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Abstract: The increasing incidence of organophosphate (OP) pesticide poisoning and the
use of OP chemical warfare agents (CWA) in conflicts and terrorist acts need sustainable
methods for sensing, decontamination, and detoxification of OP compounds. Enzymes can
serve as specific, cost-effective biosensors for OPs. We will report on recent advancements
in the use of carboxylesterases from the Hormone-Sensitive Lipase for the detection of
OP compounds. In addition, enzymatic-based OP detoxification and decontamination
offer long-term, environmentally friendly benefits compared to conventional methods
such as chemical treatment, incineration, neutralization, and volatilization. Enzymatic
detoxification has gained attention as an alternative to traditional OP-detoxification meth-
ods. This review provides an overview of the latest research on enzymatic sensing and
detoxification of OPs, by exploiting enzymes, isolated from thermophilic/extremophilic
Bacteria and Archaea that show exceptional thermal stability and stability in other harsh
conditions. Finally, we will make examples of integration between sensing and decontam-
ination systems, including protein engineering to enhance OP-degrading activities and
detailed characterization of the best variants.

Keywords: organophosphate pesticides; chemical warfare agents; biosensor; thermostable
enzyme; esterases; Phosphotriesterase-like Lactonases

1. Introduction
Organophosphates (OPs) have gradually replaced organochlorides in agricultural

production, becoming one of the primary chemicals for pest control [1–4]. The global
market for organophosphate pesticides was anticipated to grow at an annual rate of 5.5%
over the period from 2018 to 2023 [4] and it will be maintained until 2028. Additionally,
the worldwide usage of organic phosphorus pesticides is estimated at around 10.2 million
tons annually [2]. Although to date the use of synthetic OPs is decreasing due to toxicity
and their likely involvement in diseases such as cancer, autism, and neurodegeneration [5],
these compounds still represent a serious problem for populations all over the world and
the environment, particularly for misuse in agricultural settings and for use in suicidal
acts [6,7]. More than 100,000 people annually die of accidental or intentional poisoning
by OP pesticides [8] mainly by paraoxon, parathion, coumaphos, diazinon, dimethoate,
and chlorpyrifos. Worth noting is that the banned chemical warfare agents (CWA) (e.g.,
sarin, tabun, soman, and VX) are OPs that could potentially be exploited in terrorist acts
like the recent dramatic events in Syria [9,10], other terrorist attacks in Iran and Japan [5],
attempts at or assassinations of individuals mostly for political reasons [11,12]. Some OPs
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also bioaccumulate in the environment, causing damage to birds such as vultures [13] and
bees. These compounds have been utilized as warfare agents, leading to the establishment
of numerous international protocols and treaties aimed at their eradication, but many
countries have yet to fulfill their commitments. Now, there is an increasing imperative to
investigate suitable strategies for the sensing and decontamination of OPs [9].

In this review, our primary focus will be on the general aspects of biosensors, with par-
ticular emphasis on enzyme-based biosensors. We will explore the various characteristics
that make these biosensors effective, such as their sensitivity and specificity, concentrating
on fluorescence biosensors. In addition, we will then focus on thermostable enzymes,
which have attracted considerable focus because of their exceptional stability and efficiency
in challenging environments. These enzymes are particularly advantageous for both the
detection of specific target compounds and the degradation of harmful substances, as they
maintain their activity across a broad range of temperatures and environmental conditions.
A detailed description of two classes of proteins thermostable Phosphotriesterase-like Lac-
tonases (PLLs) [14] and carboxylesterases [15] is reported, considering their potentialities
in sensing, decontamination, and detoxification of OP compounds.

2. OP Structures and Mechanism of Toxicity
OPs stand for a class of organic chemicals that arise from phosphoric acids and their

derivatives, characterized by at least one carbon-phosphorus bond. Many OPs are phos-
photriesters that hold various combinations of oxygen, carbon, sulfur, and nitrogen. In oxo
OPs, the central phosphorus atom is linked to oxygen by a double bond, while in thio OPs,
it is linked to a sulfur atom. Additionally, the phosphorus atom can be bonded to alkoxy or
amino groups via ester linkages, and to other chemical groups such as halogen, aliphatic, or
aromatic compounds [16]. The toxicity of these compounds is significantly affected by the
substituents attached to the phosphorus atom in phosphoric acid esters [17]. The class of
OP pesticides falls into various categories, including thiols, amides, or esters derived from
phosphonic, phosphinic, phosphoric, or thiophosphoric acids, often combined with organic
side chains such as phenoxy, cyanide, or thiocyanate groups [18] (Figure 1A). Certain OPs
like phosphonothioates (S-substituted) and phosphonofluoridates, which also are defined
nerve agents (NA), are often recognized and used as chemical warfare agents [19]. These
agents are grouped into four categories: the G-, the V-, the GV-, and the Novichok agents.
The G-series agents, developed by Germans, encompass tabun (GA), sarin (GB), soman
(GD), and cyclosarin (GF). V-series agents, denoted as venomous, include VE, VG, VM,
VX [20], Chinese VX, and Russian VX [21]. GV-series combines properties of both G and V
series, exemplified by GV, 2-dimethylaminoethyl-(dimethylamido)-fluorophosphate [22].
In general, G-series agents are less toxic than those in the V-series [23]. However, the secrecy
surrounding research on these compounds has sparked significant debate, resulting in nu-
merous speculative versions of their structures. The novel A-series compounds [24] are less
known and called “Novichok”, an equivalent word for “newcomer” in Russian [25]. The
Novichok series includes substances like substance-33, A230, A232, A234, Novichok-5, and
Novichok-7 [26,27] (Figure 1B). The central part of the information we know about these
agents is from Dr. Vil Mirzayanov, a Russian scientist [28], who detailed the development
of the first three compounds at the GosNIIOKhT facility in Russia [29]. These compounds
were initially unitary agents, with Novichok-5 as the first synthesized binary agent in 1989,
based on Unitary A232 [29]. Novichok agents are typically liquid but can convert to a dusty
formulation through the adsorption of liquid droplets on carriers like silica gel, pumice,
fuller’s earth, or talc [30]. Hydrolysis of A230, A232, and A234 is slower compared to G- and
V-series agents. OPs such as fluoride-releasing volatile soman and sarin, cyanide-releasing
tabun, and thiocholine-releasing VX feature a stereogenic phosphorus atom; they have two
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enantiomers, P(−) and P(+), except Soman, which has two chiral atoms—one carbon center
and one phosphorus—with four enantiomeric forms: C(+)P(+), C(+)P(−), C(−)P(+), and
C(−)P(−) [31]. Stereoisomers play a crucial role in determining the range of toxicity of the
compounds, with P(−) enantiomers generally exhibiting higher toxicity [31].
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Figure 1. Chemical structures of main pesticides (A) and chemical warfare (B) OPs.

Toxicity of nerve agents, including OP pesticides is the consequence of targeting
acetylcholinesterase (AChE), one of the key enzymes in cholinergic transmission [32]. The
irreversible inhibition of acetylcholinesterase (AChE) leads to the buildup of acetylcholine
at synapses between neurons or neuromuscular junctions, causing a range of clinical issues
and potentially resulting in death [33] (Figure 2). Numerous toxicological studies have also
demonstrated the genotoxic and carcinogenic potential of OP pesticides, showing that they
can induce gene mutations, chromosomal alterations, and DNA damage in mammals [34],
as well as negatively affect semen quality in humans [35]. A 2015 study published in Lancet
Oncology [36] identified tetrachlorvinphos, parathion, malathion, diazinon, and glyphosate
as probable carcinogens in mammals, with some already banned within the EU. These
concerns surrounding organophosphorus poisoning have highlighted the necessity for
environmental monitoring (biosensors) and decontamination or detoxification strategies
for OP-contaminated soil, surfaces, air, water, and waste (including obsolete pesticide
stocks and nerve agents). Additionally, there is an immediate need for effective solutions
to rapidly detoxify humans exposed to OP nerve gasses.
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(A) Acethylcholine signaling at the synapse; (B) OPs inhibit Acetylcholinesterase activity; (C) the
enzymes degrade the OPs.

3. Sensing of OP Compounds: An Enzymatic Approach
Detecting organophosphates in various environmental samples typically requires

advanced analytical techniques like gas and liquid chromatography combined with mass
spectrometry (GC- and LC-MS) [37–39]. Nevertheless, to complement existing technolo-
gies and enhance the efficiency of OP monitoring, several alternative approaches have
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been developed in recent decades. There is increasing interest in developing sensors and
biosensors for detecting and measuring OPs in various environments such as water, soil,
and food, as well as in human samples like blood, urine, and tissue [40]. Enzymatic
biosensors appear as a promising method due to their potential for being faster, more
cost-effective, and user-friendly [41,42]. Additionally, enzymes have garnered significant
attention for OP decontamination and detoxification, especially from an environmental
perspective, as they offer a non-corrosive, safe, eco-friendly option that is also applicable
to human treatment [43–45]. Injectable enzymes, known as bioscavengers, which can
neutralize OPs in the bloodstream, are being explored as an alternative to traditional pre-
and post-exposure therapies [46]. Despite challenges related to enzyme efficiency, stability,
and production costs, recent advancements in the discovery and engineering of highly
thermostable carboxylesterases and OP-degrading enzymes [47,48] are likely to make these
enzymes competitive and cost-effective solutions for OP detection and detoxification in
the near future. Moreover, enzymes can be easily immobilized on various substrates, such
as foams, offering additional benefits like reusability [49,50]. In this review two classes of
enzymes will be explored: the Hormone-Sensitive Lipase (HSL) Carboxylesterases and the
Phosphotriesterase-like Lactonase (PLL) enzymes for detection and the detoxification of the
OPs, respectively. In particular, biosensors that utilize enzymes, such as carboxylesterases
or PLLs, for the detection and detoxification of OPs offer significant advantages over
traditional methods.

3.1. Sensing of OPs

A typical biosensor is a device that integrates biological components with transducers
to transform biological responses into electrical signals for detecting and measuring ana-
lytes. They are versatile tools employed in diverse areas like healthcare, disease diagnosis,
environmental monitoring, and food quality control. Biosensors include an analyte, biore-
ceptor (in this case, enzymes), transducer, electronics, and display (Figure 3) [51]. The classi-
fication of biosensors depends on the type of bioreceptor and transducer [51], and includes
immunosensors (using antibodies) [52], aptamer-based sensors (using DNA/RNA) [53],
microbial sensors (using living cells) [54], and enzymatic sensors (using enzymes) [55].
Microbial or whole-cell biosensors utilize enzymes engineered in living cells to produce
detectable signals in response to specific targets. Their adaptability to emerging threats has
proven critical, exemplified by their use in colorimetric biosensors for visual detection of
SARS-CoV-2 RNA during the COVID-19 pandemic. These systems highlight the potential
of cell-based technologies in rapid and versatile diagnostics [54]. The enzyme-based biosen-
sors being one of the most prevalent types work by detecting a target analyte through
catalytic reactions [55]. These biosensors not only provide high sensitivity and specificity
in detecting OPs, but the ability to immobilize enzymes on different materials enhances
their reusability, making them even more cost effective. Thus, advancements in enzyme
technology are directly linked to the progress of more efficient and sustainable biosensors
for OP detection and detoxification. Each type has distinct advantages and applications.
There are two types of biosensors, based on their recognition mechanisms: catalytic and
affinity (non-catalytic) types [56]. Catalytic biosensors use biochemical reactions, often
involving enzymes, to detect target analytes [57–60]. While enzyme-based biosensors face
challenges like enzyme sensitivity and stability, they are highly effective in applications
such as glucose and urea detection [60]. Recent innovations, such as enzyme-based sensors
using nanoparticles [61], have improved sensor stability and response times. Incorpo-
rating nanomaterials into enzyme-based sensors has expanded their use as recognition
components in biosensors [62]. Biosensors offer significant advantages over traditional
detection methods for substances like organophosphates (OPs), including simplicity, cost-
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effectiveness, and rapid, on-site monitoring [63]. Fluorescence-based enzymatic biosensors
are particularly sensitive, with strong signal-to-noise ratios and quick responses, even in
complex environments [64–66] (for further details, see the review in [67]). These biosen-
sors use fluorescent markers to detect interactions between target molecules and sensing
probes. Advances in sensor materials and techniques, including signal amplification, have
enhanced their sensitivity and functionality [68]. These biosensors find applications in
environmental pollution monitoring, clinical diagnostics, veterinary/agricultural contexts,
and industrial processing and monitoring. A 2023 study by Xiaoyang Wang et al. intro-
duced a new OP detection system that used the mobile app “RGB Color Picker” to analyze
fluorescent color shifts corresponding to different OP concentrations, enabling visual de-
tection. By establishing an RGB standard curve, they programmed a WeChat mini app to
quickly assess OP levels. The developed sensor offers advantages such as short detection
time, high efficiency, and reliable results. Increasing OP concentration leads to decreased
cyan fluorescence and increased orange fluorescence, enabling visual OP detection. The
mechanism for detecting OPs using Tetraphenylethylene-ferrocene (TPE-Fc) molecules
and glutathione-stabilized gold nanoclusters (GSH-AuNCs) operates as follows: acetyl-
choline is catalyzed by AChE and choline oxidase (ChOx) to produce hydrogen peroxide
(H2O2), which oxidizes TPE-Fc to TPE-Fc+, boosting fluorescence at 472 nm and enhancing
cyan fluorescence. The hydroxyl radicals (•OH) generated during this process damage
GSH-AuNCs, reducing the orange fluorescence at 615 nm. The sensor exhibits a linear
dynamic range of 10–2000 ng/mL, with a detection limit of 2.05 ng/mL. Smartphone-based
color identification and a WeChat mini program were utilized for rapid OP analysis with
promising results [69]. Despite the ongoing research in biosensor technology for OP detec-
tion, challenges remain, including limited stability and therefore reproducibility, complex
manufacturing processes, and labor-intensive sample preparation with resulting high costs.
Furthermore, environmental samples, which often contain multiple pesticides, make it
difficult to identify individual compounds due to interference and inhibition. The focus on
thermostable enzymes can afford at the same time the required stability and selectivity.
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3.2. Thermostable Carboxylesterases of the Hormone-Sensitive Lipase (HSL) Family: Structure
and Function

Carboxylesterases (EC 3.1.1.1) is a class of enzymes that catalyzes the hydrolysis of
the carboxyl ester bond, in substrates with short to medium-acyl chains. Esterases, lipases,
and cholinesterases form a diverse group of proteins with representatives across Eukarya,
Bacteria, and Archaea [70–74], connected by the common α/β hydrolase fold [73]. Ini-
tially, they were categorized into three groups (C, L, H) based on sequence identity and
conserved motifs. The “C” group consisted of cholinesterases, fungal lipases, various
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esterases, and certain non-enzymatic proteins. The “L” group included lipoprotein lipases,
phospholipases, and related non-enzymatic proteins, while the “H” group, named after the
mammalian Hormone-Sensitive Lipase (HSL), comprised proteins that shared sequence
similarity with HSL [71,72,75]. Subsequently, new classifications appeared, proposing
an “X” group which incorporated a wide range of proteins such as esterases, lipases,
thioesterases, carboxylactonases, cutinases, endopeptidases, acyltransferases, and addi-
tional non-enzymatic proteins. These proteins share the alpha/beta hydrolase structural
motif but do not fit into the earlier categories [15]. The “C” group included cholinesterases
(CE) that are enzymes responsible for hydrolyzing esters of choline. Within this group, two
distinct enzymes were found: Acetylcholinesterase (AChE), found in the nervous system
where it terminates neurotransmission, and Butyrylcholinesterase (BChE), which is present
in serum, although its specific function remains undisclosed [76,77]. Both enzymes exhibit
sensitivity to a wide range of molecules, many of which are of artificial origin, such as
organophosphate and carbamate pesticides or nerve agents [78]. Extensive research on nat-
ural inhibitors, leading to the discovery of substances like physostigmine or galantamine,
has a long history, with recent introductions of their synthetic counterparts as well [79,80].

BuChE catalyzes the hydrolysis of esters of choline, such as butyrylcholine, succinyl-
choline, and acetylcholine [81]. It shares structural and functional similarities with AChE,
which specializes in acetylcholine hydrolysis [82], and relies on a catalytic serine residue
for activity [83]. BChE shares a similar α/β-fold family of proteins with a central β-sheet
surrounded by α-helices [84]. This structural motif is also found in various other pro-
teins, including hormone precursors like thyroglobulin and cell adhesion molecules such
as neuroligin [85]. Although less efficient than AChE at hydrolyzing acetylcholine [86],
BChE demonstrates broader substrate specificity, acting on compounds such as cocaine,
acetylsalicylic acid, and heroin [87]. Additionally, it plays a crucial role in scavenging
anticholinesterase agents, including natural inhibitors like physostigmine and synthetic
organophosphate [88]. Some years ago, some of us started to study a thermostable enzyme
with carboxylesterase activity, namely EST2, from the thermoacidophilic eubacterium Ali-
cyclobacillus acidocaldarius; it belongs to the Hormone-Sensitive Lipase (HSL) family [89,90]
and recently has been studied as a potential biosensor for the detection of OP pesticides [90].
EST2 is a monomeric carboxylesterase of about 34 kDa, which shows remarkable tempera-
ture stability, optimal temperature at 70 ◦C and maximal activity toward p-nitrophenyl-
(pNP-) esters with acyl chains from six to eight carbon atoms [89]. It exhibited stability
in the presence of water-miscible organic solvents (up to 20% v/v) and activated up to
3–4 times by low concentrations (4–5%) of them [91]. Under certain conditions it was enan-
tioselective [89] and regioselective [92]. This structure is characterized by the typical α/β
hydrolase fold, consisting of a central eight-stranded mixed β-sheet flanked by five helices.
Two distinct helical regions form a “cap” at the C-terminal end of the central β-sheet. One
portion of this cap includes the first 45 N-terminal residues (comprising helices α1 and
α2), while the other part is made up of approximately 40 residues, organized into two
short helices located between strands β6 and β7. Our group solved the crystal structure of
EST2, revealing a covalently bound 4-(2-hydroxyethyl)piperazine-1-ethanesulfonic acid
(HEPES) adduct [93]. This enzyme has a high binding affinity for the organophosphate
paraoxon (POX), leading to irreversible inhibition of its activity [94]. Previous research has
also examined various EST2 mutants for their biochemical properties [95] and potential
applications in biosensors [96]. The mechanism of action of the enzyme-based biosensors
depends on the enzyme; in the Cholinesterase-based Biosensors (Acetylcholinesterase
and Butyrylcholinesterase) the OP inhibits cholinesterase activity, causing a reduction in
enzyme activity. This inhibition can be measured through changes in electrical signals,
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optical signals, or other responses [97]. A selection of enzyme-based biosensors is presented
in Table 1.

Table 1. Performance of some examples of enzyme-based biosensors.

Enzyme OP Signal Limit of Detection
(LOD) Ref.

Inhibition-based
biosensors

AChE Paraoxon Fluorescence 1 × 10−10 M [98]

BuChE Parathion-methyl Fluorescence 0.05 mg mL−1 [99]

Tyrosinase Paraoxon Fluorescence 0.018 ng mL−1 [100]

EST2 Paraoxon Electrochemical 0.4 nM [96]

Catalysis-based
biosensors

OPH Paraoxon Fluorescence 5 × 10−11 M [101]

3.3. EST2 Used as Biosensor

The carboxylesterase EST2, from Alicyclobacillus acidocaldarius, has been used as a
proof-of-concept of diverse types of biosensors. Owing to its exceptional properties, it
has been immobilized on different matrices such as polyvinylidene difluoride (PVDF)
hydrophobic fluoropolymer membrane [102], nitrocellulose strips, and the residual activity
tested in situ after interaction with the irreversible inhibitor paraoxon [103]. Research on
the stability of EST2 enzymatic activity, following its immobilization onto nitrocellulose
membranes, was conducted by storing the immobilized enzyme for 60 days at room temper-
ature or at 4 ◦C, without specific precautions for environmental factors aside from normal
atmospheric dust exposure. Activity assays performed at different intervals demonstrated
that EST2 retained full activity throughout the two-month monitoring period [104]. These
results support the feasibility of creating simple and cost-effective biosensors for paraoxon
detection using immobilized EST2 in colorimetric assays. Inhibition has also been tested
spectrophotometrically, as residual enzyme activity or as p-nitrophenol released from the
inhibitor paraoxon [94]. Remarkably, EST2 activity remained completely unaffected by
certain organophosphates, such as parathion, methyl parathion, dursban, coumaphos,
fensulfothion, and diazinon, maintaining 100% activity even after prolonged exposure.
Moreover, increasing concentrations of these OP inhibitors had no impact on EST2 activity,
suggesting that these compounds do not act as irreversible or reversible inhibitors. Further
investigations ruled out the possibility of EST2 breaking down these OP compounds via
hydrolysis, confirming that the tested inhibitors are not substrates for the enzyme [104,105].
Some of us also exploited electrochemistry to unravel EST2 inhibition levels. In this case,
EST2 has been immobilized on an electrode, and activity tested with an electroactive sub-
strate. By using cyclic voltammetry and β-naftilacetate, we could measure the activity of
EST2 before and after the treatment with an OP [96]. The biosensor employs a cost-effective
multichannel electrochemical platform (MEP) designed with screen-printing technology for
large-scale production. The MEP consists of eight independent individual electrochemical
cells, each featuring a carbon working electrode (WE), a silver pseudo-reference electrode
(RE), and a graphite counter-electrode (CE). This setup enables the biosensor to function
as a disposable tool for short-term time-specific monitoring. The experiments utilized
several enzymes including the wild-type EST2, various EST2 mutants, and a double mutant
K42R/K61R [96]. To develop the MEP into a functional biosensor, the K42R/K61R mutant
of EST2 was immobilized on the surface of the working electrode (WE) via a cross-linking
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process using carboxymethylcellulose (CMC) and bovine serum albumin (BSA). The immo-
bilized enzyme catalyzes the conversion of 2-Naphtylacetate (NaAc) into its electroactive
product, 2-naphthol (2-Na), which is detected using Differential Pulse Voltammetry (DPV).
The electrochemical oxidation of 2-Na generates a peak current that serves as the analytical
signal. In the presence of elevated OPs, enzyme inhibition occurs, reducing the production
of 2-Na and subsequently lowering the anodic peak current. This decrease in current
correlates with the concentration of the OPs. Enzyme inhibition tests at 1µM OP con-
centration revealed distinct responses among the enzymes tested, including K42R/K61R
mutant, WT, and five other mutants (E50A, R31A, K61A, D145A, S36C). Notably, only
K42R/K61R mutant displayed complete inhibition by 1µM Paraoxon under the specified
conditions [96]. This mutant also exhibited increased sensitivity to various OPs, showing
a higher inhibition percentage compared to the other mutants. This inhibition pattern
highlights the potential of K42R/K61R in biosensor applications as it remains active until
interacting with OPs, which covalently and stably bind to the crucial S155 residue in the
active site, thereby disrupting the electrochemical signal [96]. Some of us have engineered
EST2 by mutation of a cysteine at position 35 in the active site, where the fluorophore
5-({2-[(iodoacetyl)amino] ethyl} amino) naphthalene-1-sulfonic acid (IAEDANS) can be
conjugated. After conjugation, the modified enzyme was effectively purified using size
exclusion chromatography to remove excess unbound probes. The fluorescence of the
labeled enzyme was then assessed through fluorescence spectroscopy [106,107]. This en-
zyme demonstrates a high affinity for paraoxon [94], leading to the irreversible inhibition
of its enzymatic activity. This characteristic, along with the heat tolerance of EST2 and
the enzyme’s overall stability, positions it as an excellent candidate for further biosensor
development. Various mutants of EST2 have been investigated for their properties [95]
and their biosensor capabilities [96,108]. Recently, some of us studied a double mutant of
EST2, named “2m-EST2”; this variant incorporates a cysteine at position 35 for conjugation
with the fluorophore IAEDANS and features an additional mutation aimed at enhancing
selectivity towards OPs [109]. The enzyme was characterized, and optimal conditions were
established. The impact of different organophosphate compounds on the enzymatic activity
of 2m-EST2 was evaluated through activity assays involving the organophosphate pesti-
cides paraoxon, parathion, tolclofos, chlorpyrifos, and glyphosate. Paraoxon completely
inhibited the enzyme, whereas the other four pesticides showed no inhibition [109]. The
enzyme, labeled with the fluorescent probe IAEDANS, was used to screen 16 different
pesticides for their fluorescence quenching effects using a microplate reader. Paraoxon and
methyl-paraoxon exhibited fluorescence quenching of 18% and 14%, respectively, when
tested in equimolar amounts with the enzyme at nanomolar concentrations [110]. The
estimated limit of detection (LOD) for paraoxon was relatively low, around 15 pmol of the
pesticide [110]. This kind of fluorescence-bioreceptor was able to detect the presence of the
pesticide paraoxon in real food (grapes, cherries, and fruit juice) at concentrations below
100 pmoles [110]. Given its high sensitivity, it has significant potential for applications in
food traceability and environmental monitoring, particularly for controlling toxic chemical
levels, especially organophosphate pesticides. The approach of inverse virtual screening
technique has been employed to discover novel bioreceptors for the development of pesti-
cide biosensors. Various pesticides were docked onto a limited database of proteins with
known 3D structures. Compounds of interest were selected from diverse classes, including
organophosphates, organo-chlorurates, carbamates, anilides, neonicotinoids, aromatic, and
heterocyclic azoto-organics. Through the automated docking of hundreds of molecules
on hundreds of structures, many potential binders were identified. The focus narrowed
down to an E. coli Helicase RecQ that demonstrated the ability to bind the organophosphate
Coumaphos at multiple sites [111]. In the article by Tortora F. et al. (2021) [111], the binding
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of the HRDC domain to the fluorescence probe IEDANS was described. Specific probes
that target cysteine residues, such as IAEDANS, were selected for their advantageous
properties. Notably, the excitation and emission wavelengths of this probe, along with
the decay time of the emission signal, remained relatively stable despite variations in pH
and other environmental factors like temperature [106]. After refining the conditions for
specific fluorescence intensity and quenching reactivity at room temperature, they found
that labeling in the presence of imidazole (6 mM) resulted in an increase in specific fluores-
cence intensity. The labeled protein remained stable for at least 30 days at 4 ◦C, and the
specific fluorescence activity was approximately 380 AUF (Arbitrary Fluorescence Units)
per µg of protein. The presence of Coumaphos at 300 nM resulted in a 30% fluorescence
quenching [111]. Finding new bioreceptors is, therefore, a powerful tool to be exploited for
the development of specific biosensors.

4. OP Decontamination and Detoxification
The use of various antidotes to address NA poisoning and effectively restore aged

AChE remains a significant challenge. Bioscavengers introduced through intravenous or
intramuscular means interact with OPs, starting a neutralization reaction in the blood-
stream [112]. These bioscavengers can also be used topically as active skin protectants [113]
and demonstrated a neutralization effect preventing OP poisoning in macaques when
delivered via aerosols or intravenously [114,115]. These bioscavengers can be categorized
into three main types: (1) stoichiometric enzymes, such as acetylcholinesterase and bu-
tyrylcholinesterase, which bind to and inactivate OPs; (2) catalytic bioscavengers which
hydrolyze the OPs (Phosphotriesterase, PLL, methyl parathion hydrolase, organophospho-
rus acid anhydrolase, diisopropyl fluorophosphatase, some carboxylesterases, and paraox-
onase) and degrade them to less toxic components; and (3) pseudo-catalytic bioscavengers
(Acetylcholinesterase + HI-6) which are a mixture of stoichiometric bioscavengers with a
chemical reactivator such as oxime [116]. Currently, various conventional technologies are
available for the detoxification of OP nerve agent stockpiles and the decontamination of sur-
faces. For example, chemical treatments often involve sodium hydroxide [117–119], sodium
hypochlorite, or similar formulations [120] for the removal of OPs. These methods generally
involve harsh chemical conditions and are not compatible with the care of personnel or
sensitive materials [121]. Physical methods such as incineration have been used for the
disposal of stocks of OP nerve agents [122] but are expensive in most cases and not effective
in removing contaminants at low concentrations [123]. While emergency pharmacolog-
ical treatments for OP poisoning remain less than ideal, the concurrent development of
nanotherapies and bioscavengers offers new opportunities [124]. Recent advancements in
nanodetoxification strategies aim to develop antidotal nanoparticles specifically designed
for detoxification [125–128]. These nanoparticles are engineered to encapsulate enzymes or
chemicals that demonstrate high affinity, selectivity, and reactivity toward a broad spectrum
of toxic molecules, reflecting significant potential for future applications [129–132].

4.1. Phosphotriesterase and Phosphotriesterase-like Lactonase (PLL) Enzymes: Structure
and Function

One of the most studied OP-degrading enzymes from mesophilic bacteria is the
Phosphotriesterase isolated from Brevundimonas (formerly Pseudomonas) diminuta MG
(bdPTE) [133]. This enzyme encoded by opd (organophosphate degradation) gene was first
isolated from bacterial cells of P. diminuta and Flavobacterium sp. (ATCC 27551), thriving in
soils contaminated with parathion [134]. In vitro evolved bacterial PTEs are the most potent
OP-degrading enzymes used as catalytic bioscavengers. [135]. PTE belongs to subtype
I of the amidohydrolase superfamily [136] and is a homodimeric metalloprotein with a
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TIM-barrel structure (α/β)8 folds [137]. The active center, located at the C-terminus of
the β-barrel, holds two divalent metal Zn2+ ions, that were found in the native bdPTE
but the enzyme is fully active also with Cd2+, Mn2+, and Ni2+ [134]. Two divalent cations
are coordinated by four histidines (H55, H57, H201, and H230), one aspartic acid (D301),
and a carboxylated lysine (K169) in the enzyme bdPTE [138]. This enzyme exhibits hy-
drolytic activity against a broad range of organophosphate (OP) insecticides [139] as well
as various G-series chemical warfare agents, including sarin, soman, tabun, cyclosarin,
VX, and VR [140,141]. Notably, bdPTE displays exceptional catalytic efficiency towards
paraoxon, with a kcat/KM value approaching 4.0 × 107 M−1s−1, making it the most effec-
tive enzyme for paraoxon hydrolysis among known OP-degrading enzymes [142]. PTE
primarily chooses triesters as substrates, which encompass phosphonate and phosphinate
compounds in addition to phosphate esters [143,144]. The hydrolysis of organophosphates
by PTE occurs through a direct nucleophilic attack by a hydroxide on the phosphorus
center, leading to an inversion of stereochemistry [145]. The attacking nucleophile is the
bridging hydroxide in the metal center, as identified by pH-dependence studies of the
manganese-substituted enzyme [146]. The reaction involves a late transition state with
nearly complete bond cleavage. The phosphoryl oxygen coordinates with the metal, po-
larizing the phosphorus and enabling the hydroxide’s attack. The leaving group exits
unprotonated, and the proton is transferred from Asp301 to His254 and then to the bulk
solvent via a proton shuttle [147,148]. Moreover, crystallographic structures with such
substrates were obtained [148]. A close homolog of bdPTE showing organophosphatase
activity was isolated from Agrobacterium radiobacter P230 and designated as OpdA [149,150].
OpdA was evaluated for its capability to break down G- and V-series CWA. In this assess-
ment, OpdA demonstrated strong catalytic effectiveness against soman and cyclosarin,
displaying kcat/KM values of 5.8 × 102 M−1 s−1 and 3.9 × 102 M−1 s−1, respectively. How-
ever, its activity against V-type NA was notably lower. In enzyme evolution, site-saturation
mutagenesis is used to create small libraries that allow all 20 amino acids to be tested at a
specific site, enabling the rapid identification of the optimal amino acid. This technique
was applied to the substrate binding residues of PTE, leading to the identification of the
H254G/H257W/L303T (GWT) variant, which showed a 1000-fold increase in activity for a
specific enantiomer compared to the wild-type enzyme. Further screenings identified other
variants with enhanced activity, some up to 15,500-fold, through additional mutations and
recombination [151]. Raushel and coworkers focused on mutating one of the active site
loops of the enzyme PTE (loop-7) using targeted error-prone PCR [152]. This method allows
for higher mutation rates in specific gene segments compared to traditional error-prone
PCR. By targeting loop-7, they identified the variant L7ep3a, which showed a 9900-fold
improvement in catalytic efficiency for VX, with a rate of 8.3 × 105 M−1 s−1. This variant
also demonstrated enhanced activity for VR, being 20-fold more efficient than the wild-type
enzyme and showing improvements for both enantiomers, especially the (SP)-VR [153].
To enhance the hydrolysis of V-agents, Tawfik and colleagues combined recombination
experiments where libraries of previously identified mutants were assembled randomly
with computational design to create new mutations [154]. Using a screening method in-
volving acetylcholine esterase inactivation assays with authentic V-agents, they identified
the variant G5-C23, which has an enzymatic efficiency of 8.3 × 104 M−1 s−1 for (SP)-VX
and a 20-fold preference for the (SP)-enantiomer. They also found the variants G5-A53,
which showed a 5800-fold improvement in catalytic efficiency for (SP)-VR compared to
the wild-type enzyme. A protein engineering strategy was employed to enhance OpdA’s
ability to degrade OP compounds [155,156]. Utilizing a rational design approach rooted in
an in silico substrate docking, a novel mutant variant labeled W131H/F132A was created.
This mutant proved a substantial increase in hydrolytic rates, showing approximately a
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480-fold increase for Z-CVP and an 8-fold increase for E-CVP [155]. In a different method, a
computational docking study involving malathion and the high-resolution crystal structure
of OpdA indicated that malathion was too large to fit into the binding pocket of OpdA.
Consequently, a technique known as combinatorial active site saturation testing (CASTing)
was employed to improve the turnover rate for malathion. The most efficient mutant
variant, S308L/Y309A, displayed a remarkable 5000-fold increase in catalytic efficiency
towards malathion. Examination of X-ray crystal structures of this variant revealed that
the substitution of Y309A facilitated improved accessibility of the substrate to the binding
pocket [156].

4.2. Discovery of the PLL Family

Our group has discovered and focused on the study of an enzyme family of lactonases
with promiscuous phosphotriesterase activity, dubbed Phosphotriesterase-like Lactonases
(PLL) [14,47,48,157–160]. PLL family enzymes are closely related to mesophilic PTEs cited
above, being classified in the same amidohydrolase superfamily. Phosphotriesterase-like
lactonases, as the name suggests, share structural similarities with PTE enzymes but pri-
marily function to catalyze the hydrolysis of lactones. This approach targets a family of
enzymes exhibiting predominant lactonase activity on lactones and acyl-homoserine lac-
tones (AHLs), along with low, promiscuous phosphotriesterase activity towards OPs [161].
Crystal structures are known for many lactonases of the PLL, and some have been bio-
chemically characterized. The first characterized members were the hyperthermophilic
paraoxonases from Sulfolobus solfataricus (SsoPox) [157,162] and Sulfolobus acidocaldarius
(SacPox) [158], isolated from the hot springs of the Solfatara of Pozzuoli, in Italy. Initially
studied as paraoxonases, it was later established that their primary function is lactonase
activity [157,158,163]. The promiscuous phosphotriesterase activity likely evolved from
lactonase functions due to environmental exposure to pesticides like paraoxon. Over time,
this activity specialized in enzymes such as phosphotriesterase (PTE) and organophos-
phate degrading hydrolase (OPDH) in P. diminuta and A. radiobacter, respectively [47,158].
Notably, lactonases, such as SsoPox from S. solfataricus and m-PHP from Mycobacterium
tuberculosis, share a similar active site structure with PTE [162,164–166]. Several PLL en-
zymes have now been identified in a diverse array of organisms, mostly from the Domains
of Archaea and Bacteria. Among these, thermostable PLL enzymes have been isolated and
characterized from thermophilic or extremophilic bacteria, such as GsP from Geobacillus
stearothermophilus [167], GKL/GkaP from Geobacillus kaustophilus [168], and Archeae such
as SisLac from Sulfolobus islandicus [169], and VmoLac/VmutPLL from Vulcanisaeta mout-
novskia [170]. To this family also belong members from mesophilic microorganisms such
as Mycobacterium tuberculosis (PPH), Rhodococcus erythropolis (AhlA) [14], Deinococcus radio-
durans (DrOPH/Dr0930) [171,172], and Mycobacterium avium subsp. Paratuberculosis K-10
(MCP) [173]. PLL family enzymes are closely related to mesophilic PTEs from a structural
and biochemical point of view [163,169]. The multi-sequence alignment between bdPTE
and seven extremophilic PLL enzymes including SsoPox, SacPox, SisLac, VmoLac, Dr0930,
GsP, GKL, and AhlA shows about 30% sequence identity [157]. PLLs are homodimeric
enzymes belonging to the amidohydrolase superfamily, structurally similar to mesophilic
PTEs [163]. Their active site, located at the C-terminus of a TIM barrel, coordinates two
divalent metal cations using four conserved histidines, an aspartic acid, and a carboxylated
lysine. This metal configuration, crucial for catalysis, generates a hydroxide ion essential
for hydrolyzing phosphotriesters and lactones [163]. The phosphotriesterase activity of
PLLs is metal-dependent, with the type of metal influencing enzyme performance, as
shown in studies on bdPTE [159,174]. For instance, comparing SacPox prepared with
Cd2+ (SacPox-Cd2+) to SacPox prepared with Mn2+ (SacPox-Mn2+), the latter exhibited
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a significant enhancement with approximately 30- and 19-fold increases in catalytic effi-
ciencies against paraoxon and methyl paraoxon, respectively [159]. Structural analysis
of bdPTE and six extremophilic PLLs revealed notable structural differences, particularly
in loops 7 and 8. bdPTE has an elongated loop 7 forming a short α-helix, while loop 8
is similar in length to archaeal PLLs (SsoPox and SisLac), but shorter than in bacterial
PLLs (Dr0930, GsP, and GKL/GkaP), where additional residues increase its distance from
the protein core [164]. VmoLac has the shortest and most rigid loop 8, shaped into an
α-helix by unique proline placement [175]. The PLL active site consists of three sub-sites:
a hydrophobic channel for lactone chains, a large sub-site for N-acyl groups, and a small
sub-site positioning the lactone ring over the metal center. Catalysis involves a binuclear
metal center and a hydroxide ion, facilitating transition states—tetrahedral for lactones
and pentacoordinate for phosphotriesters. This versatility highlights PLLs as generalists
and offers insight into their rapid evolution toward specialized PTE activity [163]. The
catalytic mechanisms underlying the phosphotriesterase and lactonase activities of PLL
enzymes are modeled on the X-ray structure of SsoPox [163]. A catalytic hydroxide ion
functions as a nucleophile, promoting the formation of intermediate species. The binuclear
center and the bridging catalytic hydroxide ion are pivotal in driving the initiation of the
catalytic process for both activities. The hydrolysis of lactones is inferred to follow an
sp3 (tetrahedral) transition state, while the hydrolysis of phosphotriesters involves the
formation of a pentacoordinate transition state. The enzyme’s ability to accommodate these
distinct intermediate species underscores its classification as a generalist, shedding light
on how the enzyme could have rapidly diverged into PTE in a remarkably short time [14].
PLL enzymes have also been shown to hydrolyze a diverse array of organophosphate OP
pesticides, including paraoxon, methyl-paraoxon, parathion, methyl-parathion, malathion,
dursban, coumaphos, and diazinon [47,128,156,157,167,168,170] as well as chemical warfare
nerve agents [164]. Kinetic analyses reveal that the catalytic efficiency of SsoPox against
paraoxon is 4.0 × 103 M−1 s−1, which is approximately ten times lower than that of SacPox,
recorded at 2.66 × 104 M−1 s−1 at 70 ◦C [157,159]. Recently identified archaeal PLLs,
SisLac and VmoLac demonstrate even lower catalytic efficiencies for paraoxon, measuring
6.98 × 102 M−1 s−1 and 1.86 M−1 s−1, respectively, at 70 ◦C [169,175]. Most analyses of
thermophilic and extremophilic bacterial PLLs have been conducted at 35 ◦C, despite their
high stability. At this temperature, GsP from Geobacillus stearothermophilus exhibits the high-
est kcat/KM value for paraoxon, at 54.67 M−1 s−1 [168], compared to Dr0930 (1.39 M−1 s−1

at 35 ◦C) [171] and GKL/GkaP (4.5 M−1 s−1 at 37 ◦C) [168]. Notably, GKL/GkaP shows
increased catalytic efficiency at elevated temperatures, reaching 1.1 × 102 M−1 s−1 at
75 ◦C [165]. The phosphotriesterase activity of the enzyme AhlA toward paraoxon is so
weak that only the kcat/KM ratio could be estimated (0.5 M−1 s−1) [14] (Table 2). Recently,
our research has focused on the mesophilic PLL enzyme his-AhlA [14] a gene optimized for
expression in E. coli [176]. Multiple sequence alignment revealed that his-AhlA shares 40%
sequence identity with the thermostable protein SsoPox and 28% identity with P. diminuta
PTE [14,47,158,163,177]. To further investigate the structure, we constructed a 3D model
of his-AhlA, using m-PHP phosphotriesterase from Mycobacterium tuberculosis (PDB code:
4if2.1) as a template. The model displays a distorted fold (β/α)8 barrel, also known as
a TIM barrel [178]. Comparison of the his-AhlA model with the 3D structure of SsoPox
revealed a conserved active site. Five residues (His 55, His 57, His 201, His 230, and Asp
301) coordinate the two catalytic metal ions (Zn2+ in his-AhlA), along with carbamylated
Lys 169, a feature present in both enzymes and in PTE [179]. Notably, his-AhlA differs
by two substitutions: I168/T186 and C258/S277, and a variation in the orientation of the
tryptophan side chain at position 282 (W263 in SsoPox). In SsoPox, Cys258 binds the amide
group of the lactone [176]. Studies indicate that replacing cysteine with a hydrophobic
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residue enhances phosphotriesterase activity, while substitution with polar residues tends
to decrease or abolish it [48].

Table 2. Kinetic parameters of some PLL enzymes on OP compounds.

Organism Enzyme Substrate Temperature
(◦C) [Ref.]

Kcat
(s−1)

KM
(mM)

KM/Kcat
(M−1 s−1)

Saccharolobus
solfataricus

SsoPox

Paraoxon 70 ◦C [157]
25 ◦C [158]

0.24
12.59

0.060
24.250

4.00 × 103

5.19 × 102

m-paraoxon 70 ◦C [157]
25 ◦C [158]

1.30
2.71

0.20
2.14

6.34 × 103

1.27 × 103

m-parathion 25 ◦C [158] 1.1 × 10−3 0.121 9.09

malathion 25 ◦C [158] 8.9 × 10−4 0.16 5.56

SsoPox 4Mut
Paraoxon 70 ◦C [160]

25 ◦C [160]
122.0

33
0.747
0.645

1.6 × 105

5.1 × 104

m-paraoxon 70 ◦C [160] 30.1 0.871 3.5 × 104

Saccharolobus
acidocaldarius

SacPox
Paraoxon 70 ◦C [159] 8.52 0.320 2.66 × 104

m-paraoxon 70 ◦C [159] 14.05 0.138 1.02 × 105

Rhodococcus
erythropolis AhlA Paraoxon 25 ◦C [14] N.D. N.D. 0.5

Sulfolobus
islandicus

SisLac

Paraoxon 70 ◦C [169]
25 ◦C [169]

0.79
1.42

1.311
5.439

6.98 × 102

2.60 × 102

m-paraoxon 25 ◦C [169] 7.4 1.739 4.26 × 103

m-parathion 25 ◦C [169] 9.7 × 10−3 0.272 3.57 × 101

malathion 25 ◦C [169] 6.2 × 10−4 0.33 1.88

Vulcanisaeta
moutnovskia

VmoLac/
Vmut PLL

Paraoxon 25 ◦C [175] 1.08 × 10−3 0.581 1.86

m-paraoxon 70 ◦C [169]
25 ◦C [175]

1.25
N.D.

2.79
N.D.

4.43 × 102

2.32

Deinococcus
radiodurans

Dr0930/
DrPLL/
DrOPH

Paraoxon 35 ◦C [171]
85 ◦C [172]

4.17 × 10−3

0.45
3.0
2.0

1.39
2.1 × 102

m-paraoxon 35 ◦C [171]
85 ◦C [172]

7.67 × 10−4

4.5
1.3
2.5

0.583
1.8 × 103

Geobacillus
stearothermophilus

Gsp

Paraoxon 35 ◦C [167] 0.115 2.1 54.67

m-paraoxon 35 ◦C [167] 7.83 × 10−3 0.27 29.0

Demeton-S 35 ◦C [167] 6.0 × 10−4 6.1 0.0983

Geobacillus
kaustophilus GKL/GkaP

Paraoxon 35 ◦C [168]
75 ◦C [165]

3.1 × 10−3

N.D.
0.69
N.D.

4.5
1.1 × 102

m-paraoxon 75 ◦C [165] N.D. N.D. 38.0

This natural substitution in his-AhlA likely increases its affinity for lactonic substrates
over phosphotriesters [14]. Additionally, the Trp 282 (263 in SsoPox) is critical for the
flexibility of loop 8 and contributes to the hydrophobic channel that accommodates the
substrate. In his-AhlA, this structural feature plays a significant role in substrate binding
and enzymatic function [176]. An analysis of the stability of his-AhlA revealed an unusual
profile characterized by high thermal stability and thermophilicity. Sequence analysis shows
an increased proportion of charged residues (Asp, Glu, Lys, and Arg), which constitute
23.8% of the total residues in his-AhlA, compared to 19.7% in mesophilic PTE. Conversely,
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the percentage of uncharged polar residues (Gln, Asn, Thr, and Ser) is lower in SsoPox
(15.9% of total residues) compared to both mesophilic enzymes his-AhlA (16.5%) and
PTE (16.4%) [176,178]. Another critical distinction between his-AhlA, PTE, and SsoPox
lies in the significantly higher number of salt bridges. The residues participating in salt
bridges (within a 4 Å cut-off distance) were 29 per monomer for his-AhlA, compared
to 25 in SsoPox, and 15 in mesophilic PTEs [176,178]. The increase in salt bridges is a
fundamental determinant of a protein’s thermal stability, contributing to extensive and
intricate charge-charge interaction networks [180]. These structural characteristics strongly
corroborate the functional data for his-AhlA, affirming its high stability, thermophilicity,
and thermostability, resembling more typical traits of a thermophilic enzyme [176]. In
the case of SsoPox, the catalytic efficiencies (kcat/KM) for lactones are significantly higher
(by 100-fold) than its phosphotriesterase activity against paraoxon, supporting lactone
hydrolysis as its primary function [14]. AHLs, among the prime substrates for PLLs, are
signaling molecules crucial in bacterial communication through a mechanism known as
quorum sensing [181]. This system regulates gene expression in Gram-negative bacteria
(like P. aeruginosa), impacting various biological functions. In certain pathogenic bacteria,
quorum sensing governs virulence factors and the formation of biofilms [182,183]. The
lactonase from R. erythropolis known as AhlA [14,176] is important for opening the γ-
lactone ring. Like other PLLs, it displays relatively low phosphotriesterase activity against
paraoxon [14]. More precisely, AhlA functions as a true lactonase, effectively degrading
a variety of compounds, with a particular preference for relatively hydrophobic lactones,
such as fragrance molecules utilized in the agri-food industry and the aromatic compound
dihydrocoumarin [184]. The enzyme acts on a broad range of N-acyl-homoserine lactones
(N-AHSLs), specifically those with acyl chains containing 6 to 14 carbon atoms, regardless
of substitutions at carbon 3. This property not only defines the enzyme’s function but also
fuels increasing interest in its potential applications [184–187] in the field of biosensing and
degradation of lactones.

4.3. Molecular Evolution of PLLs to Improve Decontamination of OPs

Thermostable PLL enzymes with weak promiscuous phosphotriesterase activity have
been subjected to in vitro mutagenesis to improve their efficacy as stable biocatalysts against
OP compounds. [164]. Efforts to boost the hydrolytic activity of PLL enzymes towards
organophosphates have been extensive, employing molecular engineering techniques such
as site-directed mutagenesis and directed evolution to create novel mutants with improved
phosphotriesterase activities. Earlier studies targeted specific positions (79, 97, 98, 261,
and 263) in SsoPox [47], resulting in mutants with varied activity and temperature pro-
files, reflecting the active site’s need to balance rigidity for high-temperature stability and
flexibility for catalytic activity. One notable mutant, SsoPox W263F, generated through
directed evolution, exhibited a 6-fold increase in catalytic efficiency against paraoxon
related to the wild type. Structural analysis revealed an expanded active site cavity in
W263F to accommodate the lactone ring. Recently, our research group characterized SsoPox
variants created through directed evolution and semi-rational design, including the triple
mutant C258L/I261F/W263A (3Mut), which showed a catalytic efficiency of approximately
4.5 × 104 M−1 s−1 for paraoxonase activity at 65 ◦C. The improvement was attributed to
the expanded active site from the alanine substitution at position 263 and a hydrophobic
patch created by leucine and phenylalanine at positions 258 and 261, respectively. [47,48].
Additionally, site-saturated mutagenesis targeting six residues (99, 229, 255, 257, 265, 266)
found through bioinformatics did not yield variants surpassing 3Mut in paraoxonase ac-
tivity [48]. However, subsequent characterization by another research group confirmed
an enlarged active site in these variants, aligning with our hypothesis. In the study by
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Suzumoto Y. et al. (2020), a novel directed evolutionary strategy was developed utilizing
DNA StEP gene recombination to enhance the phosphotriesterase activity of SsoPox. The
resulting mutant, V82L/C258L/I261F/W263A (4Mut), demonstrated a catalytic efficiency
of 1.6 × 105 M−1 s−1 for paraoxon hydrolysis at 70 ◦C. [160]. In-depth structural analyses,
including 3D structure and computational studies, indicated that a single mutation outside
the active site can enhance dimer flexibility, improving hydrolytic activity. The 4Mut en-
zyme demonstrated robust activity on paraoxon, methyl-paraoxon, and methyl-parathion,
with specific activities on paraoxon and methyl-paraoxon particularly high. Comprehen-
sive kinetic analysis at optimal conditions (pH 8.0, 70 ◦C) showed a specific activity of
206.4 U/mg for paraoxon, a 500-fold increase compared to SsoPox. The catalytic efficiency
(kcat/KM) reached 1.6 × 105 M−1 s−1, marking a significant improvement over 3Mut and
SsoPox wt [164].

5. The Benefit of Thermostable Enzymes: Applications in Sensing and
Bioremediation of OPs

Solid and different materials, including modified activated carbon and metal oxides,
exhibit beneficial properties for the neutralization of chemical warfare agents in protective
fabrics and gear, such as masks, suits, air conditioning filters, and enzyme-immobilized
wipes [188,189]. Economical chemical methods, like treatments with hypochlorite and
sodium hydroxide, have emerged as effective environmental options for detoxifying OPs.
However, these techniques often involve harsh chemical conditions that may not be suitable
for personnel safety or sensitive materials. In contrast, biocatalysts, available in either free
or immobilized forms, present a promising alternative. Recent studies are increasingly
concentrating on the synergistic application of OP-sensing [190] and OP-degrading en-
zymes [161]. Using PubMed searches (https://pubmed.ncbi.nlm.nih.gov/2024 (accessed
on 7 October 2024)) with the word’s OP/nerve agents/pesticides and biosensing/detection
and degradation/detoxification/decontamination, we retrieved only a few papers. Among
these, in the article by Schofield, D.A. et al. [191], the authors developed a yeast-based sys-
tem to detect and degrade paraoxon. The study integrates elements of genetic engineering,
environmental biotechnology, and biocatalysis, aiming to create a yeast-based system capa-
ble of both detecting and breaking down paraoxon. The authors focused on engineering a
strain of the yeast Saccharomyces cerevisiae expressing PTE to inactivate paraoxon. Alongside
this, they designed a biosensor for pesticide detection. The biosensor was developed using
a reporter gene system that was activated in the presence of paraoxon. When expressed, this
reporter gene produced an easily detectable fluorescence signal, indicating the presence of
the contaminant. The engineered yeast was shown to detect extremely low concentrations
of paraoxon making it an overly sensitive sensor for environmental monitoring and then
tested under various conditions to evaluate its ability to degrade paraoxon, confirming its
effectiveness in reducing the concentration of paraoxon in the culture medium. This proved
the functionality of the biocatalyst system. The degradation process was monitored using
the developed biosensor, which allowed the researchers to correlate the level of degradation
with the reduction in the biosensor signal. The developed system represents an innovative
approach that combines detection and degradation, offering a promising solution for the
treatment of hazardous contaminants such as paraoxon. In a similar vein, the work by Liu
R. et al. [192] centered on the creation of a novel E. coli-based biocatalytic and biosensing
system for OPs. In this study, the authors engineered E. coli cells to display heterologous
proteins on their surfaces. This system was designed to both degrade toxic OPs and accu-
rately detect their presence. The heterologous proteins were displayed on the E. coli cell
surface using a surface display system, a technique where proteins of interest are anchored
to the cell’s outer membrane. This enables the cells to directly interact with OP compounds

https://pubmed.ncbi.nlm.nih.gov/2024
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in the surrounding environment. Among the displayed proteins were specific enzymes,
such as PTE, which are known for their ability to degrade OPs. The engineered system
proved effective in breaking down these compounds, with the modified E. coli cells convert-
ing harmful OPs into less dangerous substances, demonstrating a high level of biocatalytic
activity. The surface expression of these proteins also allowed for the use of signals, such as
changes in fluorescence or absorption, to indicate the presence of target compounds. The re-
sults showed that the system could operate efficiently across various temperatures and with
different types of organophosphates. The authors emphasize that using whole-cell systems
for displaying heterologous proteins offers advantages over traditional methods based on
isolated enzymes, such as increased stability and the ability to continuously regenerate
the system. The E. coli-based biocatalyst/biosensor represents a significant advancement
in environmental biotechnology, combining the detection and degradation of OPs into a
single cellular system. Also in the article authored by Istamboulie G. et al. [193], details of
the development and application of a system for the controlled degradation of chlorpyrifos
and chlorfenvinfos are given. This system utilizes a detoxification column containing the
enzyme PTE, which effectively breaks down the targeted pesticides. The innovative aspect
of this system lies in its integration with a biosensor specifically developed to detect the
presence and concentration of two OP pesticides. The biosensor is coupled with the detoxi-
fication column, facilitating real-time monitoring and control of the degradation process.
When the biosensor detects chlorpyrifos or chlorfenvinfos, it triggers the detoxification
column, where the PTE enzyme degrades pesticides. This approach allows for precise
control over the detoxification process, maximizing the system’s efficiency and minimizing
the production of unwanted by-products. The system showed high efficiency in reducing
the concentrations of chlorpyrifos and chlorfenvinfos, with a high degree of specificity
and rapid response. The results confirm that the integrated biosensor effectively monitors
pesticide concentrations in real time, ensuring optimal control of the detoxification column
and enhancing the overall effectiveness of the system. Enzyme technology is attractive due
to its efficiency and specificity under mild conditions. It is non-corrosive, safe, environ-
mentally friendly, and suitable for human therapy. [43,110,161]. In the recent review by
Pashirova T. et al. [194], the use of microbial enzymes for degrading organophosphates
is discussed with a focus on their potential in medical detoxification and environmental
cleanup. The authors specifically highlight enzymes like PTE, which are produced by
various microorganisms, including bacteria and fungi. These microbes have been isolated
from contaminated environments and studied for their application potential. The article
emphasizes the role of these enzymes in treating poisoning in patients exposed to OPs.
Such enzymes can neutralize toxic compounds before they cause irreversible damage to the
nervous system. They can be formulated into drugs or enzymatic treatments for emergency
use, such as in chemical warfare scenarios, or to protect agricultural workers from pesticide
exposure. Additionally, enzymes are of significant interest for environmental remediation,
particularly for the decontamination of soils, water, and other polluted areas. Their applica-
tion stands for an ecologically sustainable and highly effective solution for removing these
contaminants from the environment. The authors describe the use of bioreactors containing
microorganisms or enzymes that can process large volumes of contaminated soil or water,
with the capability of being applied directly in the field for in situ remediation. Obviously,
one of the primary challenges in this field is ensuring that these enzymes keep their activity
and stability under varying environmental and clinical conditions. The article explores
strategies to enhance enzyme stability, such as protein engineering and immobilization
on solid supports. Another challenge is the large-scale production of these enzymes in a
cost-effective manner, for which the authors discuss microbial fermentation techniques
and genetic engineering as potential solutions. These studies underscore the importance
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of stable microbial enzymes in addressing both health-related and environmental issues
caused by OP contamination. Naturally stable enzymes, including SsoPox, SacPox, and
mutants SsoW263F and Sso3Mut, were tested for their detoxification capabilities against
paraoxon applied to a cotton strip. When used individually at specific concentrations, these
enzymes demonstrated impressive detoxification performance in the presence of detergents
(such as SDS or commercial soap) and organic solvents (ethanol or methanol) [48]. Each of
the four enzymes was monitored at two different concentrations (25 and 50µg/mL) with or
without SDS (0.025% w/v) on nerve agent solution (NAS) substrate (a mixture of paraoxon,
parathion, and methylparaoxon). While SsoPox3Mut demonstrated the highest perfor-
mance, it was still unable to fully degrade the NAS substrate, achieving approximately
80% efficiency [96]. Carboxylesterases may be utilized at the end of the decontamination
process to eliminate any residual agents that remain after hydrolysis, following the princi-
ple that “clean is clean”. These experiments provide a proof-of-principle of the potential
development of enzyme formulations that combine stable enzymes for the efficient degra-
dation of organophosphate mixtures in aqueous solutions and on various surface types
and materials [96]. An important experiment was performed, when it was tested, first
on a small box and then in a large room, with the same pool of aerosolized enzymes to
prove activity against nebulized nerve agent models [164]. The stability of thermophilic
PLLs allowed us to use them under simulated real working conditions. A mixture of three
enzymes (SsoPox263F, SsoPox3Mut, and SacPox) has been nebulized in a sealed chamber
and found to be active even on the surfaces of varied materials placed inside the chamber
during the experiment. The materials tested were cotton, aluminum, glass, and linoleum.
The results show that enzymes are active already in the “air” and the enzyme triplet decon-
taminates 99% of the nebulized simulants mixture (100 µM each paraoxon and m-paraoxon,
25 µM m-parathion) [96]. To strengthen the case for utilizing Sso3Mut as a bioscavenger
and to evaluate the impact of the introduced mutations, an analysis of its activity was
conducted against “live” nerve agents belonging to the “G series,” namely cyclosarin,
sarin, soman, tabun, and VX, at 37 ◦C. It compared the performance of 4Mut with that of
other enzymes. The process involved incubating the enzyme with each nerve agent and
recording acetylcholinesterase (AChE) inhibition at different time points, enabling us to
calculate the detoxification kinetics (Table 3).

Table 3. Kinetic parameters of extremophilic PLL enzymes against G-series nerve agents.

Nerve Agents kcat/KM (M−1s−1) kcat (min−1)

SsoPox 3Mut SsoPox 4Mut SsoPox wt SacPox wt

Tabun 6.87 × 10 3.2 × 102 n.a n.a

Sarin 2.77 × 102 4.2 × 102 n.a n.a

Soman 4.32 × 10 4.2 × 102 n.a n.a

Cyclosarin 7.63 × 10 n.a n.a n.a

(+) Cyclosarin n.a n.a 0.1042 0.0292

(−) Cyclosarin n.a n.a 0.0309 0.0218

From the results obtained, it has been shown that of the PLLs used, both SsoPox 3Mut
and SsoPox 4Mut show comparable specificity on OP nerve agents tested. Some of us
have also reported the development of an integrated system based on a highly responsive
biosensor (mutant of the EST2) with a limit of detection (LOD) of 0.4 nM for paraoxon,
after 5 s of exposure time (Table 1, [98]). The “detection and reaction” strategy, based on
the prototypes discussed, could serve as a deterrent against terrorist acts involving deadly
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nerve agents, especially given that our enzymes have shown remarkable activity compared
to PTE, even at room temperature. Additionally, since we utilized OP pesticides as model
compounds, this study suggests that the system is well suited for detecting and identifying
low concentrations of pesticides in the environment, such as those resulting from runoff
from cotton farms [94].

Recent Advancements and Applications of BIOSENSORS: A Further Example of
Integrated System

Recent improvements in biosensor technology for healthcare have led to the develop-
ment of three primary categories of biosensors: those designed for in vitro diagnosis using
blood, saliva, or urine samples; continuous monitoring biosensors (CMBs); and wearable
biosensors. The in vitro diagnostic biosensors field has seen remarkable advancements,
fueled by recent breakthroughs such as clustered regularly interspaced short palindromic
repeats (CRISPR)/Cas technologies and enhancements in established platforms like lateral
flow assays (LFAs) and microfluidic or electrochemical paper-based analytical devices
(µPADs/ePADs) [195]. Additionally, biosensors hold great promise for environmental
monitoring, providing critical insights into air and water quality, pollution levels, and the
presence of hazardous substances. Deploying networks of biosensors enables the detection
of contaminants and biohazards, facilitating timely interventions to mitigate risks. Recent
studies have demonstrated the ability of biosensors to detect chemical warfare agents
simulants, such as an optical array device capable of efficiently detecting DMMP gas (a
simulant for G-Type nerve agents) at concentrations as low as 0.1 ppm, utilizing a simple
smartphone as a detector. Also, enzymes can be used in similar prototypes. The signal
could then be processed and transmitted via a smartphone, which would control let to
say a high-performance drone for the rapid and safe dispersal of an enzyme solution
to decontaminate the area (Figure 4) Furthermore, advances in sensor technologies for
nerve agents have focused on developing innovative sprayable sensors based on polymers,
organic or inorganic dyes, or nanoparticles [196].
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These chemosensors offer convenience and versatility despite some limitations. En-
zymes, unlike other materials, bind specifically and irreversibly to nerve agents, neu-
tralizing them and making them safe for humans. As a result, enzyme-based sprayable
colorimetric sensors can not only identify contaminated areas but also decontaminate them,
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providing a major advantage over other chemical methods [196]. Although enzyme-based
sensors tend to be more costly and harder to provide a direct signal their excellent selectiv-
ity, rapid response, and ability to eventually detect and detoxify contaminants represent
significant improvements over traditional systems. Moreover, they can be adapted through
engineering methodologies. A promising approach involves computational redesign (us-
ing molecular modeling, transition state simulations, and QM/MM methods) of known
enzymes. As artificial intelligence continues to advance, in silico methods are expected
to produce new, mutated enzymes with enhanced activity across a broader spectrum of
OPs. In the future, aerial and autonomous systems such as drones may provide even more
significant benefits, as these platforms have the capability to quickly spray and capture
images of vast regions. Collaboration across multiple disciplines could transform the future
of NA detection. The participation of experts in engineering, materials science, chemistry,
and data science is expected to result in advancements in sensor design, development
methods, and data analysis.

6. Conclusions
The increasing need for sustainable and efficient methods to detect, detoxify, and

decontaminate OP compounds highlights the promise of enzyme-based approaches. En-
zymatic biosensors, particularly those using thermostable carboxylesterases and PLLs,
offer significant advantages over traditional chemical methods, including specificity, eco-
friendliness, and adaptability to challenging environments. Advances in protein engi-
neering have further improved enzyme activity, stability, and specificity, enhancing their
application potential for sensing and degrading OPs in diverse contexts, such as environ-
mental remediation, food safety, and defense against chemical warfare agents. Furthermore,
integrating these enzymes into biosensor platforms, coupled with innovative technologies
like smartphone applications and drones for rapid deployment, paves the way for real-
time monitoring and decontamination strategies. These systems can effectively address
critical challenges in detecting and neutralizing OP contamination, with implications for
public health, environmental protection, and global security. While challenges such as
enzyme production costs and stability remain, ongoing research in nanotechnology, protein
engineering, and immobilization techniques continues to expand the feasibility of these
solutions. The integration of enzymatic sensing and degradation represents a pivotal step
forward in developing comprehensive, scalable, and sustainable systems for managing the
risks associated with OP compounds.
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