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Abstract

Covalent organic frameworks (COFs) and metal-organic frameworks (MOFs), two
important classes of crystalline porous organic frameworks (POFs), are constructed from
organic structural units for COFs, and metal ions/clusters coordinated with organic ligands
for MOFs, via robust chemical bonds. Due to their outstanding physicochemical properties,
including large specific surface area, favorable structural stability, excellent
biocompatibility and high porosity, POFs have gained considerable attention in the domain
of electrochemical sensing of organophosphorus pesticides (OPs). Through the persistent
endeavors of researchers, the construction of POFs-based electrochemical sensors for
detecting OPs has made significant advances. Accordingly, this review introduces the
dimensional classifications of POFs (one-, two- and three-dimensional POFs), and
summarizes the six typical preparation methods to further realize the controllable
synthesis of POFs with tunable compositions and structures. More importantly, the
research advances in the fabrication of POFs-based non-enzymatic/enzymatic
electrochemical sensors and their electrochemical performance for the detection of OPs
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are emphatically reviewed. In addition, the research progress of other POFs-based electrochemical sensors,
including molecularly imprinted polymer (MIP), aptamer based (APT) and electrochemiluminescence (ECL) sensors
for the detection of OPs, is also briefly presented. Finally, the prospective research directions for developing high-
performance POFs-based electrochemical sensors are outlined to facilitate the accurate, quick, efficient and
economical real-time detection of OPs in food matrices.

INTRODUCTION

In October 2025, the Nobel Prize in Chemistry was granted to Susumu Kitagawa (Kyoto University), Richard
Robson (University of Melbourne) and Omar M. Yaghi (University of California, Berkeley) by the Royal
Swedish Academy of Sciences, in recognition of their groundbreaking achievements in the development of
metal-organic frameworks (MOFs) or porous coordination polymers (PCPs)". It is well known that MOFs
are formed by the connection of organic ligands and metal ions (or clusters) through coordination bonds,
and belong to the category of crystalline porous organic frameworks (POFs)">*. Additionally, in the absent of
metal elements, organic structural units are directly linked to each other by robust covalent bonds to form
another class of crystalline POFs, known as COFs"*.. Compared with conventional inorganic porous materials
including zeolites and molecular sieves, POFs have multiple unique features®”: (1) long range order, well-
defined crystalline structure and topological framework; (2) large specific surface area and tunable porosity;
(3) versatile structure design and surface functionalization; (4) diverse enzyme-like biocatalytic activity; (5)
excellent biocompatibility. Owing to these distinctive structural features, POFs as sensing platform for
detection of food contaminants has attracted widespread attention in the field of food safety.

As one of the most common food contaminants, pesticides are utilized to manage or eradicate crop diseases
and insect pests, thus improving crop yield and quality, thereby mitigating the global food crisis exacerbated
by population growth!®. According to their chemical structures, pesticides are categorized into
organophosphorus, organochlorine, carbamate, pyrethroid, cypermethrin and others"”. Among them, the
application of organophosphorus pesticides (OPs) constitutes over 30% of global pesticide consumption, on
account of their low cost, degradability and high efficacy against diverse pests"'®’. Nevertheless, excessive
application of OPs has resulted in the contamination of food matrices. After contaminated food matrices are
ingested by human body, residual OPs inactivate acetylcholinesterase (AChE) and other neuropathy target
esterases, thereby inhibiting the decomposition of acetylcholine (ACh), causing the disorders of
reproductive, endocrine or nervous system, and even death"""!. Consequently, the development of precise,
quick, efficient and economical detection technologies for monitoring OPs residue level in food matrices is
significant for human health.

Compared with traditional complicated and time-consuming analytical technologies such as gas
chromatography'?, gas chromatography-mass spectrometry”, liquid chromatography-mass spectrometry"*,
immunoassay"” and colorimetry"*, electrochemical sensing technologies have many merits, including low
cost, high selectivity, excellent sensitivity and facile rapid real-time detection"”. It is well known that the
physicochemical properties of the working electrode materials in electrochemical sensors directly determine
their detection performance!"**'. Due to their inherent large specific surface area, abundant catalytic active
sites, outstanding conductivity, high porosity and structural stability, POFs have received much attention as
working electrode materials for constructing electrochemical sensors for OPs detection®*”). For instance,
Wang et al.””” reported that the limit of detection (LOD) of electrochemical sensors based on COFs
nanofibers (NFs) for dichlorvos was 0.11 uM under optimized detection conditions. Additionally, Duan et
al.”” found that the LOD of curcumin modified MOFs-based electrochemical sensors for methyl parathion
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was 0.98 ng mL-1 under optimal detection conditions. These remarkable findings demonstrate that POFs-
based electrochemical sensors have tremendous application potential in OPs detection. Consequently,
extensive efforts have been dedicated to fabricating POFs-based electrochemical sensors for monitoring OPs
in food matrices.

In 2021, Nangare et al.”* reviewed the relationship between the spatial structures of MOFs and their
physicochemical properties and discussed the sensitivity and selectivity of several MOFs-based sensors,
including electrochemical, fluorescent and colorimetric sensors. Afterwards, Zhang et al.'” summarized the
preparation methods, detection mechanisms and practical applications of multiple MOFs-based sensors,
including fluorescent, electrochemical, surface-enhanced Raman spectroscopy, electrochemiluminescence
and colorimetric sensors. In addition, Lu et al."**) analyzed the application status of COFs-based
electrochemical sensors for monitoring various food contaminations and discussed the modification
strategies for their electrochemical detection properties. Through the continuous efforts of researchers, the
construction of POFs-based electrochemical sensors for OPs detection has made significant new progress in
the past few years. However, there is a lack of systematic summaries regarding these progresses. Herein, the
dimensional categories of POFs and their typical synthesis methods will be briefly introduced. Then, the
non-enzymatic and enzymatic electrochemical sensing applications of POFs in OPs detection will be
emphatically reviewed. Simultaneously, POFs-based electrochemical-related sensors, such as molecularly
imprinted polymer (MIP), APT and ECL sensors will be discussed in brief. Finally, the potential research
orientations for the construction of electrochemical sensors based on POFs for detecting will be outlined.

CLASSIFICATIONS OF POFS

It is well known that POFs are one of the important crystalline reticular structure materials, including
hydrogen-bonded organic frameworks (HOFs), COFs and MOFs"*). Among them, HOFs are assembled
from organic molecules via hydrogen-binding interactions. As the hydrogen bond energy in HOFs is weaker
than that of covalent bonds in COFs and coordination bonds in MOFs, HOFs exhibit lower stability than
COFs and MOFs. Due to their insufficient stability, HOFs have not yet been used for detecting OPs in food
matrices. Accordingly, only COFs and MOFs will be discussed in the following section. Benefiting from the
diversity spatial conformations of functional groups in organic structural units or organic ligands, these two
categories of POFs can form structures with different dimensions.

Up to now, numerous one-dimensional COFs and MOFs have been successfully prepared by various
synthetic strategies””””*). These one-dimensional POFs exhibit large dimension along a special growth
direction, displaying as tube-like, chain-like or rod-like structures. The high porosity and large surface area
of one-dimensional POFs provide them abundant available catalytic active sites, enabling their application in
various electrochemical reactions”. Unfortunately, one-dimensional COFs have not yet been employed for
the detection of food containments, and only a few studies have explored the application of one-dimensional
MOFs in food contaminants detection. For example, Pezhhanfar et al.”*’ employed one-dimensional iron-
gallic acid MOFs prepared by a solvothermal method to simultaneously extract and concentrate multiple
pesticides, including fenitrothion, acetochlor, fenoxaprop-P-ethyl, difenoconazole and haloxyfop-R-methyl
in watermelon juice and flesh samples.

More importantly, a large number of two-dimensional and three-dimensional POFs have been prepared and
employed to monitor food contaminants. Therefore, to obtain high-performance POFs for the detection of
food contaminants, the dimensional features of these two types of POFs are discussed in detail. For two-
dimensional POFs, in the absence of metal ions, flaky organic structural units are n-r stacked to form two-
dimensional COFs"'. Their robust covalent interactions endow two-dimensional COFs with outstanding
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chemical and electrochemical structural stability and excellent electronic conductivity, but the formation of
small void spaces limits mass transfer within the planes and one-dimensional channels. To date, most of the
as-prepared COFs possess a two-dimensional structure. Unlike stable COFs, single layers containing metal
ions as nodes are stacked by weak interactions along the z-axis to construct two-dimensional MOFs. Owing
to their weak non-covalent interactions, the ordered and open channels of two-dimensional MOFs are
controllably regulated by the chosen of organic ligands and metal ions"?. Their optimizable porous
structures endow two-dimensional MOFs with rapid mass transfer properties, which is conducive to
promoting their application in electrochemical sensing for the detection of food contaminants.

Additionally, for three-dimensional POFs, in the absence of metal ions, four- and six-linked three-
dimensional organic structural units are connected to each other to construct n-conjugated three-
dimensional COFs with interlaced channels', thus endowing three-dimensional COFs abundant
electrochemical catalytic active sites. As compare to two-dimensional COFs, three-dimensional COFs exhibit
much lower uniformity and crystallinity, leading to insufficient electronic conductivity and an unstable
crystalline structure. Simultaneously, the limited chosen of three-dimensional organic structural units
hinders the structural diversity of three-dimensional COFs". In contrast, three-dimensional MOFs are
constructed through robust coordination interactions between organic ligands and metal ions (or clusters),
giving three-dimensional MOFs high structural stability as well as well-defined pore structure and size"..
However, the exposed electrochemical catalytic active sites of three-dimensional MOFs still need to be
further improved for expand their application scope, compared with two-dimensional MOFs.

The structural features and physicochemical properties of POFs are determined by the intrinsic nature of
their precursors, such as organic structural units or organic ligands, and can thus be tuned through rational
precursor selection. Furthermore, their pore structure and size are closely related to the linkage of the
building blocks, which are adjusted via varying synthetic strategies and optimizing corresponding process
parameters. Accordingly, the controllable synthesis methods of POFs will be reviewed in the following
section.

SYNTHESIS OF POFS

In 1995, Yaghi et al.”’ synthesized a Co-based two-dimensional coordination polymer using trimesic acid
(BTC) as the organic ligand by a solvothermal method, and formally proposed the concept of MOFs for the
first time, opening the beginning of a new era for the synthesis of crystalline POFs. In 1999, the same group
employed terephthalic acid (BDC) as the organic ligand to prepare the first permanently stable MOFs
(named MOEF-5) via the same solvothermal route, which marked a new milestone in research on stable
POFs". In 2005, they reported the first two-dimensional COFs constructed from six-membered macrocycles
linked by borate ester rings, again using this synthetic method!". Since then, numerous synthetic strategies,
including solvothermal/hydrothermal®), mechanochemical“*, microwave- assisted***, ionothermal**"),
sonochemical® ", electrochemical methods"”***), have been developed for the preparation of POFs with well-
defined crystalline structures, high specific surface area, excellent structural stability and uniform pore size
and distribution. Herein, these synthesis methods are briefly introduced in the following section.

(1) Solvothermal/hydrothermal method: Precursors are dissolved in an organic solvent or deionized water to
form a uniform solution, which is then transferred into a well-closed container for chemical reaction under
high temperature and pressure to produce target products'®>*°!. The physicochemical properties of the
resulting products are closely related to synthesis parameters such as reaction time, temperature, pressure,
solution pH and surfactant addition. Although the solvothermal/hydrothermal method is suitable for the
synthesis of most POFs, it still has some disadvantages: the solvothermal approach suffers from high cost,



Chen et al. Microstructures 2026, 6, 2026091 Page 5 of 29

complicated operation and potential safety hazards, while the hydrothermal method is restricted by relatively
fixed reaction conditions.

(2) Mechanochemical method: Mechanical forces generated from grinding, squeezing, shearing and friction
are used to drive low-temperature solid-phase chemical reaction for the preparation of target products under
solvent-free or low-solvent conditions!’). As compared to the solvothermal/hydrothermal method, this
approach is conducive to reducing the particle diameter of target products and improving their
physicochemical properties'®”. However, the quality of target products may be affected by by-products.
Therefore, to realize the controllable synthesis of target products, it is critical to understand the distribution
of applied forces under mechanical shock and reveal the relationship between applied forces and the
chemical reaction of precursors.

(3) Microwave-assisted method: Based on the rapid heating effect of microwaves and the activization of polar
substances, Gedye et al."” first utilized microwave-assisted synthesis to accelerate organic chemical reactions
and synthesize seven different organic products in 1986. Since then, this method has been utilized to the
preparation of numerous materials. In addition, microwave as an energy source is combined with other
synthetic methods for materials preparation. Owing to its rapid heating and high thermal utilization
efficiency, this method has been attracted increasing attention in the preparation of POFs, but it is still in the
early stage. Many challenges, including limited product variety, uneven heating and thermal runaway, need
to be addressed to promote its large-scale application.

(4) Ionothermal method: Ionic liquids are used as reaction solvents and structure-directing agents to
synthesize target products with specific geometric structures under ambient conditions*”. As compared to
traditional solvothermal/hydrothermal method, this method exhibits four distinct advantages: moderate
reaction conditions, rapid reaction, high product quality and low organic solvent consumption'*”. Moreover,
this method is also integrated with other synthetic methods. Although it shows many advantages and has
great potential for POFs preparation, its large-scale application is hindered by the high cost of ionic liquids.

(5) Sonochemical method: Owing to its unique acoustic cavitation effect, this method has been widely used
for materials synthesis'*”. In this approach, ultrasonic waves produced by ultrasonic generators induce
solution flow, leading to cavitation formation and nonuniform ultrasonic distribution in the solution.
Bubbles in the rarefaction region of ultrasonic waves absorb surrounding dissolved gas and expand, whereas
cavitation bubbles in the compression region rapidly collapse and burst, generating numerous microbubbles.
The growth and collapse of these microbubbles produce strong shockwaves and create local extreme
conditions, such as ultrahigh local temperature and pressure, which facilitate the nucleation and growth of
target products'*”’. This method offers advantages including fast reaction rates, low operating temperature,
low energy consumption and nontoxicity, but its product purity and yield still need to be improved due to
unexpected side reactions. Moreover, the industrial application of this method is limited by the scale of
ultrasonic generators.

(6) Electrochemical method: According to different applied signal sources, this method is classified into
cyclic voltammetry (CV), potentiostatic, galvanostatic, impulse and electrophoretic deposition'*”. In the CV
method, target products are prepared by recording the oxidation or reduction current of precursors within a
specific potential window'®!. Precursors are oxidized when scanning from low potential to high and reduced
in the reverse direction. This method has three notable advantages: well-defined onset potential, controllable
nucleation and growth process and suitability for the synthesis of multivalent materials’*". In the
potentiostatic deposition method, the response current at a constant potential is used to prepare target
products, which includes underpotential and overpotential deposition. The rate of underpotential deposition
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is correlated to interaction between the deposited target products and the substrates, whereas overpotential
deposition is governed by an ion-diffusion-controlled nucleation process. Therefore, the structure and
properties of target products prepared by potentiostatic deposition are related to the applied potential and
ion species in the electrolyte”". Analogous to potentiostatic deposition, galvanostatic deposition uses a
constant current to prepare target products. The difference is that the deposition reaction initiates after the
charging of the electric double-layer in galvanostatic deposition””.. In the pulsed deposition method,
electrochemical pulses derived from periodically alternating applied potential are used to prepare target
products. Target ions diffuse from the bulk electrolyte to the electric double-layer region at open-circuit
potential and are then uniformly deposited on the substrate surface to form the target products at applied
potential”?!. Unlike other electrochemical methods, electrophoretic deposition relies on electrostatic
interaction between charged colloidal particle and substrate to fabricate target products, with the unique
advantage that electrophoretic deposition is performed in poorly conductive electrolytes”™. Owing to its
diverse deposition modes, mild reaction conditions, fast reaction rates, nontoxicity and high product
selectivity, electrochemical method has received extensive attention in the preparation of POFs.

In brief, solvothermal/hydrothermal methods are the most mature methods but are limited by high reaction
pressure, long reaction time and the use of toxic organic solvents. The other five synthetic methods exhibit
remarkable advantages, such as fast reaction rates, simple procedures, high efficiency, non-toxic solvents, low
operating temperature and pressure, but they are restricted by requirements for specialized equipment, high
cost and uncontrollable reaction conditions. Consequently, it is important to develop low-cost, green, rapid
and general synthetic methods to achieve the large-scale and controllable synthesis of POFs.

POFS-BASED ELECTROCHEMICAL SENSORS

To mitigate the global food crisis exacerbated by population growth, OPs are widely used to improve food
production and maintain quality. However, their overuse has given rise to serious food safety issues!”?\.
Benefiting from their unique structural features such as large specific surface area, tunable pore shape and
size, high thermal/chemical stability and versatile multifunctionality, numerous POFs have been used for the
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adsorption and removal of OPs from foods”*”®. It is precisely these distinctive structural properties that
enable POFs-based materials to provide abundant catalytic active sites for catalyzing various electrochemical
reactions such as oxygen reduction/evolution, hydrogen evolution, water splitting and carbon dioxide
reduction reaction”*'. Consequently, their catalytic activity toward the electrochemical transformation of
OPs has attracted much attention in the field of OPs electrochemical detection. Accordingly, POFs-based
non-enzymatic electrochemical sensors have been constructed for detecting OPs in foods. In addition, POFs
have also been employed as supporting platforms to immobilize bio-enzymes for the preparation of
enzymatic electrochemical sensors for the determination of OPs""***l. Thanks to the continuous efforts of
researchers, a large number of POFs-based electrochemical sensors have been developed and applied for the
detection of OPs in foods. The following sections will focus on the research progress in the preparation and
electrochemical detection performance of both non-enzymatic and enzymatic POFs-based electrochemical
Sensors.

Non-enzymatic electrochemical sensors

The detection performance of non-enzymatic electrochemical sensors (NEESs) for OPs is dependent to the
catalytic activity of their electrochemical active materials, which are directly employed to modify conductive
electrodes such as glassy carbon electrodes (GCE), carbon paper (CP), indium tin oxide (ITO), gold
electrodes (AuE) and screen-printed electrodes (SPEs). The constructed sensors based on modified electrode
are then immersed in electrolyte to detect the electrochemical response signals (i.e., current, potential and
resistance) of OPs under specified measurement conditions. The linear relationship between the
electrochemical response signals of OPs and their concentrations is employed to evaluate the key
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electrochemical detection performance indicators [i.e., linear concentration range (LCR), sensitivity and
LOD] of sensors for OPs. These detectable electrochemical response signals are originated from the
electrochemical reaction of OPs occurred at the modified electrode surface of sensors. Owing to their
different active functional groups, different OPs undergo electrochemical transformation via distinct reaction
pathways. As shown in Figure 1, for OPs with nitro groups such as methyl parathion, parathion and
paraoxon, their nitro groups are irreversibly transformed into hydroxylamine groups through a four-
electron/proton pathway [Equation 1], while their nitroso groups are reversibly conversed into
hydroxylamine groups through a two-electron/proton pathway [Equation 2]®". Unlike nitro-containing OPs,
glyphosate is cleaved at C-N bond via a two electron/proton pathway to yield (aminomethyl) phosphonic
acid and acetic acid [Equation 3], and the pyridine ring of chlorpyrifos is reduced via a two electron/proton
hydrogenation reaction [Equation 4]
transformation of OPs, POFs have been widely applied to construct NEESs. Therefore, in the following
section, their preparation and electrochemical detection performances for OPs will be emphatically

. Owing to their excellent catalytic activity for the electrochemical

discussed.

COFs-based sensors

In contrast to most common electrochemical reactions, such as such as oxygen reduction/evolution,
hydrogen evolution and water splitting"”>*), the electrochemical reaction for the detection of OPs requires a
large number of active metal centers in electrocatalysts to stabilize the reaction intermediates. However, most
COFs lack metal ions in their native crystal structures, making them difficult to directly construct NEESs for
the detection of OPs in food matrices. On the other hand, benefiting from their large specific surface area,
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high porosity and excellent chemical/thermal stability derived from the strong covalent bonds between
organic structural units, COFs are widely used for the physical adsorption and removal of pesticides residues
from the environment®. Based on these characteristics, COFs are commonly integrated with enzyme-like
electroactive materials to construct NEESs for OPs detection. For example, Zhang et al.* combined COFs
with phosphatase-like CeO, to prepare NEESs, which achieved ultrahigh sensitivity and selectivity detection
of methyl parathion. These performances originate from the ability of CeO, to cleave the P=O bonds of
methyl parathion, producing form electroactive p-nitrophenol for electrochemical detection. In their work,
spherical COFs were synthesized via solvothermal methods by dissolving 1,3,5-tris(4-aminophenyl) benzene
and 2,5-dimethoxyterephaldehyde in mixed solution of 1, 4-dioxane, n-butanol and methanol. The as-
prepared COFs were then sequentially modified with valine and CeO, to form a core-sell CeO,-COFs
composite, which was finally drop-coated on GCE surface for methyl parathion detection in grapes and tap
water, as illustrated in Figure 2A. Under optimal reaction conditions (the solution pH value of 7 and
incubation time of 5 min)**), the fabricated sensors exhibited excellent electrochemical activity, anti-
interference ability, reproducibility and stability for methyl parathion detection. which were attributed to the
synergistic interaction between COFs and CeO,. Square wave voltammetry (SWV) measurements revealed a
linear relation between the peak current of the sensors and methyl parathion concentration, over a LCR of
34-7.6 x 10" nM, and the calculated LOD for methyl parathion was 11 nM. The recoveries of methyl
parathion in grapes and tap water samples ranged from 97.46% and 111.10%. This work demonstrates that
introducing electroactive inorganic materials to enhance the interaction between OPs and COFs is an
effective strategy for constructing high-performance COFs-based NEESs for OPs detection.

MOFs-based sensors

Due to their abundant metal active centers, MOFs have attracted considerable attention for developing high-
performance electrode materials for NEESs. In the following section, the application of both monometallic
MOFs (such as Zr-, Cu-, Ni-, Fe- and rare earth metal)®®*! and bimetallic MOFs (such as Zn-Cu, Mn-Fe and
Co-Mn)®*? for the detection of OPs is discussed in detail.

Zr-MOFs

Because the Zr-O groups of Zr-MOFs can specially interact with the P=O/S groups of OPs to form stable Zr-
O-P bonds"”, Zr-MOFs have been widely employed to construct NEESs for the detection of OPs. For
instance, Gao et al."™! deposited Zr-BDC MOFs and single-layer graphene oxide (GO) on the surface of GDE
by co-electroreduction methods to assemble NEESs for methyl parathion detection. Under optimal detection
conditions, SWV results revealed two linear relations between the sensors’ peak current and methyl
parathion concentration. One LCR was 1-50 ng mL™" and the other was 50-3,000 ng mL™". The corresponding
calculated LOD of the sensors for methyl parathion was 0.5 ng mL™", and the recovery rates of methyl
parathion in cabbage samples were 95.3%-103.4%. In addition, Gokila et al.”* utilized the synergistic effect
between ZrO, nanoparticles (which provide active sites), Zr-MOFs (which provide additional active sites)
and multi-walled carbon nanotubes (MWCNTs, which enhance conductivity) to prepare NEESs for multiple
OPs detection [Figure 2B]. Electrochemical impedance (EIS) results gave the calculated LODs of 1.11 nM for
monocrotophos, 2.01 nM for glyphosate, 2.02 nM for malathion, 2.5 nM for dimethoate and 2.8 nM for
chlorpyrifos, respectively. Similarly, single-wall carbon nanotubes (SWCNTs) have also been employed to
enhance the detection performance of NEESs. Han et al.®”’ modified GCE with SWCNT networks and Ui-66
for methyl parathion detection. Electrochemical analysis indicated that the sensors’ peak current increased
linearly with methyl parathion concentration over the LCR of 10-10* nM under optimized reaction
conditions. The calculated LOD was 8.05 nM. Their distinguished electrochemical detection performance
was attributed to the enhanced electron and ion transfer between the sensors and OPs, induced by the
formation of conductive carbon networks.



Chen et al. Microstructures 2026, 6, 2026091 Page 9 of 29

A NH
NH, 1,4-dioxane/n-BuOH/MeOH, HAc Ce(NO;);.6H,0
W AP + \HY 70°C, 24 h 180°C 12 h
Valine COF-OMe@Valine COF-OMe@Valine-CeO,

Hydrothermal
Reaction
= -
Synthesns \ Stirring
Rt
-
Ui0-66 icati
Purlficatlon i Ultrasonication CCMITIO-66
Autoclave
/ Without MP
0 6 0 el
Electrochemical
]
Dlsperslon liquid 6
Ui0-66: Good affinity for ;- CCM/UiO-66 Potential (V)

phosphate groups with good
selective recognition and
enrichment capability

KB-CNTs: 3D interlinked carbon

cconductive network with superior d 100
electrical conductivity 0
: o o‘N\(j s Q
B S
60 49 080 Paraoxon
© 44
39 Parathion
iZO 34
° 29
< 24
220 e Nd-UiO-66@MWCNT/GCE :’1 19
e MWCNT/GCE
-40 s Nd-UiO-66/GCE s
-60 e Ui0-66/GCE
e GCE
-80 -1
04 02 0 02 04 06 08 04 02 0 02 04 06 08
wnrr E(V)

Figure 2. (A)The preparation of CeO,-COFs (Reproduced with permissiont®*), Copyright 2024, Elsevier), and (B) Zr-MOFs-ZrO,-
MWCNTs (Reproduced with permissiont®. Copyright 2024, Academic Press), NEESs; (C) The detection mechanism of UiO-66-KB-CNTs
for methyl parathion (Reproduced with permissiont®®l. Copyright 2023, Elsevier); (D) The preparation of UiO-66-curcumin NEESs
(Reproduced with permissiont?. Copyright 2023, Elsevier); (E) The simultaneous detection of Nd-UiO-66-MWCNTs for parathion and
paraoxon (Reproduced with permissiont®”), Copyright 2022, Pergamon). TAPB: 1,3,5-tris(4-aminophenyl)benzene; DMTP: 2,5-
dimethoxyterephaldehyde; COF: covalent organic framework; GCE: glassy carbon electrode; MOF: metal-organic framework; MWCNT:
multi-walled carbon nanotube; NEES: non-enzymatic electrochemical sensor; UiO-66: zirconium 1,4-dicarboxybenzene metal-organic
framework.

To further improve the electrochemical performance of Zr-MOFs-based NEESs for OPs detection, Guo et
al.®* synthesized zirconium 1,4-dicarboxybenzene metal-organic framework (UiO-66)-KB-CNTs composites
using Ketjen black (KB)-carbon nanotubes as conductive additives to fabricate NEESs [Figure 2C].
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Differential pulse voltammetry (DPV) results demonstrated two linear relations between sensors’ peak
current and methyl parathion concentration under optimized detection conditions. One LCR was 5-10° nM,
and the other was 10°-1.2 x 10* nM. The calculated LOD and limit of quantification (LOQ) were 1.53 and 5.1
nM, respectively. The sensors also exhibited outstanding electrochemical detection performance, including
considerable reproducibility, stability, selectivity and satisfactory recovery rates for methyl parathion in real
samples, which was attributed to the fast electron transfer between octahedral UiO-66 particles and the
three-dimensionally interconnected network formed by KB and CNTs. Furthermore, Duan et al.”? prepared
UiO-66-curcumin composites by one-pot hydrothermal method and modified GCE with as-prepared
materials, as illustrated in Figure 2D. Electrochemical analysis indicated a linear relationship between methyl
parathion concentration and the sensors’ peak current over the LCR of 20-2.0 x 10* ng mL"', with a
corresponding calculated LOD of 0.98 ng mL". The methyl parathion recoveries achieved with the sensors
were 95.00%-111.73% in tomato, 95.70%-114.80% in cucumber and 98.69%-111.81% in peach samples,
respectively.

The rare earth elements have also been introduced to improve the electrochemical performance of Zr-MOFs,
Khoshsafar et al."” first prepared Nd-doped Ui-66 by solvothermal methods, then integrated the as-prepared
materials with MWCNTSs to modify GCE, achieving simultaneous detection of parathion and paraoxon, as
shown in Figure 2E. Electrochemical analysis confirmed that the sensors exhibited outstanding detection
performance for parathion and paraoxon, including excellent electrocatalytic activity, stability, selectivity and
repeatability, under optimized detection conditions. The sensors’ peak current was directly proportional to
the concentration of the target OPs, with the LCRs of 0.7-100 nM for parathion and 1-120 nM for paraoxon,
and corresponding LODs of 0.04 nM and 0.07 nM, respectively. The sensors also achieved satisfactory
recoveries for parathion and paraoxon in tomato, spinach, cabbage and water samples.

In short, Zr-MOFs are regarded as one of the most promising electrode materials for constructing of NEESs
for the detection of OPs. The introduction of other electroactive materials, conductive additives, signal
amplification agents and heterogeneous atoms can further improve the detection performance of Zr-MOFs-
based NEESs, making their LOD to reach the nanomole level.

Cu-MOFs

It is reported that the Cu ion centers of Cu-MOFs can specially interact with the amine, carboxylate and
phosphate group of glyphosates to form a quinary equatorial plane'®. As a result, numerous efforts have
been devoted to exploring the electrochemical detection performance of Cu-MOFs for glyphosate. As shown
in Figure 3A, the earliest study using Cu-MOFs as electrode materials for non-enzymatic electrochemical
detection of glyphosate was conducted by Cao et al.™. At an incubation potential of 0.1 V and an incubation
time of 150 s, Cu-BTC MOFs modified ITO electrodes were found to show excellent electrochemical activity,
stability, reproducibility and selectivity. Electrochemical analysis indicated two linear relationships between
glyphosate concentration and the sensors’ peak current under optimal detection conditions. The linear
ranges were 107°-1.0 nM and 1.0-10* nM, and the calculated LOD was 1.4 x 10* nM. On the one hand,
leveraging the synergistic interaction between the n-conjugated structure of porphyrin and the ultrahigh
conductivity of Au nanoparticles (NPs)"*”, Jiang et al."* coated Cu-TCPP (tetra(4-carboxyphenyl)porphine)
MOFs on CP decorated with Au NPs to fabricate NEESs for detecting glyphosate [Figure 3B]. The as-
prepared sensors displayed considerable electrochemical activity, acceptable reproducibility, excellent
selectivity and good stability, with a LCR of 20-1.2 x 10° nM and a LOD of 30 nM. For real sample analysis,
the recoveries of glyphosate in soybean, carrot, wheat, and water samples were 97.5%-110.7%. On the other
hand, taking advantage of the large specific surface area and delocalized n-electron system of carbon
nanofibers (CNFs)"""l, Dey et al.""? anchored flower-like Cu-PZDA MOFs on the surface of CNFs and
modified GCE to prepare NEESs for the detection of glyphosate. DPV analysis revealed that the sensors’
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Figure 3. (A) The preparation of Cu-BTC MOFs (Reproduced with permissiont®¢. Copyright 2019, Elsevier), (B) Cu-TCPP MOFs
(Reproduced with permissiont™. Copyright 2022, Elsevier), (C) Nd,O,-Fe MOFs (Reproduced with permissiont!. Copyright 2023, Royal
Society of Chemistry), (D) Ce-MOFs (Reproduced with permissiont©¢), Copyright 2026, Elsevier), NEESs. ITO: Indium tin oxide; DPV:
differential pulse voltammetry; TCPP: tetra(4-carboxyphenyl)porphine; PVP: polyvinylpyrrolidone; GLY: glyphosate; GCE: glassy carbon
electrode; BTC: trimesic acid; NBA: nile blue A; MP: methyl parathion; MOF: metal-organic framework; NEES: non-enzymatic
electrochemical sensor; H,BTC: benzenemalic acid.

peak current increased with increasing glyphosate concentration, with a LCR of 10 - 500 nM, a LOD of 3.12
nM, LOQ of 10.18 nM, sensitivity of 173.88 nA pM™* cm™ respectively. The sensors exhibited high stability,
excellent reproducibility and considerable recovery rates for glyphosate in beetroot juice and lettuce extract
samples. Their remarkable electrochemical performance was attributed to accelerated electron transfer in the
Sensors.

In short, sensors based on Cu-MOFs exhibit outstanding electrochemical performance for the detection of
glyphosate, with the lowest reported LOD reaching as low as 5.17 x 10 nM. Various strategies, including
modification of organic ligand and introduction of conductive materials, have been proven effective for
improving the electrochemical performance Cu-MOFs-based sensors for glyphosate detection"**'*),
However, the specific recognition of glyphosate by Cu-MOFs hinders their application in the detection of
other OPs. Therefore, it is important to develop novel Cu-MOFs for the detection of other OPs.

Ni- MOFs

Analogous to the Cu ion centers in Cu-MOFs, the Ni ion centers in Ni-MOFs can also specifically bind to
glyphosate. Accordingly, Patel et al."*” reported that nickel nitrate hexahydrate and 1,4-benzene dicarboxylic
acid were dissolved in a mixed solution of N, N-dimethylformamide and ethylene glycol, and two-
dimensional tabular Ni-MOFs synthesized by the solvothermal methods. The vibrational modes of
functional groups and the type, concentration and valence state of elements on the surface of Ni-MOFs were
characterized by multiple analytical methods. CV results indicated that the peak current of Ni-MOFs
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decorated SPE in electrolyte without glyphosate were much high than those of the electrode with glyphosate.
This indicates that glyphosate can inhibit electron transfer on modified electrode by occupying its
electrochemical active sites. Electrochemical analysis indicated that the sensors’ peak current decreased with
increasing glyphosate concentration. The LCR was 166-666 nM, and the corresponding LOD was calculated
to be 0.0113 nM. Based on the standard addition recovery method, the recovery of glyphosate was
96.50%-106.66% in tap water and 90%-115% in soil samples, respectively. The findings show that NEESs
based on Ni-MOFs have promising practical application prospects for glyphosate detection.

Fe-MOFs

In addition to Zr, Cu and Ni ions, Fe ions have also been used as metal nodes for the fabrication of MOFs,
and a variety of Fe-MOFs have been applied to construct NEESs for the detection of OPs, including
chlorpyrifos and dichlorvos. For instance, using iron nitrate hexahydrate as the metal precursor, Dey et al.”*
tirst grew sponge-like Fe-MOFs on the surface of CNFs using one-pot solvothermal methods, and then
modified GCE to construct NEESs for detecting chlorpyrifos. Electrochemical analysis demonstrated that the
sensors exhibited distinguished electrochemical detection performance, inculding high electrocatalytic
activity, stability and selectivity for the detection of chlorpyrifos under optimized reaction conditions. The
electrochemical results also indicated a linear relationship between chlorpyrifos concentration and the
sensors’ peak current. The LCR was 10°-1.5 x 10° nM, with a LOD of 15.1 nM, LOQ of 50.3 nM and
sensitivity of 40.47 pA uM™ cm™. The recoveries of chlorpyrifos in tomato and cucumber juice were
98.91%-99.26% and 98.05%-99.58%, respectively. Their outstanding detection performance was derived from
the large surface area and high porosity of the sponge-like Fe-MOFs. Since rare earth metal oxides can
provide abundant active sites for the adsorption of bioactive molecules in solution"*>'*), Narayanan et al.!""”!
immobilized Nd,O, clusters on the surface of rod-like Fe-MOFs and used the composites to modify GCE to
fabricate NEESs for detecting dichlorvos [Figure 3C]. The sensors displayed excellent electrochemical
performance for the detection of dichlorvos, with a LCR of 1 to 250 nM, LOD of 0.92 nM and sensitivity of
4.42 mA nM™". The recoveries of dichlorvos were 96%-97% for purple cabbage and 99.5-103.4% for orange
juice, respectively. The excellent detection performance is likely related to the electrostatic interaction
between the positively charged dichlorvos molecules and the n-z electrons of the Nd,O,-Fe-MOFs
composites. Unlike Cu- and Ni-MOFs that can only specifically detect a single type of OPs****, these NEESs
based on Fe-MOFs are used to detect multiple types of OPs. Therefore, the design and fabrication of Fe-
MOFs for the simultaneous detection of multiple OPs is of great significance.

Rare earth metal-MOFs

To develop novel monometallic MOFs for the detection of OPs, Yassin et al."™ first synthesized micron-sized
rod-shaped Sm-BDC MOFs via hydrothermal methods, by dissolving samarium acetate hydrated and
terephthalic acid in deionized water. The Sm-BDC MOFs were then incorporated with graphitic carbon
nitride (g-C,N,) and cadmium sulfide (CdS) to modify GCE. Electrochemical analysis revealed that the
sensors displayed ultrahigh electrocatalytic activity, excellent selectivity, outstanding sensitivity, good
repeatability and remarkable stability for the detection of malathion. The electrochemical results also showed
the peak current increased linearly with increasing the malathion concentration, over the range of 30 and 150
nM, with a LOD of 7.4 nM and a sensitivity of 25 pA uM™. The recovery of malathion in cabbage samples
was 86.4-107.6%. Their outstanding detection performance was attributed to the synergistic interaction
between the conductivity of g-C,N, the active sites of CdS and the specific surface area of Sm-BDC.
Furthermore, Tao et al."* prepared Ce-MOFs-(carbon anohorns, CNHs)-(nile blue A, NBA) composites by
two-step liquid phase synthesis, and used as-prepared composites to modify GCE for constructing NEESs for
methyl parathion detection, as illustrated in Figure 3D. Electrochemical analysis showed that the sensors’
current exhibited a good linear relationship with methyl parathion concentration in the range of 0.05-50 ug
mL", and the corresponding LOD was calculated to be 18.8 ng mL". The as-prepared electrochemical sensors
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Figure 4. (A) The preparation of Mn-Fe MOFs NEESs (Reproduced with permissiont®®. Copyright 2022, Elsevier); (B) the detection
mechanism of Zn-Cu MOFs for acephate (Reproduced with permissiont”. Copyright 2023, Elsevier). MOF: Metal-organic framework; SPE:
screen-printed electrode; NEES: non-enzymatic electrochemical sensor.

also displayed excellent selectivity, remarkable reproductivity and good stability. The recoveries of methyl
parathion in bok choy, cucumber and cabbage samples were 90.1%-109.5%, which were in accordance with
the results obtained by high performance liquid chromatography. Their distinguished electrochemical
performance was attributed to the synergistic interaction between the multivalent redox activity of Ce*"/Ce*,
the good electrical conductivity of carbon nanohorns and the high specific surface area of Ce-MOFs. The
fabrication of these novel NEESs provides a new option for the detection of OPs.

Bimetallic MOFs

It is reported that the electrochemical activity, stability and selectivity of bimetallic MOFs are far superior to
those of monometallic MOFs, owing to the synergistic effect between their heterogeneous metal ion
centers"””. Accordingly, numerous efforts have been devoted to the development of bimetallic MOFs-based
NEESs for OPs detection. For instance, Janjani et al.”*’ decorated SPE with bimetallic Mn-Fe MOFs, which
possessed abundant unsaturated coordination defects, high porosity and distortion structures, to construct
NEESs for chlorpyrifos detection, as shown in Figure 4A. SWV analysis indicated that the sensors’ peak
current increased with increasing chlorpyrifos concentration, with a LCR of 1-100 nM. The corresponding
LOD was calculated to be 0.85 nM. Their remarkable detection performance was ascribed to the synergistic
interaction between Mn and Fe metal centers. Subsequently, they modified GCE using Zn-Cu MOFs as the
sensing agent and activated charcoal as the conductive additive to detect acephate®’. Due to the inhibitory
effect of acephate on the sensors [Figure 4B], DPV analysis confirmed that the sensors’ peak current
decreased with increasing acephate concentration under optimal reaction conditions. The LCR was 0.1-10
nM, with a LOD of 3.3 x 10° nM. The recoveries for acephate in cucumber and tomato juice were 97%-107%
and 95.2%-103%, respectively. In addition, they also employed Co-Mn MOFs to modify SPE for detecting
dichlorvos®. a linear relationship between the concentration of dichlorvos and the sensors’ peak current was
observed in the range of 1-12 nM, with a LOD of 0.645 nM. It is concluded that bimetallic MOFs NEESs
exhibit outstanding detection capability for OPs.

Table 1 systematically summarizes the LCR, LOD, LQD, sensitivity, reproducibility, anti-interference
capability, repeatability and recovery rate in real samples of POFs-based NEESs. According to Table 1, these
sensors exhibit broad LCR ranging from nanomolar to micromolar levels, with extremely low LOD reaching
the picomolar level, good repeatability and reproductivity with the relative standard derivations (RSD) of as
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low as 5%, and remarkable recovery rate for OPs in real samples ranging from 90% to 120%, as well as high
anti-interference ability against common interfering inorganic ions and internal interfering between OPs.
Although the reported POFs-based NEESs have displayed excellent detection performance for OPs, their
practical applications have not been realized yet, mainly due to insufficient storage stability; most sensors
retain less than 90% of their initial catalytic activity after storage under ambient conditions. To realize the
practical application of POFs-based NEESs, strategies including the introduction of conductive additives,
transition metal oxides and heterogeneous doping have been widely adopted to further optimize their
detection performance. It is worth noting that the detection performance of POFs-based NEESs is closely
related to the type of metal ions (or clusters) and organic structural units of POFs. For example, although
NEESs based on Zr-MOFs with terephthalic acid as organic structural unit have been mainly used for the
detection of methyl parathion>*", replacing terephthalic acid with 4,4'-Biphenyl diacid to construct UiO-67
enables the corresponding sensors to detect profenofos"**. In addition, when Nd ions are introduced into a
Zr-MOFs matrix, the resulting Nd-doped Zr-MOFs-based sensors can be applied for the detection of
parathion and paraoxon. Meanwhile, Cu-MOFs-based NEESs are predominantly employed for the detection
of glyphosate, owing to the specific coordination interaction between Cu ions and glyphosate. Therefore, the
rational design and synthesis of POFs are conducive to achieving highly selective electrochemical detection
toward target OPs.

Enzymatic electrochemical sensors

As everyone knows, AChE can catalyze the hydrolysis of acetylthiocholine (ATCh) to produce thiocholine
(TCh). Under an applied potential, the electrochemical oxidization of TCh generates a detectable response
signal, owing to the electrochemical reduction activity of its sulfhydryl groups"**’. Unfortunately, the
hydrolysis of ATCh is reduced by the inhibition of AChE’s electrocatalytic activity originating from OPs,
thereby decreasing the production of TCh and causing a reduction in the electrochemical oxidization
response signal of TCh. Based on this electrochemical reaction mechanism, cholinesterase is used as a
recognition element to construct enzymatic electrochemical sensors (EESs) for the detection of OPs!"'". In
addition, the preparation of EESs is almost identical to that of non-enzymatic electrochemical sensor, with
the only difference being that cholinesterase is immobilized on the modified electrode in the enzymatic
configurations. Nonetheless, the electrochemical performance evaluation metrics and technologies of EESs
are consistent with those for NEESs. Due to their outstanding physicochemical properties, POFs, as one of
the most ideal support materials for biological enzymes, have been attracted significant attention in the field
of EESs for OPs detection. In this section, the preparation and electrochemical detection performance of
EESs for OPs will be discussed.

COFs-based sensors

COFs-based materials possess enormous potential for the immobilization of biological enzymes!”. In the
traditional “turn off” EESs, TCh and [Fe(CN),]*" are commonly employed as response signal producers,
which always causes insufficient selectivity and repeatability*?. In order to solve this problem, Wang et al*”!
anchored AChE on the surface of GCE decorated with COF-NFs to construct a low-potential “turn-on” EES
with [Ru(bpy),]’" as the response signal producer, as illustrated in Figure 5A. The electrochemical detection
performance and stability for dichlorvos of the as-fabricated “turn-on” sensor were comparable to those of
the “turn off” sensors, while their selectivity and repeatability were significantly higher than those of “turn
off” sensors. Additionally, Wang et al.""*! prepared core-shell COFs-MWCNTs composites to modify GCE,
and then immobilized AChE on the modified electrode for malathion detection. Under optimal detection
conditions, electrochemical results demonstrated that the oxidation current of ATCh chloride was directly
proportional to its concentration over the LCR of 1-10* nM, and the corresponding LOD was calculated to be
0.5 nM. The recovery rates for malathion in tap water and spinach samples were 96.0%-101.6% and
98.0%-105.0%, respectively.
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Table 1. The detection performance of NEESs for OPs

Sensors

Detection performance

Ref.

COF-Valine-CeO,/GCE

Curcumin-UiO-66/GCE

Zr-BDC-rGO/GCE

Zr-MOF-ZrO,-MWCNT/GCE

SCN-Ui0-66/GCE

Ui0-66-KB-CNTs/GCE

Nd-UiO-66-MWCNT/GCE

Ui0-67-GO/AuE

Cu-BTC/ITO

Cu-TCPP-AuNPs/CP

Cu-PZDA-CNF/GCE

Ni-MOF/SPE

Fe-PyDA-CNF/GCE

MIL-88B(Fe) MOF/SPE

Nd,0,-MIL(Fe)-88A/GCE

CdS-Sm-BDC-g-C,N,/GCE

Ce-MOFs-CNHs-NBA-GCE

LCR for methyl parathion: 34-7.6 x 104 nM; LOD: 11 nM; Stability (15 days): > 95% of initial activity;
Repeatability (7 times): relative standard derivations (RSD) of 4.02%; Anti-interference capability: OPs
containing P=S groups, inorganic ions; Recovery rate in real samples: 97.46%-111.10%

LCR for methyl parathion: 20-2 x 10 ng mL"; LOD: 0.98 ng mL"; Stability (18 days): > 95% of initial
activity; Repeatability (8 times): RSD of 5.8%; Reproducibility (5 electrodes): RSD of 2.9%; Anti-
interference capability: carbofuran, malathion, chlorpyrifos, heptachlor epoxide, inorganic ions; Recovery
rate in real samples: 95.00%-114.80%

LCR for methyl parathion: 1-3 x 103 ng mL"; LOD: 0.5 ng mL"; Stability (28 days, 4 °C): 92.1% of initial
activity; Anti-interference capability: other electroactive nitrophenyl derivatives, inorganic ions; Recovery
rate in real samples: 95.30%-103.40%

LCR: 5-7 x 10* nM (malathion, chlorpyrifos, dimethoate and monocrotophos) and 5 -5 x 104 nM
(glyphosate); LOD: 2.02 nM (malathion), 2.8 nM (chlorpyrifos), 2.5 nM (dimethoate), 1.11 nM
(monocrotophos) and 4.21 nM (glyphosate); Stability (28 days): 86.8% of initial activity; Reproducibility
(10 electrodes): RSD of 3.19%; Anti-interference capability: 2,4-dichlorophenoxyacetic acid, atrazine,
carbendazim, thiophanate methyl; Recovery rate in real samples: 95.04%-99.30%

LCR for methyl parathion: 10-10% nM; LOD: 8.05 nM; Reproducibility (5 electrodes): RSD of 1.22%;
Repeatability (5 times): RSD of 0.34%; Anti-interference capability: glucose, niclosamide, carbendazim,
inorganic ions; Recovery rate in real samples: 98.28%-101.95%

LCR for methyl parathion: 5-1.2 x 10 nM; LOD: 1.53 nM; LOQ: 5.1 nM; Repeatability (5 times): RSD of
1.61%; Reproducibility (5 electrodes): RSD of 4.85%; Anti-interference capability: hydroquinone,
paranitroaniline, isoproturon, pnitrophenol, carbendazim, catechol, inorganic ions; Recovery rate in real
samples: 96.14%-102.93%

LCR: 0.7-100 nM (parathion) and 1-120 nM (paraoxon); LOD: 0.04 nM (parathion) and 0.07 nM
(paraoxon); Stability (7 days): 85.1% (parathion) and 87.6% (paraoxon) of initial activity; Repeatability (5
times): RSD of 2.6% (parathion) and 2.2% (paraoxon); Anti-interference capability: carbaryl, fenamiphos,
carbofuran, diazinon, inorganic ions; Recovery rate in real samples: 93.5%-105.3%

LCR for profenofos: 104-5 x 10° nM; LOD: 90 nM; LOQ: 300 nM; Stability (45 days): 97.76% of initial
activity; Reproducibility (3 electrodes): RSD of 1.75%; Repeatability (7 times): RSD of 0.5%; Anti-
interference capability: thiamethoxam, carbendazim, imidacloprid, endosulfan, inorganic ions; Recovery
rate in real samples: 98.82%-108.89%

LCR for glyphosate: 10-3-10* nM; LOD: 1.4x10-4 nM; Stability (14 days, 4 °C): > 90% of initial activity;
Repeatability (10 times): RSD of 4.1%; Anti-interference capability: trichlorfon, carbendazim, acetochlor,
thiram, inorganic ions; Recovery rate in real samples: 98.0%-105.0%

LCR for glyphosate: 200-1.2 x 10° nM; LOD: 30 nM; Stability (14 days, 4 °C): 86.6% of initial activity;
Reproducibility (6 electrodes): RSD of 2.5%; Anti-interference capability: dime thoate,
(aminomethyl)phosphonic acid, acephasste, parathion, inorganic ions; Recovery rate in real samples:
97.5%-110.7%

LCR for glyphosate: 10-2 x 10° nM; LOD: 3.12 nM; LOQ: 10.18 nM; Sensitivity: 173.88 pA uM* cm;
Stability (45 days): 97.76% of initial activity; Reproducibility (5 electrodes): RSD of 1.34%; Repeatability
(5 times): RSD of 2.56%; Anti-interference capability: fenitrothion, chlorpyrifos, malathion, dichlorvos,
acetamiprid, carbendazim, inorganic ions; Recovery rate in real samples: 98.01%-101.83%

LCR for glyphosate: 166-666 nM; LOD: 0.0013 nM; Reproducibility (10 electrodes): RSD of 2.8%; Anti-
interference capability: malathion, chlorpyrifos, dichlorvos, inorganic ions; Recovery rate in real samples:
90%-115%

LCR for chlorpyrifos: 103-1.5 x 105 nM; LOD: 15.1 nM; LOQ: 50.3 nM; Sensitivity: 40.47 pA pM”" cm?;
Stability (30 days, 4 °C): 98.45% of initial activity; Reproducibility (5 electrodes): RSD of 0.95%;
Repeatability (10 times): RSD of 2.56%; Anti-interference capability: chlorophenol, chlorobenzene,
carbamate, fenitrothion, acetamiprid, imidacloprid, inorganic ions; Recovery rate in real samples:
98.09%-99.58%

LCR for malathion: 102 -10° nM; LOD: 7.92x10-* nM; Sensitivity: 53.46 nA nM" cm?; Stability (10 days): >
95% of initial activity; Reproducibility (5 electrodes): RSD of 3.27%; Anti-interference capability: glucose,
sucrose, dichlorvos, glyphosate, chlorpyrifos, inorganic ions; Recovery rate in real samples:
97.08%-104.90%

LCR for dichlorvos: 1-250 nM; LOD: 0.92 nM; Sensitivity: 4.42 mA nM-; Repeatability (3 times): RSD of <
2.5%; Anti-interference capability: methyl parathion, amitrole, deltamethrin, triazolone, inorganic ions;
Recovery rate in real samples: 96%-103.4%

LCR for malathion: 30-150 nM; LOD: 7.4 nM; Sensitivity: 25.03 pA uM; Stability (45 days): 97.76% of
initial activity; Reproducibility (11 electrodes): RSD of 1.44%; Repeatability (5 times): RSD of 4.3%; Anti-
interference capability: inorganic ions; Recovery rate in real samples: 86.4-107.6%

LCR for methyl parathion: 0.05-50 pg mL"; LOD: 18.8ug mL"; LOQ: 62.7ug mL7; Sensitivity: 173.88 pA
uM cm?; Stability (14 days): 86% of initial activity; Reproducibility (7 electrodes): RSD of 3.2%;
Repeatability (3 times): RSD of 3.4%; Anti-interference capability: chloramphenicol, thiabendazole,
ascorbic acid, fenitrothion, carbendazim, inorganic ions; Recovery rate in real samples: 90.1%-109.5%
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LCR for chlorpyrifos: 1-100 nM; LOD: 0.852 nM; Sensitivity: 28.46 nA pM™ cm'?; Stability (45 days):

97.76% of initial activity; Reproducibility (5 electrodes): RSD of 3.48%; Repeatability (10 times): RSD of
MnFe-MOFs/SPE . - . o ;

2.56%; Anti-interference capability: glucose, sucrose, inorganic ions; Recovery rate in real samples:

99.14%-106.81%

[90]

LCR for acephate: 0.1-10 nM; LOD: 3.3 x 103 nM; Stability (5 days, 20 °C): 97% of initial activity;
ZnCu-MOFs/GCE Repeatability (5 times): RSD of 4%; Anti-interference capability: glyphosate, dichlorvos, chlorpyriphos, [o1]
inorganic ions; Recovery rate in real samples: 95.2%-107%

CoMn-MOFs/SPE LCR for dichlorvos: 1-10 nM; LOD: 0.645 nM; Anti-interference capability: chlorpyrifos, malathion,

glyphosate, inorganic ions; Recovery rate in real samples: 90%-118% (92]

NEES: Non-enzymatic electrochemical sensor; OP: organophosphorus pesticide; COF: covalent organic framework; GCE: glassy carbon electrode;
LCR: linear concentration range; MOF: metal-organic framework; LOD: limit of detection; BDC: terephthalic acid; rGO: reduced graphene oxide;
LOQ: limit of quantification; UiO-66-KB: CNT: carbon nanotube; MWCNT: multi-walled carbon nanotube; BTC: trimesic acid; ITO: indium tin oxide;
SPE: screen-printed electrode; CP: carbon paper; CNH: carbon anohorn.
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Figure 5. (A)The detection mechanism of “turn off” and “turn on” EESs (Reproduced with permissiont?*!. Copyright 2022, Elsevier), (B) the
preparation of PDDA-AuNPs-COFs (Reproduced with permissiont™, Copyright 2024, Elsevier), (C) Ce-UiO-66-MWCNTs (Reproduced
with permissiont", Copyright 2019, Elsevier), (D) AChE-CS-GR-ZIF-8 (Reproduced with CC BY 4.0t8), Copyright 2022, MDPI) EESs.
ATCI: Acetylthiocholine chloride; AChE: acetylcholinesterase; COF: covalent organic framework; PBS: phosphate buffer solution; DDVP:
0,0-dimethyl-0O-2,2-dichlorovinylphosphate; GCE: glassy carbon electrode; Tph: 2,5-dihydroxy-1,4-phenyl dicarboxylaldehyde; Dha:
5,10,15,20-tetra(4-aminophenyl)-21H,23H-porphyrin; PDDA: poly (diallyldimethylammonium chloride); OP: organophosphorus pesticide;
ZIF-8: zeolitic imidazolate framework-8; GR: graphene; ICP: isocarbophos.

In addition, Yang ef al.'** fixed AChE on the surface of PDDA-AuNPs-COFs composites modified GCE by
electrostatic interactions between poly (diallyldimethylammonium chloride) (PDDA) and AChE, thereby
constructing EESs for the detection of methyl parathion [Figure 5B]. DPV analysis revealed that the
inhibition efficiency of the sensors exhibited a good linear relationship with methyl parathion concentration
in the range of 1.9-3.8 x 10* nM, and the corresponsing LOD was calculated to be 0.23 nM. The recoveries for
methyl parathion in tomato and strawberry samples were 95.7%-107.9%. Furthermore, the sensors delivered
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outstanding electrochemical detection performance for methyl parathion, including excellent electroactivity,
repeatability, stability and selectivity. These superior properties were attributed to the synergistic interaction
between the conjugated n-electron macrocycles of porphyrin-based COFs and the conductivity of Au NPs,
which facilitated the electron transfer rate of the sensors and thus improved their detection performance.

MOFs-based sensors

The robust binding interaction between Zr*" ion and -P=0/S groups provides Zr-MOFs with high OPs
recognition performance, thereby enabling them to serve as the core recognition components in NEESs'”..
More importantly, Zr-MOFs are always used as support materials for immobilizing bioactive enzymes in
EESs, duo to their outstanding physicochemical properties such as large specific surface are and good
biological compatibility. For this reason, Mahmoudi et al."'* modified GCE with Ce-UiO-66-MWCNTSs
composites and then immobilized AChE on the surface of the modified electrode to fabricate EESs for
paraoxon detection [Figure 5C]. Uder the optimization reaction conditions, DPV results revealed that the
suppression rate of the enzymatic sensors displayed a good linear relationship with paraoxon concentration
in the LCR 0of 0.01-150 nM, and the corresponding LOD was calculated to be 0.004 nM. Moreover,
electrochemical measurements indicated that the sensors exhibited excellent electrochemical performance,
including remarkable stability, selectivity, reproducibility and satisfactory recovery rate in real samples,
which was mainly attributed to the polyvalent nature and strong oxophilicity of Ce**""**/. In addition,
MWCNTs facilitated improved electron transfer in the sensor owing to their high electrical conductivity.
Meanwhile, UiO-66 contributed to enhanced stability of the sensor due to its high chemical and thermal
stability.

Moreover, the Zn*" imidazolate groups possess excellent biological compatibility, making Zn-MOFs suitable
supports for the immobilization of biological enzymes!"'”. As shown in Figure 5D, Wen et al.""**! fabricated
EESs by coating AChE-CS-GR-ZIF-8 composites on the surface of GCE using graphene (GR) as the
conductive additive and chitosan as the binding agent for isocarbophos detection. Under optimal detection
conditions, DPV results revealed that the sensors’ peak current decreased with increasing isocarbophos
concentration. The LCR was 1.73 - 345.7 nM, and the corresponding LOD was calculated to be 0.62 nM.
Additionally, Wu et al.”” constructed EESs by immobilizing AChE-modified amino-functionalized Zn-
MOFs on the surface of GCE, with carboxymethyl cellulose applied as a binder for detecting multiple OPs,
including glyphosate, fenitrothion, methyl-parathion, trichlorfon, iprobenfos and acephate. Under optimized
reaction conditions, electrochemical results demonstrated that the sensors displayed a LCR of 10°-1 nM for
these OPs, with the LOD ranging from 8.75 x 10*° to 1.24 x 10* nM and the LOQ from 4.13 x 10*to 1.12 x
10" nM, respectively. The sensors were used for the real-time detection of these OPs combined with near-
tield communication chips. Among these OPs, the sensors presented the best detection performance for
glyphosate, which was attributed to the charge redistribution triggered by the specific interaction between
amino-functionalized Zn-MOFs and glyphosate!"*”..

Although POFs possess excellent structural features, including large specific surface area, high porosity and
well-defined crystal structures, studies on POFs-based EESs remain fewer than those on POFs-based NEESs.
Table 2 systematically summarizes the performance of POFs-based EESs for the detection of OPs. According
to Table 2, the enzymatic sensors also exhibit the broad LCR from picomolar to nanomolar level, with the
ultralow (LOD) for OPs detection that is significantly lower than that of most NEESs. Similar to NEESs show
satisfactory reproducibility and repeatability with an RSD lower than 5%, good anti-interference against
common inorganic ions and acids, and acceptable recovery rates in real samples. AchE is the most widely
used enzyme for the detection of OPs. However, due to the insufficient thermal stability of its biologically
active structure, most enzymatic sensors can only be stored at 4 °C for less than 30 days, with more than 20%
loss of initial catalytic activity (i.e., residual activity below 80%). Furthermore, owing to the broad-spectrum
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Table 2. The detection performance of EESs for OPs

Sensors Performance Ref.

LCR for dichlorvos: 102-102 ng mL"; LOD: 1.50 ng:-mL"; Stability (30 days): almost unchanged;
AChE-COF NFs/Homogeneous sensors Reproducibility (6 electrodes): RSD of 4.2%; Anti-interference capability: ascorbic acid, [23]
dopamine, inorganic ions; Recovery rate in real samples: 85.6%-136%

LCR for malathion: 1-10% nM; LOD: 0.5 nM; Stability (4 °C): 82.9% of initial activity;
AChE-COFs-MWCNTs/GCE Reproducibility (10 electrodes): RSD of 2.19%; Anti-interference capability: inorganic ions; [113]
Recovery rate in real samples: 96%-105%

LCR for methyl parathion: 1.9-3.8 x 10* nM; LOD: 0.23 nM; Repeatability (5 times): RSD of 2.4%;
Stability (14 days, 4 °C): 92.0% of initial activity; Reproducibility (5 electrodes): RSD of 2.8%;
Anti-interference capability: urea, ascorbic acid, glucose, acetamiprid, citric acid, indoxacarb,
inorganic ions; Recovery rate in real samples: 95.7%-107.9%

AChE-PDDA-AuNPs-COFs/GCE [M4]

LCR for trichlorfon: 0.2-19 ng mL7; LOD: 0.067 ng mL"; Stability (30 days, 4 °C): 94% of initial
AChE-COF-3D-KSCs/GCE activity; Reproducibility (5 electrodes): RSD of 3.9%; Anti-interference capability: nitrophenol, [120]
catechol, hydroguinone, inorganic ions; Recovery rate in real samples: 96.1%-105%

LCR for paraoxon: 0.01-150 nM; LOD: 0.004 nM; Repeatability (5 times): RSD of 4.3%; Stability
(20 days, 4 °C): 85% of initial activity; Anti-interference capability: glucose, diazinon,
carbofuran, carbaryl, 4-nitrophenol, malathion, oxalic acid, citric acid, inorganic ions; Recovery
rate in real samples: 95%-102%

AChE-Ce-UiO-66-MWCNTs/GCE [M5]

LCR for multiple OPs including glyphosate, fenitrothion, trichlorfon, iprobenfos, acephate and
methyl-parathion: 10-°-1 nM; LOD: ranging from 8.75 x 10-° to 1.24 x 10-* nM; LOQ: ranging from

AChE-Zn-MOFs/GCE 413 %10 to 1.12 x 104 nM; Anti-interference capability: propoxur, 2,4-d-butyl ester, [39]
cypermethrin, ascorbic acid, glucose, uric acid, inorganic ions; Recovery rate in real samples:
87.1%-109.6%

LCR for isocarbophos: 1.73-345.7 nM; LOD: 0.62 nM; Stability (6 days, 4 °C): 98.09% of initial
AChE-CS-GR-ZIF-8/GCE activity; Reproducibility (5 electrodes: RSD of 5.05%); Anti-interference capability: glucose, [116]
urea, inorganic ions; Recovery rate in real samples: 88.1%-122.4%

LCR for chlorpyrifos: 0.03 ng mL" - 6 ng mL™; Sensitivity: 2.04 pA ng’ L cm? LOD: 0.003 ng
AChE-Cys-aAuNR-MOFs/ITO mL"; Stability (15 days): 90.0% of initial activity; Anti-interference capability: diisopropyl [121]
fluorophosphate, aflatoxinB1, inorganic ions

EES: Enzymatic electrochemical sensor; OP: organophosphorus pesticide; AChE: acetylcholinesterase; NF: nanofiber; LCR: linear concentration
range; LOD: limit of detection; RSD: relative standard derivations; MWCNT: multi-walled carbon nanotube; GCE: glassy carbon electrode; PDDA:
poly (diallyldimethylammonium chloride); NP: nanoparticle; KSC: kenaf stem composite; UiO-66: zirconium 1,4-dicarboxybenzene metal-organic
framework; MOF: metal-organic framework; CS: chitosan; GR: graphene; ZIF-8: zeolitic imidazolate framework-8; NR: nanorod; ITO: indium tin
oxide.

response of enzymes for OPs, the same enzymatic sensor is often applied for the detection of multiple OPs,
including glyphosate, fenitrothion, trichlorfon, iprobenfos, acephate, and methyl parathion, resulting in low
selectivity among different OPs. Therefore, to further promote the practical application of EESs,
improvements in their storage stability and selectivity toward individual OPs are urgently required.

Other POFs-based electrochemical-related sensors

Besides the construction of mono-signal non-enzymatic/enzymatic electrochemical sensors, POFs as
versatile platforms have also been used to fabricate multi-signal electrochemical sensors. These sensors are
driven by the combination of electrochemical and other sensing technology, thus realizing the ultrasensitive
detection of OPs. For example, based on electrochemical and photothermal technologies, Wen et al.""”!
prepared dual-modal sensors by modifying GCE with COFs-MB-MnO, composites for the complementary
detection of chlorpyrifos. The working principle of the sensors is to establish the linear relationship between
the concentration of chlorpyrifos and the peak current of MB released from the COFs-MB-MnO,
composites, as well as the correlation between the concentration of chlorpyrifos and the temperature
variation induced by MnO,-catalyzed oxidation of tetramethylbenzidine, as illustrated in Figure 6A.
Combined with electrochemical and photothermal analysis, the dual-modal sensors exhibited high detection
performance toward chlorpyrifos. Linear relationships were obtained in the concentration ranges of 0.5-200
ng mL"' for the electrochemical signal and 0-8,000 ng mL"' for the photothermal signal, with the
corresponding LODs of 0.0632 and 0.108 ng mL", respectively. Additionally, based on the competition
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Figure 6. (A) The detection mechanism of dual-modal sensors (Reproduced with permissiont??. Copyright 2023, American Chemical
Society); (B) the preparation of PCN-224(Zn) Reproduced with permissiont’2¢). Copyright 2023, Elsevier); (C) PtAu NPs-COFs
(Reproduced with permissiont?”!. Copyright 2025, Elsevier) MIP sensors. TAPB: 1,3,5-tris(4-aminophenyl)benzene; DMTP: 2,5-
dimethoxyterephthalic acid; COF: covalent organic framework; MB: methylene blue; MES: 4-morpholineethanesulfonic acid; OP:
organophosphorus pesticide; TMB: tetramethylbenzidine; ITO: indium tin oxide; AChE: acetylcholinesterase; PEC: photoelectrochemical;

PCN: polycentric; MIP: molecularly imprinted polymer; NP: nanoparticle; DA: dopamine; CPF: chlorpyrifo; PCN-224: porous coordination
network-224.

between the formation of Cu-glyphosate complexes and the electrochemical reduction catalytic activity of
phenazine-2,3-diyldiamine, Zhao et al."**! coated Cu-Hemin-MOFs-CNTs composites by a one-step
electrochemical deposition method on GCE to construct dual-signal electrochemical sensors for glyphosate
detection. Electrochemical results revealed that the peak current of the sensors was varied linearly with the
glyphosate concentration under optimal detection conditions. For the Cu-glyphosate signal, the LCR was 0.1
- 3.0 x 10° nM, with a LOD of 5.17 x 10 nM. For the phenazine-2,3-diyldiamine signal, the LCR was 0.1-5.0
x 10" nM, with a LOD of 6.81 x 10> nM. The recoveries for glyphosate in water, soil and tea samples were
98.0%-102.6% for the Cu-glyphosate signal and 97.0%-102.8% for the phenazine-2,3-diyldiamine signal,
respectively. The design and assembly of these dual-modal sensors pave the way for the fabrication of novel
multi-modal electrochemical sensors and facilitate the real-time detection for OPs in food matrices.



Page 20 of 29 Chen et al. Microstructures 2026, 6, 2026091

To further expand the application of POFs in the domain of electrochemical sensors, they have been used to
prepare other electrochemical-related sensors, such as MIP, APT and ECL sensors. MIP sensors simulate the
antigen-antibody interaction to specifically identify target object by using MIP as the recognition element"**..
For instance, Zhong et al."**! assembled Cu-MOFs-Au NPs-rGO-MIP sensors by multistep electrochemical
methods, which included the co-electrodeposition of Au NPs and Cu-MOFs, the electroreduction of GO and
the electro-polymerization of MIP. Electrochemical results showed that the concentration of phosmet
changed linearly with the peak current of the sensors over the LCR of 1.0 x 10* - 500 nM, with a LOD of 7.2
x 10° nM. Furthermore, by integrating photochemical sensing technology, Ma et al.'* designed and
prepared Nb,C, modified PCN-224(Zn)-MOFs-MIP photoelectrochemical sensors for detecting dimethoate,
due to the multicenter affinity of photoactive PCN-224(Zn) MOFs for dimethoate [Figure 6B]. The
photocurrent of the sensors decreased with increasing dimethoate concentration under optimized
operational conditions, presenting a linear relationship in the LCR of 0.1 - 10’ nM, with a LOD of 2.61 x 10*
nM. In addition, Yu ef al."*” anchored MIP on the surface of GCE decorated with PtAu NP-COF composites
for the detection of chlorpyrifos. To further improve detection performance, APT was integrated into the
MIP sensors to construct dual-identification electrochemical sensors [Figure 6C]. Electrochemical analysis
showed that the dual-identification sensors displayed high detection performance for chlorpyrifos under
optimized detection conditions, with a LCR of 10 - 1.0 nM, and the calculated LOD was 9.34 x 10° nM.
These results demonstrate that MIP sensors have achieved picomolar-level detection of OPs and exhibited
great practical application prospect in the field of OPs detection.

Nevertheless, the special binding between target object and APT (such as single-stranded DNA or RNA
oligonucleotide) in APT sensors is transformed into electrochemical signal for detecting target object"*!. In
virtue of the coupling interaction between the high electronic conductivity of Cu** and the excellent stability
and large surface area of Zr **, Dong et al."**! fixed thiol-modified APT on GCE (modified by CuZr-MOFs
and polyvinyl pyrrolidone stabilized Au NPs) by the strong interaction between Au and S atom for detecting
multiple OPs, including phorate, dichlorvos and omethoate [Figure 7A]. Electrochemical analysis indicated
that the peak current of the APT sensors was directly proportional to OPs concentration under optimized
detection conditions. The calculated LODs were 2.36 x 107 nM for phorate, 1.20 x 10° nM for omethoate and
4.56 x 10”° nM for dichlorvos, respectively. Additionally, combined with colorimetric and electrochemical
sensing technology, Xu et al."** developed Fe-MOFs dual-signal APT sensors for malathion detection, as
shown in Figure 7B. It was found that the dual-signal sensors displayed ultrahigh sensitivity for detecting
malathion under optimal reaction conditions, with a LCR of 10-500 ng mL", and the calculated LOD was 4.6
ng mL" for electrochemical signal and 5.8 ng mL" for colorimetric signal, respectively. In a word, apt sensors
have exhibited ultrahigh sensitivity for OPs detection, but their selectivity still needs to improve for practical
application.

ECL is divided into annihilation and co-reactant type'”*. It is well known that the luminous efficiency of co-
reactant type ECL is much higher than that of the annihilation type. The luminous process of co-reactant
type ECL includes the oxidization/reduction of luminophore on the surface of electrode, the formation of
strongly reductive/oxidative free radical by co-reactant, the generation of excited-state species by the
reduction/oxidization of oxidative/reductive luminophore, and the release of luminescence when excited-
state species return to the ground state!"*?. The released luminescence signal is used for detecting food
contaminants. Simultaneously, POFs are used as promoters to improve the redox activity of co-reactant,
owing to their distinct well-defined porous structure"*!. For instance, by using CdTe quantum dot-decorated
Zn-MOFs as luminophores and K,S,0, as co-reactant, Gu et al.!'"**! prepared cathodic
electrochemiluminescence sensors for the detection of profenofos, as illustrated in Figure 7C. Under optimal
detection conditions, the ECL response intensity was increased linearly with the profenofos concentration,
witha LCRof 1.34 x 10*-1.34 x 10° nM and a LOD of 4.47 x 10”° nM. Their high electrochemical
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Figure 7. (A) The preparation of CuZr-MOFs (Reproduced with permission 21, Copyright 2025, Academic Press); (B) Fe-MOFs
(Reproduced with permissiont°, Copyright 2024, Elsevier) APT sensors; (C) The preparation of Zn-MOFs (Reproduced with
permissiont4. Copyright 2025, Elsevier), Ru-Eu-MOFs (D) Reproduced with permissiont™*, Copyright 2025, Elsevier) ECL sensors. MOF:
metal organic framework; NP: nanoparticle; PVP: polyvinyl pyrrolidone; TCEP: tis(2-chloroethyl) phosphate; BSA: bovine serum albumin;
TMB: 3,3',5,5'-tetramethyl benzidine; DMF: N, N-dimethylformamide; OP: organophosphorus pesticide; AchE: acetylcholinesterase; ARCI:
acetylcholinesterase; EDC: 1-Ethyl-(3-dimethylaminopropyl) carbodiimide; ECL: electrochemiluminescence; NHS: N-hydroxy succinimide;
PDDA: poly (diallyldimethylammonium chloride); APT: aptamer based.

performance might be attributed to the high capture and catalytic ability of CdTe quantum dot-decorated
Zn-MOFs. In addition, Shen et al."* immobilized tris (2, 2’ -bipyridyl) ruthenium (II) on the surface of
PDDA-modified dual-ligand Eu-MOFs to prepare luminescent materials, and thus constructed ECL sensors
by multiple-step assemble methods involving the immobilization of amino-decorated APT and the
inhibition of bovine serum albumin, as shown in Figure 7D. Using TPrA as co-reactant, the ECL sensors
exhibited high detection performance for four OPs under optimal reaction conditions. The calculated LODs
were 0.0482 ng mL" for phorate, 0.0093 ng mL"' for profenofos, 0.0085 ng mL" for isocarbophos and 0.0893
ng mL" for omethoate, respectively. These findings indicate that ECL sensing is an effective strategy for the
detection of OPs, but the preparation process of ECL sensors need to be further simplified to promote their
practical application in real-time OPs detection.

SUMMARY AND OUTLOOK

The dimensional classifications and preparation technologies of POFs, as well as their advancements in
electrochemical sensing for OPs, were systematically summarized in this review. Numerous POFs-based
electrochemical sensors have been developed for detection OPs. Their LCR ranged from picomolar to
micromolar, and their LOD was as low as picomolar. The RSD values of both repeatability and
reproducibility were below 5%, and the recovery rate in real samples ranged from 90% to 120%. The as-
fabricated sensors exhibited excellent electrochemical detection performance for OPs, but their storage
stability still requires further improvement, with the sensors retaining roughly 80%-95% of their initial
activity after storage at 4 °C for one to four weeks. Although significant breakthroughs have been achieved in
the construction of POFs-based electrochemical sensors, this field remains in its infancy, and numerous
challenges must be addressed prior to their large-scale application. Therefore, prospective research directions
are proposed toward the development of POFs-based electrochemical sensors with outstanding detection
performance, including excellent selectivity, stability, sensitivity and satisfactory reproducibility, as detailed
in the following aspects.

(1) As is well known, POFs represent one of the most critical components in electrochemical sensors. Their
intrinsic structural and compositional stability is closely correlated with both the stable electrochemical
response of sensors under operating conditions and their storage stability. Therefore, it is highly significant
to elucidate the stability mechanism of POFs under these conditions and establish the relationship between
their structural/compositional stability and various synthetic parameters, thereby developing green, rapid
and cost-effective preparation technologies for the large-scale production of highly stable POFs with
controllable composition and structure.

(2) The combination of theoretical methods (including first-principles calculations and molecular dynamics
simulations) and high-resolution characterization techniques (such as in-situ infrared/Raman spectroscopy,
X-ray absorption spectroscopy, and spherical aberration-corrected electron microscopy) can be employed to
deeply analyze the electrochemical mechanism of POFs in NEESs for target OPs detection, and to reveal the
correlation between sensor detection performance and the characteristic structural and compositional
parameters of POFs. Based on the mechanistic analysis and identification of the key parameters governing
the detection performance, machine learning can be utilized to rationally design high-performance POFs for
target OPs, thereby fabricating high-performance NEESs for the specific detection of target OPs.
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(3) Bioactive enzymes serve as core components of EESs. Investigating the interaction mechanism between
POFs and bioactive enzymes is critical for enhancing the immobilization stability of bioactive enzymes,
thereby enabling the construction of high-performance EESs for the detection of OPs detection. In addition,
through in-depth exploration of the active structures of bioactive enzymes toward OPs, the design and
preparation of biomimetic enzymes via biomimetic methods may be another promising route to develop
high-stability electrochemical sensors for OP detection.

(4) To further improve their detection performance for OPs, numerous novel integration strategies need to
be developed to construct advanced electrochemical-related sensors. Investigating the integration
mechanism between electrochemistry and other detection techniques is critical for fabricating multimodal
electrochemical-related sensors for the ultrasensitive detection of OPs.

In summary, through continuous efforts, high-performance POF-based electrochemical sensors will be
developed to realize rapid, efficient, and low-cost real-time detection of OPs. In addition, as one of the most
promising emerging materials, POFs will attract increasing attention in various application fields.
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