzymatic properties that
facilitate dual-mode sensing. In this line, colorimetric/fluorescence
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dual-mode sensing is of particular importance when both high sensi-
tivity and visual, as well as quantitative readouts are required, such as in
biomedical and clinical diagnostics. Even this becomes essential whe-
n using biological samples with low analyte concentrations, as fluo-
rescence helps increase sensitivity. On the contrary, this becomes less
effective for highly autofluorescent samples (e.g., plant extracts), as the
background noise can interfere with the fluorescent signals [197].
Secondly, colorimetric/photothermal dual-mode sensing is best for ap-
plications in which temperature-dependent signal enhancement is
needed, e.g., pathogen detection, bacterial identification, and food
safety detection. It is a useful approach for the detection of trace
pathogens or toxins in complicated surroundings, a photothermal effect
can entrap false positive results due to background noise. However, it is
unsuitable for temperature-sensitive samples, such as living cells or
proteins, which are unstable at heating conditions [198]. Further,
colorimetric/electrochemical modes of sensing are needed for high-
sensitive, real-time monitoring, and ultra-low detection limit applica-
tions including heavy metal sensing, toxin analysis, and disease
biomarker detection. However, this method demands an electrode
fabrication and specialized instrumentation (electrochemical worksta-
tions), thus, it is not readily applicable in resource-limited settings
[199]. Likewise, colorimetric/SERS mode is highly advanced dual-mode
sensing, and it is particularly suitable for ultrasensitive and molecularly
specific detection, especially in cancer diagnostics, single-molecule
analysis, and forensic applications. This approach is especially applied
for trace-level analyte detection in complex biological matrices (blood,
urine, tissue extracts) for which sensitivity levels required are not
possible by the conventional methodologies. That requires costly Raman
spectrometers and complex data interpretation, limiting its utility to
high-end research laboratories and clinical environments rather than -
field-based use.

Further, another important parameter is selecting an appropriate
nanozyme for dual-mode sensing approach. In selecting an appropriate
nanozyme for dual-mode sensing, it is essential to consider the catalytic
mechanism, electronic properties, and compatibility with detection
modalities to achieve optimal sensitivity, selectivity, and dynamic
range. The nanozymes utilized for colorimetric/fluorescence dual-mode
detection encompass a range of materials, including AuNPs, carbon dots
(CDs), QDs, or CeO; nanoparticles. These materials inherently exhibit
dual functionalities essential for chromogenic reactions, such as the
oxidation of TMB and OPD, as well as for fluorescence emission. Spe-
cifically, they demonstrate peroxidase-like activity for chromogenic re-
actions and exhibit fluorescence quenching or enhancement through
mechanisms like Forster resonance energy transfer (FRET), inner filter
effect (IFE), or charge transfer interactions. Likewise, plasmonic nano-
zymes (AuNPs, AgNPs, and bimetallic nanostructures) with enhanced
localized surface plasmon resonance (LSPR) effects have been utilized in
colorimetric or SERS (surface-enhanced Raman scattering) sensing by
significantly amplifying Raman signals for ultra-sensitive detection. The
nanozyme serves as a catalyst for a colorimetric reaction, while the
Raman-active substrate offers spectral fingerprinting for the detection of
trace levels of toxins, pesticides, and nucleic acids from complex sam-
ples. Whereas, for colorimetric/photothermal dual detection, nano-
zymes like CuS, MoSz, Au nanorods, or Pd-based nanomaterials have
successfully been utilized due to their NIR absorption and photothermal
conversion efficiency. The materials generate a colorimetric signal via
peroxidase-like or oxidase-like activity, while simultaneously convert-
ing light into localized heat when subjected to NIR laser irradiation. In
the realm of colorimetric and electrochemical sensing, graphene oxide
(GO) or MOFs nanozymes exhibit remarkable catalytic redox activity
alongside exceptional electron transfer efficiency. Herein, activity
resembling peroxidase is observed, accompanied by the identification of
a colorimetric response (derived from peroxidation with chromogenic
substrates) and an electrochemical response (utilizing redox-active
substrates such as H202, TMB, and dopamine) that assesses variations
in current, impedance, or potential. Thus, for achieving optimal sensing
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capabilities in biomedical diagnostics, environmental monitoring, and
food safety applications, it is essential to consider factors such as sta-
bility, catalytic efficiency, compatibility with detection platforms, and
environmental conditions when selecting a dual-mode nanozyme
sensor. Table 2 provides the recent examples and applications of various
nanaozyme-based dual-mode sensing toward different analytes.

4.1. Colorimetric and fluorescent dual-mode sensing

Fluorescent and colorimetric sensing are reported as two major
sensing approaches due to their remarkable advantages, like develop-
ment of more sensitive, efficient, convenient, rapid, and real time
sensing applications with advancement in POC devices [52]. Colori-
metric sensing, typically relies on change in solution color might be
caused due to the aggregation or analyte induced modification. Nano-
zymes can catalyze the oxidation of chromogenic substrate for devel-
opment of colored product [41]. If this nanozyme catalyzed oxidation
product changes color and emits light or alter the fluorescent activity,
the target can be identified through two distinct readout signals i.e.,
colorimetric and fluorescence. When a compound is exposed to light,
electrons in the stable ground state absorb the energy from the light,
allowing them to move to higher, unstable excited states. Fluorescence
molecules imply on the absorbance of light at one particular wavelength
(excited wavelength) and emission at higher wavelength (emission
wavelength) while returning to ground state from excited state. Inter-
action of target analytes with nanozymes can quench their fluorescence,
which can be regained upon binding to different targets. In FRET
mechanism, nanozymes can be used as electron acceptor and donor,
where energy transfer among acceptor and donor can be altered by
target molecules [42,52].

Various approaches have been utilized for development of fluoro-
metric and colorimetric-based dual-sensing application. First and main
approach is to utilize enzyme-centred catalytic reactions or Fenton re-
actions and nanozymes for the development of fluorescent/colorimetric
biosensors [200]. Second approach includes the incorporation of LSPR
acquired plasmonic noble metal (Au, Ag) nanoparticles with fluorescent
materials for the development of dual-mode and label-free sensing sys-
tems [201]. At last, different fluorescent probes can also be used in the
development of dual-mode biosensors. However, various reports have
demonstrated that this dual sensing approach has limited practical ac-
tivity due to complicated integration of fluorescence and color. Taking
into consideration, Han et al. demonstrated the sensitive and rapid
detection of spike 1 (S1) protein of SARS-CoV-2 based on the fluorescent
and colorimetric dual-mode biosensor [201]. Authors developed the
dual-mode immune system by coating of QDs and AuNPs over SiO; core,
exhibiting enhanced stability with high monodispersity. Result showed
that the visual identification with rapid screening of virus at infected site
can be successfully commenced by colorimetric method, whereas early-
stage viral detection can be done by fluorescence signal. Fluorescent and
colorimetric dual-mode detection method followed in detection limit of
0.033 and 1 ng/ml, respectively. In addition, the efficacy of the
biosensor was assessed in the analysis of real samples. The biosensor that
was invented in this study exhibited commendable specificity, accuracy,
and repeatability, indicating its potential as a rapid SARS-CoV-2 detec-
tion instrument.

In current scenario, nanocomposite containing metal nitrogen-doped
carbon (M-N-C) have attracted wide attention due to unique and ad-
vantageous characteristics like wide synthesis approaches, enhanced
enzymatic activity, and similarity with natural enzymes consisting
specific metal active centres [202]. In addition to generating active sites,
doping N-doped carbon with metals can enhance its electrical conduc-
tivity. In comparison to other fluorescent materials, CDs acquired
several advantages like high biocompatibility, water dispersibility, and
photostability with low toxicity [203]. In this context, Wu et al. utilized
the IFE phenomenon among oxidized-TMB and orange fluorescent CDs
for the development of dual-mode sensor for sensitive and rapid
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Table 2
Recent studies demonstrating the dual-mode sensing activity of nanozymes in detection of different analytes.
Nanozymes Analytes Dual sensing mode Linear range LoD Refs.
Copper/molybdenum bimetallic nanoclusters (Cu/Mo NCs) Butyrylcholinesterase Colorimetric 0.5-90 U/L 0.18 U/L [74]
Fluorescence 1-100 U/L 0.36 U/L
Magnetic Fe nanozymes (Fe NZs) and nitrogen-doped carbon quantum a-Glucosidase Colorimetric 5-100 U/L 2.1 U/L [75]1
dots (NCDs) Fluorescence 5-100 U/L 2.4 U/L
Iron-nitrogen-carbon single-atom nanozyme Acetylcholinesterase Colorimetric 0.2-10U/L 0.11 U/L [76]
Fluorescence 0.1-9U/L 0.057 U/L
ZIF-8 organometallic frame load with platinum nanoparticles (Pt@ZIF-8)  Silver ion Colorimetric 1.0-1000.0 nM 0.034 nM [771
Electrochemical 0.1-1000.0 nM 0.322 nM
Bovine serum albumin templated copper nanoparticles Dopamine Colorimetric 10 nM to 10 pM 5 nM [78]1
Fluorescence 10 nM - 60 uM 5nM
Mesoporous polydopamine/MnO, nanozymes S. aureus Colorimetric 5-107 CFU/mL 3 CFU/mL [78]
Electrochemical 5-107 CFU/mL
Metal-organic frameworks (MOFs-818) Hydrogen peroxide (H,0;)  Colorimetric 4-66 mM 15.37 pM [79]1
Electrochemical 0.07-3 mM 53.05 nM
Hydrogen sulfide (H2S) Colorimetric 3 pM to 333 pM 0.8 yM
Electrochemical 0.001-0.5 pM 0.76 nM
Flower-like hierarchical ferrocene metal-organic framework (ZrFc-MOF) Glyphosate Colorimetric 0.039-4.73 pg/mL 0.0326 pg/ [80]
mL
Photothermal 0.039-20.16 yg/mL  0.0289 ug/
mL
Ce-Ui0-66-NO, Phosphate Colorimetric 20-110pM 7.60 pM [81]
Fluorescence 3-40puM 1.21 yM
Er-MOFs@AuNPs Osteopontin Colorimetric 1-850 ng/mL 0.04 ng/mL [82]
Photoelectrochemical ~ 0.01-25 ng/mL 2.6 pg
mL~!
MnO-, nanosheets Alkaline phosphatase Colorimetric 0.2 to 5 mU/mL 0.08 mU/mL [83]
Photothermal 0.2 to 5 mU/mL 0.12 mU/mL
Covalent organic frameworks (COFs) Alkaline phosphatase Colorimetric 0.5-100 uM 0.10 U/L [84]
Fluorescence 1-100pM 0.60 uM
Iron-based single-atom nanozymes Epinephrine Colorimetric 0.01-1.4 mM 2.95 pM. [85]
Fluorescence 0.001 mM - 1.0 mM 0.39 yM
CuNS/Fe304,@MIPs Vanillin Colorimetric 1-100 pM 0.11 pM [86]
Fluorescence 1-150 pM 0.10 pM
Fe304/graphene oxide nanoribbons Thiophanate-methyl Colorimetric 0.05-8 pg/mL 28.1 ng/mL [87]1
Fluorescence 0.02-10 pg/mL 8.81 ng/mL
Magnetic covalent organic framework (MCOF) with gold nanoparticles Salmonella typhimurium Colorimetric 10%-10® CFU/mL 1000 CFU/ [88]
mL
Fluorescence 10'-107 CFU/mL 10 CFU/mL
Fe304@Cu Glyphosate Colorimetric 0.28 to 0.70 pg/mL  0.086 pg/mL [89]1
Chemiluminescent 0.17-0.42 pg/mL 0.019 pg/mL
Trimetallic-modified graphitic carbon nitride nanozyme Acetylcholinesterase Colorimetric 4-20 pU mL™? 0.13 pUmL ™! [90]
Fluorescence 4-20 pU mL~! 0.04 pU mL~!
Pt-Ni alloy nanoparticles Acid phosphatase Colorimetric 0.25-15 U/L 0.10 U/L [91]
Photothermal 0.25-30 U/L 0.16 U/L
Iron-cobalt oxide nanosheets (FeCo-ONSs) and gold nanoclusters Melatonin Colorimetric 5-800 pM 2.13 M [92]
Fluorescence 5-300 pM 1.17 yM
Au@AgPt trimetallic nanozyme Staphylococcus aureus Colorimetric 25-800 U/L 38 CFU/mL [93]
SERS 5-1000 U/L 6 CFU/mL
Bimetallic carbon dots (Fe&Cu@CDs) nanozyme Methyl mercaptan Colorimetric 0.024-14.4ppm 0.0072ppm [94]
(CH3SH) Photothermal 0.036-14.4ppm 0.0108 ppm
Organophosphorus pesticides Parathion-methyl Colorimetric 0.01-20 0.004 ng/mL [95]
Chemiluminescence 1-100 ng/mL 0.45 ng/mL

detection of captopril, enzyme inhibitor used for hypertension and heart
disease treatment [204]. Sensing principle lies on the -OH generation
upon Hy0, degradation which in turn oxidized TMB to blue color
product. TMB in oxidized form have absorption spectra overlap with the
CDs fluorescence emission spectra, thus leads to IFE induced quenching
of CDs fluorescence. Although, in the presence of target analyte,
oxidized-TMB reduced to colorless form, and thus causes IFE inhibition
between CDs and oxidized-TMB which in turn recovers the quenched
fluorescence signal. Result showed the colorimetric and fluorescence
sensing approaches have detection limit of 0.56 and 0.47 pM, respec-
tively with linear range from 1 to 50 pM. On this basis, captopril is
detected via dual-mode “on-off” colorimetric and “off-on” fluorescence
detection systems. To prove the real-life clinical applications, pharma-
ceutical samples were also tested and the result showed relative stan-
dard deviation (RSD) of 1.00 % to 3.22 % and 0.46 %-2.38 % for
fluorescence and colorimetric sensing, respectively, whereas recovery
range is found to be 95.1 % to 104.8 % and 97.6 %-104.0 %, corre-
spondingly. The outcomes validated the suitability of the proposed dual-
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mode system for captopril assay in pharmaceutical samples with
commendable selectivity and accuracy. Further, M-N-C (M = cobalt)
was also used in development of dual mode senor for detection of gallic
acid as shown in Fig. 4A [205]. Result displayed that Co-N-C possesses
oxidase-mimetic property of nanozyme for TMB oxidation to blue color
product and blue fluorescence emission property. Further, the oxidized-
TMB effectively quenches the nanozyme fluorescence via FRET mecha-
nism. However, upon addition of gallic acid, reversed reaction occurs,
and thus blue color intensity reduces leading to weakening of FRET
mechanism among Co-N-C and oxidized-TMB and recovery of fluores-
cence intensity at 440 nm (Fig. 4B and C). The developed sensor has LoD
of 32.01 nM with linear detection range of 0.1-15 pM. The real sample
analysis in tea beverages established the recovery range of 96.44 % ~
103.48 % and 96.38 % ~ 104.05 % for colorimetric and fluorescence
sensing, respectively.

Other reports have also demonstrated the application of Cu-N-CDs
(M-N-C) due to their advantages as discussed above, in the develop-
ment of dual sensing platform for detection of benzenedithiol [208].
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Fig. 4. Panel A: Schematic representation showing the dual-mode detection of gallic acid (GA) by Cobalt-nitrogen co-doped carbon dots; Panel B: Colorimetric
detection of gallic acid with decreasing color intensity; and Panel C: Fluorescence-based detection of gallic acid with increasing fluorescence intensity with
increasing gallic acid concentration. Reprinted with permission from Microchemical Journal, Elsevier [205] Copyright 2024. Panel D and Panel E: Identification of
tetracycline using NH2-MIL-88 B nanozymes by colorimetric and fluorometric detection methods, respectively. Reprinted with permission from Analytica Chimica
Acta, Elsevier [206] Copyright 2024. Panel F: Schematic display of dual-mode sensor for detection of ofloxacin; Panel G: colorimetric detection with increasing blue
color intensity with increasing ofloxacin concentration, Panel H: Dual-mode aptasensor showing up-conversion fluorescence spectra with varying concentration of
ofloxacin. Reprinted with permission from Food Chemistry, Elsevier [207] Copyright 2024. (For interpretation of the references to color in this figure legend, the

reader is referred to the web version of this article.)

Here, peroxidase-mimetic activity of Cu and N-CDs coated g-C3N4 have
been explored in the detection of benzenedithiol, in presence of its
chromogenic substrate OPD. Nanostructure catalyzes the -OH produc-
tion to oxidize OPD, which emits orange fluorescence under UV irradi-
ation. The findings confirmed the benzenedithiol-mediated inhibition of
peroxidase activity of nanozyme, and developed sensor exhibited the

LoD of 0.25 pM and 0.32 pM with linear detection range of 0.33-60.0 pM
and 0.75-132 pM for fluorescence and colorimetric sensing, respec-
tively. Furthermore, to differentiate the six sulphur-based compounds,
smartphone-based colorimetric array sensor has been fabricated with a
detection limit of 0.4 puM. The outcomes confirmed that the sensor that
was developed functioned as a practical and swift platform, capable of
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serving as a dependable portable instrument for the precise and efficient
identification of BDT and the differentiation of various sulphur com-
pounds in real water samples.

In this perspective, Zhang et al. showed the NH,-MIL-88 B (Fe, Ni)
based dual-mode detection of tetracycline antibiotic residues and also
distinguish between the different tetracycline analogues [206]. As
illustrated in Fig. 4D, presence of tetracycline inhibits the -OH produc-
tion due to blockage of electron transfer between H>02 and nanozymes,
which in turn inhibits the TMB oxidation, and with the increasing
tetracycline concentration, fluorescence intensity of nano-system de-
creases due to IFE phenomenon (Fig. 4E). A portable instrument inte-
grating colorimetric and fluorescent signals with a smartphone sensing
platform has also been prepared to enable the rapid, and visual quan-
titative detection of tetracycline. Based on the inhibition of fluorescence
and enzyme-like activities by tetracycline, the colorimetric and fluo-
rescent dual-mode nanoplatform enables color change with LoD of
0.182 M and 0.0668 M for the spectrometer and smartphone sensor,
respectively. In general, the fluorescent and colorimetric dual-mode
detection method exhibits commendable stability, a formidable speci-
ficity, and an effective mechanism for mitigating the false-positive
concerns that are inherent in a solitary detection mode.

Further, as illustrated in Fig. 4F, Ding et al. developed the
aptasensor-based dual-mode ofloxacin detection system with enhanced
sensitivity and reliability [207]. In this system, the target analysis
majorly depends on the up-conversion nanoparticles (UCNPs) fluores-
cence properties, iron alkaoxide nanozyme oxidase-like property and
TMB release from mesoporous silica nanoparticles (MSNs) coated with
aptamer. The intensification of the blue hue of the test paper is readily
seen in Fig. 4G as the concentration of ofloxacin increases. The fluo-
rescence intensity decreased gradually as the concentration of ofloxacin
increased (Fig. 4H). This effect could be linked to the increased release
of TMB molecules from the pores of MSNs when exposed to higher
concentrations of ofloxacin. The elevated levels of oxidized-TMB,
enabled by the iron alkaoxide nanozyme, lead to a more pronounced
inhibition of core-shell UCNPs. Result displayed the broad detection
range of 0.1-1000 pg/kg and 0.3-1000 pg/kg for fluorescence and
colorimetric sensing, respectively, with LoD of 0.048 and 0.165 pg/kg.
The developed biosensor showed a satisfactory recovery of 78.24-96.14
% in detection of ofloxacin in real sample.

Thus, all the above examples conclude that the integration of
colorimetric/fluorescence dual-mode detection method a single plat-
form not only enhances diagnostic performance by minimizing as-
sumptions, but also boosts diagnostic capabilities through greater
application flexibility, improved accuracy, and an expanded detection
linear range. The swift advancements in nanotechnology and material
chemistry highlight the significant promise of integrated colorimetric/
fluorimetric dual-mode systems for detecting various analytes, including
biomarkers, microbes, environmental pollutants etc. While the inte-
grated dual-mode colorimetric/fluorimetric detection systems offer
application flexibility, improve diagnostic capabilities, and enhanced
accuracy, there are only a limited number of dual-modal probes that
have received approval for practical use. Soon, dual-mode biosensors
that integrate the benefits of multiple signal output modes while cir-
cumventing their drawbacks will facilitate the dependable, sensitive,
and swift detection of various pathogenic bacteria in food. These sensors
can be readily utilized for prompt identification.

4.2. Colorimetric and photothermal dual-mode sensing

Photothermal detection generally depends on relation among target
analytes and temperature variation using photothermal conversion
agent [209]. Portable thermal imager can be used to capture the pho-
tothermal temperature image, and it is cost-effective, easy operative
technique with enhanced resolution and spatio-temporal effectiveness.
Additionally, photothermal assay takeover the colorimetric detection
limit of color resolution limitations [210]. Among several photothermal
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agents, oxidized-TMB has appeared as a novel and potent photothermal
agent, exhibiting enhanced photoconversion efficiency in NIR-triggered
applications. Herein, oxidized-TMB can be collectively used both as
colorimetric and photothermal probe due to its higher absorbance
capability in NIR and UV-Visible spectrums. The oxidized-TMB mole-
cules are capable of producing heat energy via conversion of NIR
wavelength irradiated light energy and the temperature generated is
directly or indirectly aligns with the target analyte concentration [211].
Thus, taking into consideration, several studies have used oxidized-TMB
as colorimetric and photothermal probe in development of dual-mode
biosensor.

In this context, Jiang et al. reported the dual-mode detection of
organophosphorus (OP) pesticides using photothermal and oxidase-
driven colorimetric detection of platinum-nickel (PtNi) nanoparticles
as depicted in Fig. 5A [212]. Author have shown that, PtNi nanoparticles
catalyze the TMB oxidation to blue color, which has an excellent pho-
tothermal conversion ability for production of heat energy from light
energy to increase the solution temperature. Further, acid phosphatase
can effectively catalyze the r-ascorbic acid 2-phosphate trisodium
(AA2P) hydrolysis, which leads to AA reduction+6 which in turn re-
duces the blue color intensity of oxidized-TMB to colorless and photo-
thermal effect. Considering the inhibition effect of OP on alkaline
phosphatase activity, it limits the ascorbic acid production, and in
consequence, blue color of TMB can be restored by the competitive ef-
fect. Thus, in presence of OP, TMB can be effectively oxidized to produce
blue color and show enhanced photothermal effect (Fig. 5B-E). Out-
comes of this research have confirmed that the OPs concentration
correlated positively with the temperature and color of the probe solu-
tion. Moreover, the developed sensor showed the detection limit of 1.66
ng/mL and 1.2 ng/mL for photothermal and colorimetric detection
methods, respectively. Therefore, the instrument possesses the capa-
bility to precisely identify OPs residues using both colorimetric and
photothermal techniques.

Likewise, acetylcholinesterase (AChE) plays crucial role in biological
signal transmission and its irregular expression is known to induce
several neurodegenerative diseases like Alzheimer’s and Parkinson’s
diseases [213], and taking into consideration the dual-mode sensor for
detection of AChE and its inhibitor (paraoxon-ethyl) utilizing Fe-N-C
nanozymes has been demonstrated [214]. Fe-N-C effectively catalyzes
the degradation of HyOy to eOH to oxidize TMB due to presence of
enhanced Fe-Nx sites. Further, conjugation with mercapto group tends
to inhibit the peroxidase-mimetic activity due to blockage of Fe-N-C
active sites. Thus, developed sensor working mechanism depends on
the reduction of peroxidase activity by presence of thiocholine (con-
taining mercapto group), produced due to the action of AChE enzyme
over acetylcholine. For AChE sensing, detection limit of developed
sensor has been reported to be 2.2 mU/mL and 1.9 mU/mL for photo-
thermal and colorimetric detection methods, respectively, whereas, for
the paraxon-ethyl, it is reported to be 0.013 pg/mL and 0.012 pg/mL.
Here, proposed assay has the capability to monitor the detection of
AChE and its inhibitors. Additionally, it may be expanded to identify
additional biomolecules that are involved in the production or con-
sumption of HyOs.

Similarly, a dual-mode sensing platform aimed at detecting food
grade GSH utilizes CoFeCe nanozyme exhibiting oxidase-like activity,
effectively transforming dissolved Oy into O3z [215]. This, in turn,
catalyzes the oxidation of TMB, resulting in a visible blue color and
photothermal effects. Developed sensor exhibited excellent sensitivity
with LoD of 0.092 pM. Oxidase-mimetic activity of nanozymes tends to
be governed by factors, like hierarchical hollow sunflower-structure
with enhanced active sites, and surface area for immense adsorption
of Oy at surface. CoFeCe three-atom hydroxide facilitates the enormous
active sites for generation of O3 which in turn oxidize the TMB via
oxidase-like catalytic activity. In another study, silver palladium (AgPd)
bimetallic nanoparticles present the dual-mode sensing for GSH detec-
tion [216]. AgPd nanoparticles was synthesized using elm pod
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Fig. 5. Panel A: Schematic illustration of application of platinum-nickel (PtNi) nanozymes in colorimetric and photothermal-based detection of organophosphorus
(OPs) pesticides. Panel B: Colorimetric image at different OP concentration; Panel C: Photothermal image at different OP concentration; Panel D: Absorbance
spectrum showing colorimetric detection with increasing color intensity along with increasing analyte concentration; and Panel E: Linear relationships between the
OP concentrations and variations in temperature. Reprinted with permission from Sensors and Actuators B: Chemical, Elsevier [212] Copyright 2024.

polysaccharide (EPP), which acts as reducing agent and stabilizer
because of weak reduction capability and water solubility. Synthesized
nanozymes have peroxidase-like activity to produce -OH radical for
conversion of colorless TMB to oxidized blue color products. Addition of
GSH can significantly reduce the blue oxidized-TMB to colorless form,
and LoD was found to be 0.279 pM with detection in linear range of
0-400 pM. Further, its photothermal properties have been verified and
proved to be utilized in photothermal anti-tumor effect. Likewise, Gupta
et al. demonstrated the specific and sensitive cholesterol detection using
peroxidase-like activity of chitosan-coated cauliflower-like platinum
nanostructure (Cs@Pt) [211]. Here, chitosan acts as a stabilizing agent
to control the surface property, enhance stability and peroxidase-like
activity as well as colloidal dispersion. Results indicated that,
oxidized-TMB serves as probe for both photothermal and colorimetric,
and due to its excellent absorbance in both NIR and UV-Vis range. Here,
cholesterol concentration is directly proportional to the generation of
heat produced from absorption of NIR laser light by oxidized-TMB in
solution. For colorimetric detection, developed sensor showed LoD of
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45 pM with linear detection range of 0-2 mM of cholesterol, whereas for
photothermal detection is as low as 25 pM.

Yu et al. developed the dual-mode sensor for prognostic management
of patients suffering from myocardial infarction using hollow Prussian
blue (h-PB) nanoparticles with the assistance of artificial neural network
(ANN) normalization process [217]. In this, liposomes containing h-PB
nanoparticles were restricted to the test cell through the application of a
traditional immunoassay. The peroxidase-like behavior of h-PB enabled
its integration into the TMB-H20: system, playing a role in amplifying
signals for detecting cTnl protein with high sensitivity. When exposed to
an 808 nm NIR laser, the corresponding concentration generated a
temperature-dependent response, and it was assessed while concur-
rently monitoring the absorbance of the oxidized-TMB system at 650 nm
as a reference. A three-layer ANN comprising 64 neurons was imple-
mented to facilitate bimodal signal processing and regression analysis.
Under optimal conditions, the machine learning-enhanced bimodal co-
immunoassay demonstrated a broad detection range of 0.02-20 ng/
mL, with a sensitivity threshold of 10.8 pg/mL. This research presents a
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theoretical foundation for the integration of machine learning in
multimodal biosensors, contributing to the advancement of highly sen-
sitive non-enzymatic biosensing technology.

Furthermore, the colorimetric/photothermal dual-mode POC
sensing device is demonstrated for mycotoxin detection i.e., aflatoxin in
food products, using Pt grafted on N-doped amorphous carbon [218].
Synthesized Pt-CN exhibited excellent peroxidase activity for oxidized-
TMB production for colorimetric detection and photothermal sensing.
AFB;-BSA was firstly conjugated to GOx, and competitive immunoassay
were performed in the presence of AFB;. Competitive-type immuno-
assay was performed for indirect determination of AFB; via production
of Hy05 due to catalytic action of GOx on glucose. Generated HoO5 are
capable of oxidizing TMB to yield a blue color product, with measurable
intensity at 652 nm. Additionally, the solution underwent irradiation
with an 808 nm laser source for temperature detection, utilizing infrared
imaging via a smartphone device. Using the oxidized-TMB indication
created in the immediate environment, the measurement of target an-
alyte concentration may be done simply by measuring color changes and
heat generation. This method offers increased sensitivity without the
need for costly analytical instruments. Developed sensor showed the
detection limit of 0.76 pg/mL and 0.22 pg/mL for photothermal and
colorimetric sensing with linear detection range of 1.0 pg/mL to 10 ng/
mL. Further, the approach was effectively utilized to detect AFB1 in
peanuts with a satisfactory level of accuracy, when compared to
commercially available enzyme-linked immunosorbent assay (ELISA)
kits. Notably, the measurement of heat generated by light in this tech-
nique is captured using a cell phone, eliminating the need for costly
equipment, offering a cost-effective and easy solution for assessing food
safety.

Likewise, in early cancer diagnosis, tumor-derived exosomes served
as a crucial biomarker as it is responsible for metastasis and proliferation
[219]. Thus, it is of great significance to develop accurate and sensitive
methods for the detection of exosome for diagnosis and symptomatic
treatment of cancer. In this aspect, graphene QDs nanozyme-based dual-
mode sensing system is utilized for the detection of exosomes derived
from human breast cancer cells [220], wherein the rolling circle
amplification (RCA) applied for the development of TMB-loaded gra-
phene QDs nanozymes into DNA flowers (DF). TMB immobilization on
the nanozyme surface facilitates the catalytic reaction more efficiently
as it enhances its water solubility as well as reduces the distance be-
tween nanozymes and TMB. Further, for recognition and capture of
MCEF-7 derived exosomes, EpDCAM corresponding aptamer is immobi-
lized on 96-well plate, and the developed sensor is applied for analysing
the real clinical serum sample. Result showed the detection limit of 2170
particles/pL for photothermal approach, whereas 1027 particles/pL for
colorimetric detection. Furthermore, the improved sensing platform
exhibited exceptional efficacy in accurately differentiating between
breast cancer patients and healthy persons during the examination of
blood samples. In summary, the proposed dual-readout biosensor has
great potential for detecting exosomes in biological research and ther-
apeutic settings.

Given the substantial requirement of meat in people’s everyday lives,
development of effective methods for assessing its freshness is highly
important to ensuring food safety. Novel bimetallic Fe@CeO2 nanozyme
has been developed by incorporating ferrocenecarboxylic acid (Fc) into
hollow CeO; nanospheres. This nanozyme, in combination with
xanthine oxidase (XOD), formed a self-sustaining enzymatic cascade
catalytic system called Fe@CeOz + XOD, and it produces a dual-mode
analytical platform for hypoxanthine detection to assess meat fresh-
ness via colorimetric and photothermal modes. The process is aided by
TMB, and due to the catalytic properties of XOD, it can transform hy-
poxanthine into HyO». By activating peroxidase activity induced Fenton-
like reaction, Fe@CeO, quickly breaks down Hy05 into ¢OH, resulting in
a typical enzymatic cascade catalytic reaction. Consequently, the TMB
without color is oxidized to form the dark-blue oxidized-TMB by eOH.
This oxidation process causes an increase in absorption at 652 nm,
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providing considerable augmentation of chromogenic reaction.
Furthermore, the oxidized-TMB exhibits a notable photothermal effect
when exposed to a 660 nm laser. A smartphone-based Color Picker App,
combined with a handheld thermal imager operating at 660 nm, enables
real-time, quantitative, and visually interpretable detection of hypo-
xanthine with high accuracy and reliability, yielding satisfactory results.

Thus, dual-mode catalytic enhancement, utilizing colorimetric and
photothermal methods, significantly boosted both the reliability and
sensitivity of the assay. This advancement offers fresh perspectives for
effective onsite visual monitoring of various targeted analytes,
contributing to the therapeutic and protective effects. Various examples
showed that nanozyme-TMB temperature and chromaticity dual-signal
sensing platform effectively addresses the limitations associated with
single-signal detection, which can result in false positives. At the same
time, the dependability of the signal outcomes could be improved
through the combined influence of the colorimetric and thermal signals.
Consequently, the colorimetric/photothermal dual-signal output
sensing system presents an innovative approach for biomolecule detec-
tion and holds significant potential for advancement in both biological
and clinical sensing fields.

4.3. Colorimetric and surface enhanced RAMAN spectroscopy (SERS)
dual-mode sensing

SERS has been considered as an efficient vibrational spectroscopic
technique for detection of analytes with high spatial resolution. At
nanoscale, Raman signal can be efficiently amplified by the plasmonic
property or roughness of SERS active materials enabling single molecule
detection. Metals like Au, Ag, and Cu can significantly enhance the
Raman signals, while interacting with surface plasmon. Electromagnetic
effects and chemical effects are the two major principles that might be
attributed to the SERS activity [221]. Electromagnetic effect considered
as main mechanism and originated from a substrate due to SPR phe-
nomenon of novel metal nanoparticles because of light concentration in
specific region local field enhancement occurs around metal interface,
which further leads to enhancement in radiation efficiency [222]. On
the other hand, chemical effect induces enhanced Raman signal due to
charge transfer between adsorbed molecule and metal. Chemical effect
has been reported to show lower signal magnitude in comparison to
electromagnetic approach, yet it can play a substantial role under spe-
cific circumstances. Thus, SERS plays crucial role in biomedicine,
environmental detection, food safety, and pharmaceutical analysis
[223,224]. However, real sample molecular concentration determina-
tion and identification are not feasible due to the reduced Raman
spectra, fluorescence interference or complex behavior of sample
matrices. To overcome this, electromagnetic/chemical enhancement
can be used to enhance the Raman signal of target analytes. Moreover, a
linear equation can be formulated via indirect enzymatic reaction for
calculation of analyte concentration under analysis (SERS tag)
[225,226].

Nanozymes can be effectively integrated with the SERS techniques
for development of highly sensitive and selective biosensor. Catalytic
activity of nanozymes (conversion of substrate to colored product)
combined with SERS provides specific fingerprint peaks deliberating
more information about the types and concentration of target analytes,
thus enhancing the sensitivity [227]. Secondly, nanozymes exhibiting
dual property of catalytic activity and SERS can be designed with Au and
Ag [228]. Thirdly, SERS offers an innovative and effective approach for
examining the reaction kinetics of nanozymes. It can accurately track
alterations in the molecules that are adsorbed on the catalyst surface,
along with the catalytic process itself [229]. In the studies, AuNPs are
widely employed nanomaterials with SERS and enzyme-like activity
[230]. However, the actual applications have been limited due to
reduced stability and lower catalytic activity, which need to be
improved. Dual-mode colorimetric and SERS-based sensing of analytes
depends on the analytes and functionalized nanozymes interaction,
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which leads to aggregation of interparticle-crosslinking [231].
Following the same principle, AuNPs modified with N-acetyl-L-cysteine
(NAC) and dithiobis succinimidyl propionate (DSP) are synthesized for
colorimetric and SERS dual-mode detection of serotonin [231]. These
two functional AuNPs induce the plasmon coupling due to aggregation,
which further leads to visible color change and enhancement of SERS
hotspot and thus SERS signal. This system provides several advantages,
including enhanced sensitivity with high selectivity and low detection

detection.
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limit of 0.15 mM L. Developed system also applied for detection of
serotonin in human serum sample with low relative standard deviation
of 3.75 %, which evidences its effectiveness in biological sample

As illustrated in Fig. 6A, Qi et al. developed the GeOy@Fe304/Au
nanocomposite-based colorimetric and SERS dual-mode sensing for
ascorbic acid detection
peroxidase-like activity to convert colorless TMB to blue color oxidized-

[232]. Nanozyme exhibited excellent
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Fig. 6. Panel A: Schematic depiction of synthesis and application of GeO,@Fe304/Au nanocomposite and application in detection of ascorbic acid (AA). Panel B:
Colorimetric detection of ascorbic acid using UV-Visible absorbance spectra. Panel C: SERS spectra-based detection of ascorbic acid in sample. Reprinted with
permission from Journal of Food Composition and Analysis, Elsevier [232] Copyright 2024. Panel D: Representation of the fabrication of UV-SERS dual-mode sensor for
Pb(II) content detection. Concentration based detection of Pb via, Panel E: Colorimetric and Panel F: SERS-based approaches. Reprinted with permission from
Spectrochimica Acta Part A: Molecular and Biomolecular Spectroscopy, Elsevier [233] Copyright 2024. Panel G: SERS, and Panel H: Colorimetric-based detection of
AFB, using Ag@Au IP6 bifunctional nanozyme. Reprinted with permission from Sensors and Actuators B: Chemical, Elsevier [234] Copyright 2024.

19



R. Singh et al.

TMB, which leads to effective inhibition by ascorbic acid. Based on the
above approach, ascorbic acid micro-detection platform using oxidized-
TMB as sensing probe is developed, in combination with smartphone-
assisted colorimetric (Fig. 6B) and SERS (Fig. 6C) -based sensing. In
an ideal condition, with colorimetric approach ascorbic acid detection
range is 0.5 pM —340 pM with detection limit of 0.6689 uM. Whereas,
SERS approach provides detection range in 10™° pM — 10° M with
detection limit of 6.162 x 10713 M. The technique was effectively
employed to analyse ascorbic acid in fruits, vitamin C drinks, and
vitamin C pills, to demonstrate the findings that align with the recom-
mended levels. In a separate study, Cui et al. designed a dual-mode
sensor for detecting Pb(II) in traditional Chinese medicine samples.
This sensor utilized iron-doped noradrenaline-based carbon dots (Fe,
NA-CDs), combined with Prussian blue (PB) and AuNPs to enhance
detection efficiency (Fig. 6D-F) [233]. It has been found that peroxidase
activity of nanozymes is inhibited by the addition of Pb(II) both using
TMB or ABTS as substrate, and thus can be successfully utilized in its
detection. The findings showed that peroxidase-like activity of nano-
zymes follows “ping-pong catalytic mechanism”, whereas Pb(II) addi-
tion induces noncompetitive inhibition imparting modulation in Fe,NA-
CDs/PB. SERS and colorimetric detection possess the range of detection
is 0.01-1.00 mg/L with detection limit of 8 pg/L and 5 pg/L, respec-
tively. The detecting device, which operates in two modes, has excep-
tional selectivity. Significantly, the presence of Pb(II) in samples of
traditional Chinese medicine has been accurately measured, with
satisfactory recovery rates ranging from 90.4 % to 108.9 %.

Similarly, in other study, magnetic ring structure of Fe304 with
AuNPs (R-Fe304/Au) for SERS and colorimetric detection of bio-
molecules in human serum is proposed [235]. Peroxidase-like activity of
R-Fe304/Au enables the TMB oxidation for colorimetric analysis, and
concomitantly SERS detection via sensing Raman signal of oxidized
product to provide enzyme kinetics. The outcome showed that for GSH
and cholesterol detection, SERS sensing exhibited linear detection range
of 1-150 pM and 1-100 pM with detection limit of 0.10 pM and 0.08 uM,
respectively. The sensor under consideration has revealed high accuracy
and repeatability in measuring the levels of GSH and cholesterol in
human blood. The R-Fes04/Au catalyst exhibited sustained peroxidase-
like activity even after five repeated usage cycles, demonstrating its
durability. This approach introduces a promising strategy for developing
highly efficient SERS substrates and provides an effective means to
explore enzyme reaction kinetics. The colorimetric-SERS dual-mode
sensors offer a novel approach for using multifunctional sensors and
showing promising potential in the field of biosensing.

Ag@Au IPg (IPg = Inositol hexakisphosphoric micelles) exhibited an
excellent SPR effect and thus can act as SERS substrate and also enhance
the oxidized-TMB SERS signal via combined action of nanogap gener-
ated inside its core-shell structure [236]. Tan et al. demonstrated the
dual-mode sensor for sensitive and convenient detection of aflatoxin B1
in foodstuff [234]. Bifunctional nanozyme was prepared by combination
of hybridization chain reaction (HCR) and alkaline phosphatase (ALP)
induced self-assembly reaction. Bimetallic composition of Ag@Au IPg
nanozyme facilitates TMB oxidation due to its enhanced peroxidase
activity. Further, core-shell structured Ag@Au IP¢ nanozyme also served
as an excellent SERS substrate for amplification of oxidized-TMB SERS
signal (Fig. 6G-H). To tackle the low limit detection of aflatoxin, authors
have implemented signal amplification techniques utilizing HCR to
greatly improve the sensitivity of the sensing technology. The trigger
probe T, modified with an amino group, was attached to carboxyl
magnetic beads (MBs) by amide binding and it was then combined with
the AFB1 aptamer. Aflatoxin Bl leads to dissociation of aptamer from
magnetic beads as it binds to aflatoxin B1 and leads to exposure of T
probe. It acts as initial target molecules and initiate HCR amplification to
obtain biotin contained multiple long linear DNA chains. Additionally,
the incorporation of streptavidin-ALP facilitated its binding to MBs
through a biotin-streptavidin interaction, leading to the self-assembly of
Ag@Au IPg nanoparticles. Under ideal circumstances, the dual-mode
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aptasensor has linear range from 2 pg/L to 200 pg/L with LoD of 0.58
pg/L, making it suitable for accurately quantifying and detecting AFB1
both in laboratory settings and on-site.

From the above, it is apparent that nanozyme-SERS technology sig-
nifies a notable progression in analytical science, providing a highly
sensitive, precise, and diversified platform for detecting biomedical
markers, environmental pollutants, and food contaminants. The devel-
opment of complex platforms has further opened new avenues for
innovative strategies in biomedical applications, resulting in the utili-
zation of diverse nanomaterials for the precise detection and analysis of
different biomarkers. Thus, the combination of nanozymes and SERS
principles significantly improves detection limits, enabling the detection
of trace amounts of target analytes with exceptional precision. More-
over, synergistic effect among nanozymes and SERS has transformed the
domain of biosensing, offering analytical tools that are highly effective
and accurate.

4.4. Colorimetric and electrochemical dual-mode sensing

Electrochemical sensing utilizes target-specific recognition and relies
on electrochemistry principle for transduction of biochemical signal into
measurable electrical signals. Generation of electrochemical signal is
directly proportional to the concentration of analytes, thus enabling the
quantitative and precise detection. Electrochemical process leads to
transferring of electrons between solution and solid electrodes. Here,
electrodes play a transducer role to sense electron transfer and hence
analyte concentration. Depending on the electroactive and non-
electroactive nature of analytes, resultant signals can be directly or
indirectly corresponded to the amount present. In the case of non-
electroactive analytes, a separate probe having electroactive property
should be integrated [237]. Finally, intensity of generated signal rela-
tively depends on the oxidation or reduction of target analyte at elec-
trode surface. Through the alteration of the nanozyme on the electrode
surface, it serves as a generator of electrically active probes or signal
amplification tags, enabling the acquisition of highly sensitive electro-
chemical signals via the oxidation or reduction of the substrate within
the catalytic reaction system. This approach facilitates the development
of nano-enzymatic electrochemical sensors. The integration of colori-
metric and electrochemical techniques in dual-mode sensing has
exhibited the unique benefits of both methods, resulting in a highly
effective approach for analytical and diagnostic applications. The
colorimetric method fundamentally depends on visible alterations in
optical characteristics, including absorbance or color intensity, induced
by interactions with the analyte [238]. The measurement of these
changes is frequently conducted with spectrophotometers or even
smartphone cameras, rendering the method straightforward and widely
accessible. The electrochemical mode, conversely, identifies analyte-
specific redox reactions by monitoring changes in current, potential,
or impedance, thereby delivering accurate, quantitative measurements
with exceptional sensitivity [239]. This combination offers notable
benefits, as the colorimetric mode facilitates rapid visual screening,
allowing for the identification of substantial changes without requiring
advanced instrumentation. In the meantime, the electrochemical mode
delivers strong quantitative data, guaranteeing specificity and a low
limit of detection. Nevertheless, in dual-mode systems, it is crucial that
these techniques are frequently crafted to work in harmony with one
another. For instance, the identical reaction could yield a chromogenic
product suitable for colorimetric detection, while simultaneously pro-
ducing an electroactive species for electrochemical analysis. This duality
facilitates real-time monitoring and cross-validation, minimizing errors
and enhancing reliability, particularly in heterogeneous or complex
sample matrices. In this context, TMB, as an excellent chromogenic
substrate, has also been successfully implicated in development of
electrochemical sensor due to its enhanced and strong electrochemical
signal [240]. Therefore, TMB functions as a versatile indicator, enabling
the development of a dual-mode sensing platform integrating
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colorimetric and electrochemical detection [241].

Taking advantage of dual activity of TMB, Zhang et al. demonstrated
the dual-mode hemin-graphene (H-Gr) nanocomposite for sensing of Di-
2-ethylhexyl phthalate (DEHP), cancer causing agent (Fig. 7A) [242].
Aptamers are utilized to attain great selectivity due to their excellent
stability and strong affinity for their target compounds in addition to the
preparation of colorimetric platform, DEHP aptamer adsorb to the H-Gr
lamella. H-Gr nanocomposite exhibited peroxidase activity to oxidize
TMB to blue color product in the presence of HyO,. The presence of
DEHP solution hinders the catalytic activity of H-Gr by forming com-
plexes with DEHP-aptamer, which leads to a diminished color change.
H-Gr nanocomposites are applied to the surface of a glassy carbon
electrode (GCE), and DEHP aptamers are introduced onto the H-Gr/
GCE. The oxidation current of H-Gr experiences a considerable reduc-
tion, which further reduces with the addition of a solution containing
DEHP. The inhibition of electron transport of hemin may be attributed to
the development of DEHP-aptamer complexes. The developed sensor
exhibited linear detection range of 1.00 x 1071 — 1.00 x 107 g-L ™}
and 2.00 x 1071° - 1.00 x 1077 g-L_1 for electrochemical (Fig. 7C) and
colorimetric method (Fig. 7B), respectively. Consequently, colorimetric
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and electrochemical sensor has been developed to detect DEHP with
high sensitivity. In another study, recently Lei et al. established the dual-
mode detection of HyO5 released from live cells (Fig. 7D-F) [243]. This
study presents the synthesis of Cu/Zr-MOF nanozymes using the sol-
vothermal method, which exhibit exceptional biocompatibility. The
presence of a Cu metal centre significantly enhanced the electrocatalytic
activity of Cu/Zr-MOF and its peroxidase-like behavior towards H05.
As shown in Fig. 7D, electrochemical detection demonstrated more
sensitivity than colorimetry, with a detection limit as low as 21.3 nM.
Colorimetry enabled the identification of HyO5 at a concentration of
0.11 pM by detecting the change in color (Fig. 7E). By using a smart-
phone equipped with a “Color Recognizer” software, it is possible to
analyse colours in real-time and with precision using RGB analysis,
eliminating the need for additional laboratory equipment. The devel-
oped dual-mode sensing technology was effectively utilized for the real-
time detection of HyO2 emitted by cancer cells. Dual-mode detection is
demonstrated to be more dependable and precise compared to tradi-
tional single-mode detection, surpassing the constraints of each
approach and broadening the scope of dual-mode detection in many
fields. It is well known that phorbol myristate acetate (PMA) treatment
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Fig. 7. Panel A: Schematic demonstration of colorimetric and electrochemical sensing of Di-2-ethylhexyl phthalate (DEHP) using hemin-graphene nanocomposites.
Panel B: The linear correlation between absorbance at 20 min and DEHP concentration, and Panel C: The correlation between differential Pulse Voltammetry (DPV)
current and DEHP concentration is linear. Reprinted with permission from Microchemical Journal, Elsevier [242] Copyright 2023. Panel D: Cu/Zr-MOF/SPE chro-
matographic response upon H,O- injection in system. Panel E: UV-vis absorbance spectra at different H,O» concentrations, and Panel F: Current response with or
without HeLa cells upon PMA addition. Reprinted with permission from ACS Applied Nano Materials, American Chemical Society [243] Copyright 2024. Panel G:
UV-vis absorbance spectrum for colorimetric detection of glucose using CoOOOH@Cu nanozymes, and Panel H: Difference in DPV current upon addition of different
glucose concentrations. Reprinted with permission from Chem Comm., Royal Society of Chemistry [245] Copyright 2022.
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can stimulate the HoO5 production in cells via activation of protein ki-
nase C [244]. As presented in Fig. 7F, only small change in current has
been observed in presence of PMA alone in the system, whereas current
increased significantly when HeLa cells treated with PMA were present.

In the same context, Gu et al. proposed the colorimetric and elec-
trochemical dual-mode sensor for intracellular and extracellular HoO5
detection [238], wherein FeS,/SiO, nanoparticles with peroxidase
enzyme-like activity are prepared, and TMB is used as multifunctional
indicator. Interestingly, TMB can be used both as colorimetric and
electroactive probe to build dual-mode detection platform. Result
showed that upon addition of HyO», colorless TMB oxidized to blue color
product, which leads to a concurrent increase in corresponding ab-
sorption peak with decreased electrochemical peak current. The suc-
cessful integration of the aforementioned two methods resulted in the
precise and responsive measurement of intracellular/extracellular HyO,.

In another study, synthesis of cobalt copper bimetallic nanoclusters
(Co@Cu-BNCs) using a hydrothermal and one-step pyrolysis technique
is demonstrated. The synthesized nanoclusters serve as a dual-mode
sensing platform for uric acid (UA) detection by colorimetric and elec-
trochemical sensing. Co@Cu-BNCs, when exposed to HyOs, exhibit
peroxidase-like behavior by transforming the colorless TMB into the
blue-colored oxidized-TMB, and the presence of UA in solution leads to
reduction in the distinctive absorption peak strength of oxidized-TMB
due to its inhibitory influence on the oxidation process of TMB. This
research presents a method for detecting UA using a colorimetric assay
platform. The method has a linear range of 0.1-195 pM and a low
detection limit of 0.06 uM, with a signal-to-noise ratio of 3. Further, the
electrochemical approach has a significantly broader detection range
due to the prominent electrocatalytic activity of Co@Cu-BNCs, and it
has been coated on glassy carbon electrode to develop an electro-
chemical sensor for UA detection with an expanded linear range from 2
to 1000 pM and a detection limit of 0.61 pM, with a signal-to-noise ratio
of 3. Besides, the examination of UA in a human serum sample produced
favorable results, indicating utilization of colorimetric and electro-
chemical dual-mode detection methods for exceptional sensitivity, ease
of use, and precision. In this perspective, a novel sensing platform for
detecting the breast cancer biomarker thioredoxin 1 (TRX1) has also
been proposed [246] employing PBNPs, which are reported to have
excellent peroxidase-mimicking and electrocatalytic properties. It can
detect TRX1 in physiological fluid using both colorimetric and electro-
chemical methods. The synthesis of PBNPs was conducted by a hydro-
thermal method, utilizing K3[Fe(CN)g] and PVP as a precursor and
capping agent, respectively. In comparison to that of natural horseradish
peroxidase (HRP), the synthesized spherical PBNPs exhibited a notable
peroxidase-like activity with 20 % and 60 % lower Km values for TMB
and Hy0,, respectively. The presence of PBNPs resulted in an increased
efficiency of electron transport on the electrode surface. PBNPs were
employed to detect target TRX1 using sandwich-type immunoassay
methods, taking advantage of their favorable characteristics. The
methodologies employed allowed for the specific and accurate detection
of TRX1, with a detection limit as low as 9.0 ng/mL for colorimetric
approach and 6.5 ng/mL for electrochemical methods. 10-50 ng/mL has
been reported as linear range for detection in both colorimetric and
electrochemical approaches. The TRX1 immunoassays, based on PBNP,
showed a high level of precision when tested on actual human serum
samples. This suggests that they have the potential for replacement of
traditional HRP-based immunoassay systems with dual-mode assay
systems that are rapid, strong, dependable, and convenient. These new
systems can be widely used to identify important target molecules, such
as cancer biomarkers.

Further, Cheng et al. offered a dual-mode sensing system for glucose
monitoring, which combines colorimetric and electrochemical methods
[245]. This method leverages CoOOOH@Cu nanosheets as peroxidase-
mimics, utilizing OPD as the signaling molecule. The CoOOH@Cu
nanosheets were synthesized by introducing Cu®* ions to Co®* ions
under alkaline conditions to produce the hydroxide. The CoOOH@Cu
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nanosheets were synthesized by further oxidation using NaClO. GOx
may oxidize glucose, resulting in the conversion of glucose into gluconic
acid and H,0,. Afterwards, H,O5 can oxidize the substrate OPD with the
help of COOOH@Cu nanosheets as a catalyst to produce a brown-yellow
oxidized product called OPD-oxidized. The OPD-oxidized product gen-
erates both colorimetric (Fig. 7G) and electrochemical signals (Fig. 7H),
which may be used to monitor the glucose level. This sensing technique
enhances the precision and sensitivity of glucose detection by using the
CoOOH@Cu nanosheets strong peroxidase-like activity and the inte-
grated dual-mode output.

The implementation of nanozymes offers significant potential for
many applications of electrochemical sensors in biomedicine and med-
ical diagnostics, as well as in the environmental and the food sector.
Furthermore, the integration of nanozymes catalytic activity and elec-
trochemical approach enhances the potential for the intelligent utiliza-
tion of sensors. It has been asserted that with persistent endeavours,
nanozymes-based electrochemical sensors will be effectively inte-
grated with smartphones to achieve intelligence and will be extensively
utilized in everyday life in the future. In the early phases of develop-
ment, the transition of nanozyme-based electrochemical biosensor
technologies into market-ready products seems to necessitate collabo-
rative efforts that bridge technical and non-technical fields, involving
researchers, industry stakeholders, and government entities. These in-
vestigations may become especially rigorous in the future for effectively
addressing cancer and other illnesses.

4.5. Colorimetric and luminescence/chemiluminescence/
electroluminescent dual-mode sensing

Luminescence-based detection is an effective technique due to the
variety of modes available for use. Detection can be accomplished by
observing a change in luminescence intensity (either turn-off or turn-
on), the emission wavelength, or even the excited state lifetime, when
a specific chemical is present. The most prevalent techniques for
detecting analytes involve luminescence quenching (turn-off) or
enhancement (turn-on). The alterations in luminescence may arise from
both direct and indirect interactions between the sensing material and
the target molecule. Mechanisms involved include photo-induced hole
transfer, energy transfer, and/or a chemical reaction [247]. Therefore,
in recent times, colorimetric and luminescence technologies have
garnered significant interest owing to their appealing benefits, effortless
operation, economical nature, and rapid responsiveness [248]. Still, the
primary disadvantage of colorimetry is its limited sensitivity. On the
contrary, luminescence spectrophotometry is an efficient and sensitive
technology, and it has been extensively employed for the detection of
analytes [249-251]. Hence, analytes may be detected with high sensi-
tivity using luminescence spectrophotometry, and colorimetric analysis
can be used for quick and efficient analytes detection. Using only one
detecting method results in a single output signal. The sensitivity and
accuracy of a single-mode sensor are inferior to those of multi-mode
sensors, as they are unavoidably affected by external influencing fac-
tors as discussed earlier. A desirable goal is to create a quick, reliable,
and sensitive sensor for the assay of analytes by inventing a dual-mode
sensing technique that incorporates both colorimetric and luminescence
assays. This approach allows for the accessibility of the benefits offered
by both methods, resulting in dual signal readings [252,253].

In this context, Xing et al. proposed the development of covalent
organic framework (COF) grafted with lanthanides for dual-mode
colorimetric and luminescence detection of tetracycline as shown in
Fig. 8A [254]. The selection of Ce3" and Eu®t ions for functionalizing
COFs was based on their specific catalytic and luminous properties,
which make them suitable for bimodal sensing. COF-Ce-Eu can function
as an enzyme-mimic, catalysing the oxidation of TMB in the presence of
H0,, and inclusion of tetracycline enhances the catalytic activity of
COF-Ce-Eu by forming a complex with tetracycline. As illustrated in
Fig. 8B, the catalytic activity and absorbance of COF-Ce-Eu exhibit a
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Fig. 8. Panel A: Schematic depiction of lanthanide-grafted covalent organic framework (COF) based colorimetric and luminescence dual-mode sensor for tetra-
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direct correlation with the concentration of tetracycline. The ratio-
metric luminescence response was determined by comparing the in-
tensity ratio of the wide band centred at 512 nm emitted by the COF
matrix with the sharp peak at 616 nm emitted by Eu3t (Fig. 8C). The
variation in brightness at the wavelength of 512 nm and the rise at 616
nm were contingent upon the concentration of tetracycline. This plat-
form, which combines colorimetric and luminescence-modes, has
exceptional selectivity and sensitivity towards tetracycline. Report
showed LoD of 24 nM and 3.4 nM, for colorimetric and luminescence
approaches, respectively, with broad linear detection range of 0-50 pM.
The implemented bimodal sensing technique offers a reliable and
effective means of accurately detecting and tracking tetracycline in food
and water samples.

Further, in biological and dietary samples, total antioxidant capacity
(TAC) is an essential metric for determining the collective antioxidant
efficacy. Therefore, precise assessment of TAC has become more crucial
for health surveillance and nutritional counselling [257]. As depicted in
Fig. 8D, luminescence-colorimetric dual-mode sensor, using a persistent
luminous nanozyme called ZGO-Pt has been employed for the specific
detection of TAC [255]. The ZGO-Pt material was produced by incor-
porating platinum nanoflowers as a synthetic addition into ZnGaO4:Cr
nanoparticles (ZGO). The synthesized ZGO-Pt presented captivating
peroxidase-mimetic activity and long-lasting luminescence. It efficiently
facilitated the catalysis of the oxidation of colorless TMB into blue
oxidized-TMB. At the same time, the generated oxidized-TMB showed a
significant absorption at 652 nm, successfully diminishing the lumi-
nescence of ZGO-Pt at 700 nm through the inner filter effect. Antioxi-
dants can either compete with oxidizable TMB or convert oxidized-TMB
back to TMB. This leads to simultaneous changes in both the blue color
and luminescence, which may be used as the foundation for a dual-mode
test for TAC (Fig. 8E and F). The ZGO-Pt catalyst demonstrates high
efficiency in catalysing reactions, with Km values of 3.12 mM for H,O5
and 0.592 mM for TMB. This enables the dual-mode sensor to accurately
measure TAC within a wide linear range of 0.5-200 pM in colorimetric
mode, whereas 1-300 pM in luminescence mode. Additionally, the
sensor has a low detection limit of 0.05 pM and 0.78 pM in colorimetric
and luminescence modes, respectively. The dual-mode sensor has been
effectively employed for the determination of TAC in fruits, vitamin
tablets, and beverages. This study presents a very effective persistent
luminous nanoparticle-based nanozyme for a simple TAC test, with
potential applications in biosensing and food technology.

Likewise, GSH is a crucial chemical for maintaining the balance of
oxidation and reduction in living organisms. Precise monitoring of its
fluctuations is beneficial for the early detection and treatment of asso-
ciated disorders. A novel sensing platform called ZCGO@MnO;, which
has a unique nanoflower structure, has been presented in recent past
[256], which exhibits both luminescent resonance energy transfer
(LRET) property and oxidase-like activity to detect GSH using two
different modes. The sensor comprised of persistent luminescence
nanoparticles (PLNPs) that emitted near-infrared light, and MnO, had
the capacity to quench luminescence and operate as an oxidase. By
introducing GSH, luminescence property of nanozymes has been
restored with suppression of oxidase-like activity with the reduction of
MnO, to Mn?*. Thus, the sensor effectively generated dual-mode signal
outputs, incorporating both persistent luminescence and colorimetric
detection. The use of PLNPs enabled the elimination of background
interference from complex biological samples, significantly improving
the signal-to-noise ratio. This dual-mode sensing approach further
enhanced detection precision, ensuring superior analytical performance.
In addition, the sensor can detect alterations in intracellular GSH levels
using bioimaging techniques. Fig. 8G elucidates that under the ideal
assay circumstances, the system’s PL intensity increased gradually as the
GSH concentration rose. Indirect evidence that MnO, reacted with GSH
and caused the manganese layer to degrade was provided by the solu-
tion’s progressive shift in color from brown to white when exposed to
sunshine. As illustrated in Fig. 8H, the intensity of photoluminescence
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rises, and the duration of afterglow decay extends as the concentration
of GSH increases. This suggested the possibility of using the sensing
platform for GSH visualization. Additionally, the correlation between
[TMB + ZCGO@MnO,] absorbance and GSH concentration was exam-
ined. The absorbance at 652 nm gradually decreased as GSH increased,
as shown in Fig. 81. According to the linear function of (Ayp-A)/Ag = 0.51
LgC GSH - 0.19 (R? = 0.99), where A = absorbance of the detection
system with GSH, and Ay = absorbance of the detection system without
GSH, the absorbance change was linearly correlated with GSH concen-
tration (Fig. 8J). This study introduces novel ideas for creating sensors
within complex samples and broadens the application of PLNPs in the
field of biosensing.

In another study, biosensing platform had been developed for nucleic
acid sensing based on CRISPR-Casl2a-mediated dual-mode up-
conversion luminescence and colorimetric-based nanozymes [258].
The system comprised of UCNP@SiO,/CeO2 (UNSC) conjugated to
single-stranded DNA (ssDNA) probes and exhibited peroxidase activity
and acted as luminescence donors. In absence of targeted nucleic acid,
luminescence gets quenched due to attachment of ssDNA-UNSC to gra-
phene oxide via pi-pi force and no color change has been observed.
Whereas, in presence of targeted nucleic acid, Cas12a activation occurs,
followed by cleavage of ssDNA probes on UNSCs, which leads to its
detachment from graphene oxide surface due to weak binding force.
This will lead to restoration of up-conversion luminescence activity and
color production in the presence of TMB due to free nanozymes. This
biosensing platform demonstrates a limit of detection ~320 fM in the
up-conversion luminescence mode and about 28.4 pM in the colori-
metric mode for nucleic acid detection, respectively. This dual-mode
biosensing system, utilizing UNSC nanozyme and CRISPR-Casl2a,
showcases impressive selectivity, excellent repeatability, and straight-
forward operation, enabling seamless adaptation to other nucleic acid
detection methods simply by redesigning the CRISPR RNA sequence.

Chemiluminescent sensing is another important approach to monitor
the presence of trace elements. It primarily depends on the redox reac-
tion involving the HyOo-luminol system, which produces chemilumi-
nescent signals. Subsequently, the intensity of the luminescence is
transformed into a digital signal via a converter [259]. Nanozymes
exhibiting peroxidase-mimetic activity catalyzes HyO2-luminol system
to enhance the chemiluminescent signal intensity as well as detection
sensitivity to develop colorimetric-chemiluminescent dual-mode sensor
[133]. Jing et al. developed colorimetric/chemiluminescence (CL) dual-
mode biosensor for aptamer-based detection of Parathion-methyl (PM)
pesticide [95] The aptamer specific to PM was affixed to the surface of
trimesic acid-Cu (TA-Cu) nanozyme, which can modulate the catalytic
capability of nanozyme regarding substrates and also function as a
specific recognition unit for PM. In the presence of pesticide, the
aptamers attach to PM and release from the surface of the TA-Cu
nanozyme, impacting the catalytic capability of the nanozyme with
respect to substrates. Result demonstrated that a dual-mode aptasensor
method utilizing colorimetric and chemiluminescent techniques for PM
detection, featuring linear ranges of 0.01-20 and 1-100 ng/mL, along
with detection limits of 0.004 and 0.45 ng/mL, respectively. Signifi-
cantly, in contrast to many single-mode analysis techniques, this dual-
mode sensing system is capable of performing self-inspection by evalu-
ating the detection outcomes of each mode, thereby enhancing the
reliability of the detection results. Same dual mode approach has been
utilized for detection of glyphosate pesticide using peroxidase-mimetic
Fe304@Cu nanozyme [89]. The synthesized nanozyme initiated the
oxidation of luminol/TMB to excited-state 3-aminophthalic acid/blue
oxidized TMB due to enhanced peroxidase-like activity, while producing
a chemiluminescent signal/visible colorimetric signal. However, the
presence of glyphosate hindered this activity, leading to a reduction in
signal strength. This inhibitory effect might be attributed through two
pathways: one where glyphosate binds with Fe(III)/Cu(II) and occupies
the catalytic active sites of Fe304@Cu, leading to a decrease in the
production of eOH, and another where glyphosate competes with TMB
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to utilize the generated eOH, thereby diminishing the oxidation of TMB.
This mechanism served as the dual-mode colorimetric/CL glyphosate
nanosensor, which reached LODs of 0.086 pg/mL and 0.019 pg/mlL,
thereby showcasing its considerable promise for on-site glyphosate
monitoring. Further, Guo et al. demonstrated the development of co-
valent organic framework (COF)@AuNPs@PDA nanozymes for dual
dual-mode colorimetric and chemiluminescent biosensor for detection
of S. aureus bacteria [260]. Synthesized nanozyme exhibited the nitro-
reductase and peroxidase-mimetic activity. Result showed that nano-
zyme can bind to bacteria via strong electrostatic interaction, which
leads to generation of enhanced chemiluminescent and colorimetric
signal. Intensity of generated signals reported to be inversely propor-
tional to the bacterial concentration. Dual-signal method shows a linear
response in the concentration range of 10 to 10’ CFU/mL for S. aureus,
with a low limit of detection of 7.9 CFU/mL and 8.5 CFU/mL using
chemiluminescence and colorimetric approach, respectively. The au-
thors have shown that our proposed method is both feasible and reliable
through the analysis of milk and chicken samples. Liu et al. demon-
strated inert-remodeling approach for the development of bimetal-
confined nitrogen-doped carbon nanozyme for colorimetric/chemilu-
minescent dual-mode glucose biosensor [261]. A cascade enzyme sys-
tem of CoONi-CN@GOx was prepared by integrating with GOx, leading to
the development of a colorimetric-chemiluminescent imaging sensor for
glucose detection based on the CoNi-CN@GOx cascade system. The
process involved the catalysis of glucose to produce Hy05 in situ, which
could then be decomposed into eOH by the CoNi-CN nanozyme. This
reaction facilitated the oxidation of luminol and TMB, resulting in the
generation of visual chemiluminescent and colorimetric imaging sig-
nals, respectively. Glucose levels were measured across extensive linear
ranges of 0.08-15 mM and 0.1-30 mM using colorimetric and chemi-
luminescent imaging techniques, respectively. This study presents a
promising inert-remodeling approach to develop high-performance
nanozymes for dual-mode biosensing applications.

Currently, graphitic phase carbon nitride has attracted considerable
interest in the realm of electrochemiluminescence (ECL) sensing because
of its chemical stability, non-toxicity, outstanding biocompatibility, and
affordability [262]. Tang et al. demonstrated the copper ion/graphitic
carbon nitride nanosheets (Cu2+—g—C3N4) colorimetric/ECL dual mode
biosensor for efficient and sensitive detection of f-amyloid peptide (AB)
[263]. Here, Cu®*-g-C3N4 nanosheets served dual purposes, functioning
both as an ECL luminophore and demonstrating remarkable activity
akin to a peroxide-like enzyme. Signal-on ECL biosensor was initially
developed by utilizing Cu?"-g-CsN, as the ECL signal probe and the
aptamer as the capture probe for the target Af, leveraging the interac-
tion between Cu®* and Ap. Additionally, a colorimetric system utilizing
peptide segment-functionalized magnetic beads was developed, incor-
porating Cu®"-g-C3N, as the nanozyme and the peptide segment as the
capture motif for Ap. The suggested approach facilitated the precise
identification of Af, demonstrating extensive linear ranges of 1.0 x
10 M t01.0 x 107 M and 1.0 x 10 2 M to 1.0 x 10~7 M for ECL
mode and colorimetric mode, respectively. This work offers significant
promise for the timely and precise identification of Alzheimer’s disease.

This section outlines the latest advancements in colorimetric and
luminescent dual-mode detection utilizing nanozymes. In the nanozyme
domain, most activity assays and biosensors utilized chromogenic sub-
strates like TMB and ABTS, known for their cost-effectiveness and ease
of detection. Furthermore, the identification of luminescence exhibits a
reduced background in contrast to the identification of absorbance.
Consequently, luminescent products that can be produced at neutral pH
are advantageous for specific applications. A variety of nanozymes have
demonstrated the ability to oxidize substrates for use in analytical ap-
plications. Nonetheless, most investigations were conducted as proof-of-
concept, necessitating significant advancements before practical and
effective assays can be established.
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4.6. Colorimetric and photoelectrochemical dual-mode sensing

Photoelectrochemical (PEC) sensors have been widely utilized in the
sensing of various analytes like biomarkers, heavy metals, antibiotics,
organic pollutants, and proteins [264,265]. In general, PEC sensing can
be achieved using a photoirradiation in combination with typical three-
electrode cell. However, compared to electrochemical sensing, its in-
dependent light source and electrochemical detection system offer a
reduced background, and a more sensitive signal detection. Most PEC
sensors operate in a ‘photocurrent’ mode, where the transfer of photo-
generated electrons between the photoelectrode and analyte is used.
Alternatively, electrochemical detection can be combined with photo-
irradiation using a ‘self-powered sensing’ mode called photo-
electrochemical fuel cell (PFC). In contrast to the conventional three-
electrode PEC sensing system, the self-powered sensing system oper-
ates efficiently with just two electrodes. Furthermore, it does not require
external power sources or intricate equipment, making it a practical
solution for creating compact, implantable, or portable devices [266].

A CdS-In,S3 heterojunction has been created to boost the PEC per-
formance. This heterojunction was utilized to develop dual-mode bio-
sensors activated by visible light, enabling highly sensitive and selective
detection of bleomycin (BLM) [267]. The CdS-In,S3 composite
demonstrated an increased photocurrent response, when exposed to
visible light due to its better absorption in the visible region and
decreased recombination of electron-hole pairs in the heterojunction.
The sensor exhibited a decline in photocurrent intensity upon interac-
tion with BLM, demonstrating a proportional relationship with its con-
centration in the range of 5.0-250 nM. Furthermore, the CdS-In2Ss
photoanode was integrated into a PFC, where it facilitated water
oxidation under visible light, while oxygen reduction occurred at Pt
cathode, enhancing its functional applicability. This chemical reaction
results in the production of electricity. The immobilization of the BLM-
binding aptamer on the CdS-InyS; photoanode resulted in an output
power of the PFC that decreased as the logarithm of BLM concentration
increased from 10 to 250 nM. This created a self-powered sensing
platform for BLM detection that could be activated by visible light. Both
suggested sensors exhibited exceptional selectivity, commendable
repeatability, and remarkable stability. They were effectively utilized
for the quantification of BLM in human serum samples.

Further, colorimetric-assisted photoelectrochemical-based sensor
has been developed for salicylic acid (SA) detection based on presence of
two pairs of cis-diol groups as shown in Fig. 9A [268]. Sandwich-like
structure had been prepared by incorporating gold-modified BisSs
(Au@Bi»S3) and metal organic framework (Au@PCN-224) to the elec-
trode. In the presence of TMB substrate, dual sensing approach for
colorimetric visualization and photocurrent has been achieved due to
nanozyme property and inert electroconductivity of developed sensor.
Besides, Ce>* has been incorporated to enhance the colorimetric signal
via increasing the catalysis activity by energy transformation from PCN-
224 surface to the whole system. Fig. 9B illustrates that as the concen-
tration of SA increases; there is a gradual decrease in photocurrent. In
addition, the absorption intensity in the UV-visible spectrum at 652 nm
has been shown in Fig. 9C. As exemplified in Fig. 9C, the UV-visible
intensity progressively increased with the rising concentration of SA
(from a to o). Thus, due to the presence of unique SA recognition site and
Ce>* as mediator, dual-mode sensing of visualization and photocurrent
exhibited high sensitivity. The current approach demonstrated signifi-
cantly high accuracy, selectivity, and sensitivity for SA detection,
achieving a detection limit of 1.44 pM and a 5-1000 pM linear detection
range. This method provides an encouraging new framework for iden-
tifying SA and suggests a possible tactic for creating advanced biosensors
with dual-model readout capabilities. In another study, Wei et al.
designed immunosensor for photoelectrochemical/colorimetric dual-
mode sensing of ochratoxin A (OTA), ochratoxin B (OTB), and ochra-
toxin C (OTC) at broad spectrum (Fig. 9D) [269]. Here, bi-functional
copper oxide nanoflowers (CuO NFs) attached to corresponding
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Fig. 9. Panel A: Schematic representation of fabrication process, and dual-mode colorimetric and photoelectrochemical readout of salicylic acid (SA); Panel B:
Photocurrent response of sensor in presence of different SA concentrations, and Panel C: Colorimetric sensing by UV-visible spectrum response at different SA
concentrations. Reprinted with permission from Chinese Chemical Letters, Elsevier [268] Copyright 2023. Panel D: Illustration of dual mode ochratoxin detection;
Panel E: Variation in PEC current, and Panel F: Colorimetric response at various ochratoxin concentrations. Reprinted with permission from Sensors and Actuators B:
Chemical, Elsevier [269] Copyright 2021. Panel G: Colorimetric (Inset: colorimetric response images of MCF-7 cells), and Panel H: Photoelectrochemical current
response at different MCF-7 cell concentrations. Reprinted with permission from Analytical Chemistry, American Chemical Society [270] Copyright 2016.

antibody serves as dual-signal probe for colorimetric and photo-
electrochemical detection of ochratoxin. For photoelectrochemical
detection, Cd?" in photoactive materials replaced by Cu®" released from
CuO nanoflower to form new band gap, which in turn enhances the
recombination of electron-hole to vary the respective current. In color-
imetric detection, Au nanorods etched by Cu?* induce LSPR shift and
multiple color change. As shown in Fig. 9E, there is a positive correlation
between PEC current (AI = I-Ip) and ochratoxin concentration, here I
represent the PEC current in presence of ochratoxin, whereas I repre-
sents in absence of ochratoxin. Additionally, Fig. OF illustrates that the
shift in LSPR position (A)) for OTA, OTB, and OTC at identical con-
centrations is comparable, indicating the feasibility of simultaneous
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detection of the three ochratoxins. The inset illuminates a strong linear
correlation between A) and the logarithm of ochratoxin concentration,
spanning the range of 1 ng/L to 10 pg/L. As the concentration of
ochratoxins decreases, a greater quantity of CuO NFs-Ab2 can be
effectively immobilized in the well. This process resulted in an increased
production of Cu?* ions, causing a blue shift in the LSPR peak of Au
nanorods. Consequently, the solution underwent a gradual color tran-
sition, shifting from brownish-red to grey, then progressing through
green, blue, and purple, before ultimately turning to pink. Subsequently,
two unique approaches from different detection systems were utilized to
precisely and dependably indicate the levels of ochratoxins. This study
accomplished the comprehensive identification of OTA, OTB, and OTC,
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while presenting an innovative approach for creating a precise, visual,
and multi-signal immunosensing platform.

In addition to above, development of photoelectrochemical/colori-
metric dual-mode sensor for cyto-analysis of HyO9 released from tumor
cells using microfluidic paper-based analytical device (u-PAD) has also
been demonstrated [270]. This approach relies on the cleaving of DNA
by hydroxyl radicals (eOH). The designed sensor incorporates a layer-
by-layer approach featuring concanavalin A, flower-like Au@Pd alloy
nanoparticles labelled with graphene quantum dots (GQDs), and tumor
cells, all assembled on the surface of vertically aligned bamboo-like ZnO.
The structure is supported by a pyknotic platinum nanoparticles modi-
fied paper working electrode (ZnO/Pt-PWE). The increased photocur-
rent response, relative to the bare ZnO/Pt-PWE, was ascribed to the
efficient energy level alignment between GQDs and ZnO. Released H,0,
induces the DNA strand fragmentation due to generation of ¢OH through
the combined catalytic action of GQDs and Au@Pd alloy nanoparticles.
This approach shows decreased photocurrent, and enhanced sensitivity
towards HO» detection in aqueous solutions as represented in Fig. 9H,
with a detection limit of 0.05 nM. The released probe facilitates a cat-
alytic chromogenic reaction of substrates, allowing real-time visualiza-
tion of HyO4-related biological processes. Fig. 9G depicts the progressive
color change in the chromogenic zone, shifting from colorless to blue
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and eventually deepening with increasing cancer cell concentrations.
Additionally, the cyto-sensor exhibits a linear relationship between grey
intensity and the logarithm of cancer cell concentration. This research
introduces a novel, cost-efficient, and user-friendly p-PAD for precise
and visual detection of cellular HO,, emphasizing its promising appli-
cations in cellular biology and disease pathology.

In short, reports have demonstrated that in comparison to single
metal, bimetallic nanomaterials exhibit enhanced chemical and optical
properties due to the synergistic effect of two atoms [82]. Consequently,
noble metal nanomaterials with unique properties are well-suited for
producing colorimetric signals and enhancing PEC signals in dual-mode
detection. Nanozyme-based colorimetric and PEC sensors offer the ad-
vantages of visual detection alongside highly sensitive electrochemical
analysis for biomarker and environmental sensing. Nanozyme-driven
colorimetric detection relies on catalytic reactions that produce a
color change; PEC sensors employ nanozymes to enhance photocurrent
generation when exposed to light, achieving exceptional sensitivity and
minimal background detection. The dual-mode approach improves
precision, responsiveness, and dependability, rendering it suitable for
on-site diagnostics, pathogen identification, and environmental
assessment.
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Fig. 10. Panel A: Schematic representation of nanozyme sensor array with dual enzyme-mimetic activity in sensing of different sulfides in various food samples.
Reprinted with permission from Biosensors and Bioelectronics, Elsevier [273] Copyright © 2024. Panel B: Colorimetric response of the Cu,Cl(OH); nanozyme in
presence of different phosphates. Panel C: Radar Map showing the discrimination of 8 phosphates at 100 pM concentration. Reprinted with permission from Talanta,
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identification and differentiation of six tea series. Reprinted with permission from Talanta, Elsevier [278] Copyright © 2024.
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5. Nanozyme-sensor array (artificial nose)

As discussed above, nanozymes with peroxidase-mimetic activity
have been employed in construction of various biosensors by conjuga-
tion with correspond specific recognition ligands. However, such stra-
tegies suffer a major drawback that it cannot be employed in multiplex
detection (multiple analytes), and thus lack universality [271]. In order
to address this limitation, nanozyme-based sensor arrays have been re-
ported, and they are exhibiting advantageous properties of rapid
multiplex detection with high sensitivity and specificity [272]. Sensor
array also known as ‘artificial nose’, is capable of responding to detected
objects via various signal channels, creating distinct discrimination rules
that classify and differentiate samples of unknown species. Recently,
‘nanozyme-based sensor array’ are considered as “hot spot” in sensing of
proteins, microbes, cancer cells, and other analytes.

In the context of above, Jing et al. developed the novel bi-functional
copper hydroxide nitrate [Cuy(OH)3NO3] nanozyme-based two-channel
sensor array exhibiting dual peroxidase- and laccase-like enzymatic
properties. As shown in Fig. 10A, the developed array has been utilized
in successful identification of six different kinds of sulphides, including
NaZS, Na25203, N32503, N32504, NaH503, and Nazszog [273]. Herein,
except NasS20g, addition of all other sulfides leads to reduced absor-
bance of TMB at 652 nm. However, due to its strong oxidizing ability,
NayS,0g further oxidized TMB to show increased absorbance. Further,
for sensing based on laccase-like enzyme activity, 2,4-dichlorophenoxy-
acetic acid (2,4-DP) has been used as a substrate, where except NayS;0g
and NasS, addition of all other sulfides leads to reduced absorbance of
2,4-DP. However, similar to peroxidase behavior, here also addition of
NayS;0g shows increased oxidation of 2,4-DP, and leads to increased
absorbance. Further, Na,S known to reduce the Cu?' to Cu® thus
enhancing the laccase-like activity, which corresponds to enhanced
absorbance [274]. Additionally, Cu—S bonds also enhance catalytic
performance of laccase-like activity by increasing the electron transfer
rate [275]. Moreover, the sensor array has successfully recognized and
distinguished three actual samples (wine, egg, and milk). This study has
been crucial for improving the development of array units and refining
the detection of sulfides in complex food samples. Likewise, multi-signal
nanozyme-based array by utilizes the peroxidase- and laccase-like ac-
tivity of Cu-1,3,5-benzenetricarboxylic acid (Cu-BTC) nanozymes for the
detection of antioxidant phenolic compounds (APs) has been developed
[276]. Due to the laccase-like activity, nanozyme can efficiently catalyze
various APs to colored quinone imines products. Peroxidase-like activity
of nanozymes leads to oxidation of TMB with excellent photothermal
effect which is inhibited due to the strong reducing ability of APs. Thus,
colorimetric/photothermal dual-mode sensor array has been developed
with integrated ANN algorithm for precise and rapid identification of
APs in coffee, black tea and wine. Further, Shi et al. prepared bi-
functional di-copper chloride trihydroxide (CupCl(OH)3) nanozyme-
based sensing array system with dual-enzyme-mimetic activity for
detection of various phosphates [277]. In order to evaluate the sensing
performance, eight different phosphates including ATP, ADP, AMP,
GTP, GDP, GMP, PPi and Pi have been tested. It has been reported that
phosphates can form metal complex with Cu?" due to its strong inter-
action activity, which leads to decreased catalytic response of CuyCl
(OH)3 by destroying its structure. Additionally, the interaction also al-
ters the charge state, thus significantly altering the enzymatic activity as
shown in Fig. 10B and C. Their classification is based on the different
phosphates’ differing levels of inhibitory effects on CuyCI(OH)3 nano-
zyme catalytic activity. The results presented in the research provide a
possible way to distinguish between different phosphates by evaluating
CuyCl(OH)3 dual-enzyme mimicking capabilities.

The sensor array, comprised of zwitterionic dopamine nanoparticle-
coated magnetic bimetallic nanoparticles (Fe304@ZNP@UiO-66)
nanozyme for detection and discrimination of phosphoproteins [oval-
bumin (OVA), pepsin (Pep), casein phosphopeptides (CPP)] is also
developed in recent past [279]. The fabricated nanozymes exhibited
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enhanced peroxidase-mimic activity, which can readily transfer elec-
trons Zr centre to Fe(II)/Fe(Ill). Phosphoproteins exert an inhibitory
effect over the catalytic activity due to strong interaction between Zr
centre and phosphate groups, which can mask the dual active site of
nanozymes. Inhibitory effect also might be attributed to ZNP antifouling
ability, and due to difference in binding affinity of different proteins
towards nanozymes, it leads to generation of different absorbance
response at 420 nm in nanozyme-ABTS system. For example, CPP and
OVA have comparable isoelectric points; however, because CPP is more
phosphorylated than OVA, it inhibits the catalytic activity of the nano-
zyme strongly. In order to distinguish phosphoproteins from other
proteins, linear discriminant analysis (LDA) is used to build a sensor
array based on reaction kinetics by merely extracting distinct absor-
bance intensities at different time periods. Additionally, protein mixture
identification and quantitative phosphoprotein determination have
been accomplished. Furthermore, the suggested sensor array has
tremendous promise in disease diagnosis as it may be used to differen-
tiate cancer cells from normal cells based on the differential amount of
phosphoproteins in cells.

In other study, nanozyme-based sensor array had been developed for
sensing of tea polyphenols (TPs) using enzyme/ polyphenol oxidase
nanozyme-based activity [278]. Here, 4-AAP serves as substrate which
can produce different color for accurate detection of TPs at different
concentration, ratio, and species (Fig. 10D). A dual-output model based
on machine learning was additionally employed to accurately predict
the concentrations and classes of unknown samples. As a result, it is
possible to rapidly and continuously detect TPs both qualitatively and
quantitatively. Additionally, Chinese teas were identified using a sensor
array that combined a dual-output model based on machine learning.
The technique can accurately detect the more specialized tea kinds after
differentiating the six tea series in China. An effective and simple
method for identifying teas and tea products is offered by this study.
Further, fluorescence capillary sensor array based on bimetallic nano-
zymes with excellent peroxidase-mimetic activity and cross-recognition
for rapid discrimination and identification of five glucocorticoids (GCs),
namely, hydrocortisone, prednisone, dexamethasone, betamethasone,
and cortisone acetate, had been proposed [280]. The MRFCAS was
developed by transferring imprinted materials in a single capillary tube,
using 18.0 pL of sample each time, to generate distinct response signals
and color changes towards five glucocorticoids. The outcomes revealed
that in presence of dexamethasone, fluorescence at 455 nm increases
with decreased intensity at 571 nm, proving that dexamethasone can
enter the imprinted hole to inhibit substrate oxidation. In order to detect
five GCs in real time within seven minutes, a smartphone, with the help
of MATLAB software, captured the variations in color of MRFCAS that
were transformed into digital information. Developed sensor exhibited
extremely low detection in nanomolar range with detection accuracy
more than 90 % to offer a different approach to multi-target micro-
volume detection in challenging contexts.

In more advanced study, Dashtian et al. demonstrated the molecu-
larly imprinted (MI) nanozyme sensor array based on Ce[Fe(CN)g]
Prussian blue analogues (PBA) for septicemia detection [281], wherein
the developed sensor targets isoleucine, valine, and leucine as a poten-
tial indicator of septicemia. The bimetallic nanozyme component,
comprising Fe — CeO,, demonstrates strong peroxidase activity, trig-
gering a Fenton-like reaction when activated by the presence of Ce*t/
Ce>" and Fe®*/Fe?* cycles. This feature renders it highly appropriate for
the activation of persulfate and the following oxidation of TMB, effec-
tively functioning as a colorimetric probe. Furthermore, when valine,
leucine, and isoleucine are present, the MITiO; layer of the nanozyme
array exhibits selective binding, resulting in a partial obstruction of
cavities and consequently hindering the catalytic reaction of TMB
oxidation. The application of Ce[Fe(CN)g]-derived MITiO, nanozyme
arrays presents significant promise in the realm of septicemia detection.
This method provides a precise and nuanced way for timely identifica-
tion and action, ultimately enhancing patient results.
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Thus, recent research presented above elucidates how sensor arrays
are evolving towards more expansive possibilities. However, because of
some intrinsic limitations of the arrays, the actual applications of sensor
arrays have not yet been considerably developed. For instance, sensor
array detection’s sensitivity still needs to be raised. Further, there are
restrictions on the range of analytes that sensor arrays can identify, and
selective analyte detection is currently not possible. Additionally, the
detection device’s portability could be enhanced.

6. Synergistic and smart acting nanozymes with cascade action

An enzymatic cascade denotes the combination of multiple enzy-
matic reactions in one step but not isolating the intermediates. Enzyme
cascades are the major class of chemical transformations that assemble
metabolic networks and signaling pathways to ensure the survival and
growth of life [282-284]. The transformation of biological substrates
into desired products is facilitated through a multi-enzyme cascade
pathway system. Typically, in vitro cascade reactions are carried out by
reconstructing natural metabolic pathways extracellularly or assem-
bling diverse artificial enzymes, often incorporating cellular extracts
and purified enzymes. However, employing multi-enzyme cascade
strategies to achieve controlled co-localization of multiple enzymes on
nanoparticles, forming nanoclusters, can significantly enhance reaction
rates and overall catalytic efficiency. Nanoparticles displaying natural
enzyme-like properties have a bifunctional analog enzyme exhibiting
distinctive properties of nanomaterials and the function of biocatalysis
as reported in FesOy4, graphene, and Au nanoparticles [285]. The cata-
lytic activity of the nanozymes can be improved by fine-tuning
morphology and surface modifications, manipulating the particle size,
chemical doping, and composite design as discussed above.

Recently, efforts have focused on highly ordered synergistic appli-
cations of nanozymes in cascade systems that drive biological sensing.
The nanozymes are developed for independent enzyme-like activity, but
several efforts have geared the attention of scientists towards the syn-
ergistic activity of nanozymes in cascade systems. Multi-enzyme syner-
gistic activity relies on a single enzyme having two activities for
substrate conversion to products. The efficacy and synergistic effects of
nanozymes can be boosted significantly by combining with other en-
zymes, such as, GOy and peroxidase, implying a higher capability of ROS
release. The performances of multi-enzymatic nanozymes can be regu-
lated by pH, H20, and GSH concentrations, and the level of oxygenation
for improved diagnostics and therapeutic roles of nanozymes [33]. In
this context, it has been found that the pH levels of the nanozymes can
remarkably influence the catalytic reactions with the same substrate.
Furthermore, the efficiency of the catalytic activity of nanozymes can be
improved by mimicking the MOF system or utilizing its strong restric-
tion framework as a carrier for biomimetic enzymes, since it provides
solid support (as a carrier), where the enzymes are dispersed within the
framework to realize high stability and reaction activity [286]. Huang
et al. developed MOF nanosheets of Au nanoparticles as GOx peroxidase
and loaded them with CuTCPP (Fe) to exhibit cascade catalysis. The
MOF acts as a template for nanoparticles to grow and receives HyO9
from glucose oxidation by Au nanoparticles. This cascade system is more
effective and tolerant to various pH environments and opens more op-
tions for glucose detection [287]. Conventional photodynamic treat-
ment (PDT) utilizes light-generating ROS to regulate tumor growth but
hypoxia in TME limits ROS production, and hence restricts the PDT ef-
ficacy for cancer therapy. In this regard, single-atom iron-containing
(SAF) nanoparticles are developed to encapsulate DOX and A549 cell
membranes as a nanoagent drug carrier. This nanoagent acts as perox-
idase that initiates a Fenton-like reaction for toxic hydroxyl radicals
generation in an acidic TME for CDT. The peroxidase activity of SAF
nanoparticles has been compared with Fe(NO3)3@ZIF-8 but the latter
cannot catalyze HyO2 into -OH, indicating that MOFs as SAF nano-
particles enhance the catalytic activity of nanozymes in accordance with
the pH of TME [33]. Moreover, Mn MOF has been successful in
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exhibiting catalytic activity after PEGylation of MnMOF (PEG-MnMOF)
that serves as a catalase-mimicking and peroxidase-like nanozyme ac-
tivities by incorporating a photosensitizer, indocyanine green (ICG) into
the dual-enzyme-based PEG-Mn-MOF to demonstrate the enhanced PDT
treatment of tumors. This nanoagent establishes comparable peroxidase-
and catalase-like catalytic activities in addition to oxygen production
and hydroxyl radical generation to kill cancer cells. This supports Fenton
reactions to alleviate anticancer effects and improves the therapeutic
efficiency of PDT by synergistic series-parallel catalytic pathways [288].

Kim et al. developed Ce6-loaded manganese ferrite nanoparticles
(MFN) coupled with mesoporous silica nanoparticles that function as
catalase and deliver oxygen to alleviate hypoxia, making PDT treatment
more effective. Furthermore, MFN can also be employed as magnetic
resonance imaging (MRI) contrasting agent, enabling non-invasive
tracking of the nanozymes. Thus, MFN show a promising theranostic
agent for cancer diagnosis and treatment [289]. Ultrasound (US)-
enhanced enzyme dynamic (enzyodynamic) therapy is another means to
treat cancer. Chang and his team reported a LaFeOs (LFO) perovskite
nanozyme that possesses quadruple enzyme-mimicking activities — ox-
idase, peroxidase, catalase, and GPx. They trigger a series of reactions to
reverse the hypoxic microenvironment, reduce the natural antioxidant
and release ROS that effectively induce cell death in breast cancer cells.
This work determines the ability to circumvent apoptosis resistance by
coupling with nanocatalytic enzymes in treating pyroptosis-dominant
breast cancer [290]. In another work, PEGylated CuyMnyS, (PCMS) is
reported to promote cascade catalytic reactions in TME without
affecting normal tissues. This catalyzes the cascade conversion of
endogenous Hy05 to oxygen by catalase-like activity followed by
oxidase-like activity of superoxide radical to produce O; in the TME
(Fig. 11A). It also effectively reduces intracellular GSH through gluta-
thione oxidase-like activity. As shown in Fig. 11B, photoacoustic im-
aging clearly reveals enhanced signal at tumor site, up to 5.8-fold after
24 h following PCMS treatment. Furthermore, PCMS demonstrates sig-
nificant photothermal effects under NIR-II 1064 nm laser irradiation,
which further improves CDT in tumor treatment. The excellent photo-
thermal effect of PCMS benefits MRI, infrared thermal imaging, and
photoacoustic imaging and its biodegradation in TME helping to track
the drug in vivo [291]. Besides, a novel nanorods by coating Bi>S3 on
dendritic mesoporous silica and subsequent infusion with CeO3 nano-
zymes is developed. This enables the nano-agent to mimic peroxidase-
and catalase-like activity, while effectively regulating the TME and has
increased GSH-consumption capability, improving the OH-mediated
tumor nano-catalyst therapy. This synergistic capability elevates
oxidative stress and reduces hypoxia, making it a promising strategy for
targeted cancer therapy [292].

Advances in nanotechnology, microfabrication, and biotechnology
are driving further evolution in in-vitro biosensing, resulting in methods
of detection that are more sensitive and precise. Xu et al. developed
carbon fiber microelectrodes modified with GQDs and AuPd alloy
nanoparticles as nanozymes. The catalytic efficiency of GQDs in H202
decomposition is attributed to their aromatic structure and surface
functional groups. Additionally, the quantum confinement effect of
GQDs facilitates the nucleation of AuPd nanoparticles on the micro-
electrodes, enhancing their peroxidase-mimicking activity. This
improved sensor exhibits high selectivity and sensitivity in detecting
H:0: variations across different human breast cancer cells, making it a
valuable tool for monitoring peroxide levels in clinical breast cancer
tissues. Their as-prepared microelectrodes a low limit of detection of
approximately 0.5 pM with a large linear detection range (1.0 pM to
18.4 pM). This sensor demonstrated a distinct response to different
concentrations of HyO» in live human breast cancer cells, exhibiting
remarkable sensitivity and selectivity for in situ monitoring of HyO» at
trace levels in clinical breast cancer tissues [294]. Xia and his colleagues
developed a systematic approach to a cascade nanozyme for regulated
self-assembly, fluorescent detection, and sequential catalysis involving
cyclodextrin modified with Au nanoparticles. Rhodamine B fluorescence
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Fig. 11. Panel A: Schematic showing PCMS-induced mechanism for photothermal-enhanced cascade catalytic therapy. Panel B Photoacoustic imaging showing
increased tumor signal in time time-dependent manner following PCMS injection. Reprinted with permission from Advanced Healthcare Materials, John Wiley and
Sons [291]Copyright © 2022. Panel C: Schematic of fabrication and catalytic therapy of sequential cascade nanozyme, and sequential catalytic-therapeutic
mechanism of the nanozyme, schematic shows the generation of hydroxyl radical to kill cancer cells. Reprinted with permission from Nature Communications,

Springer Nature [293] Copyright © 2017.

is quenched upon interaction with CD molecules on the surface of Au
nanoparticles. In the presence of cholesterol, rhodamine B is released,
leading to fluorescence signal recovery. This approach facilitates the
selective and sensitive detection of cholesterol in blood samples.
CD@AuNPs nanozyme facilitates the oxidation of glucose into gluconic
acid, generating HoO, under alkaline conditions (pH 9). Furthermore, at
acidic pH (4.5), CD@AuNPs catalyzes the oxidation of TMB in the
presence of HyO». This pH-regulated self-synergistic CD@AuNPs nano-
zyme system initially oxidize glucose and produces HO that in turn
oxidizes TMB to produce a colorimetric reaction. This unveils the syn-
ergistic properties of nanozymes in biosensing and detection of various
substances, like, proteins, cancer cells etc., opening an avenue in
biomedical and biotechnology engineering [295]. The GO intrinsic
peroxidase-mimicking properties can also be employed to measure
glucose concentration by the synergistic effects of GOy and GO. The GOy-
GO system provides excellent selectivity towards glucose while GO of-
fers higher affinity to TMB molecule through n-n stacking and hydro-
phobic interaction [24]. The acidic environment of the TME initiates the
oxidase- and peroxidase-like activities to generate ROS. Furthermore,
magnetic Fe3O4 nanoparticles combined with GOy can be developed for
in vivo cancer treatment as reported by Huo and co-workers. They pre-
sented a novel approach to tumor therapy by sequential catalytic
nanomedicine that involves delivery of biocompatible nano-catalyst into
tumor site. Fe304 nanoparticles and natural GOx have been integrated
into large pore-sized biodegradable dendritic silica nanoparticle to
develop the sequential nano-catalyst. The acidic environment of the
TME triggers GOy to consume glucose in tumor cells and produces a
significant amount of Hy0 catalyzed by peroxidase-like Fe304 nano-
particles. These successive reactions generate lethal hydroxyl radicals,
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leading to apoptosis and death of tumor cells as shown in Fig. 11C. This
work manifests the indulgence of nanozymes for cancer theranostics in a
synergistic manner and highlights the deeper understanding of syner-
gistic effects of nanozymes for sensing diseases and subsequent treat-
ments [293].

Research has also been focused on biological systems indulging CeO4
nanoparticles with GOx that forms an effective catalytic cascade for
glucose detection in serum [296], and a multiple enzyme/nanozyme
system within the MOFs of GOx and PVI -Hemin encapsulated in ZIF-8 is
developed. This system improves the cascade reactions exhibiting high
catalytic efficiency for glucose with a low LOD, high selectivity, and
stability. Additionally, this system can also work for other oxidases like
cholesterol oxidase, thereby opening a new approach for industrial
biocatalysts, biomedical engineering, and biosensing applications
[297]. The idea of the synergistic effect of nanozymes with cascade
catalysis reactions is further realized in the immobilization of proteins
onto the nanozymes.

Smart nanozymes: Numerous investigations have revealed the
responsiveness of nanozymes for a wide range of biomedical applica-
tions under the influence of stimuli like pH, GSH-concentration, light,
and temperature. Herein, pH-, temperature-, glucose-, ROS-and GSH-
responsive nanozymes have been recognized as ‘smart nanozymes’ to
identify and destroy tumor cells [298,299]. The pH of the surrounding
environment can fine-tune the structures and composition of pH-
sensitive nanozymes. They benefit the controlled release systems
modulated by pH change that affects the charge distribution and pro-
tonation state of the functional groups of the nanozymes. A slight vari-
ation in pH can influence the surface charge, aggregation state, and the
conformation of the nanozymes. It has been reported that TME exhibits
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an acidic pH environment condition in comparison to normal tissues.
Taking advantage of this, nanozymes can be effectively used in the
colorimetric detection of tumor cells due to the enhanced peroxidase-
like activity in acidic conditions [300]. Apart from acidic pH, few
other crucial abnormal characteristics also represent TME, like high
temperature, increased level of enzymes and biomolecules (glucose and
GSH). Thus, in the context of developing nanozyme-bearing systems for
cancer theranostics, the ability to modulate enzyme-mimetic activities
through varying environmental pH, temperature, biomolecules like
glucose, and GSH, presents a significant targeting strategy. This
approach aims to improve treatment efficacy and safety of normal tis-
sues, thereby minimizing side effects. In this context, Li et al. developed
pH/glucose/GSH triple-responsive bismuth—manganese-based nano-
zyme (BDS-GOx@MnOx) for breast cancer theranostic application
[301]. Here, MnOx shell provides pH responsiveness and degrades
gradually in acidic TME to release GOx to induce glucose starvation as
well as HyoO; generation in tumor cells. Subsequently, GSH reduces the
high valent manganese to Mn?" which leads generation of -OH in
presence of HyOy to induce chemotherapy. Furthermore, developed
nanozymes influence tumor ablation due to inhibition of mitochondrial
activity, which in turn inhibits ATP. Moreover, BDS-GOx@MnOx is
shown to enhance the computed tomography (CT) as well as MRI to
establish the sensing application. Thus, engineered nanozyme has the
potential to fulfill the requirements for both diagnosing and ablating
malignant tumors. Liang et al. developed nitrogen-doped graphene
nanomaterials (N-GNMs), which exhibited enhanced peroxidase-
mimetic activity in TME for tumor-specific therapy [302]. Result indi-
cated that developed nanosystem induces tumor cell death by producing
highly toxic ¢OH in acidic TME, whereas, normal cells remain at neutral
pH remains in healthy condition. N-GNMs exhibit significant catalytic
activity and can react to trace amounts of endogenous HyO5 in the TME,
leading to enhanced efficacy in tumor treatment.

Furthermore, Wen et al. demonstrated the application of lysosomal-
targeted AuNRs- CyHMC (cysteine-hydroxyl merocyanine) nanozymes
in situ SERS pH monitoring as well as multimodal imaging-guided pho-
totherapy [303]. AuNRs are well known to exhibit GOx mimetic activity
as well as frequently used as the SERS active substrate [36]. Here,
AuNRs played a role of SERS substrates as well as photoacoustic/pho-
tothermal reagents, whereas, CyHMC considered for self-fluorescence
localization and generation of pH-sensitive Raman signal. The sug-
gested nano-theranostics demonstrated the ability to monitor pH
changes through SERS during photothermal therapy. As anticipated, this
resulted in the development of AuNRs-CyHMC, which features fluores-
cence and Raman signals that are non-interfering, offering innovative
concepts for monitoring the localization of gold-based nano-theranostics
within subcellular organelles.

Supramolecular nanozyme is another very effective and efficient
technique that has shown promising effect in biomedical applications by
altering the redox state and ROS in a cancer environment. Nanozymes
designed using supramolecular assembly tend to offer high flexibility
and responsiveness towards cancer microenvironment in comparison of
existing covalent linkages [304]. Additionally, the host-guest nano-
system-based selectivity allows supramolecular assemblies to circum-
vent the detrimental impacts on normal cells and tissues by selectively
sensing and destroying them. In a supramolecular nanozyme, there are
diverse forms of nano-architecture alterations found in nanoparticles,
nanovesicles or hydrogels. Regarding supramolecular nanovesicles, the
intrinsic photosensitizer within these structures can maintain a mono-
molecular configuration without any quenching due to aggregation. The
nanovesicles exhibit the ability to load drugs and respond reversibly to
stimuli in complex TME. Following the assembly into nanovesicles and
subsequent cross-linking with 3-mercaptopropyltrimethoxysilane
(MPTMS) along with PEGylation, these GSH/pH dual-responsive nano-
vesicles effectively consume GSH while simultaneously up-regulating
ROS in tumors [305].

Zhang et al. designed Fe304 nanocomposite as peroxidase-mimic as
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activable ROS platform for enhanced cancer theranostic approach
[306]. Due to intrinsic peroxidase-mimetic activity of nanozymes, it
showed therapeutic activity due to generation of toxic *OH and O, for
PDT. Further, Fe304 was modified with CuS and porphyrin, enabling
synergistic therapeutic effect and multimodal imaging. In vivo multi-
modal imaging techniques, such as PAI, MRI, photoluminescence im-
aging (PLI), and photothermal imaging (PTI), utilize the tumor-targeting
characteristics of chitosan-encapsulated Fe3O4 nanoparticles modified
with CuS and porphyrin (FCCP) nanoparticles following intravenous
administration. It has the potential to effectively induce cancer cell
death both in vitro and in vivo through a synergistic approach combining
PDT and PTT. This investigation highlights the potential of activatable
generation of ROS and O, for PDT, utilizing nanotechnology to address a
significant limitation in cancer treatments. All these strategies, together,
overcome the problem faced in cancer treatment due to limited HyO4
and overexpression of GSH. This multifunctional nanoplatform may
enable self-boosting CDT and synergistic therapy.

7. Conclusion and prospects

Nanozymes are specifically designed nanomaterials, and they can
perform functions of natural enzymes. Due to the novel characteristics of
nanomaterials and unique enzyme-mimicking properties, the nano-
zymes are extensively being employed in the field of biomedicine,
sensing, and catalysis. In recent times, significant efforts have been
made to dictate nanozymes for sensing applications, wherein special
emphasis is given on the enhanced dual-mode sensing. The amalgam-
ation of nanozymes and dual-mode sensing strategies has significantly
enhanced the sensitivity, specificity, accuracy, and versatility of
biomedical diagnostics. Using integration approach of colorimetric
detection with complementary techniques such as fluorescence, photo-
thermal, SERS, electrochemical, luminescence, and photo-
electrochemical methods, scientists have developed highly efficient
platforms for detecting biomarkers, pathogens, and disease-related
molecules. These hybrid approaches offer improved signal amplifica-
tion, real-time monitoring, and multifunctional capabilities.

In this context, the most studied nanozymes exhibit SOD-, catalase,
GPx-, and peroxidase-like activities. Moreover, biological systems offer a
vast array of molecular catalysts that are emerging as potential agents
for futuristic nanozyme studies. Notably, heme-based enzymes, GOx,
DNase, and RNase are of current interest. Thus, the development of
nanozymes with a broader spectrum of enzyme-mimetic activities re-
mains imperative. However, the key challenge in the field of nanozymes
is achieving catalytic efficiency along with specificity comparable to
that of natural enzymes, necessitating further advancements in nano-
zyme design and functionality. Moreover, there are a range of different
challenges for further development of nanozymes towards their clinical
translation in biosensing and disease conditions.

While broad range of nanozymes are engineered to effectively mimic
natural enzymes, there remain several limitations and challenges.
Firstly, special attention is required to improve the nanozyme activity
and specificity for higher efficiency and effectivity. Additionally, the
ongoing concerns about nanozyme toxicity and biocompatibility high-
light the urgent need to create biocompatible nanozymes with minimal
cytotoxic effects for therapeutic and biosensing applications. For
instance, nanozymes are being deposited in reticuloendothelial system
(RES), which leads to high toxicity and specificity loss, thus restricting
their application in clinical purposes. Some nanozymes, like nickel di-
sulfide, show significant biodegradability; however, their prolonged
presence due to slow degradation in the bloodstream limits their use in
biomedical applications. The structural and functional aspects of com-
posite nanozymes significantly impact their pharmacokinetics, selec-
tivity, and biosafety. In addition to this, the use of HyO5, which can
induce damage beyond a certain threshold, is essential for the peroxi-
dase activity of nanozymes. It would be advantageous and well-received
to utilize pro-oxidative nanozymes that operate independently of HyO,.
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Secondly, it is important to eliminate the interference and negative
effect caused by opposite enzymatic activity of single nanozyme like pro-
oxidative and antioxidative activity at the same time. It has been re-
ported that numerous nanozymes demonstrate both ROS-producing and
ROS-scavenging enzymatic characteristics, whether under identical or
varying conditions. Determining an appropriate equilibrium between
these contrasting activities and replicating the intricacies of natural
enzyme systems will be crucial for advancing intelligent nanozyme-
based therapeutics in the future. Thirdly, in addition to several advan-
tages, multifunctionality of nanozymes may also induce the severe side
effects and complications specifically in the case of condition dependent
switchable activity of nanozymes. It might be caused due to the tar-
geting more than single analyte for multifaceted effect. Therefore, a
thorough ‘polypharmacology’ approach should be utilized to assess the
possible negative impacts of multienzymatic nanozymes.

At next, one of the major concerns of nanozyme catalytic activity is
their low selectivity in comparison to natural enzymes, particularly in
detection of interconvertible or multivalent ions. Introduction of
recognition element and molecular imprinting techniques can be effec-
tively applied to answer the problem. Ultimately, advancements have
been achieved in the differentiation and simultaneous detection of an-
alogues through the development of nanozyme sensor arrays. This
approach can successfully address the issue of interference caused by
coexisting substances. Further, detection in the presence of real bio-
logical samples can lead to nonspecific protein adsorption on nano-
zymes, which negatively impacts their catalytic activity and ultimately
yields unsatisfactory detection outcomes. In order to promote the
development of innovative nanozymes with enhanced efficiency, it is
essential to delve deeper into the resistance of their enzyme-like func-
tions to interference.

Moreover, an in-depth comprehension of the catalytic mechanisms
and the interconnectedness of distinct enzymatic properties for the same
nanoparticles should be explored. Due to the complex environmental
conditions, various nanozymes-based detection mechanism is still
ambiguous. Reactive radicals produced due to catalytic activity thought
to be the main reason of oxidation response, however, in a few instances
electron transfer thought to be the main factor. However, these two
mechanisms may also coexist in the same reaction conditions. Likewise,
phosphates are thought to promote oxidase activity when TMB serve as
substrate, while inhibitory effect in case of ABTS. Understanding the
relationship between the activity and structure of nanozymes requires a
thorough exploration of their catalytic mechanisms. This insight will be
beneficial for the technical design of nanozymes that possess the desired
characteristics. For the successful execution of the necessary activity, it
is crucial that nanozymes are transported to the infected site with pre-
cision and targeted control. In addition, nanozymes have been applied in
detection of wide range of analytes; however, in ion sensing its target
range is rather restricted to detection of few ions like Ag™, Hg?*, F,
Cr®", and Pb?*. This might be attributed to the fact that the range of
analytes that interact with nanozymes, whether directly or indirectly,
remains quite restricted. Thus, it is essential to methodically examine
the effects of various analytes on the catalytic performance of
nanozymes.

At last, the aggregation and instability of nanomaterials present
significant challenges. Therefore, enhancing the catalytic activity and
stability of nanozymes has emerged as a critical issue that requires im-
mediate attention. Consequently, altering the nanomaterial surface to
create effective nanozymes with enhanced catalytic activity and strong
affinity will be the primary emphasis of upcoming investigations.

Thus, advancements in this field could pave the way for next-
generation artificial enzymes, positioning and designing nanozymes,
as a ground-breaking tool in theranostics innovation. In this perspective,
several innovative strategies have been utilized including design inspi-
ration from naturally occurring enzymes, meticulous physicochemical
properties and exterior corona development, self-assembly, endoge-
nous/exogenous stimulation responsive control, in-situ synthesis of
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tailor-made nanozymes, and integration of artificial intelligence (AI)
and machine learning (ML) to enhance the specificity and safety of smart
nanozymes during their use in biomedicine application. As research in
this field continues to evolve and advance, the development of more
selective, biocompatible, and scalable nanozyme-based sensing systems
with minimal toxicity will pave the way for next-generation diagnostic
tools with broad applications in biomedical research, point-of-care
testing, and personalized medicine.
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