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Chemical warfare agents (CWAs) are among the most prominent threats to the human population, our
peace, and social stability. Therefore, their detection and quantification are of utmost importance to
ensure the security and protection of mankind. In recent years, significant developments have been
made in supramolecular chemistry, analytical chemistry, and molecular sensors, which have improved
our capability to detect CWAs. Fluorescent and colorimetric chemosensors are attractive tools that allow
the selective, sensitive, cheap, portable, and real-time analysis of the potential presence of CWAs, where
suitable combinations of selective recognition and transduction can be integrated. In this review, we
provide a detailed discussion on recently reported molecular sensors with a specific focus on the
sensing of each class of CWAs such as nerve agents, blister agents, blood agents, and other toxicants.
Received 30th July 2022 We will also discuss the current technology used by military forces, and these discussions will include

DOI: 10.1039/d2¢s00651k the type of instrumentation and established protocols. Finally, we will conclude this review with our

outlook on the limitations and challenges in the area and summarize the potential of promising avenues

rsc.li/chem-soc-rev for this field.

1. Introduction
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The area of supramolecular chemistry emerged through
inspiration from nature. Biological systems utilize a range of
non-covalent interactions, such as hydrogen bonding, electro-
statics, and n-n stacking, to facilitate essential processes, such
as the functioning of proteins and nucleic acids. Over the last
50 years, supramolecular chemists have devoted their attention
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to mimicking these interactions and designing new chemical
systems for a variety of different applications, such as catalysis’
and chemosensing,” as well as the fabrication of molecular
switches,® smart materials,” molecular machines,” medicine,®
and nanomedicine.” Notably, the design of new chemical
sensors for analyte detection is crucial for chemical, biomedi-
cal, and defense applications. The detection of environmental
pollutants, explosives, and chemical warfare agents (CWAs) is
of particular interest to the scientific as well as the medical
community. Next-generation molecular sensors and detection
systems must focus more on prudent designs to control supra-
molecular interactions and enhance current properties. This
review primarily focuses on the introduction of each type of lethal
and non-lethal chemical weapon (conventional and novel CW
agents) identified by the Chemical Weapon Convention (CWC).
Examples of currently used detection methods/techniques/devices
will also be discussed. We will discuss examples of currently
reported chemical sensors with a particular focus on chromogenic
and fluorogenic probes for CW detection. We hope that this review
reveals how much this field has grown over just two decades to
become a recognized and established branch of chemistry.

A nuclear, chemical or biological weapon can cause wide-
spread destruction and kill large numbers of people at
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one time. Chemical weapons are classified as weapons of mass
destruction (WMD), like nuclear and biological weapons.®
Formerly, the term ‘NBC’ (ie., nuclear, biological, and
chemical) was coined to designate a WMD. At present, an
accepted abbreviation is ‘CBRNE’ which describes chemical,
biological, radiological, nuclear, and explosive weapons.’
Chemical, biological, and non-nuclear explosives have been
demonstrated to cause extensive damage to the nervous
system and/or have neurobehavioral effects in victims. Tech-
nically, chemical weapons are both the CW agents, and the
used delivery systems such as bombs, rockets, artillery shells,
and aerosols.” CW agents are generally assumed to be gaseous
(as depicted by movies), but they can also be in the liquid or
solid-state. Therefore, to achieve the desired effect, CWAs are
mostly delivered and disseminated in the form of aerosols.
The release of aerosolized samples allows the particles to
remain airborne for an indefinite period. The method of
exposure of the CWAs depends on their physical and/or
chemical properties. For example, if they have low vapor
pressure, the likely route of exposure is via skin contact, and
highly volatile CWAs are most likely exposed via respiratory,
oronasal, and conjunctiva mucosal tissues. These exposures
irritate the eyes, nose, and skin immediately.
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1.1 Chemical weapons convention (CWC) and organization
for the prohibition of chemical weapons (OPCW)

Production, stockpiling, transfer, and use of chemical weapons
and their precursors are completely prohibited under the arms
control treaty, as per the CWC established by the OPCW.'® The
treaty entered into force on 29 April 1997 with the mandate to
eliminate an entire category of weapons of WMD within a fixed
time frame. At present, 193 States are committed to abiding by
the regulation set by the OPCW. The production for research,
medical, pharmaceutical, or protective purposes is still
permitted but if produced in more than 100 grams, it must
be reported to the OPCW.""! In 2013, the organization received
the Noble Peace Prize for its legislative efforts in the non-
proliferation of chemical weapons. The chemicals governed
under the CWC are divided into three Schedules - Schedule
1, Schedule 2, and Schedule 3 (Table 1).'> Schedule 1 sub-
stances are chemicals that can be used as chemical weapons or
used in the production of chemical weapons and have no or
very limited additional use. Schedule 2 substances are chemi-
cals that can be used as chemical weapons or used in the
production of chemical weapons but have legitimate small-
scale applications outside of CWs. Schedule 3 substances are
chemicals that can be used as chemical weapons or used in the

Table 1 Concise list of the CWC-related scheduled chemicals

Schedule 1 substances

Sarin: O-Isopropyl methylphosphonofluoridate
Soman: O-Pinacolyl methylphosphonofluoridate
Tabun: O-Ethyl N,N-dimethyl phosphoramidocyanidate
VX: O-Ethyl S-2-diisopropylaminoethyl methyl phosphonothiolate
Sulfur mustards
I. Mustard gas: Bis(2-chloroethyl)sulfide
II. 2-Chloroethylchloromethylsulfide
III. Bis(2-chloroethylthio)methane
IV. Sesquimustards:
V. Bis(2-chloroethylthiomethyl)ether
VI. Bis(2-chloroethylthiomethyl)ether
6  Lewisites:
I. Lewisite 1: 2-Chlorovinyldichloroarsine
II. Lewisite 2: Bis(2-chlorovinyl)chloroarsine
III. Lewisite 3: Tris(2-chlorovinyl)arsine
7  Nitrogen mustards:
1. HN1: Bis(2-chloroethyl)ethylamine
II. HN2: Bis(2-chloroethyl)methylamine
III. HN3: Tris(2-chloroethyl)Jamine
8  Saxitoxin
9 Ricin
10 Novichok nerve agents
11 Carbamates (quaternaries and bisquaternaries of
dimethylcarbamoyloxypyridines)

Uk W=

Schedule 2 substances

1 Amiton (VG): 0,0-Diethyl S-[2-(diethylamino)ethyl]phosphorothiolate
2 PFIB: 1,1,3,3,3-Pentafluoro-2-(trifluoromethyl)-1-propene
3 BZ: 3-Quinuclidinyl benzilate

Schedule 3 substances

Phosgene: carbonyl dichloride
Cyanogen chloride

Hydrogen cyanide

Chloropicrin: trichloronitromethane

QRIS
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production/manufacture of chemical weapons, but also have
legitimate large-scale industrial uses.

2. Chemical warfare agents

The large-scale use of toxic chemicals as weapons first became
possible during the First World War (1914-1918)."® Initially,
lachrymators (tear gases), sternutators (an agent used in
chemical warfare that causes sneezing, irritation to the nose
and eyes, pain in the chest, and nausea), and vomiting agents
were used to harass but not kill the enemy."* During the First
and Second World Wars, poisonous chemicals were screened
for their potential to be used as a weapon. Between these
periods, several compounds were synthesized, or isolated from
natural materials such as ricin, and examined to determine
their applicability as a chemical weapon. Post-1945, a major
focus was on the research and development of novel CW
agents, with the extensive evaluation of their biochemistry,
toxicology, and pharmacology. Despite these efforts, only a
few candidates were identified that satisfied requirements,
including acceptable production costs as well as appropriate
physical, chemical, and toxicological properties. In total,
70 different CW agents were prepared, stockpiled, and weapo-
nized in liquid, gas, or solid form." The stockpiling of CW
agents is largely carried out in the form of unitary agents, and
sometimes in binary forms.'® Unitary weapons are lethal
chemical munitions that produce a toxic result in their existing
state, such as GA, GB, SM, efc. Unitary agent chemicals are
produced in a plant, loaded into a missile, and stored in a
ready-to-use fashion. These munitions are highly toxic, and
therefore, the storage, handling, and deployment of these
chemicals need to be performed with extreme caution. Agents
in the active form are also highly corrosive, thus posing the risk
of leakage. Unlike unitary weapons, binary weapons involve
nontoxic precursors that are mixed with the nerve agents and
can be loaded into munitions just before deployment.

Chemical agents are ordered into several categories accord-
ing to their physiological mode of action, tactical purpose, or
chemical structure.'” Based on lethality, they have also been
classified as lethal CWAs and non-lethal CWAs. The categories
are as follows:

i. Nerve agents

ii. Blister agents/vesicants

iii. Blood agents

iv. Choking agents or pulmonary agents

v. Riot-control agents or Harassing agents

(a) Tear agents

(b) Vomiting agents

(c) Malodorants

vi. Psychomimetic agents or incapacitating agents

vii. Toxins

Nerve agents, blister agents, and choking agents are gener-
ally electrophilic with varied reactivity and selectivity towards
biological nucleophiles. They have been found to react with
water to form toxic metabolites (e.g., HCl) and react with SH,
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OH, NH, and CO, amino acid residues in proteins to form
protein adducts and inhibit biological function. Similarly, the
mustard agents, like sulfur mustard and nitrogen mustard,
have been shown to react with NH and -P(O)O- residues
in DNA.

2.1 Nerve agents

Nerve agents, also called nerve gases, are extremely toxic
chemicals that act primarily by inhibiting the enzyme acetyl-
cholinesterase (AChE) in both the peripheral and central nervous
systems.'®'® This leads to an excess of the neurotransmitter
acetylcholine (ACh) at synaptic junctions. Ultimately, death occurs
due to asphyxiation or cardiac arrest. This can happen in minutes
to hours depending on the route of exposure and the amount
absorbed. The primary routes of exposure are ingestion, inhala-
tion, and absorption through the skin. After exposure, the victim
may experience involuntary salivation, lacrimation, urination,
defecation, gastrointestinal pain, and vomiting. There are two
main classes of nerve agents. The first is G-series agents: tabun
(GA), sarin (GB), soman, (GD), and cyclosarin (GF) (Fig. 1(A)).>°
G-series was named after the German scientist Gerhard
Schrader, who was the first to synthesize such agents. He is
now known as ‘the father of nerve agents’.>" In 1936 the first
nerve agent GA (tabun) was developed. Subsequently, in 1939
Sarin was prepared, and then in 1944 GD (soman) emerged.
Then in 1949 the somewhat obscure GF (cyclosarin) was devel-
oped, and in the 1950s VX came into existence.”” V-series
agents are the second family of nerve agents, which include
VE, VG (amiton), VM, VR, and VX (Fig. 1(B)). VX is the most
studied nerve agent in this series. V stands for victory, venomous,
or vicious, and VR stands for Russian VX. G-series agents are
known as non-persistent, whereas the V-series are persistent
because of their low vapor pressure. Sarin and VX are the chemical
agents that were largely fielded in ammunition, rockets, artillery
shells, airplane spray tanks, and landmines during war scenarios.

A) G-series nerve agents
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C) G- and V-series nerve agents' simulants
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Fig. 1 Chemical structures of various G-series and V-series nerve agents
and their simulants.
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Nerve agents were originally produced during the search for
insecticides and because of the identified potent toxicity, they
were subsequently evaluated for military use. These agents are
generally identified by both, their chemical names and their two-
letter NATO codes. The second letter is the specific identifier for
each compound: GA (tabun), GB (sarin), GD (soman), and GF
(cyclosarin).>® To mimic the physico-chemical characteristics of G-
series and V-series nerve agents, various nerve agents’ simulants
have also been identified which are presented in Fig. 1(C).

All nerve agents are colorless and volatile liquids in their
pure state at standard temperature and pressure. Their high
volatility makes them a powerful weapon. G-agents produce a
fruity odor and V-agents an amine odor. Sarin is soluble and
soman is sparingly soluble in water, whereas VX and tabun
exhibit intermediate solubility. Upon nerve agent exposure,
generally, a combination of drugs having a complementary
mode of action are administered. The combination treatment
required pre-treatment with pyridostigmine bromide (which
protects against irreversible inhibition of enzymes), and the
use of atropine and oximes, such as pralidoxime chloride as
post-exposure therapy. Derived from animal studies, human
toxicity for nerve agents is estimated to range from 80 pg kg™
(tabun) to 7 pg kg~" (VX) for the LDs, by i.v. administration,
percutaneous LDs, values were estimated to be 1000 mg for
tabun, 1700 mg for sarin, 100 mg for soman, and 10 mg for VX,
respectively, for a 70 kg person (Table 2).>* An additional
feature that exists in all nerve agents is the presence of chirality
(asymmetry) around the phosphorus atom.?* Studies show that
the P(—)-stereoisomers of sarin and soman inhibit AChE several
orders of magnitude better than the P(+)-stereoisomers. (—)-VX
is only eight times more lethal than the (+)-stereoisomer.
Hence, despite the modest selectivity of (—)-tabun towards
the inhibition of AChE, this isomer is substantially more toxic
in mice than (+)-tabun.?® Fig. 2 portrays the normal enzymatic
function of the AChE enzyme, as well as the mechanism of
toxicity for the nerve agent, the aging process, and reactivation
of the enzyme.

2.2 Novichok agents

The three recent assassination attempts, one on Sergei Skripal
and his daughter, Yulia in the UK in the March 2018,%” then
three months later on Charlie Rowley and Dawn Sturgess, two
UK nationals,”® and very recently on Alexei Navalny of Russia in

Table 2 Toxicological data of key CW agents

Toxicities

in LDs, Toxicities in LCts, IDLH
Chemical agents (mg kg™!) (mg min m?) (mg m™3)
Sulfur mustard (SM) 100 900 0.7
Nitrogen mustard (HN3) 10 1500 0.003
Lewisite (L) 30 1400 0.1
Tabun (GA) 21.42 70 0.1
Sarin (GB) 24.28 35 0.1
Soman (GD) 0.71 35 0.05
Cyclosarin (GF) 0.14 35 0.05
VX 0.071 15 0.003

This journal is © The Royal Society of Chemistry 2023
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Fig. 2 Schematic presentation of acetylcholine enzyme's function,
inhibition, aging, and reactivation.

2020,?° have sparked significant interest from the international
community to further understand the relatively new class of
nerve agents known as Novichoks (the Russian word for ‘new-
comer’). Novichok agents (Fig. 3), also known as ‘“N-series”
agents, are organophosphorus compounds, similar to sarin and
VX. They also inhibit the enzyme AChE.*° It is believed that
these agents were secretly developed by the former U.S.S.R in
1970 during a Cold War-era weapons program (code-named
FOLIANT). The program aimed to develop nerve agents that
could not be stopped by chemical protective gear. They were
also intended to be safer to handle, undetectable by conven-
tional analytical tests, and safer to store and use than previous
generations of CWAs. Novichok agents are considered more
potent (10 times greater) than VX and can be applied in unitary
and binary forms. Unitary agents were synthesized and used
much like sarin, soman, and VX; i.e., the chemical structures
were altered during production to have maximum potency. In
general, the precursors are designed to be significantly less
hazardous than the actual agents. Therefore, production, hand-
ling, and transportation are easier. A significant drawback of
Novichok agents is their low stability in the environment.

The OPCW recently concluded that there was insufficient
information about the chemical structure and the toxicological
property of Novichok agents. Until 2020, these agents were not
formally listed by the CWC, primarily out of fear that their
inclusion would reveal their exact chemical structures and
this knowledge might be used by some countries or terrorist

A) Novichok agents based on V-series B) Chemical structures of precursors of Novichoks
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Fig. 3 Chemical structures of various Novichok agents and their
precursors.
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organizations to produce and use them. As of 2021, the OPCW
has included them in their list of Schedule 1 chemicals.*" There
is no mutual consensus on the nomenclature of these myster-
ious agents. However, their precursors are named Novichok?
Novichok-5, and Novichok-7. Their reaction products are
referred to by the symbol “A” with a three-digit number (hence
the name “A-series compounds”’). The “Novichok” designation
refers to the binary form of the agent, with the final compound
being referred to by its code number (e.g., A-232). The first
developed agent was named Substance 33, which was very
similar to VX (also known as VR; Russian VX), and it became
a prototype for the series of Novichok agents. Subsequently,
unitary chemical weapons were synthesized and the examples
include A-230, A-232, and A-234.

From a chemistry perspective, they are organophosphorus
compounds containing dihaloformamide and oxime groups
(phosphorylated/phosphonylated oximes). These agents are
highly toxic because the phosphorylated oximes are relatively
unstable under normal conditions and the =N-O- bond read-
ily undergoes hydrolysis, resulting in the so-called aged form of
AChE. Once aging has occurred, the enzyme is irreversibly
inactivated (Fig. 2). A hypothesis somewhat supported by the
aging half-time of A-230 which is similar to that observed in
soman, i.e., 2-4 min. The treatment for poisoning by these
mysterious nerve agents is similar to that of other nerve agents.
The current treatment is symptomatic therapy (combination of
an anticholinergic agent and anticonvulsant) or administration
of so-called bioscavengers, such as butyrylcholinesterase. While
drugs such as obidoxime, pralidoxime and HI-6 are designed to
bind to free nerve agents in the patient’s circulation and
prevent the inhibition of AChE in tissue. This means detection
needs to be accurate and rapid to facilitate administration of
the required treatment before it is too late.

2.3 Carbamates

Carbamates (CBs) are another class of CW agents (fourth
generation CW agents) that has recently been included in the
list of Schedule 1 chemicals by the OPCW along with Novichok
agents®> Carbamates are N-methyl carbamates derived from
carbamic acid. Although, carbamic acid is unstable at room
temperature, substitution using different alkyl/aryl, arylalkyl,
and substituted alkyl/aryl groups at the amino as well as
carboxylic groups of carbamic acid enhances the stability.*?
CBs are used extensively as pesticides, as tranquilizers, and in
the treatment of myasthenia gravis, glaucoma, anticholinergic
poisoning, and paroxysmal atrial tachycardia.**

Earlier, these agents were not covered by the CWC because
they had never been used as chemical weapons, therefore they
were initially omitted from the list of Schedule 1 chemicals.
CBs are originally insecticides comparable to OP insecticides
and exhibit similar toxicological effects to OP poisoning by
causing carbamylation of acetylcholinesterase at neuronal
synapses and neuromuscular junctions.>** The agents con-
tain one or more quaternary amine centers that help them to
penetrate neuromuscular junctions. They induce toxicity typi-
cally in less than 24 hours leading to miosis and rhinorrhea as

Chem. Soc. Rev,, 2023, 52, 663-704 | 667
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Table 3 General classification of carbamates
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primary indications of exposure at low levels. High concentra-
tions of CBs result in vomiting, urination, or defecation, and
finally loss of consciousness and convulsions in just 30 seconds,
followed by cessation of breathing and flaccid paralysis. Chemi-
cally, CB nerve agents are mono- and bis-quaternaries of dimethyl
carbamoyloxypyridines which are tabulated above (Table 3).
Nerve agents based on CBs are stable in water but get rapidly
hydrolyzed at high pH. Furthermore, basic peroxides also
rapidly detoxify CBs.

2.4 Blister agents

Blister agents or vesicants are substances that produce painful
skin vesicles/blisters and the eyes, lungs, and mucous mem-
branes are damaged. Symptoms can be instantaneous or can
appear several hours following exposure. They have been placed
in three major categories: mustard agents, e.g., sulfur mustard
(H, HD, HT) and nitrogen mustard (HN-1, HN-2, HN-3); arseni-
cals, e.g., Lewisite (L); and halogenated oximes, e.g., phosphine
oximes (CX) (Fig. 4(A)-(C)).

2.4.1 Sulfur mustard. The term sulfur mustards (Fig. 4(A))
is very broad and technically exists in various forms and names.
Vacuum distilled sulfur mustard with 97% purity is called
distilled mustard (HD) and is chemically known as bis(2-
chloroethyl) sulfide. It is popularly known as mustard gas.*
It was first synthesized in 1822 by Despretz and used in World
War I (1917) in the form of an artillery bombardment against
the British front by the German military.*® O-Mustard (T)/bis-
(2-chloroethylthioethyl) ether and sesquimustard (Q) are the
advanced forms of sulfur mustards that are three times and five
times more toxic than HD, respectively. Each type of sulfur
mustard has a low vapor pressure. As a result, it cannot be used
in sub-zero temperatures. To use SM in cold weather or high-
altitude areas, it is mixed with Lewisite (L) to lower the freezing
point. This agent is referred to as Agent HL. These attributes
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Fig. 4 Chemical structures of various blister agents, their simulants, and
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make sulfur mustard a potentially dangerous chemical agent.
Most of the discussion centered on sulfur mustards in this
review will be focused on distilled sulfur mustard, which is
conventionally abbreviated as SM.

SM has been the most extensively used blister/vesicant CWA
over the past century.*' Upon exposure, it causes painful
blisters and vesicles, hence its name. Symptoms occur within

This journal is © The Royal Society of Chemistry 2023
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Fig. 5 Basic schematic of the mechanism for toxicity induced by blister
agents, such as sulfur mustard.

2-24 h after exposure. Its toxicity lies in its ability to react with
DNA, protein, and other nucleophilic biological fluids via the
episulfonium cation, which is facilitated by the presence of
water or other polarizing media.*” In DNA, it acts as a bifunc-
tional alkylator and reacts at the N7 of guanine and the N3 of
adenine at a ratio of 66% and 17%, respectively. The remaining
17% reacts as a cross-linked adduct involving two guanines on
the same or complementary sugar-phosphate strands (Fig. 5).*3
Due to the extreme toxicity, high persistence, and ease of
manufacture, it was extensively used in both World Wars and
has been regarded as ‘King of Warfare Gases’ with the highest
military significance.**

2.4.2 Nitrogen mustard. Like SM, nitrogen mustard
(Fig. 4(A)) is another bialkylating agent, which originated from
sulfur mustard and was developed to be used as a chemical
weapon.*>*® However, due to its poor chemical stability and
relatively low toxicity, it was repurposed and has proven as an
effective anticancer agent over the last 80 years. To date, it is
still used clinically and is continually being optimized with
targeted modifications (Fig. 4(E)).*” The toxicity of NM is the
result of its ability to form an electron-deficient cyclic inter-
mediate aminium ion (aziridinium ring) that can react in vivo
with nucleophilic components of biologically important species.
Inevitably, the covalent interactions result in the inhibition of
specific processes (e.g., enzyme and DNA replication).*® Cytotoxi-
city includes DNA binding and cross-linking, thereby preventing
DNA replication and cell proliferation.”” To overcome the poor
selectivity and severe toxicity of the basic chlormethine scaffold,
researchers have found that introducing an aromatic moiety
reduces the electrophilicity/toxicity of nitrogen mustard (Fig. 4(E)).
For example, chlorambucilis is now used clinically for the
treatment of ovarian cancer.’® The timeframe of symptom
development after exposure to SM and the nitrogen analogs
is comparable. Available information regarding the toxicity of
nitrogen mustards is less extensive than that of sulfur mustard.
However, the order of relative toxicity is as follows: HN3 > HN1
> HN2. This is attributed to the fact that NH3 possesses the
maximum number of chloroethyl groups (three) and NH1 is
more lipophilic than NH2 (Fig. 4).

2.4.3 Lewisite. Lewisite (Fig. 4(B)), a powerful vesicant and
sometimes called ‘Dew of Death’, was initially manufactured in
1918 by the USA and Japan to create a more effective blister
agent than SM.>" In the human body, the general routes of

This journal is © The Royal Society of Chemistry 2023

View Article Online

Review Article

entry of Lewisite are ocular, percutaneous, and inhalation.
Additionally, the presence of an arsenic core makes it a prob-
able carcinogen.>® Lewisite is generally found as cis- and trans-
isomers, with the standard ratio being 10:90.>> As mentioned
earlier, Agent HL was developed for use in the cold weather
or at high-altitude and is a mixture of mustard gas (HD) and
Lewisite (L), which British anti-Lewisite (BAL), regarded as
dimercaprol, is a well-known antidote for Lewisite.”® Lewisite
is prepared by the reaction between arsenic trichloride and
acetylene in the presence of a suitable catalyst (e.g., anhydrous
aluminum chloride). This reaction produces a mixture of
2-chlorovinylarsonous dichloride (Lewisite 1), bis(2-chloro-
ethenyl)arsinous chloride (Lewisite 2), and tris(2-chlorovinyl)-
arsine (Lewisite 3).>* Lewisites are generally stable but exposure
to moisture results in quick hydrolysis to 2-chlorovinyl-
arsenious acid and a decrease in toxicity. Under mild basic
conditions, hydrolysis of Lewisite results in the formation of
Lewisite oxide. When exposed to a strong base, Lewisites
decompose to yield acetylene and trisodium arsenate (Na;AsO,).>>
Using the latter reaction, the concentration of Lewisite is quanti-
fied by measuring the amount of acetylene generated.>®

2.4.4 Phosgene oxime. Phosgene oxime (CX) (Fig. 4(C)),
also known as urticant or nettle agent, was first produced in
1929 as a chemical weapon. However, it has never been used on
the battlefield.”” CX does not cause blisters but works as a
powerful irritant that exerts instant and almost unbearable
pain on exposed skin and eyes. The liquid CX is corrosive to
the skin; hence, it is also known as a corrosive agent. These
agents tend to incapacitate rather than kill, although, upon
severe exposure, death can occur because of secondary compli-
cations, such as bacterial infections, shock, or multi-organ
failure. Because the antidote for CX does not exist, the treat-
ment consists of removing the agent from the body as early as
possible and providing supportive medical aid in a hospital
setting. Unfortunately, it is one of the least studied chemicals
and its mechanism of action is not fully understood. Like
phosgene, it interacts with sulthydryl and amine groups to
produce widespread and devastating effects. The ease of its
synthetic method, devastating effects, and fast penetration
through clothes and rubber make it a dangerous chemical with
both military and terrorist potential. It is mostly categorized
with vesicant agents but is not a true vesicant as it does not
produce blisters. Despite no confirmed use of CX, an FBI
investigation recently revealed its presence inside a Lawton
home in Oklahoma, USA.%®

2.5 Blood agents

The blood agents in this category are mainly hydrogen cyanide
(AC), cyanogen chloride (CK), and arsine (Fig. 6(A)). They are
placed on the list of Schedule 3 toxic chemicals, per the CWC.>°
These agents are named based on their effect on the oxygen-
carrying capacity of RBCs. Hydrogen cyanide was used in World
War I and II as a chemical weapon by the French, United States,
and Italy. In addition to its use as a CWA, hydrogen cyanide is
used in huge industrial processes for fumigation, electro-
plating, mining, and chemical synthesis.®® Among this class
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Fig. 6 Chemical structures of various (A) choking and (B) blood agents.

of CWAs, these are the least toxic agents, which mainly affect
the retina and optic nerve leading to vision failure at higher
doses. The toxicity of these agents is due to the affinity of the
CN" ion for the heme a3 moiety of cytochrome c-oxidase found
in mitochondria. This inhibits the electron transfer chain and
leads to cellular hypoxia.®* Due to the acidity of gastric fluid
(pH ~ 1), substantial amounts of HCN can be released when
cyanide salts (KCN and NaCN) are ingested.®*

2.6 Choking agents

Choking agents are also known as lung-damaging agents or
pulmonary agents that produce toxic inhalational injury as they
attack lung tissue and primarily cause pulmonary edema.®®
These agents pose a real threat to military and civilian person-
nel when used as chemical weapons. Choking agents include
phosgene (CG), diphosgene (DP), chlorine (CL), and chloropi-
crin (PS) (Fig. 6(B)).** Some of these chemicals (chlorine and
phosgene) are produced in massive quantities for industrial
purposes. The pulmonary agents, particularly phosgene and
oxides of nitrogen, are relatively non-reactive and insoluble in
aqueous solutions; hence, they readily penetrate respiratory
bronchioles and alveoli. As expected, acylation reactions of
biological proteins cause significant damage that ultimately
leads to pulmonary edema.®® The symptom occurs in 20 minutes
to 24 hours depending on the exposure dose and physicochemical
properties of the agent.®

2.7 Toxins

Toxins, such as ricin and saxitoxin (STX) (Fig. 7), are extremely
toxic chemicals produced by living organisms, including ani-
mals, plants, and microbes. Therefore, these are categorized as
both chemical and biological weapons.®””°® Their production,
stockpiling, and use are prohibited under both the CWC and
BWC (Biological Weapons Convention). Toxins are highly toxic
natural products found in both proteinaceous and chemical
forms. Among the list of various natural bioagents, ricin and

H,N__O HO
Ty y
N N
'j\ )—NH, . »)—NH;,
HN N N HoN N N
OH OOC\)
OH

Saxitoxin (STX) Oxidised-STX

Ricin

Fig. 7 Chemical structures of saxitoxin, oxidized-saxitoxin, and ricin.
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STX have been weaponized and are included as Schedule 1
substances by the CWC.* Due to their availability from natural
sources, they can be used as domestic chemical weapons for
terrorist activities. However, the relative ease of accessibility for
ricin (from Caster beans) as compared to STX (either from
natural sources or chemical synthesis) makes ricin a greater
threat.

2.7.1 Saxitoxin. Saxitoxin is one of the most toxic non-
protein-based compounds. It acts as a potent neurotoxin and
paralytic shellfish toxin.®®”® Generally, it is ingested by humans
through the consumption of shellfish contaminated by a variety
of toxic algal species, such as cyanobacteria and dinoflagellates.
When it is accumulated in the body, it leads to paralytic
shellfish poisoning (PSP). The acute toxicity results from its
ability to deactivate ionic conductance through the voltage-
gated sodium channel.”* Subsequently, action potentials are
terminated and signal transmission between neurons is inhib-
ited. This leads to respiratory paralysis and death in humans.
Chemically, STX can be considered a biguanylated diamine
incorporated into five- and six-membered rings with three
stereocenters. STX, due to its extremely low LDs,, is the only
marine toxin declared as a chemical weapon by the CWC.*
Shellfish are regularly monitored for PSP toxins using techni-
ques such as mouse bioassays (a benchmark technique)’® and
HPLC methods.”® STX lacks any UV-active group; therefore, it is
oxidized by H,O, to obtain a fluorescent derivative (oxidized-
STX) (Fig. 7). This can be isolated by separation on an HPLC
column.

2.7.2 Ricin. Ricin’* is a cytotoxic protein present in the
seeds of the castor bean plant Ricinus communis. This protein
toxin consists of A and B chains joined together by a single
disulfide bond.”” Chain A results in ribosome inactivation. This
inhibits protein synthesis, which leads to cell death. In con-
trast, chain B possesses cell-surface targeting galactose/
N-acetylgalactosamine-binding lectin. Chain B is responsible
for binding to galactosyl residues on the cell surface and
facilitates the delivery of the ricin A chain into the cell. Both
chains are mandatory for the high toxicity of ricin. Its high
toxicity and ease of isolation from Caster beans make it a
prominent threat as a biological weapon.”®

2.8 Non-lethal chemical weapons

Non-lethal weapons (NLWs) or less-than-lethal weapons are
designed to incapacitate personnel while minimizing fatalities,
mitigating injury, and preventing any unwanted damage to
structural property and the surrounding environment.”” For
these reasons, they may be considered appropriate for riots and
civilian peacekeeping operations, which are intended to pro-
duce temporary incapacitation of an individual. NLWs should
have a rapid onset of incapacitating effects, easy dissemination
and decontamination, long shelf-life, low cost, and no short- or
long-term adverse effects on heterogeneous populations. These
agents can be grouped as riot control agents, incapacitants,
calmatives, and malodorants.

2.8.1 Riot control agents. Riot control agents (RCAs),
sometimes referred to as harassing agents, tear agents, and

This journal is © The Royal Society of Chemistry 2023
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lacrimators, are intended to momentarily disable victims by
causing intense irritation of the mucous membranes, eyes, and
skin.”® This can produce sensory irritation and incapacitating
physical effects that rapidly disappear within a short time.
Initially, these chemicals were not listed as Schedule 1 chemi-
cals. However, the use of riot control agents as a method of
warfare is prohibited by the CWC. As a result, these compounds
are now classified as CW agents by the CWC.” There are three
types of RCAs: lachrymators (tear agents), sternutators, and
vomiting agents.

2.8.2 Tear gas or lachrymators. Lachrymators are intended
to cause incapacitation rather than serious injury or death.””
If death does occur, it is due to pulmonary edema. These are
broadly designated into four chemicals: diphenylchlorarsine
(DA), diphenylcyanoarsine (DC), Adamsite (DM), and tripheny-
larsine (TPA) (Fig. 8).”” More recently, oleoresin, a capsicum-
based agent, has been used primarily by law enforcement and
for personal protection.®® Typically, ocular and respiratory tract
irritation occurs within 20-60 seconds of exposure. The efficacy
of these agents is measured by the threshold for irritation as
per the falling sequence CN > CS > OC.*'

2.8.3 Vomiting agents or sternutators. Vomiting agents or
sternutators are chemical agents designed to induce vomiting.
Prolonged continuous exposure can be lethal to an individual
(Fig. 8).%> However, individuals exposed to short-term high
doses should recover in several hours. These agents were
employed for the first time during WWI. They affect the
mucous membranes to produce congestion, coughing, sneez-
ing, and eventually nausea. The compounds included in this
class of compounds are diphenylchlorarsine (DA), Adamsite
(DM), and diphenylcyanoarsine (DC).**

2.8.4 Incapacitating or psychotomimetic agents. Incapaci-
tants are also considered to be non-lethal chemical agents as
they are designed to temporarily disable an individual’s physi-
cal and mental capabilities.®* The effect of these agents may
persist for several hours or days after exposure, hindering the
enemy’s effectiveness in battle. Importantly, they are designed
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to not cause serious bodily harm, and the individual should
recover soon after exposure. Several agents were considered for
this purpose, including 3-quinuclidinyl benzilate (BZ), atropine,
scopolamine, lysergic acid diethylamide (LSD), phenothiazines,
and delta-9 tetrahydrocannabinol (THC) (Fig. 9).2* BZ offers several
advantages over atropine and scopolamine as a psychotomimetic
agent because of its high safety profile and CNS anticholinergic
potency.

2.8.5 Calmative/sedative agents. Calmative agents (a mili-
tary term, not a scientific term) or sleep-inducing drugs are a
class of psychoactive compounds that exert effects ranging
from unconsciousness to hallucinations.®> These agents
are mainly used for law enforcement purposes. They have
several key features, including ease of administration, fast
onset of action, short duration, uniform dose-response, rever-
sible action by antidote, and rapid metabolism. These agents
also exhibit no long-lasting, toxicity-related side -effects.
Examples include benzodiazepines, alpha-adrenergic receptor
agonists, dopamine D3 receptor agonists, selective serotonin
reuptake inhibitors, opioid receptors, and neuroleptic anes-
thetics.®>%¢

2.8.6 Malodorants. Malodorants (obnoxious/foul-smelling
compounds) are believed to be permitted under the CWC as riot
control agents. These are chemicals with a very strong and
intolerable odor that can influence crowds without exerting the
toxic effects of tear agents and vomiting agents.’” Malodorants
affect behavior and act as sensory irritants, similar to other
RCAs, by activating the trigeminal nerve. Popular examples are
skatole and skunk spray. These compounds are usually
composed of a minimum of two ingredients: the malodorant
compound and a carrier liquid.

2.8.7 Other potential chemical warfare agents. It might
come as a surprise, but several substances not included on
the CWC Schedule 1 chemical list can be used as chemical
weapons. This is an ongoing issue with new chemicals con-
tinually being developed each year in standard laboratory
research.®® Some examples are carbamates (quaternaries and
bisquaternaries of dimethylcarbamoyloxypyridines), new orga-
nophosphates, dioxin, and perfluoroisobutene (PFIB) (Fig. 10).
Attempts have also been made to synthesize the hybrid of OP
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Fig. 10 Chemical structures of other probable CW agents.

compounds, described as 2-dialkylaminoalkyl-(dialkylamido)-
fluorophosphates. They have structural similarities to G-series
(e.g., sarin, soman, tabun), V-series (e.g., VX), and GV com-
pounds (Fig. 10).%° Intoxication with these chemicals has been
identified to have the same effects as known nerve agents. The
conventional treatment of the victims of these chemicals with
atropine and reactivators (oxime-based drugs) will be difficult
because of the absence of the ability to reactivate, because of
the fast aging process.

3. Instrumental and chemical
detection techniques: present status

The rapid identification of a CW agent is crucial to ensure the
protection of first responders/emergency medical personnel, as
well as for identifying the appropriate treatment for victims.
In light of recent CW-related events (e.g., Salisbury, UK),® there
is increasing interest in developing new and effective instru-
ments and chemical methods for both military and civilian
purposes. This is underscored by the commonly seen spread of
a CWA from the battlefield/target soldiers to civilian popula-
tions. Several types of commercially available military-based
equipment exist. These require manual operation or can be
fully automated.

Current technologies rely on instrumental and chemical
analyses for CWA detection, which can be applied to liquid,
vapor, and contaminated solids. The former techniques gen-
erally exploit the physical characteristics of the chemical agents
to develop the electronic equipment/devices. Considerable
progress has been made with physical-electronic systems over
the last 50 years. These systems are usually faster and more
adaptable, allowing for the detection of other compounds/
classes of compounds. The use of wet chemistry requires
detection test kits that contain various dyes and enzymatic
assays. Physical-electronic (instrumental) detection differs
from chemical detection which is usually rather laborious to
run. Furthermore, with detection kits, extensive use of (bio)-
chemicals can result in logistical difficulties. Due to the
reaction design of each test, they may have a short shelf life.
However, chemical detection is considered to be more reliable
and cost-effective.
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3.1 Instrumental techniques/methods

In general, current detection technologies consist of standoff
and point detectors.” Standoff detection refers to the ability of
a detector to spot, evaluate, and identify an agent at a distance,
while point detectors can be operated by on-site personnel
who have more specific training and safety equipment. Point
detectors detect chemical agents from a closer distance. The
primary differences between standoff and point detectors are
their size, weight, portability, and logistical support require-
ments. A wide variety of techniques based on standoff and
point detection are commercially available and used by the
armed forces. These are predominantly based on ion mobility
spectrometry (IMS), flame photometry, gas chromatography
(GC), and surface acoustic waves (SAW).* In addition to this,
electrochemical-based detectors® and instruments based on
techniques including molecularly imprinted polymer (MIP)
sensors,’® biosensors,” surface plasmon resonance (SPR),”
and conductive polymer sensors,”” etc., are also in the advanced
stages of development.

Flame photometry exploits the emission of light from sulfur-
and phosphorus-containing compounds in a hydrogen/air
flame.®® These devices are therefore limited to these chemical
species. Nevertheless, portable and automated detectors have
been developed for on-site (in the field) detection of CW agents.
These devices include AP2C, APAC, and CHASE.”® IMS is a
technique that separates ionized molecules that are then dis-
tinguished based on their mass, charge, and mobility in the gas
phase.’® This affords a characteristic plot of the current
generated over time for each type of CWA. The intensity of
the peaks in the spectrum determines the relative concen-
tration of the agent present. Chemical detectors based on this
technology are GID-3, GID-2A, chemical agent monitors
(CAMs), lightweight chemical detectors (LCDs), automatic
chemical agent detection alarms (ACADAs or GID-4), rapid
alarm identification device monitors (RAID series), individual/
improved chemical agent monitors (ICAD), ChemPro 100,
ICAM, M8A1 ACADA, RAID, and M-90.'°! A classic SAW device
consists of a piezoelectric crystal plate coated with a chemically
selective polymer and two interdigital transducers.”'**> Light
irradiation passes through a transparent medium, and the
chemical species scatters the radiation beam. Differences
between the incident beam and scattered radiation are mea-
sured. This difference in scattering is dependent upon the
chemical structure of the molecule, which allows the identifi-
cation of each type of CWA. The Joint Chemical Agent Detector
(JCAD) and HAZMATCAD use SAW-based technology.'®® SAW
devices have advantages over other methods, including their
relatively low cost and high detection sensitivity. More impor-
tantly, test samples can be analyzed directly in transparent
glass vials or plastic bags, which significantly reduces the
danger of exposure to first responders. At present Raman-
based detectors available are FirstDefender, FirstDefender XL,
and Joint Contaminated Surface Detector (JCSD).*"'** Infrared-
based detectors have been developed and employed for point
and standoff detection of CWAs. For these devices, IR radiation
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is passed through the test sample. Some radiations are absorbed
whilst some are transmitted, resulting in the production of a
spectrum with a unique molecular fingerprint for each CWA.
The IR-based detectors most commonly used by the military are
the M21 detector, Joint Service Lightweight Standoff Chemical
Agent Detector (JSLSCAD), MIRAN SapphIRe, AN/KAS-1/1A,
TravelIR HCI, HazMat ID, and IlluminatIR.’"° IR-based detec-
tors offer the advantage of high sensitivity and fast detection.
Additionally, no sample preparation is required. An electro-
chemical sensor for CWA measures the change in the electro-
chemical signal caused by the interaction between the agents
and an electrode. These sensors show high selectivity for a CWA
but have poor sensitivity. An example of a currently available
detector is SensorRAE.'®® The CW Sentry Plus device is based
on a combination of SAW arrays and electrochemical cells,
which detect blood agents and choking agents along with nerve
agents and blister agents.”" Another approach that is similar to
electrochemical detection is the use of ion-selective electrodes
(ISEs). In the case of sarin and soman, nerve agent hydrolysis
generates fluoride ion which is then detected using a fluoride-
selective electrode, whereas GA produces a cyanide ion detected
using a cyanide-selective electrode.’® Gas chromatography (GC)
coupled with a mass detector (GCMS) can be used to unam-
biguously detect most organic-based compounds, including
CW agents, at very low concentrations (20-200 ng m3).'°®
With the advent of more sophisticated analytical capabilities,
GC combined with sensitive detectors, such as nitrogen phos-
phorus detection (NPD), flame photometric detection (FPD),
and mass selective detection (MSD), can detect extremely low
concentrations of CWAs (10-100 ppb). However, these instru-
ments require a skilled operator and need routine mainte-
nance. Therefore, the use of this on-site has little advantage
over off-site analysis, when a chemical incident occurs at a
distant site where the mobile lab cannot attend. Commercially
available, portable GCMS-based instruments include HAPSITE
(Inficon’s), the EM series (Bruker’s), and MM1 or MM2.°"'°" In
general, most of these devices/techniques have several limita-
tions, such as low specificity and the inability to detect each
type of CW agent. These detection methods are susceptible to
interference and false-positive results. As a result, no single
detection system can be relied upon to give an accurate result.
Therefore, the recommended method is to simultaneously
use two different types of detectors with different analytical
techniques to obtain reliable and accurate data.

3.2 Chemical methods

The chemical analysis involves measuring the change in color
of test materials when they are exposed to the sample in
question. This color change corresponds to the detection of a
CWA and usually occurs via a chemical reaction between the
CWA and reagent. This offers good selectivity, sensitivity,
speed, ease of operation, and low cost. An important aspect
of this strategy is that detection can be visualized by the naked
eye. No specialized instruments need to be used, making
this strategy less sophisticated and less expensive. The most
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common approaches use detector papers/tickets, detector
tubes, and detection kits.”"'*" These rapid detection kits have
been employed by the military for several decades owing to
being the fastest, cheapest, lightest, and simplest method
for field use. Suspect liquid droplets or aerosol are typically
evalauated using detector papers, whereas detector tubes and
kits have been developed for evaluating gaseous CWAs and
water samples, respectively. Detector papers/strips that are
commercially available include M8 and M9, which produce
different colors on exposure to liquid CW agents. Commercial
examples of detection tubes, include Dréiger tubes and residual
vapor detection (RVD) kits. Where the detection reagents are
impregnated into silica gel, which is supported on a glass tube.
The test sample is passed through the dyes’ impregnated silica
using a handheld suction pump. If a CWA is present, a color
change is observed.'”” Various types of M256 and Agentase
chemical agent detection kits for military use are commercially
available. The U.S. Army recognized Agentase sensors in 2004
as one of the greatest army inventions of 2003. In these Kkits,
nerve agents impart a blue color by inhibiting a butyrylcho-
linesterase-mediated reaction cascade (Fig. 11(A)).'°® For SM
detection, the reaction between 4-(4-nitrobenzyl) pyridine, 3
and SM is exploited. Heating the sample at 80 °C followed by
treatment with sodium hydroxide results in a change from
colorless to blue, which enables the identification of SM
(Fig. 11(B))."* In the case of blood agents, the analyte reacts
with mercury chloride to yield hydrogen chloride (HCI). This
induces a color change for pH-sensitive dyes, such as methyl
red or thymol blue."® For the detection of cyanogen chloride,
silica gel is impregnated with 4-benzylpyridine, 4, and barbi-
turic acid (yellow). The presence of cyanogen chloride causes a
cascade of reactions that affords a final pink-colored product
(Fig. 11(C))."** Choking agents, such as phosgene, are also
detected using 4-(4-nitrobenzyl) pyridine to generate a brick
red color from its original yellow color (Fig. 11(D))."***'* Based
on similar chemical reactions, a testing kit consisting of test
bottles and test reagents was constructed to analyze the
chemical agent present in aqueous media. A major limitation
to chemical analysis is that the test is only as specific as the
dyes used. Each dye can only react with one class of agent at
one time.""’”

As mentioned briefly, currently used chemical technologies
have several limitations, such as low specificity, poor sensitiv-
ity, and the inability to detect and differentiate all CW agents.
Excellent selectivity is a key design criterion for CWA detection.
However, achieving this feature is exceptionally challenging
due to the electrophilic nature of most CWAs. Several non-
toxic species have the potential to interfere with testing and
afford false-positive results. Moreover, regulatory bodies are
continuously imposing new stringent requirements for CWA
analysis; while current detection systems may work, they may
fall short of new selectivity and sensitivity requirements. There-
fore, the continued advancement of chemical sensors is essen-
tial for ensuring vigilance against the threat of CWAs. As will
be seen throughout this review, new methods are being devel-
oped and the potential of chemical probes is emerging as a
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promising option for use in CW detection in practical applica-
tions. The development of chemical sensors is attractive not
only in terms of specificity and economic reasons but also for
their significantly lower logistical and operational burden on
military forces and civilians.

4. Fluorescent and colorimetric
chemosensors: design and
development

The term “chemical sensor” or “chemosensor” refers to a
molecule of abiotic origin that signals the presence of matter
or energy. Therefore, a chemosensor can be defined as a
molecule that interacts reversibly with an analyte and trans-
forms chemical information into analytically useful and mea-
surable signals.""*™'® The measurable signal is the result of
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two different processes occurring during host molecule/
receptor and analyte/guest interaction i.e., molecular recogni-
tion and signal transduction.'’® The molecular recognition is
based on size, shape, geometry complementarity, and the
presence of specific physical and chemical interactions. The
signal transduction occurs with a concomitant change in one or
more properties of the system such as absorption, fluorescence,
and redox potentials. Sometimes, spacers are placed between
the receptor and reporting units which can establish the
geometry of the system and tune the electronic interaction
between the two active moieties. When the binding interaction
between the receptor and indicator is irreversible, the chemo-
sensor is then termed a “chemodosimeter”.""”

Most chemosensors fit in either of three main approaches in
supramolecular chemistry, namely (i) indicator-spacer-recep-
tor (ISR)'® (ii) indicator displacement assay (IDA)'*° (iii) a
chemodosimeter approach or activity-based sensing.'™'*°
Typically, there are three approaches invariably used by supra-
molecular chemists while developing chemosensors for the
detection of an analyte via various modes of sensing mecha-
nism. Important sensing mechanisms include photoinduced
electron transfer (PeT), intramolecular charge transfer (ICT),
excimer formation, fluorescence resonance energy transfer
(FRET), and excited-state intramolecular proton transfer
(ESIPT). Two main types of optical chemosensors ie., fluores-
cent and colorimetric are utilizing these sensing mechanisms.
In the colorimetric sensors, there is a change in the electronic
absorption spectra of the receptor, and the changes can be seen
with the naked eye.'*" Fluorescent chemosensors can change
their fluorescence after the interaction with the analyte.'?*
Fluorescent and colorimetric chemosensors are widely used
in organic, biological, and medicinal chemistry and environ-
mental sciences for monitoring cations and anions. Fluores-
cent sensors are much more sensitive than the colorimetric
ones and allow measurements in situ and in vivo.

4.1 Fluorescent and colorimetric chemosensors for the
detection of nerve agents: an update

Over the preceeding several decades the importance of the
design and development of colorimetric and fluorescence
based chemosensors for CWA detection is becoming increas-
ingly important. Nowadays, detection is achieved using two
main tactics: (i) reaction-based or activity-based sensing and (ii)
receptor-based sensing. The covalent approach exploits the
reactivity of the analyte with a functional group on the chemical
sensor. The reaction leads to a measurable optical response.
This strategy is usually irreversible, meaning the developed
sensor cannot be reused. On the other hand, CWAs can also be
recognized via non-covalent reversible interactions (supramo-
lecular approach), providing the ability to reuse chemical
sensors. However, the supramolecular approach often displays
poor selectivity and sensitivity, which can lead to frequent false-
positive responses.

The detection of nerve agents is accomplished by exploiting
the reactions of the nucleophilic functionalities on a probe with
the electrophilic phosphate ester. The resultant product leads

This journal is © The Royal Society of Chemistry 2023
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Fig. 12 Basic schematics for various detection mechanisms for nerve
agents. (A) Indicator—spacer—receptor. (B) Amino phosphorylation of
sensors results in PeT inhibition leading to a turn-on fluorescence
response. (C) Phosphorylation and dephosphorylation of nerve agents
lead to the restoration of fluorescence emission. (D) Phosphorylation of
a proximal hydroxyl unit leads to intramolecular cyclization, which affords
a fluorescent cyclic product. (E) Optical detection of the hydrolyzed
products from nerve agents; these are F~, CN™, and thiols.

to a detectable optical signal (colorimetric and/or fluorescence)
(Fig. 12), either by suppression of photo-induced electron
transfer (PeT), change in internal charge transfer (ICT), or an
intramolecular cyclization reaction. A recent strategy includes
the detection of hydrolyzed products from the nerve agents.
These include fluoride ions, CN ions, and thiols (Fig. 12(E)).
Various research groups around the world are continually
devoting considerable attention to the design and development
of new and alternative strategies. The development of chemical
probes for nerve agents’ detection has been covered in the
literature by Martinez-Mafiez'>* and Yoon."** The structures of
these chemical sensors (5-28) can be found in Fig. 13."** 7%
Since they have previously been discussed, we have focused on
reports that enable nerve agent detection from August 2017 to
date.”*

Mondal and co-workers constructed a triphenylamine-
benzimidazole-based chemosensor (29) that provides a specific
colorimetric and fluorescence change for the detection of
diethyl chlorophosphate (DCP) in a THF/H,O (4/1, v/v) solution
(Fig. 14)."*° The triphenylamine moiety acts as the electron-
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Fig. 13 Chemical structures of the molecular probes designed for the
detection of nerve agents that were previously discussed by Martinez-
Mafez*?® and Yoon.*?*

donor group while the benzimidazole is an electron-acceptor.
First, the phosphoryl unit adds to the benzimidazole moiety,
which is then hydrolyzed to form protonated species (30). The
overall process essentially increases the ICT efficiency of the
network and generates dramatic changes in both the absor-
bance and emission profiles. The authors further used probe 29
by immobilizing it on a TLC plate for the vapor phase detection
of DCP.

Following an unconventional strategy, Kumar et al. devel-
oped a system containing a single molecular probe that enables
the simultaneous detection of three nerve agents: sarin, tabun,
and VX (Fig. 15)."° In this approach, oxime (31) was used
to react with each nerve agent and afford the corresponding
nucleophilic hydrolyzed species (F~, CN, and thiols). Each
species reacted with electrophilic dye 32 to change its photo-
physical properties. As shown in Fig. 15, 32 interacts with
cyanide and affords the new chemical species 33. This protocol
showed no interference from close competitors, such as
electrophilic agents and blister agents.

Chem. Soc. Rev,, 2023, 52, 663-704 | 675


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d2cs00651k

Open Access Article. Published on 22 December 2022. Downloaded on 4/7/2026 11:37:57 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Review Article

EtO
o PfOEl

@ @ M

B0
\CIH

Hydroly|3|s

OEt

P’
Aromatization ] /Q

a0 oo
&

Ho~ T okt
30 OEt

Fig. 14 The mechanism of detection of 29 for DCP in a THF/H,O (4/1, v/
v) solution.

R'O\(I? o PhCOOH
P—X 1] +
R4 RO | (0]
OH P1-t-Bu-base e} P1-t-Bu-base - o

7 HX - CN +RO'-P-OH

N - I
Me A Ph Me A\ -Ph ‘ R
O O 31 O O

CN{ NC CN

CN CN
Sarin | CHz |CH(CHg), F ! I

1 —_— 1
Tabun |N(CHs)z| CaHs CN Fe Fe
VX | CH,

CoHs | SCHLCHN(CH-CHy), | L 32 >33

Fig. 15 The indirect sensing mechanism of 32 for DCP using oxime (31) in
chloroform.

Exploiting the well-known chemistry used in the RVD kit for
the detection of nerve agents, Wang and co-workers used the
combination of bovine serum protein and gold nanoclusters to
afford 34, which enabled the detection of organophosphorus
pesticides in water (Fig. 16).">" 34 was prepared using gold
nanoclusters protected by bovine serum protein (BSA-AuNCs)
and a fluorescent substrate, thereby making the complete
ensemble fluorescent. This ensemble was found to undergo
fluorescence quenching when thiocholine (TC) was released by
AChE-mediated enzymatic hydrolysis of acetylthiocholine
iodide (ATCI). As expected, the hydrolysis of ATCI is inhibited
in the presence of nerve agents (parathion methyl), thus

s £
&y
525)\,\§ :(%(3.

%3y
ATCI: Acetylthiocholine iodide
AChE: Acetylcholinesterase

OPs: Organophosphorus pesticides Z:i %
848 :BsA / :Luminescent ¥

% ;‘J:Gold nanocluster / :Fluorescence quenching

Fig. 16 The sensing mechanism of 34 for parathion methyl in water.
Reproduced with permission from ref. 151 Copyright (2017) Royal Society
of Chemistry.
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Fig. 17 The sensing mechanism of 35 and 36 for DCP in DMF.

preventing the production of TC and any change in fluores-
cence at 630 nm. This method was also implemented for the
detection of OP pesticides in food samples.

Peng and co-workers developed two on-off chemosensors
that contained a nucleophilic imine moiety for the rapid
detection of DCP in DMF (Fig. 17)."*> The iminocoumarin-
benzothiazole-based probes (35 and 36) demonstrated a nota-
ble decrease in their fluorescence emission at 526 nm and
531 nm, respectively, within 10 seconds of the addition of DCP.
The fluorescence color of 35 changed from green-emissive to
light-yellow-emissive, while for 36 a change from green to pink-
yellow was observed. The mechanism of detection involves the
nucleophilic addition of imine with DCP and the elimination
of HCL

There is no difference in terms of the reactivity of probes 35
and 36. However, 35 displayed a high fluorescent quantum
yield, which is ascribed to the increased co-planarity and
rigidity of the scaffold from the quinolizidine ring. The present
method was also applied for the recognition of DCP in the
gaseous state, with significant color changes that are easily
observed by the naked eye.

The immobilization of chemical sensors onto inorganic
materials (e.g., silica) affords new smart materials with
improved attributes. Silica-based hybrid materials demonstrate
numerous benefits, such as high selectivity, sensitivity, recycl-
ability, and robustness compared to discrete probes.>® The
Ruracka group developed a silica-based material that contained
the BODIPY chemical probe 37, which is designed to undergo
intramolecular cyclization in the presence of nerve agents."*
37 was immobilized on the walls of mesoporous silica materials
(SBA-15) to prevent aggregation-caused quenching (ACQ) in
water. On interaction with nerve agents (sarin, soman, and
tabun), phosphorylation of the hydroxyl group occurred. This
was followed by intramolecular cyclization with the pyrrolidine
nitrogen to afford the cyclic product 38. This cyclization gave
rise to changes in color and fluorescence (Fig. 18).

The direct incorporation of a chemical sensor into the
polymer backbone is one of the most attractive ways to develop
a reversible supramolecular sensor (Fig. 19).">>'°° Lee et al.
reported a pyrene-based polymeric probe (39) for the off-on
sensing of DCNP in THF/H,O (3: 1, v/v) mixed solutions and in
the vapor phase. The polymer sensor (39) contains 2-(2-
((pyren-1-ylmethyl)-amino)-ethoxy)-ethanoline (38), in which
pyrene is used as the fluorophore and the hydroxyl group
is the nerve-agent-recognition unit. The reaction between
the hydroxyl arm and DCNP resulted in phosphorylation,
followed by intramolecular cyclization which led to the for-
mation of the morpholino cation, 40. Initially, 39 was found to

This journal is © The Royal Society of Chemistry 2023


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d2cs00651k

Open Access Article. Published on 22 December 2022. Downloaded on 4/7/2026 11:37:57 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Chem Soc Rev

| HE:

NH,

11l 9.7 7.7

] [ 9 |

X
-_— ) EtO—Si
Et0

Fig. 18 The sensing mechanism of SBA-15-bound 37 for sarin, soman,
and tabun in water. Reproduced with permission from ref. 154. Copyright
(2017) Elsevier B.V.

Turn on
Fluorescence

DCNP triggered intramolecular
cyclization

No Reactive site No Reaction

e K
= (:N No PeT

@
=
No Sensing

2 %2
¥
DCNP reactive site is
deactivated

Fig. 19 The sensing mechanism of 39 for DCNP. Reproduced with
permission from ref. 157. Copyright (2017) American Chemical Society.

be nonfluorescent due to PeT. However, upon DCNP-mediated
cyclization and formation of 40, PeT is inhibited and a sig-
nificant increase in the fluorescence emission at 395 nm was
observed. Probe 39 is tunable via CO, and pH for the detection
of DCNP, and the sensing system is reversible without any
build-up of by-products. The tertiary amine groups of the
polymer can be protonated to form quaternary ammonium salt
upon exposure to CO, gas, and the resulting protonated amine
reverted to the original tertiary amine units in the presence of
N, or the absence of CO,.

Auto inductive cascades can amplify the signal response and
allow for the detection of a single analyte with ultra-high
sensitivity."®'>® Anslyn and co-workers reported a unique auto
inductive cascade strategy for the detection of V-type nerve
agents (Fig. 20)."® This protocol was designed for the optical
detection of thiols, which are the hydrolyzed products of V-type
agents. Meldrum'’s acid-based conjugate acceptor (41) was used
as an additional thiol source for signal amplification. The
autoinduction is initiated by a thiol-disulfide exchange with
the release of f-mercaptoethanol, which in turn reacts with 41
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to release two equivalents of methyl sulfide. As shown in
Fig. 20, this results in a self-propagating cycle that continues
until all of 41 is consumed. As a result, this two-step integrated
protocol produces a precise diagnostic assay for ultra-trace
quantitation of V-type nerve agent detection.

A rhodamine-based chemosensor (42) (Fig. 21) was devel-
oped by Sahoo and co-workers for the successful in vivo and
in vitro imaging of DCP of DCP in catfish brains.'®" 42 was
initially colorless and non-fluorescent. However, the addition of
DCP into the H,O/CH;CN (10: 1, v/v) solution led to gas-phase-
induced ring-opening of the spirolactam ring. This resulted in a
100-fold increase in the emission intensity and a color change
from colorless to pink. 42 was used to image DCP in the A549
human cell line and study the distribution of DCP in vivo. This
demonstration shows chemosensors can be used to study the
effects of nerve agents in living systems, providing opportu-
nities to identify therapeutic countermeasures.

Che and co-workers reported a unique self-assembly approach
for the selective and highly sensitive detection (15 ppb) of DCP
in the vapor phase using a fluorescent nanofiber (Fig. 22).">
The fluorescent perylene diimide (PDI) derivative, functiona-
lized with the 4-(hydroxymethyl)benzyl group and a dodecyl
chain, was found to self-assemble through light-sensitive
internanofiber hydrogen-bonding interactions. In this study,
it was found that 4-(hydroxymethyl)benzyl was crucial to the
formation of the hierarchical nanofiber, and this structure gave
rise to a greater fluorescent quantum yield with respect to its
monomeric unit, thereby amplifying the sensing signal. Light
irradiation of the internanofiber hydrogen bonds weakened the
interactions, resulting in a decrease in the fluorescence emis-
sion intensity. The exposure of DCP to the light-irradiated
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system resulted in the retightening of the nanofibers, enhan-
cing the fluorescence emission intensity.

Yoon and co-workers reported the benzothiazole-based che-
mosensor (43), which is functionalized with an oxime unit, for
the selective detection of the nerve agent surrogate DCNP
(Fig. 23)."% The new ESIPT (excited-state intramolecular proton
transfer) fluorescent probe 2-(2’-hydroxyphenyl)-benzothiazole
(43) demonstrated that the hydroxyl group in the oxime moiety
undergoes nucleophilic reaction with DCNP, followed by ring-
closing and ring-opening to afford the highly fluorescent nitrile
derivative 45 via the benzisoxazole intermediate 44. An overall
60-fold enhancement in the fluorescence emission intensity at
480 nm was observed. The electron-withdrawing cyano group
present in 43 results in strong fluorescence because it inhibits
the PeT quenching process responsible for inefficient emission
from the probe. Demonstrating its real-life application, the
authors used an electrospinning technique to develop 43-
containing nanofibers, which were used for vapor detection.

Wang and co-workers established a similar oxime-based
chemosensor (46) for the detection of DCP in methanol
(Fig. 24)."*" In the presence of DCP, a notable fluorescence
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Fig. 24 The sensing mechanism of 46 for DCP.
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enhancement accompanied by an emission color change was
observed within 90 s by the naked eye in the solution. This is
attributed to the fact that the addition of the phosphate group
suppresses the intramolecular rotation, thereby increasing the
fluorescence of the probe. Dye-coated test strips were con-
structed for the detection of DCP vapor.

Yang and co-workers reported a ‘‘covalent-assembly-based”
fluorescent probe (47) for the detection of DCP in acetonitrile
(Fig. 25)."°° This strategy exploits the Lossen rearrangement
with DCP to form cyclic fluorescent product 49 (Aem, = 418 nm).
As seen in Fig. 25, the hydroxamic acid group of 47 was shown
to react with DCP to form a phosphoryl intermediate 48 that
quickly undergoes Lossen rearrangement to produce an iso-
cyanate intermediate. Since this reaction occurs in water,
isocyanate transforms into an aniline intermediate that con-
denses to form a fluorescent phenanthridine system (49).
This sensor featured excellent selectivity, fast response (within
100 s), and a low limit of detection (10.4 nM) toward DCP, even
in the gas state.

Similar to previous reports, Son and co-workers
reported a rhodamine-deoxylactum-based colorimetric and
fluorometric sensor (50) for the instantaneous detection of
DCP in DMF (Fig. 26)."%® The phosphorylation of hydroxy-arm
and the subsequent intramolecular-cyclization-induced ring-
opening of the deoxylactum afforded the observed fluorimetric
(564 nm) and colorimetric response. 50 was applied to
the development of a gas sensing device in the form of
polyurethane-based test strips, which were able to detect DCP
at a concentration of 9.66 x 10~ ° M.

Using a smartphone and an easily assembled LEGO box,
Anslyn, Marcotte, and co-workers developed a technique for the
simultaneous detection and differentiation of G- and V-series
nerve agent mimics for real-world applications (Fig. 27).'¢”
Since fluoride and thiolate are the key constituents of these
agents, the detection of these anions can serve as a way to
indirectly detect the respective nerve agents. In this study,
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Fig. 26 The sensing mechanism of 50 for DCP in DMF.
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Fig. 27 (A) Self-propagating cascade employing benzoyl fluoride as a
latent source of fluoride for signal amplification. (B) Self-propagating
protocol employs a Meldrum’s acid-based conjugate acceptor as a latent
source of thiol for signal amplification. (C) A homemade LEGO dark-box
for imaging using a cell phone. (D) Fluorescent cascade reaction chroma-
ticity corresponds to the analyte concentration quantitatively, and proces-
sing of the image using a watershed and morphological erosion algorithm.
Reproduced with permission from ref. 167. Copyright (2018) American
Chemical Society.

fluoride anions and thiols (Fig. 27) were used to initiate a self-
propagating cascade reaction that amplifies fluorescence
signals drastically in a ratiometric manner. It was shown that
only one equivalent of fluoride or thiol was needed to activate
the cascade reaction of 51 and produce further equivalents of
fluoride or thiol. This caused the fluorescent signal to grow
exponentially. In both self-propagating cascade reactions,
4-aminonaphthalimide (52) was used as the fluorophore.
For signal amplification, benzoyl fluoride and Meldrum’s
acid-based conjugate acceptor were employed as the latent

This journal is © The Royal Society of Chemistry 2023
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source of fluoride and thiol, respectively. Using the chromati-
city and LEGO approach, concentrations of the analytes were
accurately determined and differentiated. To accomplish this,
the images were digitally processed using a watershed and
morphological erosion algorithm. Watershed and morpho-
logical erosion algorithms are used in image processing to
generate boundaries between objects, and to remove pixels on
that object’s boundaries, respectively.

Zhao and co-workers reported the ratiometric fluorescence
detection of DCP vapors using a carbazole-based self-
assembled nanofiber (53).'°® In this super-fast and ultrasensi-
tive detection method, the exposure of DCP to the nanofibers
resulted in the phosphorylation of pyridine, leading to fluor-
escent quenching within the diffusion length of the nanofibers.
This amplified the fluorescence quenching (Fig. 28). At the
same time, nanofibers amplified the intramolecular charge
transfer emission by harvesting excitons within the diffusion
length. The most likely interferents, in this case, could be
DCNP; however, these did not interfere because of the relatively
weak electrophilic ability of DCNP to form a pyridine-
phosphorylated complex. Unfortunately, acidic interference
showed an equal response, as in the case of DCP, thereby
making acids a major interferent.

Reaction-based sensing methods are one of the best
approaches for the development of colorimetric biosensors.
As discussed in the introduction, commercial biosensors for
nerve agent detection consist of the substrates acetyl(thio)choline
or butyryl(thio)choline, which are hydrolyzed by AChE to afford
choline and the corresponding acid. The hydrolyzed product is
then detected via color change by using a pH indicator, redox
indicator, or chromogenic reporter.'®®*”! In an attempt to
improve upon existing biosensing technologies, Matéovsky
explored the combination of two triphenylmethane dyes, Gui-
nea Green B and Fuchsin, for the visual detection of G and V
agents via the indirect detection of thiocholine (Fig. 29) in
water."”? Both dyes are sensitive to thiolate attack via Michael-
type addition, which changes the optical properties in the form
of a blue-red transition (i.e., from A, 620 nm and 540 nm).
The authors have also examined the stability of the sensing
system by impregnating the reagents/substrates and dye into

i

nanofibers

(]
OEt © = Excitons

Fig. 28 The sensing mechanism of self-assembled nanofibers (53) for
DCP. Reproduced with permission from ref. 168. Copyright (2018) Amer-
ican Chemical Society.
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Fig. 30 (A) Structure of PFPDA (54). (B) The sensing mechanism of an
amine-functionalized conjugated polymer for G- and V-series nerve
agents. Reproduced with permission from ref. 173. Copyright (2019)
American Chemical Society.
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the glass nanofiber filter paper for NA detection to successfully
demonstrate field applications.

The Iyer group reported a portable sensor device for DCP
detection using an amine-functionalized conjugated polymer
(Fig. 30)."”% Poly(3-(9,9-dioctyl-9H-fluoren-2-yl)benzene-1,2-di-
amine) (PFPDA) (54) was used as a sensory channel material
for a two-terminal sensor, which provided the detection of the
analyte with good selectivity and sensitivity (LOD: 5.88 ppb).
The amplified current signal was obtained due to the redox
interaction between the semiconducting polymer and DCP.
Furthermore, the sensing response of the fabricated sensor
was fast (3 s), reversible, and reproducible, demonstrating its
enormous potential as a portable device for the on-site detec-
tion of nerve agents.

Koning and co-workers reported a chromophore-function-
alized metal-organic framework (NU-1000) for the effective
degradation and visual detection of VX (Fig. 31)."”* The MOF
was functionalized with Ellman’s reagent (5,5-dithiobis-(2-
nitrobenzoic acid) or DTNB), which is a quantitative reporter
for measuring thiol concentrations. The reaction between thiol
and Ellman’s reagent affords 5-mercapto-2-nitrobenzoic acid
(TNB) with a bright yellow absorption (/s = 412 nm)."”” This
functional MOF-based material (DTNB@ NU-1000) in neutral
buffer degraded VX and afforded a visual response. This
degradation showed a linear correlation with the concentration
of VX, which allows for quantification.
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Fig. 32 The sensing mechanism of 55 for DCP and phosgene in chloro-
form. Reproduced with permission from ref. 176. Copyright (2019)
American Chemical Society.

Yoon and co-workers developed a fluorescent chemosensor
(55), consisting of the anthracene carboxyimide fluoro-
phore and a phosphorylative-reactive o-phenylenediamine unit
(Fig. 32)."7° The reaction between 55 and DCP in chloroform
afforded a large emission enhancement of 55 at 588 nm with a
fluorescence quantum yield of 3.2% within a minute. The
calculated LOD was 88 nM. This turn-on response was attri-
buted to the phosphorylation of o-phenylenediamine and the
inhibition of PeT. Additionally, the 55-coated membrane was
constructed for its potential for on-site analysis. Interestingly,
55 was also found to be selective and sensitive to choking
agents, such as phosgene.

The boron dipyrromethene (BODIPY) scaffold has attracted
significant interest in the realm of chemical biology for its
use in fluorescent dyes'”” and tags.'”® Over the years, the
BODIPY core has also been used to develop several chemical
probes due to its ease of modification, good photostability, and

This journal is © The Royal Society of Chemistry 2023
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Fig. 33 The sensing mechanism of 53 for DCP in DMF.

environment-dependent  fluorescence quantum  yield.'”®

Attracted by these properties, Lu and co-workers developed a
BODIPY-based sensor (56) for the detection of DCP in DMF."®°
Probe 56 enabled the rapid (~1 min) selective and sensitive
detection of DCP (Fig. 33). This mechanism of detection was
believed to be based on the inhibition of PeT upon phosphor-
ylation of the hydroxyl unit found on 56. Encouraged by the
performance of probe 56, the authors evaluated it for the
detection of DCP using testing paper and investigated its
practical applicability for on-site analysis.

Another example of a BODIPY-based fluorescent sensor (57)
for nerve agents’ detection was reported by Zhao and co-
In this design, the authors introduced the NA-
reactive 2-salicylaldoxime unit onto the BODIPY scaffold via
an ethynyl spacer (Fig. 34)."®" 57 in acetonitrile solution was
initially treated with the base triethylamine (NEt;), which led to
a decrease in the fluorescence emission intensity at 520 nm.
Subsequent phosphorylation of the phenol unit through treat-
ment with DCNP resulted in a significant fluorescence
enhancement at 560 nm. Probe 57 demonstrated an excellent
LOD for DCNP (34 nM), fast response times (¢;/, = 175 s), and
excellent selectivity (better than other OP compounds, such as
DCP, DMMP, TPP, and TMP). They also investigated the detec-
tion of DCNP vapor using test strips with 57 immobilized.

Sfrazzetto et al. demonstrated the ability to detect dimethyl
methylphosphonate (DMMP) (a nerve agent simulant, Fig. 1(C))
by exploiting the metal coordination properties of phosphate
esters with metal-salen complexes (Zn*>* and UO,>") (58)
(Fig. 35)."® The interaction studies revealed that the coordina-
tion of DMMP with Zn-salen resulted in the complex adopting
a square-based pyramidal geometry with molecular recognition
occurring in a pseudo-axial position. In contrast, the UO,-salen
complex adopted a bipyramidal geometry with DMMP coordi-
nated to the fifth equatorial position."®® Additionally, the
binding constant values of the coordination to the complex
were further enhanced due to hydrogen bonding interactions

workers.

Fig. 34

The sensing mechanism of 57 for DCNP in acetonitrile.
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Fig. 35 The structures of metal-salen-based complexes (58 and 59) with
DMMP.

between hydroxyl groups of 58 and DMMP. The recognition
between Zn-salen and DMMP was performed in chloroform,
which resulted in the rise of fluorescence emission at 430 nm.
In an attempt to generate a colorimetric response, Pappalardo
et al. developed the bis-porphyrin-salen-UO, complex (59) for
the detection of DMMP.'®* The same coordination event led to
significant color changes from light blue to purple in CHCI;.
The presence of the porphyrin units was crucial for gaining
these absorption properties owing to their extensive conjuga-
tion and photophysical properties. Since this coordination
event is reversible, this sensor is particularly attractive for
real-world applications as the device has the potential to be
recycled.

Bao and co-workers reported the ESIPT-based fluorescent
chemosensor (60) for the detection of DCP in acetonitrile.
Initially, 60 displayed fluorescence emission due to keto-/
enol-form conversion. The phosphorylation of 60 by DCP
resulted in the inhibition of the ESIPT mechanism, leading to
a concomitant change in fluorescence emission intensity at
453 nm (Fig. 36)."% This could lead to turn-on fluorescence
within six seconds, with high sensitivity and selectivity. The
nucleophilicity of the phenol group is greatly enhanced by the
proton transfer from the phenol group to the benzothiazole
group to form the phosphorylated product (61), leading to a
strong fluorescence response. 61 was immobilized in a
polystyrene-based membrane for on the spot analysis of DCP
vapor with the naked eye. This approach provides a practical,
real-time detection kit for DCP environmental samples.

Khatua and co-workers synthesized the organometallic
complex (62) for the detection of a nerve agent mimic in
acetonitrile (Fig. 37).'®® The reaction between 62 and DCP
resulted in a ratiometric change in the fluorescence emission
intensity from 518 nm to 565 nm in an acetonitrile solution at
nanomolar concentrations. This change in luminescence was
attributed to an increase in steric hindrance upon phosphor-
ylation, which restricted intramolecular rotation. This led to
the optical changes. 62-coated paper strips and PEO films
which were prepared for visual detection of DCP vapor.
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Fig. 36 The sensing mechanism of 57 for DCP in acetonitrile.
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Fig. 37 The sensing mechanism of 62 for DCP in acetonitrile.
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Fig. 38 The sensing mechanism of 63 for DCP in an EtOH-HEPES buffer.

In an attempt to distinguish between G- and V-series nerve
agents, Zhigang’s group designed the coumarin-based fluores-
cent probe 63, which contained two different reactive units for
fluoride anions (F~) and thiols, respectively. Fluoride is the
hydrolyzed product of sarin and soman nerve agents and thiol
is the hydrolyzed product of the VX nerve agent (Fig. 38)."®” The
two reactive groups are maleimide and silyl, which are specific
for thiols. These react via conjugate addition and fluoride-
mediated silyl deprotection, respectively. Distinct fluorescence
responses were obtained in both cases. The reaction of 63
with thiols in an EtOH-HEPES buffer solution produces a clear
peak in the fluorescence emission at 404 nm within 1 min.
In the case of fluoride detection, the reaction of 63 with F~ in
the EtOH-HEPES solution initially led to no fluorescence
change due to the formation of the desilylation product of 63.
This desilylation product develops a response upon the addi-
tion of exogenous thiols, showing a new fluorescence emission
peak at 460 nm.

Ln(m)-based luminescent sensors are routinely developed
for the detection of analytes due to their strong luminescence
and reversible properties.'®® The strong Lewis acidity and
oxophillic nature of Ln(u) ions allow the selective coordination-
mediated detection of phosphate-based nerve agents. The
terpyridine-dicarboxylate-based Eu(m) probe, 64, was recently
reported by Patra and co-workers as a turn-on luminescent
sensor for the selective detection of nerve agent simulants, e.g.,
DCP, in acetonitrile (Fig. 39)."® Upon gradual addition of DCP,
a subtle decrease was observed initially, followed by a rapid
enhancement of the emission intensity of 64. This could be
attributed to the fact that the nucleophilic attack at the
electron-deficient phosphoryl-chloride bond of DCP by the
peripheral phenolic -OH group of the antenna is known to be
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Fig. 39 The sensing mechanism of 64 for DCP in acetonitrile.

facile. This results in a minor decrease in the luminescence
intensity, originating from f — f transitions. However, after the
subsequent addition of DCP to 64, a notable increase in the
luminescence intensity was observed, especially for the hyper-
sensitive °D, — ’F, transition band at 614 nm. This is due to
the subsequent displacement of the labile water molecules
from the coordination sphere.

Thiagarajan and co-workers evaluated the photophysical
and aggregation-induced emissive (AIE) properties of the
azine-based donor-m-acceptor probe (65) in different solvents
with varying polarity (toluene, DCM, THF, MeOH, ACN, and
DMF) (Fig. 40)."®° 65 was shown to detect DCP in both its
monomeric form and aggregated forms. In THF (Fig. 40(A)), the
imine nitrogen of 65 was found to undergo phosphorylation,
resulting in a red-shift in absorption (460 nm) and strong
orange fluorescence with maximum emission at 513 nm. In a
THF/water mixture (30:70) (Fig. 40(B)), DCP undergoes hydro-
lysis to form a diethyl phosphate and release hydrochloric acid.
Subsequent protonation of the amine nitrogen of 65 resulted in
changes in the absorption and emission spectra, with a absorp-
tion band shift from 417 nm to 350 nm and a emission shift
from 570 nm to 406 nm.

As shown in Fig. 41, naphthalimide-based fluorescent probe
66 was developed by Cheng’s group for the detection of DCP in
DMF.'*! Initially, 66 was found to be weakly emissive, owing
to PeT quenching from the piperazine nitrogen. The DCP-
mediated phosphorylation of 66 resulted in the inhibition of
PeT, which resulted in a significant fluorescence enhancement
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Fig. 40 (A) The sensing mechanism of 65 for DCP in THF. (B) The sensing
mechanism of 65 for DCP in a THF/water mixture (30:70).
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Fig. 41 The sensing mechanism of 66 for DCP in DMF.

(150-fold) at 510 nm. In an attempt to explore practical applica-
tions for the vapor phase detection of DCP, probe 66 was also
coated on filter paper; the desired response was observed, as
expected.

Bag and co-workers, reported the rhodamine-based chemical
probe, 67, for the fluorimetric and colorimetric detection of DCP
in ethanol (Fig. 42)."°> The mechanism of detection was believed
to be based on the phosphorylation of the carbonyl of the
spirolactam unit, which induced ring-opening and afforded both
an increase in absorption at 533 nm and a fluorescence increase
at 553 nm (Lex 480 nm).

In 2020, the functional polymer 68 containing (E)-2-
(methyl(4-(pyridine-4-yldiazenyl)phenyl)amino)ethyl  acrylate,
N-(4-benzoylphenyl)acrylamide, and N,N-dimethyl acrylamide
as polymer subunits was developed by Lee’s group for the
selective and visual detection of DCP in water (Fig. 43).'%
An instant optical change from yellow to red was observed
when 68 was treated with DCP in water. Quaternization of the
pyridine groups of 68 was accompanied by a color change from
yellow to pink due to strong interactions between electron-
donating nitrogen atoms and electron-withdrawing quaternary
ammonium (pyridinium) salts. Demonstrating the reusability
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Fig. 43 The sensing mechanism of colorimetric polymer 68 for DCP in
water. Adapted with permission from ref. 193. Copyright (2019) American
Chemical Society.
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of this polymeric system, a 2.0 M ammonia solution in ethanol
was used to regenerate DCP-exposed films via deprotonation of
the pyridine moiety. This was accompanied by a color change
from pink back to yellow. This repeatability was shown in four
successive cycles, which confirmed this system could provide
an ideal solution for the detection of these analytes in a pure
aqueous medium.

Lee and his group developed one-dimensional photonic
crystal films for the colorimetric detection of a nerve agent
mimic (DCP) (Fig. 44) in the vapor phase.'®® The films were
constructed via sequential, alternating layer deposition of
polymers with high and low refractive indexes (69 and 70)
containing poly(N-vinyl carbazole-co-benzophenone acrylate)
and poly(4-vinyl pyridine-co-benzophenone acrylate) as photo-
crosslinkable units onto a black polyethylene terephthalate
substrate. This was achieved via the spin-coating of each layer,
followed by chemical immobilization onto the surface via UV-
light irradiation. The polymers contained 7-15 mol% of photo-
active benzophenone acrylate to promote film stability with
high crosslinking density. The initial colors of the F1 and F2
films were green and cyan with maximum reflectance wave-
lengths of 540 and 490 nm, respectively. The color of the F1 film
changed from green to yellow and finally to red when exposed
to increasing DCP concentrations. F1 was chosen because it
exhibited more diverse color transitions than F2 with increas-
ing DCP concentrations. No response was observed when the
films were treated with DMMP, TEP, TBP, or DCNP. The
quaternary pyridinium salts generated by DCP detection can
be dequaternized in the presence of an ammonium hydroxide
solution. The sensitivity and visibility were enhanced with an
increase in the relative humidity, and the detection process was
reversible and repeatable over three cycles.

Takahashi and co-workers developed a gold nanoparticle
(AuNPs) approach that could be used for the naked-eye detec-
tion of VX in a buffer solution (pH 9.0) (Fig. 45)."°> The authors’
strategy focused on the detection of 2-(diisopropylamino)etha-
nethiol (DAET), i.e., the hydrolyzed product of VX. In this study,
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Fig. 45 Chemical reaction showing alkaline hydrolysis of VX.
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Fig. 47 The sensing mechanism of 71 for DCP in THF.

protonated DAET was found to interact with anionic-based
AuNPs (capped with citric acid). As illustrated in Fig. 46, the
electrostatic interaction between cationic DAET and anionic
AuNPs promoted aggregation, leading to a color change from
red to blue with a bathochromic shift from 520 nm to 680 nm
(Fig. 46). This optical change is attributed to dipole coupling
between the plasmons of neighboring aggregated particles.

Zhang and co-workers exploited 1,8-naphthalimide-pyridine-
functionalized hybrid SiO, nanoparticles (71) for DCP detection in
THF (Fig. 47)."°° 1,8-naphthalimide was used as the fluorescent
reporter with the pyridine moieties used to react with DCP and
DCNP. The addition of both DCP and DCNP resulted in phos-
phorylation of the pyridine moieties, followed by hydrolysis
and their subsequent protonation. This mechanism resulted in
a large enhancement in the fluorescence emission at 427 nm.
Interference from mineral acids (e.g, HCl, HBr) is commonly
observed for pyridine-based strategies. However, immobilizing 71
on the hydrophilic silica overcame this issue. This was attributed
to mineral acids having a greater affinity for the surface of
SiO, NPs.

4.2 Fluorescent and colorimetric chemosensors for the
detection of blister agents

The development of chemical sensors for the optical detection
of blister agents has primarily focused on SM, rather than NM
or Lewisite. This is believed to be due to the lack of appropriate
molecular recognition units. In general, the design of chemo-
sensors for the detection of SM targets the electrophilic alkyl-
halides or the electrophilic episulfonium ions that form in a
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Fig. 49 The sensing mechanism of 72 for CMEE in acetonitrile.

polar medium (Fig. 48)."”” However, this nucleophilic strategy
often leads to poor selectivity against other electrophilic CWA
analytes (i.e., nerve agents). Therefore, fine-tuning of the
chemosensor and experimental conditions are needed. Over
the years, extensive efforts have been devoted by several
research groups to develop SM-responsive probes with high
selectivity and sensitivity. The reported approaches for SM
detection must use the mimic CEES, which is far more reactive:
SM (15, 8.5 min at 25 °C in H,0) vs. CEES (1,5, 44 s at 25 °C in
H,0)."® The instant and accurate detection of SM is imperative
for medical countermeasures. Current technologies require
around a week to a month for analysis in dedicated labora-
tories."”®

4.2.1 Detection of sulfur mustard. The initial report that
demonstrated the optical detection of chloromethyl ethyl ether
(CMEE) was reported by Eichen and co-workers in 2006
(Fig. 49).°° The developed sensor 2-(2-dimethylaminoethyl)-
benzo[delisoquinoline-1,3-dione (72) was assessed against alky-
lating agents (CMEE) in acetonitrile. As shown in Fig. 49, the
tertiary amine serves as both a PeT quencher and reactive unit
for CMEE. 72 saturates with CMEE at a ratio of 1:1, yielding
luminescence at 382 nm which is about 130 times stronger
than that of the free probe. Unfortunately, a major flaw with
this approach was that the presence of any species with similar
electrophilicity or acids (Lewis and Brgnsted) are likely to cause
interference and lead to a false-positive signal.

Using their expertise in indicator displacement assays
(IDAs), Anslyn and Kumar reported the first-ever selective and
sensitive fluorescent sensor for the detection of CEES®”' and
then again for SM (Fig. 50).%°* In this design, a dithiol (73) was
first allowed to react with CEES at 80 °C under pH 9 to form
podand (74). 74 was then able to interact with the metal-
indicator complex (75), resulting in the release of an indicator
(coumarin fluorophore, ME) by forming metal-podant complex
76 with a concomitant turn-on fluorescence response at
460 nm. This strategy took advantage of the greater binding
affinity of podand for Cd*" ions. By taking advantage of the
molecular design and reaction conditions, interference from
nerve agents and other electrophilic agents was not observed.

This journal is © The Royal Society of Chemistry 2023
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Fig. 50 (A) Pictorial presentation of the IDA approach for SM detection.

(B) Schematic illustration of chemical sensor components for CEES detec-
tion. Reproduced with permission from ref. 201. Copyright (2013) Amer-
ican Chemical Society.

This is because nerve agents were rapidly hydrolyzed under
these alkaline conditions (pH 9), and the less-reactive species,
such as benzyl bromide and the bis-(2-chloroethyl)ether (BCEE),
could not react under sensing conditions. The sensing ensemble
was designed in such a way that it was directly implemented on
bialkylating SM. Kumar et al. applied this same protocol to realize
the selective and sensitive detection of SM.?°® However, in the
present case, it is necessary to use capping agents to tame the
ligating properties of thiolate anions of 73, particularly when SM
is absent. As a result, it is necessary to cap the thiol before
performing experimental analysis. This process makes this
method somewhat cumbersome.>*!

Ongoing efforts by Anslyn and Kumar resulted in the exploi-
tation of squaraine (SQ) dyes for the colorimetric and fluores-
cent detection of CEES®® and SM in a basic methanolic
solution.>®* Squaraine dyes are a class of organic dyes that
have an intense blue color with an absorption maxima between
630-670 nm and a fluorescence emission between 650-700 nm.
The central, electron-deficient, four-membered ring is well-
known to be susceptible to nucleophilic attack, which leads
to its decolorization (Fig. 51(B)). In this approach, dithiol 73

Presence of SM

Absence of SM

Fig. 51 (A) Pictorial representation of a chemodosimeter approach for SM
detection. (B) Chemical structure of the species involved in CEES sensing.
Reproduced with permission from ref. 203. Copyright (2017) Royal Society
of Chemistry.
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was again used to react with CEES (and SM) and then exposed
to SQ. If the blue color from SQ persists, this indicates the
presence of SM. Alternatively, in the absence of CEES, 73 reacts
with SQ, resulting in a color change from blue to colorless
(Fig. 51). This sensing scheme was further extended by Kumar
and co-workers for SM detection.>®> Taking advantage of the
visual detection of SM, the method was further explored for on-
site detection by analyzing the sample in various matrices (soil
and surface).

Pardasani and co-workers reported the rhodamine-6
G-based chemosensor, 77, for the detection of SM and NM in
methanol/chloroform (4 :1). In this design, thioamide function-
ality was used for the selective recognition of SM and NM
(Fig. 52).°°° The S-alkylation of the thioamide functional group
induced ring-opening of spirolactam, affording a simultaneous
increase in absorption at 520 nm and fluorescence emission at
566 nm. This fluorescence response was observed between
15-60 min at room temperature and within 3 min at 60 °C.
The selectivity of 77 was demonstrated against various alkyl
halides, such as butyl iodide, butyl bromide, and BCEE.

Using a similar design concept, Wang and co-workers reported
a benzothiazole-functionalized rhodol with SM-reactive thioamide
functionality (78) for the chromo-fluorogenic detection of SM in
methanol (Fig. 53).>°° Rhodol can be seen as a hybrid between
rhodamine and fluorescein.”*” Similar to rhodamine and fluor-
escein, rhodol (in the presence of appropriate external stimuli)
can undergo spirocyclic ring-opening to form the highly fluores-
cent quinoid form. In the presence of SM, the solution of 78
changed from colorless to fuchsia. The reaction between SM and
78 was shown to induce ring-opening, which was found to be
faster than the rhodamine-based sensor (20 min vs. 60 min). The
authors attributed this rapid response to the benzothiazole-
mediated ESIPT, where intramolecular proton transfer generated
the photoinduced structural transformation of rhodol from the

H +H

Et/N
CI/\/S\/\CI

Peoee
O

7

MeOHICHCI; (4:1)

Fig. 52 The sensing mechanism of 77 for SM in methanol/chloroform
(4:1).

s (*SM (or CEES)

Fig. 53 The sensing mechanism of 78 for CESS and SM in methanol.
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Fig. 54 Pictorial representation of photographic detection and quantita-
tion of SM in the vapor phase. Reproduced with permission from ref. 208.
Copyright (2016) American Chemical Society.

phenol form to the quinoid form. At room temperature and 60 °C,
optical responses were observed within 25 min and 3 min,
respectively. The selectivity was superior over alkyl halide, an
oxygen analog of SM, and strong electrophiles (such as benzoyl
chloride). Probe 78 was further used for the detection of SM in
solution, soil, and air at ambient temperature, indicating its
potential application for the on-site detection of SM.

Wolfbeis and co-workers developed enzyme-based test strips
for the visual/photographic detection and quantification of SM
vapor (Fig. 54).>°® This strategy relies on the use of the enzyme
haloalkane dehalogenase as a biorecognition element. This
enzyme is known to degrade SM spontaneously into non-toxic
thiodiglycol, chloride ions, and a proton. Using pH indicators
present in the test strips, this change can be directly visualized
from a color change of blue-green to yellow within 10 min.
A quantitative readout was achieved using a conventional
digital camera based on red-green-blue data acquisition. Selec-
tivity was seen over 1,2-dichloroethane and ethyl bromoacetate,
and excellent sensitivity was observed, especially at 0.01 ppm
(for visual detection) and at 0.003 ppm (for red-green-blue read-
out). These results make this approach extremely valuable as
the strips are disposable, fairly rapid, and cost-effective for
field use.

In 2017, the mercaptomethylphenyl-modified tetraphenyl-
ethene (TPE) probe 79 was developed by Wang and co-workers
for CEES detection in an aqueous solution (Fig. 55).°°

S
XIS H = H
2

B)

L o = metalionM* MLy strong emitting

Fig. 55 (A) The sensing mechanism of 79 for CESS and SM in an aqueous
solution. (B) Its schematic presentation. Reproduced with permission from
ref. 209. Copyright (2017) Royal Society of Chemistry.
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The authors developed a mercaptomethylphenyl-modified tet-
raphenylethene probe that was allowed to react with CEES to
form a sulfur-based podand with four open chains, i.e., 1,1,2,2-
tetrakis(20-(ethylthio)propyl-[1,10-biphenyl]-4-yl)-ethene  (80).
These two staggered sulfur-based chains ligate with thiophilic
metal ions, such as (Hg>* and Cd>" ions, form sandwiched
structures). Such face-to-face molecular stacking eventually
restricts the rotation of the phenyl rings of TPE. This process
results in a fluorescence enhancement, leading to a selective
fluorescence turn-on detection of SM simulants like CEES. The
procedure shows high sensitivity (1.10 uM) and good selectivity
over butyl iodide, butyl bromide, BCEE, and 2-chloroethyl
ethyl ether.

Kumar and co-workers developed probe 81 for the detection
of SM in methanol. In this design, 81 incorporated the nucleo-
philic thioketone (thione) unit to interrupt the conjugation of
the acridine orange (AO) dye scaffold (Fig. 56).>'° 81 reacted
with SM via the thione unit to afford the conjugated AO
derivative with a change in turn-on response. The selectivity
for SM over sarin, soman, tabun, VX, oxygen mustard, benzyl
bromide, ethyl iodide, and HCl was achieved by fine-tuning the
reaction conditions where methanolic potassium hydroxide
acts as a base and was used to destroy any additional reactive
interference. The detection is achieved within one minute,
affording a color change from yellow to orange (443 nm to
502 nm) and a fluorescence change from green to yellow
(518 nm to 555 nm) in less than a minute at 60 °C.>*° To assess
the feasibility of using 81 for real-time analysis of SM, soil
samples, swab samples, and a kit for on spot the detection were
used. 81-coated test strips displayed no response, even with
organic solvents, acids, and bases. This method was highly
sensitive when using chromogenic and fluorogenic techniques
with calculated LODs of 0.02 mg (0.3 mM) and 0.005 mg (7.5
uM), respectively, which is the safe value (0.02 mg) to cause any
blister on human skin.

A similar approach was developed by Tian and co-workers,
in which the pyronin-based fluorescent probe 82 was capable of
detecting an SM simulant with concentrations as low as 0.6 uM
(in solution phase) and 0.25 ppm (in gaseous phase); these are
below the AGEL-1 level of SM (Fig. 57)."* The S-alkylation of 82
with CEES was shown in DCM, which resulted in the formation
of a highly fluorescent thiopyronin derivative (/e = 570 nm,
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Fig. 56 The sensing mechanism of 81 for SM in methanol.
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Fig. 57 The sensing mechanism of 82 for CEES in DCM.
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850-fold turn-on) with a marked shift in absorption from
445 nm to 567 nm. Excellent selectivity was seen for CEES over
other interfering substances with similar reactivities, such as
nerve agent’s simulants (DCP and DCNP), acylating agents, an
alkylating agent (ethyl iodide), and sulfur-containing com-
pounds. An 82-treated TLC plate was developed and exposed
to the vapor of CEES, which showed marked contrast in the
color and fluorescence brightness (under illumination with
365 nm UV light) to those of the plate before the 2-CEES vapor
treatment.

Broome and co-workers reported a new strategy that uses a
pyrene functionalized with a salicylic acid tether (83) to enable
the selective detection of alkylating agents, such as methyl
iodide (Mel), in a mixed PBS (phosphate-buffered saline) buffer
(9:1 PBS/DMSO (v/v)) (Fig. 58).>' Initially, 83 was found to be
weakly emissive. However, upon alkylation of the carboxylic
acid with Mel, a 1000-fold increase in the fluorescence emis-
sion at 475 nm was observed. The mechanism of detection was
proposed to be FRET-based, in which salicylic acid and pyrene
act as FRET acceptors and FRET donors, respectively. The
esterification resulting from alkylation by Mel turns on the
fluorescence at 475 nm. The sensing is realized within 48 h (at
40 °C) or within 30 min at 90 °C using tetrabutylammonium
iodide (BuyNI) as a phase-transfer catalyst. Along with CW
detection, the protocol was also implemented for the analysis
of alkyl bromides and iodides, diazomethane, and their deri-
vatives, as well as for pharmaceutical compounds like anticancer
drugs, busulfan, and pipobroman (Fig. 59). Interestingly, 83 was
the first probe of its kind to use oxygen as the nucleophile
recognition unit; most sensors rely on either tertiary nitrogen or
sulfur nucleophiles.

Fluorescent probes with absorption and emission in the
near-infrared region (650-900 nm) are more attractive for
biological applications, as it permits deeper tissue penetration,
low background interference, and low phototoxicity.*** One of
the most notable reports on the NIR detection of SM was
developed by Cao, Li, and Xiao. Among the series of reported
fluorescent probes (84-87) (Fig. 60), 87 afforded the best
response for SM combined with excellent selectivity.>'* The

6“ HO._O ‘ (OO
S TN -
0\/\/\0 Alkylator O\/\/\O

83

Fig. 58 The sensing mechanism of 83 for alkylating agents, such as
methyl iodide, in a mixed phosphate-buffered saline buffer (9:1 PBS/
DMSO (v/V)).
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Fig. 59 Chemical structure of anticancer drugs.
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Fig. 60 The sensing mechanisms of 84-87 for SM.

reaction of 84-86 and 87 with SM produced fluorescence
responses at 600 nm and 690 nm in 25-60 min and 10 min,
respectively. The developed sensing systems were tested for SM
selectivity against other interfering substances, such as nerve
gas mimics, sulfur-containing compounds, inorganic com-
pounds, alkylating agents, and hydrochloric acid, all of which
did not lead to a change in fluorescence intensity. To provide
new insights into SM-mediated injury, 87 was successfully
applied to image SM distribution in live cells (HaCaT cells),
and SM was found to accumulate in the mitochondria (Fig. 61).
Examples like 87 can be used as tools for the study of SM in
biological samples.

Che and co-workers reported the chemical sensor 88 for the
simultaneous detection and differentiation of a sulfur mustard
simulant (CEES) and DCP in the vapor phase (Fig. 62). This
approach used nanofibers that were co-assembled with 88 and
89; through FRET, the photostability and fluorescence emission
at 466 nm were enhanced.*'* Upon exposure to DCP and CEES,
fluorescence quenching occurred due to the formation of a
complex between DCP or CEES and 88. This acts as an exciton
trap to compete with FRET, thereby decreasing the emission.
Additionally, combining 88 with 89 in nanofibers results in
competitive CEES binding providing distinct fluorescence
response, thereby facilitating the detection of DCP and CEES.
The probes exhibited excellent selectivity for DCP and CEES
against other test substrates, including DCNP, HCl, DMMP,
common organic solvents, and water. The LOD for CEES was
0.3 ppm, which is among the lowest values ever reported.
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Fig. 61 (A) Possible fluorescence mechanism of 87 concentrated in the
mitochondria. (B) Representative fluorescent images for visualizing sulfur
mustard levels in living SKH-1 mice using SiNIR-SM. Reproduced with
permission from ref. 214. Copyright (2019) American Chemical Society.

Chem. Soc. Rev,, 2023, 52, 663-704 | 687


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d2cs00651k

Open Access Article. Published on 22 December 2022. Downloaded on 4/7/2026 11:37:57 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Review Article

ne 0~

ée"‘w
Compete with FRET ceE
—— eG— DCP g e— —_——— =
e, == < i T e
O O o ﬁ
'_\\_ 0= Q by 3 (8o,
CaHiz OEt —\/—

o0
Fluorescence response @ = N :':‘ 3 LON~s~  Fluorescence response

Fig. 62 Schematic representation of the fluorescence detection and
discrimination of DCP and CEES using the coassembled nanofibers with
88 and 89 in the vapor phase. Reproduced with permission from ref. 215.
Copyright (2019) American Chemical Society.

In an important development, rather than using a nucleo-
philic reaction for SM detection, Che and co-workers reported
the ability to detect SM based on noncovalent interactions
(sulfur-n and dipole-dipole interactions), thus affording desir-
able reversibility.>'® The systems include hierarchical micro-
spheres assembled from fluorene-based oligomer 90 or two
fluorene-based oligomers (90 and 91) resulting in sensitive
fluorescence detection of SM vapor (30 ppb) (Fig. 63). The
responses of the systems were evaluated in terms of their
fluorescence response with SM and interferences.

Recently, Gall and co-workers explored a different approach
using a FRET-based fluorescent probe (92) for the detection of
reactive alkylating agents, such as CEES and alkyl halides, in
DMSO/H,0 (9:1) (Fig. 64).>"” The chemosensor contains a
fluorophore and a quencher linked using a reactive spacer;
upon reaction with CEES, the sample degrades to release the
coumarin fluorophore, leading to an increase in the fluores-
cence signal at 477 nm. In probe 92, a nucleophilic tertiary
amine reacts with electrophilic alkylating agents, to generate
a tetraalkylammonium cation. In water elimination and

o [ ‘ . L) o™

o O 0

Fig. 63 Schematic representation of the fluorescence detection of SM
using hierarchical microspheres of fluorene-based oligomers (90) and (91)
in the vapor phase. Reproduced with permission from ref. 216. Copyright
(2019) American Chemical Society.
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Fig. 64 General presentation of FRET-based fluorescent sensing of alky-
lating agents.

_ HO
CHsl (20 equiv.)
9:1 DMSO/H,0
rt, 5 min

Fig. 65 The FRET-based sensing mechanism of 92 for methyl iodide.

separation of the quencher and fluorophore occurs (Fig. 65).
In the probe, coumarin is employed as a fluorophore whose
fluorescence is quenched by DABCYL (4-(dimethylaminoazo)-
benzene-4-carboxylic acid) (i.e., a quencher). The beauty of
these techniques lies in their ability to detect not only SM
simulants but also nitrogen mustard. Turn-on fluorescence was
demonstrated with several alkyl halides over related interfering
substances, like epoxides. The limit of detection for CEES was
calculated to be 2.3 mM.

In 2021, Kumar’s group designed and developed an innova-
tive protocol that employed luminol as a receptor and a
fluorescence reporter for the detection of SM in a bicarbonate
buffer (pH = 8.5) (Fig. 66).>'® The identified reaction conditions
needed to afford a response between 93 and SM used ionic
liquid and water in an optimized concentration (0.31 M). The
ionic liquid wviz. 1-ethyl-3-methylimidazolium dicyanamide
(femim] [DCA]) not only enhanced the nucleophilicity of 93 by
abstracting its enolic proton using a dicyanamide fragment but
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Fig. 66 Schematic illustration of chemical sensing based on luminol (93)
for SM. Reproduced with permission from ref. 218. Copyright (2021)
American Chemical Society.
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also stabilized the intermediate ion (episulfonium ion) of SM
with the help of its positive counterpart, ie., 1-ethyl-3-
methylimidazolium. The combination of luminol and the ionic
liquid in water exhibited a turn-on fluorescence response at
420 nm for SM within seconds with a sensitivity of 6 ppm. No
interferences from reactive and non-reactive species were
observed; these included nerve agents, reactive electrophilic
agents, BCEE, benzyl bromide, and diethyl sulfide. In order to
make the method field-deployable, a chromogenic response
was attained by using a high concentration of 93. Significantly,
the analysis of environmental samples, swab samples, and
vapor phase detection can pave the way for the development
of miniaturized, portable, and cost-effective chemosensor Kkits
that can be used in the field and at strategic locations, such as
airports and subways.

Based on an IDA ‘proof of concept’ approach, Beer and co-
workers developed and evaluated a turn-on fluorescent sensor
for SM detection (Fig. 67). In this study, a dansyl fluorophore
was ligated to gold nanoparticles (AuNPs) via imidazole and
amine groups.*'® The authors hypothesized that the displace-
ment of the nitrogen of imidazole or amine, with the relatively
soft sulfur donors present in SM/CEMS, release the dansyl
fluorophore and affords a fluorescent response. The initial
non-fluorescent conjugate is the result of an energy transfer
process due to the proximity of functionalized fluorophores to a
gold nanoparticle; this is attributed to through-space relaxation
by nano surface energy transfer (NSET). Both AuNPs exhibited a
weak fluorescence from the ligated dansyl group with emission
maxima around 500 nm. The addition of the CEMS or SM
produced a significant increase in the fluorescence intensity,
which is due to the distance, dependent nature of the non-
radiative processes. The response between both nanoparticles
and analytes was almost instant and was complete within five
minutes. Notably, analogous interfering agents, such as octanol
and di-n-butyl ether, gave no significant fluorescence increase.
Based on the SPECFIT analysis, the association constants
between the host and guest were logK = 4.65 £ 0.06 and
log K = 4.19 £+ 0.05 for CEMS and SM, respectively.

Dubey and co-workers exploited microfluidic paper-based
analytical devices, i.e., u-PADs, for the detection of blister
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Fig. 67 The sensing mechanism of dansyl-fluorophore-ligated gold
nanoparticles for SM/CEMS.
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Fig. 68 (A) Design of p-PAD for the simultaneous detection of nerve
agents and blister agents. (B) Colorimetric responses with sarin and SM
(100 mM) on the p-PAD. (C) Chemical structures of the dyes used.
Reproduced with permission from ref. 220. Copyright (2012) Royal Society
of Chemistry.

agents along with nerve mimics by utilizing well-established
chemistry (Fig. 68).>*° u-PADs are cellulose fiber networks
possessing several advantages, such as very low cost, power-
free application, portability and disposability, compatibility
with a small volume of samples, and easy operation and
construction. They are generally used for point-of-care diagno-
sis, biosensing, environmental monitoring, biomedical and
pharmaceutical analysis, clinical diagnosis, and forensic inves-
tigations. In this study, a tree-shaped p-PAD with one central
channel and four test zones was designed. Out of the four test
zones, two test zones were used for blister agents and nerve
agents, respectively, and two were used for their respective
controls. The detection of blister agents was based upon their
reaction with para-nitrobenzyl pyridine in the presence of a
base, which generates an intense purple/blue ionic product.
The reaction of R6GH with nerve agents generated a fluorescent
red/pink color. SM, NM, and nerve agents exhibited LOD values
of 100 pM, 1 mM, and 2.5 mM, respectively.

Suryanarayana and co-workers developed molecularly
imprinted polymers (MIPs) and evaluated them for the recogni-
tion of SM.>*" Methacrylic acid, ethylene glycol dimethacrylate,
and 2,2-azobisisobutyronitrile were polymerized in the
presence of SM (Fig. 69). After the formation of SM-bonded
polymers, SM was removed with the help of methanol, which
formed an SM-imprinted site that is very specific to SM bind-
ing. A non-imprinted polymer (NIP) was similarly synthesized
in the absence of SM. The SM-imprinted polymer exhibited a
higher surface area than the control NIP. Enhanced SM binding
to the MIP, when compared to the NIP, was observed with an
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Fig. 69 The schematic representation of MIP-based sensing of SM.
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imprinting efficiency («) of 1.3. No interference was observed
with SM MIP from BCEE.

Singh and co-workers reported an ultrasensitive fluorimetric
biosensor for CEES using chlorophyll derivatives 94 and 95
(Fig. 70).*** In the presence of CEES, the chlorophyll fluores-
cence at 673 nm was quenched, which was attributed to the
conversion of chlorophyll into its degredation products (as
suggested by high-performance liquid chromatography
profiles).>** This biosensor was found to be ultrasensitive with
a LOD of 7.68 x 10 '* M.

Li and co-workers demonstrated the efficient encapsulation
of SM and its simulants by per-ethylated pillar[5]arene (96) for
the recognition of SM (Fig. 71).>** 96 exhibited strong binding
affinity toward analytes in solution, as well as in the solid-state.
The interaction between the host and guest was established
using NMR spectroscopy. It was determined that the binding
constant (K,) between SM and the host was (6.2 = 0.6) 3 X
10° M. In the complex, CH,-Cl protons of SM provide a very
large upfield shift (0: 0.42 ppm), while protons from 96 exhibit
downfield shifts (Ad = 0.26-0.30 ppm) due to de-shielding
effects. XRD studies revealed the 1:1 inclusion complex, which
is driven by multiple C-H-: - -nCl/S and S- - -n-interactions. The
complex was found to be stable for more than six months in an
exposed environment. This type of encapsulation of SM would
be extremely beneficial in designing and developing materials
for the detection and decontamination of CW agents and other
toxicants.

Bowman-James and co-workers studied a series of amide-
based palladium(u) pincer complexes (97) coordinated with a
solvent (CH;CN) for the recognition of CEES (Fig. 72).**
"H NMR spectroscopy and X-ray crystallography confirmed
the binding of CEES with palladium(u) pincer complexes,
replacing the CH;CN with CEES. The soft nature of the palla-
dium and sulfur atoms may account for the high affinity of the

o™

A)

96

Fig. 71 Schematic illustration of (A) the per-ethylated pillar[5]arene host
(96) and (B) single-crystal structures of host—SM complexes. Reproduced
with permission from ref. 223. Copyright (2020) The Author(s).
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Fig. 72 Scheme for the sensing mechanism of 97 for SM.

palladium complexes for CEES, as compared to the solvent. The
crystal structure analysis revealed that the CEES molecule is
shielded by aromatic walls of the aromatic ring, and data
suggest that Pd-N1 distances are longer for the mustard
structures by about 0.02 A compared to the acetonitrile com-
plexes. The effect of phenyl rings with various substitutions and
with larger aromatic rings was systematically studied, revealing
that substitution at the phenyl ring does not significantly
affect the binding interaction. However, larger aromatic rings
produced a significant increase in binding, possibly due
to increased steric and electronic interactions. An NMR inves-
tigation revealed that the coexistence of cis- and trans-stereo-
isomers, corresponding with the two sides of the naphthalene
rings oriented in the same (cis) or opposite (trans) direction.
It is believed that the molecular wall effect due to the presence
of aromatic rings appended perpendicular to the pincer plane
observed with the mustard surrogate may lead to new applica-
tions, such as chemosensing, separation applications, and
molecule/ion transport.

Astruc and co-corkers reported bifunctional 1,2,3-triazole
derivatives with polyethylene glycol (PEG) (98) chain and a
fluorescent dye (coumarin), which exhibit fluorescence in the
presence of CEMS (2-chloroethyl methyl sulfide).”*> When
combined with AuNPs, this ensemble (containing 1,2,3-
triazole derivatives, the polyethylene glycol (PEG) (98) chain,
and a fluorescent dye) loses fluorescence due to the formation
of triazole-AuNPs. Through a ligand-displacement process,
CEMS was able to turn on the fluorescence (Amax = 472 nm)
by displacing the AuNPs from a quenched complex of triazole-
AuNPs, indicating the presence of the analyte (Fig. 73).

A pyridine-appended Mg-porphyrazine complex (99) was
designed by Gupta and co-workers to perform molecular logic
operations for the optical detection of CEES in CHCl;/CH;0H
(5:1, v/v) (Fig. 74).”*® The interaction of 99 with CEES leads to
the perturbation/reduction in absorbance of the Q-band of 99.

W(J

Cl

Fig. 73 The sensing mechanism of sensing ensemble 98 for CEES.
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Fig. 74 The sensing mechanism of 99 for CEES in CHClz/CH3OH (5:1, v/v).

Treatment of the probe-CEES complex (100) with KMnO,
solution resulted in the reappearance of the Q-band (634 nm)
of 99 and allowed the probe to be reused after a simple
filtration step. This reversible sensing setup allowed for the
creation of a platform that can generate different input-based
combinatorial and sequential molecular logic gate(s).

Xi and co-workers developed the chemical probe N-
(rthodamine-B)-thiolactam-2-n-butane (101), in which rhodamine
and thiourea moieties played the roles of chromogenic and
reactive groups, respectively (Fig. 75).>*” The sensing ensemble
with an SM simulant generated a chromo-fluorogenic response
with the emergence of new absorption peaks at 560 nm and
new emission peaks at 583 nm in the presence of the ionic
liquid 1-butyl-3-methylimidazolium dicyandiamide ([BMIm]DCA).
Owing to the better solubility of CEES in the ionic liquid (132.5%,
w/w), the reaction between the probe and CEES was very rapid;
it took place in 1 min at room temperature. Generally, this reaction
takes place at an elevated temperature.

In the next development, Li and co-workers described the
design, synthesis, and application of a selective and sensitive
turn-on fluorescent probe (102) (Fig. 76) for SM detection in
living cells (HT-22 cells) and whole animals (Aurelia coerulea
polyps).”*® A simple alkylation of the 102 by SM in the natural
environment (H,O) leads to the formation of the fluorescent
product with the emergence of an emission peak at 525 nm that
indicates the presence of SM. The basic objective of the present
study was to visualize the presence of intact SM in living cells
and whole animals.

In 2021, Song et al. reported a similar fluorescent probe 103
that undergoes S-alkylation with CEES in ethanol. 4-
Mercaptocoumarin-based chemical probes can detect blister
agents (CEES, SM, and NH1) in both solution and vapor forms
within five minutes (Fig. 77).”*°

The next development was by Abuzalat and Kim’s group who
demonstrated the facile and trace-level detection of CEES using
a fluorescein-encapsulated metal-organic framework (F@Zr-
BTC) sensory material (Fig. 78).>*® The fluorescein dye was

S S\/\S/\
/\S/\,a
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Fig. 75 The sensing mechanism of 101 for CEES in 1-butyl-3-methyl-
imidazolium dicyandiamide as an ionic liquid.
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Fig. 76 The sensing mechanism of 102 for CEES.
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Fig. 77 The sensing mechanism of 103 for CEES (X = S; R = H),
R=Cl,and NHL (X = S; R = H).
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Fig. 78 The sensing mechanism of the fluorescein-encapsulated metal-
organic framework for CEES in ethanol. Reproduced with permission from
ref. 230. Copyright (2021) Royal Society of Chemistry.

encapsulated within the internal voids (with appreture dia-
meters of 14 and 18 A, respectively) of a Zr-based MOF using
an in situ guest encapsulation method, resulting in enhanced
fluorescence. When F@Zr-BTC was exposed to CEES, drastic
fluorescence quenching at an emission wavelength of 534 nm
occurred. This was attributed to the fact that the electron-
deficient properties of the fluorescein affects the electronic
interaction between CEES and F@Zr-BTC. Through an adsorp-
tive phenomenon, there is a donor-acceptor electron transfer
mechanism between CEES (electron donor) and F@Zr-BTC
(electron acceptor), lowering the fluorescence intensity. The
fluorescein present inside the Zr-BTC voids accepts the elec-
trons from CEES. This sensing material also shows good
selectivity to CEES, as compared to other analytes containing
sulfur-like 2-mercapto ethanol, and H,S and DMMP.

In recent years, wearable electrochemical sensors have
received great attention owing to their applicability, flexibility,
portability, and biocompatibility. They also offer clinical mon-
itoring of a patient at hospitals and personalized care at
home.**" Arduini and co-workers realized the first wearable
electrochemical biosensor for the on-site detection of SM and
NM by exploiting paper-based, origami-like devices (Fig. 79).>*>
The detection was performed by monitoring the inhibitory
effects of each agent on choline oxidase enzyme (ChOx),
through the amperometric measurement of hydrogen peroxide
(i.e., the enzymatic by-product). A nanocomposite of carbon
black/Prussian blue (CB/PBNP) was used as a bulk modifier
for conductive graphite ink, which constituted the working
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Fig. 79 Pictorial representation of origami-like devices based on an
electrochemical sensor for SM and NM. Reproduced with permission from
ref. 232. Copyright (2019) Elsevier B.V.

electrode. The sensing tool represents a critical point within the
security field to provide early alarm systems.

4.2.2 Detection of nitrogen mustard. They may not be a
separate method for the optical detection of NM. However,
it has been chromo-fluorogenically detected along with SM.
Pardasani’s group described the detection of NM using a
rhodamine 6G-based chemodosimeter.”*> Gall*'” and co-workers
also utilized a FRET-based fluorescent probe for the detection of
NM along with SM. Song et al. demonstrated NM detection using
4-mercaptocoumarin-based chemical probes.”?”® In their SM
sensing strategy, Arduini and co-workers also implemented a
wearable biosensing technique for NM detection (as described
previously).>*?

4.2.3 Detection of Lewisite. The first approach developed
for the optical detection of a Lewisite simulant, i.e., AsCls,
occurred in 2016. Taking advantage of the thiophilic character-
istics of arsenic species, Hong and co-workers established a
fluorescence sensor using a coumarin-based probe appended
with bis(2-mercaptoethyl)amine (104) (Fig. 80).>** 104 was
shown to bind with AsCl;. This resulted in fluorescence
quenching at A, = 445 nm, which was attributed to the heavy
atom effect. Other metal ions, including thiophilic metals such
as Hg”", Ag®, Cu®", Fe**, Zn>", Pb>", and Cd*" (in large excess),
did not induce any optical change in the probe, thus showing
good selectivity. The estimated limit of detection using 3¢/slope
was 1.34 x 10~ ® M (1.34 pmol kg "), which is much less than
the LD, of Lewisite (145 pmol kg™ ). This method is effective
from pH 4 to 9. Therefore, HCI being produced as a by-product
of AsCl; detection did not significantly influence the fluores-
cence change.

4.3 Fluorescent and colorimetric chemosensors for detection
of blood agents

4.3.1 Detection of hydrogen cyanide. Blood agents are
mainly cyanogen chloride and hydrogen cyanide. To the best
of our knowledge, there is no optical sensing method reported

/j
— SH / N
N “sh NP
|
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CO e o

104 3HCI

Fig. 80 The sensing mechanism of 104 for a Lewisite simulant, such as
arsenic trichloride.
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Fig. 81 The sensing mechanism of 105 and 106 for HCN. Reproduced
with permission from ref. 234. Copyright (2013) Royal Society of
Chemistry.

thus far for the detection of cyanogen chloride. However,
hydrogen cyanide has been detected by several chromo-
fluorogenic strategies. Martinez-Manez explored triphenyl-
methane-based chemodosimeters (105 and 106) for the visual
detection of HCN gas (Fig. 81).** The nucleophilic addition of
cyanide to the electron-deficient carbon atom of the probe
results in a colorimetric response. The authors observed a
similar color response with CN~ and HS™ for 105 and 106.
The probes displayed reasonably good selectivity over H,S, NH3,
and HCI in the gas phase with a limit of detection of 2 ppm.
Pre-adsorption of probe 105 with aminated basic silica test
strips resulted in color changes when placed in a box contain-
ing HCN. Spots containing 5.00, 0.50, and 0.05 nM of 105 with
HCN (50 ppm) after 20 min as shown in Fig. 81.

The detection of hydrogen cyanide gas along with the
detection of cyanide in solution was realized by Song and co-
workers using diethylaminoquinoline derivatives possessing
dicyanovinyl substituents (Fig. 82).>*° The chemodosimeter
(107) was allowed to react with HCN via a Michael addition
reaction. A polyethylene oxide-based test strip loaded with 107
was used to selectively detect HCN gas at 60 ppm.

A paper-based sensor was fabricated using a cobinamide-
based indicator for the detection of HCN gas (Fig. 83).>*°
A piece of filter paper was impregnated with monocyanocobi-
namide [CN(H,0)Cbi]**® (108) facilitating the detection of HCN
within 10 s of exposure at concentrations as low as 5.0 ppm.
Cobinamide (Cbi), a cobalt-centered hydroxocobalamin, has
the ability to bind up to two cyanide (CN™) ions. At neutral
pH in water, it exists as the mixed hydroxy-aquo complex,
known as aquohydroxocobinamide. Upon interaction with
HCN, it forms monocyanocobinamide (CN(H,0)Cbi) and then
diacyanocobinamide [(CN),Cbi]. The change from CN(H,O)Cbi
to dicyanocobinamide [(CN)2Cbi] produces a significant color
change from orange (510 nm) to violet (583 nm).>*° In the
extension of the above studies, Greenawald et al. recently
developed an RGB (red, green, blue) color sensor for HCN
detection. A glass fiber filter paper was impregnated with

rN N CN HCN FN N CN 0-85 ppm
\\ﬁ/// CN \L (o VJEmm— -
Strong o7 Weak o7 N 90 O
107 1 2 3 4 5 6

Fig. 82 The sensing mechanism of 107 for HCN. Reproduced with
permission from ref. 235. Copyright (2018) Elsevier B.V.
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Fig. 83 (A) Chemical structure of probe 108 used for HCN detection. (B)
RGB color sensor for HCN detection. Reproduced with permission from
ref. 237. Copyright (2017) American Chemical Society.

CN(H,O)Cbi and placed above the RGB color sensor with on
chip LED.**’” Exposing the paper circle to HCN gas, resulted in a
rapid color change. The device is controlled by a microcontrol-
ler, which transforms data into real-time RGB readouts, thereby
permitting rapid color change analysis.

Gupta’s group reported a chemodosimeter (109) that showed
a notable chromo-fluorogenic response to HCN gas, as well as to
cyanide in solution and on a solid surface (Fig. 84).>*® The color
response is generated due to the formation of an oxazole
derivative from the reaction of 109 with HCN under slightly
basic conditions (pH 8.5). The chemodosimeter detected HCN
gas with a detection limit of 7 ppm, which is far below the
dangerous limit.

4.4 Fluorescent and colorimetric chemosensors for the
detection of choking agents

4.4.1 Detection of phosgene. Apart from classical methods
based on instrumentation and chemical techniques (see above),
the detection of phosgene has also been achieved recently using
electrochemical assays, enzyme-based methods, nanoparticles,
carbon nanotubes, and other techniques. Exploiting the sensing
strategies that are presented in Fig. 85, several groups have
reported selective and sensitive chromo-fluorogenic sensors for
phosgene detection. Broadly, these probes use ethylenediamine,
o-phenylenediamine, oxime, ortho-aminophenols, or cinnamic
acids recognition moieties that are connected to the fluoro-
phore/chromophore covalently. Resulting in fluorescence
quenching by blocking PeT or changes in the ICT characteristics.
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Fig. 84 (A) The sensing mechanism of 109 for HCN. (B) Sensing of gases

(i.e., Na, CO,, HzS, NHs, and HCN) on cellulose paper strips containing 109.
Reproduced with permission from ref. 238. Copyright (2018) Wiley-VCH
Verlag GmbH & Co. KGaA, Weinheim.
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Fig. 85 General sensing mechanisms for phosgene.

After interaction with phosgene and intramolecular cyclization,
the chemical probes impart a fluorescent response by converting
non-fluorescent molecules into a highly fluorescent products.
However, since Yoon'** and Zheng>*® have recently summarized
the literature on choking agent-responsive chemical probes, we
will not discuss these reports in this review.

4.5 Fluorescent and colorimetric chemosensors for the
detection of toxins

4.5.1 Detection of saxitoxin. A strategy for the detection of
saxitoxin (STX) was initially developed and popularized by the
Gawley group. This strategy can be seen as analogous to
fluorescent sensors for the detection of cations, where a fluor-
ophore is linked to a recognition unit (e.g., crown ethers) via
spacers (Fig. 86).>*° Similarly, STX inhibits PeT when bisguani-
dinium ions bind to crown ethers via ion-dipole interactions.
Molecular probes (110-116) based on several fluorophores
(anthracene, coumarin, acridine, and aza-BODIPY) and crown

PeT PeT

Spacer Spacer

Fluorophore Fluorophore

Fluorescence-OFF Fluorescence-ON

Fig. 86 General design of a PeT-based chemosensor for saxitoxin.
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Fig. 87 Various chemical probes (110-117) used for the detection of
saxitoxin.
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ethers were designed and exploited for the detection of STX
(Fig. 87).

Exploiting the fact that guanidiniums are known to bind
with crown ethers, Gawley initially designed an anthracene-
based crown ether (110) that was used for the fluorescence
detection of STX with a binding constant of 3.88 x 10> M~ ' in
ethanol.>*" This work was further advanced by evaluating a
series of anthracene-based crown ethers (eleven derivatives) to
analyze the effect of structural variations on binding and
developing host derivatives that are suitable for incorporation
into combinatorial libraries. The crown ethers exhibited good
binding constant and higher selectivity over closely related
interferents such as arginine, adenine, guanidinium ions, and
o-bromophenol. In subsequent improvement, various sizes of
crown ethers, e.g., 15-crown-5, 18-crown-6, 21-crown-7, 24-
crown-8, and 27-crown-9 were evaluated.** The study indicated
that chemosensors with large crown ethers like 27-crown-9 are
superior to previous probes for STX detection in terms of
selectivity, sensitivity, and binding constant (2.29 x 10° M%)
Changing indicators from anthracenyl to a coumarin fluoro-
phore leads to the selectivity of STX over Na*, K*, and Ca** in
aza crown ether-based chemosensors (111).>** The main drive
of the present research was to incorporate the spectral features
of coumarin, such as large Stokes shifts (70-100 nm) and high
quantum yields, into the STX chemosensor.

Tetrodotoxin (TTX), which is a guanidine-based neurotoxin,
is another sodium channel blocker that binds with voltage-
gated sodium channels and blocks the passage of sodium ions
into the neuron.”** The mouse bioassay failed to distinguish
between STX and TTX due to similarities in the clinical symp-
toms of the two toxins.?*® The selectivity of STX over TTX was
demonstrated by Gawley et al. using acridine-based crown ether
chemosensors (112-113).>*° However, the binding constant was
similar to that of the anthracenyl derivative, suggesting a
similar interaction between the host and guest. Two chemo-
sensors with18-crown-6 (114) and 27-crown-9 rings (115) con-
taining a boron azadipyrrin (a chromophore) were synthesized
and evaluated by Gawley et al. for visual detection of STX.>*
The use of boron azadipyrrin dye was justified by the authors
due to the fact that the azadipyrrin dye with absorption Aex =
650 nm is remote from any absorption bands due to STX
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(330 nm), thus reducing interference from the analyte. This is
an improvement compared to previously developed probes
based on coumarin (328 nm), acridine (350 nm), or anthracene
(three bands from 360 to 390 nm). The visible sensor exhibits
excellent sensitivity with LOD of 40 pM for STX and 100%
fluorescence enhancement, displaying 1:1 toxin/crown stoi-
chiometry and binding constant at 3-9 x 10° M.

Similarly, Leblanc’s group placed two coumarin moieties in
a single crown ether chemosensor (116) and observed a slight
blue shift (7 nm) that was attributed to the destabilization of
the excited state of the fluorophore by the analyte.”*® The
fluorescence spectroscopic results indicated two emission
bands at 420 nm and 550 nm. The latter band is the result of
the charge transfer (CT) process between two fluorophores,
which are at a distance of about 8-10 A. Hence, charge transfer
occurs resulting in the red-shifted CT band (550 nm). In their
next development, they further functionalized the surface of
quartz with a coumaryl-aza-crown-6 derivative (117).>*° The
chemically modified quartz slide was placed under a bifurcated
optical fiber and in the presence of STX a fluorescence enhance-
ment (E, = 332 nm, E,,, = 415 nm) was observed with a detection
limit of 107> M for STX. As a substitute to the currently used
mouse bioassay technique, the development of this functiona-
lized material would be beneficial to fabricate an inexpensive
and reusable nanosensor device.

In a fascinating approach, the authors integrated the major
attributes of two approaches, ie., MIPs and quantum dots
(QDs). MIPs and QDs were utilized as the recognition elements
and signal transducers, respectively, to design a new type
of molecularly imprinted silica appended to quantum dots
(MIP-QDs) for the detection of STX. The developed selective
fluorescence nanosensor exhibited excellent fluorescence
quenching in the presence of the analytes because of the
complementary imprinted cavities on the surface of MIP-QDs
(Fig. 88).>°° The fluorescence on-off takes place in the presence/
absence of STX. Using a surface-grafting technique, STX-imprinted
sites were generated via the hydrolysis and condensation reaction
of tetraethyl orthosilicate (TEOS) and 3-aminopropyl triethoxy-
silane (APTES) to provide -NH, surface binding sites on the QD
surface. The morphological data revealed that MIP-QDs have a
larger external surface area and total pore volume than the non-
imprinted polymer, thus providing more specific recognition sites
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Fig. 88 Pictorial representation of MIP-QD-based chemical sensing for
the detection of saxitoxin. Reproduced with permission from ref. 250.
Copyright (2017) Elsevier B.V.
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Fig. 89 Schematic representation of an AuNP-based sensing ensemble
for saxitoxin. Reproduced with permission from ref. 251. Copyright (2020)
Royal Society of Chemistry.

to the STX than the NIPs. Structural analogs of STX, such as
okadaic acid, gonyautoxin, anatoxin-a, and neosaxitoxin, were
applied to assess the selectivity of MIP-QDs, the results confirmed
that the imprinted cavities were only complementary for STX.

More recently, an ultrasensitive colorimetric biosensor
based on gold nanoparticles (AuNPs) and an aptamer (AuNPs-
aptamer biosensor) for specific detection of STX were reported
by Zhang and Han (Fig. 89).>°" The chromogenic response is
the result of the aggregation of AuNPs (from AuNP functiona-
lized with the aptamer) caused by the interaction between STX
and the aptamer. The absorbance peak changes are attributed
to the surface plasmon resonance absorption peak leading to a
quantitative determination of the analyte. The present bio-
sensor achieves the lowest STX detection limit of 10 fM within
30 min.

4.5.2 Detection of ricin. Currently, ricin detection is mainly
achieved by various instrumental techniques and bioassays.>>>
Recently, colorimetric aptasensors using modified AuNPs have
attracted more attention due to their high sensitivity. Li’s group
recently introduced a simple, sensitive, and selective colori-
metric biosensor for the detection of ricin where AuNPs act as
the probe and a ricin-binding aptamer acts as the recognition
element.>”* Fig. 90 shows that ricin specifically binds with the
ricin-binding aptamer. This induces the aggregation of AuNPs
by NaCl, resulting in a color change from red to blue.

Employing the unique feature of gold nanoparticles posses-
sing peroxidase-like activity, Li et al. demonstrated a simple
and sensitive naked-eye detection technique for ricin (Fig. 91).>**
3,3',5,5'-Tetramethylbenzidine (TMB), a chromogenic substrate
used in immunohistochemistry, exhibits strong affinity toward
a negatively charged nanoparticle surface and gets oxidized in
the presence of H,0,, leading to the enhancement of TMB
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Fig. 90 Schematic representation of an aptasensor based on modified
AuNPs for ricin. Reproduced with permission from ref. 253 Copyright
(2014) Royal Society of Chemistry.
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Fig. 91 The sensing mechanism of the colorimetric aptasensor for ricin.
Reproduced with permission from ref. 254. Copyright (2015) Royal Society
of Chemistry.

Fig. 92 The sensing mechanism of the galactose-stabilized nanoparticles
for the ricin mimic (RCA120). Reproduced with permission from ref. 255.
Copyright (2008) Royal Society of Chemistry.

absorbance (from light blue to deep blue). In this report, the
authors established that the peroxidase-like activity of AuNPs
can be enhanced by surface activation with a ricin-specific
aptamer. In the prescence of ricin, the aptamer is desorbed
from the AuNPs’ surface, resulting in a decrease in the catalytic
abilities of the AuNPs and the absorbance of TMB. The protein-
like thrombin (Th), glucose oxidase (GOx), and bovine albumin
(BSA) did not interfere in the determination of ricin.

Russell’s group presented a biosensing assay for the
detection of a ricin mimic, Ricinus communis agglutinin 120
(RCA120) (Fig. 92).>*° The approach is based on the aggregation
of carbohydrate-stabilized AuNPs to generate a visual response,
which was also monitored by UV-vis spectroscopy. To develop
a bioassay, both long-chain 9-mercapto-3,6-dioxaoctyl-p-p-
galactoside and short-chain 2-mercaptoethyl-p-p-galactoside
derivatives were assembled onto gold nanoparticles, where
RCA120 induced aggregation. The LOD for the toxin was 9 nM
using the optimally presented galactose-stabilized nanoparticles.

Boopathi and co-workers developed a MIP for the recogni-
tion of ricin by adopting a two-step, procedure-based soft silane
polymerization technique on a silica gel matrix using 3-amino-
propyl triethoxysilane as a monomer and tetraethoxysilane as a
crosslinker (Fig. 93).>® This technique does not require harsh
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Fig. 93 Schematic presentation of MIP-based ricin detection.

Ricin B
aptamer

Fig. 94 The sensing mechanism of the aptamer-modified micromotor-
based fluorescence detection of ricin B. Reproduced with permission from
ref. 257. Copyright (2016) American Chemical Society.

reaction conditions and free radicals, which may affect the 3D
structure of the protein during the imprinting process. The
ricin-MIP exhibited nanopatterns, and it was found to be
entirely different from the non-imprinted polymer (based on
SEM imaging). The ricin-MIP exhibited an imprinting efficiency
of 1.76, and it exhibited 10% interference from the structurally
similar protein abrin.

Wang et al. reported the aptamer-modified micromotor-
based turn-on fluorescence detection of ricin B toxin (Fig. 94).>%”
This concept is based on self-propelled chemically-powered micro
motors consisting of reduced graphene oxide (rGO)/platinum (Pt)
micromotors, which are modified with a specific ricin B aptamer
tagged with fluorescein amidine dye. The aptamer displays a
stable folding conformation under harsh environments, including
wide pH (2-7) and temperature (4-63 °C) ranges. This approach
exhibits rapid ‘on-the-fly binding of the toxin with a visual
“off-on” fluorescent response that enables rapid detection of ricin
at the ng mL ™" level and selective real-time measurements
in diverse samples, which makes it attractive for defense
applications.

5. Selectivity issues

Selectivity is the capability of a chemosensor to exclusively
detect the target analyte in the presence of other species. This
is one of the most challenging aspects during the design and
development of the chemosensor as many molecular sub-
stances with similar structure, size, and charge can co-exist in
complex media. Therefore, the incorportation of selectivity
within the molecular receptor, requires elegant design of
finely-tuned artificial receptors with optimized affinity for the
analyte is of paramount importance. As such, the development
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of selective chemosensors is still one of the main frontiers in
supramolecular chemistry. In order to impart selectivity into a
chemosensor, a complete understanding of the target analyte
and possible interferences is required.?

Given the concern regarding the lethal nature of CW agents,
selectivity become far more significant in the case of fluores-
cent and colorimetric chemosensors for the detection of CW
Agents. Both blister agents and nerve agents are electrophilic in
nature, and consequently all the developed molecular sensors
are most likely to possess nitrogen, oxygen, and sulfur as a
nucleophilic site in order to react with electrophilic agents,
thus inducing the observed optical changes in the chemosen-
sor. Obviously, this will lead to interference from other
less toxic or non-toxic electrophilic agents such as sulfonyl
chlorides, thionyl chloride, anhydrides and acid chlorides.
Furthermore, in the case of chemosensors based on a nucleo-
philic center such as nitrogen, inferences from acids (organic/
inorganic) is almost certain. In the presence of moisture, G-and
V-series are susceptible to hydrolysis thus forming an organo-
phosphoric acid and hydrofluoric/thio acid. Significantly, in
many cases, the response of the sensing material to DCP and
hydrochloric acid/hydrogen chloride is the same.”*® Therefore,
while detecting the real agents the presence of small amount of
hydrolyzed product invariably occurs in the chemical agents
and can interfere with the detection of CWAs. However, this
situation can be avoided by removing the acid contaminants
prior to measurement or by performing the detection studies in
the presence of acid scavengers such as hexamethylene-
tetramine.

A literature survey indicates that in most cases, detection of
CW agents were reported using DCP (in case of nerve agents) or
CEES (in case of blister agents). In both the cases, the rate of
reaction with chemosensors are different when compared to
the respective real agents i.e. DCP or CEES react more quickly
due to the weaker P-F or C-Cl bond."*®2%° The specific detec-
tion of individual agents is highly desirable not only to reduce
false positive signals but in addition from point of view of
medical countermeasures. Since, in a war scenario, a specific
antidote must be provided rapidly to the victim of a CWA
attack. The different oximes (reactivators) are effective against
different chemical agents, for example, pralidoxime chloride
(PAM-CI) is effective against GB and VX while HI-6 and HIo-7
provide better protection against GA and GD. Furthermore, in
war-like situations, interference with acids could pose chal-
lenges for first responders or law enforcement agencies. Since
these acidic gases may produce false positive signals that
can cheat the detection device developed based on these
chemosensors.

6. Conclusions and outlook

For more than a century, CW agents have constantly been
posing serious threats to mankind, national security, and the
environment. Broadly, the first half of the century was largely
occupied with the development of various CW agents and their
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exploitation as weapons of mass destruction. In the second half
of the century, efforts were made to improve detection, protec-
tion, and decontamination technologies against CW agents.
In this review, we briefly introduced the long and unfortunate
history of lethal and non-lethal chemical weapons in an
attempt to provide an in-depth account of their chemistries
and toxicities on a single platform. Here, we have pointed out
the latest developments in CW detection technologies, and
subsequently summarized currently used technologies in the
military and peace-keeping operations. The past few decades
have witnessed tremendous progress in the development of
detection methods based on instrumental techniques and
chemical detection principles. This has resulted in several
technologies in the form of electronic devices and kits, which
are currently being used by several nations.

Ideally, to explore practical solutions to the existing pro-
blems related to selectivity, sensitivity, speed, portability, and
cost, chemical sensors/detection are considered to be the more
promising solution, particularly when exploring approaches
based on supramolecular tools.>*® Due to the diverse chemical
nature of each class of CW agents (i.e., nerve agents, blister
agents, blood agents, choking agents, and toxins), different
chemical approaches have been exploited in each case.

Fluorescent and colorimetric chemosensors are among
the most broadly discussed, researched, and applied synthetic
chemical sensors. The structural diversity of these probes
provides a range of exceptional electronic and optical proper-
ties. When combined with their robust chemistry and ease of
manipulation, these probes have become attractive candidates
for sensor applications. In most cases, optical detection sys-
tems rely on a suitable interaction between chemical probes
and chemical agents.

The field of chemosensors for CW agents has seen tremen-
dous progress in the past 20 years with the evolution of,
probably, the first fluorescent chemosensor for CW agent
mimics reported by Swager. This was followed by studies
conducted by many groups,*®' who have inspired countless
researchers through their seminal contributions to the field
of chemosensors. Most of these reports reveal different combi-
nations of binding or reactive sites and signaling units coupled
in different ways to develop selective and sensitive detection
systems for diverse CWAs. Each segment was classified
according to the signaling paradigm used. For example, (a)
the binding site-signaling unit, (b) the displacement assay,
and (c¢) chemodosimeters exhibiting “turn-off” or “turn-on”
responses mediated by various sensing mechanisms, such as
PeT, ITC, RET, and ESIPT. In most of the examples of chemo-
sensors for the detection of nerve agents, blister agents,
choking agents (phosgene), and blood agents (HCN), their
electrophilic ability was utilized by incorporating a nucleophilic
site in the chemical probe that eventually lead to the signal
transduction. With the success of using a discrete molecular-
like sensor, further attempts were undertaken to utilize the
already developed science for the fabrication of technologies
using polymers, hybrid materials, and nanomaterial—even
for gas-phase detection—with much greater selectivity and

This journal is © The Royal Society of Chemistry 2023

View Article Online

Review Article

sensitivity. In some cases, sensory materials have been inte-
grated into devices that can be used to detect a diverse range of
CW agents.

From the literature, it is evident that many innovative and
sophisticated approaches have been explored for the detection
of nerve agents and choking agents (phosgene). However, very
few have been proposed for blister agents, blood agents (HCN),
and toxins like saxitoxin and ricin. The last decade has seen a
exponential growth in the development of chromo-fluorogenic
probes for sulfur mustard after a report by the Anslyn group.
Unfortunately, due to the high toxicity and unavailability of
these chemical agents in academic environments, the majority
of these approaches have been tested with simulants for nerve
and blister agents, such as DCP and CEES, respectively. Both
surrogates differ in chemical reactivity, which may lead to
changes in the experimental settings while dealing with real
agents in real-life scenarios. In addition, many of the chemical
probes encounter challenges like interference, even with other
non-toxic electrophilic species. These two major challenges
were partially addressed by developing a strategy based on
the detection of hydrolyzed products of nerve agents, which
not only resolved these issues to some extent but also provided
methods that can discriminate these compounds from one
another.

Regardless of the notable progress, these emerging instru-
mental techniques are still confronting many difficulties owing
to the inherent limitations of false-positive signals, operation
complexity, and high cost. Chemical detection techniques have
partly resolved the latter two problems, but selectivity is still a
major concern. Given the challenges associated with CW detec-
tion—and because this is an opportunity for the scientific
community to develop ‘ideal’ chemical sensor and detection
systems—advanced, innovative, and more selective fluorescent
and colorimetric chemosensors are of vital importance. Despite
recent exciting reports, there are still only a small number of
specific chemical probes, and this remains a largely unexplored
area. Further efforts are needed to make advancements for the
next-generation of responsive probes in terms of specificity.
Furthermore, integrating different sensing approaches and
designing and developing ‘single probes’ for the specific detec-
tion of various classes of CW agents will be a growing trend in
the upcoming years. Additionally, superior performance can be
achieved by developing efficient sensor materials that can
be incorporated into conjugated/non-conjugated polymers,
organic-inorganic hybrids, and nanomaterials. The merits of
these smart and advanced materials include high sensitivity,
simplicity, signal amplification, easy fabrication into devices,
processability, stability, and reusability. The developed materi-
als can further be transformed into responsive luminescent
films, which in turn can be integrated with other technologies
(e.g, electronics and imaging instruments) to fabricate proto-
type devices and Kkits.

In summary, we present a comprehensive review of various
aspects of CW agents and the development of state-of-the-art
detection techniques to protect the global community. Recent
developments in the field of optical chemical sensors for CWAs
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are a new area that has been extensively discussed, covering
each class of CW agents. Innovative advances in the chemistry
of fluorescent and colorimetric probes continue to be carried
out within the field of CW sensing, and we expect that chemo-
sensor research will continue to expand and develop in the near
future. We predict that new developments will address major
challenges related to selectivity, sensitivity, and simplicity.
These novel concepts and innovative ideas give us great hope
that global security will be improved with CW chemosensors
through the close collaboration between chemists, electronic
engineers, and industrial partners. The national and interna-
tional collaboration of these stakeholders should lead to excit-
ing discoveries and commercial technologies in the field of
chemical sensing for CWAs over the decades to come.

Abbreviations

AC Hydrogen cyanide

ACADA Automatic chemical agent detection alarm
AChE Acetylcholinesterase

AGEL Acute exposure guideline level

AO Acridine orange

APTES3 Aminopropyl triethoxysilane

ATCI Acetylthiocholine iodide

AuNP Gold nanoparticle

BA Blister agent

BCEE Bis-2-chloroethylether

BMIDC 1-Butyl-3-methylimidazolium dicyandiamide

BODIPY Boron dipyrromethene

BSA Bovine albumin

BSA Bovine serum albumin

BWC Biological weapon convention

BZ 3-Quinuclidinyl benzilate atropine
scopolamine

CAM Chemical agent monitor

CB Carbon black

Cbi Cobinamide

C-CX Chinese VX

CEES 2 Chloroethyl ethyl sulfide

CG Phosgene

ChO Choline oxidase enzyme

CK Cyanogen chloride

CL Chlorine

CNS Central nervous system

CT Charge transfer

CWA Chemical warfare agent

CWC Chemical weapon convention

CX Phosgene oxime

DA Diphenylchlorarsine

DABCYL 4-Dimethylaminoazobenzene-4-carboxylic
acid

DAET 2-Diisopropylaminoethanethiol

DC Diphenylcyanoarsine

DCNP Diethyl cyanophosphonate

DCP Diethyl chlorophosphate
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DEPI
DFP
DMMP
DMMP
DMSO
DP
DTNB
[EMIM] [DCA]
ESIPT
ET
FPD
FRET
GA
GB
GD
GF
GOx
HD
HPLC
ICAD
ICT
IDA
ISE
JCAD
LCD
LOD
LSD
ME
MIP
MOF
MSD
NA
NATO
NC
NIP
NIR
NLW
NM
NMR
NPD
NSET
OP
OPCW

PB
PDI
PEG
PEO
PeT
PS
QD
RAID
RCA
RCA-120
RGB
rGO
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Diethoxyphosphinyl isocyanate
Diisopropyl fluorophosphate
Dimethyl methylphosphonate
Dimethyl methylphosphonate
Dimethyl sulfoxide

Diphosgene
55-Dithio-bis-2-nitrobenzoic acid
1-Ethyl-3-methylimidazolium dicyanamide
Excited-state intramolecular proton transfer
Energy transfer

Flame photometric detection
Forster resonance energy transfer
Tabun

Sarin

Soman

Cyclosarin

Glucose oxidase

Highly distilled
High-performance liquid chromatography
Individual/improved chemical agent detector
Internal charge transfer
Indicator displacement assay
Ion-selective electrodes

Joint chemical agent detector
Lightweight chemical detector
Limit of detection

Lysergic acid diethylamide
4-Methylesculetin

Molecular imprinted polymer
Metal-organic framework

Mass selective detection

Nerve agent

North atlantic treaty organization
Nanocluster

Non-imprinted polymer

Near Infrared

Non-lethal weapon

Nitrogen mustard

Nuclear magnetic resonance
Nitrogen phosphorus detection
Nano surface energy transfer
Organophosphorus

Organization for the prohibition of chemical
weapon

Prussian blue

Perylene diimide

Polyethylene glycol

Polyethyleene oxide
Photo-induced electron transfer
Chloropicrin

Quantaum dot

Rapid alarm identification device
Riot control agent
Ricinuscommunis Agglutinin-120
Red green blue

Reduced graphene oxide
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RVD Residual vapor detection
R-VX Russian VX

SAW Surface acoustic wave

SM Nitrogen mustard

SQ Squarine

STX Saxitoxin

TC Thiochloline

TEOS Tetraethyl orthosilicate

Th Thrombin

THC Delta-9 tetrahydrocannibinol
THF Tetrahydrofuran

TMB 33’55'-Tetramethylbenzidine
TMP Trimethyl phosphate

TPA Triphenylarsine

TPE Tetraphenylethene

TTX Tetrodotoxin

WMD Weapon of mass destruction
XRD X-ray diffraction
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