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Abstract

Effective and timely detection of pesticide residues is highly crucial as these toxic
chemical residues cause several effects on humans and environment. Increasing necessity
towards progression of detection systems has flashed considerable curiosity in analytical
sensing technologies. Substantial research advancements have been made in analytical
chemistry, nanozymes, and materials chemistry, for detection of pesticides. A relatively
innovative sensing strategy that has gained widespread attention is based on natural enzyme
mimicking catalytic property of nanomaterials, commonly referred to as nanozyme activity.
Nanozymes properties make them highly promising sensing materials for precisely
determining the pesticides with low detection limits, wide linear ranges, excellent selectivity,
and appreciable sensitivity. Apart from increasing the sensing behaviors, these characteristics
will facilitate in designing versatile sensing platforms that integrate surface enhanced Raman
scattering (SERS), colorimetric, electrochemical, and fluorescence transduction procedures. In
this review, we provided a critical overview on nanozymes for pesticides detection,
encompassing their material compositions, strategies for activity enhancement, output signals,
and methodologies. Explicitly discussed the advances made in nanozyme-based colorimetric,
electrochemical, SERS, and fluorescence sensing strategies for the substantial quantification
of pesticides. Outlined the strategic advantages and detailed mechanisms for the detection of
pesticides. Highlighted the working principle and salient features of various nanozyme-based
sensors, to enhance the sensing efficiency. Finally, challenges and associated limitations were

discussed to realize full potential of nanozyme-based optical and electrochemical sensors.

Keywords: Nanozymes, Pesticides, Colorimetric Sensors, Fluorescence Sensors,

Electrochemical Sensors, SERS Sensors, Emerging Contaminants.
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1 1. Introduction

2 Pesticides denote a broad category of chemical substances utilized chiefly for the
3 management of weeds, pathogens, pests, and diseases in livestock production, and forestry.
4  Pesticides can be classified as rodenticides, acaricides, insecticides, plant growth regulators,
5 fungicides, and herbicides depending on their desired application. Over the past few years,
6 ongoing population expansion and rising demand for food products have rendered the
7  importance of pesticides in aquaculture, animal husbandry, agriculture, and the protection of
8 industrial items from pests and molds. All these instances lead to an increase in the
consumption of pesticides.!** The essential application of pesticides for improving agricultural
10  output has become unavoidable. The excessive consumption, improper utilization, and abuse
11  of pesticides, along with their exponential expansion in use, has led to significant pesticide
12 residues that threaten human well-being and ecosystems. Unfortunately, the indiscriminate and
13 unregulated use of these pesticides transcends the designated target areas, with pesticide

14  residues persisting for months or even years. Pesticides released into the surrounding

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.
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15 atmosphere permeate soil and aquatic ecosystems through air circulation, where they are

16  frequently absorbed and accumulated by the root systems and medicinal plants, ultimately

Open Access Article. Published on 16 June 2026. Downloaded on 6/17/2026 4:31:00 AM.

17  accumulating in the bodies of humans through the food chain.>-!® The lack of precise

(cc)

18 information has incited extensive insect infestations, presenting considerable health hazards to
19  people and other organisms because of residual pesticides in food. The existence of even
20 minimal quantities of these residual pesticides has become a significant obstacle to
21  international trading in the food commodities. Prolonged exposure of pesticides will result in
22 reproductive toxicity, immunotoxicity, neurotoxicity, hepatotoxicity, and severe epithelial
23 toxicity, moreover, in extreme cases it will lead to the development of cardiovascular diseases,

24 cancer, fetal malformations, and atherosclerosis. Younger populations will be more prone to

3
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these toxic consequences. As a result, pesticide residues have emerged as a major potential
hazard to human health. In response to this issue, many nations and globally recognized
organizations have set maximum residue limits for pesticides across different matrices and
have enacted prompt restrictions and bans on high-risk pesticides, progressively substituting
them with low-toxicity synthetic substitutes. Modern medicine encounters intrinsic constraints
in therapy due to the emergence of novel diseases caused by the pesticides. Hence, it is
imperative to limit the usage and spraying of pesticides to the plants and to timely quantify the

pesticides in the surrounding environment.!!-13

Conventional pesticide quantification techniques such as mass spectrometry (MS), high-
performance liquid chromatography (HPLC), gas chromatography (GC), and their combined
methods HPLC-MS, and GC-MS requires pumps with high pressures to enable interactions
between the analytes and functional components of the mobile and stationary phases,
permitting the quantification of target compounds based on the peak area. Moreover, mass
spectrometry is utilized to ionize sample molecules, facilitating qualitative investigation of the
molecular structures. Despite achieving exceptional sensitivity and accuracy, these systems are
constrained by inherent restrictions, such as the need for skilled operators, complex and costly
apparatus, intricate pretreatment processes, the requirement for trained staff, and the logistical
challenges of on-site detection. Recent literature from the past ten years indicates that the swift
advancement of sophisticated sensing systems has emerged as one of the most effective
solutions to the issues and challenges posed by conventional pesticide quantification
techniques.>-!% 14 15 Currently, intensified demand for straightforward, rapid, sensitive, and

selective detection platforms has been noticed. Among these technologies, sensors exhibiting

4
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1  excellent sensitivity and thigh selectivity have been identified as viable platforms for pesticide

2 residue analysis, owing to their capacity for user-friendly high-throughput, low-cost, and on-

3 site detection.5-10: 14, 15

8
@
°
O
3 4
5]
[N
c
g- '8 (‘iqn'i(“ tft'(’/nm'\('ui{r' g DDT B . 3 lﬁ S: Biodirect
o 2 | Rodenticide | {eeeiciie we Ny | Insecticide S | dsRNA Pesticide
% <%, High toxicity ~ | & Bioaccumulative J Digestive Diseases Highly specific
o . - environmentally friendly
£ | Bordeaux mixture & ol e low risk of resistance
g 20| Fungicide = | insecticide = 2
e~ *i - ) ¥ Hepatopathy
% P Cu** pollution Yy N -
5 ' eurotoxicity Glioh "
S = o | Glyphosate [ ]
; Herbicide &
5 S| Calcium Arsenate s (t:'; - a ,
=} ‘ I~ Fungicide,Insecticide o | Herbicids PN RS
2 o . g ™~ | "% Group Iil carcinogen | -, :
= Group | carcinogen g & »‘&%:,, '
E I g 2 o L ] {111 IR
. I L L

%) F - B gl 3 deve
g Pesticide = IL p \\\\_\\ PHASE 3 Modem
E product || x ) S - hetic pesticides era N
5 SEEN T~ Organic syn ¢ o )

m el
o ® ~ S e PHASE 2 s = T
> T i syﬂthes L | ELISA S I~ T
> — I organlc S > ~ ~
g £ pHASE 1 : 2 = N S
s < < N — ] Detection

[ [ = 'nec esults
s 2 = a Raman Spectrum
o) s ~ - ! o p
o Spectrophotometer GC-MS& = — Mobile Phone Detection
5 = — HPLC-MS 4 ’
'§ E : ~ il = Y | Molecular Imprinting Sensor

o v
g 8 — ve
] S . ) Y J
oy [ Chemical Titration
S 5 o
®
2} . . . . .
£ 6 Scheme 1 The development history of pesticides and their related detection method.
'_

7  Reproduced from reference* with permission from Elsevier, copyright 2025.

Open Access Article. Published on 16 June 2026. Downloaded on 6/17/2026 4:31:00 AM.

(cc)

9 For the quantification of the residual pesticides, different types of sensors have been
10 employed depending on their conversion mechanism including, electrochemical, optical,
11  acoustic, and thermal sensors, etc. Among these, electrochemical and optical sensors play a
12 prominent role in detecting contaminants.!-!1- 1418 Optical sensors are engineered to respond to
13 wvariations in light signals resulting from the interaction between bio-recognition elements and
14  analytes. Compared to conventional pesticide quantification techniques, optical and

15 electrochemical sensing methodologies provides a cost effective, fast, and facile approach for

5
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the sensitive quantification of the pesticides based on surface-enhanced Raman scattering
(SERS), colorimetric, and fluorescence signal variations. Electrochemical (bio)sensors
demonstrate high cost-effectiveness due to their simplistic operation, affordability, and
efficient in situ detection potential, which makes them particularly valuable for real-time
monitoring of pesticide residues. Scheme 1 delineates pesticides developmental trajectory and

the advancement of the related sensing technologies.*

Sensors are distinguished by their portability, affordability, and minimal utilization of
samples and reagents. A variety of sensors have been designed for the identification of residual
pesticides in highly complex matrix systems. Nevertheless, the extensive utilization of the
traditional sensors in complex samples has been substantially restricted owing to the intrinsic
limitations of recognition elements, including low specificity and inadequate physicochemical
stability. For example, sensors based on urease, peroxidase, and acetylcholinesterase (AChE),
are prone to the inactivation, this can be due to the deformations in structures caused by reactive
oxygen species, pH fluctuations, and elevated temperatures produced during reactions in
aquatic or soil environments. Similarly, DNA sensors, microbial sensors, and immunosensors
are highly prone to environmental factors, resulting in the degradation of probe. Sensing
platforms demonstrate a degree of stability in complicated environments, nevertheless, their
ability to select certain pesticides is limited. To address these challenges, nanozymes have been
utilized as potential sensing platforms owing to their sensitivity, prospective stability, ease of

preparation, surface tunability, and compatibility with the target analytes.? 3 19-22


https://www.sciencedirect.com/science/article/pii/S0165993625003401#fig1
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5ta09692h

Page 7 of 121 Journal of Materials Chemistry A

View Article Online
DOI 10.1039/'D5TAO9692H

1 Unlike enzymes and natural enzymes, nanozymes offer significant potential for practical
2 applications by reducing the overall costs and by enhancing the sensing performance. To date,
3 substantial research efforts has been made in designing various types of nanozymes for the
4  detection of pesticides. The nanozyme nanomaterials with enzyme-mimicking catalytic
5 properties have demonstrated substantial potential with excellent stability under harsh
6  conditions, intrinsic catalytic activity, tunable surface chemistry, and structural diversity. These
7  properties make them highly promising sensing materials for precisely determining the
8  pesticides with low detection limits, wide linear ranges, excellent selectivity, and appreciable
sensitivity.> 3 1922 Apart from increasing the sensing behaviors, these characteristics will
10 facilitate in designing versatile sensing platforms that integrate SERS, colorimetric,
11  electrochemical, and fluorescence transduction procedures. These systems have substantial
12 advantages including rapid response, portability, low cost, and capability for on-site detection,
13 which are crucial for environmental protection and ensuring food security and food safety.

14 Although recent progress in nanozymes have facilitated excellent pesticide recognition, there

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.
o]

15 remains a lack of comprehensive reviews, predominantly discussing strategic advantages and

16  design principles of nanozyme-based colorimetric, electrochemical, SERS, and fluorescence

Open Access Article. Published on 16 June 2026. Downloaded on 6/17/2026 4:31:00 AM.

17  platforms. This study aims to summarize the advances made in pesticide detection through

(cc)

18  various transduction approaches, considering significant breakthroughs in advanced methods
19  and existing lack of thorough evaluations. The review particularly emphasizes major pesticide
20  families, including organophosphorus, neonicotinoids, carbamates, fungicides, and herbicides,
21 which are used widely in agriculture and are among the most often detected pesticide residues
22 in food and environmental samples, thereby providing a comprehensive assessment of current
23 detection approaches. Comprehensively investigated nanozymes based colorimetric,

24 fluorescence, SERS, and electrochemical sensors for pesticide detection. Strategic advantages
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of nanozyme-based detection methods have been explicitly elucidated. Outlined the detailed
mechanisms for detection of pesticides. Thoroughly discussed the current limitations and key
challenges of each sensing modality and suggested future research trends and perspectives that
may accelerate the fabrication of advanced nanozyme-based pesticide sensors. This review
aims to offer a holistic overview and comprehensive understanding of state-of-the-art
nanozyme-based sensors and directed future initiatives for the systematic fabrication of next
generation smart sensing strategies for the on-site pesticide monitoring. The relevant literature
was searched systematically using the major scientific databases including “Web of Science”,
“Scopus”, and “Google Scholar”. The search was carried out using combinations of keywords
such as “nanozymes,” “pesticides,” ‘“colorimetric sensors,” ‘“fluorescence sensors,”

“electrochemical sensors,” and “SERS sensors.”

2. An overview of nanozymes

Enzymes are a category of biological macromolecular catalysts that are crucial for both
the industrial and biological transformation procedures. Natural enzymes have consistently
influenced biosensor technologies owing to their exceptional target selectivity. Nonetheless,
the extensive utilization of naturally occurring enzymes have been restricted, particularly in
challenging environments, owing to their inherent limitations, such as susceptibility to external
factors, low operational stability, elevated costs, limited lifespans, specific requirements for
storage, reduced stability under atmospheric conditions, and difficult yet costly production and
extraction procedures.?> 24 Hence, substantial research attempts have been performed to
address these limitations. This has resulted in the design and development of several

noteworthy enzyme-mimicking platforms. Among these, particularly nanozymes have
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received a great deal of interest during the last decade. Substantial progress in nanoscience,
protein engineering, and nanozyme engineering has broadened the scope and strategies to
address the challenges associated with the natural enzymes.?> 26 The identification of
oxidoreductase-like and hydrolase-like nanozymes is a notable advancement in
nanobiotechnology. Nanozymes, or artificial enzymes, can surpass natural enzymes owing to
their versatility, catalytic efficiency, stability in harsh environments, superior shelf-life, ease
of modification, enzyme-mimicking capabilities, high stability, cost-effectiveness,
biocompatibility, distinctive surface chemistry, tunable surfaces, and robustness. These
characteristics allowed them to use in wide array of nanotechnology applications, including
food safety, biosensors, environmental protection, antioxidant agents, disease diagnosis, drug
delivery, antibacterial agents, imaging and treatment, and tissue engineering. Moreover,
nanozymes are potentially using in environmental sciences, chemical engineering, bio-medical
field, industrial settings, agricultural sectors, and food safety.?’-?> Nanozymes are often
categorized as nanomaterials exhibiting enzyme-mimicking activity as catalysts. So far, several
nanomaterials have been synthesized, comprising but not limited to noble metal
nanoparticles, carbon-based nanomaterials, metal oxides, polymetallic nanostructures, and
metal-organic frameworks (MOFs), have been studied for enzyme-mimicking activities.?”> 28
The unique physicochemical characteristics of nanomaterials, which can be customized to
fulfill particular application needs, are intricately associated with their enzyme like activities.
Enzymatic activity characteristics like substrate multienzyme-like behavior catalytic efficiency,
and selectivity, are dependent upon the physicochemical features of nanomaterials, which
encompass shape, self-assembly, size, surface modification, and crystallographic state.?®: 3
Furthermore, temperature and pH are critical parameters that can significantly influence the

catalytic function of nanozymes. Nanozymes, as novel materials, have exhibited significant

9
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potential in the field of electroanalytical chemistry for the detection of potential environmental

contaminants.20-22

In addition to electroanalytical performance, the fabrication of nanozyme-based
pesticide sensors should be aligned with the sustainability and green chemistry principles.
Nanozymes synthesized through green chemistry principles represent a transformative
perspective integrating sustainability with the advanced electrocatalytic and nano-catalytic
functionalities.’! Recent  investigations  substantially — emphasize low-energy and
environmentally benign synthesis routes to avoid the usage of toxic reagents and to reduce
energy consumption. Appropriate selection of materials also plays an essential role in
sustainability. Noble metal-based nanozymes (e.g., gold, platinum, palladium) exhibit
exceptional catalytic activity, yet their high cost and limited availability raise concerns
regarding material criticality and large-scale deployment.3?> On the other hand, nanozymes
based on earth-abundant materials, including transition metal oxides, carbon-based
nanostructures, and metal organic framework (MOF)-derived systems, provide more cost-
effective and sustainable alternatives. From the application point of view, the fabrication of
disposable or reusable sensing platforms must consider lifecycle and environmental impact.
Nanozymes immobilization on the solid support facilitates reusability and reduces material
waste, whereas the flexible or paper-based substrates offer biodegradable, disposable, and low-
cost sensing frameworks suitable for the field applications.?* Moreover, the advancement of
field-deployable sensing technologies, including portable electrochemical devices,
smartphone-integrated colorimetric assays, and on-site SERS sensing platforms, facilitates
low-resource detection in agricultural and ecological environments without requiring complex

instrumentation.?> Despite these advancements, comprehensive lifecycle assessments and

10
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environmental impact analyses of nanozyme materials remain limited. Future research should
focus on selection of sustainable materials, scalable fabrication methods, and green synthesis
strategies, while also considering environmental safety, recyclability, and real-world
applicability to ensure that nanozyme-based pesticide sensing technologies contribute to

sustainable monitoring practices.’* 3

3. Toxic impact of pesticides on human and environmental health
Pesticide residues are toxic chemicals that are often found in vegetables, fruits, cattle feed,

and agricultural food products, which occur in the form of metabolites, transformation products,
impurities, and reaction products. The effective and strategic use of pesticides requires proper
leaf coverage. However, farmers tend to apply excessive amounts of pesticides to ensure that
all crops are thoroughly covered.!» 4 1. 12, 36 Therefore, the dietary intake of pesticide-
contaminated fruits, vegetables, edible plant leaves, and other food crops is currently among
the greatest threats to human health worldwide, and food poisoning incidents caused by the
accidental ingestion of chemical pesticide residues are not uncommon. Even low
concentrations of pesticide residues may affect not only food and water safety but may also
disrupt ecosystem dynamics. Chemical pesticide residues may affect human health through
direct exposure or indirect exposure via the consumption of contaminated food or water.5-12

Scheme 2 shows the routes of food contamination by pesticides.

11
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Pesticides residues in livestock

“

Pesticides residues in crops Harmful to the human body

Scheme 2. Systemic pathways of pesticide residues from environmental application to human

intake.

The key routes of pesticide exposure are ingestion, inhalation, and dermal penetration.
Chronic diseases have been reported in individuals that were exposed to pesticides. Direct or
indirect exposure to pesticide residues may cause nausea, headaches, skin irritation, birth
defects, developmental toxicity, dizziness, burning eyes, cancer, reproductive disorders,
chronic nephropathies, neurotoxicity, Parkinson’s disease, central nervous system damage,
diabetes, genetic damage, amyotrophic lateral sclerosis, cardiovascular diseases, vomiting,
respiratory and digestive disturbances, and death. Organophosphorus pesticides (OPs) are
known to affect the reproductive system, particularly in males. For instance, parathion exposure
led to testicular abnormalities in male mice, in addition to chromosomal aberrations in the

peripheral lymphocytes of mice. Although pesticides are crucial for pest management and plant

12
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1  growth and productivity, the detection and regulation of pesticide residues in agricultural food

2 products and commodities should be strictly monitored and regulated.®! 19

_ 3
:
% 4 The use of chemical pesticides has considerably increased crop yields; however, their
gl 5 utilization poses serious environmental risks. Pesticide residues have been recently identified
% 6 in a wide variety of environmental samples due to the rapid expansion of anthropogenic
T
g 7 activities. Massive amounts of chemical pesticides and other contaminants have also been
2
§ 8 released into the atmosphere due to the recent industrialization of the agriculture sector.37-3
§ 9  Additionally, pesticides are easily volatilized and transported, after which they are readily
2
% 10  assimilated into ecosystems and biota. The effects of elevated pesticide concentrations in the
% 11  environment may also be exacerbated by certain climate conditions, including temperature and
(@)
;‘5 12 relative humidity. Pesticides may also percolate or leach into the soil, which in turn erodes the
g 13 soil and reduces its fertility and biodiversity. Further, these effects may also alter the physical
é 14 characteristics of water bodies, which ultimately reduces drinking water quality.*’ Honeybees
&
é 15  are generally considered outstanding sentinels for the evaluation of environmental pesticide

16  pollution. Chemical pesticides have been linked to increased honeybee mortalities, hive

Open Access Article. Published on 16 June 2026. Downloaded on 6/17/2026 4:31:00 AM.

17  abandonment, and decreased pollinating efficiency. In addition to honeybees, pesticide

(cc)

18  residues affect a large variety of other non-target organisms such as birds and aquatic animals. '
19 4 1L12.19 Scheme 3 illustrates the adverse effects of pesticides on humans along with several
20  disorders.
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Scheme 3. Adverse effects of pesticides on humans along with several disorders.

Another major cause of pesticide pollution is the improper, unsafe, and illegal disposal of
chemical pesticides. Several quantitative and analytical techniques have been developed for
the identification of pesticide residues in environmental samples. Importantly, these
quantitative and analytical techniques can be utilized to detect residual pesticides in
environmental samples with high sensitivity and selectivity. Some studies have utilized silver,
gold, zinc, copper, and iron nanoparticles as effective colorimetric probes for detection of

pesticide residues in environmental samples. Recently, the Quick, Easy, Cheap, Effective,

Rugged, and Safe (QuEChERS) detection approach has also garnered increasing attention.* 42

Importantly, several methods have been developed based on this approach for the detection of
pesticides in environmental and food samples. An efficient approach to diminish pesticide

pollution and its associated adverse effects is to use safer, more reliable, natural, and non-
chemical pest control agents. Furthermore, pollution control should also be addressed through

the creation of environmental policies and the implementation and regular monitoring of agro-

14
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1  environmental indicators for pesticide risk assessment. In addition to reducing pesticide
2 pollution risks through natural and safer practices, these strategies may be later coupled with

3 crop rotation, land management, and field sizing to increase their efficacy.*> * Furthermore,

g

g . e .

= 4  environmental, ecosystem, and biodiversity services should be clearly defined to empower
B

:% 5  stakeholders, political authorities, industry professionals, conservationists, and farmers.
o

= 6  Therefore, global pesticide use should be strictly monitored to minimize their adverse effects
T

£

§ 7  on human health and environmental safety.

s 8

2

P 9 4. Potential of innovative nanozymes for the detection of pesticides

o

:

E 10 Nanozymes highlighted the significance of colorimetric, electrochemical, SERS, and
B

S 11  fluorescence-based sensors for environmental monitoring applications. In this section, we
o

e}

é 12 conducted an in-depth exploration of the innovative potential of nanozymes for the substantial
@

w13 detection of pesticides. We analyzed the strategic advantages and operating principles of four
@

E 14  key detection platforms, i.e., colorimetric, fluorescence, electrochemical, and SERS based on
Z

15  their signal transduction methods. In general, nanozyme-assisted pesticide detection relies on

Open Access Article. Published on 16 June 2026. Downloaded on 6/17/2026 4:31:00 AM.

16  four primary mechanisms, as shown in scheme 4. (i) catalytic activity modulation where

(cc)

17  pesticides inhibit or enhance the enzyme-like activity of nanozymes; (ii) direct interaction
18  between pesticides and nanozyme surfaces that alters catalytic or optical properties; (iii)
19  recognition-element mediated sensing using antibodies, aptamers, or MIPs to provide
20  selectivity; and (iv) reaction by-product mediated signal generation. These mechanisms
21  emphasize various modes of signal transduction including colorimetric, electrochemical,
22 fluorescence, and SERS detection systems. Interaction mechanisms between the nanozymes

23 and pesticides were summarized and the latest research advances were elucidated. Further
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demonstrated how nanozyme technology enables the development of ultra-sensitive and highly
selective analytical methods. Through this multifaceted approach, we aim to provide a
comprehensive outlook on the limitless potential of innovative nanozymes as next-generation,

sensing technology for safeguarding future food security and environmental safety.

Colorimetric ‘ - Fluorescent
(,_ ————————— ~ e _ ¢l . Photoluminescence —1————"—F—"————————— \
" o -Vis
| @ Catalytic activation : r T Spectroscopy | ) catalytic inhibition \
Enzyme inhibition
| @ . y i . I 9 : @ Reaction by-product mediated }
| @ Direct interaction | J ‘ﬂ\i | o .
I\ @ Reaction modulation | | ¢ s —_ 1 @ Intrinsic fluorescence modulation J
__________ / ———
X pesticide
Spectrophotometer b b
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: S laser b SERS signal
Q Portable
Electrochemical o SP_D
Bt '
e {MM Plasmonic effect
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.~ / /." - N ]
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Scheme 4. Overview of detection mechanisms in nanozyme-based pesticide sensors.

4.1. Nanozymes for the colorimetric detection of pesticides

Pesticides are essential for enhancing agricultural productivity and play a vital role in
modern agriculture. However, their residues in food and the environment are considered

serious organic pollutants that pose a threat to human health and ecosystems %. Therefore, the

16
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1  development of technologies for rapid and convenient on-site screening of these substances in
2 agricultural fields, during distribution, or at home is a key challenge for food safety and

3 environmental protection. While traditional analytical methods offer high accuracy and

g

-§ 4 sensitivity, their on-site application is impractical due to inherent limitations such as expensive
ko)

;E*) 5 equipment, complex sample pretreatment processes such as purification or concentration, long
% 6 analysis times, and the need for skilled experts 6. One of the most promising alternatives to
T

g 7  address these demands is the colorimetric detection method utilizing nanozymes. Colorimetric
2

§ 8  methods provide intuitive results through color changes, making them suitable for on-site use
§ 9  without expensive equipment or specialized training, but they have often been limited by low
2

% 10  sensitivity and selectivity.*” Most nanozyme-based colorimetric pesticide sensors operate
% 11  through the catalytic activity modulation or through direct interaction with nanozyme surfaces,
(@)

;‘5 12 which influence the oxidation of chromogenic substrates. The advent of nanozymes has marked
g 13 an innovative turning point, changing the paradigm of colorimetric detection.?® 46 Table 1
é 14 shows the comparative analysis of nanozyme-based colorimetric sensors for pesticide detection.
&

£ 15

16  Table 1. Comparative analysis of nanozyme-based colorimetric sensors for pesticide

Open Access Article. Published on 16 June 2026. Downloaded on 6/17/2026 4:31:00 AM.

17 detection

(cc)

Reaction Recovery

Nanozyme Pesticides Enzyme activity LOD time rates Ref.
. . 1.57 103.25, .
NH,-CuBDC Chlorpyrifos Peroxidase ng/mL - 103.19%
Fe@PCN-224 NCs Propiconazole Peroxidase ni!/Z‘iL 10 min 94.6-109.2% ¥
GSH-Fe Thiram Peroxidase 0.3 pg/mL 45 min 92.4-106.9% 0
2,2-dichlorovinyl . 0.32 ng/m . o 5
Ce/ Zr-MOF dimethyl phosphate Peroxidase L 30 min 95-107%
ASP-Cu, BPY-Cu, GMP-Cu Sulfonylurea Laccase, 0.03 e 5 min - 2
pesticides Peroxidase /mL
Phorate, Chlorpyrifos, Catalase 7.81,
V,05-NC Methamidophos, Peroxida;e 42.07, 20 min 88.1-110.5% 53
Methyl parathion, 28.23,
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Glyphosate 57.91,10.1
4 ng/mL
Cu-BDC-NO, Glyphosate Laccase 37 ng/mL - 90.34-96.13% 4
PtPdNPs@g-C;N. Trichlorfon Oxidase 83 pg/mL 20 min 95.78- 35
g pe 104.34%
ASP-Cu Sulfonylurea Peroxidase - 20 min - 36
Oxidase, 363
COF§./CoP-Ph Malathion Catalase, . - 98.2-103.6% 57
. ng/mL
Peroxidase
CeO,@NC Carbosulfan Oxidase 1:26 - 100.2-104.8% 8
ng/mL
. . 97.14-
ZnCo-ZIFs@MIL-101(Fe) Glyphosate Peroxidase 75 ng/mL 2 min 117.37% 59
. ()
. . 1.27 ng/m . 95.00- 0
Mn@NC Phoxim Peroxidase L 20 min 107.93%
. 0.63 . 95.80- 61
PDA/MnO, NPs Carbosulfan Oxidase ng/mL 1 min 103.19%
PtCus,@TriMOF Carbosulfan Peroxidase 1.60 50 min 85-121% 62
ng/mL
Giyphosae, Cartary 876,423,
Porous nitrogen-doped }I/’l::ntachléronitrgy , Peroxidase >.03,7.38, - - 03
carbon carrier (Pt—Np—C) b 9.53
enzene, L
Metsulfuronmethyl HE
Zr-based metal-organic Paraoxon Phosphatase 72.65 - 98.1-112.5% o4
framework ng/mL
. . 0.61
PB@Fe-COF@Au Chlorpyrifos Peroxidase ng/mL - 94/3-110.2% 65
PtCu; alloy nanocrystals Trichlorfon Peroxidase 0.5 ng/mL 5 min - 66
Fe-N/C SAzyme Malathion Oxidase 79 pg/mL 10 min 98.6-105.4% o7
Oxidized MXene quantum 0.19
dots@CuNi bimetal Glyphosate Peroxidase : L 97.4-111.2% o8
(MQDs@CuNi) He
. . 5.07 . 91.48- ©
CuO/Fe,03 nanozymes Glufosinate Peroxidase pg/mL 66 min 106.02%
Fe-N/C SAzym Dimethoat Oxida 96 pe/mL 10 min 93.01- 0
e ymes ethoate se pg 103.94%
. 2.00
GSH-Cu Thiram Laccase - 87.1-106.1% 7
ng/mL
0.5 MQDs-NiCoP/NF Glyphosate Peroxidase 0.18 - 97.4-111.2% 72
nanozymes pg /mL
Cu-doped carbon nanozyme Thiophanate-methyl Oxidase 0.04 Eg fm - 98.1- 102.1% 7
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Phorate, Profenofos, 0.16, 0.16, 89.19—
Fe-Co MNPs Isocarbophos, Peroxidase 0.03, 30 min | 08.3 Yy 74
Omethoate 1.6 ng/mL ' 0
13.1, 1.5, 9283
N-CDs/FMOF-Zr Glyphosate Peroxidase 11.5 9 min ’ 7
108.80%
ng /mL
FeCoCu flower-like structure . . 96.5 % to %6
(FeCoCu-FN) Parathion methyl Peroxidase 11 pg/mL - 105.0 %
Tovdme, 1503
Thiram, ’ ng/mL, 95.33- ”
Pt/Cos0, Ziram Catalase, 1.03 - 101.60%
Superoxide L
dismutase HE

2  4.1.1. Strategic advantages of nanozyme-based colorimetric detection methods

3 The first strategic advantage of nanozyme-based colorimetric methods is inherent signal
4 amplification for high sensitivity. As pesticides typically exist at very low concentrations, high
5  sensitivity is essential for their detection. Nanozymes, like natural enzymes, act as catalysts,
6  where a single particle can rapidly and repeatedly convert numerous chromogenic substrate
7  molecules (e.g., 3,3°,5,5 -tetramethylbenzidine, TMB).”® This is a powerful mechanism that
8 amplifies the minute initial signal caused by trace amounts of pesticides into a distinct color

9 change visible to the naked eye. Because of catalytic amplification, nanozyme-based

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

10  colorimetric assays afford lower limits of detection than their noncatalytic counterparts.” The

Open Access Article. Published on 16 June 2026. Downloaded on 6/17/2026 4:31:00 AM.

11  second advantage is superior robustness and stability over natural enzymes. Traditional

(cc)

12 biosensors usually use the natural enzymes (for example AChE), which possess high specificity
13 but suffer from inherent limitations of protein structure, making them susceptible to changes
14 in external environmental conditions such as temperature, organic solvents, and pH.?*->* This
15  reduces the shelf life of sensor and inhibits its direct application to real-world samples such as
16  soil extracts or fruit surface. Conversely, nanozymes derived from stable inorganic materials
17  such as metal oxides, metals, or carbon exhibit chemical and physical adaptability, preserving

18  their catalytic activity even in extreme pH or higher temperature environments. This
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dramatically extends the sensor's shelf life and provides strong field applicability, allowing for
direct use on various real samples without the need for purification or complex pretreatment
steps. Finally, there is excellent cost-effectiveness and design flexibility. Natural enzymes
require complex biological expression and purification processes, leading to high production
costs. Nanozymes can be mass-produced at a low cost through simple chemical synthesis
methods, a condition highly favorable for developing low-cost, disposable strip-type diagnostic
kits.”® Furthermore, by precisely controlling the size, composition, morphology, and surface
chemistry of the nanomaterials, it is possible to optimize their catalytic activity or easily
introduce molecular recognition elements, such as aptamers that specifically bind to certain
pesticide molecules, onto their surface.*® 80 This tailor-made design capability signifies the
limitless potential for developing high-performance sensors optimized for the target analyte of
interest and forms the basis for the various innovative nanozymes discussed in this review. The
subsequent sections will delve into the specific mechanisms through which these advantages

are realized, categorized by the nature of the nanozyme-pesticide interaction.

4.1.2 Classification of nanozyme-based colorimetric sensors for pesticide detection

The most intuitive method in nanozyme-based colorimetric sensing uses the principle
where the pesticide molecule itself interacts directly with nanozyme to alter its intrinsic
catalytic function. This process is substantially efficient as it eliminates the need for auxiliary
enzymes or intermediate steps, leading to faster and simpler analytical systems.®! The direct
interaction approach can be further classified into two primary modes: modulation of separate
chromogenic substrate's oxidation, and direct enzymatic conversion of pesticide itself into

signal molecule. Modulation of chromogenic substrate oxidation is the most widely explored

20
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1  direct interaction pathway. Intrinsic enzyme-like activity (for example oxidase or peroxidase)
2 nanozyme's is utilized to catalyze the oxidation of chromogenic substrate like TMB.#% 7482 The
3 target pesticide molecule then interact directly with nanozyme, acting as either an enhancer or
4 an inhibitor of this catalytic activity, leading to a assessable change in intensity of color.
5 Indirect interaction mechanisms rely on a 'mediator' or 'byproduct’, whose concentration is
6 modulated by the presence of the pesticide, to regulate the nanozyme's activity. This approach
7  can significantly expand the selectivity and design flexibility of the detection system by
8 incorporating auxiliary enzymes that react with a specific class of pesticides or by utilizing
characteristic chemical reactions of the pesticide.* 83 This strategy allows the highly efficient
10  catalytic activity of nanozymes to be coupled with well-established biochemical recognition
11  events. The most representative and widely adopted example is using the principle of AChE
12 inhibition.*:33,57,62,66,67.70,76 Qrganophosphorus and carbamate pesticides are potent inhibitors
13 that irreversibly bind to the active site of AChE, an essential enzyme for normal nerve signal

14  transmission. By coupling this principle with a nanozyme system, highly sensitive sensors can

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.
o]

15  be implemented. In this system, the key 'mediator’ is thiocholine (TCh), which is produced

16  from the hydrolysis of the AChE substrate, and acetylthiocholine (ATCh). The concentration

Open Access Article. Published on 16 June 2026. Downloaded on 6/17/2026 4:31:00 AM.

17  of TCh mediators is inversely proportional to pesticide concentration, which acts as a switch

(cc)

18  to control the nanozyme's activity.

19

20  4.1.2.1 Detection mechanisms based on direct interaction

21 Typically, colorimetric sensors based on the simple direct mechanism exhibit a 'turn-off'
22 response due to direct inhibition by the pesticide. In this mode, the pesticide binds to the

23 nanozyme's active sites or blocks substrate access, causing a decrease in the colorimetric signal.

21
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In 2024, Yan et al designed bio-inspired glutathione-iron hybrid (GSH-Fe) nanozyme to detect
the fungicide thiram. Thiram molecules, containing sulfur atoms, exhibit strong affinity for the
iron centers of the nanozyme, leading to surface passivation and inhibition of its peroxidase-
like activity. This system achieved a low detection limit of 0.3 pug/mL within a linear range of
0.3-10 pg/mL. Also, they achieved a recovery rate of 92.4% to 106.9%. To improve stability
and practicality, the nanozyme was immobilized in a hydrogel, and a simple smartphone with
ImagelJ software was used for quantification, demonstrating its potential for on-site analysis of
fruit juice samples.*® In 2025, Zhang et al. designed a ternary MOF, ZnCo-ZIFs@MIL-101(Fe),
and engineered the designed material with multiple metal sites to detect glyphosate. The
principle relies on the coordination of glyphosate's phosphonic acid group with these exposed
metal active sites, hindering TMB oxidation. This sensor demonstrated a wide linear range of
0-1 pg/mL and an LOD of 75 ng/mL. Its utility for on-site applications was proven by
integrating it into a smartphone and paper-based microfluidic chips (WPAD) for analyzing
samples.>® Advanced 2D materials have also shown great promise. MQDs@CuNi, a composite
of MXene quantum dots (MQDs) and a copper-nickel bimetal, and MQDs-NiCoP/NF, an
urchin-like nickel-cobalt phosphide structure modified with MQDs, both function by the
principle of glyphosate directly binding to their active sites and inhibiting their peroxidase-like
activity (Fig. 1a). These systems achieved remarkably low detection limits of 1.06 pM,
respectively, showcasing their potential for highly sensitive trace analysis.”? In 2023, Zhang et
al., used Cu-doped carbon nanozyme to detect the fungicide thiophanate-methyl. The
interaction between the pesticide's sulfur and nitrogen atoms and the copper active sites on the
nanozyme surface inhibits its oxidase-like activity, resulting in a 'turn-off' response with a low
LOD of 0.04 pg/mL.7> Li et al. developed a bioinspired laccase-mimicking catalyst,

designated as GSH-Cu, by simulating the copper active sites and spatial amino acid
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microenvironment of natural enzymes. This nanozyme, synthesized through the coordination
of Cu?" with glutathione (GSH) peptides, exhibits catalytic functions that conform to the
Michaelis-Menten kinetics of natural laccase (Fig. 1b). The sensing mechanism is based on a
pesticide detection mechanism through a direct interaction method, where the catalytic activity
of the GSH-Cu complex is triggered for inhibition by thiram. Specifically, the coordination
between sulfur (S) and copper (Cu) atoms disrupts the surface structure of the catalyst and leads
to the formation of copper nanoparticles, a process characterized as catalytic inhibition (Fig.
I¢). The developed sensor demonstrated outstanding performance with a laccase (LOD) of 2.00
ng/mL in solution, covering a linear range from 2.5 to 250 ng/mL. This system proved highly
effective for the sensitive detection of pesticides in real food samples, such as fruit juices and
environmental water. To determine sensing mechanism, absorption spectra were measured to

ascertain the coordination between copper ions and thiram (Fig. 1d).”!
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Fig. 1. Pesticide detection mechanism through direct interaction method. (a) Diagrammatic

depiction of the colorimetric sensing of glyphosate facilitated by 0.5 MQDs-NiCoP/NF

nanozymes. Reproduced from reference’? with permission from Elsevier, copyright 2025.

(b) Conceptual design of a paper-based analytical platform for the monitoring of thiram

residues. (c) Illustrative representation of the catalytic inhibition of GSH-Cu complexes

triggered by thiram. (d) UV—vis electronic absorption profiles of Cu?", thiram, and the resulting

Cu?*-thiram coordination complex. Reproduced from reference’! with permission from

Elsevier, copyright 2022.
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1 Conversely, "Turn-on' sensors based on direct enhancement are highly advantageous for
2 achieving superior sensitivity due to their inherently low background signal. In 2024, Xu et al.
3 developed an iron-based MOF, Fe@PCN-224 NCs, whose peroxidase-like activity is markedly
4 enhanced in the presence of the fungicide propiconazole. This is interpreted as propiconazole
5 inducing a conformational change in the MOF structure that improves TMB substrate
6 accessibility to the active iron-porphyrin sites. This 'turn-on' sensor achieved an impressive
7  LOD of 8 nM over a linear range of 0.03-90 uM in vegetable samples, demonstrating a rare
8 case of analyte-induced activation.*’ In 2025, Liu et al. developed a copper-based MOF, Cu-
BDC-NO,, was rationally designed by tuning the ligand with an electron-withdrawing nitro
10  group, which enhanced its laccase-like activity. This activity was further promoted by
11  glyphosate, leading to a 'turn-on' response with an LOD of 37 ng/mL. This design ensures that
12 the nanozyme's activity is restored only in the presence of the target pesticide, which displaces
13 the aptamer from the nanozyme surface, thus securing overwhelming selectivity.’* The most

14 representative phosphatase-like activity was exhibited by Zr-based MOFs. Nanozyme

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.
\e]

15  developed by Zhu et al. in 2025, directly cleavage the phosphoester bond of the paraoxon

16  pesticide, converting the colorless paraoxon into the distinctly yellow-colored p-nitrophenol.

Open Access Article. Published on 16 June 2026. Downloaded on 6/17/2026 4:31:00 AM.

17  The Zrg clusters within the MOF structure act as potent Lewis acid sites, activating water

(cc)

18  molecules for a nucleophilic attack on the phosphorus center of the pesticide, thereby cleaving
19  the ester bond. This constitutes a perfect 'turn-on' system where the presence of the pesticide
20  directly generates a color signal from mone' to 'some', achieving a LOD of 0.195 uM. As this
21  method is not based on redox reactions, it can fundamentally exclude interference from
22 common redox-active substances in the sample, leading to very high reliability and analytical

23 accuracy. This method signifies a paradigm shift from the indirect signal generation to direct
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transformation of analyte, offering a highly robust and specific platform for the analysis

pesticide.%

4.1.2.2. Detection mechanisms based on indirect interaction

In fact, indirect detection methods, inspired by the principle of AChE inhibition, are more
traditional and have been researched more extensively than direct detection methods. Wang et
al. (2024) applied molecular imprinting approach on Mn@NC nanozyme with phoxim as
template molecule. This method created molecularly imprinted sites on the surface of
nanozyme that precisely fit phoxim molecules, allowing it to detect selectively the phoxim
while excluding other pesticides with similar structures. Fabricated sensor recorded a wide
linear range of 5-1000 ng/mL and an LOD of 1.27 ng/mL in colorimetric approaches, proving
that molecular imprinting is an effective method for simultaneously enhancing selectivity and

sensitivity.%0
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Fig. 2. Pesticide detection mechanism through indirect interaction method. (a) Conceptual
diagram illustrating the oxidase-mimicking behavior of Fe-N/C SAzymes and the inhibitory
effect of mercapto-containing molecules on their catalytic activity. (b) UV—vis absorbance
profiles of the colorimetric assay at various dimethoate concentrations (0 to 8 uM); the inset
provides the corresponding visual color transitions. (c) Analytical correlation between the
B/(R+QG) color intensity ratio and dimethoate levels, with the inset displaying the established
linear regression model. Reproduced from reference’ with permission from Elsevier,
copyright 2024. (d) llustrative schematics of paper-based sensor arrays that leverage enhanced
multienzyme-like catalytic activities. (¢) Development of a six-channel sensor array based on
the laccase- and peroxidase-mimicking activities of ASP-Cu, BPY-Cu, and GMP-Cu for the
selective detection of sulfonylureas. (f) Linear discriminant analysis score plot for the
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qualitative classification of sulfonylurea (SU) mixtures across a concentration range of 5 to

100 pg/mL. Reproduced from reference? with permission from Elsevier, copyright 2024.

Zhang et al.”? developed a sensor that indirectly detects pesticides using an Fe-N/C single-
atom nanozyme (SAzyme). The sensor's operating principle is based on an oxidase-like
reaction in which the Fe-N/C nanozyme converts colorless TMB into the blue-colored oxidized
TMB (0xTMB). In this process, an enzyme called acid phosphatase (ACP) is introduced, which
hydrolyzes L-ascorbic acid-2-phosphate (AAP) to produce ascorbic acid (AA), an inhibitor of
the color reaction (Fig. 2a). In the absence of pesticides, the ACP enzyme is active and produces
AA, which blocks the color reaction, causing the solution to remain colorless. Conversely,
when a pesticide is present, it inhibits the activity of the ACP enzyme, preventing the
production of AA. As a result, the Fe-N/C nanozyme is free to oxidize TMB, turning the
solution blue (Fig. 2b). Thus, the presence of the pesticide determines the expression of the
blue color, operating in a 'turn-on' fashion. Through this indirect detection method, the sensor
demonstrated excellent performance. Based on the pesticide dimethoate, it achieved a very low
LOD of 0.4177 nM (Fig. 2¢). Additionally, in recovery experiments, which indicate accuracy
in real fruit and vegetable samples, it showed high reliability with results ranging from 95.01%
to 103.94%.7° Additionally, Tian et al. reported a unique mechanism that amplifies a signal
through indirect interaction. In this study, three copper-based nanozymes ASP-Cu, BPY-Cu,
and GMP-Cu-were utilized to selectively detect sulfonylurea (SU) pesticides (Fig. 2d). The
core principle of this sensor is based on the phenomenon where sulfonylurea pesticides, instead
of directly inhibiting the enzyme-like activities (laccase-like and peroxidase-like) of the

nanozymes, actually enhance their activity. This is a 'turn-on' method where the pesticide
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1  molecule indirectly promotes the nanozyme's catalytic reaction to generate a stronger
2  colorimetric signal, thereby detecting the pesticide's presence (Fig. 2e). This sensor achieved a
3 LOD of 0.03 pg/mL for the total concentration of sulfonylurea pesticides and demonstrated
4 high accuracy and reliability with a recovery rate in real water samples ranging from 91.53%

5 to 103.5% (Fig. 2f).%2

7 The PtPdANPs@g-C3N, nanozyme that developed by Shen et al. in 2023, has oxidase-like
8 activity, which is inhibited by the thiol group of the thiocholine produced in the absence of
9 pesticides. In contrast, when a pesticide is present, AChE is inhibited, no thiocholine is
10  produced, and consequently, the nanozyme's activity is 'turned on', resulting in a strong
11 colorimetric signal. This sensor showed an LOD of 83 pg/mL in colorimetric approaches,
12 demonstrating a sensitive indirect detection route.’> Similarly, PtCus alloy nanocrystals
13 developed as high-sensitivity 'turn-on' sensors for pesticides based on the AChE inhibition

14 principle. It achieved impressive LODs of 0.05 ng/mL to trichlorfon, and demonstrated the

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

15 feasibility of smartphone-based quantification for on-site analysis.®® The triple composite

Open Access Article. Published on 16 June 2026. Downloaded on 6/17/2026 4:31:00 AM.

16 PB@Fe-COF@Au were also developed as ‘turn on’ sensor for trichlorfon detection. This

(cc)

17  system is particularly noteworthy for its "triplet peroxidase-like activity" where the Prussian
18  blue, COF, and Au components all contribute to signal generation, creating a highly amplified
19  response. This multi-component design capitalizes on the high catalytic activity of PB and Au,
20 coupled with the large surface area and analyte-capturing ability of the COF, to create a highly

21  efficient cascade reaction.®’

22
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Regulation of nanozyme activity by byproducts generated from the chemical reaction of the
pesticide itself is also an effective strategy. This method can enhance selectivity by utilizing
chemical reactions unique to a specific pesticide, leading to AChE-free assays, which avoids
the use of unstable natural enzymes. In 2024, Zhu et al. developed CeO,@NC nanozyme, also
utilizes this principle, promoting the hydrolysis of carbosulfan and using the generated SH
group in acidic condition to modulate its activity, achieving an LOD of 3.3 nM. This approach
is particularly valuable as it builds specificity into the system based on the unique chemistry of
the target analyte, rather than relying solely on a general enzymatic inhibition mechanism.*®
Sometimes, multiple steps of indirect interaction are combined to create more sophisticated
sensing cascades. In 2024, Liu et al. engineered copper-based MOF NH,-CuBDC to detect the
insecticide chlorpyrifos. In this system, chlorpyrifos inhibits AChE activity, and the resulting
lack of thiocholine production alters its interaction with copper ions (Cu?*), which in turn
modulates the peroxidase-like activity of the nanozyme. Designed sensor achieved an LOD of
1.57 ng/mL in colorimetric method, showcasing how multiple equilibria can be coupled for
sensitive detection.*® Another cascade system was built using the FeCoCu flower-like structure,
which could be switched between 'turn-off' and 'turn-on' modes. In one mode, AChE inhibition
prevented the production of the inhibitory thiocholine. In another mode, the product of AChE
(choline) was further converted by choline oxidase (ChOx) to produce H,O,, the substrate for
the nanozyme's peroxidase activity, leading to a 'turn-on' signal upon AChE inhibition. They
achieve LOD of 0.11 and 0.13 ng/mL and recovery rate 96.5-105.0% and 94.0-105.0% in
AChE method and ChOx single enzyme method. Thus, while indirect mechanisms based on
mediators or byproducts may require more complex system designs, they can be used as
potential strategy for enhancing sensor selectivity or diversifying signal transduction pathways

by incorporating specific chemical reaction routes into the design.”®
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2 4.2. Nanozymes for the fluorescent detection of pesticides

3 Fluorescence detection is currently recognized as one of the most sensitive and selective
4 analytical techniques in the field of pesticide analysis. It plays a vital role in food safety and
5 environmental monitoring, particularly due to its high sensitivity, real-time monitoring
6 capabilities, and potential for visual discrimination. The emergence of nanozyme-based
7  fluorescent detection systems has brought innovative changes to this field. This is because they
8 effectively overcome the fundamental limitations of traditional natural enzyme-based systems
9  while further amplifying the inherent advantages of fluorescence detection. The integration of
10  nanozymes with fluorescent detection mechanisms is more than a simple combination of two
11  technologies; through synergistic effects, it is fundamentally changing the paradigm of
12 pesticide detection. These systems are widely applied for the detection of organophosphorus
13 pesticides (OPs), carbamate pesticides, glyphosate, neonicotinoid pesticides, and various other

14  pesticide compounds, providing tailored detection strategies suited to their respective chemical

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

15  properties and mechanisms of action.> 8% 85 The core working principle of nanozyme-based

Open Access Article. Published on 16 June 2026. Downloaded on 6/17/2026 4:31:00 AM.

16  fluorescence detection is found on the complex and sophisticated interaction between target

(cc)

17  pesticide and the nanozyme, which ultimately induces a quantitative change in the fluorescent
18  signal. This interaction is not a simple one-dimensional reaction but occurs through a multi-
19  step mechanism at the molecular level. Key mechanisms that work in combination include
20  enzyme activity modulation, the inner filter effect (IFE), Forster resonance energy transfer
21  (FRET), photoinduced electron transfer (PET), aggregation-induced emission (AIE) and
22  electron exchange (EE). Each of these mechanisms is selectively activated depending on the

23 molecular structure of a specific pesticide and the physicochemical properties of the nanozyme
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system. This enables the construction of detection platforms that can simultaneously achieve

extremely high specificity and sensitivity.86-87

The fluorescence detection mechanism based on enzyme activity inhibition and modulation
is one of the most extensively studied and practical approaches, demonstrating excellent
performance, particularly in the detection of organophosphorus and carbamate pesticides. The
core of this method is that pesticides specifically inhibit the activity of key biological enzymes,
such as AChE. This inhibition modulates the catalytic activity of a nanozyme through an
elaborately designed multi-step cascade reaction, ultimately inducing a quantitative change in
the fluorescent signal. For example, an organophosphorus pesticide forms a covalent bond with
the serine residue in the active site of AChE, irreversibly inhibiting the enzyme. This blocks
the hydrolysis of ACh. Consequently, the subsequent oxidation of choline to hydrogen
peroxide (H,O,) by choline oxidase (ChOx) is reduced. This ultimately leads to decreased
catalytic activity of a peroxidase-like nanozyme, which alters the oxidation state of a
fluorescent substrate and results in a measurable change in the fluorescence signal. The primary
advantage of such a cascade reaction system is its inherent signal amplification effect: a single
pesticide molecule can inhibit numerous enzyme molecules, and each enzyme can, in turn,
process a multitude of substrate molecules.® 8 Fluorescence detection systems based on direct
interaction and molecular recognition operate on a mechanism where a pesticide interacts with
a nanozyme through direct chemical bonding or physical adsorption. This interaction alters the
nanozyme's structural and electronic properties, which in turn directly leads to a change in its
fluorescence characteristics. In this mechanism, specific chemical functional groups on the

pesticide molecule such as sulfur, phosphorus, and halogen atoms, or aromatic ring structures
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1 form various intermolecular interactions with the active sites or metal centers on the
2 nanozyme's surface, including hydrogen bonds, coordination bonds, n-n stacking, and van der

3 Waals forces. A particularly interesting example is when a sulfur-containing pesticide like

g

g . o . . .

5 4 malathion forms a strong Ag-S coordination bond with a silver nanoparticle-based nanozyme.
ko)

% 5  This alters the nanozyme's surface electronic structure, which selectively inhibits its oxidase-
o

% 6 like activity and induces a change in the fluorescence signal associated with the oxidation of
T

£

§ 7  TMB.” The greatest advantages of this direct interaction mechanism are that high specificity
c

o

pd

5 8 can be achieved without using any biological enzymes and that it demonstrates stable
8

Z 9  performance even in complex matrices.*-°!

5

£

£

8 10

2

B

S 11 The FRET based fluorescence detection mechanism is a highly sophisticated and sensitive
o

e}

é 12 method that utilizes non-radiative transfer of energy between a fluorescence acceptor and a
@

% 13 donor. In these systems, a nanozyme plays the role of either the donor or the acceptor, and the
@

E 14  presence of a target pesticide dynamically alters the FRET efficiency, which induces an
Z

15 increase, decrease, or spectral shift in the fluorescence intensity. For FRET to occur effectively,

Open Access Article. Published on 16 June 2026. Downloaded on 6/17/2026 4:31:00 AM.

16  several conditions must be met, there must be significant spectral overlap between the donor's

(cc)

17  emission spectrum and the acceptor's absorption spectrum, the distance between two molecules
18  must be within the 1-10 nm range, and the relative orientation between the transition dipole
19  moments of the donor and acceptor must be appropriate.® ?3 These conditions can be precisely
20  controlled in nanozyme-based systems in response to the presence of a pesticide. For instance,
21  nanozymes with fluorescent properties such as gold nanoparticles, graphene quantum dots
22 (GQDs), or MOFs doped with rare-earth elements can be utilized as key components in these

23 FRET systems.”* The IFE is a phenomenon in which the observed fluorescence intensity
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decreases because the emission or excitation light of a fluorophore is absorbed by an absorber
present in the solution. In nanozyme-based systems, this mechanism involves the products or
intermediates of a catalytic reaction acting as the absorber to modulate the fluorophore's signal.
A typical example is when a peroxidase-like nanozyme oxidizes a colorless substrate, such as
TMB, to produce a colored oxidation product (e.g., oxXTMB). This product exhibits strong
absorption in a specific wavelength region, effectively quenching the signal of a fluorophore
that emits fluorescence in the same or a similar wavelength region. A unique advantage of IFE-
based detection systems is that, unlike FRET, physical proximity between the fluorophore and
the absorber is not essential. This provides greater choice in system design and enables various
combinations of nanozymes and fluorophores.”>*” The PET mechanism is a highly
sophisticated and sensitive detection method that utilizes the phenomenon of fluorescence
quenching or enhancement, which occurs when a fluorophore in a photoexcited state exchanges
electrons with an electron donor or acceptor. In the PET process, an electron from the excited
fluorophore is transferred to a nearby electron acceptor (quencher), or conversely, an electron
from a donor is transferred to the highest occupied molecular orbital (HOMO) of the
fluorophore, leading to the suppression of fluorescence emission.”® In nanozyme-based systems,
the PET mechanism is widely observed, particularly in gold nanoclusters (AuNCs), carbon
quantum dots (CQDs), and various fluorescent MOFs, where the presence of a pesticide
modulates this electron transfer process to induce a change in the fluorescent signal. For
instance, in the BSA-stabilized gold nanoclusters (BSA-AuNCs), it has been shown that PET
quenchers such as ascorbic acid, mercury ions, and dopamine not only quench fluorescence but
can also simultaneously modify nanoclusters’ intrinsic peroxidase-like activity. This attribute
can be utilized to develop dual-mode (colorimetric and fluorescent) sensing systems.”” PET

quenchers do not inherently inhibit nanozyme activity. In certain circumstances, Cu?* or
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1  specific cyanine dyes, can augment the peroxidase-like activity. By effectively utilizing this
2 feature, it is possible to design highly selective and sensitive pesticide sensing systems.!%0: 101
3 The electron exchange mechanism elucidates the change in fluorescence characteristics by
4 direct transfer of electrons between a target molecule and a nanozyme, a phenomenon closely
5 related to the surface quenching effect. This method involves defect sites or metal ions on the
6 nanozyme surface functions such as electron acceptors or donors, facilitating direct electron
7  transfer with a fluorophore, hence causing either amplification or quenching of fluorescence.
8  The electron exchange mechanism is highly sensitive to surface state and electronic structure
of nanozyme. Consequently, its direction and efficiency can vary substantially depending on
10  the nanozyme's size, composition, shape, and surface functionalization. The AIE process is an
11  innovative detection approach that employs a unique phenomenon. Unlike conventional
12 fluorophores that undergo fluorescence quenching in an aggregated state, AIE-active
13 compounds (AlEgens) demonstrate pronounced fluorescence upon aggregation. This

14 phenomenon is attributable to the limitation of intramolecular rotational effects. The

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.
o]

15  underlying principle is that when molecules aggregate, their internal rotations are physically

16  restricted. This restriction suppresses non-radiative energy dissipation pathways, which in turn

Open Access Article. Published on 16 June 2026. Downloaded on 6/17/2026 4:31:00 AM.

17  enhances fluorescence emission. In nanozyme-based AIE systems, the catalytic activity of a

(cc)

18 nanozyme can control the aggregation state of AIE molecules. Conversely, a target pesticide
19  can alter the aggregation state of an AlE-active nanozyme (AlEzyme), thereby inducing a
20  change in the fluorescence signal. For instance, an AIEzyme with organophosphorus hydrolase
21  (OPH)-like activity can hydrolyze an organophosphorus pesticide. During this process, its own
22 fluorescence is quenched, enabling a self-reporting function. This allows for the specific and
23 sensitive detection of nerve agents and pesticides.!?> Table 2 shows the comparative analysis

24 of nanozyme-based fluorescent sensors for pesticide detection.
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Table 2. Comparative analysis of nanozyme-based fluorescent sensors for pesticide

detection
Nanozyme Pesticides Enz'y me LOD Rea'ctmn Recovery Ref.
activity time rates
66-1S-Zn Profenofos, phoxim phosphatase 30 min 103
Malathion, Dicofol,
Cu-BDC-NH, Fe_ny a@erate, Peroxidase 15 min 104
Pirimicarb,
Dimethoate, Phosmet
Dichlorvos,
Omethoate,
MB/COF@MnO, Trichlorfon, Oxidase 83 pg/mL 30 min 97.8 %-105 % 105
Chlorpyrifos,
Chlorfenvinphos
Dimethoate, .
PtPANPs@g-C:N, Phosphine oxidase 33 pg/mL 20 min 9578~ ss
. 104.34 %
acetyloxalamine
Metsulfuron,
ASP-Cu Rimsulfuron, Peroxidase 15 min - 36
Sulfosulfuron,
Halosulfuron-methyl
JLU-MOF22 Benfuracarb Oxidase 76 ng/mL 1 min 9838 to 106
& 102.55 %
48.99 .
Zr-TCPE Paraoxon Phosphatase 30 min 96.1-115.0% 04
ng/mL
. . . 0.139 . 98.6%- ps
Fe-N/C single-atom Malathion Oxidase ng/mL 10 min 105.4%
. . 2.33 ng/m . .8
NH,-CuBDC Chlorpyrifos Peroxidase L 10 min 103.19%
. 3.16 . 92.4 %- 107
NH,-MIL-101(Fe) Glyphosate Peroxidase ng/mL 15 min 115.6 %
. . 42.62 . 96.65 %- 108
Cu-MIL-53(Fe)-2 Malathion Peroxidase ng/mL 15 min 108.92 %
. 0.254 . 109
MQDs@Co0,-300 Profenofos Peroxidase ng/mL 10 min 94.7 %-104 %
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~ . . 1027 : 91.5 %- o
Cu-BH Thiophanate methyl oxidase ng/mL 30 min 93.5 %
Chlorpyrifos, 7 ng/mL,
AuNEs Dimethoate, Methyl Peroxidase 14 ng/mL, 25 min B
. paraoxon 16 ng/mL
8
8 0.12 97.4 %-
'él MQDs@CuNi Glyphosate Peroxidase pg’ /L 10 min 1 1 20, 68
5
o
5 0.625 97.3%
. . . . . . 0= 112
g CTEzyme Methidathion Peroxidase ng/mL 20 min 105.7 %
8
[}
2 1.67 ng/ 99.8 %
. .67 ng/m . .8 %- 13
g Zr-MOF Paraoxon Phosphatase L 60 min 100.6 %
2
2
< 1
S
=
a
< 2 4.2.1. Strategic advantages of nanozyme-based fluorescent detection methods
5
£
3
o 3 The strategic benefits of nanozyme-based fluorescence detection approaches stem from the
2
B o : o -
® 4  synergistic integration of fluorescence technology and the distinctive characteristics of
g
; 5 nanozymes, which are crucial for attaining significant enhancements in pesticide detection.
3 . .
= 6  These advantages extend beyond the general benefits of nanozymes in fluorescence detection;
2
[}
& 7  they encompass distinctive characteristics in the modulation, amplification, generation, and
(2]
@
'_

8 detection of the fluorescent signals, providing substantial performance improvements over

Open Access Article. Published on 16 June 2026. Downloaded on 6/17/2026 4:31:00 AM.

9 conventional fluorescent or colorimetric techniques. A major strategic advantage is the

(cc)

10  capacity to attain exceptionally high sensitivity via catalytic signal amplification. Traditional
11  fluorescence detection approaches typically depend on a 1:1 interaction between a target
12 molecule and a fluorophore; however, in nanozyme-based systems, a single target molecule
13 caninfluence the catalytic efficiency of a nanozyme to transform multiple fluorescent substrate
14 molecules, thereby offering a natural signal amplification phenomenon. For instance, during
15  the reaction in which a peroxidase-like nanozyme oxidizes a non-fluorescent substrate such as

16  terephthalic acid (TA) to yield highly fluorescent 2-hydroxyterephthalic acid (2-HTA),

37


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5ta09692h

Open Access Article. Published on 16 June 2026. Downloaded on 6/17/2026 4:31:00 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

10

11

12

13

14

15

16

17

18

19

20

21

22

23

Journal of Materials Chemistry A

Page 38 of 121

View Article Online
DOI: 10.1039/D5TA09692H

inhibition of the enzyme by one specific pesticide molecule results in the diminished
production of numerous fluorescent molecules, thereby attaining a significantly elevated signal
amplification ratio.!'* This catalytic amplification significantly enhances the signal-to-noise
ratio, facilitating the precise detection of trace levels of pesticides in complex matrices.
Moreover, the catalytic efficacy of nanozymes facilitate enhanced signal amplification by fine-
tuning parameters such as temperature, pH, and reaction duration, a distinctive advantage
unattainable with conventional fluorescence techniques. A study involving Cu-BH nanozymes
indicated that molecules improved the catalytic activity of the nanozyme, intensifying the
fluorescent signal and attaining a remarkably low detection limit. This catalytic signal
amplification facilitates a linear enhancement in fluorescence intensity, markedly enhancing

the accuracy and precision of quantitative evaluation.!!?

Nanozyme-based fluorescence detection approaches offer distinct advantages for real-time
monitoring of pesticides. Because the fluorescent signal can be assessed instantly and the
nanozyme's catalytic reaction proceeds continuously, which enables real-time monitoring of
temporal variations in pesticide concentration. This is a significant advantage compared to
traditional detection methods that only provide static end-point analysis and can be utilized to
monitor pesticide degradation processes or their behavior in the environment. Furthermore, by
analyzing the nanozyme's catalytic reaction kinetics, information about the pesticide's
inhibition mechanism can be obtained, providing valuable data for distinguishing between
different types of pesticides or their mechanisms of action. The rapid response time of
fluorescence detection is a decisive advantage in urgent food safety inspections and on-site
monitoring, with most systems providing results within a few to ten minutes.!'!> In a glyphosate

detection system using Coz0O, nanozymes, for instance, detection is completed within 10
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1  minutes, and the resulting color change remains stable for over 20 minutes, facilitating easy
2 visual discrimination. This rapid response and signal stability meet the requirements for point-

3 of-care testing and are also suitable for screening large volumes of samples. !

g

8

3 4 A unique advantage of nanozyme-based fluorescence detection is the ability to design a
5

o

é 5 selective fluorescence response for specific pesticides by engineering the nanozyme's structure
(%]

o

e 6  and surface functionalization. This is achieved through a ternary interaction system involving
£

£

g 7  the fluorophore, the nanozyme, and the target molecule, where high specificity can be
pd

= 8 implemented by precisely controlling the properties of each component. For example, in
a

2 9  aptamer-functionalized gold nanoparticles, binding with a specific pesticide (acetamiprid)
£

8 10 selectively modulates the peroxidase-like activity of the nanoparticles, resulting in a
3]

2

§ 11  fluorescent response that distinguishes it from other structural analogs. Furthermore, by
(]

o

€ 12  controlling the pore structure or surface chemistry of the nanozyme, size selectivity or chemical
ki

E 13 selectivity can be achieved, enabling the selective detection of a target pesticide within a
g

€ 14  complex matrix.!”

2

15
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16  4.2.2 Classification of nanozyme-based fluorescent sensors for pesticide detection

(cc)

17 The operating principles of nanozyme-based fluorescent pesticide detection systems can be
18  classified according to the fundamental interaction among the target analyte (pesticide), the
19 nanozyme catalyst, and the fluorescence signal-generating component. Nanozyme-based
20  fluorescence pesticide sensors primarily rely on catalytic activity modulation, reaction by-
21 product mediated fluorescence, or direct modulation of intrinsic fluorescence. This mechanistic
22 classification forms the basis for determining key performance indicators such as sensor

23 sensitivity, selectivity, and response speed, and it provides a theoretical foundation for
39
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designing sensor platforms optimized for specific applications. To date, reported studies can
be broadly divided into three dominant strategies. The first is a classic approach that relies on
the indirect modulation of biological enzyme activity. In this method, the pesticide inhibits the
activity of a specific biological enzyme, and the nanozyme acts as a signal transducer to convert
this event into a fluorescent signal.> 194105 The second is the direct degradation of pesticides
via the intrinsic catalytic activity of the nanozyme. This is a substantial approach, particularly
mimicking the function of a phosphatase to directly hydrolyze the phosphate ester bonds of

OPs.54 108 Further, an in-depth discussion of each classification will be presented below.

4.2.2.1. Enzyme activity inhibition by pesticides

Indirect detection through the modulation of biological activity of enzymes is the most
thoroughly investigated and recognized method for detecting carbamate and organophosphorus
pesticides. This methodology fundamentally relies on the biochemical mechanism through
which these pesticides selectively impede the catalytic function of AChE, a crucial enzyme in
the central nervous system. To convert this change in AChE activity into a quantifiable
fluorescent signal, the sensor system employs a sophisticated enzymatic cascade reaction that
includes a nanozyme. This approach directly reflects the in vivo toxicity mechanism of the
pesticides, giving the detection results high biological significance. Furthermore, the multi-step
enzymatic and nanozyme catalytic reactions provide inherent signal amplification, making it

possible to achieve the high sensitivity required for trace analysis.> '8
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Fig. 3. Pesticide detection through enzyme activity inhibition mechanism. (a) Fluorescent Cu-
BDC-NH, nanozyme demonstrating multienzyme-mimicking capabilities. (b) Implementation
of a multi-responsive sensor array using Cu-BDC-NH, for the classification of pesticides
across diverse concentration levels. The sensing platform is constructed by integrating laccase-
mimicking, peroxidase-mimicking, and fluorescence-based detection pathways. Reproduced
from reference!® with permission from Elsevier, copyright 2024. (c) Schematic outlining the
fabrication process of the Multifunctional COF composite (MCM). (d) Conceptual illustration
of the dual-ratio enhanced FL/EC dual-mode sensor for OP analysis via target-regulated signal
modulation. (e) FL ratio response of the dual-modal sensing platform toward a range of
potential interferents (a—p: blank, Fe?*, Hg?*, Cu?*, Fe**, Pb**, Cd**, glucose, aspartic acid,
tyrosine, arginine, glycine, citrate, invertase, dichlorvos (DDVP), and their mixture) (f)
Evaluation of FL ratios across various OPs and non-OP substances to demonstrate sensing
selectivity. Reproduced from reference!% with permission from Elsevier, copyright [2024]. (g)
Design of a smartphone-integrated portable sensor based on 2D fluorescent oxidase-like
PtPdANPs@g-Cs;N, nanozymes for dual-mode (colorimetric and fluorescence) imaging of
residual OPs. (h) Schematic illustration describing the oxidase-mimicking catalytic mechanism
of the 2D PtPdNPs@g-C;N,4 nanozyme. Reproduced from reference® with permission from

Elsevier, copyright 2023.

The most representative system is a cascade reaction involving AChE and a peroxidase-like
nanozyme. The operating principle of this system can be described in the following steps: (i)
In the absence of a pesticide, AChE hydrolyzes its substrate, acetylcholine or acetylthiocholine,

into choline or thiocholine. (i1) The generated choline is then oxidized by choline oxidase to
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1  produce betaine and hydrogen peroxide. (iii) Finally, a nanozyme with peroxidase-like activity
2 uses H,O; as an oxidant to convert a fluorogenic substrate (e.g., Amplex red and terephthalic
3 acid) into a product that emits strong fluorescence (e.g., Resorufin and 2-hydroxyterephthalic
4 acid).!'” However, if the target pesticide is present in the system, the active site of AChE is
5  irreversibly or reversibly blocked. This reduces the production of choline, which in turn leads
6  to a sequential decrease in H,O, generation and, ultimately, a reduction in the fluorescence
7  signal's intensity. Therefore, the degree of fluorescence decrease shows a direct correlation
8  with the concentration of the pesticide in the sample. In these signal transduction processes,
materials such as Fe;0,4, V05, noble metal nanoparticles (Au NPs, Pt NPs), and various
10  carbon-based nanomaterials (graphene oxide, CQDs, etc.) have been successfully applied as
11  peroxidase-like nanozymes.®”- 120 Additionally, in 2024, Song et al. presented an approach that
12 analyzes enzyme activity inhibition patterns by utilizing multiple signals from a single material.
13 In this study, a copper-based nanozyme (Cu-BDC-NH;) with simultaneous laccase-like,

14  peroxidase-like, and fluorescent properties was used. The detection mechanism of this sensor

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.
\e]

15  isbased on the principle that different types of pesticides affect these three signals (two enzyme

16  activities, one fluorescence) to varying degrees, generating a unique 'inhibition pattern' or

Open Access Article. Published on 16 June 2026. Downloaded on 6/17/2026 4:31:00 AM.

17  'signal fingerprint' (Fig. 3a). Through this multi-signal analysis, Song et al. successfully

(cc)

18  distinguished various types of pesticides down to a concentration of 1 pg/mL. Furthermore,
19  when applied to real fruit and vegetable samples, the sensor demonstrated high reliability by

20  identifying unknown samples with 100% accuracy (Fig. 3b).!%
21

22 A 2024 study by Wen et al. applied an enzyme activity inhibition mechanism by developing

23 a multifunctional covalent organic framework composite loaded with methylene blue and
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coated with an MnO, nanozyme (Fig. 3¢). Normally, thiocholine, produced when the enzyme
AChE breaks down its substrate (ATCh), decomposes the MnO, coating, releasing the
methylene blue signal molecule from inside. However, when OPs inhibit the activity of AChE,
thiocholine is not produced, so the MnO, coating is maintained, acting as gate that blocks the
release of MB (Fig. 3d). The dual-mode sensor demonstrated exceptional selectivity and robust
anti-interference capability for OPs detection. High concentrations of diverse inorganic ions
(such as Fe?*, Hg?*, and Cu?*) and organic substances produced negligible variations in FL and
electrochemical (EC) signals, whereas the presence of DDVP triggered significant responses
(Fig. 3e). Furthermore, the platform's versatility was validated by its ability to accurately
distinguish six typical OPs from representative non-OP pesticides. This high specificity is
fundamentally attributed to the target-regulated, high-affinity inhibition of AChE by
organophosphates (Fig. 3f). This sensor can detect dichlorvos based on fluorescence signal
change, and achieved very low LOD of 0.083 ng/mL. Additionally, it showed excellent
recovery rates in real vegetable and fruit samples, ranging from 95.2% to 104%.!9 Shen et al.
applied the principle of enzyme activity inhibition by developing platinum-palladium
nanoparticles combined with carbon nitride nanosheets (PtPdNPs@g-C3;Ny) (Fig. 3g). This
nanozyme acts like an oxidase, converting surrounding oxygen into reactive oxygen species
(O7'). Normally, the enzyme AChE breaks down a substrate to produce TCh, which then
removes the reactive oxygen species, preventing a fluorescence color change. However, when
OPs inhibit the activity of AChE, thiocholine is not produced, allowing the reactive oxygen
species to freely oxidize a substrate (OPD), which generates distinct fluorescence signals (Fig.
3h). This sensor demonstrated LOD for trichlorfon of 0.033 ng/mL via fluorescence methods,

respectively, and recorded a high recovery rate of 95.78% to 104.34% in real food samples.>>
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1 4.2.2.2. Byproduct mediated fluorescent detection

Open Access Article. Published on 16 June 2026. Downloaded on 6/17/2026 4:31:00 AM.

2 This approach utilizes the optical properties of the hydrolysis product. In this method, the
g 3 nanozyme functions as a biochemical converter, transforming a non-optical pesticide substrate
é 4 into a product with distinct optical characteristics. The most representative mechanism 1is
g 5 fluorescence quenching via the inner filter effect. For example, certain OPs, such as methyl
(%]
% 6  parathion, produce a chromophore called p-nitrophenol (PNP) upon hydrolysis. Under specific
é 7  pH conditions, PNP exhibits a distinct UV-visible absorption spectrum. If a separate
2
g 8  fluorophore (e.g., CQDs, organic dyes) whose excitation or emission wavelength overlaps with
§ 9  PNP's absorption band is introduced into the system, the PNP generated by the nanozyme-
% 10  catalyzed reaction will absorb and extinguish the fluorophore's light. Consequently, a higher
2
g 11  initial pesticide concentration produces more PNP, leading to a greater degree of fluorescence
§ 12 quenching. This relationship allows for the quantification of pesticides. A key advantage of
g 13 this method is that it does not require physical binding or complex energy transfer processes
é 14 between the nanozyme and the fluorophore, offering considerable versatility in system design.
é 15 121
16
&
17 In 2026, Zhang et al developed a nanozyme-based sensor utilizing a byproduct-

18 mediated fluorescent detection strategy for the sensitive monitoring of paraoxon. While the
19  platform was designed as a dual-mode system, its optical detection specifically relied on a
20  zirconium-based metal-organic framework (Zr-MOF), which served as a robust phosphatase-
21  like nanozyme with intrinsic aggregation-induced emission (AIE) properties. Focusing on the
22 fluorescence sensing mechanism, the approach utilizes a byproduct-mediated quenching

23 process. Upon target exposure, the biomimetic catalytic sites of the Zr-MOF hydrolyze
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paraoxon to generate p-nitrophenol (p-NP). This generated byproduct acts as a strong quencher,

diminishing the intrinsic blue emission of the Zr-MOF via an Inner Filter Effect (IFE) (Fig.

4a). Based on this concentration-dependent fluorescence quenching, the platform yielded a

limit of detection (LOD) of 1.67 ng/mL across a broad linear range of 5 ng/mL to 50 pg/mL

(Fig. 4b). By mapping these spectral changes, a corresponding calibration plot was established,

revealing a strong linear correlation (R? = 0.995) between the attenuated fluorescence intensity

and the logarithm of the paraoxon concentration (Fig. 4c). Furthermore, to evaluate its practical

applicability, the sensor was utilized to detect paraoxon in real-world samples. The

fluorescence mode provided highly reliable and accurate performance, showing recoveries

from 99.8% to 100.6% in tomato extracts and 99.5% to 100.4% in tap water matrices.

Additionally, optimization studies demonstrated clear fluorescence quenching after 60 minutes,

establishing this duration as the required incubation time for the sensor's optimal performance

(Fig. 4d).!13
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1  Fig. 4. Pesticide detection mechanism through byproduct mediated fluorescence detection. (a)
2  Diagrammatic of fluorescence sensing mechanism utilized byproduct-mediated quenching
3 process, (b) Fluorescence emission spectra obtained at varying paraoxon concentrations (from
4 5 ng/mL to 50 pg/mL), (c) The corresponding calibration plot for the fluorescent assay, (d)
5  Optimization of incubation time for the fluorescence emission of the sensor. Reproduced from

6 reference!'® with permission from Elsevier, copyright 2026.

8  4.2.2.3. Modulation of intrinsic nanozyme fluorescence

9 This approach is a self-reporting detection method that works by changing the nanozyme's
10  own fluorescence. The most ideal and streamlined system uses a self-reporting nanozyme,
11  which acts as both catalyst and fluorescent signal material at the same time. In this approach,
12 the nanozyme has intrinsic fluorescence, like protein-stabilized gold nanoclusters or certain

13 MOFs. When a pesticide molecule binds to the active site of one of these fluorescent

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

14 nanozymes and is hydrolyzed, it directly changes the nanozyme's electronic structure or surface

15  ligand environment. For instance, the binding of the substrate might activate a non-radiative

Open Access Article. Published on 16 June 2026. Downloaded on 6/17/2026 4:31:00 AM.

16  relaxation pathway, or the release of the product could alter the charge state of the fluorophore

(cc)

17  core. This local environmental shift immediately leads to a decrease or increase in the
18 nanozyme's own fluorescence intensity, allowing for pesticide detection without any external
19  source. This self-reporting mechanism is a game-changer because the reaction and signal
20  generation are directly linked within a single entity, leading to fast reaction times and a very

21  simple system design.!?? 123

22
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A key example of the direct pesticide quantification method is the 66-IS-Zn MOF nanozyme
developed by Huang et al. (2025). This innovative approach introduces biomimetic zinc active
sites into a Ui0-66 framework to directly hydrolyze pesticides. This nanozyme directly cleaves
the P-O bond of pesticides, producing phosphate ions and alcohol derivatives, all without the
need for biological enzymes like AChE. During this process, a change in the ligand-to-metal
charge transfer within the MOF structure leads to a change in fluorescence intensity (Fig. 5a).
The system achieved a detection limit of 0.1-10 nM for methyl parathion, chlorpyrifos, and
diazinon, with a response time of less than 10 minutes. A 3-channel sensor array even makes
it possible to distinguish between multiple pesticides at the same time. Its practicality was
confirmed with a recovery rate of over 90% in real agricultural samples, and it showed
remarkable stability, maintaining over 90% of its activity after more than 100 reuses. This is a
perfect example of an all-in-one platform where the nanozyme both degrades the pesticide and
generates the detection signal, showcasing the core advantages of the direct degradation
method with simple, enzyme-free system and broad operating conditions (Fig. 5b).'® Zhu et
al. (2025) proposed a method for detecting a specific OPs, paraoxon, utilizing a Zr-based MOF
termed an 'AIEzyme.' This AIEzyme hydrolyzes paraoxon to produce yellow p-nitrophenol.
This product induces a dual signal by simultaneously changing the solution's color (a
colorimetric 'On' signal) while quenching the AIEzyme's own strong blue fluorescence via an
inner filter effect (a fluorometric 'Off signal) (Fig. 5¢). The sensor exhibited excellent detection
limits of 0.178 uM (colorimetric) and 0.195 pM (fluorometric), demonstrating its reliability
with high recovery rates ranging from 96.1% to 115.0% in real samples (Fig. 5d, ). While this
study is very similar to the previously discussed research case, its focus is on the precise
quantitative analysis of a single pesticide, paraoxon, rather than on discriminating and

identifying multiple pesticides (Fig. 5f).%
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Fig. 5. Pesticide detection mechanism through modulation of intrinsic nanozyme fluorescence

mechanism. (a) Diagram illustrating the synthesis of 66-IS-Zn via the covalent integration of

biomimetic Zn centers into UiO-66-NH; and its catalytic role in FDP dephosphorylation. (b)

Schematic representation of a 66-IS-Zn-based nanozyme sensor array designed for the

differentiation of various OPs. Reproduced from reference!?® with permission from Elsevier,

copyright 2025. (c) Detection mechanism of a dual-mode colorimetric and fluorometric

platform for paraoxon sensing utilizing an AIEzyme. (d) Fluorescence emission profiles of the

AlEzyme system in response to varying concentrations of paraoxon. (e) Calibration plot
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showing the linear correlation between FL intensity and the logarithmic concentration of
paraoxon. (g) Selectivity evaluation of the proposed fluorometric method against diverse
interfering species. Reproduced from reference® with permission from Elsevier, copyright

2025.

4.3. Nanozymes for the electrochemical detection of pesticides

Electrochemical detection methods, owing to their outstanding advantages such as high
sensitivity, rapid response time, cost-effectiveness, and potential for miniaturization, have
established themselves as one of the most promising platforms for developing portable field-
oriented pesticide monitoring systems.'?* In particular, the technology of integrating
nanozymes onto electrode surfaces has opened new horizons in this field. By catalytically
amplifying the electrochemical signals generated from the target pesticide or its byproducts,
nanozymes dramatically enhance the sensor's analytical performance and play crucial role in
lowering the detection limit to ultra-trace levels. Traditionally, pesticide residue analysis has
relied on sophisticated instrumental techniques like GC-MS and LC-MS.!?> While these
methods boast high accuracy, capable of analysis at sub-ppb (parts per billion) levels and
simultaneous quantification of multiple components, they demand expensive equipment,
skilled analysts, and complex, time-consuming sample preparation procedures. This has posed
a critical limitation for on-site applications requiring immediate results, such as the rapid
inspection of agricultural products before shipment or extensive environmental pollution
monitoring. To bridge this gap, research on biosensors utilizing natural enzymes as
biorecognition elements began in the 1960s.'?¢ In particular, sensors using AChE were widely

employed for detecting organophosphate and carbamate pesticides'?’; however, the inherent
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1  instability of the enzyme itself was the greatest obstacle to commercialization. Natural enzymes
2 are highly sensitive to changes in the external environment, such as temperature, pH, and ionic
3 strength, causing their tertiary structure to denature easily and lose activity. Furthermore,
4  persistent issues were raised regarding high production costs, stemming from the complexity
5  of extraction and purification from biological systems, and the difficulty in achieving sensor
6  reproducibility due to large batch-to-batch variations in activity.'?® 122 It was at this
7  convergence that 'nanozymes' artificial enzymes based on inorganic nanomaterials emerged as
8 a powerful alternative, following the 2007 discovery that Fe;O, nanoparticles exhibit
peroxidase-like catalytic activity.!3® Nanozyme-based electrochemical sensors operate on the
10  principle of converting a biochemical reaction into a measurable electrical signal, such as
11  current, potential, or impedance. The nanozyme, immobilized on the working electrode,
12 functions as the core recognition and signal amplification element.!3! Its enzyme-like catalytic
13 activity towards a specific substrate which is either consumed or generated in the presence of

14 the target pesticide forms the basis of detection.!®? This section begins by discussing the

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.
o]

15 intrinsic advantages that nanozymes offer to electrochemical pesticide sensors. It then provides

16  an in-depth analysis of the main detection mechanisms the enzyme inhibition-based and direct

Open Access Article. Published on 16 June 2026. Downloaded on 6/17/2026 4:31:00 AM.

17  electrocatalytic methods and concludes with a thorough discussion on the latest design

(cc)

18  strategies to maximize sensor performance. Table 3 shows the comparative analysis of
19 nanozyme-based electrochemical sensors for pesticide detection.

20

21  Table 3. Comparative analysis of nanozyme-based electrochemical sensors for pesticide

22 detection

Enzyme LOD Reaction Recovery

activity time rates Ref.

Nanozyme Pesticides
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Ni-SPNC Atrazine Peroxidase 2.3 fg/mL 30 min 94.9%-98.5 % 133
. 36.1 . 98.42%- 134
Fe;04/Cu-MOF Thiram Laccase pe/mL 1 min 105.44%
FePrNS, NiPcNS Paraoxon Peroxidase 1.35 15 min 98.4 % 135
pg/mL
Pd@Pt NP Atrazine, Acetochlor Peroxidase 1 ng/mL 2 min 97.0%-109% 136
MB/COF@MnO,, MCM Dichlorvos Oxidase 26 pg/mL 30 min 97.8 %-105 % 105
Ethion, Omethoate,
Au@MnO,_x Diazinon, . . o o 137
Chlorpyrifos methyl, Oxidase 39 pg/mL 10 min 95%-105%
Trichlorfon
Oxidase,
Peroxidase, 15.63 95 33%.
Pt/Co;0,4 nanoflowers Thiram Catalase, ’ 15 min 0070 7
. ng/mL 101.60%
Superoxide
dismutase
NiCoFeS/rGO Trichlorfon Peroxidase 9.74fg/mL 20 min 138
MnNS Paraoxon OXId?SC’ 0.025 20 min 8
Peroxidase ng/mL
14.83 . 116.84% + 1.4 139
CeO, nanozyme Methyl-paraoxon Phosphatase ng/mL 60 min 20,
. . . 6.99 140
NiO nanoplatelets Parathion Oxidase ng/mL 103 £2.13%
Ethyl parathion, 99 14 %-
SA-Fe-NZ Dichlorvos, Peroxidase 1.03 fg/mL 3 min A 141
104.27 %
Omethoate
. 2.72 . 97.46— .
COF-OMe@Valine-CeO, Methyl paraoxon Phosphatase ng/mL 5 min 11.10%
ZrO,@ZIF-90 . Phosphohydrola 0.14 . 89.25%- "
Methyl parathion s pe/mL 4 min 102.78%
. . 0.20 . 96.62%— 14
Cu0O,/GDYO Chlorpyrifos Peroxidase ng/mL 20 min 103.25 %
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Paraoxon,

Chlorpyrifos,
Methidathion, Peroxidase 0.02 30 min 97.4%- 145
Phoxim, Malathion, ng/mL 103.3%
Profenofos, Carbaryl,
Carbofuran
Malathion, Methyl
parathion,
Chlorpyrifos,
Parathion, Dichlorvos

Cobalt-Doped Ti;C, MXene

Gold nanorods Peroxidase 8.1 pg/mL 10 min 100&-110% 146

Parathion, Triazophos, 71.26%- 147

Au@Pt nanozyme Chlorpyrifos Peroxidase 3.95 fg/mL 30 min 117.47%

4.3.1. Strategic advantages of nanozyme-based electrochemical detection methods

The fusion of the unique catalytic properties of nanozymes with electrochemical
transduction technology creates a significant synergistic effect in the field of pesticide detection.
This goes beyond the mere sum of the two technologies, offering four key strategic advantages
that can overcome the fundamental limitations of existing sensing paradigms. First is the
intrinsic signal amplification and enhanced sensitivity. The sensitivity of an electrochemical
sensor is ultimately determined by the magnitude of the Faradaic current generated at the
electrode surface. Like natural enzymes, nanozymes follow Michaelis-Menten kinetics and can
rapidly convert (turnover) numerous substrate molecules into products at a single catalytic site.
This catalytic amplification mechanism enables a single molecule of the target analyte to
trigger the generation or consumption of thousands, even tens of thousands, of
electrochemically active molecules, thereby intrinsically amplifying the measurement
signal.!37- 148 For example, a nanozyme with peroxidase-like activity can generate a massive
current by oxidizing or reducing numerous redox mediators (e.g., TMB, ABTS), a process
mediated by a single molecule of hydrogen peroxide (H,0,).'4° While the turnover number of
a natural enzyme like horseradish peroxidase (HRP) reaches several hundred per second, well-

designed single-atom nanozymes or certain metal oxide nanozymes exhibiting comparable or
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sometimes even superior catalytic efficiency. In particular, the Km (Michaelis constant) value
of a nanozyme indicates its affinity for a substrate, and some nanozymes have demonstrated
lower Km values than natural enzymes, proving they can operate efficiently even at lower
substrate concentrations.!3% 15! Because of this inherent amplification capability, nanozyme-
based electrochemical sensors have the potential to detect ultra-trace levels of pesticides down
to the femtomolar (fM) or even attomolar (aM) range levels difficult to achieve with traditional
methods without the need for external, complex amplification systems (e.g., polymerase chain
reaction, rolling circle amplification). Second is the maximization of interfacial electron
transfer rates. An efficient electrochemical sensor relies on rapid and seamless electron transfer
between the catalyst's active site and the electrode surface.!3* In the case of natural enzymes,
the active site (e.g., a heme group) is often buried deep within a large protein structure
(typically several to tens of nanometers in size), making direct electron transfer (DET) with the
highly inefficient electrode. This is because the distance over which electrons can tunnel is
typically limited to 1-2 nm. Consequently, diffusible mediators such as ferrocene derivatives
or [Fe(CN)6]3 74 are often required to facilitate electron transfer, which increases the sensor's
complexity and response time.?® 152 In contrast, nanozymes particularly nanozyme composites
integrated with 2D conductive nanomaterials like graphene, carbon nanotubes (CNTs), and
MXene create an ideal nano-environment at the electrode interface. These conductive
nanomaterials act as "electron wires," facilitating the rapid transfer of electrons generated at
the nanozyme's catalytic center to the electrode with minimal resistance.?’> 2® This, in turn,
lowers the overpotential of the electrode reaction and reduces the charge transfer resistance
(Rey), ultimately leading to higher sensitivity at lower potentials and faster response times in

the millisecond range.
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1 Third is miniaturization, portability, and field applicability. Electrochemical analysis
2  systems, which intrinsically consist of a potentiostat and electrodes, have a simpler
3 configuration and are more easily miniaturized compared to other optical or mass spectrometry
4 instruments. The introduction of nanozymes further enhances this practicality. Natural
5 enzymes are typically irreversibly denatured at temperatures above 40-50°C and exhibit
6  optimal activity only within a narrow pH range. Therefore, enzyme-based sensors must be
7  operated under strict conditions and require frozen storage at temperatures below -20°C for
8 long-term preservation. In contrast, metal oxide, noble metal, and carbon-based nanozymes,
being intrinsically robust inorganic materials, maintain high stability at high temperatures
10 (above 80°C), across a wide pH range (2-11), and even in organic solvents like acetonitrile and
11  ethanol.'>3 Thanks to this robustness, they can exhibit stable performance for several months
12 at room temperature without requiring refrigeration, making them highly suitable for the
13 development of field-oriented, disposable screen-printed electrode (SPE)-based sensors. By

14  combining the excellent stability of nanozymes with the simplicity of electrochemical detection,

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.
o]

15  itbecomes possible to realize true point-of-care testing (POCT) devices that can be easily used

16 by non-experts in locations such as agricultural fields, food processing facilities, and

Open Access Article. Published on 16 June 2026. Downloaded on 6/17/2026 4:31:00 AM.

17  environmental water quality monitoring sites.!3*13¢ Fourth is cost-effectiveness and ease of

(cc)

18 mass production. The production of natural enzymes is expensive, requiring complex
19  biological expression (e.g., in E. coli, yeast) and multi-step purification processes (e.g.,
20 chromatography). Furthermore, large batch-to-batch variations in activity make it difficult to
21  ensure sensor reproducibility.!?® 129 135 [n contrast, nanozymes can be produced in large
22 quantities and with high reproducibility from inexpensive precursors (e.g., FeCl;, HAuCl,, Ce
23 (NOs)3) through well-established chemical synthesis methods such as hydrothermal synthesis,

24 co-precipitation, and vapor deposition.'4%: 147 For instance, Fe;O4 nanozymes can be easily
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synthesized on a gram-scale or larger through a simple method of reducing iron salts in an
aqueous solution, and their cost is merely a fraction as little as one-thousandth of that of
purified HRP enzyme.'>”- 138 This economy and productivity enable the mass production of
disposable sensor strips, which can lower the per-unit cost. This significantly lowers the cost
barrier for establishing extensive monitoring networks.!> This serves as a particularly crucial
advantage in budget-constrained applications, such as food safety management in developing

countries or wide-area environmental surveillance.

4.3.2. Classification of nanozyme-based electrochemical sensors for pesticide detection

The advantages of nanozyme-based electrochemical sensors stem from the flexibility to
implement various detection mechanisms. This allows for the selection of an optimal sensor
design strategy tailored to the specific type of pesticide, the required sensitivity and selectivity,
and the application environment. Nanozyme-based electrochemical pesticide sensors primarily
operate through catalytic activity modulation, direct electrocatalytic oxidation or reduction
processes, or recognition-element mediated signal modulation, where interactions between
pesticides and the nanozyme surface influence the electrochemical response of redox probes or
electrode interfaces. In this section, nanozyme-based electrochemical pesticide sensors are
classified into three core detection mechanisms, (i) signal-suppression sensors via catalytic
activity inhibition, (ii) signal-generation sensors via direct electrocatalysis, and (iii) signal
modulation sensors based on specific molecular recognition. This section aims to provide an
in-depth analysis of the scientific principles, application examples, and technical limitations of

each approach. !4 160
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The signal-suppression approach is one of the most intuitive and widely studied methods for

nanozyme-based sensors. The core principle of this mechanism involves the target analyte (the

pesticide) inhibiting the activity of a catalyst-either a natural enzyme or a nanozyme within the

system. This inhibition leads to a decrease in the electrochemical signal from its normal state,

in proportion to the pesticide's concentration. This method is particularly effective for the

detection of organophosphorus and carbamate pesticides, whose inhibitory effects on specific

enzymes are well-established 3% 161,
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Fig. 6. Pesticide detection through “Signal-suppression” via catalytic activity inhibition
mechanism. (a) Schematic illustration of nanozymes functionalized with different biomimetic
catalysts (CoPc, FePr, NiPc). (b) Electrochemical detection of ATCh, H,0,, and nitric oxide
(NO) using functionalized nanozymes. Reproduced from reference!3> with permission from
Elsevier, copyright 2023. (c) Schematic illustration of single-atom Fe nanozyme based dual-
mode biosensor for multi-pesticide detection. Reproduced from reference!#! with permission
from Elsevier, copyright 2024. (d) Schematic illustration of MnNS-based homogeneous
electrochemical sensor for OP detection. (e) DPV spectra of the TMB-MnNS-ATCh-AChE
platform in the presence of paraoxon at different concentrations. (f) DPV spectra of the TMB-
MnNS-ATCh-AChE platform in the extracting solution spiked with paraoxon. Reproduced

from reference!®? with permission from American Chemical Society, copyright 2021.

As an example of a 'signal-suppression' sensor that uses a catalytic activity inhibition
mechanism, the paraoxon sensor developed by Niu et al. (2023) utilized a CoPcNS nanozyme
combined with the natural enzyme AChE to detect the paraoxon. The CoPcNS nanozyme is a
composite material created by combining sulfonated cobalt phthalocyanine (CoPc) with a base
of graphene and the conducting polymer PEDOT (Fig. 6a). The sensor operates based on a
cascade catalytic reaction between these two materials. First, the AChE enzyme hydrolyzes its
substrate, acetylthiocholine, to produce thiocholine. Subsequently, the CoPcNS nanozyme
efficiently oxidizes the generated thiocholine at the electrode, creating a strong baseline current
signal. However, if paraoxon is present in the sample, it inhibits the activity of the AChE
enzyme, which in turn prevents the production of thiocholine. As a result, the current signal

generated by the nanozyme proportionally decreases (Fig. 6b). Through this principle, the
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1  developed portable sensor achieved a low limit of detection for paraoxon of 1.1 pg/L and
2 demonstrated high reliability and applicability in complex environments by showing results in
3 real samples, such as tap water and cucumber, that were similar to those in standard

4  solutions.!3’

6 In 2024, Wang et al introduced a dual-mode biosensor featuring a single-atom iron
7  nanozyme (SA-Fe-NZ), synthesized via high-temperature pyrolysis of Fe-doped ZIF-8, for the
8  multi-pesticide detection in vegetables (Fig. 6¢). The platform utilizes the "toxic effect" of
9 target-aptamer complexes, which bind to the surface of SA-Fe-NZ and inhibit its peroxidase-
10 like activity, thereby preventing the catalytic oxidation of colorimetric substrates.
11 Simultaneously, the electrochemical mode records changes in DPV signals as methylene blue
12 (MB)-labeled aptamers undergo conformational changes upon binding to OPs, bringing the
13 signal molecules closer to the electrode surface for current amplification. This broad-spectrum

14  aptasensor achieved an exceptionally low LOD of 3.55 fM and a remarkably wide linear range

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

15  from 10°'3 to 102 M, offering high accuracy through the mutual validation of optical and

Open Access Article. Published on 16 June 2026. Downloaded on 6/17/2026 4:31:00 AM.

16  electrochemical signals.'#! Wu's research group detected pesticides using 2D manganese

(cc)

17  dioxide nanosheets (MnNS) with dual oxidase- and peroxidase-like catalytic activities. This
18  study presented an innovative mechanism that completely excludes H,O, and instead directly
19  utilizes dissolved oxygen as a coreactant. Fundamentally, the sensor relies on the AChE-
20  catalyzed hydrolysis of acetylthiocholine (ATCh) to generate thiocholine (TCh). The generated
21  TCh strongly inhibits the catalytic activity of the MnNS, thereby preventing the oxidation of
22 the electrochemical probe TMB and maintaining a high DPV signal (Fig. 6d). However, when

23 pesticides are present, AChE activity is inhibited, reducing TCh production. Consequently, the
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MnNS resumes the catalyzed oxidation of TMB, leading to a significantly declined DPV
current. At this point, nanozymes maximize the sensor’s performance through two key roles
(Fig. 6e). Finally, when a pesticide inhibits AChE, no TCh is produced. Consequently, the
MnNS resumes the catalyzed oxidation of TMB, leading to a significantly declined DPV
current. This homogeneous electrochemical OP detection process based on the depressing
ACHhE activity enables the highly sensitive detection of the pesticide. The sensor demonstrated
high reliability, achieving a LOD of 0.025 ng/mL, excellent recoveries (99.72-102.41%), and

high precision with relative standard deviations under 2.52% (Fig. 6f).!6

4.3.2.2. Signal-generation sensors via direct electrocatalysis

As an alternative to inhibition-based methods, the 'signal-generation' approach is a versatile
strategy for detecting various types of pesticides to which the enzyme inhibition mechanism
cannot be applied. The core of this strategy involves using nanozymes as highly efficient
electrocatalysts to directly oxidize or reduce the pesticide molecules themselves or their
degradation byproducts, and then measuring the resulting Faradaic current. Consequently, the
magnitude of the electrochemical signal increases in direct proportion to the concentration of

the pesticide.
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Fig. 7. Research trends in direct detection method. ‘Signal-generation’ sensors via direct
electrocatalysis mechanism. (a) Schematic illustration of the electrochemical sensing
mechanism for methyl-paraoxon detection utilized by CeO, nanozyme. (b) DPV responses of
the CeO, nanozyme-modified electrode interface across a gradient of MP concentrations (0.1—
100 pmol/L). (¢) Quantitative calibration plot illustrating the linear dependence of the peak
current on the corresponding concentrations of MP.13% (d) Schematic illustration of the
electrochemical sensing mechanism for paraoxon detection utilized by cobalt-doped Ti;C,
MXene nanozyme. (¢) DPV responses of the common homogeneous electrochemical platform
across a gradient of paraoxon concentrations (0 to 50 ng/mL). (f) Linear calibration plot
correlating peak current intensity with the concentration of paraoxon. Error bars represent the
standard deviation derived from three independent replicates. Reproduced from reference!4
with permission from American Chemical Society, copyright 2022. (g) Schematic illustration
of the electrochemical sensing mechanism for MP detection utilized by COF-Ome(@ Valine-
CeO; nanozyme. (h) CV spectrum of COF-OMe@ Valine-CeO, in PBS (0.1 M pH 7.0) with

addition of MP. Reproduced from reference!4? with permission from Elsevier, copyright 2024.

In 2021, the Sun research group reported a novel electrochemical method for detecting
pesticides by using cerium oxide (CeO,) as a nanozyme with the dual functions of catalytic
reaction and signal amplification. This nanozyme possesses activity similar to
organophosphorus hydrolase, which promotes the decomposition of MP and generates p-
nitrophenol (Fig. 7a). Furthermore, by immobilizing the CeO, nanozyme on the electrode
surface, it serves to amplify the electrochemical response of the p-nitrophenol product (Fig.

7b). This study used bifunctional nanozyme for pesticide detection. Operating on this principle,

62


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5ta09692h

Page 63 of 121

Open Access Article. Published on 16 June 2026. Downloaded on 6/17/2026 4:31:00 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

Journal of Materials Chemistry A

View Article Online
DOl 10.1039/Q5TAO9692H

the sensor provided a LOD of 0.06 pumol/L and successfully quantified methyl parathion in
herb samples (Semen nelumbinis, Adenophora stricta, and Coix lacryma-jobi) with recoveries
from 80.91% + 4.86% to 116.84% =+ 1.42% (mean + SD, n=3) across various concentrations
(Fig. 7¢).13° Organophosphate, phenolic, carbamate, and aniline-based pesticides possess
electrochemically oxidizable functional groups within their molecules, such as phenolic
hydroxyl groups, carbamate esters, or amine groups. In 2022, Yu’s research group developed
cobalt-doped 2D Ti;C, MXene nanosheets (CMNSs) as a nanozyme with excellent peroxidase-
like activity. This nanozyme can oxidize a specific substance, o-phenylenediamine (OPD),
converting it into oxidized OPD (OPDOX), which generates a strong electrical signal (Fig. 7d).
Interestingly, the nanozyme's activity is strongly inhibited by thiocholine, the product of the
AChE enzyme reaction. Therefore, when the target pesticide first inhibits the activity of AChE,
the production of thiocholine which would have interfered with the nanozyme is prevented.
This allows the nanozyme to become active, resulting in a strong signal. In fact, the study
observed that as the concentration of pesticides such as paraoxon, chlorpyrifos, and
methidathion increased, the oxidation peak current of OPDOX grew proportionally stronger
(Fig. 7e). In other words, this research successfully implemented a high-sensitivity sensor
based on a 'turn-on' mechanism, where the presence of the pesticide triggers the generation of
the signal molecule. The sensor exhibited both high sensitivity, with a LOD of 0.02 ng/mL,
and high accuracy, demonstrated by recovery rates of 97.4% to 103.3% (Fig. 7f).!4> In 2024,
Zhang et al. developed an ultrasensitive electrochemical sensor based on phosphatase-like
COF-OMe@Valine-CeO2 nanozymes for the detection of organophosphorus pesticides,
specifically methyl paraoxon (MP). In this nanozyme, the Ce(IV)/Ce(III) species serve as the
active catalytic sites to polarize and hydrolyze the P=O bond in MP, leading to the formation

of electroactive p-nitrophenol (p-NP). Furthermore, the biomimetic substrate-trapping pockets
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of the porous COF-OMe exhibit excellent adsorption performance to capture MP, which
synergistically promotes the hydrolysis process, while its covalent interface facilitates efficient
charge transfer for electrochemical signal amplification (Fig. 7g). Based on this catalytic
mechanism, the fabricated electrochemical sensor achieved a low limit of detection (LOD) of
0.011 umol/L for MP (Fig. 7h). The practicability of the sensor was successfully validated in
real samples (grapes and tap water), demonstrating satisfactory recoveries ranging from 97.46%

to 111.10%.14?

4.3.2.3. Signal modulation sensors based on specific molecular recognition

To overcome the limitations of the previous two mechanisms (e.g., reusability, selectivity),
sophisticated sensor designs that combine catalytic behavior of nanozymes with highly specific
molecular recognition elements, such as antibodies and aptamers, have recently been under
active investigation. This approach is based on the principle where the specific binding event
between a pesticide and a recognition element physically 'modulates' the nanozyme's activity
or the properties of the electrode interface to generate a signal. Aptamers are single-stranded
RNA or DNA sequences that bind to the specific molecules with high affinity. An aptamer
specific to a pesticide is immobilized on the nanozyme surface. In absence of pesticide, the
aptamer maintains a flexible structure, leaving the nanozyme's active site open or allowing a
redox probe to easily access the electrode. When the pesticide binds, the aptamer folds into a
three-dimensional structure (e.g., a hairpin, G-quadruplex), which can physically block the
nanozyme's active site to turn the signal off, or conversely, expose a previously blocked active

site to turn the electrochemical signal (Fig. 8a).!33
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mechanism. (a) Schematic representation of the analytical workflow for atrazine (ATZ)
monitoring using the proposed biosensor. (b) Evaluation of the peroxidase-mimicking catalytic
performance of the synthesized SANs utilizing 20 mM TMB across various H,0O,
concentrations. (¢) Amperometric current-time (I - t) profiles of the electrochemical biosensor
in response to varying ATZ levels ranging from 1 X 107 to 10 ng/L. (d) Linear calibration
plot illustrating the relationship between the response current and the logarithmic concentration
of ATZ. Error bars indicate the standard deviation of triplicate measurements (n=3).
Reproduced from reference!3? with permission from Elsevier, copyright 2025 (e) Preparation
of the bioinspired laccase-mimicking nanozyme for thiram detection. (f) Schematic of the
ratiometric electrochemical sensing mechanism for thiram detection. (g) Label-free and rapid
detection of thiram utilizing the magnetic glassy carbon electrode platform. Reproduced from

reference!3* with permission from Elsevier, copyright 2024.

In the field of electrochemical biosensors, securing high selectivity for a target molecule is
a critical challenge. Recently, in 2025, Han's research group reported a noteworthy study that
solved this problem by utilizing an aptamer that specifically binds to ATZ, simultaneously
achieving ultra-high sensitivity through multi-stage amplification. The core working principle
of this sensor is as follows. In the presence of ATZ, the aptamer selectively binds with ATZ,
which in turn 'turns on' the activity of a DNAzyme motor. The activated DNAzyme motor
produces a large amount of trigger DNA, which then activates the CRISPR/Cas12a system to
induce a cascade of cleavage reactions. This demonstrates a sophisticated design where a single
selective recognition event by an aptamer triggers a massive signal amplification cascade. The

final signal of this complex amplification process is handled by a newly developed Ni-SPNC
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single-atom nanozyme (Fig. 8b). This nanozyme, through co-doping with P and S, possesses
peroxidase-like activity superior to that of conventional materials. Finally, the amplification
reaction prevents the nanozyme from binding to the electrode surface, enabling quantitative
analysis through a mechanism where the signal decreases as the ATZ concentration increases.
The effectiveness of this simple mechanism is highlighted by the sensor's performance, which
includes a LOD of 2.3 fg/mL (Fig. 8c). Notably, a robust linear calibration plot was obtained
by plotting the response current against the logarithmic concentration of ATZ (Fig. 8d). It also
exhibited high accuracy, with recoveries of 94.9 - 98.5% and relative standard deviations of

1.18 - 5.26%.!33

Building on the concept of signal modulation through molecular recognition,
bioinspired ratiometric sensors have been designed to achieve even higher accuracy. In 2024,
Geng et al. inspired by the multi-copper active centers ligated with amino acid residues in
natural laccase, a magnetic MOF (Fe;0,/Cu-MOF) was synthesized as a precursor for
electroactive nanozymes through a dual-step carbonization process (Fig. 8¢). These nanozymes
utilize their abundant Cu(II) active sites to catalyze the oxidation of catechol into electroactive
o-quinone. When thiram is added, it forms a thiram-Cu(II) complex that specifically inhibits
the laccase-mimicking activity of the nanozyme, resulting in a significantly lower oxidation
current for catechol (Fig. 8f). Furthermore, the binding of thiram facilitates the internal electron
transfer of the nanozymes, generating a concomitantly higher signal for Cu(Il). This
simultaneous decrease in the oxidation of catechol signal and increase in the Cu(Il) signal
enables a sensitive ratiometric electrochemical response, which effectively cancels out

potential environmental interference. Finally, the intrinsic magnetic properties of the
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nanocomposite allow for a label-less detection strategy using a magnetic glassy carbon

electrode, enabling the entire analytical process to be completed in less than 5 min (Fig. 8g).!3*

4.4. Nanozymes for the SERS detection of pesticides

SERS spectroscopy has firmly established itself as one of the most powerful and sensitive
molecular detection techniques in the field of analytical chemistry. This technique is based on
the phenomenon where the scattering signal of molecules adsorbed onto the surface of specific
metal nanostructures (primarily gold, silver, and copper) is dramatically amplified. SERS
provides information about the unique vibrational modes of a molecule, generating a highly
specific spectrum that acts like a "molecular fingerprint." The SERS technique can enhance
these signals by factors of 10° to 10'#, theoretically achieving detection sensitivity at the single-
molecule level. Due to this phenomenal sensitivity and high specificity, SERS has been
recognized for its potential in diverse fields such as chemistry, materials science, biology, and
environmental monitoring. It is considered an especially ideal tool for the analysis of pesticide
residues, which requires the rapid and accurate identification of trace amounts of hazardous
substances. Traditional SERS-based pesticide detection is broadly categorized into two
approaches.!63 194 The first is the "label-free" method, which directly measures the intrinsic
signal of the pesticide molecules themselves. The second is the "label-based" method, which
utilizes Raman reporter molecules that show distinct spectral changes upon interaction with a
specific pesticide.!®> However, these approaches have faced several inherent limitations. In the
case of the label-free method, there is a fundamental problem that most pesticide molecules
have a low affinity for the surface of metal nanoparticles and a small Raman scattering cross-

section, making it difficult to obtain a satisfactory SERS signal. While the label-based method
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1 can improve sensitivity, it has disadvantages such as complex labeling processes, potential
2 steric hindrance, and stability issues with the reporter molecules, all of which complicate the

3 analytical procedure and increase costs.!66 167

5 The introduction of nanozymes is emerging as an innovative alternative to overcome the
6 limitations of existing SERS techniques and to elevate analytical performance to a new level.
7  Nanozymes are functional nanomaterials that mimic catalytic behavior of natural enzymes,
8  possessing several advantages over them, such as superior stability, low production cost, and
9 the potential for easy mass production.'®® 19 From an analytical chemistry perspective, the
10  most intriguing feature of nanozymes is that some can simultaneously serve as both a
11  plasmonic substrate for SERS signal enhancement and as an enzyme-like catalyst. For example,
12 gold nanoparticles (AuNPs) and silver nanoparticles (AgNPs) are not only the most widely
13 used plasmonic materials in SERS but also exhibit various catalytic functions, including

14 peroxidase-like activity that oxidizes specific substrates in presence of H,0,.'7% 171 By

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

15  integrating the dual functions of 'catalyst' and 'signal amplifier' within a SERS platform,

Open Access Article. Published on 16 June 2026. Downloaded on 6/17/2026 4:31:00 AM.

16  nanozymes address the problems faced by conventional SERS sensors and enable new

(cc)

17  analytical strategies. The product generated through the nanozyme's catalytic reaction can act
18 as a reporter molecule with a strong Raman signal. Since this product is generated in the
19  immediate vicinity of the nanozyme surface, it is positioned within the electromagnetic field
20  enhancement region where SERS signal amplification is maximized, thereby maximizing
21  signal enhancement efficiency. Pesticides can act by either inhibiting or enhancing this
22 catalytic activity of the nanozyme, which in turn leads to a variation in intensity of the finally

23 measured SERS signal.!’> 17> Consequently, the introduction of nanozymes opens a new
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avenue for detecting the presence of pesticide molecules indirectly, yet with very high
sensitivity. This section aims to deeply discuss the latest research trends in the development of
high-sensitivity, high-selectivity analytical platforms for pesticide detection by integrating
SERS technology with the catalytic properties of nanozymes. Particularly, it will analyze the
strategic advantages offered by nanozyme-based SERS detection methods and discuss the
technological advancements in this field by classifying sensor systems according to their
various operating principles. Table 4 shows the comparative analysis of nanozyme-based SERS

sensors for pesticide detection.

Table 4. Comparative analysis of nanozyme-based SERS sensors for pesticide detection

Nanozyme Pesticides Enz?f me LOD Rea.ctlon Recovery Ref.
activity time rates
FeMOF@OCTB Isocarbophos Oxidoreductase pé/grgL 97.7%—-104% 174
. 0.482 . 97.64%- 175
Co-Fe PBA@Ag Glyphosate Peroxidase ng/mL 10 min 104.87%
. . . 80.5%-
Pt@BSA-hapten Triazophos Peroxidase 1 ng/mL 1 min 109.8% 176
. 0
Cu-O-Mo nanozyme Pirimicarb Peroxidase 100 ng/mL 10 min 108.1% to4
. . 0.827 . 81.6%- 16
Fe;0,@Ag NPs Thiram Peroxidase ng/mL 5 min 108.2%
Sea-urchin-like Au@Pt . . 0.742 . 100.45%- 177
Chlorpyrifos Oxidase ng/mL 30 min 101.43%

11

12

13

14

4.4.1. Strategic advantages of nanozyme-based SERS detection methods

The fusion of nanozymes and SERS technology transcends a simple combination of two

techniques, creating a powerful synergistic effect that maximizes analytical performance. In
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1  the field of pesticide detection, this synergy offers unique strategic advantages that overcome
2 many limitations of conventional analytical methods. The core strengths of nanozyme-based
3 SERS sensors can be summarized as (1) the synergistic integration of catalytic activity and
4 signal amplification, (2) increased reproducibility of SERS signals and cost-effectiveness of
5  the sensor, (3) flexible analytical design and multiplex detection capabilities, and (4) enhanced
6  on-site applicability through simplified analytical procedures. Each of these benefits holds the
7  potential to change the paradigm of pesticide monitoring technology, and they will be discussed
8 in detail below. First, the synergistic integration of catalytic activity and signal amplification
is the most fundamental and powerful advantage of the nanozyme-based SERS platform.!”® In
10 traditional enzyme-linked SERS analysis, the enzyme that performs the catalytic reaction and
11  the plasmonic substrate that amplifies the SERS signal exist as separate components. In this
12 case, the Raman-active product generated by the enzymatic reaction must diffuse to the surface
13 of the SERS substrate for the signal to be amplified. This diffusion process not only limits the

14  reaction rate but also becomes a major cause of reduced signal amplification efficiency, as the

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.
o]

15  product may reach a location outside the substrate's electromagnetic field enhancement region.

16  However, the use of plasmonic nanozymes, such as AuNPs or AgNPs, fundamentally solves

Open Access Article. Published on 16 June 2026. Downloaded on 6/17/2026 4:31:00 AM.

17  this problem. These nanomaterials are themselves excellent SERS substrates while

(cc)

18  simultaneously possessing enzyme-like activities, such as that of peroxidase. For instance,
19  consider a system using a AuNPs with peroxidase-like activity (AuNP-nanozyme). In this
20  system, the Raman-inactive substrate TMB is catalytically oxidized by the AuNP-nanozyme
21  and converted into a blue-colored oxidized TMB (0oxTMB), which produces a strong Raman
22 signal. The key is that this conversion process occurs directly on the surface of the AuNP, the
23 very source of the SERS signal enhancement. This means the catalytic active site where the

24 Raman reporter is generated and the plasmonic surface where the SERS signal is amplified are
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perfectly integrated within a single nanoparticle. This structure ensures that the generated
oxTMB molecules are immediately positioned in the region of the most intense
electromagnetic field enhancement, minimizing signal loss due to diffusion and maximizing
both the reaction rate and signal amplification efficiency. While this specific TMB-oxidation
system aptly illustrates the fundamental mechanism, its conceptual framework holds
significant promise for pesticide monitoring. Theoretically, if this integrated platform were
adapted so that a target pesticide selectively inhibits the catalytic activity of the AuNP-
nanozyme, a corresponding reduction in oxTMB production would be expected. This inhibition
could potentially translate into a quantifiable decrease in the SERS signal, offering an
exceptionally sensitive and innovative strategy for future pesticide detection.!”® 180 As such,
this physical and functional integration of catalyst and signal amplifier serves as the core
mechanism for dramatically improving the sensitivity and responsiveness of the analytical
system. Second, nanozymes provide high signal reproducibility and cost-effectiveness, which
are essential for the practical application of SERS-based sensors. The intensity of a SERS
signal is extremely sensitive to the chemical state of the plasmonic substrate's surface and the
rate of the catalytic reaction. When using natural enzymes, even minor environmental changes,
such as in temperature or pH, can easily denature the enzyme, leading to a decrease or
irregularity in its catalytic activity. This, in turn, results in fluctuations in the generation rate of
the Raman analysis, which is a primary cause of severely compromised reproducibility in the
final measured SERS signals. In contrast, nanozymes, being robust inorganic nanomaterials,
maintain stable catalytic activity even under harsh conditions, thereby ensuring consistent and
reliable SERS signals in a variety of real sample environments. This stability not only allows
for the long-term storage of the sensors but also provides a foundation for the mass production

of uniform-quality SERS substrates with minimal batch-to-batch variation, thus enhancing the
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1  reliability of analytical results. From a cost-effectiveness perspective, the low production cost
2 ofnanozymes enables the development of affordable, disposable SERS sensors.!3! In practical

3 field analysis, the use of disposable sensors is crucial to prevent cross-contamination between

g

g : ) o

5 4  samples. Substrates that rely on expensive natural enzymes or require complex fabrication
ko)

:% 5 processes struggle to meet this demand. However, nanozymes are ideal for disposable
o

% 6 platforms due to their potential for low-cost mass production.!®? This provides the economic
T

£

§ 7  feasibility for SERS technology to expand beyond the confines of expensive laboratory
c

o

pd

5 8  equipment into user-friendly, on-site diagnostic tools. Ultimately, the stability and economy of
8

2 9 nanozymes are key factors in achieving consistent SERS signals and practical analysis costs,
2

o

§ 10  playing a decisive role in accelerating the technology's commercialization.

8

5 11

(]

o

e

é 12 Third, the nanozyme-based SERS platform demonstrates outstanding potential in its
@

w13 flexibility of analytical design and multiplexing capabilities. The catalytic and plasmonic
@

E 14  properties of a nanozyme can be optimized by precisely controlling the nanoparticle's size,
Z

15  shape, composition, and surface chemistry.!3® For example, anisotropic nanostructures with

Open Access Article. Published on 16 June 2026. Downloaded on 6/17/2026 4:31:00 AM.

16  sharp vertices or edges, such as gold nanostars or silver nanocubes, can generate much stronger

(cc)

17  electromagnetic fields compared to spherical nanoparticles, thereby maximizing the SERS
18  enhancement effect. At the same time, these structural variations also influence the nanozyme's
19  catalytic activity, making it possible to simultaneously tune both properties to fit specific
20  analytical objectives. Furthermore, the surface of a nanozyme can be easily functionalized with
21  various molecular recognition elements through methods like thiol (-SH) bonding or
22  electrostatic interactions. By immobilizing elements with high affinity and specificity for a

23 particular pesticide such as aptamers, antibodies, or molecularly imprinted polymers (MIPs)
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onto the nanozyme-SERS substrate, the target pesticide can be selectively captured,
dramatically improving the selectivity of the analysis.!8% 185 This design flexibility extends to
multiplex detection. A key feature of SERS spectra is that they exhibit very narrow peaks at
unique positions for each molecule. Therefore, by using several types of reporter molecules
that produce distinct Raman signals, it is possible to simultaneously quantify multiple types of
pesticides in a single measurement. For instance, one could design multiple nanozyme systems,
each regulated by a different pesticide and engineered to generate a unique Raman analysis.
By integrating these systems onto a single substrate, the concentrations of various pesticides
can be determined at once by analyzing the peak intensity of each analysis in the measured
SERS spectrum. This multiplexing capability saves time and money, reduces sample
consumption, and presents a highly effective solution for analyzing real agricultural and

environmental samples where multiple types of pesticides are often co-mingled.!%3

Fourth, the integration of nanozymes and SERS significantly simplifies the analytical
procedure, greatly enhancing its applicability for rapid POCT. As mentioned earlier, because
the catalyst and the signal transducer are integrated into a single nanoparticle, the sensor
fabrication process is simplified, and the number of analytical steps is reduced. Many
nanozyme-based SERS analysis systems can be implemented in a "mix-and-read" format,
where the sample and reagents are mixed, allowed to react for a certain period, and then the
SERS signal is measured. This is a tremendous advantage compared to traditional methods like
chromatography-mass spectrometry (LC-MS/GC-MS), which require complex sample
pretreatment, separation, and purification steps.!”” The analysis time is reduced from hours to

minutes, and measurements can be performed without expensive, bulky equipment or highly
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1  skilled analysts. This simplification has true potential when combined with a portable Raman
2  spectrometer. Recent technological advancements have led to the development of high-

3 performance, palm-sized portable Raman devices, paving the way for the direct use of

g

@ . . .

5 4 nanozyme-SERS platforms wherever they are needed at agricultural production sites,
ko)

:% 5  distribution centers, food processing plants, and water quality management sites.!3¢ This
o

% 6 enables real-time, on-site screening for pesticide contamination, which maximizes the
T

£

§ 7  efficiency of food safety management systems and contributes to proactively preventing threats
c

o

pd

5 8  to public health through rapid responses to contamination incidents. As such, the procedural
2

g 9  simplicity and on-site applicability offered by nanozyme-based SERS technology will be a key
2

o

g 10  driving force in shifting the paradigm of pesticide safety management from centralized
[

% 11  laboratory analysis to decentralized, on-site diagnostics.

%

g

= 12

g

B

% 13 4.4.2. Classification of nanozyme-based SERS sensors for pesticide detection

k)

= 14 Although nanozyme-based SERS sensors for pesticide detection can be designed in a wide

15  variety of forms, their fundamental operating principles can be broadly classified into two key

Open Access Article. Published on 16 June 2026. Downloaded on 6/17/2026 4:31:00 AM.

16  mechanisms based on how the target pesticide affects the nanozyme's catalytic activity. The

(cc)

17  firstis the 'direct modulation of nanozyme activity' mechanism, in which the pesticide molecule
18 itself directly inhibits or enhances catalytic activity of nanozyme. The second is the 'indirect
19  modulation via recognition element' mechanism, where the pesticide first binds to a separate
20 recognition element, such as an aptamer or a MIP, and this binding event then indirectly
21  controls the active state of the nanozyme. This classification provides an important framework

22 for understanding the operating principles of these sensors.

23
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The first mechanism, 'direct modulation' is based on the principle that the pesticide molecule

alters the intrinsic catalytic efficiency of the nanozyme, either by binding directly to its active

site or by scavenging key intermediates like reactive oxygen species (ROS) that are generated

during the catalytic process. This approach is an intuitive strategy that utilizes the unique

chemical properties or reactivity of the pesticide as a core element for signal generation. This

mechanism can be further divided into two subtypes including inhibition and enhancement.
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Fig. 9. Pesticide detection through direct modulation of nanozyme activity mechanism. (a)

Schematic for the synthesis of Co-Fe PBA@Ag for glyphosate sensing. (b) Sensing mechanism

of glyphosate based on Co-Fe PBA@Ag (c) SERS-based detection of glyphosate using Co-Fe

PBA@Ag. Reproduced from reference!”® with permission from Elsevier, copyright 2025.
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1 Activity inhibition is the most common direct modulation method, implementing a 'turn-off'
2 sensor where the SERS signal decreases as the pesticide interferes with the nanozyme's
3 catalytic function. A prime example of direct inhibition was reported in 2025 by He's research
4 team for a glyphosate detection sensor. The Co-Fe PBA@Ag nanozyme was prepared through
5 a multi-stage strategy starting with the synthesis of Co-Fe PBA nanocubes. To increase the
6  specific surface area and active sites, these nanocubes were subjected to urea etching under
7 hydrothermal conditions at 100°C for 12 h, resulting in the formation of concave nanoframes
8  with a sunken surface. Finally, AgNPs were assembled onto the polyethylenimine (PEI)-
modified nanoframes to yield the bimetallic Co-Fe PBA@Ag composite, which exhibits
10  significantly enhanced peroxidase-like catalytic activity due to the synergistic effects between
11 the metals (Fig. 9a). The Co-Fe PBA@Ag nanozyme used in this sensor decomposes H,O, to
12 generate hydroxyl radicals (*OH), a powerful oxidizing agent, which in turn oxidize TMB.
13 Glyphosate, rather than binding to the nanozyme itself, has the ability to effectively scavenge

14 the hydroxyl radicals, which are the key intermediates of the catalytic reaction. In other words,

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.
O

15  glyphosate reacts with and deactivates the hydroxyl radicals before TMB can, thus hindering

16  TMB's oxidation (Fig. 9b).!7> For ultrasensitive quantification, gold polyhedra (Au NPH) were

Open Access Article. Published on 16 June 2026. Downloaded on 6/17/2026 4:31:00 AM.

17  employed as the SERS-enhancing substrate. The irregular morphology of the Au NPH

(cc)

18  facilitates the generation of numerous SERS signal. This also induces a 'turn-off' response
19  where the SERS signal decreases as the glyphosate concentration increases (Fig. 9¢c). An
20  extremely low LOD of 2.85 nM was achieved using the nanozyme SERS sensor designed with
21  this mechanism. The sensor's reliability in complex matrices was confirmed with high recovery
22 rates for honey (97.64-104.87%), potato (97.87-104.86%), and tea (98.46—104.75%). As
23 shown, the direct inhibition method is highly effective as it directly leverages specific chemical

24 properties of pesticides, such as the affinity of certain functional groups (e.g., thiols, amines)
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for the nanozyme's active site or the pesticide's radical-scavenging ability.

4.4.2.2. Indirect modulation via recognition element

The second mechanism, 'indirect modulation via a molecular recognition element' is a
strategy where the nanozyme's own catalytic activity is kept constant, while a third-party
molecular recognition element (e.g., aptamer, MIP) that specifically binds to the pesticide is
introduced to control the overall signal output. In this approach, the nanozyme focuses on its
role as a signal-generating reporter, and the sensor's selectivity depends entirely on the
performance of the molecular recognition element. The binding event between the pesticide
and the recognition element induces physical and structural changes in the system, and these
changes affect the nanozyme's catalytic reaction environment, ultimately leading to a change
in the final SERS signal. The aptasensor for isocarbophos (IPS) detection, developed by Li's
research team in 2022, is a typical example of this indirect modulation method. In this system,
a DNA aptamer that specifically binds to IPS is first physically adsorbed onto the surface of a
FeMOF@OCTB nanozyme. In this adsorbed state, the nanozyme's active sites are covered,
and the catalytic reaction is inhibited (Fig. 10a). However, if IPS is present in the sample, the
aptamer binds to IPS with a much stronger affinity than to the nanozyme surface, causing it to
detach. As the aptamer is released, the nanozyme's active sites are re-exposed, allowing the
nanozyme to recover its original catalytic activity. This restoration of catalytic performance is
manifested as a concentration-dependent colorimetric response, which can be quantitatively
monitored through UV-vis absorption spectra (Fig. 10b). Furthermore, the recovered activity
promotes the reduction of Ag* ions into Ag nanoparticles. The resulting AgNPs act as a SERS

substrate, generating a strong signal. In other words, the pesticide acts as an inducer that
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1  releases the aptamer that was inhibiting the catalytic activity, thereby restarting the suppressed

2 catalytic reaction and generating a 'turn-on' signal (Fig. 10c).!"#

4 The sensor for triazophos detection, developed by Yan's research team in 2019, is another
5 example of indirect modulation that uses the principle of competitive immunoassay. In this
6  system, a MIP with recognition sites for triazophos is first immobilized on a 96-well plate.
7  Separately, a 'nanozyme-labeled competitor' (Pt@BSA-hapten) is prepared by conjugating a
8 nanozyme (PtNPs) to a structural analog (hapten) of triazophos. During analysis, the sample
9 containing triazophos and a fixed amount of the nanozyme-labeled competitor are added
10  simultaneously to the MIP-coated wells. At this point, the triazophos from the sample and the
11  nanozyme-labeled competitor compete for the limited number of MIP binding sites. If the
12 concentration of triazophos in the sample is high, it will occupy most of the MIP binding sites,
13 leaving the nanozyme-labeled competitor unable to bind and to be removed during the washing

14  step. Therefore, the final measured SERS signal is very weak. Conversely, if there is no or a

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

15  low concentration of triazophos in the sample, most of the nanozyme-labeled competitor will

Open Access Article. Published on 16 June 2026. Downloaded on 6/17/2026 4:31:00 AM.

16  bind to the MIP, generating a strong SERS signal. This results in a typical 'turn-off' competitive

(cc)

17  analysis curve, where the signal decreases as the pesticide concentration increases (Fig. 10d).!76
18 Nanozyme-based SERS sensors can be clearly distinguished by whether the pesticide directly
19 influences the nanozyme's activity or indirectly affects it through a separate recognition
20  element. The direct modulation approach allows for the construction of relatively simple
21  systems by leveraging the chemical properties of the pesticide. In contrast, the indirect
22 modulation approach offers the advantage of securing excellent selectivity and versatility by

23 utilizing highly specific recognition elements such as aptamers or MIPs. An understanding of
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these mechanisms will serve as a crucial theoretical foundation for designing and developing

high-performance SERS sensors optimized for specific pesticides and analytical environments

in the future.
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1  Fig. 10. Pesticide detection using indirect modulation via recognition element mechanism. (a)
2  FeMOF@OCTB catalytic amplification mechanism for isocarbophos detection. (b) UV-vis

3 absorption spectra showcasing the concentration-dependent colorimetric response toward

g

g ) . . .

5 4 isocarbophos. (c) SERS signal recovery resulting from the target-induced release of Fe-
B

:% 5 MOF@OCTB from the aptamer-nanozyme complex. Reproduced from reference!’* with
o

% 6  permission from Springer Nature, copyright 2022. (d) Pt@BSA-Hapten catalytic amplification
T

£

§ 7  mechanism for triazophos detection. Reproduced from reference!’® with permission from
c

o

Z . . . .

5 8  American Chemical Society, copyright 2019.

E

g

g 9

£

g

E 10 A comparative analysis of the reported nanozyme-based pesticide sensors reveals
B

S 11  several common design principles that influence analytical behaviors of colorimetric,
o

e}

é 12 fluorescence, electrochemical, and SERS sensing platforms. Structural engineering of
@

% 13 nanozymes such as heterostructure formation, surface functionalization, defect-rich
@

E 14  nanomaterials and increased catalytic activity, enhances active site exposure, and facilitates
Z

15 transfer of electron processes, thereby improving response kinetics and sensitivity. In optical

Open Access Article. Published on 16 June 2026. Downloaded on 6/17/2026 4:31:00 AM.

16  sensing systems, including colorimetric and fluorescence methods, catalytic activity

(cc)

17  modulation of nanozymes, particularly the inhibition or alteration of peroxidase-like activity
18 by pesticides, represents the most employed detection mechanism. Electrochemical sensors
19  frequently exploit nanozyme-assisted electrocatalysis or catalytic inhibition to modulate redox
20  signals at electrode interfaces, while SERS-based systems typically rely on nanozyme-assisted
21  catalytic generation of Raman-active species or plasmonic signal amplification mediated by

22 analyte surface interactions.

23
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Despite the substantial progress reported in these sensing strategies, several trade-offs
remain between sensitivity, operational robustness, and material cost. Noble metal-based
nanozymes (e.g., gold, platinum, palladium) exhibit exceptional catalytic activity, yet their high
cost and limited availability raise concerns regarding material criticality and large-scale
deployment. Conversely, carbon-based nanozymes, transition metal oxides, and metal organic
framework-derived systems, provide more cost-effective, improved chemical stability, and
better scalability. Sometimes they exhibit comparatively lower catalytic efficiency. Another
important limitation observed across many studies is the limited validation of sensor
performance in complex real-world matrices. While numerous reports demonstrate excellent
analytical sensitivity under controlled laboratory conditions, systematic testing in real
agricultural products, food matrices, and environmental water samples is still relatively limited,
leaving potential interference effects insufficiently addressed. Hence, future development of
nanozyme-based pesticide sensors should focus on improving sensor robustness, enhancing
selectivity, and performing comprehensive real-sample validation to facilitate reliable

deployment in the practical monitoring applications.

Nanozymes have revolutionized pesticide analysis by providing robust alternatives to natural
enzymes, showcasing significant potential across colorimetric, fluorescent, electrochemical,
and SERS-based sensing platforms. An in-depth exploration of the discussed four key detection
modalities was provided, by systematically analyzing their strategic advantages, operating
principles, and interaction mechanisms. While nanozyme technology enables the development
of ultra-sensitive and highly selective analytical methods, the choice of a specific platform

depends heavily on specific analytical requirements, such as the desired sensitivity, sample
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1  matrix complexity, and the availability of instrumentation at the point of need. Each modality

2 offers unique benefits while facing distinct technical hurdles; for instance, colorimetric sensors

3 excel in rapid, equipment-free screening, whereas SERS and electrochemical platforms are

4 favored for ultra-trace quantification and high precision. Table 5 outlines best-use scenarios,

5 key limitations, failure modes, and mitigation strategies for each modality. Through this

6  multifaceted approach, we aim to provide a comprehensive outlook on the limitless potential

7  of innovative nanozymes as next-generation, sensing technologies for safeguarding future food

8  security and environmental safety.

10  Table 5. Decision matrix for selecting nanozyme-based sensing modalities for pesticide

11 detection.

Modality Preferrf: d Key Limitations Potential Failure Modes Mitigation Strategies
Scenarios
Rapid on-site
. . screening, naked- Lower sensitivity compared High background color from Use of smartphone.-
Colorimetric . . : based RGB analysis or
eye detection, low- to optical/electrical methods real samples . . .
. . ratiometric color shifts
cost disposable kits
High-sensitivity Susceptibility to Signal quenching by non- iﬁ?;;?ﬁii%ﬁi;fﬁual-
Fluorescence requirements, real- photobleaching and target matrix components .
N . . probes or AlE-active
time imaging background fluorescence (Matrix effect)
nanozymes
High-sensitivity Electrode fouling due to bio- Loss of signal due to non- . .
. . S . . Surface modification
Electrochemical  requirements, adsorption in complex specific adsorption with anti-fouling layers
portability (POCT)  samples (Biofouling) &3y
Ultra-?race Signal reproducibility issues . . Design of uniform 3D
detection, molecular Inconsistent signals due to
SERS . and complex substrate " " . . superstructures or use of
fingerprinting, S hotspot" non-uniformity .
. . fabrication internal standards
multiplexing

12

13 Key design rules and practical recommendations for nanozyme-based pesticide sensors
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Based on collective analysis of recent studies, key design rules and practical
recommendations can be proposed for assistance in designing high-performance nanozyme-
based pesticide sensing systems across colorimetric, electrochemical, fluorescence, and SERS
platforms.!¥7- 138 These include rational selection of catalytic substrates and signal reporters,
engineering nanozyme catalytic activity and nanostructure, enhancing selectivity through
surface functionalization, minimizing the matrix interference, signal amplification strategies,
improving stability and reproducibility, balancing sensitivity, cost, and scalability, and

validation in real-world matrices.!4 84 189

5. Challenges and future perspectives

5.1. Colorimetric detection

While nanozyme-based colorimetric sensors have made remarkable progress, several
significant challenges must be addressed to achieve widespread commercialization and on-site
application. First is the challenge of ensuring selectivity and reproducibility in complex real
samples. Real samples such as fruits, vegetables, and soil contain numerous organic substances,
salts, and proteins in addition to the target pesticide, which can cause a 'matrix effect' that
interferes with the nanozyme's activity.?* 4% 190 Although many studies discussed herein have
demonstrated feasibility by applying their sensors to real variant samples with excellent
recovery rates of over 90%, validation across a broader and more diverse range of matrices is
needed.#8-31, 34, 37, 39, 61, 64, 65, 67, 68,70, 73, 75-77 T gvercome this, research into developing robust
nanozymes that are less affected by the sample matrix, or combining them with simple yet
effective pretreatment techniques, is essential. Second, a more fundamental understanding of

the catalytic mechanisms is still needed. Despite the reporting of numerous high-efficiency
84
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1 nanozymes, identification of exact structure of active sites and the atomic-level elucidation of
2 how they interact with pesticide molecules to modulate activity are still in their early stages.!"!:
3 192 For instance, the study on the Pt-Np-C nanozyme identified that a specific nitrogen
4 configuration (Pyridinic N) around the platinum active site plays a crucial role in pesticide
5  recognition, but in-depth studies at this level are still lacking.%® Efforts to clarify reaction
6  mechanisms through computational science and in-situ characterization techniques will
7  provide the foundation for designing 'tailor-made nanozymes' in a more rational and
8  sophisticated manner, moving beyond empirical development. Future research on nanozyme-
based colorimetric sensors is expected to advance in several promising directions. The
10  development of intelligent and multifunctional systems will accelerate.?® This includes the
11  creation of highly integrated materials where a single nanozyme can simultaneously detect
12 multiple pesticides or perform both degradation and detection of pesticides. Furthermore,
13 research on 'smart' nanozymes, such as the Pt/Co30,4 nanoflowers that engineered by Sun et al.

14 in 2022, whose function can be modulated by external stimuli like pH, will expand, allowing

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.
o]

15  for stimuli-responsive sensing platforms.”’” These advancements will be further amplified

16  through integration with portable smart devices. The use of smartphone cameras and dedicated

Open Access Article. Published on 16 June 2026. Downloaded on 6/17/2026 4:31:00 AM.

17  applications for quantitative analysis of colorimetric signals, already actively pursued in many

(cc)

18  cases, could evolve into extensive data management systems by integrating with Internet of
19  Things (IoT) technology to transmit measurement data to the cloud in real-time and create
20  pesticide contamination maps.3! % 70 In conclusion, nanozyme-based colorimetric sensors,
21  through continuous and interdisciplinary research to overcome current technical challenges,
22 hold the potential to firmly establish themselves as a universal and reliable on-site analytical
23 technology for protecting the future of food and environmental safety, ultimately contributing

24 to public health and sustainable agriculture.
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5.2. Fluorescence detection

While nanozyme-based fluorescence detection methods show outstanding potential in the
field of pesticide analysis, there are still technical challenges and limitations that must be
overcome for their transition to real-world applications and commercialization. At the same
time, this field is rapidly advancing, with new research directions and innovative approaches
continuously being proposed, so its future prospects can be considered very promising. One of
the most significant challenges is the complex matrix effect and the influence of interfering
substances. These substances can inhibit the catalytic activity of nanozymes or interfere with
the fluorescent signal. Therefore, ensuring selectivity and specificity is crucial. Structurally
similar pesticides or cross-reactive interfering substances can lead to the false positive or false
negative results. This is especially true in complex biological samples, where the concentration
of interfering substances (UM-mM) can be millions of times higher than the target analyte
concentration (fM-nM), requiring an extremely high selectivity on the order of 10°:1. Although
solutions utilizing aptamers or molecular imprinting technology are being proposed,
improvements in the efficiency of the aptamer screening process and precise control of
nanozyme-aptamer interactions are needed. Furthermore, direct detection methods using only
nanozymes are fundamentally limited in selectivity due to the lack of recognition units, making
the development of sensor arrays or pattern recognition-based approaches essential.!®3 194
Issues of reliability and reproducibility are key hurdles to commercialization. Single-mode
detection systems have inherent reliability limitations, making them vulnerable to false signals
or instrumental fluctuations. To address this, dual-mode (fluorescent-colorimetric) or multi-
mode detection systems are being developed, which can significantly enhance reliability

through intrinsic self-verification and self-correction functions. However, reproducibility
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1  issues stemming from batch-to-batch variability in nanozyme synthesis, changes in activity
2 depending on storage conditions, and the influence of the measurement environment still need

3 to be resolved.!?> 19 Despite the clear limitations of nanozyme-based fluorescence detection

g

% 4 technology, the potential for growth in this field is limitless, with several innovative research
§ 5  directions indicating future breakthroughs. Particularly, designing sensing materials with high
% 6  selectivity will be a key focus. To solve the current problems of matrix effects and non-specific
T

g 7  interference, future nanozymes will be combined with advanced molecular recognition systems
2

§ 8 such as molecular imprinting technology or aptamers. This is analogous to designing
§ 9 "customized pockets" on the nanozyme surface to precisely capture specific pesticide
2

% 10  molecules. Furthermore, 'computer-aided nanozyme engineering' will be realized by utilizing
% 11  artificial intelligence and computational science to predict and design active sites that perfectly
(@)

;‘5 12 match the 3D structure and charge distribution of a specific pesticide. This will grant the
g 13 ultimate selectivity, enabling a reaction only with the target molecule even in complex samples.
%

£ 14

é

15 5.3. Electrochemical detection

Open Access Article. Published on 16 June 2026. Downloaded on 6/17/2026 4:31:00 AM.

16 Although nanozyme-based electrochemical pesticide sensors have shown remarkable

(cc)

17  achievements, significant challenges remain in translating laboratory-level success into reliable,
18  commercially viable products for field use. Real samples, such as agricultural products, soil,
19  and river water, contain numerous interfering substances like proteins, fats, humic acids, and
20  inorganic salts. These substances can adsorb onto the electrode surface, inhibiting the
21  nanozyme's activity (biofouling) or causing non-specific signals, which severely compromises
22 the sensor's accuracy and reproducibility.!®7-19° Therefore, it is essential to develop effective

23 sample preparation techniques or to integrate anti-fouling surface modification technologies
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(e.g., coating with polyethylene glycol or zwitterionic polymers).200-203 Despite the
experimentally proven high catalytic activity of many nanozymes, the exact structure of their
active sites and their catalytic reaction pathways often remain unclear. Clarifying the structure-
activity relationship by combining theoretical studies, such as density functional theory
calculations, with real-time spectroscopic analysis is a prerequisite for the rational design of
next-generation nanozymes with tailored activity and selectivity for specific pesticides.!48- 204
205 Standardization and quality control also make challenges. The shape, size, and surface
chemistry of nanozymes are highly sensitive to synthesis conditions, which leads to batch-to-
batch variations in catalytic activity. To ensure sensor reliability, the establishment of
standardized synthesis and quality control protocols for precisely controlling and analyzing
nanozyme properties is urgently needed.'* Despite these challenges, the future is advancing
substantially. Artificial intelligence and machine learning can be utilized to analyze vast
experimental datasets to predict optimal nanozyme compositions and structures, and to screen
for new candidate materials. This will enable a shift from traditional 'trial-and-error' research
methods to efficient, data-driven nanozyme development.?%6 297 Furthermore, integration with
microfluidics technology will enable the creation of 'Lab-on-a-Chip' systems that automate the
entire process from sample injection, mixing, and reaction to detection on a single chip. This
will minimize sample consumption, reduce analysis time, and decrease user error, thereby
maximizing the accuracy and convenience of on-site analysis.?’® 29 Ultimately, multiplexed
analysis platforms will be developed by integrating multiple nanozyme sensors, each selective
for a different pesticide, onto a single array. This will allow for the simultaneous quantitative
analysis of various pesticides in a single measurement. When these technologies are combined
with wireless communication and the IoT, it will become possible to build distributed

environmental monitoring networks that can monitor pesticide contamination in real-time over
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1  wide areas and transmit the data to a central server.2!°

3 5.4. SERS detection

4 Combination of nanozymes and SERS technology has led to remarkable advancements in
5 the field of pesticide detection by providing excellent sensitivity and convenience, several
6  significant challenges still need to be addressed before this technology can move beyond
7  laboratory-level proof-of-concept to become a commercialized, on-site analytical tool. These
8 challenges include ensuring the reliability and reproducibility of quantitative analysis and
9  overcoming the matrix effects of complex real-world samples. However, these challenges also
10  serve as signposts for future research directions in this field. It is anticipated that future research
11  will move towards overcoming current limitations and maximizing the technology's practical
12 value through the rational design of nanozymes, the development of intelligent hybrid materials,

13 and the construction of multi-modal analysis systems. One of the most pressing challenges

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

14 currently facing by the nanozyme-based SERS sensors is ensuring the reliability and

15  reproducibility of quantitative analysis. The SERS signal is extremely sensitive to the distance

Open Access Article. Published on 16 June 2026. Downloaded on 6/17/2026 4:31:00 AM.

16  between and arrangement of nanoparticles, that is, the distribution of 'hotspots'.?!! The simple

(cc)

17  method of drying a nanozyme solution onto a substrate can lead to a non-uniform distribution
18  of nanoparticles due to the 'coffee-ring effect' that occurs as the solvent evaporates. This can
19  result in SERS signals that vary by more than an order of magnitude depending on the
20  measurement spot, which is a critical drawback that makes accurate quantitative analysis nearly
21  impossible.?!? Furthermore, minor batch-to-batch variations in the size or shape of nanozymes
22 during synthesis lead to non-uniformity in their catalytic activity and plasmonic properties,

23 which is another factor that undermines the reproducibility of the sensor's performance.?!'?
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Future research aimed at solving these challenges will unfold more sophisticated and intelligent
directions. First, the rational design of nanozymes will become a core research theme. Moving
beyond the conventional trial-and-error approach, research will actively utilize computer
simulations like DFT and machine learning to predict the correlation between the structure,
composition, and catalytic-plasmonic properties of nanomaterials. This will enable the design
of 'customized nanozymes' with active sites and surface characteristics optimized for specific
pesticides.?!%215 Particularly, nanozymes with active centers clearly defined at the atomic level,
such as platinum single-atom nanozymes, will provide crucial model systems for
fundamentally understanding and controlling catalytic mechanisms. Second, efforts to
overcome current limitations through the development of intelligent hybrid materials will
accelerate. For example, immobilizing nanozymes within porous materials like MOFs or COFs
can prevent nanozyme aggregation, thereby increasing stability and providing a uniform
reaction environment. Furthermore, by controlling the pore size or chemical properties of
MOFs, they can be designed to act as a 'molecular sieve,' selectively allowing only pesticide
molecules of a certain size to pass through. They can even be endowed with the ability to pre-
concentrate target pesticides by attaching molecular recognition elements like aptamers or
antibodies to the MOF surface.?!® Such hybrid systems can offer innovative solutions that
minimize matrix effects while simultaneously enhancing both selectivity and sensitivity.
Nanozyme-based SERS technology holds immense potential in the field of pesticide detection.
While current technical hurdles such as reproducibility and matrix effects are evident, these
limitations will gradually be overcome through future-oriented research, including rational
design via computational science, the development of intelligent hybrid materials, and
integration with smart devices. When these efforts come to realization, nanozyme-SERS

technology will establish itself as a powerful and reliable technology, keeping food and
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1 environment safe.

3 5.5. Concrete recommendations for standardization and practical application

4 To bridge the gap between laboratory-level proof-of-concept and commercial on-site
5 applications, it is imperative to move beyond general challenges and establish strict, concrete
6  guidelines for the development of nanozyme-based pesticide sensors. Because the shape, size,
7  and surface chemistry of nanozymes are highly sensitive to synthesis conditions, leading to
8  Dbatch-to-batch variations, future studies must adhere to minimum reporting standards.
9  Researchers should explicitly detail precursor concentrations, precise thermal protocols, and
10  kinetic parameters. Furthermore, to ensure commercial viability, it is highly recommended to
11  systematically evaluate and report the inter-batch relative standard deviation (RSD) for
12 catalytic activity. Ideally, this RSD should be maintained below 5-10%, which strongly aligns

13 with the universally accepted analytical guidelines and the high precision recently

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

14 demonstrated by state-of-the-art nanozyme sensors (e.g., RSDs of <2.52%, 1.18-5.26%, and

15 <6.17%).133 162 217 Achieving such low batch-to-batch variation across at least three

Open Access Article. Published on 16 June 2026. Downloaded on 6/17/2026 4:31:00 AM.

16  independently synthesized batches is essential for practical commercialization.

(cc)

17

18 While nanozymes are fundamentally more robust than natural enzymes, empirical
19  long-term stability data is often missing in current literature. Concrete storage and shelf-life
20  testing must become standard practice. Proposed sensors should be subjected to systematic
21  aging tests to evaluating catalytic retention at both room temperature and 4 °C over a minimum

22 period of 3 to 6 months. This specific timeframe is not arbitrary. Instead, it represents the
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minimum viable shelf-life required to accommodate the manufacturing-to-distribution supply
chain and covers a full seasonal cycle of agricultural pesticide monitoring. Furthermore, it
empirically validates the intrinsic advantage of inorganic nanozymes, which are known to
maintain stable catalytic performance for several months without rigorous refrigeration
requirements. Achieving an activity retention of >90% over this period should serve as a
baseline metric for practical, field-ready commercial sensors. In addition, biofouling and non-
specific adsorption on sensor surfaces drastically reduce reproducibility when analyzing

complex real-world samples.

Finally, matrix effects from real samples, such as agricultural runoffs or crude fruit
extracts, cannot be ignored during practical implementation. To mitigate these interferences,
simple external calibration is often insufficient. The routine adoption of standard addition
methods or ratiometric sensing approaches should be highly encouraged to self-calibrate and
eliminate background environmental fluctuations. Furthermore, any proposed sensor must
undergo rigorous validation across at least three structurally different sample matrices. The
analytical accuracy must be quantified by spiking standard pesticides and calculating recovery
rates, which should strictly fall within the universally acceptable analytical range of 80% to

120%, alongside intra-assay RSDs tightly controlled below 10%.

6. Conclusions
» Chemical pesticides are essential for maintaining agricultural production and
guaranteeing global food security by efficiently managing pest infestations in crops
and storage facilities. Continual dependence on pesticides poses significant problems.

Insufficient safety protocols, including farmers' limited understanding of safety labels
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1 and the absence of appropriate protective gear, intensify health and environmental
2 hazards. The detrimental consequences of pesticide application are profoundly
. 3 affecting human health both physically and neurologically while also hurting non-
% 4 target organisms, soil quality, groundwater, and local climatic conditions.
;E*) 5 Acknowledging the essential role of pesticides in agricultural production, similar to
% 6 the function of medicine in disease management, underscores the significance of
T
g 7 proper application procedures. It is vital to implement targeted applications for the
2
é 8 successful management of pests while protecting food crops. Systematic surveillance
§ 9 of pesticide residues prior to their transportation and consumption is essential to
2
(% 10 mitigate risks, including the refusal of contaminated shipments in global trade.
g
g 11
(@)
;‘5 12 » Advancements in nanotechnology have led to considerable interest in nanomaterials
g 13 owing to their remarkable physical, mechanical, optical, and chemical capabilities.
é 14 Nanozymes are a category of nanomaterials demonstrating enzyme-like functions.
&
é 15 Nanozymes have garnered significant attention since their inception in 2004 and have
16 emerged as a key research focus in the domain of artificial enzymes. Nanozymes
T 17 mitigate several drawbacks of natural enzymes, including complex manufacturing and
18 purification processes, inadequate stability, and reduced recycling effectiveness.
19 Various nanozyme-based techniques have been designed for identifying levels of OPs
20 in biosensor and food security applications. Nanozyme-based biosensors provide
21 considerable advantages in OPs detection, with their analytical performance primarily
22 demonstrated by operational simplicity, high sensitivity, excellent selectivity, and
23 reliability.
24
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The distinctive properties of nanozymes, such as enzyme-like catalytic activity,
structural adaptability, operating durability, and versatility, facilitate their
incorporation into various detection methodologies, ranging from colorimetric and
fluorescent sensors that provide rapid visual or optical outputs, to electrochemical
platforms characterized by excellent sensitivity and real-time quantification, and
SERS systems offering highly sensitive molecular identification. Across these
detection methodologies, nanozymes will function through various mechanisms, such
as inhibition of intrinsic enzyme activity, direct catalytic interaction with the
molecules of pesticide, amplification of signals through molecular specific
recognition, and alteration of electron transfer pathways, enabling versatile design
strategies for the detection of various classes of pesticides. The growing demand for
improved detection systems has generated significant interest in innovative sensing
technologies. The latest advancements in materials chemistry and nanozymes

emphasize the importance of potential sensors.

In this review, we provided a critical overview on nanozymes for OPs detection,
encompassing their material compositions, strategies for activity enhancement, output
signals, and detection methodologies. Explicitly provided a detailed summary on the
progress and perspectives of nanozyme-based SERS sensors, electrochemical sensors,
fluorescence sensors, and colorimetric sensors for high-sensitivity sensing of
pesticides. By presenting the recent trends and advances of nanozymes for the
detection of pesticides, this review aims to provide a scientific reference for the
utilization of innovative nanozymes in pesticides detection, facilitating their practical

utilization in convenient and rapid analysis.
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