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Abstract

Biosensors are chemical sensors in which the recognition system is based on
a biochemical mechanism. They perform the specific component detection in a
sample through an appropriate analytical signal. Enzyme-based biosensors are the
most prominent biosensors because of their high specificity and selectivity; besides
being an alternative to the common immunosensors, they are more expensive and
present a limited binding capacity with the antigen depending on assay conditions.
This chapter approaches the use of enzymes modified electrodes in amperometric
biosensing application to detect and quantify pesticides and phenolic compounds
with pharmacological properties, as they have been a promising analytical tool in
environmental monitoring. These biosensors may be prepared from pure enzymes
or their crude extracts. Pure enzyme-based biosensors present advantages as higher
substrate specificity and selectivity when compared to crude extract enzymatic
biosensors; nevertheless, the enzyme high costs are their drawbacks. Enzymatic
crude extract biosensors show lower specificity due to the fact that they may contain
more than one type of enzyme, but they may be obtained from low-cost fabrication
methods. In addition, they can contain enzyme cofactors besides using the enzyme
in its natural conformation.

Keywords: polyphenol oxidase, peroxidase, acetylcholinesterase,
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Biosensors for Environmental Monitoring

1. Introduction

Chemical sensors and biosensors are devices used in detection and quanti-
fication of an analyte by converting its concentration into an analytical signal.
Advances in sensor technology have been important for the enrollment of sensing
methods in several applications. Chemical sensor operates based on chemical
principles, where the analytical signal emerges as a result of a chemical reaction
between the analyte and a specific sensitive layer. Electrochemical sensors are
able to detect H2, consisting of Pt, Pd, Au, Ag, and metal oxides, as reported by
Korotcenkov et al. [1]. These capabilities are expected to be performed by biosen-
sors as well, which are sensors that present a biological recognition element inte-
grated with the transducer. The most popular biosensors are the enzymatic-based
ones, successfully represented by the glucose biosensors. Biosensors have become
an attractive analytical instrument for environmental monitoring because there still
severe barriers through an effective, fast, and low-cost monitoring of harmful pol-
lutants. Among the hazardous contaminants, phenolic compounds and pesticides
represent potential human health and environmental risks. Regarding this, there
are several studies reporting the use of horseradish peroxidase (HRP) for phenolic
compounds and hydrogen peroxide detection [2]. Enzyme-based biosensors operate
by indirectly detecting analytes, through detection of consumption or production
of specific compounds in the biochemical reaction progress [3]. Phenolic pollutants
are important due to their extensive use in several industrial products and their
resulting negative environmental impacts. Also, enzymatic biosensors are applied to
detect pesticides, particularly organophosphorus and carbamates. The operation of
these devices, primarily designed to quantify those pesticides, is based on the inhi-
bition of enzyme activity by these toxic compounds. Distinctly, the use of enzymes
in biosensors for environmental monitoring brings considerable advantages, such as
high selectivity and specificity, enhanced sensitivity, catalytic activity, and fast per-
formance [4]. Nevertheless, they present some drawbacks associated with the high
costs of obtainment and manipulation processes (extraction, isolation, and purifi-
cation), denaturation during immobilization on transducer, and activity loss after a
period (short shelf life) [4]. However, when enzymatic biosensors are compared to
other sensing devices, such as immunosensors, they show superior characteristics
because antibodies are more expensive, they do not present catalytic activity, and
their binding ability depends on conditions of the assay, such as temperature and
pH. Due to their advantages, the use of enzymatic biosensors to monitor environ-
mental pollutants, as well as their applications in pharmacology and in pesticides
monitoring will be discussed in this chapter.

2. Phenolic pollutants

Phenolic compounds are present in daily activities, since they are frequently
found in vegetables, materials, waste, and water, not mentioning their relevance
to several applications, due to their pharmacological and antioxidant properties
[4]. Beyond the natural phenolic compounds, the synthetic ones are used in many
daily products, such as fragrances, moisturizers, makeup, drugs, processed foods,
and plastics, among others [5]. The manufacture and use of these products result in
their accumulation in the environment, mostly in water.

Several phenolic compounds have been appointed as endocrine disrupting
chemicals (EDCs), defined as “chemical substances or mixtures that interfere in
any aspect of the hormonal action of living organisms” [6]. EDCs comprise many
chemicals used in industrial activities, such as natural and synthetic hormones,
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pharmaceuticals, pesticides, and surfactants. Some examples of phenolic com-
pounds appointed as EDCs and related products are shown in Table 1.

Phenolic pollutants are worldwide dispersed; they can be transported at long distances
by water flows and show high persistence and penetrability [7]. Exposure of aquatic ani-
mal species, including fishes and amphibians, to EDCs has been related to be responsible
for the observed feminization of many species, which in contrast, diminishes the popula-
tion of these species. Studies of the exposure effects of humans to EDCs suggest a relation
between the development of chronic diseases, such diabetes mellitus type II, obesity,
thyroid dysfunction, poor quality sperm in males, and fertility issues [8]. Although, until
now, there is no effective confirmation of the effect of EDC exposure to these metabolic
anomalies, monitoring the environmental concentration of such substances had been the
actual concern of the scientific community. Due to their low cost, selectivity, sensitivity,
and fast response, biosensors have been considered a promising alternative to classic
analytical methods, such chromatography and nuclear magnetic resonance.

2.1 Enzymatic biosensors

Due their complex structures, enzymes exhibit high selectivity to substrates,
being able to detect one substance in multicomponent matrices. This behavior is
exploited in analytical devices that present high reproducibility, sensibility, and
selectivity, making use of low time-consuming analysis, low-cost equipment, and
few or any sample preparation steps [9]. These advantages combined with elec-
trochemical transducers result in cheaper portable and miniaturized biosensors,
when compared to other types of transducers, such as optical and piezoelectric [10],
which is a great feature for environmental applications.

The electrochemical enzymatic biosensors operate based on the electron transfer
between the enzyme active site and the substrate, which is, then, transduced to gener-
ate an analytical signal. The electrochemical signal can be of three distinct types: (i)
amperometric, in which the electrical current generated in the electron transfer process
is measured [11], (ii) conductimetric, in which the change in the electrical conductivity
of the environment is measured [12], and (iii) potentiometric, in which the electro-
chemical potential in the absence of measurable current is measured [13]. The ampero-
metric biosensors are the most used ones, due to their high sensibility. These biosensors
require the enzyme immobilization on the electrode surface. The most frequently used
methods for enzyme immobilization are noncovalent adsorption, covalent bonding,
entrapment, cross-linking, and affinity, and they are discussed below [14].

2.2 Enzyme immobilization on the electrode surface

The noncovalent adsorption immobilization consists of enzyme adsorption
on the electrode surface by physical interactions, such as van der Waals forces,

Product class EDC examples
Drugs (human and animal uses) Acetaminophen, tetracyclines, salbutamol, morphine
Antimicrobials (food and Chlorophenols, parabens, triclosan, propyl gallate,
cosmetics) tert-butylhydroquinone
Plastics Bisphenol A (BPA), bisphenol F (BPF)
Steroids Estradiol, estrone, estriol
Surfactants Alkylphenols
Table 1.

Phenolic compounds appointed as EDCs and their related products.
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hydrogen bonds, and electrostatic interactions [14]. In contrast, in the covalent
bonding immobilization, the enzyme is anchored on the electrode surface by mul-
tiple covalent bonds between support functional groups and enzymes. The entrap-
ment immobilization on the electrode is the enzyme inclusion in a framework, such
as a polymer network, which can be organic or inorganic polymeric matrices. An
additional method for enzyme immobilization that provides high stability is the
application of a metal-organic framework (MOF) [15]; nevertheless, small cavities
of MOFs usually result in decreased substrate affinity. Therefore, the enzymatic
activity of the immobilized enzyme is decreased, when compared to native enzyme
activity [15]. Cross-linking immobilization is an alternative, which requires the
reaction between cross-linking protein molecules and a chemical cross-linker,
usually glutaraldehyde [14]. The diversity of immobilization techniques allows the
immobilization of enzymes in distinct materials, such as carbon nanostructures,
(carbon black, nanotubes, and graphene and derivatives, among others), ceramic
or polymeric matrices, and nanoparticles [16, 17]. It is noteworthy that the per-
formance of an enzymatic biosensor is strongly dependent of the enzyme immo-
bilization, which affects important parameters such as response time, stability,
reproducibility, and sensitivity [18].

Another element that interferes in enzymatic biosensor response is active site
location. Since proteins are molecules with a giant structure, the active center often
can be closed in the molecule’s center, making it a very inaccessible site and less
susceptible for electron transfer processes. In these cases, a mediator can be used to
facilitate the electron transfer between the active site of the enzyme and the modi-
fied active electrode. There are several mediators for that, but some are specific
for only one enzyme. Regarding Barsan et al. [19], several electrodes modified by
functionalized carbon nanotubes act as an alternative to promote the increase of
interaction between enzymes and modified electrodes. In addition, they improve
the electron transfer rate, besides the fact that phenolic molecules can be used as
mediators in these processes. On the other hand, it is also common to use organic
dyes such as methylene blue, safranine O, and neutral red [20] and metal com-
plexes, for example, ferrocene [21], as mediators.

2.3 Crude extracts as enzyme sources for biosensing applications

Some enzymes that can be used in phenolic biosensing are peroxidases and
polyphenol oxidases. Peroxidases (E.C. 1.11.1) comprise a large family of heme-
containing enzymes that react with their substrates using peroxide of hydrogen
(H,0,) as a proton acceptor, generating water (H,O) and the oxidized substrate.
These enzyme families have been widely used in clinical diagnostics, biosensing,
and degradation of pollutants in water [22]. Polyphenol oxidase (E.C. 1.10.3.1)
is another enzyme family that includes laccases and tyrosinases, also known as
blue-copper oxidases. Laccase enzymes catalyze the oxidation of many phenolic
substrates (most commonly ortho- and para-diphenols) with the concomitant
reduction of molecular oxygen to water [23], while tyrosinases are enzymes that
catalyze two distinct oxygen-dependent subsequent reactions: the hydroxylation of
monophenols to ortho-diphenols and the subsequent oxidation of ortho-diphenols
to ortho-quinones [24]. These enzymes are very much used in biosensor construc-
tion, being often purchased at their active lyophilized form. In the cited cases,
the common commercial peroxidases are extracted from Horseradish (Armoracia
rusticana) roots, while laccases and tyrosinases are extracted from fungi [24].

Oxidoreductases are widely distributed in the plant kingdom, being found
in many vegetables. The vegetable crude extracts represent a good alternative to
replace manufactured enzymes in biotechnological applications. Commercial
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enzymes have the advantage of exhibiting high purity levels, which is responsible
for a significant increase in selectivity of the analytical device; however, they are
very expensive. The crude extracts as enzymatic sources show some advantages
such as abundant and easy enzyme obtainment, low cost, and bioavailability of
cofactors when necessary to enzymatic activity [25].

Usually, the crude extracts are prepared by processing vegetal tissues in a buffer
solution, close to physiological pH, followed by separation of solids by centrifuga-
tion. Peroxidases and polyphenol oxidases are found in cell membranes of many
vegetables and detergent solutions, such as sodium dodecyl sulfate (SDS), which
are dissolved by phenolic compounds to perform the extraction and at the same
time that activates the enzyme latent forms [26]. Phenolic compounds are com-
mon in vegetables and they react with peroxidases or polyphenol oxidases in the
crude extract preparation. In order to preserve enzyme reactivity, phenol scavenger
polymers, such as polyvinylpyrrolidones (PVPs) and their derivatives, are added to
the extract. These polymers work as phenol adsorbents, interacting with phenolic
compounds via hydrogen bonds, preventing these reactions [27].

Several examples of biosensors prepared with crude extracts as enzyme sources
were reported [28-30]. Many studies aim to obtain less expensive biosensors
with higher durability, since crude extracts mimic the natural enzyme environ-
ment. In addition, cofactors and coenzymes can be present in the crude extract.
Martins et al. [28] reported the preparation of a biosensor using the crude extract
of the pumpkin Cucubita pepo for paracetamol detection in aqueous solution, and
Benjamin et al. [29] reported a biosensor prepared with a crude extract, which was
a source of the polyphenol oxidase, anchored with cerium nanoparticles for rutin
detection in solution, showing a limit of detection of the 0.16 pmol L™".

The biosensor for phenolic compounds from drugs and industrial wastewater
was proposed by Antunes et al. [30]. They used the crude extract from vegetal issue
sources of polyphenol oxidase, which was anchored on the electrode surface, and
the analysis was carried out in an electrochemical cell. The biosensor was evaluated
for the quantitative determination of acetaminophen, acetylsalicylic acid, methyl-
dopa, ascorbic acid, and phenolic compounds in a real sample. The limit of detec-
tion achieved was 7 pmol of phenol, which is compared to the limit of detection of 8
pmol for polyphenol oxidase for pharmacological samples.

There are several electrochemical biosensors to determine the pharmacological
properties of phenolic compounds. Tyrosinase-based biosensor is widely used for
detection of phenolic compounds [31, 32]. Its construction is based on the same
approaches, such as electropolymerization and sol-gel and polymer entrapment
[33]. Aranganathan et al. [33] reported the use of tyrosinase for detection of
3,4-dihydroxy-L-phenylalanine (L-DOPA), which is a preferred drug for the treat-
ment of Parkinson’s disease. Florescu and David [34] developed a tyrosinase-based
biosensor for selective dopamine detection, in which its selectivity was increased by
employing cobalt (II)-porphyrin (CoP) film-modified gold electrodes. It operates
by enabling the direct immobilization of the enzyme layer in more available sites,
acting as an electrochemical mediator during enzyme-catalyzed reaction, leading
to a complete recovery of the electrode, with no effect on the detection limit [34].
Tyrosinase can be used as a pesticide detector as well. In this respect, Liu et al.

[35] developed a biosensor consisting of a glassy carbon electrode modified with
graphene and containing tyrosinase immobilized on platinum nanoparticles. It
was for organophosphorus pesticide detection and they found that the presence of
Pt nanoparticles and graphene improved the biosensor sensitivity by enhancing
the efficiency of the electrochemical reduction of o-quinone. Also, in the study
conducted by Everett and Rechnitz [36], the tyrosinase-based biosensor was very
sensitive to pesticide in aqueous solution.
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Peroxidase-based biosensors are alternatives to determine phenol and phenolic
compounds. The need for a peroxidase-based material that would be more stable
in aqueous media, with lower costs, leads to the use of hemoglobin in the biosensor
processing [31]. Highly sensitive hemoglobin-based biosensor was obtained by the
modification of a carbon-paste electrode with hemoglobin and multiwalled carbon
nanotubes. It was tested in the detection of methylparaben, present in real samples
of urine and human serum. It reached a detection limit of 25 nM [37]. In their work,
Haijan et al. [37] also showed that the immobilization of hemoglobin onto cuprous
sulfide nanorods/Nafion® nanocomposite film is an effective way to construct a
biosensor for polyphenol detection. In addition to the hemoglobin immobilization,
the polyphenol detection was also enhanced.

Rodriguez-Delgado et al. [23] developed laccase-based biosensors that presented
high sensitivity and reproducibility for phenolic compounds iz situ and environ-
mental monitoring. Several others pollutants, that can be easily dissolved in water
and, therefore, are considered environmental pollutants, must be monitored. It is
the case of several compounds used by the food and textile industries. With this
regard, tartrazine, a synthetic organic food azo dye, has its use controlled due to its
potential harmfulness to human health. The first work on the use of laccase-based
biosensor for the determination of tartrazine dye was recently developed by Mazlan
et al. [38], which is a biosensor consisting of laccase enzyme immobilized on
methacrylate-acrylate microspheres and composites with gold nanoparticles [38].

The adverse use of drugs based on morphine and narcotics causes several ill-
nesses around the world. The development of efficient methods to detect illicit drugs
in biological samples, such as urine and blood plasma, is, therefore, much required.
Gandbhi et al. [39] reported the advances in the field of biosensors for narcotic drug
detection. Among them, they showed that the double-stranded DNA (ds-DNA)
immobilized onto mercaptobenzaldehyde-modified Au electrode is an advantageous
and promising biosensor to morphine detection, since it presents the advantage of
no need of additional steps of extraction, cleansing, and derivatization [40].

Regarding drug detections, yet Alvau et al. [41] proposed a biosensor for thera-
peutic drug monitoring based on acetylcholinesterase (AChE) and choline oxidase.
These are promising biosensors because they also present the possibility of distinct
application, for instance, AChE-based biosensors can find application in environ-
mental monitoring, since they can be used for the electrochemical detection of
organophosphate and carbamate pesticides. The global concern over pesticide level
increase rose the last decade due to the high toxicity and bioaccumulation effects of
such compounds, and the significant risks that they represent to the environment
and human health. Therefore, monitoring pesticide residues by sensitive analytical
techniques is indispensable. In view of the harmful effects associated with pesticides,
a legislative framework has been established worldwide which defines rules for the
approval of active chemicals and maximum residue levels (MRLs) allowed in food
and water. The legal limits for the amount of pesticides allowed in food and drink-
ing water are set by the Environmental Protection Agency (EPA) in USA and for
the European Environment Agency in European Union (EEA). These government
agencies establish the appropriate pesticides levels, according to the type of crops
and substance. For instance, the pesticide methomyl has the maximum tolerance
established at 2.0 ppm (parts per million) in lemon in USA, whereas EEA established
a MRL lower than 0.01 ppm for the same pesticide in lemon. However, in the case
of the pesticide chlorpyrifos in apples, both agencies authorize the same MRL in
0.01 ppm for apples. Commonly, the MRLs are in the range of ppm to ppb (parts per
billion); nevertheless, there are some pesticides that are forbidden and are illegally
used. In contrast, in Brazil, the legislation regarding the use of pesticides in crops as
well as the detection limit in food and water is much more permissive. For instance,
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it allows a level of glyphosate in water up to 5000 times greater than that allowed
in the European Union. Over the years, several biomolecules have been used as a
biorecognition element in biosensors for pesticide detection, such as cells, antibod-
ies, aptamers, and enzymes. In this section, we will focus on enzymatic biosensors
for organophosphate (OP) and carbamate quantification based on electrochemical
transducer. These devices use acetylcholinesterase (AChE) and butyrylcholinesterase
(BChE), in addition to alkaline phosphatase (ALP) and organophosphorus hydrolase
(OPH) for OP detection, specifically. AChE-based biosensors are among the most
popular electrochemical sensing platforms for the aforementioned types of pesti-
cides [42]. AChE is susceptible to be inhibited by OPs as well as carbamate pesticides.
The working mechanism of an electrochemical AChE-based biosensor is based on
inhibitory effects. In the absence of OPs and carbamates (analytes), the substrate
acetylthiocholine is converted into thiocholine and acetate. Afterwards, thiocholine
is oxidized by the applied potential. When the analyte is present in the solution,
AChE has its activity decreased by the pesticide inhibition. Consequently, the
conversion of acetylthiocholine is partial or totally reduced, and the pesticides are
indirectly detected [43]. Figure 1 shows the working principle of AChE biosensor.

Selectivity is the most significant hallmark of enzymatic biosensors. In the case
of AChE-based biosensors, it is only possible to detect an assortment of pesticides
in a complex matrix, and no qualitative or quantitative information is obtained for a
single inhibitor. Besides, AChE can be inhibited by heavy metals, drugs, and nerve
agents. Therefore, the inhibition strategy to detect pesticides towards AChE implies
in poor selectivity [44]. An important consideration is that AChE inhibition by pes-
ticides may diverge according to the source of enzyme. Studies have demonstrated
that AChE extracted from electric eel exhibited greater sensitivity in comparison
to those from bovine and human erythrocytes [45]. On the other hand, genetically
modified AChE from Drosophila melanogaster revealed superior results [45]. In order
to address these limitations, numerous approaches have been developed, involving
nanomaterial technologies to improve the transducer performance in addition to
genetic engineering [46].

The design of novel AChE-based biosensors for pesticide detection concerns
the application of nanomaterials offering transducing platforms with outstanding
electrochemical behavior. The advantages provided by nanomaterials in electro-
chemical sensing are associated with large surface-to-volume ratio, controlled
morphology, electrocatalytic properties, immobilization of biomolecules, and
possibilities of system miniaturization [47].

I
H4C H3C o)
s AChE SH
\N+/\/ g, ——* \N+/\/ -
N 3 He \ X
H,C CH, 3 CHs H4C )
Acetylthiocholine Thiocholine Acetate
H4C _
. \N+/\/SH E]egro_dm SCH,CH,N*(CH,),
" C/ \ Oxidation + 2H' + 2¢
: CH, SCH,CH,N"(CH,),
Thiocholine

Figure 1.
Scheme of the general veaction mechanism of an electrochemical biosensor based on AchE.
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Currently, the employment of screen printed electrodes (SPEs) has boosted
the scenario of AChE-based biosensors. Those electrodes promote the system
miniaturization addressing the sample volume issues, combining cost effective-
ness and simple manipulation. Therefore, several strategies of modification
have been applied to achieve high sensitivity and low limit of detection. A smart
AChE biosensor approach used homemade SPE modified with single-walled
carbon nanotubes (SWCNT) derivatized with cobalt phthalocyanine to detect
thiocholine at a lower overpotential in comparison to bare SPE and SPE modi-
fied with nonfunctionalized SWCNT in only 80 pL of sample [48]. Remarkably,
the performance of an AChE-based biosensor was improved due to electrode
modification with N-carbamoylmaleimide-functionalized carbon dots (IN-MAL-
CDs) as a nanostabilizer [49]. The initial electrochemical signals of thiocholine
were obtained without signal loss, as a result of the Michael addition reaction
functionalizing CDs with N-MAL. Then, N-MAL-CDs can react with thiol group
from thiocholine, forming a thiol containing compound. The aforementioned
compound cannot be easily oxidized during the detection process, avoiding the
signal loss. For the fabrication of AChE/N-MAL-CDs/SPE biosensor, they used
a commercial SPE in which all electrochemical measurements were performed
in a droplet of 50 pL. One significant breakthrough offered by SPE is the simul-
taneous analysis performed by an array of electrodes [50]. The multiplexed
analysis integrated into an automated system enables the rapid detection of OP
pesticides being convenient for commercial and routine applications. Hence, an
array with 12 SPEs deposited in sequence side by side on a ceramic substrate in
which the working electrode was printed with a carbon ink containing cobalt
phthalocyanine and Ag/AgCl/KCly,; was used as reference/counter electrode.

By means of using six types of recombinant AChE, it was possible to acquire
qualitative and quantitative information through inhibition assay since the
enzyme becomes selective among the OP pesticides, such as dichlorvos, mala-
oxon, chlorpyrifos-oxon, chlorpyrifos-methyl-oxon, chlorfenvinphos, and
pirimiphos-methyl-oxon.

Despite all exceptional SPE properties, they present certain drawbacks, such as
the dissolution of conductive and insulating inks due to use of organic solvents, lack
of reproducibility, and need of pretreatment procedure.

The continuous progress in biosensing area leads to the development of
paper-based analytical devices (PADs) with electrochemical detection. The PADs
have emerged as a powerful analytical tool integrating the convenience of SPEs,
i.e., portability, simplicity with easy manufacturing of paper, availability, and
reduced cost. Furthermore, the PADs provide singular advantages since they can
be scalable manufactured from renewable sources, biocompatibility, biodegrad-
able, and low cost. A pioneering research involving a paper-based amperometric
sensor for AChE determination was based on screen printed graphene electrodes
fabricated by a wax printing method to obtain the detection area. The approach
was applied for blood sample analysis, but it has potential to be used for pesticide
detection.

Numerous immobilization strategies and fabrication methods have brought new
perspectives to AChE-based biosensors. The investigations have focused on enzyme
stability, reproducibility, miniaturization, and mass production [51]. The usage of
smartphones in biosensing has played new horizons in environmental monitoring;
however, it remains a challenge [52]. The electrochemical biosensors on smartphone
use portable electrical detectors for amperometric, potentiometric, and impedi-
metric measurements, but environmental analyses are still scarce. Although great
progress has been made with wireless biosensors, there is a lack of applications in
pesticide detection.
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3. Conclusions

In this chapter, we presented the state of the art of biosensors to detect phenolic
compounds, with environmental and pharmacological applications. Monitoring
the negative environmental impacts of phenolic compounds uses has attracted
researchers’ attention since these compounds are widely applied in several indus-
trial sectors. Among the biosensors developed for environmental monitoring,
enzymatic ones are the most prominent used for phenolic compound detection.

By combining enzymes with electrochemical transducers, cheaper devices had
been developed, which is a great advantage to environmental analytical methods.
The immobilization of enzymes on the electrode surface consists in physical and
chemicals interactions. The location of actives sites is important to biosensor
response; nevertheless, mediators can be used to transpose this barrier and facilitate
the electronic transfer needed for the detection process. Tyrosinase-based biosen-
sor is the most common biosensor for phenolic compound detection, which is a
precursor for drugs for the treatment of Parkinson’s disease, as morphine-based
drugs. Also, acetylcholinesterase-based biosensors are widely employed because
they present high efficiency to detect organophosphate and carbamate compounds,
which are used as pesticides. The design of novel AChE-based biosensors for
pesticide detection concerns the application of nanomaterials offering transducing
platforms with outstanding electrochemical behavior. The employment of screen
printed electrodes promotes the system miniaturization, which is a new perspective
to electrochemical biosensor application.
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