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Abstract: Pesticide residues pose significant risks to human health and the environment, emphasizing
the need for sensitive detection and analysis methods. Fluorescence-based sensors, particularly those
utilizing aggregation-induced emission (AIE) fluorophores (AIEgens), have demonstrated exceptional
performance in this area. This review summarizes key advancements in pesticide detection sensors
based on AlEgens, detailing their luminescence mechanisms and fluorescence sensing principles. It
explores various applications of AIEgens in fluorescence sensors, including organic small-molecule
sensors, nanocomposite sensors, metal-organic framework sensors, supramolecular sensors, fluores-
cent porous organic polymer sensors, and lateral flow immunoassay sensors, with specific examples
illustrating their detection mechanisms and performance. This review also discusses current chal-
lenges and future perspectives for the development of these sensors. We anticipate that this review
will serve as a valuable and timely resource for researchers working to advance the development and
application of AIEgens-based sensors in pesticide detection.

Keywords: aggregation-induced emission; pesticide detection; fluorescence sensing; supramolecular
assembly

1. Introduction

Pesticides, whether chemically synthesized or extracted from biological and other
natural substances, are widely used to prevent and control diseases, insects, weeds, rodents,
and other pests that threaten agriculture and forestry. They are also employed to regulate
the growth of plants and insects. With the rapid growth in population and the intensification
of global industrialization, pesticides have become an indispensable and important part
of agricultural production [1,2]. The effective use of pesticides helps reduce pests and
weeds, thus increasing crop product yield [3,4]. However, widespread use, coupled with
high environmental persistence and human reliance, and the misuse of pesticides has
led to significant residues in soil and water [5,6]. These residues pose serious risks by
contaminating food, damaging ecosystems [7-9], and entering the human body through
the food chain, potentially causing health issues and irreversible harm to organs such as the
brain, heart, liver, and lungs [10,11]. Therefore, it is critical to develop sensitive methods
for the detection and qualitative and quantitative analysis of pesticide residues to ensure
human and environmental safety [12].

Several conventional techniques are employed for pesticide detection, including gas
chromatography (GC) [13,14], mass spectrum (MS) [15], GC-MS [16-21], high-performance
liquid chromatography [22,23], spectrophotometry, enzyme-linked immunosorbent assays,
molecularly imprinted assays, nuclear magnetic resonance spectrometry [24], and elec-
trochemical techniques [25,26]. While these methods provide high selectivity, sensitivity,
and the ability to detect pesticides in complex samples, they also present several notable
drawbacks. These include the high cost of instrumentation, lengthy sample preparation
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procedures, complex sampling techniques, limited portability, and the need for specialized
technicians to operate the equipment [27,28]. Additionally, large-scale analytical methods
are often associated with significant manpower and time costs and strict testing conditions
and are unsuitable for rapid quantitative detection or real-time, on-site analysis [29]. As
a result, there is an urgent need for a simpler, faster, and more user-friendly method that
can sensitively and selectively detect pesticide residues in the environment. Fluorescence
detection offers a promising alternative, with advantages such as low detection limits, high
sensitivity, ease of operation, and rapid response times.

Fluorescence detection methods offer several advantages, such as high sensitivity
to target analytes, biocompatibility, and high photoluminescence quantum yield [30-32].
Over the past few decades, researchers have successfully employed these methods for the
detection of a wide range of substances [33-38]. However, additional research is needed
to improve the detection of pesticide residues in environmental settings, particularly in
aqueous environments where most pesticide residues accumulate, creating a complex
detection challenge. In aqueous environments, traditional fluorescent molecules tend to
aggregate, resulting in the weakening or quenching of fluorescence, a phenomenon known
as aggregation-caused quenching (ACQ). This significantly impairs the performance of
fluorescence sensors for detecting pesticide residues [39]. To overcome this challenge,
extensive research has been conducted, and one of the most notable breakthroughs is the
concept of aggregation-induced emission (AIE), first proposed by Tang et al. [40]. Unlike
the ACQ effect, AIE materials exhibit enhanced fluorescence in an aggregated state (e.g., at
higher concentrations or in the solid state), providing a novel approach for developing
fluorescence-based sensing and detection systems [41,42].

AlEgens (aggregation-induced emission fluorophores) [43] can emit bright and stable
light due to their non-planar structure, which prevents 7-rt stacking interactions. This
structure triggers non-radiative decay pathways and restricts molecular motion, enhancing
their luminescent properties. Additionally, AIEgens exhibit several favorable characteristics,
including a high signal-to-noise ratio, high sensitivity, high quantum yield, resistance to
photobleaching, excellent biophysical stability, and cytocompatibility. As a result, AIEgens
have found widespread application across diverse fields such as life sciences, materials
science, physics, and inorganic chemistry, particularly as advanced functional materials
when combined with other systems [44—46].

Based on the above analysis, this review provides a comprehensive summary of
the research progress of AlEgens in fluorescence sensing for pesticide detection. We
discuss the unique luminescence mechanism of AIE materials and the design strategy
for developing AlEgens-based fluorescence sensors. By surveying the limitations and
drawbacks of existing pesticide detection methods, we emphasize the design principles
and practical applications of AIEgens when combined with other functional materials
for detection (Scheme 1). Finally, this review addresses the challenges associated with
AlIE@functional materials in improving detection efficiency and accuracy and proposes
potential directions for future development.
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Scheme 1. Sensors based on AlEgens for pesticide detection.

2. The Luminescence Mechanism of AIEgens and Detection Mechanisms Based on
AlEgens Fluorescence Sensing

2.1. The Luminescence Mechanism of AIEgens

Common organic fluorescent dyes used in chemical sensor detection, such as rho-
damine, fluorescein, and indocyanine green, are known for their high fluorescence quan-
tum yields and sensitivity. However, they also exhibit limitations, including short Stokes
shifts, poor photostability, and insufficient water solubility, which hinder their practical
applications. The introduction of AIE molecules has transformed the understanding of
photoluminescent properties in materials.

The luminescence of AIE materials is widely attributed to the restriction of intramolec-
ular motion (RIM), which encompasses both intramolecular rotation (RIR) and intramolec-
ular vibration (RIV) [47-54]. In a good solvent, AlEgens typically experience nonradiative
decay as energy is dissipated through these intramolecular motions. However, when a
poor solvent is introduced, AIEgens aggregate, which suppresses intramolecular motion
and shifts the energy dissipation pathway towards radiative decay. Unlike conventional
organic fluorescent molecules, the aggregated state of AIEgens inhibits intermolecular
stacking, resulting in high fluorescence quantum yields and exceptional photostability in
both aggregated and solid states.
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Currently, AIEgens based on the classical RIM mechanism include tetraphenylethylene
(TPE), hexaphenylsilole, cyanostilbene, and 9,10-distyrylanthracene, all of which exhibit
remarkable AIE characteristics and excellent luminescence controllability. [55-57] These
materials are easy to synthesize and functionalize, making them valuable for applications in
pesticide detection. Furthermore, “irregular AIEgens” [58] and natural AIEgens [59] have
emerged, broadening the scope of AIE materials. Irregular AlEgens, which include nan-
odots, metal nanoparticles, and non-conjugated polymers, lack rotating aromatic moieties
but still demonstrate superior optical properties, multifunctionality in surface modification,
unique surface plasmon resonance, and electrical catalysis. These materials hold significant
potential for detecting pesticide residues [60,61]. Natural AlEgens, derived from sustain-
able biomass materials, offer advantages such as sustainability, low cost, biocompatibility,
and ease of preparation. They particularly excel in pest and disease management [62].
Overall, advancements in molecular engineering have resulted in diverse structural forms
of AIE molecules, providing a robust foundation for designing innovative AIE probes.

2.2. Detection Mechanism Based on AIEgens Fluorescence Sensing

AlEgens-based fluorescent sensors offer a diverse range of detection mechanisms,
depending on the chemical structure and optical properties of the target analyte [63—68].
The main detection mechanisms include the following:

(i) Chemical interaction-based detection: These sensors are equipped with chemically
reactive groups capable of protonation or deprotonation. Interactions between the sensor
and the target molecule can alter the optical properties or solubility of the mixture, resulting
in a detectable signal. (ii) Interaction-based detection: This mechanism involves interactions
such as metal-ligand coordination, electrostatic bonding, hydrogen bonding, and 7-7t inter-
actions. These interactions can induce changes in the optical properties or effects between
the sensor and the target substance, facilitating detection. (iii) Photophysical process-based
detection: This approach relies on changes in photophysical processes in the presence of the
target substance. Key processes include the following: (1) intramolecular charge transfer
(ICT)—involves electron-donating and electron-accepting groups. Interaction with the tar-
get alters the electronic properties of these groups, affecting fluorescence; (2) photoinduced
electron transfer (PET)—the interaction between electron-rich and electron-deficient com-
ponents modifies the highest occupied molecular orbital (HOMO) and lowest unoccupied
molecular orbital (LUMO) energies, leading to changes in fluorescence; (3) Forster reso-
nance energy transfer (FRET)—requires physical proximity between donor and acceptor
molecules, with the emission spectra of the donor overlapping with the absorption spectra
of the acceptor; (4) excited state intramolecular proton transfer (ESIPT)—excitation causes
electron delocalization and hydrogen proton transfer through intramolecular hydrogen
bonding, resulting in structural transitions and reciprocal isomerism; (5) internal filtering
effect (IFE)—in the system, there must be a substance that can absorb excitation light or
emitted light, and the absorption spectrum of this substance has an overlapping part with
the excitation spectrum of the fluorescent substance. (iv) Biomolecular detection: This
method includes lateral flow immunoassay devices or the conjugation of biomolecules
(such as peptides, antigens, and antibodies) to AlEgens. This approach is used for the
specific detection and identification of analytes through biomolecular interactions.

3. Application of AIEgens in the Detection of Pesticide Residues in
Fluorescence Sensors

Based on the detailed mechanisms outlined above, we have categorized the appli-
cation of AlEgens in fluorescence sensors for pesticide detection into several key areas:
AlIE-small molecules [27,69-71], AIE-nanocomposites [28,72-75], AIE-organic metal frame-
works [76-78], AIE-supramolecules [79-82], AIE-porous organic polymers [83-85], and
AlE-lateral flow immunoassays [86]. This section highlights the distinct advantages of
AlEgens over traditional fluorescent groups, focusing on their integration with various
functional materials to enhance optical properties, broaden detection ranges, and enable
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visual identification of pesticide residues. Table 1 summarizes the AIE sensing platforms
that have been developed for these applications.

Table 1. Summary of sensing type, LOD, and mechanism of AIE-type sensors for pesticide detection.

Sensor Type Sensor Analyte LOD Detection Range Sensing Type Mechanism Ref.
Organophosphorus . ~ Specific recognition and
Al pesticides 0.008 mg/L 0.009-22.5 mg/L Turn-on chemical interaction (271
.. Specific recognition and
Sl A2 Carbamate pesticides 27.8 ng/mL 0 ng/mL-50 g/mL Turn-off chemical interaction [69]
. . Photophysical
molecules A3 Trifluralin 6.28 pug/L 20-90 pg/L Turn-off quenching process [70]
Photophysical
A4 Paclobutrazol 9.3 x 1078 M 2x107-9x 107°M Turn-on change process and [71]
solubility change
04 ug/L 1-50 mg/L
Organophosphorus (Fluorescence) (Fluorescence) ~ Specific recognition and
AS pesticides 0.09 nug/L 0.1-50 mg/L Turn-off molecular self-assembly (72l
(colorimetric) (colorimetric)
Specific recognition and
Nanocomposites A6 Paraoxon 0.38 ng/mL 0.8-60 ng/mL Turn-off Ir?olecular se%f-assembly [73]
A7 Ethion 0.96 mM 0-50.0 mM Turn-on chemical interaction [74]
Organophosphorus . .
A8 pesticides 1pug/L 1-100 ng/L Turn-off Specific recognition [75]
A9 / / / / Specific recognition [28]
Imidacloprid (IM),
A10 Thiamethoxam (TH) 557 g/ L (IM) 1-20,000 pg/L / solubility change 761
pesticides 0.98 pg/L (TH)
Organic metal N
. 3 _ - oncovalent
frameworks All Methyl parathion 1.3 x 107° mg/L 0.1-5mg/L Turn-off interaction [77]
Al2 Glyphosate 0.28 nM 0-100 nM Turn-off Specific recognition and [78]
chemical interaction
Specific recognition and
Al3 Carbaryl 0.007 ug/L 0.02-2.00 ug/L Ratiometric photophysical [79]
change process
Specific recognition and
S lecul P g
D blies | Al4 Fipronil 0.05 UM 0-1 M Ratiometric photophysical [80]
change process
Al5 Paraquat 154.1 nM 0-120 uM Turn-on Noncovalent interaction [81]
Al6 Paraoxon methyl 501 uM 0-45 mM Turn-on Specific recognition and [82]
molecular self-assembly
Trifluralin, Isopropalin, .
Al17 Glyphosate, Fenitrothion, / / Turn-off uz?\gﬁ?ghysrlgiss [83]
Imidacloprid, Cyfluothrin q &P
. . . 30-1100 ppb
Imidacloprid, Cyfluothrin, .
Porous organic A18 Trlioﬂumiz}clxle, (Al8-1) / Turn-off Photgphysmal [84]
polymers Lambda-cyhalothrin 83&21087_2[;pb quenching process
Imidacloprid, Triflumizole, 28-2570 ppb
Lambda-Cyhalothrin, (A19-1) ~ Photophysical
A19 Acetamiprid and 0.13-2.54 ppm / Turn-off quenching process (8]
Indoxacarb (A19-2)
Lateral flow A20 Chlorothalonil 1.2 pg/mL 0-500 ng/mL Turn-off Specific recognition [86]

immunoassays

3.1. Detection of Pesticides Using Organic Fluorescent Small-Molecule Sensors Based on AIEgens

Organic small-molecule sensors utilizing AIEgens rely on the AIE properties of these
compounds. By selecting AIEgens with specific optical properties or those that interact
with pesticide molecules and by designing and synthesizing these molecules to tailor their
luminescence properties and sensitivity, these sensors achieve high sensitivity and selective
detection of pesticides.

For instance, Liu et al. synthesized tetraphenylethylene derivatives TPE-1 (Al-1)
and TPE-2 (A1-2) with different aldehyde groups (Figure 1a) [27]. Both probes exhibited
notable AIE characteristics, but A1-2 demonstrated lower quantum yield and sensitivity to
pH compared to Al-1. Consequently, Al-1 was selected for detecting organophosphorus
pesticides (OPs) (Figure 1b,c). The detection mechanism of Al-1 is based on the irreversible
inhibition effect of OPs on the activity of acetylcholinesterase (AChE). This inhibition
reduces the hydrolysis of acetylthiocholine iodide (ATCh) to acetic acid, diminishing the
protonation of Al-1 and thereby initiating a fluorescence signal for OP detection (Figure 1d).
Essentially, the presence of OPs inhibits AChE, decreases acetic acid production, reduces
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A1-1 protonation, and restores fluorescence, enabling “turn-on” detection of OPs. Practical
applicability was further validated through standard addition experiments in real water
samples, with recoveries ranging from 98% to 112%, highlighting the potential of A1-1 as
an effective pesticide detection probe.
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Figure 1. (a) Structures of A1-1 and A1-2; (b) Fluorescence intensity at emission wavelengths of
446 nm and 593 nm for different water contents. Inset: Fluorescence images at varying water fractions
(0%, 20%, 40%, 60%, 80%, and 90%); (c) Fluorescence intensity of Al-1 at different pH values at
446 nm and 593 nm. (Aex = 365 nm); (d) Detection mechanism of Al-1 for OPs. (Reproduced with
permission from ref. [27]. copyright 2019 Elsevier).

Shen et al. designed and synthesized the probe CBZ-FP (A2) based on a chromophore
of AIE fluorescent protein (Figure 2a inset) [69]. This probe has a large Stokes shift, en-
hanced fluorescence, and low background noise (Figure 2a,b). It can indirectly detect
carbamates by assessing the activity of carboxylesterases (CESs). The ester group in A2
serves as a specific reactive substrate for CESs. The reaction of the ester group with CESs
increases the carboxyl group’s electronegativity, leading to enhanced fluorescence. How-
ever, the presence of carbamate pesticides inhibits carboxylesterase 1 (CES1), preventing
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the hydrolysis reaction in A2 and resulting in reduced fluorescence intensity, thus enabling
the detection of carbamates (Figure 2c). Probe A2 achieved a limit of detection (LOD)
of 27.8 ng/mL for carbamate pesticides, demonstrating its effectiveness and providing a
useful method for pesticide detection.
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Figure 2. (a) Relative absorbance and fluorescence spectra of A2 (10 uM) in CH3CN/PBS buffer
(v/v=1/1) at 25 °C. Inset: Structure of compound A2; (b) Fluorescence images of A2 under UV
light and daylight; (c) Schematic illustration of the binding mechanism for A2 in the detection of car-
boxylesterases and carbamates. (Reproduced with permission from ref. [69]. copyright 2021 Elsevier).

Zhang et al. synthesized the AlEgens-based small-molecule fluorescent probe TPETPy
(A3) through a one-step reaction (Figure 3a) [70]. The fluorescence properties of A3 were
investigated in THF/H,;O mixed solvents with varying water fractions, and its sensing
performance for trifluralin was evaluated (Figure 3b,c). The detection mechanism of
trifluralin using probe A3 relies on the PET mechanism. Upon ultraviolet light excitation,
A3 and trifluralin exhibit well-matched energy levels, facilitating effective electron transfer
from the excited-state A3 molecule to the ground-state trifluralin molecule. This electron
transfer results in the fluorescence quenching of A3, enabling the detection of trifluralin.
Additionally, a smartphone-integrated sensing platform was developed based on A3 for
trifluralin detection, which allowed for real-time output of the RGB (red, green, and blue)
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values in the fluorescence mode (Figure 3d). This platform enabled real-time and on-site
quantitative monitoring of trifluralin, and its practical applicability was confirmed through
standard addition experiments.
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Figure 3. (a) Structure of compound A3; (b) PL spectra of A3 in THF/water mixtures with varying
water fractions. Inset: Variation of PL intensity with different water contents, with corresponding
photos showing A3 solutions in THF /water mixtures with 0% and 90% water content; (c) Fluorescence
spectra of A3 (1 uM) in the presence of increasing concentrations of trifluralin (20-1000 pg L=1);
(d) Fluorescence images of A3 upon the addition of trifluralin (0-90 ug LY, along with a schematic
diagram showing the real-time recognition of RGB values of the A3 probe using a smartphone color
recognizer. (Reproduced with permission from ref. [70]. copyright 2024 Elsevier).

Yang et al. synthesized the AlE-active small-molecule probe TPS (A4) using benzoyl,
aniline, and p-acetamidobenzaldehyde as starting materials (Figure 4c) [71]. A4 exhibits a
pronounced AIE effect and demonstrates significant “turn-on” and “color change” fluores-
cence responses to paclobutrazol, with a LOD of 9.3 x 1078 M (Figure 4a,b). The detection
mechanism involves the formation of a new aggregation effect when A4 interacts with
paclobutrazol through hydrogen bonding, which reduces the energy gap and results in
enhanced fluorescence (Figure 4c). To assess the practical applicability of A4 for simple,
real-time, and in situ detection of paclobutrazol in agricultural production and daily life,
its selective detection capability was evaluated in real sample environments (Figure 4d,e).
The results confirmed the high effectiveness of A4, highlighting its potential for practical
pesticide detection applications.
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Figure 4. (a) Fluorescence intensity of A4 as a function of water content. Inset: Fluorescence pho-
tographs of A4 in water fractions of 0%, 80%, and 95%; (b) Fluorescence spectra of A4 (1.0 x 107> M) in
DMSO/H;0 (5/95) solution with various pesticides and metal ions (1.0 x 107> M each, Aex = 380 nm).
The labeled peaks correspond to: 1 =A4,2=1+Na*,3=1+K",4=1+ Ca?*,5=1+ Mg2+, 6=1+Al,
7 =1+ thiamethoxam, 8 =1 + hexazinone, 9 = 1 + fluroxypyr, 10 = 1 + clopyralid, 11 =1 + carbendazim,
12 = 1 + quizalofop-pethyl, 13 = 1 + glufosinate-ammonium, 14 = 1 + N-(Phosphonomethyl) glycine
2-propylamine, 15 = 1 + mancozeb, 16 = 1 + thiophanate-methyl, 17 = 1 + sulfometuron-methyl,
18 = 1 + triclopyr 2-butoxyethyl ester, 19 = 1 + triadimefon, 20 = 1 + monosultap, 21 = 1 + molosultap,
22 =1 + metaldehyde, 23 = 1 + bromoxynil octanoate, 24 = 1 + paclobutrazol. Inset: Photographs
showing A4 alone and A4 with paclobutrazol; (c) Proposed sensing mechanism of A4 for paclobutra-
zol detection; (d) Photographs of real leaf samples (Ophiopogon japonicus, loquat tree, longan tree and
guava tree) treated with paclobutrazol and A4, under daylight and UV light (365 nm). The samples
were sprayed with a solution of paclobutrazol followed by A4; (e) Application on A4 (1.0 x 10~° M)
for the detection of paclobutrazol in lotus pond soil soaking solution samples. (Reproduced with
permission from ref. [71]. copyright 2024 Elsevier).
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The studies above employ fluorescent probes made from organic small molecules
with specific structures. Using mechanisms like AIE and PET, these probes achieve highly
sensitive and selective detection of pesticides, including OPs, carbamates, and trifluralin.
The development of portable detection platforms for use in complex environments further
highlights the potential of composite materials combining AlEgens and organic small
molecules for effective pesticide detection.

3.2. Detection of Pesticides by Nanocomposite Sensors Based on AIEgens

Combining AlEgens with nanocomposites can utilize the unique fluorescence charac-
teristics of AIEgens and the special properties of nanocomposites to achieve high-sensitivity
and high-selectivity pesticide detection [87,88]. The detection mechanisms of such sen-
sors generally fall into three types: (i) Fluorescence change of AlEgens: When pesticides
interact with AIEgens within the nanocomposite, they may alter the aggregation state of
AlEgens, leading to changes in fluorescence intensity or wavelength. These changes can
be used to quantitatively or qualitatively detect pesticides by monitoring the fluorescence
signal. (ii) Nanomaterial properties: Nanocomposites can enhance the fluorescence of
AlEgens through various mechanisms. For instance, the surface plasmon resonance effect
of metal nanoparticles can amplify AlEgens’ fluorescence, while the conductivity of carbon
nanomaterials can be utilized in electrochemical sensors. Pesticides are detected by mea-
suring changes in current or potential. (iii) Multiple signal detection: By combining the
fluorescence signal of AlEgens with other properties of nanomaterials (such as resistance
or capacitance), multiple signal detection can be achieved. This approach improves the
accuracy and reliability of pesticide detection.

For example, Liu et al. developed the MnO,-AuNCs-5iO; composite material (A5)
through the self-assembly of Au nanoclusters (AuNCs), silica nanoparticles (5O, NPs),
and manganese dioxide (MnO;) nanosheets (Figure 5a) [72]. This composite was used
for dual-mode fluorescence and colorimetric detection of OPs. The detection mechanism
involves the electrostatic adsorption of weakly fluorescent AuNCs onto the surface of SiO,,
which enhances their AIE properties and amplifies the fluorescence signal. In the presence
of alkaline phosphatase (ALP), sodium L-ascorbyl-2-phosphate (AAP) is dephosphorylated
to produce ascorbic acid (AA). AA decomposes MnO,, causing the solution to change
from brown to colorless, thereby restoring the fluorescence of AuNCs-5i0;. When OPs,
such as acephate, are present, they inhibit ALP activity, reducing AA production and
preventing the complete decomposition of MnO,. This results in weakened fluorescence
recovery and increased absorbance. The practical performance of A5 was demonstrated by
applying it to fresh vegetables and test papers for in situ imaging (Figure 5b,c) and visual
semi-quantitative detection of OPs, showcasing the significant potential of AIEgens-based
nanocomposites for practical applications.

Chi et al. synthesized an amphiphilic polymer (PTD) containing AIE-active fluo-
rophores and quaternary ammonium salt groups via free radical copolymerization, which
self-assembled into AIE-active nanoparticles (A6) (Figure 6a) [73]. A sensor A6@AuNPs for
highly sensitive OP detection was developed using A6 as the fluorescence signal reporter
and gold nanoparticles (AuNPs) as the nanoquencher (Figure 6b). Electrostatic interactions
between A6 and AuNPs caused FRET, which quenched the fluorescence of A6. In the pres-
ence of ATCh, AChE hydrolyzed it to produce thiocholine. Thiocholine then competitively
bound to AuNPs, preventing FRET and thereby enhancing fluorescence However, when
OPs are present, the activity of AChE is effectively inhibited, resulting in the absence of
thiocholine production. The inhibition of AChE activity leads to the obstruction of the
FRET effect, and no enhanced fluorescence can be detected, thereby achieving the detection
of OPs (Figure 6c). This work advances high-performance AIE nanoparticles and broadens
their application scope.
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Figure 5. (a) Schematic illustration of the detection mechanism for OPs using A5; (b) Visible imaging
of acephate at various concentrations on the surface of fresh cabbage; (c) Color changes on A5 test
paper [i] and in an A5 solution in a tube [ii] at different acephate concentrations, with the presence of
ALP and AAP. (Reproduced with permission from ref. [72]. copyright 2020 Elsevier).

Zang et al. prepared a silver cluster (Agps, denoted as A7) by combining the AIE-active
ligand 1,1,2-triphenyl-1-buten-3-yne (TPBA) with silver ions, which was used to detect
ethion among OPs [74]. TPBA exhibits AIE characteristics. Emitting cyan fluorescence in
both its aggregated and solid states. The cluster A7 consists of twelve TPBA ligands, eight
tert-butylthiol ligands, and two encapsulated NO ions (Figure 7a). The presence of sulfur
in OPs, such as ethion, can effectively disrupt A7 and release the AlE-active fragments.
This disruption leads to a “turn-on” fluorescence emission change, enabling the successful
detection of ethion (Figure 7b). A7 demonstrated high selectivity for ethion, with a LOD of
0.96 mmol/L.
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Figure 6. (a) Schematic representation of A6 fabrication through the self-assembling strategy;
(b) Schematic illustration of the interaction between A6 and AulNPs; (c¢) Schematic of A6@AuNPs
biosensors for highly sensitive detection of AChE and OPs. (Reproduced with permission from
ref. [73]. copyright 2019 American Chemical Society).

Xue et al. developed a fluorescent sensor (TPE-SiO,-MnQO,, denoted as A8) for OP
detection, combining tetraphenylethylene derivative (BSPOTPE), SiO, nanoparticles (5iO,
NPs), and MnO, nanosheets (Figure 8a) [75]. BSPOTPE and SiO; NPs, being oppositely
charged, form a stable electrostatic assembly and emit strong fluorescence. However, the
presence of MnO; nanosheets quenches the fluorescence of the BSPOTPE-5iO, nanocom-
posites. When thiocholine (TCh) is present, it decomposes the MnO; nanosheets, restoring
the fluorescence of the BSPOTPE-S5iO, nanocomposites. This interaction enables the detec-
tion of OPs through their inhibitory effect on AChE, which is translated into a “turn-off”
fluorescence signal. To streamline the detection process, the researchers also created a
fluorescent test strip for OP measurement (Figure 8b). This “switchable” fluorescent sensor
shows great potential for in-situ and field inspections.
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Figure 7. (a) The structure and coordination mode of the A7 cluster; (b) Proposed mechanism for
the interaction between A7 and ethion. (Reproduced with permission from ref. [74]. copyright 2021
Chinese Chemical Society).

Yin et al. developed a TPE-based AIE star polymer (TPE-Pn), with the optimized
polymer TPE-P50 (A9) being utilized as a multifunctional nanocarrier for simultaneous
delivery of the pesticide dinotefuran (DIN) and double-stranded RNA (dsRNA) [28].
The A9 polymer features a TPE core, which is hydrophobic, and poly(2-(dimethylamino)
ethyl methacrylate) (PDMAEMA) arms, which are hydrophilic (Figure 9a). The positively
charged PDMAEMA arms facilitate the formation of hydrogen bonds and electrostatic
interactions with DIN and dsRNA, resulting in the dsRNA/DIN/A9 complex (Figure 9b).
The combination of the twisted TPE core and the positively charged PDMAEMA arms
enhances the encapsulation of DIN and dsRNA, significantly improving the co-loading
efficiency of these agents. This complex effectively facilitates the uptake and delivery of
DIN and dsRNA to target pests, resulting in enhanced pest control. The loading efficiency of
DIN using A9 was increased by 28% compared to commercial pesticides. By incorporating
AlEgens, this approach not only improves the co-delivery efficiency of the drug and genetic
material but also provides a new strategy for synergistic pest control, overcoming the
limitations of traditional chemical and genetic insecticides.
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Figure 8. (a) Schematic illustration of the sensing mechanism for OPs using the A8 nanocomposites;
(b) Detection of paraoxon with the A8 nanocomposites test paper strip. (Reproduced with permission
from ref. [75]. copyright 2019 Elsevier).

All the aforementioned studies utilize fluorescent sensors designed with AIE molecules
and nanomaterials that possess unique properties, such as AIE polymers, nanocomposites,
and silver clusters. By utilizing various mechanisms—including AIE characteristics, FRET,
IFE, and enzymatic reactions—these sensors achieve highly sensitive and selective detec-
tion or imaging of pesticides. Notably, some studies have developed portable detection
platforms and conducted practical applications, specifically examining the interactions
between sensors and pesticide molecules. These findings underscore the feasibility and
significant application potential of integrating AlEgens with nanomaterials for effective
pesticide detection.
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Figure 9. (a) Synthetic route of TPE-Pn; (b) Schematic illustration of the preparation of the
dsRNA/DIN/A9 complex for enhanced co-loading of pesticides and synergistic pest control. (Repro-
duced with permission from ref. [28]. copyright 2023 Chinese Chemical Society).

3.3. Detection of Pesticides by Metal-Organic Framework Sensors Based on AIEgens

Combining AIEgens with metal-organic frameworks (MOFs) for pesticide detection
can enhance selectivity and stability and enable diverse detection modes through function-
alization such as fluorescence, colorimetry, and electrochemistry [89].

For example, Jiang et al. developed the luminescent MOF UiO-66-NH,; (A10), which
effectively detects imidacloprid (IM) and thiamethoxam (TH) by evaluating its selectivity,
anti-interference capability, and fluorescence sensing mechanism (Figure 10) [76,90]. In
the presence of IM or TH, A10 forms aggregates, increasing particle sizes to 63,628.57 nm
(IM) and 77,068.65 nm (TH) and altering zeta potentials to —14.39 mV (IM) and —14.31 mV
(TH). The LOD for A10 are 5.57 ug/L for IM and 0.98 ug/L for TH. A10 also successfully
detected IM and TH in real juice samples, with recoveries between 85% and 116%. This
study highlights the potential of A10 for rapid and selective sensing of pesticides in
environmental and food matrices.
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Figure 10. Structure of compound A10. (Reproduced with permission from ref. [90]. copyright 2023
Multidisciplinary Digital Publishing Institute).
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Li et al. synthesized a luminescent MOF (LMOF) in situ using 2,2,6,6-tetramethyl-1-
piperidinyloxy (TEMPO)-oxidized cellulose nanofibers (TOCNF) as a template, creating
TOCNEF/LMOF hybrids (A11) that were fabricated into two-dimensional hybridization
pads for detecting methyl-parathion (Figure 11a,b) [77,91]. The ligand 1,2,4,5-tetrakis (4-
carboxyphenyl) benzene (H4TCPB) within the LMOF exhibits AIE properties (Figure 11c),
which enhance fluorescence by restricting the rotation and vibration of the phenyl ring
and inhibiting nonradiative decay pathways. This enhancement improves the interaction
between the ligand and the target analyte, thus boosting the sensing capability. The
detection of methyl-parathion with A11 relies on the interaction between the ligand and
the pesticide, leading to fluorescence quenching through charge transfer (Figure 11d,e).
This approach enables quantitative detection of pesticides through changes in fluorescence
intensity and offers a practical and sustainable platform for AlEgens-based pesticide
sensing using MOFs.

White light i

TOCNF A111  A112 A11-3 |

White light 1

Figure 11. (a) Illustration of the porous channel of the LMOF; (b) Visual appearance of TOCNF and
A11, including three hybrid pads (A11-1, A11-2, and A11-3) under white and UV light; (c) Molec-
ular structure of the H4TCPB ligand; (d) Illustration of quenching and photographs showing A11
responses at concentrations of 0, 0.2, 1, 2, and 5 mg/L under white and UV light; (e) Schematic repre-
sentation of the sensing mechanism for methyl parathion using A11. (Reproduced with permission
from ref. [77]. copyright 2024 Elsevier).

Zhang et al. developed a highly luminescent nanocomposite, GSH-AuNCs@ZIF-8
(A12), by embedding glutathione-protected gold nanoclusters (GSH-AuNCs) within a
MOF (ZIF-8) (Figure 12a) [78]. A12 demonstrates sensitive detection capabilities for Cu?t
and OPs. The confinement effect of ZIF-8 enhances the stability of GSH-Au NCs and
amplifies the AIE effect by restricting their intramolecular motion, significantly improving
fluorescence performance. The detection mechanism involves a fluorescence quenching
upon binding of A12 to Cu®*. However, TCh can coordinate with Cu?* through sulfhydryl
groups, restoring the fluorescence in the Cu?* + A12 system. OPs inhibit AChE activity,
reducing TCh production and preventing fluorescence recovery, which allows for the
detection of OPs (Figure 12b). As shown in Figure 12¢, there is a strong linear relationship



Appl. Sci. 2024, 14, 8947

17 of 29

between the green/red fluorescence ratio and the concentrations of Cu?>* and glyphosate in
the range of 0-5 uM, with detection limits estimated at 0.05 uM for copper ions and 0.93 nM
for glyphosate, based on 30/k calculations. This sensor enables both semi-quantitative
detection by the naked eye and quantitative/accurate detection via a smartphone platform,
underscoring its potential for pollution monitoring.
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Figure 12. (a) Schematic diagram of the synthesis of A12; (b) Schematic representation of OP detection
based on the Cu2* +A12 system; (c) Fluorescence images demonstrating detection with hydrogel A12
upon the addition of different concentrations of Cu?* (0-5 uM) and glyphosate (0-100 nM) under
300 nm UV light; RGB analysis of the fluorescent images was performed using a color recognizer app
on a smartphone. (Reproduced with permission from ref. [78]. copyright 2023 Elsevier).

The aforementioned studies leverage the unique properties of AIEgens and MOF ma-
terials (such as UiO-66-NH; and GSH-Au NCs@ZIF-8). By employing various mechanisms
(including fluorescence enhancement, AIE, metal-ion adsorption, and fluorescence quench-
ing), they achieve highly sensitive and selective detection of pesticides. Some research has
focused on developing portable detection platforms (like 2D sensing pads and hydrogel
sensors based on smartphone technology) or validating practical applications, thereby
highlighting the significant application potential of these composite materials.

3.4. Detection of Pesticides by Supramolecular Assemblies Based on AIEgens

Supramolecular assemblies of AIEgens offer advantages for pesticide detection, in-
cluding high sensitivity, strong specificity, rapid response, and simple operation [92]. These
sensors primarily detect pesticides based on the interaction between supramolecular as-
semblies of AIEgens and pesticide molecules. When pesticide molecules interact with these
assemblies, they specifically bind to the AlEgens, causing a change in fluorescence signal.
This fluorescence change can be used to detect the presence and concentration of pesticides.
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For example, Guo et al. designed and synthesized an esterase-activated AIE and
ESIPT probe (A13), suitable for the sensitive ratio detection of carbaryl (Figure 13a) [79].
This probe functions as a supramolecular system where kaempferol tetraacetate interacts
with esterase, resulting in fluorescence changes through supramolecular interactions. The
acetate group in A13 acts as the esterase reaction site and initiates AIE + ESIPT. Esterase
specifically hydrolyzes A13 into kaempferol, which exhibits AIE + ESIPT properties. Car-
baryl inhibits esterase activity, reducing the generation of kaempferol, and thus enabling
the ratio detection of carbaryl by measuring the fluorescence emission decrease at 415 nm
and the ESIPT emission increase at 530 nm (Figure 13b,c). A13 has also been successfully
used in real sample detection, presenting a new approach for constructing robust pesticide
detection systems.
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Figure 13. (a) Structure of compound A13; (b) Fluorescence spectra of kaempferol tetraacetate
(10.00 png mL~1) incubated with esterase (0.60 U mL~1) in the presence of carbaryl (0-2.50 pg LY
at pH 7.4, showing the linear relationship between Fs3p/F415 and the concentration of carbaryl;
(c) Schematic representation of the activatable AIE + ESIPT probe for ratiometric sensing of carbaryl.
(Reproduced with permission from ref. [79]. copyright 2022 Elsevier).

Wu et al. developed a novel supramolecular AIE fluorescent probe, LIQ-TPA-TZ@HSA
(A14), for real-time detection of fipronil (FPN) (Figure 14a) [80]. Al4 is created by embed-
ding the AlE-active fluorescent compound LIQ-TPA-TZ into the binding pocket of serum
albumin (HSA). Upon exposure to FPN, LIQ-TPA-TZ is released into the solution, causing
fluorescence changes that facilitate detection. The AIE and intramolecular charge transfer
properties of LIQ-TPA-TZ enhance the sensitivity of A14, enabling effective colorimetric
analysis of FPN. Additionally, A14 can be applied to portable paper test strips for quick and
convenient colorimetric determination of FPN by visual inspection (Figure 14b), offering a
practical platform for pesticide detection using supramolecular fluorescent probes.

Yuan et al. designed and synthesized a tetraphenyl ethylene derivative, TPE-4P (A15),
functionalized with four pillar[5]arenes as a fluorescent chemical sensor for paraquat detec-
tion (Figure 15a) [81]. The pillar[5]arenes in A15 serve as recognition units for capturing
paraquat molecules. When paraquat forms a host-guest complex with the pillar[5]arenes,
the energy of the excited TPE molecules is dissipated as light radiation, resulting in strong
fluorescence emission and allowing for the quantitative detection of paraquat. Addition-
ally, the A15 solution was used to create a test paper that simplifies paraquat detection,
demonstrating the excellent potential for practical applications (Figure 15b). The successful
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performance of A15 in paraquat detection offers a new perspective on the development of
pesticide sensors and shows significant potential for future growth.
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Figure 14. (a) Schematic illustration of the A14 probe for the colorimetric and ratiometric detection
of FPN (Inset: Structures of LIQ-TPA-TZ and FPN); (b) Preparation and testing procedures of the
Al4-based paper strips; inset: Photographs of the Al4-based paper strip in the absence (left) and
presence (right) of FPN under a UV lamp (365 nm). (Reproduced with permission from ref. [80].
copyright 2023 Royal Society Chemistry Publishing).

Singh et al. developed a simple and rapid fluorescent probe based on an anionic
TPE derivative Su-TPE (A16) for detecting trypsin and methyl paraoxon (Figure 16) [82].
This probe operates through a supramolecular assembly formed between A16 and a poly-
cationic protamine molecule (PrS). A16 does not fluoresce in isolation but emits intense
fluorescence when aggregated. PrS, a cationic polyelectrolyte and natural substrate for
trypsin, electrostatically interacts with the tetra-anionic A16 molecules, causing their ag-
gregation and the formation of supramolecular complexes (A16/PrS). In the presence of
trypsin, PrS is enzymatically degraded, leading to the disintegration of the supramolecular
assembly and enabling trypsin detection. When methyl paraoxon (POM) is present, trypsin
activity is inhibited, and the fluorescence of the A16/PrS system is restored, allowing
for the detection of OPs. This probe, with a detection limit of 500 uM for POM, offers
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a simple and convenient method for detecting OPs and shows significant potential for
practical applications.
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Figure 15. (a) Schematic structure of the compound A15 and illustration of the paraquat sensing
process; (b) Fluorescence intensity changes of Al5-based test strips after treatment with varying
concentrations of paraquat (0-120 uM). (Reproduced with permission from ref. [81]. copyright
2022 Elsevier).

Figure 16. Schematic representation of PrS-dependent AIE of A16 and its application for the detection
of trypsin and OPs. Inset: Chemical structure of A16 (Reproduced with permission from ref. [82].
copyright 2021 Elsevier).
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The studies utilize materials with AIE properties and supramolecular characteristics
(e.g., kaempferol tetraacetate, LIQ-TPA-TZ@HSA, TPE-4P, and Su-TPE/PrS) to design
fluorescent sensors. By employing mechanisms like the AIE principle and host-guest inter-
actions, they achieve sensitive and selective detection of pesticides and biological enzymes.
Portable detection platforms, such as test strips, have been developed, emphasizing the
potential for co-developing supramolecular and AIE materials.

3.5. Detection of Pesticides by Porous Organic Polymer Sensors Based on AIEgens

Integrating AlEgens with porous organic polymers boosts sensitivity, selectivity, mul-
tifunctionality, stability, and reusability in pesticide detection. This approach utilizes the
combined effects of AIE and various mechanisms to achieve effective sensing and detection.

For example, in 2020, Wang et al. synthesized three fluorescent porous organic poly-
mers containing N-benzylcarbazole groups PAN-C (A17-1), PAN-C-Br (A17-2), and PAN-
C-OCHj3 (A17-3) through a one-step polymerization reaction for the identification and
detection of six pesticides in water (Figure 17a,b) [83]. The carbazole moiety in these poly-
mers is electron-rich due to the conjugation between the benzene ring and the nitrogen atom,
while the pesticides are electron-deficient due to the presence of electron-withdrawing
groups such as phosphorothioates, nitro groups, and electronegative fluorine and chlorine
atoms. This results in a higher LUMO energy for the polymers compared to the pesticides,
allowing for excited-state electron transfer from the LUMO orbitals of the polymer to the
pesticide molecules, which leads to fluorescence quenching. Additionally, A17-1-coated
sensing test strips were used for pesticide detection, demonstrating a rapid color change
within 1-2 s upon contact with the pesticide solution, indicating a fast fluorescent response
(Figure 17c¢). The paper could be easily regenerated by rinsing with ethanol, with the bright
cyan color and fluorescence intensity remaining stable after 12 cycles, showcasing excellent
reusability (Figure 17d).

Inspired by the above-mentioned work, in 2022, Wang et al. synthesized two mi-
cro/mesoporous fluorescent polymers, JY1 (denoted as A18-1) and JY2 (denoted as A18-2),
which feature AIE-active chromophores for visual detection of pesticides (Figure 18a) [84].
These probes are capable of detecting four pesticides: imidacloprid (IDP), triflumizole
(TFZ), lambda-cyhalothrin (LCT), and cyfluthrin (CFT). The detection mechanism relies
on a donor-excited PET process. Under UV light, electrons in the ground state of the
chromophore are excited to the LUMO orbitals. In this excited state, the electrons can
transfer to the LUMO orbitals of the pesticide molecules, leading to fluorescence quenching
(Figure 18b). By introducing AlEgens into porous fluorescent polymers, the high sensitivity
and anti-interference ability for pesticide detection could be achieved. Moreover, A18-1
has been developed into a portable fluorescent detection plate, enabling convenient and
reusable on-site monitoring and early warning of pesticide residues (Figure 18c). This
advancement offers significant potential for practical applications in pesticide detection.

In the same year, Wang et al. also synthesized two AlE-active fluorescent porous
polymers, PAN-TPE-1 (A19-1) and PAN-TPE-2 (A19-2) (Figure 19a,b), and investigated their
chemical sensing properties for five pesticides: IDP, acetamiprid (AMP), TFZ, indoxacarb
(IXC), and LCT [85]. They evaluated the fluorescence spectra of A19-1 and A19-2 in
aqueous solutions with varying pesticide concentrations and quantitatively assessed their
sensitivity using the fluorescence quenching Stern—Volmer coefficient (Kgy) and LOD.
They also conducted interference experiments to test the ability of the polymers to detect
pesticides in complex environments. A19-1 exhibited impressive Kgy and LOD values
of 53,745 M~ ! and 28 ppb for IDP, respectively, which are significantly higher than those
reported for other porous materials and exceed those for the other four pesticides by factors
of 3 to 10 [93]. Additionally, A19-1 and A19-2 were prepared into a fluorescence detection
plate for visualization and practical detection experiments, as shown in Figure 19¢. This
study highlights the strong pesticide recognition ability of these probes and demonstrates
the promising potential of AIE-activated porous polymers for pesticide detection.
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Figure 17. (a) Illustration of the synthesis of carbazole-based porous polyaminals; (b) Photographs of
the solid A17-1, A17-2, and A17-3 under UV light at an excitation wavelength of 365 nm; (c) Sensing
experiments of A17-1 test paper for six pesticides in water medium at a concentration of 35 uM;
(d) Recycling sensing experiments of A17-1 for trifluralin in the water medium at a concentration of
58 uM. (Reproduced with permission from ref. [83]. copyright 2020 American Chemical Society).

The above three studies employ fluorescent porous polymers and AIE molecules to
create composite luminescent materials. By utilizing their fluorescence characteristics and
porous structures, along with mechanisms such as PET or IFE, they enable highly sensitive
and selective detection of pesticides.
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Figure 18. (a) Synthesis and structure of the micro-/mesoporous fluorescent polymers A18-1 and
A18-2; (b) Mechanism of pesticide detection using A18; (c) Repeatability of pesticide detection
experiments with the A18-1 plate in water at an IDP concentration of 29 uM. (Reproduced with
permission from ref. [84]. copyright 2022 American Chemical Society).
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Figure 19. (a) Chemical structures of A19-1; (b) Chemical structures of A19-2; (c) Visual sensing
experiments of A19-1 (top) and A19-2 (bottom) fluorescent plates for detecting five pesticides at
different concentrations in a water medium. (Reproduced with permission from ref. [85]. copyright
2022 American Chemical Society).

3.6. Detection of Pesticides by Lateral Flow Immunoassay Sensors Based on AIEgens

Lateral flow immunoassay (LFIA) is a rapid and straightforward technology used for
detecting small molecules (e.g., pesticides, antibiotics, mycotoxins), foodborne pathogens,
allergens, and biological targets (e.g., nucleic acids). The integration of AlEgens with LFIA
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can enhance detection sensitivity, reduce autofluorescence interference, improve fluorescence
stability, broaden the detection range, and support simple, rapid, and visual detection.

Lai et al. synthesized doped AIE polymer microspheres (DAIEPMs) and 2,3-bis(4-
(bis(4-(tert-butyl)phenyl)amino)-phenyl)-fumaronitrile polymer microspheres (BAPFPMs)
using a microemulsion method [86]. They electrostatically adsorbed DAIEPMs onto
the chlorothalonil (CTN) antibody to form the immune probe DAIEPMs@mAb (A20)
(Figure 20a—c). The excellent AIE behavior and large Stokes shift of DAIEPMs in probe A20
enable it to function as a high-performance fluorescent marker in LFIA for the sensitive
detection of CTN. In the absence of CTN, A20 is captured by CTN-BSA on the test line
(T-line), while excess A20 migrates and is captured by the secondary antibody (sAb) on the
control line (C-line). When CTN is present, A20 binds competitively to CTN, preventing its
capture by CTN-BSA on the T-line, thus enabling sensitive detection of the organochlorine
pesticide chlorothalonil (Figure 20d). The LFIA coupled with AlEgens achieved highly
sensitive and specific detection of CTN with a low detection limit of 0.012 ng/mL. This
method offers a novel strategy for enhancing the optical properties of fluorescent materials
and constructing sensitive and reliable detection platforms.
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Figure 20. (a) Detailed synthesis steps of DAIEPMs and BAPFPMs; (SDS: sodium do-decyl sulfate;
PMMA: Poly (methyl methacrylate); PMAO: Poly (maleicanhydride-alt-1-octadecene)); (b) Structures
of TCBPEME (top) and BAPF (bottom); (c) Synthesis steps of A20; (d) Sensing performance of A20
for CTN detection and schematic diagram of CTN test strips. (Reproduced with permission from
ref. [86]. copyright 2020 American Chemical Society).
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The detection methods discussed incorporate AIE characteristics into LFIA tech-
niques, enhancing sensitivity for pesticide detection. In practical applications, these
methods demonstrate strong recovery rates and low coefficients of variation, offering
a novel approach to improve the optical properties of AIE materials and develop reliable
detection platforms.

4. Conclusions

In summary, this review underscores the recent advancements in AIE-based fluores-
cent sensors for detecting pesticide residues, highlighting their potential to mitigate the en-
vironmental challenges associated with agricultural chemicals. The flexibility of AIE-based
sensors is demonstrated through their various forms, including organic small-molecule
sensors, metal-organic frameworks, metal nanoclusters, supramolecular assemblies, flu-
orescent porous organic polymers, and lateral flow assays. These sensors offer practical
solutions to the limitations of traditional instrumental analyses, providing high sensitivity,
specificity, and user-friendly operation.

However, several challenges persist despite these advancements. The complexity
involved in AlEgens synthesis often leads to increased costs, which can hinder their
practical deployment, particularly for rapid, on-site testing. Environmental factors may
introduce interferences that affect sensor performance, and existing sensors may not cover
all pesticide types, especially newer or less common ones. Additionally, ensuring the
long-term stability and durability of these sensors under varied environmental conditions
remains a significant concern.

Addressing these challenges requires continued efforts to enhance material perfor-
mance, optimize sensor design, and integrate advanced technologies. Advances in these
areas will improve the practicality and broader applicability of AlEgens-based sensors,
facilitating more effective and reliable pesticide detection in real-world scenarios. Future
research and development in this field are crucial for meeting the growing demand for
sensitive, accurate, and efficient pesticide monitoring, ultimately contributing to better
environmental and public health outcomes.
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