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Abstract: Organophosphates are mainly used as pesticides to protect crops from pests. Because
organophosphate pesticides’ use has expanded dramatically worldwide, accurate monitoring of their
concentrations in the environment and food has become of utmost importance. Once considered
acutely toxic due to acetylcholinesterase inhibition, nowadays organophosphates are classified as
extremely dangerous compounds, with a broad spectrum of toxicity types, by the World Health
Organization. Having in mind their extensive use and diverse harmful effects, it is necessary to
develop easy, rapid, and highly sensitive methods for organophosphate detection. Regardless of
numerous conventional techniques for organophosphate detection, the construction of portable
sensors is required to make routine analysis possible. Extensive literature on the different sensors for
organophosphate detection is available. Many of them rely on the use of various carbon materials.
There are many classes of carbon materials used in sensing element construction, as well as supporting
materials. This review focuses on electrochemical and optical sensors based on carbon materials.
Special attention is paid to the selectivity, sensitivity, stability, and reusability of reviewed sensors.

Keywords: pollutant; environment; composites; chemosensor; biosensor; graphene; carbon dots;
optical sensor; electrochemical sensor

1. Introduction

Pesticides are used by humans for pest control. Their classification can be diverse.
Most often, pesticides are grouped according to their chemical structure. The best-known
groups are organochlorines, organophosphorus, carbamates, pyrethroids, amides, anilines,
and nitrogenous heterocyclic compounds. Among them, organophosphate pesticides (OPs)
stand out with their harmful toxic effects and the incidence of use. OPs were the first class
of pesticides with documented existing levels for allowable residues in food by the U.S.
Environmental Protection Agency (EPA). By 2006, chemical-specific evaluations of almost
all OP pesticides had been completed. This resulted in the termination of all but a few
OP residential usages [1]. One of the most well-known OPs is chlorpyrifos, a popular
insecticide prohibited by the EPA in 2016. Its use was later reversed, and it is still available
today. The European Union (EU) stated on 6 December 2019, that sales of chlorpyrifos
would be prohibited after 31 January 2020. The Standing Committee on Plants, Animals,
Food, and Feed (PAFF Committee) approved two draft Implementing Regulations that
would prevent chlorpyrifos and chlorpyrifos-methyl permits from being renewed [2,3].
Despite all mentioned facts above, it is still in use.

OPs are widely used in agricultural, commercial, and residential settings, making
exposure to the general population ubiquitous. The harmful effects of OPs are mainly
ascribed to the irreversible inhibition of acetylcholinesterase (AChE). Other enzymes, such
as myeloperoxidase (MPO), are also affected by this group of pesticides [4]. The primary
function of AChE is cholinergic, but this enzyme is also involved in other processes, such
as the phenomenon of oxidative stress, programmed cell death (apoptosis), inflammation,
and oncogenesis [5]. AChE regulates the level of acetylcholine, the neurotransmitter known
to be involved in immune response control [5], so its role in the process of inflammation is
essential [6,7].
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OPs were known as highly toxic compounds, but the fact that they could cause cancer
was not well-known. In the past ten years, many studies indicated the connection between
occupational and environmental exposure to OPs and the development of various tumors.
The link between chronic low-dose exposure to numerous OPs and the perturbation of
several biological processes (oxidative stress, immunotoxicity) connected to oncogenesis
was designated [8]. The association of OPs exposure with multiple internal organ can-
cer (prostate, lungs, colon, pancreas), as well as hematological types of cancer (multiple
myeloma and leukemia), was demonstrated [8]. OPs have recently also been associated
with many neurological disorders. Their ability to cause anxiety and depression needs to
be thoroughly investigated. Individuals with chronic health conditions [9] and specific
professions (farming, fishing, forestry) [10] are shown to have higher rates of depression.
In addition, a connection between suicidal behavior, affective disorder, and exposure to
OPs is unambiguously observed [11]. Nevertheless, long-term exposure to low levels of
OPs and its influence on human health is still not fully addressed.

Many OPs, as artificial organic compounds, are not biodegradable. Due to bioaccumu-
lation, they can enter the food chain and affect the entire environment [12]. Having all their
harmful effects and the extent of their use in mind, it is essential to control, monitor, and
remove OPs from the environment.

Adequate materials for application in sensors have been researched extensively. Car-
bon materials have been used for sensing applications for many years, but they are still
attractive. The work on their improvement is continual. The physical and chemical proper-
ties of carbon materials enabled them to retain a leading place in sensor applications for
many years. Manufacturing processes are relatively simple. They also have the advantage
of yielding an appropriate quantity of material with low densification defects. Furthermore,
carbon-based materials are cheap and are considered an alternative to many expensive
materials. They are also known to be environment-friendly materials [13].

Most often, carbonaceous materials are employed in electrochemical sensors. For
electrode construction, the material must be inert without any electroactive species and
conductive over a wide potential window. Carbon-based electrodes address sensitiv-
ity and specificity, the crucial challenges in electroanalytical performance improvement.
Carbon is common in sensor applications due to its relatively inert electrochemistry, elec-
trocatalytic diversity, and low price [14,15]. The carbon-based materials employed as elec-
trode and supporting substrates are glassy carbon, graphite, carbon black, 0D fullerenes,
1D carbon nanotubes, 2D graphene-related materials, and 3D nanostructured porous carbon
materials [15,16]. The use of carbon-based materials is also common in optical sensors.

Carbon nanostructures possess inimitable optoelectronic and physiochemical proper-
ties. Due to this, materials such as carbon nanotubes, graphene, and carbon dots have been
used to develop opto-chemical sensors for many environmental contaminants (pesticides,
microbiological pathogens, pharmaceutics) [17]. Remarkable properties and various carbon
materials made them unavoidable in developing powerful sensor devices nowadays.

This contribution provides an overview of the optical and electrochemical carbon-
based sensors for organophosphate pesticide detection. The outstanding advancements in
carbon materials-based sensors are summarized and discussed. First, a basic background
of sensor components and important characteristics are presented. Then, special attention
is given to the carbon materials’ properties enabling them to be successfully used in
robust sensor device construction. There are recent articles covering this important and
attractive topic [18-20]. However, they mainly focus on carbon material-based biosensors
that detect single pesticides. This review offers a fresh, broad perspective by covering most
electrochemical and optical chemo- and biosensors for various organophosphate pesticides
available in the literature. Moreover, it discusses in detail the properties of different carbon
materials, enabling their use in electrochemical and optical sensor construction. In this way,
it summarizes the essential information and allows new insight into this field. This work
focuses on sensors’ most important properties, such as selectivity, sensitivity, stability, and
reusability. Beyond an assessment of their performance, the paper discusses the current
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challenges, as well as future trends, for organophosphate monitoring. Hopefully, it will
provide guidance for the future application of carbon materials in electrochemical and
optical sensors for organophosphate pesticide construction.

2. Sensor Components

The International Union of Pure and Applied Chemistry defines a chemical sensor as,
“a device that transforms chemical information, ranging from the concentration of a specific
sample component to total composition analysis, into an analytically useful signal [21]".
A typical chemical sensor contains two basic functional units, namely, a receptor and a
transducer (Figure 1). The receptor transforms chemical information contained in the
analyte into a form of energy that the transducer may measure. In addition, the receptor
has the role of providing high selectivity towards the desired analyte in the presence of
potentially interfering chemical species, avoiding false-positive results [22]. The transducer
is a device capable of transforming the energy carrying the chemical information about the
analyte into an analytical signal and generally does not influence selectivity [21].
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Figure 1. Schematic representation of typical sensor components.

The receptor part of chemical sensors may be based on physical, chemical, or bio-
chemical principles. In the case of receptors based on physical principles, there is no
chemical reaction. Some examples are receptors measuring absorbance, refractive index,
conductivity, temperature, or mass change. In chemical receptors, the chemical reaction
of an analyte leads to the analytical signal. Sensors with biochemical receptor elements
are called biosensors and represent a subgroup of chemical sensors. Within this group,
a biochemical process is the source of the analytical signal [21]. The biosensors are not
presented as a special class because the process on which they are based is generally com-
mon to chemical sensors, with the difference in participation of biological sensor elements.
They may also be divided into subgroups according to the biological elements used in the
receptor: organisms, tissues, cells, organelles, membranes, enzymes, antibodies, DNA, etc.
It is common that biosensors have several enzymatic systems coupled in order to amplify
the signal [21].

Chemical sensors may be classified with respect to the operating principle of the
transducer as follows:

e  Electrochemical sensors, which transform the result of an electrochemical interac-

tion (spontaneous or stimulated electrically) between the analyte and electrode into
a signal. There are three main subgroups of electrochemical sensors: voltammet-
ric/amperometric, potentiometric, and impedimetric.
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e  Electrical sensors with no electrochemical processes taking place. Instead, the signal
comes from the change in the electrical properties of the analyte caused by the interaction
with the receptor. Some of them are metal oxide semiconductor sensors, organic semi-
conductor sensors, electrolytic conductivity sensors, and electric permittivity sensors.

e  Optical sensors, which transform optical changes created as a result of an interaction
of the analyte with the receptor into a useful signal. The type of optical phenomena
measured can be used for their subdivision into absorbance, reflectance, luminescence,
fluorescence, refractive index, optothermal effect, or light scattering.

e  Mass-sensitive sensors, which transform the change of mass caused by the accumulation
of the analyte on a special surface able to change some of its properties because of that
accumulation. In this group, there are piezoelectric and surface acoustic wave sensors.
Magnetic sensors, which measure a change in the paramagnetic properties of an analyte.
Thermometric sensors, which measure the heat effects of a specific chemical reaction
or adsorption taking place with the participation of an analyte [21].

3. Sensor Characteristics

Sensors must fulfill different conditions in order to be successfully applied. Many
sensors are developed, but only a small portion are commercialized due to the rigorous
requirements that are not easily met. The most important characteristics of sensors include
selectivity, sensitivity, stability, resolution, linearity, range, repeatability, and reproducibility.
These properties will be discussed below.

3.1. What Makes a Sensor Selective?

When a sensor is used as an analytical tool, a few important aspects must be satisfied,
namely, the sensor must be selective, sensitive, and stable. The molecular recognition
between the analyte and the sensing molecule represents a base for analytical sensor
development. This recognition usually involves non-covalent interactions. They provide
the reversible nature of the analyte-sensing molecule reaction. Therefore, the specificity and
sensitivity of analytical sensors are dependent on the equilibrium binding constant for this
reaction. Very high equilibrium binding constants (above 10-100 uM) will result in a drop
in sensitivity and the low specificity of a sensor. On the other hand, very low equilibrium
binding constants (below 10-100 pM) will assure high sensitivity, while strong conditions
(pH, solvent change, ionic strength) for the dissociation of the analyte (for the sensor reuse)
could be necessary, decreasing the sensor’s stability dramatically [23,24]. Sensors with
good performance should have the equilibrium binding constant in a specific range to
obtain optimal functioning.

There are no samples without interference. Selectivity is, therefore, the most important
feature of a sensor. The linear range is narrow when an interfering compound is present in
a high concentration. In addition, detection limits are higher. Consequently, receptors with
high selectivity are essential for sensor development [25]. Biological and biomimetic sensor
elements have shown the highest selectivity. In biosensors, the receptor could consist of
enzymes, antigens or antibodies, DNA probes, tissue, cells, and cell organelles [26].

The properties of enzyme biosensors are based on the ability of natural enzymes to
participate in catalytic reactions with the analyte of interest [27]. Enzymes are a specialized
class of proteins with the ability to catalyze chemical reactions. They contain a substrate-
binding site and an active site. Some enzymes have a cofactor in their structure, which is
a non-protein component responsible for catalysis [26,28]. Enzymes differ from ordinary
chemical catalysts in several important aspects. The enzymatically catalyzed reaction rates
are significantly higher than the corresponding chemically catalyzed reactions. In addition,
enzymes have a considerably greater degree of specificity with respect to their substrates
than chemical catalysts. There is a well-known lock-and-key hypothesis describing enzyme
activity: “The specificity of an enzyme (the lock) for its substrate (the key) arises from their
geometrically complementary shapes” [28]. The activity of an enzyme is highly dependent
on environmental conditions (temperature, ionic strength, and pH of the solution, and
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the presence or absence of inhibitors) [26,29]. On the other hand, these properties lead to
low stability, short life span, and the high price of enzyme sensors. Tissue and cells can
be used as receptors in biosensors, while the enzymes within them perform reactions [30].
These modifications are usually favorable regarding the stability and cost-effectiveness of
a sensor.

When it comes to organophosphate pesticide detection, most enzymatic biosensors
employ acetylcholinesterase. Since AChE is a primary target in the animal organism for
this group of pesticides, its involvement in sensor construction is not unexpected. AChE
is a serine hydrolase found predominantly in neural tissue [31]. Its prominent role is the
termination of impulse transmission in the brain due to the hydrolysis of acetylcholine. The
active site of AChE is a hydrophobic gorge divided into several subsites. There is a catalytic
active site at the bottom of the gorge, an anionic subsite, an acyl-binding pocket, and an
oxyanion hole. In addition, there is a peripheral anionic subsite located at the gorge’s rim,
which is not part of the catalytic site but is essential for the binding of AChE inhibitors.
Several allosteric sites can be found at the surface of the enzyme [32]. Inhibitors can bind
any of these sites and disturb the enzyme’s conformation, preventing it from exerting its
physiological function. OPs are irreversible inhibitors of AChE and exert their toxicological
effects through esterase phosphorylation. OPs enter the active site of AChE and covalently
bind the -OH group of serine. Dephosphorylation is very slow, so the enzyme remains
inactive for days [31]. The specific recognition of an enzyme and the organophosphates and
strong bonding are the main reasons for AChE employment in sensors for OP detection.

The formation of complementary complexes is achieved by reversible biochemical
processes and is used in affinity biosensors. DNA and immunosensors belong to this
group. The receptor in DNA sensors is a single-stranded DNA fragment, such as DNA
probes and primers [33]. In an immunoassay, an antibody or an antigen plays the role of a
receptor. Variable regions in the antibody’s structure are energetically and conformationally
complementary to the antigen [34]. Nowadays, the library of antibodies and DNA probes
is extensive, and the processes for obtaining such receptors are automated. In addition,
DNA primers and antibodies are more stable and universal than enzymes [26].

In a sensor without a biological origin receptor (biomimetic receptor), a key role in
the recognition of an analyte is played by synthetic molecules having, in their structure,
functional groups able to selectively interact with that particular analyte. In this type of
sensor, receptors are artificial and consist of the following types of compounds: non-protein
catalysts, calixarenes, molecularly imprinted polymers, aptamers, and nanomaterials. In
the case of biomimetic materials, the host—guest principle is crucial for their role as a
receptor. Host—guest chemistry describes the formation of supramolecular complexes
between two or more molecules or ions via non-covalent interactions (hydrogen-bonding
interaction, m—m stacking interaction, electrostatic interaction, van der Waals force, and
hydrophobic/hydrophilic attraction) [35]. Supramolecular materials are characterized by
reversibility due to the weak non-covalent interactions, which allow easy dissociation
and rebuilding of the supramolecular systems at a low energy cost [36]. Therefore, the
supramolecular materials can be recycled and self-repaired, which is particularly useful for
sensor functioning [37].

Non-protein catalysts are non-biological molecules that mimic the active sites of
enzyme-redox-active metal centers and suitable ligand environments. They enable elec-
trocatalytic processes by simulating the action of enzymes [38]. A large number of natural
enzymes contain metal ions, which are important for catalysis. To ensure selectivity in
non-enzyme sensors, materials capable of molecular recognition are necessary. The second
part of the synthesis of non-biological catalysts is mimicking an enzyme’s active site. In
addition, the topic of the catalytic activity of organic polymers without metal in their
structure has been extensively investigated, but their catalysis efficiency is relatively low, so
they are not widely used as biomimetics [26]. Calixarenes are a family of macrocyclic com-
pounds with a variable number of phenol units linked by methylene bridges in the ortho
position [39,40]. Via non-covalent interactions, calixarenes are recognizing guest molecules
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during host—guest complexation [41]. They can be synthesized easily and altered to obtain
molecules according to the guest that should be complexed. The synthesis process is cheap
and offers good yield, while the formed structures are not toxic nor immunogenic [41].
There are many sensors containing calixarenes as receptors described in the literature,
which exert high selectivity and stable performance for long-term reuse, and provide rapid
detection of multiple analytes in a cheap, eco-friendly, and highly efficient manner, and
with a much lower detection limit in comparison with other alternatives [42,43]. The main
problem with the calixarenes-based sensors is that they are used in non-aqueous mediums.
As most chemical species of interest to analysts are to be found in aqueous samples, it is
clear that more work needs to be carried out in order to put calixarenes on the map of
considerable receptor candidates for environmental sensors [43].

Molecularly imprinted polymers (MIPs) serve as an alternative to enzymes when a
specific analyte requires extraction from a sample matrix. MIPs can create recognition sites
in synthetic polymers, such as cavities corresponding to the target molecule in shape, size,
and energy. In this way, exceptional selectivity for the separation of the target molecules is
provided. Organic monomers and cross-linking can be used to synthesize MIPs, together
with the micro- or nanoparticles of an inorganic material coated with a polymer shell [44,45].

Aptamers are synthetic single-stranded DNA or RNA fragments of several tens of
nucleic acids in length, able to provide selectivity for non-enzymatic sensors. In their
structure, aptamers have clefts and grooves of target molecules, a higher receptor density,
and a smaller spatial blockage that leads to higher binding efficiency. They are more stable
under extreme storage conditions compared to proteins and can be synthesized chemically,
which makes them affordable (unlike monoclonal antibodies). They can also bind large
organic ligands and low-molecular compounds [26].

Nowadays, nanomaterials are often used to modify transducers’ layers to improve
sensors’ analytical characteristics. The creation of this additional layer on the transducer’s
surface opens a wide range of possibilities for the immobilization of various compounds,
which increases the sensor’s sensitivity. Considering electrochemical sensors based on
different nanoparticles, from metals to oxides and carbons, or any combination of these
materials, the charge transfer process is inevitably connected to the generation of an
analytical signal. From the fundamental point of view, this relates to the close interaction
between analyte and nanoparticle, in most cases adsorption. In this sense, selectivity can
be achieved by the rational choice of nanomaterials that selectively interact with analyte
molecules. Due to a large number of low coordinated sites at nanoparticle surfaces, it
cannot be expected that selective interactions with different chemically similar compounds
are something that is easily achieved in the scenario where the transducer also serves as a
receptor. Nanostructured materials of various geometries can be synthesized nowadays.
They can be conjugated with various bio-molecules. Quantum dots, carbon nanomaterials,
and metal nanoparticles are the most common. The hydrophobicity of carbon materials
and their tendency to aggregate are avoided by surface functionalization techniques or
reducing particle dimensions. On the other hand, metal nanoparticles and their oxides
possess electrochemical activity and a large surface. Due to that, they can be used as
signal-forming labels, carriers for the receptor layer, transducer components, and improve
the analytical characteristics of the sensors. However, the problem is that the suspensions
of nanoparticles are often unstable. This problem is eradicated mainly by nanoparticle
surface modification [26].

3.2. What Makes a Sensor Sensitive?

The sensitivity of a sensor is defined as the slope of the output characteristic curve or,
more generally, the minimum input of physical parameters that will produce a detectable
output change [46]. Therefore, the sensitivity of a sensor is dependent on both the receptor
and transducer. The favorable combination of two parts is essential to have the best possible
sensor sensitivity. The receptor affects sensitivity via its natural properties and should be
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carefully chosen. The choice of the transducer part has to be made in accordance with the
receptor’s nature. The response of the transducer can be amplified if it is necessary.

When speaking of electrochemical sensors, voltammetric and amperometric, charge
transfer is, again, the primary process underlying signal generation. This means that the
electrode used for detection must be active for the electrochemical reaction. This inevitably
brings us to the relevance of electrocatalysis in the field of electrochemical sensors, as, in
general, the rate of an electrochemical reaction depends on the material of the electrode
on which it takes place. As in electrochemistry, the rate of the electrochemical reaction
is directly connected to the measured current, in order to have high sensitivity, the best
possible electrocatalyst for a given reaction should be chosen. Naturally, electrocatalysis is
also closely connected to the selectivity of a voltammetric/amperometric sensor, but in a
more complicated way than sensitivity.

3.3. What Makes a Sensor Stable?

The stability of a sensor is a measure of the sensor’s characteristics remaining constant
over time. Changes in the stability of a sensor are known as sensor drift and can be
caused by components aging, a decrease in sensitivity of the components, a change in
the signal-to-noise ratio, etc. This stands for both the receptor and transducer parts.
Receptors with biological origins are severely sensitive to aging. They should be kept
under rigorously controlled conditions in order to extend the period within which they can
be in use (temperature, pH, light, presence of inhibitors, and other factors).

Artificial receptors are more stable than biological ones and bind more firmly to the
analyte [26]. Using supramolecular compounds, nanomaterials, MIPs, and aptamers as
biomimetics makes non-enzymatic sensors an excellent alternative to traditional enzyme
sensors. It also enables them to exceed the enzymatic sensors in terms of universality,
tolerance to the environment, and life span. However, biomimetics are still, and proba-
bly will always be, inferior to natural enzymes in terms of their catalysis efficiency and
selectivity [26].

Besides the stability of the receptor, the chemical stability of the transducer is also a
very important issue. In principle, the conditions of electrochemical reactions are rather
harsh, and under potentiodynamic conditions of voltammetric/amperometric sensors,
different electrochemical processes can cause irreversible changes in transducing com-
ponents. For this reason, it is necessary to carefully control the electrochemical window
in which measurements are performed and also conditions, such as pH, the presence of
gases, such as O,, and so on. In addition, storing a sensor correctly is important in or-
der to prevent corrosion and other irreversible changes that could cause a change in the
sensor’s characteristics.

3.4. Other Relevant Properties

Besides selectivity, sensitivity, and stability, there are other important properties of a
sensor. They may not be as fundamental as the aforementioned ones, but they are equally
important for the proper functioning of the sensor. The sensor range is the maximum and
minimum values of the applied parameter that can be measured. Usually, it is of interest to
have the range as wide as possible. The precision denotes the degree of reproducibility of a
measurement. Resolution is the smallest detectable incremental change of input parameter
that can be detected in the output signal, and this can be expressed either as a proportion of
the reading or in absolute terms. The sensor’s accuracy represents the maximum difference
between the actual value and the indicated value at the sensor’s output. The offset error
of a transducer is defined as the output that will exist when it should be zero or, on the
other hand, the difference between the actual output value and the specified output value
under some particular set of conditions [46]. Other important peculiarities in sensor design
include short response times, high mechanical strength and chemical resistance to changes
in operating matrix (connected with stability). Many sensors are able to operate under
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critical conditions due to the high selectivity of biological receptors, compensating for the
device’s weak mechanical and chemical strength [25].

4. Carbon Materials in Sensors—Underlying Properties Enabling Their Use

Carbon materials are present in a great variety in chemical laboratories. In recent years,
the classical view of two carbon allotropes, diamond and graphite, has been extended with
carbon structures of different dimensionality (Figure 2). This classification is closely related
to the dimensions of carbon structures at the nanoscale and the definition of nanomaterials
itself. Depending on the lateral dimension of carbon structures, the materials are classified
as 0D, 1D, 2D, or 3D materials [47].

e
0 D ”}" v“.l:" 1 D
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fullerene, graphene dots,
carbon dots, SWCNTs, MWCNTs

nanodiamonds

carbon materials

graphene, graphene-oxide

graphite, diamond,
2D amorphous carbon 3D

Figure 2. Classification of carbon materials according to their dimensionality.

Formally speaking, 0D materials have all three dimensions under 100 nm. However,
typical 0D carbon materials have much smaller dimensions (usually just a few nanometers).
These include fullerenes [48,49], graphene quantum dots (GQDs) [50,51], carbon quantum
dots (CQDs) [52,53], and nanodiamonds [54]. Small dimensions ensure that most carbon
atoms are exposed to the 0D material’s surface and that the surface-to-volume ratio is
exceptionally high.

Typical examples of 1D carbon nanomaterials are single-walled and multi-walled
carbon nanotubes (SWCNTs and MWCNTs), with additions to this family such as unzipped
carbon nanotubes, carbon nanoribbons, and others [55]. One dimension of these materials,
where we consider their length, is larger than 100 nm. These materials have a well-defined
structure, described through the folding scheme of graphene sheets, with a well-defined
diameter being constant along the entire nanotube. CNTs are widely commercially available,
and reporting their qualities is a rather standardized procedure.
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The evaluation of specific surface area (SSA), which is one of the most important
properties of carbon materials in the case of well-defined CNTs, renders a solution to a
geometrical problem [56]. For SWCNT, the effect of the nanotube diameter cancels out,
and the SSA is constant—1315 m? g 1. For MWCNTS, the addition of extra walls increases
the mass more than the exposed surface, and the effect of the diameter is present. With
every additional wall, the SSA decreases; for 20WCNTs, it reaches only ~100 m? g~!
and decreases with increasing NT diameter [56]. By definition, CNTs have a honeycomb
arrangement of carbon atoms [57], i.e., sp2 hybridization. Thus, the walls of CNTs are
generally chemically inert.

In the 2D part of the carbon family, graphene and graphene oxide (GO) stand out
as classic examples [58]. Graphene is an infinite sheet of carbon arranged into a hexago-
nal lattice and characterized by some exceptional properties (thermal, mechanical) [59].
Hexagonal structure is governed by the sp? hybridization of carbon atoms, so the chemical
bonds between carbon atoms are directed in-plane. The 7 electron cloud forms above
and below the graphene plane. It makes graphene a zero-gap semi-metal [59]. Therefore,
pristine graphene is enormously chemically inert [60]. The main chemical reactivity of
graphene originates from the presence of defects and edges [61,62]. Determination of
the SSA of graphene is also a geometrical problem, and for pristine graphene, the SSA
amounts to 2630 m? g~ . In practice, graphene can be synthesized using bottom-up and
top-down approaches [63]. The best-known and most widely used one is the reduction of
GO obtained via different modifications of the Hummers method [64], but strictly speaking,
in this case, one obtains reduced graphene oxide (rGO).

GO is a highly oxidized graphene sheet with O content ranging from 30 to 50% [65].
It is a poor conductor or insulator, and its SSA has been measured from 2 to 2391 m?2 g’l,
depending on the applied approach [66]. It is commonly obtained via the exfoliation of
graphite oxide, using the mentioned Hummers method or some other approach. Several
models of GO exist in the literature, with the Lerf-Klinowski model now being widely
accepted [67]. In this model, epoxy- and hydroxyl groups are found on the basal plane,
while others, such as phenol, ether, and carboxyl, are located at the edges. GO can be
controllably reduced to rGO with different amounts of oxygen functional groups using
chemical, thermal or electrochemical methods [68,69]. Besides oxygen functional groups,
commercial GO can contain small amounts of other heteroatoms (e.g., nitrogen or sulfur).
Moreover, the structural disorder in these GO samples is typically very high, and the
basal plane can be significantly damaged with a large number of holes reaching several
nanometers in diameter [70].

Graphite and diamond represent two extremes of the 3D class of carbon allotropes
family. Graphite has a hexagonal lattice and is comprised of graphene sheets stacked
via weak Van der Walls forces. It is an exceptional conductor, but its conductivity is
displayed only in the (0001) plane. In contrast, diamond has a cubic lattice governed by the
sp® hybridization of carbon atoms. It is an insulator and possesses exceptional hardness.
Amorphous carbon does not possess long-range order in its lattice but, locally, contains
nanometric domains with a graphite- or diamond-like structure. It mostly consists of
sp? hybridized carbon and it is usually conductive.

In the preceding discussion, carbon materials have been classified based on their
dimensionality, but we considered the forms of carbon with well-defined crystal structures.
However, terms such as carbon nanotubes (nanorods, wires, fibers, platelets, and others)
are also used to describe the morphology of the carbon sample (with the addition of
“nano” or, more precisely, “nanosized” if the dimensions are under 100 nm) irrespective
of their crystal structure. A typical example is the conversion of organic materials with
different morphologies to carbons, i.e., their carbonization, where the original morphology
is preserved in the final carbon material. This scenario is quite usual when polymeric
(nano)structures are carbonized. As a rule, the morphology of the polymeric precursor
remains preserved [55,71]. The situation is the same when biomaterials with a particular
morphology, such as fibers, are converted to carbons [72,73]. All these materials are
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generally amorphous carbons, but if produced at very high temperatures (>2500 °C),
graphitization can take place [74]. Still, even in this case, the materials will consist of
nanosized graphitic domains, and long-range ordering is not taking place.

So far, several types of nanosized carbon forms have been discussed. However,
the material is also considered a nanomaterial if nanosized local structures can describe
its internal structure. As most carbon materials have developed pore structures, and
the dimensions of these pores are typically in a nanometric range, all carbons can be
considered nanomaterials. However, as for 3D carbons, this description comes from their
internal pore structure. Therefore, it is more accurate to refer to them as nanostructured
materials. A large variety of suitable precursor materials is available to achieve the required
carbon properties. In the last two decades, the interest in sustainable carbon precursors
exploded, and all sorts of biomass, due to economic and ecological reasons, especially waste
streams, have been tested as precursors for activated carbons [75-79]. In addition, several
chemical and physical routes have been developed for increasing carbon surface areas and
developing the pore network in carbon materials [80-82]. This process is called activation,
and carbon material that has undergone activation is called activated carbon. All the
mentioned classifications and attributes can be combined to name a given carbon material.
For example, activated carbon fibers are carbon materials with fibrous morphology that
have been activated using some of the possible activation routes [83]. Furthermore, if we
speak about activated carbon nanofibers, this will also mean that the diameter of the fibers
is under 100 nm.

When we talk about carbon materials suitable for electrochemical sensor construction,
there are some important properties to be observed. In principle, carbon materials are good
electronic conductors. They are inexpensive, profuse, easy to work with, and chemically
inert. Carbon materials are suitable for making composites [84]. Although most materials
would suffer from electrochemical transformations, carbon materials can take the many
electrochemical reactions performed on them. On the other hand, this chemical inertness is
a problem for electrochemical measurements. To perform electrocatalytic conversion and
detection, it is necessary for the electrode material and the analyte to interact. Therefore,
defects and functional groups present in carbon materials can be beneficial to overcome
this issue. Glassy carbon (GC), boron-doped diamond (BDD), and graphite materials
from the carbon black (CB) family are traditionally used in electrochemical laboratories.
Nowadays, the new carbon-based nanomaterials are increasingly represented, especially in
sensor construction. Carbon nanotubes and graphene-based materials are the leaders in
this group [85].

Carbon materials are mostly used as a support for different metallic or oxide nanos-
tructures and biologically active compounds in electrochemical sensors. Still, there are
some papers reporting “only-carbon” electrodes for pesticide detection via their direct elec-
trochemistry. In this case, more advanced electrochemical techniques, such as differential
pulse voltammetry or square wave voltammetry, have to be used in order to improve the
detection capabilities of sensing platforms. Besides, carbon-based materials are the most
suitable for on-field use since they are generally very robust and rarely require special
care [85].

In the case of optical sensors, carbon materials can also have diverse roles. They can be
used as a supporting material, such as in electrochemical sensors. On the other hand, the
unique opto-chemical properties of carbon-based nanostructures enable them to have many
innovative applications in this field. Most often, they are used in plasmonic optical sensors.
Different carbon-based nanomaterials can act as a plasmonic material, as the sensitivity
enhancement material, and provide a large surface area as well as compatibility for the
immobilization of various biomolecules (enzymes, DNA, antibodies, antigens) within the
sensing layer [86].
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Graphene-based materials and carbon nanotubes are the most widely used carbon-
based nanomaterials for sensing applications. They have unique optical properties, in
addition to high conductivity and a high surface-to-volume ratio, and they can be easily
functionalized with various biomolecules and polymers for better selectivity, chemical
stability, and biocompatibility. In the last few decades, carbon dots and nanodiamonds are
becoming very interesting in this area, too [86].

In addition to their unique electronic properties, graphene-based materials have ex-
ceptional optical properties, and are being widely used for sensing applications. Although
graphene, in its pristine condition, is a zero-bandgap material, GO possesses different
functional groups, which display strong emissions from the UV to NIR range [87]. The
emission originates from the electronic transition between the sp? carbon domain and the
functional groups positioned at the borders of the GO sheets [88]. In the presence of the
target molecules, the fluorescence emission of GO can be enhanced or quenched [89,90].

The optical properties of CNTs are characterized by the hove singularities in the
electronic density of states [91]. They exert near-infrared (NIR) photoluminescence upon
photoexcitation. The great benefit of this phenomenon is it is tunable, photostable, and
susceptible to the environment [92,93]. Recent discoveries showed that SWCNTs could be
designed to obtain the chosen colors of emission. The emission is dependent on fluctuations
of the dielectric constant around the SWCNTs. The sensitivity is so high that it allows
perturbation detection at the surface of SWCNTs at the single-molecule level. This charac-
teristic qualifies SWCNTs for use as molecular sensors. The emission could be obtained in
NIR, and sensors such as this can be used successfully for in vivo applications since they
work at wavelengths with maxim tissue penetration. Surface functionalization enables the
specificity of the sensing method [94].

CQDs and GQDs are fluorescent carbon nanoparticles. Although they are similar,
there are some noticeable physical differences between them. GQDs represent nanosized
graphene monolayers, containing mainly sp?-hybridized carbon atoms [95]. In contrast,
CQDs are spherical nanoparticles with cores with an sp® or sp>-hybridized carbon config-
uration and a dimension below 10 nm [96-99]. Different functional groups can exist on
the CQD surface. Since they are introduced during the synthesis process, their presence is
highly dependent on the precursors used for the synthesis. Functional groups can modulate
the optical and sensing properties of CQDs [100,101]. The sensitivity and selectivity of
CQDs can also be achieved by their post-functionalization with different chelating groups
or biomolecules [102]. In CQDs-based sensors, there are changes in fluorescence emission
intensity in the presence of target molecules. This phenomenon can be ascribed to the inner
filter effect, photo-induced electron transfer, and Forster resonance energy transfer [103].
For CQDs, the fluorescence emission wavelength is usually from 400 to 750 nm [104]. The
intensity of fluorescence is dependent on the type of solvent [35], pH [36], temperature [105],
and the concentration of CQDs [89,106].

Nanodiamonds (NDs) are 0D carbon materials that contain only sp® carbon atoms and
have a diamond-like morphology. Their dimensions vary from 2 to 20 nm [87]. NDs tend
to aggregate [107]. The unique property qualifying NDs for use in sensing is the presence
of the fluorescent nitrogen-vacancy (N-V) defect center. The N-V center is a defect in the
crystal structure of NDs, where one of two carbon atoms is substituted with a nitrogen
atom, while the other is a vacancy without replacement. The N-V centers can be optically
excited and, subsequently, transit between the ground and electronically excited states. The
N-V centers can relax to the ground state via radiative and nonradiative pathways. These
futures are used in optical sensing [89,108,109].

Figure 3 recaps the properties of various allotropes of carbon.
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Figure 3. Various carbon allotropes’ properties.

5. Electrochemical Sensors for Organophosphate Detection Based on Carbon Materials

Electrochemical sensors are devices that provide information about the composition
of a system in real time by coupling a receptor to an electrochemical transducer, translat-
ing the chemical energy of the selective interaction between the analyte and the receptor
into an analytical signal. They are the largest and the oldest group of chemical sensors,
usually with simple instrumentation and a high potential for miniaturization and autom-
atization without compromising their analytical characteristics [110]. What also makes
electrochemical sensors suitable for diverse applications is their high performance and
economic aspect. As already mentioned, electrochemical sensors can be divided into
(1) voltammetric/amperometric, (2) potentiometric, and (3) impedimetric.

In voltammetric and amperometric sensors, information about an analyte is obtained
by measuring the current while the potential is varied. A voltammetric measurement
includes scanning the potential difference throughout an electrochemical cell and recording
the cell’s current as a function of the applied potential. Amperometric measurement is
made by recording the current in the cell at a single applied potential [111]. In both cases,
the transducers have the ability to transfer the electrons to or from the analyte, making
the charge transfer step to be the crucial process underlying detection. The flow of these
electrons forms the output signal of the transducer. In their essence, the measurements are
based on the electrochemical techniques, voltammetry and amperometry, which is rela-
tively simpler but provides much less information due to the single potential at which the
measurement is performed. Voltammetric and amperometric transducers are also capable
of contributing to the selectivity of the overall sensing process due to the dependence of the
measured current on the applied potential, which is a function of the standard potential of
the redox couple that is analyzed. Voltammetric and amperometric transducers are also
relatively simple and mainly consist of two or three electrodes immersed in a suitable
electrolyte. These sensors are fast, sensitive, precise, and accurate. Furthermore, it is not
necessary to wait until the thermodynamic equilibrium is achieved and the response is a
linear function of the concentration of the analyte (irrespective of the nature of the charge
transfer step) [112]. However, there are important factors that must be considered besides
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charge transfer, which provides the analytical signal. As the underlying voltammetry and
amperometry are dynamic techniques, the mass transfer can influence the signal. In addi-
tion, current flow causes inevitable voltage losses in the electrolyte, so good conductivity of
the electrolyte is needed to prevent large drifts in the measured current-potential responses.

In contrast to voltammetric/amperometric sensors, potentiometric sensors measure
the potential difference between two electrodes under the conditions of no current flow,
i.e., the electromotive force of the cell [113]. As a rule, we only look into the signal of the
sensing electrode, while the other one is a suitably chosen reference electrode with stable
and well-known potential. Hence, variation of the sensing electrode’s potential should
reflect the change in the concentration (activity) of the analyte. The signal of a general
potentiometric sensor is based on the Nernst equation, which, in a perfect world, depends
only on the activities of species forming a redox couple of analytes [113].

However, in real life, there are additional terms to the logarithmic terms giving an
interference contribution to the potential of the sensing electrode. In contrast to the first
mentioned class of electrochemical sensors, the signal depends linearly on the logarithm
of activity (concentration) of the analyte, making this type of sensor more suitable for
low concentrations of analytes. However, the Nernstian response is not available for an
unlimited range of concentrations, and typically, there are several decades of concentrations
in which the sensor is operative. Another point is that the O/R redox couple should be
reversible, which is rarely the case with complex molecules (but also simple ones, such
as the Op/H0 couple). Nevertheless, as there is no current flow, the high electrical
conductivity of the electrolyte is not a prerequisite to performing measurements (but some
conductivity must be assured so that the circuit is not open).

Potentiometric sensors are one of the lowest-cost analytical devices available today.
Nowadays, the main obstacle with potentiometric sensors is obtaining better limits of detection
and selectivity. Innovative developments in this field include sensor arrays, new ionophores,
improvement of the detection limit, and new electrodes for miniaturization [112].

Impedimetric measurement can be, in general, carried out with electrodes of a certain
functionalization, e.g., polymer, nanomaterials, and could also include a kind of biorecep-
tion. Impedimetric techniques are widely used tools in electrochemistry for the detection
and quantification of chemical targets by measuring the changes in the complex impedance
that are specific to the combination of the electrode materials and target analytes. Impedi-
metric sensors register changes in the electrical properties at their surface (either capacitance
or resistance or a combination of these properties) [114]. Electrochemical impedance spec-
troscopy gives information about chemical reactions at the electrode liquid interfaces and
provides an accurate conductivity measurement at the same time. The impedance spectra
are usually fitted to an equivalent circuit model, which enables the separation of different
effects based on their frequency-dependent behavior. They give information about the dif-
ferent processes occurring in the system. Electrochemical impedance spectroscopy can also
be performed in conjunction with other electrochemical methods on the same measurement
system [114], e.g., to characterize electrodes, detect analytes of interest, and investigate
reaction mechanisms. Thereby impedance spectroscopy has, in its basic form, a weakness
considering the chemical selectivity.

These kinds of sensors have the advantage of low cost. They are user-friendly and
potentially portable. In addition, they are a powerful tool for biosensing at the modified
electrode surfaces. Impedimetric sensors are less destructive as compared to other elec-
trochemical methods. Moreover, they give direct electrical signals and do not require a
label or other pre-treatment process, which is especially important for the detection of
environmental toxins [115].

The list of carbon-based electrochemical sensors and their characteristics are given in
Table 1.



Chemosensors 2023, 11, 93 14 of 26
Table 1. Electrochemical sensors for organophosphate detection based on carbon materials.
Detection Method * Material Analyte Limit of Detection (uM) Range (uM) Reference
SWV BDD Parathion 43 %1072 - [116]
Adsorptive stripping . . . 3 0.005-0.1
SWV Sol-gel carbon ceramic electrode Fenitrothion 1.6 x 10 0.1-50 [117]
Graphite-modified basal plane .
SWV pyrolytic graphite electrode Methyl parathion 3.0 79.0-263.3 [118]
Adsorptive stripping Poly(4-amino-3-
SWV hydroxynaphthalene Sulfonic Fenitrothion 0.7 x 1073 0.001-6.6 [119]
acid) modified GCE
CVand Peptide nanotubes on modified . . 2
SWV pencil graphite electrode Fenitrothion 1.96 x 10 0.114-1.712 [120]
DP adsorptive cathodic Single-walled carbon nanohorns . . 2
stripping voltammetric and zein-modified GCE Fenitrothion 1210 0.99-12 (1211
Multiwalled carbon
DPV nanotubes-poly(acrylamide) Methyl parathion 2.0x 1073 0.005-10 [122]
nanocomposite
DPV Graphene quantum dots with Fenthion 6.8 x 1076 1.0 x 1075-5.0 x 1072 [123]
oxime as an electroactive probe
DPV lonic liquid_graphene Methyl parathion 19 x 10 0.09-0.04 [124]
DPV Pillar [5] arene/reduced Methyl parathion 3x 104 0.001-150 [125]
graphene nanocomposite
DPV Cellulose microfiber entrapped Fenitrothion 8.0 x 1073 up to 1134 [126]
reduced graphene oxide
Graphene nanofragments
CV and EIS modified with chitosan Dichlorvos 54 x 107> 0.1 x 1073-100 [127]
and AChE
Molybdenum carbide/iron oxide
CV, EIS, and DPV micro flowers with graphitic Parathion 7.8 x 1073 0.5-600 [128]
carbon nitride
cv OX‘d’Zefvigtflaﬁ;‘;‘ecl ;;i‘e’;‘ nitride Chlorpyrifos 03 x10°° 1%10° to15 x 10°° [129]
Nd-based metal-organic . 4.0 x 107> and (0.7-100) x 102 and
cv framework modified GCE Paraoxon and Parathion 7.0 x 10-5 (1-120) x 10-3 [130]
Reduced graphene
oxide-graphitic carbon nitride . 7 5
EIS modified manganese cobaltite Chlorpyrifos 1.4 x 10 3 x107°-20 [131]
nanocomposite
Zr0,-3,4-
dihydroxybenzaldehyde-
Ccv chitosan/nitrogen-sulfur Fenitrothion 1.7 x 1073 0.01-40 [132]
co-doped activated MWCNT
modified GCE
Cu-rGO nanocomposite .
CV and DPV modified GCE Malathion - - [133]
AChE on carbon paste electrode
modified by pyrolyzed Methyl parathion and 7.5 x 107° 1.9 x 107°-1.9 x 107! and )
CVand EIS Ni-Co-Zeolitic Paraoxon and 1.7 x 1077 3.6 x 1077-3.6 x 1074 [134]
Imidazolate Framework
Profenofos,
o Aptamer and AuNPs 4 8.0x1077,1.0 x 107¢,1.1
Electrochemiluminescence modified MWCNTs Isocarbophos, Phorate, % 1075, and 1.4 x 10~ - [135]
and Omethoate
—3_
CV, EIS, DPV MIP modified GCE Profenofos 1.0 x 103 1 X i01 Ojf‘;‘d [136]
Biomimetic mononuclear zinc(II) . . o
iy Fenitrothion and 8.0 x 107% and 1.0-5.5 and
SWV complexes modified carbon Parathion 51 x 10-1 1.0-01 [137]
paste electrode
Nitrogen-sulfur co-doped
SWV activated MWCNT Fenitrothion 491 x 1073 0.05-40 [138]
modified GCE
SWV Screen-printed carbon electrode Fenitrothion 6.4 x 107! - [139]
Strontium hexaferrite decorated
cv on porous graphitic Fenitrothion 14 x 1073 0.005-378.15 [140]
carbon nitride
MIP suspension polymerization, 25 % 10-3-0.1
CV and SWV modification of carbon Diazinon 7.9 x 1075 ’ 01-2.0 : [141]
paste electrode e
Methacrylic acid, ethylene glycol
DPV dimethacrylate and Diazinon 1.3 x 1074 5 x 10741 [142]
carbon nanotubes
v MIP/graphene oxide modified Profenofos 5% 10-3 0.05-3500 [143]
glassy carbon electrode
AChE on iron oxide Ch}ﬁzaath;?gs
Amperometry nanoparticles decorated M Py ! 1.0 x 1074 - [144]
onocrotophos, and
carboxylated MWCNTs
Endosulfan
Malathion and Methyl 8.4 x 1078 7 3 )
DPV AChE/AuNPs/rGO parathion and 82 x 10-8 3 x107-3 x 10 [145]
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Table 1. Cont.

Detection Method * Material Analyte Limit of Detection (uM) Range (uM) Reference
Tyrosinase/poly(2-
Amperometry hydroxybenzamide)-modified Fenitrothion 47 x 1072 0.018-3.6 [146]
graphite electrode
Anti-parathion antibodies and . v v i )
EIS graphene sheets modified SPE Parathion 1.8 x 10 34 x1077-34 x 10 [147]
Anti-parathion antibodies and
EIS graphene quantum Parathion 1.6 x 1077 3.4 x 107834 x 1071 [148]
dot-modified SPE
Aptamer/GO-Fe304 y
DPV modified SPE Profenofos 1.0 - [149]
. Paraoxon-ethyl,
Amperometry Polyhydroxamicalkanoate-based Fenitrothion, and 0.36, 0.61, and 0.83 - [150]

biomimetic catalyst-modified SPE Chlorpyrifos

* SWV: Square wave voltammetry; DPV: Differential pulse voltammetry; CV: Cyclic voltammetry; EIS: Electro-
chemical impedance spectroscopy.

As seen in Table 1, electrochemical sensors for organophosphate detection based on
carbon materials have been examined in detail. In these studies, among the electrochemical
methods used, CV, DPV, SWV, and EIS were the most preferred to determine analytes.
Electrodes modified with carbon-based nanomaterials, composites, metal oxides, polymers,
and metal nanoparticles were employed. Additionally, the analyzed organophosphates, in
most cases, were fenitrothion, chlorpyrifos, methyl parathion, and parathion. In most cases,
the LOD:s for the chemosensors presented in Table 1 were around the nM level. Considering
the allowed concentrations of pesticides in the environment [151], this is not low enough.
This is when the biosensors and MIP-based sensors show their advantages. Besides having
higher selectivity, their sensitivity was much better than the other sensors reviewed. The
biomimetic principle of recognition offers great potential.

Historically, one of the first types of sensors employed for organophosphate detection
were electrochemical biosensors. The first investigations encompassed amperometric
detection and employed acetylcholine and butyrylcholine esterases [85,152]. As can be seen
from the data presented in Table 1, their performances were good. The enzyme provided
the necessary selectivity, and the limit of detection was lower compared to chemosensors.
Moreover, immunosensors and aptasensors showed similar characteristics. Still, the main
trouble is the handling of the biological recognition element. Biomolecules should be used
with great care since they acquire special conditions to retain their biological activity. An
additional issue is their high price.

With MIP-based sensors, selectivity increases while consecutive electrochemical trans-
formations of recognized analytes enable high sensitivity and low detection limits. Since
conductivity is crucial in electrochemistry, conductive polymers are used for MIP synthe-
sis. Although the selectivity and sensitivity of MIP-based sensors are similar to that of
immuno-based and aptasensors, an important difference is that MIP technology is afford-
able and less complicated to use. Still, there are some important limitations of MIPs for
electrochemical detection. These polymers are sometimes also electrochemically active,
and their signal could mask the signal from the analyte [153]. Besides, the possibility of
irreversible electrochemical transformations of polymers and their pH sensitivity is an
important issue [85]. It could lead to irreversible losses of electroactivity, conductivity, and
conformational changes, which might disrupt the recognition moieties of MIPs [85,154].
These issues could compromise the overall performance of the sensor.

Biomimetic sensors are one of the newest sensor technologies. They demonstrated
amazing performance, but there are only a few examples (Table 1). Polymers used for
their construction mainly mimic AChE and organophosphate hydrolase. Unlike enzymatic
biosensors, they are easier to handle and have no issues with interference.

Recently, Cesana et al. reported on the new chemosensor for fenitrothion detec-
tion [155]. It is based on fluorescent Cdots(N)-Silica composites. Carbon quantum dots
with an N heteroatom in their structure (Cdots(N)) were synthesized electrochemically.
After that, the Cdots(N)-Silica composites were synthesized via a sol-gel process without
the use of acid /base catalysts. Previously polished GCE was modified with Cdots(N)-Silica
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composite by adding the ethanolic suspension of the composite and subsequent drying.
The electrode, modified in this way, was further used in electroanalytical analysis with-
out pre-treatment in order to detect fenitrothion by means of DPV. The detection limit
of the reported sensor was 1.05 x 10~? mol L~!. Having in mind the maximum residue
limit (MRL) for fenitrothion in fruits is 3.61 pmol L~ !, this sensor offered a satisfactory
result. Besides, it was successfully applied in real samples with high repeatability in the
presence of possible interferents. The reproducibility of the modification of GCE with the
Cdots(N)-Silica composite was 100%, and they remained stable for over a month.

Akytiz et al. reported on sensors for fenitrothion detection based on electropolymer-
ized metallophthalocyanines modified GCE [156]. New metallophthalocyanines (MPcs)
were designed with redox active metal centers (Co(II), CI-Mn(IIl), and Ti(IV)O) and morpho-
line and amino bearing substituents (ma). Redox-active metal centers enhanced the redox
activity of the complexes, and redox-active and electropolymerizable [2-(4-phenyl)ethoxy]
substituents triggered the coating of MPcs with the oxidative electropolymerizations. All
complexes were used for GCE modification, and the electrodes were studied as potential
fenitrothion sensors. The GCE/CoPc(ma) electrode showed good selectivity and sensi-
tivity, with a linear range between 1.20 and 42.0 M and a detection limit of 0.46 uM.
The GCE/TiOPc(ma) electrode also showed good selectivity, but its linear range was very
narrow. The GCE/Cl-MnPc(ma) electrode had poor selectivity and good sensitivity.

Ivanov et al. reported on a flow-injection system with an integrated amperometric
biosensor with immobilized AChE [157,158]. AChE was immobilized on MWCNT and an
acrylonitrile-methylmethacrylate-sodium vinylsulfonate membrane. The chemical modifi-
cation of MWCNTs was achieved by treatment with concentrated nitric acid in order to
introduce carboxylic groups. The carboxylated nanotubes were then washed and treated
with ethylene-diamine for 1 h to introduce amino groups, followed by washing again. The
aminated nanotubes were mixed with bovine serum albumin (BSA). AChE immobilization
was conducted in multiple steps. The first step was to activate the amino groups of the
modified membrane with glutaraldehyde and immerse it in a mixture of modified MWCN
and BSA. The next step was to immerse the membrane into glutaraldehyde again and wash
it. The activated membrane was then incubated with concanavalin A for 1 h. Finally, the
membrane was immersed in AChE solution for 24 h and washed afterward. The sensor
showed a low detection limit for three OPs: paraoxon ethyl (0.9 x 10~!> M), monocro-
tophos (1.8 x 10712 M), and dichlorvos (2.0 x 10~'2 M). It was found that the biosensor
can be reused in 15 operation cycles. The prepared biosensor showed good precision,
reproducibility, and stability. Still, its selectivity was questionable since AChE is sensitive
to many OPs.

When it comes to electrochemical sensors for organophosphate detection based on
carbon materials, it is obvious that biosensors offer great characteristics but require special
care. A person without proper training could not work with bio-based sensors in the field.
On the other hand, new technologies offer robust solutions, such as MIP-based, biomimetic,
and aptasensors [159]. They are highly sensitive and have no problem with interference,
unlike enzymatic biosensors, for instance. However, they are expensive, which makes their
wide application unlikely in the next few years.

6. Optical Sensors for Organophosphate Detection Based on Carbon Materials

Optical sensors detect the wavelength, frequency, or polarization of light and convert
it into an electric signal due to the photoelectric effect. They can be based on the absorption
and emission of electromagnetic waves. Absorption detection methods measure the radia-
tion that has passed through the analyte. In emission-based methods, the electromagnetic
radiation emitted by the analyte after excitation is measured in an appropriate manner.
Optical sensors based on UV-visible absorption, fluorescence, and plasmonic techniques
are commonly used to detect organophosphates [160].

Optical sensors with UV-Vis detection are mostly based on colorimetric assays and
used for the qualitatively and quantitatively analysis of organophosphates. These systems
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are based on Beer Lambert’s law, and the measurements of the intensity and color of
the samples before and after the complexation [161]. The visual detection of the color
change can be used for qualitative analysis. For quantification, it is necessary to use
a UV-Vis spectrophotometer and to determine the concentration of organophosphates
in samples by measuring the change in intensity of color or absorption. There are two
types of colorimetric sensors: enzymatic (biosensors) and non-enzymatic (chemosensors).
Most sensors for organophosphate detection are enzymatic and rely on the inhibition of
acetylcholinesterase and butyrylcholinesterase [162,163].

Fluorescent-based sensors for organophosphate detection have been gaining immense
importance in the last few decades [164]. The need for a high concentration of fluorophore
is the most significant limitation of this technique since it further leads to quenching due to
aggregation. Some modifications have been carried out to overcome this problem, such
as sensors based on Fluorescence Resonance Energy Transfer (FRET) [165]. In various
studies, carbon materials such as carbon dots are used as the donor atoms, while metal
nanoparticles or Ellman’s reagents are used as the acceptor [166,167]. Many fluorescent
sensors developed for organophosphate detection rely on the interaction with enzymes
(acetylcholinesterase, organophosphate hydrolase, alkaline phosphatase, choline oxidase,
butyrylcholinesterase) [163,168].

Plasmonic-based optical sensors have been under development for a long time. They
have many advantages compared to conventional sensors. The most important one is
that plasmonic-based sensors are capable of real-time monitoring. In addition, they allow
label-free detection and high reusability, short response time, and simple sample treat-
ments. In contrast, plasmonic sensors are not specific to the binding surface. Their further
limitations are mass transportation, susceptibility to steric hindrance, and data misin-
terpretation risk [169]. Plasmonic-based methods comprise surface plasmon resonance
(SPR), localized surface plasmon resonance (LSPR), surface-enhanced Raman scattering
(SERS), surface-enhanced fluorescence (SEF), and surface-enhanced infrared absorption
spectroscopy (SEIRA) [170]. When it comes to organophosphate detection, SERS offers the
most promising results. Via the optical and chemical properties of accessible plasmonic
nanomaterial, SERS technology enhanced the naturally weak Raman signal. This type of
sensing offers excellent selectivity due to the unique fingerprint of the analyte. There is no
interference issue, so the preparation of the sample is easy. In some cases, it is possible to
detect a single molecule [153].

Optical sensors are infamous for their unenviable sensitivity. However, historically,
these have been important in pesticide detection. Every year, many articles are published
on this topic. Scientists make an effort to achieve better results with newly available
techniques. Outdated colorimetric sensors have been superseded by those based on the
application of fluorescence and plasmonic-based techniques. The list and characteristics
of optical sensors for organophosphate detection based on carbon materials are given in
Table 2.

Table 2. Optical sensors for organophosphate detection based on carbon materials.

Detection Method *

Material Analyte Limit of Detection (M) Range (uM) Reference

Fluorescence

Fluorescence
Fluorescence

FRET
Spectrophotometry

Nickel and nitrogen-doped
carbon dots and Fe;04

. . 5 ) =
nanoparticles into the zeolitic Fenitrothion 8.0 10 (1501
imidazolate framework-8
Carbon dots-Au(IIl) Organophosphate
complex/AChE system pesticide 448 0-45-44.80 (1711
Dichlorvos, 3.9 x 1073,
Carbon dots-Cu(II) system Malathion and 3.4 x 1073 and 600-6000 [172]
Ethion 42 x 1073
AuNPs doped carbon dots, 2 2
BChE system Paraoxon 1.8 x 10 1.8 x 1072-181.7 [173]
E. coli-attached SWNT film Paraoxon 5 5-500 [174]
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Table 2. Cont.

Detection Method * Material Analyte Limit of Detection (uM) Range (uM) Reference

FRET Nitrogen-doped carbon dots Paraoxon 36 %1073 3.6 x 1073-36.34 [175]

and AuNPs

Diazinon and 0.82 and 0.82-16.43 and ’
Fluorescence Plant-based carbon dots Glyphosate 11.83 11.83-29 574 [176]
FRET Carbon dots/FeZ* system Chlorpyrifos 8.56 28.52-2852.3 [177]
La%* assisted glutathione-capped

Fluorescence gold nanoclusters and Fenthion 24 %1072 3.6 x 1072-3.9 [178]

carbon dots

Fluorescence and Carbon dots/5,5-dithiobis-(2-

colorimetry, dual mode nitrobenzoic Chlorpyrifos 23 x10°3 85 x 1074-0.57 [179]

¥, au acid)/ AChE
Fluorescence AChE and carbon Chlorpyrifos 4.0 x 1074 - [180]

dots—graphene oxide
Nanoceria with phosphatase
Fluorescence mimicking activity modified Methyl-paraoxon - 1.125-26.25 [181]
carbon dots

Fluorescence and Paraoxon and 7.6 x 107* and
colorimetry, dual mode AChE and carbon quantum dots Chlorpyrifos 1.3 x 1073 . (182]
Flgorescence and AChE and carbon dots Paraoxon 14 x 1073 - [183]
colorimetry, dual mode
Fluorescence Agrt:gf;r:ggilgsd Acephate 2.2 x 1072 2.7 x 1072-0.44 [184]
Reduced graphene oxide
SERS -wrapped dual-layers AgNPs on Glyphosate 1.8 x 1072 - [185]

titania nanotube

* FRET: Fluorescence resonance energy transfer; SERS: Surface enhanced Raman scattering.

As seen in Table 2, optical sensors for organophosphate detection based on carbon
materials mainly employ fluorimetric and colorimetric techniques for analyte detection.
These two techniques are often used in dual mode to improve sensitivity. When it comes to
the carbon materials most frequently used, carbon dots and graphene oxide stand out. The
obvious reason is their interesting optical properties, as mentioned before. These materials
are combined with silver and gold nanoparticles or modified with different oxides and
polymers. Additionally, in most cases, organophosphates analyzed by optical sensors based
on carbon materials are fenitrothion, chlorpyrifos, paraoxon, and glyphosate.

From the data presented in Table 2, it is obvious that there are a significant number
of optical biosensors for organophosphate detection based on the combination of carbon
dots and AChE. These examples have the lowest detection limits (in the nanomolar range).
Still, they are far from the necessary level for relevant organophosphate monitoring in
environmental conditions. Besides, the fragility of the biological recognizing elements
already discussed within the electrochemical sensors section can also be applied here with
the same implications.

Enzyme-based biosensors have the leading position when it comes to the detection
of organophosphate pesticides. Employing enzymes, combined with applying carbon
materials and their exquisite optical properties, has great practical significance. Neverthe-
less, there are still many obstacles to overcome. Environmental factors (temperature, pH
value) greatly influence enzymatic activity. In addition, the enzymes are expensive. Finally,
enzymes used for organophosphate detection, such as AChE, are sensitive to the whole
class of compounds, so interference is a big issue.

On the other hand, antibody-based immunosensors exert stronger specific recogni-
tion toward the target analyte. Still, there is an issue with mutation possibility and low
modification efficiency. In addition, the detection time is too long, so rapid analysis is
not possible. Integrating aptamer and carbon materials provides an effective platform for
organophosphate detection. Still, high selectivity is not easy to achieve with the technolo-
gies available nowadays. MIPs combined with fluorescing carbon materials are a promising
tool for organophosphate detection. They are low-cost and have good stability. On the
other hand, there are issues with template leakage, uneven distribution of binding sites,
and incompatibility in aqueous medjia.

The newest approach to optical sensing of pesticides is plasmonic-based techniques,
such as SERS [185]. It is attractive and offers additional selectivity. Still, the performance of



Chemosensors 2023, 11, 93

19 of 26

SERS-based sensors for organophosphate detection based on the use of carbon materials in
terms of sensitivity are far from the potential of electrochemical detection.

Li et al. developed a fluorescence sensor for selective dimethoate detection based on
fluorescence resonance energy transfer (FRET) between carbon dots and a dye-doped molec-
ularly imprinted polymer. The CDs were synthesized using the one-step hydrothermal
method at 180 oC for 5 h. The CDs were purified via dialysis and bonded onto the surface of
dimethoate using the cross-linking agents 1-Ethyl-3-(3-dimethylaminopropyl)carbodiimide
and N-hydroxysuccinimide. An indium tin oxide (ITO) electrode was cleaned and then
used for the direct electropolymerization of the MIP. The polymer solution contained o-
phenylenediamine and dimethoate. The MIP was formed on an ITO substrate via 30 cycles
of cyclic voltammetry. When OP is present, a competitive reaction between dimethoate
and CDs labeled dimethoate for binding to dye-doped MIP occurs. The FRET-based sen-
sor using CDs provided high selectivity and good sensitivity with a detection limit of
1.83 x 1078 uM. The sensor also showed good stability and a short detection time [186].

It is evident that CDs-based sensors show lower limits of detection and better per-
formances in general. They have low toxicity and a great potential for green synthesis.
Still, they usually suffer from long detection times [159]. Having in mind that CDs have
shown better overall performances compared to other carbon nanomaterials, it is worth
optimizing their usage in optical sensor construction further.

7. Conclusions and Future Perspective

In order to meet the augmented need for food production, and therefore the increased
use of pesticides, their monitoring must be easily accessible. The advancements in novel
detection technologies for the efficient determination of OPs has become a topic of the
highest importance. Despite the fact that current sensing techniques offer numerous benefits
for detecting OPs, there is an urge to create field-deployable, adaptable, and cheap devices.

This paper summarizes optical and electrochemical sensors based on carbon materi-
als for organophosphate pesticide detection. Their performances and characteristics are
considered satisfactory. Carbon materials employed in sensor construction have offered
great solutions for many issues. Customizable optical properties, large specific surface area,
high surface free energy, and outstanding biocompatibility make carbon materials ideal for
covering different roles in many types of sensors. They exert highly selective and efficient
optical sensing behaviors that are principally dependent upon the signal transduction
mode pathway. In addition, the suitability of carbon materials for use in electrochemical
sensor construction is unquestionable.

Combining carbon materials with different biological recognition elements, such as
enzymes, antibodies, and aptamers, has provided excellent results regarding the selectivity
of available sensors. Still, significant improvements regarding the novel or modified
bio-recognition elements are required to achieve their stability, easy preparation, and an
affordable price. Portability and miniaturization are additional problems.

To date, a sensing system for OP detection with desirable sensitivity and stability has
not yet been designed. Biosensors offer satisfactory selectivity but are not stable nor user-
friendly. MIPs represent the best currently available choice to meet all of the mentioned
criteria. They are highly selective towards the analyte, such as an enzyme or antibody,
and their stability is much better. Regarding sensitivity, electrochemical detection looked
promising until recently. However, today, we are aware that much lower concentrations of
OPs need to be monitored, since long-term exposure to them can lead to many diseases.
The symbiosis of electrochemical and plasmonic optical sensing could provide the solution
for this challenge. The combination of electrochemistry and SERS is a powerful analytical
approach. While using independent detection channels, these techniques could provide
complementary information and cover the blind spots of each other, enabling a minimal
risk of false results. The issues that still need to be addressed are the cost of the sensors and
easier handling. With the currently available technology, their affordability and routine use
in-field are not yet on the horizon.
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