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a b s t r a c t

Organophosphorus (OPs) compounds are extensively utilized in pesticides, chemical warfare agents, phar-

maceuticals, and industrial applications due to their distinctive chemical properties, including biological

activity, persistence, and hydrophobicity. However, their excessive use has led to significant environmen-

tal toxicity and pollution concerns, underscoring the urgent need for sustainable methods to monitor OPs

pollutants. Traditional detection relies on bulky instruments, whereas organic fluorescent probes present

advantages such as high selectivity, sensitivity, and portability. This review summarizes recent advance-

ments in these probes for OPs detection, outlines characterization strategies based on underlying mech-

anisms, discusses challenges and future directions, and introduces OPs’ features, probe mechanisms, and

design guidelines, providing theoretical insights and technical references for the development of novel

organic fluorescent probes.

© 2026 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

1. Introduction

Organophosphorus (OPs) compounds are a diverse class of

chemicals characterized by the presence of carbon–phosphorus (C-

P) bonds. Owing to their distinctive physicochemical properties

such as high reactivity, lipophilicity, and structural diversity, OPs

have found extensive applications across multiple domains. In agri-

culture, they are widely used as active ingredients in pesticides

and herbicides [1]. In the military, certain OPs serve as the chem-

ical basis for nerve agents [2]. And in industry, they are utilized

in flame retardants, plasticizers, and lubricants [3]. However, the

extensive use of OPs has led to their widespread distribution in

air, soil, and water, raising serious environmental and public health

concerns [4]. Due to their lipophilicity, OPs pollutants exhibit high

toxicity and environmental persistence, posing serious risks to hu-

man health and ecosystems. Their accumulation in the food chain

can cause diseases in animals and plants, while exposure to nerve

agents may result in acute toxicity and mortality in wildlife. Indus-
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trial leakage of OPs further contributes to environmental contami-

nation and ecological disruption [5].

Accurate detection of OPs pollutants is a critical first step in en-

vironmental remediation. Conventional detection methods, such as

gas or liquid chromatography-mass spectrometry and Raman spec-

troscopy, rely on bulky, complex instrumentation, limiting their

portability and suitability for rapid on-site analysis [6]. Biologi-

cal probe-based techniques often require sophisticated materials

and technologies, with limited flexibility once designed, restricting

their applicability across diverse detection scenarios [7]. Moreover,

enzyme-based probes are prone to loss of activity under varying

environmental conditions, compromising their stability in complex

matrices. In contrast, organic fluorescent probes as emerging tech-

nologies offer well-defined molecular structures, enabling precise

control over sensing performance. They also exhibit superior bio-

compatibility, reducing the risk of secondary environmental con-

tamination, and their relatively simple synthesis results in lower

research and development costs [8,9]. The development of organic

fluorescent probes for detecting OPs pollutants has grown rapidly

in recent years, as evidenced by a sharp increase in related cita-

tions: from approximately 2000 in 2015 to nearly 5500 in 2024

(Fig. 1).
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Fig. 1. Organic fluorescent probes for the detection of OPs pollutants and annual publications and citations on OPs detection using fluorescent probes (assessed 4 May, 2025).

This review presents a comprehensive analysis of recent ad-

vances in design strategies and performance optimization of or-

ganic fluorescent probes for the detection of OPs pollutants. The

probes are categorized according to their underlying photophysical

mechanisms, offering insights into structure–property relationships

that govern their sensing behavior. In addition, the developmen-

tal trajectory from molecular design to functional characterization

is examined, highlighting key factors that influence sensitivity, se-

lectivity, and environmental stability. By integrating these findings,

the review provides valuable theoretical references and technical

guidance to support the rational design of next-generation fluores-

cent sensing platforms for OPs pollutant detection.

2. Overview of OPs pollutants

OPs pollutants comprise a diverse class of compounds charac-

terized by phosphorus–oxygen or phosphorus–sulfur double bonds

and a variety of organic substituents, whose widespread use has

given rise to significant environmental and health concerns [10].

Organophosphorus pesticides (OPPs) are among the most prevalent

OPs in modern agriculture, valued for their high efficacy and cost-

effectiveness but notorious for contaminating soil and water and

bioaccumulating in the food chain [11]. Organophosphorus nerve

agents (OPNAs), originally developed for military applications, pos-

sess extreme toxicity and volatility [12]; even minute exposures

can cause acute cholinergic crises and have been misused in chem-

ical warfare and terrorist attacks. Organophosphorus flame retar-

dants (OPFRs) serve as non-halogenated substitutes for brominated

flame retardants in plastics, textiles, and electronics [13]; although

designed for lower acute toxicity, their persistence and potential

endocrine-disrupting effects have raised new regulatory and reme-

diation challenges.

2.1. Classification

OPs compounds constitute a diverse class of phosphoric or thio-

phosphoric acid esters and amides, each centered on a phospho-

rus (P) atom. This P center is typically double-bonded to either

an oxygen (P=O) or a sulfur (P=S) atom and singly bonded to a

combination of alkoxy, aryloxy, amino, or thioalkoxy substituents

(R and R’ groups). This structural versatility, enabled by the incor-

poration of various heteroatoms such as oxygen (O), nitrogen (N),

and sulfur (S), imparts a wide range of physicochemical properties

and reactivity profiles to OPs [14]. The P=O bond, commonly found

in OPNAs, exhibits heightened electrophilicity, strong polarity, and

high reactivity, which facilitates its efficient binding to the nucle-

ophilic moieties of probes. In contrast, the P=S bond, characterized

by relatively low polarity and prevalent in OPPs, engages in weaker

interactions with probes, necessitating the design of more specific

recognition sites to prevent interference. Furthermore, steric hin-

drance caused by bulky aromatic substituents in OPFRs limits their

interaction with small-molecule probes, while the length of alkyl

chains influences the sensitivity of fluorescent probes (Fig. 2).

OPPs are broad-spectrum insecticides [15]. They can be clas-

sified according to their toxicity into three categories: highly

toxic, moderately toxic, and low toxic. Highly toxic pesticides in-

clude ethyl-parathion (EP), omethoate (OMT), disulfoton (DST), and

paraoxon, moderately toxic pesticides include chlorpyrifos (CPF),

dichlorvos (DDVP), methyl-parathion (MP) and diazinon, low toxic

pesticides include glyphosate (GLP), dimethoate (DMT), malathion

(MLT), and chlorthion (OMS) [16]. Among these, there are OPPs

with low flash points that are both flammable and explosive [17],

as well as those that are highly soluble in water and can contami-

nate aquatic environments (Table S1 in Supporting information).

OPNAs are highly toxic chemical warfare agents (CWAs). Their

extreme toxicity can result in severe consequences even at low

exposure levels, raising widespread global concern [18]. Addition-

ally, OPNAs are a significant component of sea-dumped chemical

weapons [19]. Over time, the casings of these chemical weapons

may corrode due to various factors, leading to the leakage of chem-

ical agents into water, soil, or plants [20]. This not only causes sig-

nificant environmental pollution but also poses long-term potential

hazards to both the ecosystem and human health. OPNAs are typi-

cally classified into three categories: G series, V series, and A series

(Table S2 in Supporting information) [21].

In addition to OPPs and OPNAs, various other organophos-

phate compounds have garnered significant attention. These in-

clude, but are not limited to, organophosphates, organophosphate

flame retardants, and organophosphate plasticizers [22]. OPs flame

retardants (OPFRs) are increasingly recognized as hazardous OPs

pollutants [23]. They are highly bio-toxic and leading to irre-

versible damage to both human health and the ecosystem [24].

Currently, the primary OPs flame retardants detected using fluores-

cent methods include tris(2-chloroethyl)phosphate (TCEP), tricresyl

phosphate (TCP), and triphenyl phosphate (TPHP).

2.2. Toxicity

OPs’ acute toxicity stems mainly from irreversible cova-

lent phosphorylation of serine hydroxyls in acetylcholinesterase’s

(AChE) active site (Fig. 3a) [25]. Serines’ O-H donates electrons

to OP’s phosphorus, displacing a leaving group to form a phos-

phoester. Phosphorylated AChE can’t hydrolyze acetylcholine (ACh),
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Fig. 2. Structural formulae of the three most common OPs pollutants: pesticides, nerve agents, and flame retardants.

causing its synaptic buildup [26]. However, some studies show

OPs are toxic even below AChE inhibition thresholds, via non-

cholinergic mechanisms, such as causing oxidative stress through

glutathione depletion, lipid peroxidation, and excess reactive oxy-

gen species (ROS) [27,28]. Meanwhile, certain OPs pollutants can

interfere with neural axonal transport, directly contributing to neu-

rodegenerative pathologies (Fig. 3b) [29].

3. Detection of OPs pollutants using organic fluorescent probes

3.1. Organic fluorescent probes

Organic fluorescent probes are divided into organic small

molecule fluorescent probes and organic polymer fluorescent

probes according to molecular weight. Fluorescent probe models

can also be classified as switching or ratiometric, depending on the

characteristics of the fluorescence signal changes [30]. In the early

stages of fluorescent probe design, quench probes of the switching

type predominated. When characterizing the mechanism of inter-

action between the quencher and the fluorescent substance, two

types of quenching can be identified: static and dynamic quench-

ing. These types can be distinguished by whether the quencher af-

fects the lifetime of the fluorescent substance [31]. Static quench-

ing occurs when a non-fluorescent complex forms between the

quencher and the fluorescent substance. Consequently, the pres-

ence of a quencher during static quenching does not influence the

fluorescence lifetime of the fluorescent substance. With advance-

ments in theory and technology, there is an increasing trend to-

ward the development of improved fluorescent probes. Their fluo-

rescence changes are more discernible than those of quench flu-

orescent probes, providing more reliable results in practical ap-

plications. In contrast, ratiometric fluorescent probes rely on the

combined variation of two fluorescent signals. Compared to single-

emission fluorescent probes, ratiometric fluorescence probes sig-

nificantly reduces interference from external environmental factors

and enhances selectivity to a certain extent [32]. Additionally, ra-

tiometric fluorescent probes provide richer colorimetric informa-

tion for visual inspection, resulting in more accurate visual sensing

outcomes.

3.2. Mechanism

The common mechanisms of interaction between fluorescent

probes and detection substances include photoinduced electron

transfer (PET), intramolecular charge transfer (ICT), fluorescence

resonance energy transfer (FRET), inner-filter effect (IFE), excited

state intramolecular proton transfer (ESIPT), and de-hybridization

of hybrid local and charge transfer (De-HLCT) [33].

The PET mechanism plays a fundamental role in the fluores-

cence detection of organic phosphorus compounds, particularly in

the detection of OPNAs. This mechanism involves atoms with lone

pair electron atoms such as O, N, S, Se. And this mechanism is

based on advanced molecular orbital theory, which is categorized

into two types: a-PET and d-PET (Fig. 4a) [34]. It is worth noting

that PET probes are often susceptible to interference from pH con-

ditions during practical operations. This susceptibility arises from
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Fig. 3. Basic schematic of the mechanism of toxicity induced by OPs.

the interaction between protons and individual atoms within the

probe [35]. Additionally, the presence of electron donors can read-

ily induce electron transfer, complicating the ability of PET probes

to consistently achieve optimal background fluorescence.

ICT is a fundamental photochemical process that plays a cru-

cial role in the design of ratiometric fluorescent probes. Fluores-

cent probes that utilize the ICT mechanism effectively address

the limitations of PET mechanism in the development of ratio

probes. However, to achieve optimal detection results, the emis-

sion peak generated by guest molecules in ICT probes must ex-

hibit a sufficiently large displacement. In practical applications, the

ICT emission peak tends to be broad and the two emission peaks-

before and after the response overlap significantly [36]. Further-

more, recognition groups typically contain multiple atoms with

lone pair electrons (such as O, N, S), which can induce a PET effect,

resulting in fluorescence quenching. After binding with the test

substance, the PET effect will either weaken or disappear entirely,

leading to a fluorescence redshift or blueshift in fluorescence, ac-

companied by an enhancement in fluorescence intensity. The new

emission peak will completely overshadow the original emission

peak, making ratio detection impractical (Fig. 4b). Therefore, not

all ICT-based fluorescent probes are suitable for use as ratiometric

fluorescent probes.

The FRET process involves the transfer of energy from the ex-

cited state of a donor fluorophore to the ground state of an accep-

tor fluorophore [37], mediated by electron dipole-dipole coupling.

To reduce distance dependence and enhance energy transfer effi-

ciency, the distance between the donor acceptor (D-A) should be

maintained within the range of 10-100 Å (Fig. 4c). At the same

time, the emission dipole moment of the donor, the absorption

dipole moment of the acceptor, and their separation vectors must

maintain a favorable mutual orientation. Furthermore, the emission

spectrum of the donor and the absorption spectrum of the accep-

tor should overlap by more than 30% to ensure effective energy

transfer. Probe design can be optimized by adjusting the distance

of the linker and the optical properties of the receptor. The IFE pro-

cess is considered a physical interference phenomena in fluores-

cence measurements [38]. However, because IFE does not require

any electron or energy transfer processes, it is more flexible and

straightforward compared to FRET-based or PET-based fluorescence

methods, which involve connections between the absorber and the

fluorophore (Fig. 4d).

The ESIPT process is a unique four-stage photochemical phe-

nomenon characterized by an extremely rapid enol-to-ketone

photo-interchange process, which occurs through the redistribu-

tion of the electronic charge of the molecule upon light excitation

[39]. ESIPT fluorophores exhibit significantly larger Stokes shifts

compared to conventional fluorophores, effectively minimizing un-

wanted self-reabsorption and internal filtering effects (Fig. 4e) [40].

As a result, a diverse array of ESIPT fluorescent probes has emerged

in recent years for the detection of organic pollutants [41].

Generally, the charge transfer (CT) state in the system exhibits

weaker binding energy compared to the localized excited (LE) state

excitons and is more sensitive to external stimuli [42]. However,

the CT state has a lower radiative transition rate, which results

in reduced fluorescence brightness of the molecular system when

emitting light in the CT state compared to the LE state emission

system. To integrate the characteristics of these two excited states,

it is possible to cleverly utilize the de-HLCT excited states for de-

tection (Fig. 4f).

In addition to the mechanism of excited state, the selection of

organic functional groups is also crucial for the detection of OPs.

Some of the more common responsive groups among them (Fig. 5)

primarily occur at three sites: N-group reactive sites, O-group reac-
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Fig. 4. Fluorescent probes detection mechanism based on PET, ICT, FRET, IFE, ESIPT and De-HLCT process.

Fig. 5. A generalized chemical reaction-based fluorescence design strategy for the detection of OPs.
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tive sites, and combined N- and O-group reactive sites [43]. Among

these, nucleophilic reagent materials containing N-groups consti-

tute an important class of fluorescent probes, which mainly in-

clude amines, pyridines, quinolines, and quinoxalines. N-Based nu-

cleophilic reagents generally provide two mechanisms for detecting

OPs. The first mechanism is a protonation process that enhances

ICT effect while the second mechanism is a phosphorylation pro-

cess that inhibits PET process. Both mechanisms result in signif-

icant alterations in the fluorescence of the probe molecule. The

O-based nucleophilic reagents primarily consist of phenols. Phos-

phorylation of these phenolic compounds typically does not lead

to substantial changes in the fluorescence of the sensing materials;

however, the fluorescence may be affected when molecular rota-

tion is induced by the phosphorylation of the chromophore. A vari-

ety of fluorescent materials have been developed for the detection

of solutions using oxime-based nucleophilic recognition groups.

These materials generally exhibit a fluorescence turn-on response

and are synthesized by combining amino and hydroxyl groups to

form oximes, which serve as recognition groups. Although alco-

hols exhibit stronger nucleophilicity than phenols, phosphorylation

does not affect the π-conjugation or fluorescence of the sensing

chromophore. However, alkyl alcohols can be integrated into fluo-

rescent probes alongside pyridines, amines, and other compounds,

serving as an effective strategy for designing fluorescent sensing

materials. This is because the cyclization reaction following phos-

phorylation can produce novel structures with varying photolumi-

nescent properties compared to the original sensing compounds.

3.3. Nerve agents

Organophosphorus nerve agents (OPNAs) are among the most

potent chemical warfare agents ever developed. Structurally analo-

gous to organophosphate pesticides, OPNAs such as tabun, sarin,

soman and VX consist of a central phosphorus atom bonded to

leaving groups that confer extreme electrophilicity. Consequently,

sensing materials designed for their detection typically incorporate

nucleophilic groups. The strategy for detecting OPNAs is commonly

based on the following approach: nucleophilic groups attack phos-

phorus atoms, leading to the substitution of fluorine and chlorine

atoms in the nerve agents. This interaction links the nerve agent

to the sensing compound, resulting in observable changes in fluo-

rescence. Another specific method for developing probes involves

designing functionalized sensing compounds that coordinate with

the P=O functional group, producing significant changes in fluores-

cence.

Small molecule fluorescent groups have been the focus of early

research and development in the field of fluorescent probes, and

they are widely utilized in the design of various types of fluores-

cent probes [44]. These fluorescent groups offer several advantages,

including high quantum yield, straightforward synthesis, excellent

biocompatibility, and ease of modification. The primary distinction

between conjugated polymer systems and small molecule detec-

tion lies in the mechanisms of fluorescence quenching and the

absence of exciton migration in small molecules. Polymer probes

typically detect analytes through static quenching, whereas small

molecules are generally quenched via collision [45]. Additionally,

polymers exhibit a higher quenching efficiency, as a single binding

analyte molecule can quench multiple excitons within the polymer.

In contrast, small molecule fluorescent groups undergo quenching

in a stoichiometric manner (Table 1).

Despite the alcohol hydroxyl group exhibiting strong nucle-

ophilic properties, its phosphorylation process seldom alters the

π-conjugated structure of the fluorophore, thereby rarely induc-

ing fluorescence changes in probes. However, when a pyridine or

aliphatic amine is present in the probe, the hydroxyl group may

undergo an intramolecular cyclization reaction with the pyridine

or amine group following phosphorylation. This reaction can mod-

ify the conjugated structure of the fluorophores, resulting in differ-

ent fluorescence emissions. For instance, in 1998, Pilato et al. de-

veloped the first fluorescence probe 1, based on a 1,2-ene dimer-

captan complex, and subsequently applied it to the detection of

phosphate esters such as, DCP and DFP [46]. Originally, a thin film

mixture of probe 1 within cellulose acetate (CA) and 150% triethyl

citrate exhibited minimal fluorescence emission. However, under

alkaline conditions, the fluorescence emission of the film signifi-

cantly increased after exposure to DCP or DFP vapor. It is impor-

tant to note that the fluorescence of the cyclization product, probe

1-2, can be easily quenched by oxygen molecules, necessitating the

use of the 9 probe in a nitrogen atmosphere (Fig. 6a).

To avoid this defect, Swager et al. developed three fluorescent

probes following with similar intramolecular cyclization reactions

in 2003, numbered as probes 2-4 [47]. The probe 5-CA mixed film

exhibited a significant enhancement and red shift in its fluores-

cence spectra upon exposure to 10 ppm DFP within a few seconds

(Fig. 6b), making it one of the most responsive probes to date.

However, hydrochloric acid still interferes with these probes

to a certain extent. In 2018, Pilato developed a new probe 10

that can be used in the air (Fig. 6e) [48]. During this period, re-

searchers synthesized numerous alcohol hydroxyl-based fluores-

cent probes 5-9 [49–52], with their structural formulas illustrated

in Fig. 6. Among these, probe 9, when adsorbed onto silica sub-

strates, achieves a LOD of 0.2 ppm for DCNP vapor in real-world

environments (Fig. 6f), demonstrating the practical potential of in-

tegrated films for field applications [53].

It is important to note that the response mechanisms of these

probes are not identical. Probes 1-5 generate cyclization products

upon contact with DCNP and DFP. The rigid structure of these cy-

clization products significantly reduces energy loss due to non-

radiative transitions, thereby enhancing fluorescence emission. In-

terestingly, the fluorescence response of the polyoxyethylene ether-

doped films based on BODIPY probes 6-9 to DCNP vapor was sig-

nificantly superior to that of DFP and DCP (Fig. 6g). The exact rea-

son for this discrepancy remains unclear and may be related to the

properties of the BODIPY fluorophore (Figs. 6c and d).

Several fluorescent probes mentioned above leverage the strong

nucleophilic properties of alcohol hydroxyl groups, exhibiting high

sensitivity and rapid response times. This characteristic also in-

spires the design of new fluorescent probes for nerve agents. In

contrast, the phenolic hydroxyl group possesses relatively weak

nucleophilic properties and is less prone to phosphorylation, re-

sulting in lower sensitivity for phenolic hydroxyl group-based flu-

orescent probes in nerve agent detection. Nevertheless, thoughtful

molecular design can significantly enhance effectively improve the

sensitivity of these probes.

For instance, Kim and Lu reported two BODIPY-based fluores-

cent probes 11 and 12 [54,55]. Their drop-coated films exhibited

significant fluorescence enhancement in response to DCP vapor,

which allowed for the exclusion of interference from hydrochlo-

ric acid. Although both probes demonstrated similar fluorescence

enhancements when exposed to DCNP, the corresponding response

mechanisms were not explored in detail. In fact, the mechanisms

for the response to DCP differ: For probe 11, phosphorylation of the

hydroxyl group inhibits the intramolecular rotation process, result-

ing in fluorescence enhancement. In contrast, the strong electron-

withdrawing ability of the cyano group in probe 12 leads to a

pronounced PET process, which can be interrupted by the phos-

phorylation of the hydroxyl group, thereby restoring the fluores-

cence of BODIPY. These results indicate that the sensing mech-

anisms differ significantly following various modifications to the

BODIPY molecules, despite the similar fluorescence changes ob-

served. Therefore, it is essential to further investigate relation-

ship between the molecular structures and their corresponding re-

6
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Table 1

Toxicological data of key OPNAs and OPFRs.

Probes λex/λem (nm) Mechanism Switching type Response time LOD Target Application Ref.

1 450/710 CT Turn on 15 s No data DFP/DCP Film [46]

2 314/370 PET Turn on No data No data DFP/DCP Solution [47]

3 273/345 PET Turn on No data No data DFP/DCP Solution [47]

4 291/385 PET Turn on No data No data DFP/DCP Solution [47]

5 470/515 ICT Turn on 72 s 5/3 ppm DCNP/DFP Paper [50]

6 470/507 ICT Turn on 122 s 7/8 ppm DCNP/DFP Paper [50]

7 530/555 ICT Turn on No data 0.1/0.39 ppm DCNP/DFP Solution [49]

8 530/575 ICT Turn on No data 4.01/6.10 ppm DCNP/DFP Solution [49]

9 470/505 ICT Turn on No data 0.2/- ppm DCNP/DFP Film [51]

10 395/440 PET Turn on No data No data DECP/DIFP Film [48]

11 502/522 PET Turn on 15 s No data DCP Paper [54]

12 480/531 PET Turn on 540 s 20.7 ppb DCP Paper [55]

13 465/546 ICT Ratio No data 1.82 ppb DCP Paper [56]

14 320/375 ICT Ratio No data 8 nmol/L DCP Film [57]

15 365/418 ICT Ratio No data No data DCP Film [58]

16 365/550 HLCT Turn off No data 0.15 ppb DCP Paper [42]

17 365/575 TADF Turn off 5 s 2.5 ppb DCP Film [59]

18 430/510 ESIPT Turn on No data 1.3 nmol/L DECP Fiber [60]

19 580/593 PET Turn on 2 min No data DCP Film [61]

20 365/540 ICT Ratio No data 4.0 ppm DCP Film [62]

21 361/440 ICT Turn off No data 0.7 ppb DCP Paper [63]

22 357/468 ICT Turn off 3 s 65 ppt DCP Film [64]

23 365/480 No data Ratio No data 6 ppm DCP Film [65]

24 365/550 PET Ratio No data 0.1 nmol/L DCNP Film [66]

25 365/553 HLCT Turn off 2.1 s 21 ppt DCP CMP film [67]

26 365/548 HLCT Turn off 5 s 2.5 ppt DCP CMP film [67]

Fig. 6. (a) Schematic of the detection of probe 1. (b) Structures of probes 2-4 and fluorescence changes in probe 2. Reproduced with permission [47]. Copyright 2003,

American Chemical Society. (c) Mechanism of the response of probe 5 to DCNP and DFP. (d) Chemical structures of probes 6-10. (e) Fluorescence response of silica dispersed

probe 10 films to hydrochloric acid was weakened. Reproduced with permission [48]. Copyright 2014, WILEY-VCH. (f) Probe 9 strips immersed in distilled water contaminated

with 0, 10, 100, and 1000 ppm DCNP. Reproduced with permission [51]. Copyright 2014, Elsevier. (g) Visual changes observed for 8 in the presence of acid or DCNP.

Reproduced with permission [49]. Copyright 2014, WILEY-VCH.
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Fig. 7. (a) Schematic diagram of the structures of probes 11-14. (b) Schematic diagram of the structures of probes 15-18. (c) Recoverable fluorescence and color response

of probe 16 test strips to DCP vapor based on the mechanism of DCP vapor detection by de-hybridized HLCT excited states. Reproduced with permission [42]. Copyright

2019, American Chemical Society. (d) Probe 17 TADF-based mechanism for detecting DCP. Reproduced with permission [59]. Copyright 2025, American Chemical Society. (e)

Response mechanism of probe 19 to DCP. Reproduced with permission [61]. Copyright 2016, WILEY-VCH.

sponse mechanisms. Besides, while both probes demonstrated an

acceptable fluorescence response to DCP, organic bases must be in-

corporated as additives into the films to accelerate the phosphory-

lation reaction, due to the weaker nucleophilicity of phenolics. This

requirement may increase the overall cost of using the probes (Fig.

7a).

Among these compounds, small molecules that contain

nitrogen-containing heterocycles exhibit strong nucleophilicity and

good solubility, allowing for their rapid preparation into sensing

films through various methods. They are most commonly em-

ployed in the gas-phase detection of nerve agent mimetics. Typi-

cal pyridine groups can efficiently catalyze the hydrolysis of DCP,

resulting in the formation of pyridine salts that enhance the ICT

effect of probe molecules, leading to a red shift in fluorescence

emission.

Wu et al. simultaneously modified diphenylamine and pyridine

on TPE to develop an aggregation-induced emission (AIE) probe 13

which exhibits ICT properties [56]. Probe 13’s pyridine moiety, act-

ing as both a recognition group and an electron acceptor. Its nu-

cleophilic attack on the phosphonium ylide forms an unstable in-

termediate, whose N-P bond is susceptible to weak nucleophiles,

leading to hydrolysis into pyridinium salts. The filter paper film

emits bright yellow light and exhibits a gradual shift in fluores-

cence from yellow to orange as the concentration of DCP vapor

varies. As a ratiometric probe that utilizes dual-emission variation,

it facilitates robust detection by minimizing environmental inter-

ference.

For ICT-based probes, pH influences the charge distribution

within the electron donor-acceptor system. Under acidic condi-

tions, the protonation of the electron acceptor enhances ICT, re-

sulting in redshifted emission even in the absence of OPs, which

can interfere with specific detection. Therefore, pH-buffered sys-

tems are essential when employing these probes in complex ma-

trices.

Molecular design strategies have been widely adopted, and vari-

ous nitrogen-containing heterocyclic small molecules based on dif-

ferent ICT mechanisms have been reported by Song et al. [57]. The

amine-supply capacity significantly influences the nucleophilicity

of the pyridine atom, as it affects both the protonation ability and

the ICT effect of the probes. In this context, probe 14 exhibits a

rapid ratio metric fluorescence response (<100 s) to DCP, with LOD

of 8 nmol/L. However, this probe is unable to clearly differenti-

ate between acidic gases and DCP vapor. Moreover, Zhang et al.

reported a triazole-based ICT molecule whose fluorescence emis-

sion from spin-coated films and test strips was rapidly red-shifted

upon exposure to DCP vapor [58]. Importantly, reusable films en-

able multiple cycles of DCP detection with a response time of less

than 1 s (Fig. 7b).

In addition to the aforementioned ICT mechanism, Ma et al.

reported a hybrid excited state molecule, designated as probe 16
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[42]. This molecule features triphenylamine as the donor and acri-

dine as the acceptor, resulting in an excited state characterized as a

hybrid state (formed by the hybridization of local and charge trans-

fer states). Upon exposure of the test strip to DCP vapor, the acri-

dine group undergoes protonation, leading to the disappearance of

the hybrid state property and the formation of a non-luminescent

CT excited state which causes a quench of fluorescence. This marks

the first application of HLCT fluorescent molecules in the fluores-

cence detection of DCP, thereby enriching the current understand-

ing of excited state properties (Fig. 7c). Subsequently, Ma et al.

utilized TADF fluorescent molecules for the first time in the flu-

orescence detection of DCP, further enhancing the existing knowl-

edge of excited state properties (Fig. 7d, probe 17) [59]. Meanwhile,

current pyridine-based materials containing sp2-hybridized nitro-

gen atoms can respond to both DCP and protonic acids simultane-

ously; however, they are unable to effectively distinguish between

the two in practical environments. Consequently, the researchers

selected SiO2 as an acid buffer for the preparation of thin films

and K2CO3 to inhibit the hydrolysis of DCP in natural settings.

Other N-containing small molecules, such as oximes that also

possess hydroxyl groups, respond more rapidly to DCP than phe-

nols. Yoon et al. developed probe 18, which is based on the hy-

droxy benzothiazole fluorophore, salicylaldoxime, for the detection

of DCNP [60]. The probe utilizes the ESIPT effect associated with

keto- and enol-type transformations of hydroxy benzothiazole, and

exhibits weak fluorescence in the absence of DCNP. Upon interac-

tion with DCNP, the hydroxyl group in the probe undergoes phos-

phorylation, resulting in the formation of an electron-withdrawing

nitrile group. This modification inhibits the ESIPT process of the

probe, leading to a significant enhancement in fluorescence (>60-

fold).

However, most oxime-containing small molecules can only be

utilized under strongly alkaline conditions, which limits their prac-

tical significance. The mechanism for detecting DCP using amino-

containing molecules is analogous to that of phenol; in this

process, the amino group undergoes phosphorylation, inhibiting

the PET process within the molecule and thereby restoring the

emission of the fluorophore. Notably, probe 19 not only detects

DCP but also selectively differentiates phosgene (an asphyxiating

agent), making it the first fluorescent probe capable of respond-

ing to both DCP and phosgene while distinguishing between the

two [61].

Conjugated polymers are fluorescent materials characterized by

a structure that does not easily achieve a twisting angle compara-

ble to that of small organic molecules [68]. This limitation results

in a significant spectral shift during sensing applications. In con-

trast to small molecule fluorescent groups, conjugated polymers

and oligomers not only exhibit fluorescent activity but also demon-

strate a “molecular wire effect”. Because their main chains func-

tion as molecular pathways, enabling excitons to propagate rapidly

throughout the entire polymer chain and resulting in exceptionally

high exciton mobility. Organic small molecules adhere strictly to

stoichiometric ratios when interacting with analytes [69]. In con-

trast, when a repeating unit of a conjugated polymer interacts

with an analyte molecule, the resulting fluorescence quenching dif-

fuses throughout the polymer chain. This diffusion leads to a rapid

change in fluorescence across the entire polymer in a very short

period of time. Meanwhile, the amplified sensing phenomenon is

influenced by factors such as the lifetime and migration rate of ex-

citons.

There is a lack of research addressing the use of fluorescent

polymers in the field of vapor detection for nerve agent mimet-

ics. Most reported polymer fluorescent probes utilize nitrogen het-

erocycles as electron acceptors and recognition groups. Lee et

al. synthesized probe 20, a quinoxaline-based main-chain conju-

gated polymer. The fluorescence of the dip-coated film was rapidly

quenched upon exposure to DCP, and the fluorescence emission

intensity was restored by treatment with an aqueous solution of

NaOH, thereby enabling the development of a reversible paper-

based sensor (Figs. 8a and c) [62]. Recently, Zhang et al. devel-

oped a fluorescent conjugated polymer probe 21 with a weak ICT

effect for the detection of DCP [63]. Upon the addition of DCP,

the N on TAZ attacks the phosphoryl chloride of DCP, forming an

unstable adduct. This intermediate rapidly hydrolyzes, resulting in

removal of the unstable leaving group and partial decomposition

into a hydrochloride compound through two phosphorylation pro-

cesses, ultimately achieving protolysis. The ICT effect of probe 21

was enhanced, and the fluorescence probe exhibited an instanta-

neous red-shift in fluorescence (440 nm-500 nm), with a LOD of

2.3 nmol/L in solution (Figs. 8a and d).

Cheng et al. designed probe 22 with a pyrene core linked by

a fluorene unit to tripyridine sensing unit for DCP detection [64].

Under the influence of the electron pair from the pyridine unit,

pyridinium phosphate can form in the presence of electrophilic

DCP, subsequently undergoing a hydrolysis reaction that produces

pyridinium hydrochloride and enhances the ICT effect. The emis-

sion peak of the probe red-shifted from 468 nm to 554 nm. The

fluorescence of probe 22 in the as-prepared spin-coated film was

completely quenched in DCP saturated vapors within 3 s, with a

fluorescence quenching rate of 3.6 % for 65 ppt of DCP (Fig. 8b).

Swager et al. discovered that ethanolated chains in polymerized

chromophores, such as tetraethylene glycol monomethyl ether, can

achieve colorimetric responses to DCP vapors at LOD of 6 ppm.

In contrast, the non-ethanolated polymers in the film exhibited

no detectable color change, even when exposed to saturated DCP

vapor. The presence of ethanolated chains may enhance the dif-

fusion of DCP into these polymers, thereby increasing the colori-

metric response. Additionally, the increased polarity and flexibility

of the ethanolated chains may facilitate rapid reactions between

the hydroxyl groups and DCP in the sensing material. (probe 23)

This demonstrates that highly sensitive detection of OPNAs can be

achieved through the strategic use of thin film structures and ma-

trix effects [65].

Lee et al. proposed a polymer fluorescent probe 24 for the se-

lective detection of DCNP in both solution and vapor states, uti-

lizing glycidyl methacrylate and dimethylacrylamide [66]. In this

probe, DCNP induces N-alkylation, biophosphorylation, and in-

tramolecular cyclization within the molecule. These processes limit

the PET effect and lead to enhanced fluorescence of the probe,

which exhibits a distinct color change from purple to colorless,

with a 1.0 mmol/L LOD (Fig. 8e).

Recently, Ma et al. proposed a sensor design based on a con-

jugated microporous polymer (CMP) film [67], which has revo-

lutionized on-site detection by integrating materials engineering

with sensing mechanisms. This CMP film synergizes three key fea-

tures: HLCT/de-HLCT state switching, microporous structures for

rapid gas diffusion, and conjugated backbones for signal amplifi-

cation. As a result, it enables detection of DCP at levels as low as

1.7 ppt, setting a new benchmark for ultra-trace vapor sensing (Fig.

8f).

3.4. Pesticides

Organophosphorus pesticides (OPPs) are a major class of agro-

chemicals used worldwide to control insects, mites and other

arthropod pests. They function by inhibiting AChE in target organ-

isms, rapidly disrupting neural transmission and causing mortality.

Functional groups in the molecules of OPPs or their hydrolysis and

reduction products, such as AchE or organophosphorus hydrolases

(OPH) [70,71], can chemically react with specific reagents. When

these compounds are irradiated with a specific wavelength of exci-

tation light, they emit light at a particular wavelength, enabling di-
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Fig. 8. (a) Schematic diagram of the structures of probes 20 and 21. (b) Schematic diagram of the structures of probes 22 and 23. (c) Schematic of acid-base switching and

DCP sensing using paper-based probe 20. Reproduced with permission [62]. Copyright 2014, American Chemical Society. (d) Fluorescence changes of probe 21 exposed to

DCP vapor at different concentrations. Reproduced with permission [63]. Copyright 2020, Elsevier. (e) Schematic of visible light responsive probe 24 switching for switching

colorimetric detection of nerve agent simulants. Reproduced with permission [66]. Copyright 2016, American Chemical Society. (f) The optimal configuration of probes 25

and 26 calculated by TD-DFT. Reproduced with permission [67]. Copyright 2022, Springer Nature.

rect quantitative detection. Furthermore, the characteristic groups

in the OPPs can interact with the probe’s active site through either

nucleophilic substitution or chelation reactions [72].

In recent years, polymer fluorescent probes have shown great

potential in the field of OPPs detection due to their customiz-

able structural design, signal amplification capabilities, and envi-

ronmental stability. Porous organic polymers, and water-soluble

fluorescent polymers have been developed for a wide range of ap-

plications. Based on the irreversible inhibitory effect of OPPs on

AChE activity, Liu et al. inhibited the hydrolysis of ATCh to pro-

duce acetic acid, which affected the pH of the solution and dimin-

ished the protonation of the fluorescent probe 27 [73], which con-

tains aldehyde and tetraphenylethene (TPE) derivatives. This pro-

cess established a signal for the fluorescence detection of DMT

(Fig. 9a). Similarly, Wang et al. determined the concentrations of

OPPs by utilizing the pH changes that occur during the reaction

between AChE and OPPs. Using this strategy, they designed fluo-

rescent probe 28 to detect malathion and parathion in fruit juice

samples (Fig. 9b) [74].

Although the detection methods mentioned above exhibit high

sensitivity, they lack selectivity and are unable to differentiate

acid interference in certain complex environments. Consequently,

researchers have substituted the analyte derived from hydrolysis

products with enzymes, leading to significant advancements in the

sensitive and direct identification of esterases through the use of

enzyme-activated small molecule fluorescent probes. Li et al. pro-

posed probe 29 based on the AIE effect of TPE and the addi-

tion reaction ability of maleimide groups [75]. During the detec-

tion process, the electrophilic reaction between TPE and AChE cat-

alyzed hydrolysis products was employed to generate molecules

with strong fluorescence in situ (Fig. 9c). The fluorescence inten-

sity of these molecules is dependent on the activity of AChE or

the concentration of Diazinon. To prevent interference from IFE in

real sample matrices, Lu et al. developed an AChE-activated near-
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Table 2

Summary and comparison of published fluorescent probes for pesticides.

Probes λex/λem (nm) Mechanism Switching type Response time LOD Target Application Ref.

27 365/446 ICT Turn on No data 0.008mg/L DMT Water [73]

28 290/330 ICT Turn off No data 0.16 μg/L, 0.24 μg/L Malathion, DMT Fruit juices [74]

29 365/465 AIE Turn off 180 s 0.23 ng/L Diazinon Serum [75]

30 660/700 CT Turn on No data 0.0186 μg/L, 12.3 μg/L DDVP, CPF Food [76]

31 385/445 ICT Ratio No data 2.49 ng/mL Paraoxon Food, Cell [77]

32 365/478 CT Turn off No data No data GLYP Water [81]

33 365/478 CT Turn off No data No data GLYP Water [82]

34 365/500 AIE Turn on 15 min 0.6 μmol/L EP, MP Food [79]

35 380/475 IFE Turn on No data 0.49 nmol/L CPF Water [80]

Fig. 9. (a) Proposed pH sensing mechanism using probe 27. Reproduced with per-

mission [73]. Copyright 2019, Elsevier. (b) Schematic illustration of the detection

mechanism of probe 28. Reproduced with permission [74]. Copyright 2021, Elsevier.

(c) Schematic illustration of the detection principle of probe 29 for AChE activity

and Diazinon. Reproduced with permission [75]. Copyright 2016, Elsevier. (d) Anti-

interference sensing of OPPs and CM pesticides with probe 30 in colored samples.

Reproduced with permission [76]. Copyright 2023, Elsevier. (e) Graphical represen-

tation of the response mechanism of probe 31 to BChE and OPPs. Reproduced with

permission [77]. Copyright 2025, Elsevier.

infrared (NIR) fluorescent probe for the anti-interference measure-

ment of OPPs and CM pesticides in colored samples (Fig. 9d) [76].

Currently, researchers are focusing on butyrylcholinesterase

(BChE), which exhibits a greater responsiveness to OPPs, and Nie

et al. have developed a dual-wavelength probe 31 utilizing the

ICT mechanism [77]. This innovative design mitigates the issues of

photobleaching and environmental interference with conventional

single-wavelength probes [78], resulting in enhanced accuracy and

sensitivity for the detection of OPPs (Fig. 9e).

In addition to small molecular fluorescent probes, porous or-

ganic polymers (POPs) have emerged as a significant focus of inter-

est in the field of OPPs fluorescence sensing in recent years due to

their distinctive high specific surface area and tunable pore struc-

tures (Table 2). Wang et al. reported for the first time the use of

fluorescent probe 32 for the detection of toxic pesticides, utiliz-

ing fluorescent porous organic polymers as probes (Fig. 10a). They

synthesized fluorescent microporous and mesoporous polyamides

containing trityl amine chromophore groups, which enabled the

detection of a broad range of OPPs [81]. Energy transfer between

the electron-rich triphenylamine and the electron-deficient flurox-

ypyr was more efficient than that with fenitrothion and glyphosate.

Additionally, they designed a new porous polymer probe 33 that

enhances the flexibility of the carbazole chromophore (Fig. 10b),

allowing for more efficient energy transfer from the carbazole

moiety to neighboring pesticide molecules [82]. The sensitivity of

chemical sensing was improved by optimizing the fluorescence and

porous characteristics of the polymer.

Wang et al. developed a biomimetic fluorescent TPE peptide

probe 34 for detecting MPs and EPs by binding AIE molecules to

the amino acid site of an alternating hydrophilic and hydropho-

bic peptide component, as well as to catalytic triads containing

serine (Fig. 10c). The formation of a covalent bond between the

probe and the OPPs increases the probe’s hydrophobicity, facili-

tates its aggregation, and enhances the fluorescence emission of

the TPE [79]. Vandana Bhalla et al. developed a metal-free flu-

orescent supramolecular probe 35, based on anthracene/perylene

bisamide (PBI) derivatives. This probe was utilized to detect chlor-

pyrifos by forming tightly packed assemblies with CPF [80]. Sol-

vent polarity and miscibility influence the interactions between

probes and OPs through molecular conformation, reaction kinetics,

and photophysical properties [83]. In the case of AIE-active probes,

solvent hydrophobicity plays a crucial role in driving aggregation.

Nonpolar solvents may induce pre-aggregation of probes, leading

to false positive results.

3.5. Flame retardants

Organophosphorus flame retardants (OPFRs) are a class of addi-

tive or reactive chemicals that inhibit or delay the combustion of

polymeric materials by promoting char formation, quenching free

radicals in the gas phase, or both. Widely employed in plastics,

textiles, foams and electronic housings, they offer an alternative

to halogenated flame retardants by combining effective fire per-

formance with reduced release of halogenated dioxins and furans

during combustion [84]. During manufacturing, service life and

end-of-life stages, OPFRs can migrate out of polymer matrices into

surrounding air, dust and wastewater due to their relatively low

molecular weight and moderate polymer affinity. Once released,

they resist rapid biodegradation and exhibit varying degrees of wa-

ter solubility and lipophilicity, leading to persistent environmental

dispersion [85]. OPFRs have been detected in indoor dust, surface

waters, sediments and biota, where they may bioaccumulate and

exert endocrine-disrupting or neurotoxic effects. This ubiquitous

leaching and persistence transform beneficial flame retardants into

pervasive OPs pollutants, raising concerns over long-term human

and ecological exposure [86]. The environmental residues and bi-

ological toxicity of these substances are often underestimated due

to a lack of targeted testing techniques. In recent years, organic flu-

orescent probes for OPFRs have gradually emerged. However, there
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Fig. 10. (a) Monomer structure of polymer fluorescent probes 32 and 33. (b) Schematic diagram illustrating the operating principle of probe 34. Reproduced with permission

[79]. Copyright 2020, Elsevier. (c) Schematic representation of the assemblies of probe 35 in the presence of CPF and the TEM image in solution. Reproduced with permission

[80]. Copyright 2020, Elsevier.

Fig. 11. (a) Schematic diagram of the structure of probes 36 and 37. (b) The proposed mechanism of the influence of the interaction between probe 36-1 and TCP on

fluorescent intensity. Reproduced with permission [90]. Copyright 2024, Elsevier. (c) A comparison of emission intensity of probe 37 at 533 nm in the presence of different

organophosphates showing selectivity for TCEP, DCNP, DCP and DDVP. Reproduced with permission [91]. Copyright 2020 Elsevier.

are limited organic fluorescent probes available for the detection of

flame retardants.

Gong et al. improved the chemiluminescent signal for the detec-

tion of TCEP using the classical luminol- H2O2 system [87]. Subse-

quently, they proposed an indirect method for determining trace

amounts of TPHP based on HPA-luminol chemiluminescence en-

hancement [88]. They also developed the first fluorescence probe

for TCP [89]. During the same period, they introduced a fluores-

cent probe for detecting TCP, utilizing the commercial compound

9-(2,2-dicyanovinyl)-julotine (DCVJ) as fluorescent probe 36-1 (Fig.

11a) [90]. Due to the TICT state, the DCVJ probe exhibits signif-

icant aggregation-induced emission (AIE) properties compared to

probe 36-2. The fluorescence response mechanism indicates that

hydrophobic interactions and conjugation effects between TCP and

DCVJ restrict the rotation and vibration of the DCVJ molecule,

thereby triggering the fluorescence. This study offers new insights

for the efficient detection of emerging OPFRs contaminants (Fig.

11b).

Kaur et al. designed and synthesized a stilbene-based Schiff

base for the detection of TCEP and OPPs [91]. The probe exhib-

ited quenching in the presence of organophosphates due to the

formation of covalent bonds between the OPs pollutants and the

-OH group on the probe. Interestingly, the sensing probe can de-

grade toxic OPs compounds in the presence of Zn2+, demonstrat-
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Table 3

Summary and comparison of published fluorescent probes for flame retardants.

Probes λex/λem (nm) Mechanism Switching type Response time LOD Target Application Ref.

36 440/510 TICT Ratio No data 4.82 ng/mL TCP Water [90]

37 420/533 ESIPT Ratio No data 122.7 nmol/L TCEP Soil [91]

ing its potential as a bifunctional material for both the detection

and degradation of OPs compounds (Fig. 11c).

The development of organic fluorescent probes for the detection

of OPFRs is currently underway (Table 3). The primary challenges

at this stage include the following: due to the structural similari-

ties between OPFRs and other OPs, it may be difficult for probes

to achieve specific identification of the target may prove difficult

for the probes. Additionally, a wide range of interfering substances

present in the environment can adversely effect on the accuracy

of the fluorescence signals. Furthermore, the recycling and subse-

quent treatment of the probes have emerged as urgent issues that

must be addressed prevent secondary environmental pollution.

4. Perspective on characterizing new fluorescent probes

As previously mentioned, numerous fluorescent probes have

been developed for the detection of OPs pollutants. However, these

fluorescent probes still face several challenges, including low sensi-

tivity and instability when exposed to light and heat. Researchers

are actively investigating fluorescent probes with higher sensitiv-

ity and improved stability to meet practical application require-

ments. Over the past five years, this trend has significantly ac-

celerated the synthesis of novel fluorescent probes with superior

optical properties. Nevertheless, many of these fluorescent mate-

rials remain at the stage of theoretical prediction rather than un-

dergoing further experimental validation. Fortunately, current ef-

forts are focused on comprehensively assessing the performance of

novel fluorescent sensing materials from both computational and

experimental perspectives. To achieve this goal, we aim to provide

a more accurate evaluation of the performance of innovative fluo-

rescent probes through newly proposed characterization methods,

thereby advancing research in this field.

4.1. Theoretical calculations

Quantum chemical calculations serve as powerful tools for

studying the electronic structures of molecules, providing valuable

predictions and analyses of the optical properties of fluorescent

probes. Among these methods, density-functional theory (DFT) has

been widely utilized to calculate the electronic structure of cer-

tain molecules in their ground state. Specifically, information such

as energy levels and electron density distributions can be obtained

using this method. Time-dependent density-functional theory (TD-

DFT) is an extension of DFT that is additionally employed to cal-

culate the excited state properties of molecules, including absorp-

tion and emission spectra associated with electron transitions [92].

In combination, DFT and TD-DFT allow for an accurate description

of the excited state and optical properties of molecules, offering

improved predictions and explanations of the optical characteris-

tics of molecules and materials at a low computational cost in the

fields of quantum chemistry and molecular physics [93,94]. By per-

forming TD-DFT calculations, the widely used quantum chemistry

program Gaussian is required for molecular structure optimization

and energy level calculations, followed by calculations of excited

state structures and spectral properties. Notably, the most stable

molecular structure is achieved by selecting an appropriate basis

set along with density functions and performing geometrical con-

figuration optimization calculations. Next, energy level calculations

are performed on the optimized molecular structures, yielding the

ground and excited state energy levels of the molecule are ob-

tained from the calculations. Finally, based on these energy lev-

els, the absorption and fluorescence spectra of the molecules are

attained, as the calculated spectra are achievable to analyses the

absorption and emission properties of the molecules in each ex-

cited state. In addition to the calculation of molecular structures

and energy levels, several other factors must be considered under

TD-DFT calculation. The first factor involves selecting appropriate

basis functions and density generalization, which directly affect the

accuracy and reliability of the calculation results. The second factor

considered is the solvation effects, as well as the influence of envi-

ronmental factors on the optical properties of the molecules. These

can be addressed by incorporating a suitable solvent model into

the calculations, which extends the capabilities of TD-DFT [95,96].

Finally, certain issues related to accidents, such as computational

errors and numerical stability, must be addressed, particularly con-

cerning the TD-DFT method. Due to the time-dependent nature of

excited state wave functions, it is essential to ensure computational

stability to obtain accurate excited state and spectral properties.

Jacquemin et al. provides valuable insights on this topic [97].

For instance, theoretical calculations play a crucial role in the

research and development of fluorescent probes, enabling re-

searchers to predict their performance and offering innovative

guidance for pre-synthesis and enhancement. However, it is im-

portant to note that the results of theoretical calculations must

be validated through experiments, as experimental conditions and

the behavior of molecules in complex environments can signifi-

cantly influence the actual performance of fluorescent probes. In

summary, both theoretical calculations and experimental studies

should be encouraged to advance fluorescent probe technology.

4.2. Optical characteristics

It is undeniable that fluorescence detection relies on optical sig-

nals to gather information. Therefore, the optical properties of fluo-

rescent probes are crucial for their practical applications, which are

primarily determined by the following aspects: absorption spec-

tra, emission spectra, photostability, fluorescence lifetime, quantum

yield, selectivity, specificity, and environmental sensitivity (Fig. 12).

Indeed, these characteristics offer significant guidance in the de-

sign of effective probes.

Among them, absorption and emission spectra are two funda-

mentals for the characterization of the optical properties, which

are essential for deeply understanding or effectively applying them

into design of fluorescent probes. The absorption spectrum is ob-

tained using UV–vis spectroscopy, which measures the distribution

of absorbed light energy by a substance when irradiated at dif-

ferent wavelengths. This spectrum reflects the light-absorption en-

ergy and is typically used to determine the maximum absorption

wavelength (λmax) of the molecule. During the testing process, it is

crucial to select a solvent that offers good solubility and selectivity

for the sample, ensuring that there is no light absorption within

the measured spectral range to avoid interference with the results.

Additionally, the sample concentration should be moderate to pre-

vent absorption saturation, which can occur at high concentrations,

or undetectable absorption at low concentrations. The transparent

surface of the cuvette should be cleaned with lens paper from top

to bottom, and attention should be paid to the pairing of cuvettes.
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Fig. 12. (a) Characterization of the optical properties of fluorescent probes. (b, f, g)

Reproduced with permission [67]. Copyright 2022, Nature. (c, d) Reproduced with

permission [98]. Copyright 2023, American Chemical Society. (e) Reproduced with

permission [99]. Copyright 2021, Wiley-VCH.

The solution in the cuvette should fill approximately 2/3 to 4/5 of

its height [100].

On the other hand, the emission spectrum refers to the dis-

tribution of light emitted from a substance after it absorbs light

at a specific wavelength. Measurements of this spectrum are com-

monly conducted using a fluorescence spectrometer. The emission

spectrum reflects the characteristics of the light emitted from the

substance upon excitation, including the maximum emission wave-

length of fluorescence. First, the sample is excited to the level of

light-absorption energy, after which the intensity and wavelength

distribution of the emitted light are accurately recorded. To ob-

tain the strongest emission signal, the maximum absorption wave-

length is typically chosen as the appropriate excitation wavelength

based on the sample’s absorption spectrum. This is important be-

cause prolonged exposure to light may lead to photobleaching

of the sample, significantly affecting the stability of the emission

spectrum; therefore, the duration of the measurement should be

carefully adjusted. Additionally, environmental factors such as pH

and solvent type can influence both the UV absorption and emis-

sion spectra, so experiments should be conducted under controlled

conditions [101]. Overall, precise measurements of the absorption

and emission spectra are crucial for investigating the optical prop-

erties of a new fluorescent probe. Experimental conditions must

be meticulously controlled, and attention should be given to the

accuracy and repeatability of the data during the characterization

process [102].

Following the developments in fluorescent materials, photo-

bleaching has emerged as a significant limiting factor that causes

attenuation of fluorescence intensity. Commonly, photobleaching

process refers to the loss of energy from fluorescent molecules

through non-radiative pathways after they absorb light energy.

This energy loss can occur due to collisions with solvent molecules,

conversion to thermal energy, or photochemical reactions, ulti-

mately resulting in the loss of fluorescence [103]. Although the

mechanism is not yet fully clarified for photobleaching yet, where

the interaction occurred with molecular oxygen are considered one

of the primary reasons. To minimize the negative effects of pho-

tobleaching, anti-bleaching agents are commonly employed, such

as reactive oxygen scavengers, or by reducing the extent of triplet

state formation to decrease the likelihood of molecular reactions

with oxygen. Although it is essential to select fluorophores with

strong photostability for fluorescence detection, there is currently

no effective strategy to accurately predict the photostability of

probes. This is because fluorophore extension and flexibility are

often associated with lower photostability within the same com-

pound family.

Fluorescence lifetime and fluorescence quantum yield describe

a molecule’s average lifetime in the excited state and its fluo-

rescence efficiency, respectively. Accurate characterization of these

two parameters is crucial for assessing the performance of fluo-

rescent probes. Specifically, fluorescence lifetime refers to the time

required time decreasing to 1/e of its maximum fluorescence in-

tensity I0 for a molecule after the excitation light is removed. Dur-

ing excitation by a laser beam, the molecule typically absorbs en-

ergy from the ground state to reach a certain excited state un-

der excitation by laser beam, then emitting fluorescence as it re-

turns to the ground state through a radiative transition. The fluo-

rescence quantum yield refers to the probability of non-radiative

decay during the fluorescence emission process, reflecting the lu-

minescence efficiency of the fluorescent dye. It is defined as the

ratio of the fluorescence emission intensity to the absorbed light

intensity [104]. Generally, the value of the fluorescence quantum

yield ranges between 0 and 1, with higher fluorescence emission

efficiency indicated by values closer to 1. In detection, the size of

the slit is crucial for fluorescence intensity, as enlarged slit can sig-

nificantly increase both fluorescence intensity and reproducibility,

although it may decrease resolution. Fluorophores with low quan-

tum yield, such as CT-state emitters, require structural engineering

techniques, such as HLCT hybridization in probe 16 [42] to enhance

emission efficiency.

Additionally, the Stokes shift, the wavelength difference be-

tween absorption and emission maxima, minimizes self-absorption

and IFE. ESIPT probes, such as probe 18 [60], and AIE probes, such

as probe 34 [79] excel in complex matrices due to their significant

shifts, ensuring robust signal differentiation. Besides, binding affin-

ity quantifies the interactions of probes, directly influencing detec-

tion limits. High binding affinity values in pyridine-functionalized

polymers, such as probe 22 [64] enable selective binding, achieving

LODs as low as 65 ppt for DCP. Conversely, weak affinity, as seen in

probe 11 [54], necessitates the use of additives to accelerate phos-

phorylation, complicating practical applications.

The practical application of fluorescent probes primarily de-

pends on their selectivity and specificity. Selectivity refers to

the probe’s ability to distinguish between target and non-target

molecules, while specificity indicates the probe’s unique fluores-

cence response to the target molecule. For the selectivity of probes,

it can be evaluated by measuring variations in fluorescence in-

tensity in the presence of target and non-target molecules us-

ing fluorescence spectroscopy. In contrast, specificity can be as-

sessed by observing changes in the emission spectra of the probe

before and after the addition of the target molecule. Further-

more, introducing competitive substances can also help evalu-

ate the probe’s selectivity and specificity toward specific targets.

However, it is crucial to ensure that only one variable is altered

during the testing process to provide an accurate assessment of

selectivity.

Overall, based on these experiments and studies, detailed infor-

mation regarding the optical properties of fluorescent probes can

be obtained and provide valuable design guidelines for customizing

these probes to meet specific application requirements. The find-

ings from this research are highly beneficial for the optical engi-

neering of fluorescent sensing materials and for tailoring fluores-

cent probes with particular functionalities.
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Fig. 13. Mechanistic analysis of fluorescent probes. Reproduced with permission [42]. Copyright 2019, American Chemical Society.

4.3. Mechanistic analysis

The detection mechanisms of fluorescent probes can be thor-

oughly analyzed and studied using various methods. Firstly, the

detection mechanism of fluorescent probes can be examined us-

ing fluorescence spectroscopy analysis, measuring fluorescence in-

tensity and emission peaks at different wavelengths. This approach

provides valuable insights into the fluorescence properties and

states of the probes. Additionally, examining the relationship be-

tween fluorescence and absorption spectra allows for the deter-

mination of the excitation light source for the fluorescent probes,

as well as the wavelengths of the emitted fluorescence signals can

also be determined, while preliminary inference can be made for

the interaction mechanisms between fluorescent probes and their

target molecules can also be made based on the changes observed

in both fluorescence and UV absorption spectra.

A detailed evaluation of fluorescent-probe detection mecha-

nisms requires both structural and reactive analyses. Infrared spec-

troscopy, nuclear magnetic resonance (NMR) and high-resolution

mass spectrometry (HRMS) can characterize probe conformations

and monitor functional-group transformations upon target bind-

ing [105]. Correlating these data with photophysical measurements

(e.g., shifts in absorption or emission) yields a mechanistic map of

probe–analyte interactions. Such an integrated approach not only

deepens our understanding of sensing pathways (Fig. 13) but also

informs the rational optimization and design of next-generation

probes for enhanced performance in real-world applications [93].

5. Conclusion and outlook

In this review, we have summarized recent advances in or-

ganic fluorescent probes for OPs pollutant detection, with partic-

ular emphasis on compound classification, toxicity profiles, and

modes of poisoning. Small-molecule and polymeric probes ex-

hibit complementary strengths for nerve agent identification, while

porous organic polymers offer tailored binding sites ideally suited

to pesticide recognition. Advances in flame-retardant sensing have

been made, yet challenges in selectivity, interference suppression,

and probe recyclability remain. To achieve the rational design of

next-generation probes, we propose an integrated characterization

framework comprising: (1) Quantum-chemical modelling of ab-

sorption and emission properties, (2) systematic evaluation of pho-

tophysical performance, and (3) mechanistic dissection of sensing

pathways.

Current research on organic fluorescent probes encounters

three significant challenges. First, issues related to the scalability

and cost-effectiveness of synthetic routes are particularly evident

in the difficulties associated with mass-producing BODIPY-based

probes and the complex polymerization processes required for

conjugated polymer probes. Second, false positives arise from

insufficient selectivity, as some probes exhibit cross-reactivity

with environmental interferents. For instance, the fluorescence

responses of certain ICT-based and ESIPT-based probes can be

influenced by pH variations in complex matrices, leading to in-

accuracies. Third, the practical applicability of these probes in

real-world environmental or biological samples is limited due to

matrix interference. This interference can stem from substances

such as humic acids or ions that quench fluorescence. Future ef-

forts in OPs pollutant sensing could consider the following aspects:

(1) The structure–property, particularly regarding the influence of

electronic properties, recognition regions, and the regulation of

organic probes on sensing performance. (2) Design probes capable

of discriminating target analytes in complex matrices (e.g., soil,

blood) by minimizing cross-reactivity and matrix interference. (3)

Develop arrays of complementary fluorescent probes where each

responsive to distinct OP classes, to enable simultaneous identifi-

cation and quantification of multiple pollutants. (4) Engineer cyclic

or otherwise stabilized probe systems and validate their long-term
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storage stability and performance under extreme environmental

conditions. (5) Create NIR-emissive probes with proven biocompat-

ibility for real-time, in vivo monitoring of OP exposure in animal

models. (6) Integrate detection with catalytic or degradative func-

tionality in a single probe to facilitate rapid pollutant identification

alongside in situ detoxification. (7) Integrating fluorescent probes

with Internet of Things technologies could create closed-loop

systems in which unmanned aerial vehicles identify OPs contam-

ination, smartphones validate on-site concentrations, and data are

aggregated through cloud platforms to inform remediation efforts,

thereby enhancing environmental and human safety.
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