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Abstract The rapid detection of pesticides has become in
recent years a major issue both for environmental control
and food safety. Bioassays have the potentiality to tackle
the problem and to give valuable information depending on
the nature of the biological element used. In this paper, the
recent literature for the biosensing of pesticides via
inhibition systems is reviewed. Particularly, inhibition assay
based on acetylcholinesterase and photoystem II are
reported. A brief description of the different characteristics
of the biological elements and their variants are firstly
given. Recent findings are then grouped according to the
main contribution given in sensing design or application to
real samples

Keywords Pesticides - Inhibitions biosensors - Ache - PSII -
Organophosphates - Carbamates - Herbicides

Introduction

In the twentieth century, the use of pesticides became an
integral, necessary and problematic practice of agriculture
in the majority of the countries of the world. Starting from
the 1940s, synthetic pesticides derived from organic
chemistry, particularly the organochlorines and organo-
phosphates have become widespread. Since then, numerous
other kinds of pesticides have been developed and released
into agricultural fields and the environment [1]. At the end
of the last century, a decrease in the use of organophosphate
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(OPs) and carbamates (CMs) pesticides was registered in
favor of piretroyds. The declining usage of the organo-
phosphates is well illustrated by the fact that, in year 2000,
imidacloprid, a neonicotinoid insecticide, was the top-
selling insecticide worldwide [2]. Nevertheless, OPs and
CMs still represents around 50% of the total pesticide
production. The Food and Agriculture Organization inven-
tory, estimated that more than 500,000 tons of unused and
obsolete pesticides are threatening the environment and
public health in many countries [3]. Therefore, they continue
to represent a major concern for general public and
regulatory agencies. Pesticides can be classified either
according its target pest (insecticide, herbicide, fungicide)
or on the basis of chemical structure (e.g., organophosphate,
carbamate, organochlorine, etc). More interestingly, World
Health Organization has produced a classification of pesti-
cides by hazard [4] based on four classes: extremely
hazardous (class Ia), highly hazardous (class Ib), moderately
hazardous (class II), and slightly hazardous. According to
this classification, organophophate and carbamate represent
more than 50% of the extremely hazardous and more than
55% of the highly toxic pesticides. Herbicides acting of
Photosystem II (PSII system; see later) are usually not
responsible for acute intoxication but moderate toxicity and
persistency can cause serious environmental problems. More
than 600 single, active ingredients are applied by farmers on
stable cultivated agricultural soil in Europe. The Water
Framework Directive (Directive 2000/60/EC) marked a
change in EU water policy towards a coherent and integrated
framework for assessment, monitoring, and management of
all surface waters and groundwater based on their ecological
and chemical status [5]. The levels of pesticides found in
different environmental compartments vary greatly, depend-
ing on vicinity of production factory, the type of usage on
field (amount and frequency), aerial transport, and deposition
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and possible accumulation. The chemical nature of the
compounds plays a crucial role in this respect as demon-
strated by Dubus et al. in a survey of 28 European studies in
ten European countries carried on the detection of pesticides
in rainfalls [6]. The most frequently monitored pesticides, in
descending order, were lindane (g-HCH; HCH: hexachlor-
ocyclohexane) and its main isomer (a-HCH), atrazine,
MCPA (2-methyl-4-chlorophenoxyacetic acid), simazine,
dichlorprop, iso-proturon, mecoprop, DDT, terbuthyla-
zine and aldrin. At the majority of the sites, concen-
trations were below 100 ng/L but occasionally hundreds
of ng/L was detected. Organophosphates and carbamates
are non-persistent pesticides not frequently found at high
levels [7] in the environment; for this reason, the major
concern has been over acute intoxication. However,
metabolites of this pesticides have been recently and
frequently found in human urine samples indicating that
also chronic intoxication must be monitored [8]. Maxi-
mum residue limits (MRLs) or organophophates and
carbamates in food samples are fixed by regulatory bodies
and are also dependent on the the level of transformation
that a sample has to undergo. For instance, for a “ready to
eat” food as honey the EU Commission Regulation 508/
1999/EC (and subsequent modifications) has established
MRL for coumaphos at 0.1 mg/Kg [9], for durum wheat
(used to make pasta) MRLs for dichlorvos is at 2 mg/Kg
and for pirimiphos-methyl at 5 mg/Kg.

It appears then necessary to exert a close control starting
from the production of “low impact” pesticides going
through the implementation of best agricultural practices
and ending to the monitoring of the residues in the final
products (e.g., food, feeds) as well as in ecosystems close to
the crops. Traditionally, assessment of contamination has
comprised routine chemical analysis and characterization;
considering the variety of chemicals to be detected this can
be accomplished using gas-chromatographic of liquid-
chromatographic techniques coupled with traditional or
mass spectrometric detectors. Implementation and needs for
this chromatographic method for the monitoring of surface
waters has been suggested recently by Lepom et al. [10].
However, these techniques are difficult to be designed for
rapid and in situ analysis. Bioassays, including biosensors,
are screening assays that present the advantage of giving a
rapid response and then can be used for real-time
monitoring.

Moreover, they are able to give additional information
depending on the nature of the biological element used
(whole organism, part of it or an enzyme) and to the target
for the analysis (e.g., toxicity) to better integrate the data
found with classical chemical analysis. This is particularly
true for the analytical systems presented in this work in
which the inhibition assays for pesticides in the recent
literature is reviewed. It should be pointed out that in this
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type of assays, the inhibition is not selective; and then,
different analytes from the same group can inhibit the
systems in a different way. For this reason, these systems
have been proposed for the measurement of a “specific
inhibitory power”. This subject is of great interest as
witnessed by works recently published, reviewing some
aspects of inhibition-based pesticides detection using
cholinesterases. Particularly, some of these works focused
the attention on the potentialities of the use of such class of
enzymes for the detection of new and relevant toxic
analytes as nerve agents and toxins (aflatoxin) [11-14].
Arduini et al. [15] gave an overview of different analytical
aspects of the use of reversible enzyme inhibition including
the important parameters of the procedure affecting such
systems and Peryasamy et al. listed a series of acetylcho-
linesterase biosensors based on nanomaterials [16]. In this
review, we attempted to give an overview giving particular
emphasis to the advancement in sensing design (including
nanomaterials) aimed to the application of the inhibition-
based assay in real samples. Because of the relevance of
herbicides, we extended the review also to inhibition assays
based on the PSII system. We did not treated affinity assays
based on the selective recognition of pesticides via anti-
bodies in this work (enzyme-linked immunosorbent assays
(ELISAs), immunosensors, etc.) since the rationale behind
the development of such affinity assays is different.

The biological elements

Acetycholinesterase Acetylcholinesterase (E.C. 3.1.1.7;
AChE) is the most used enzyme for the detection of
carbamates and organophosphates via enzyme inhibition.
The hydrolysis reaction of acetylcholine, a neurotransmitter
common to many synapses in the mammalian nervous
systems, catalyzed by this enzyme makes it one of the
crucial enzymes for nerve response and function. Over 100
X-ray structures of acetylcholinesterases from different
sources and/or bound to different ligands are actually
deposited and freely available on the PDB databank
(www.pdb.org, Fig. 1). This clearly demonstrates the huge
interest in studying these enzymes. The enzymatic reaction
proceeds via nucleophilic attack of the carbonyl carbon
with subsequent acylation of the active site of the enzyme
and production of choline. Restoration of the esterasic site
is obtained after hydrolysis of the acylated enzyme.
Hydrophobic and electrostatic forces drive conformational
changes favoring the access of the substrate to the active
site; further conformational rearrangements are necessary to
allow the release of the products of the reaction. The
reaction mechanism presents a high degree of complexity
and has been also recently object of modeling studies [17].
Due to the importance in the nervous transmission and the
wide distribution in the animal reign, AChE represents the
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Fig. 1 Electrophorus electricus
acetylcholinesterase ribbon
structure. (10.2210/pdb1C2B/
pdb from www.pdb.org). E en-
zyme, CX carbamate or organo-
phosphate, X leaving group, K,
K4/K;K; carbamoylation or
phosphorylation rate constant,
K3 decarbamylation or dephos-
phorilation rate constant, K; bi-
molecular rate constant

selected “target” of specific actions directed against the
living systems, starting from the use of toxic nerve agents
(e.g., Sarin) ending to pest control with the use of CM and
OP pesticides. The identification of the binding site of
AChE has led to the knowledge of the inhibition
mechanism [18, 19]. The amino acids involved in the
AChE-pesticide binding are Ser 200, His 440, and Glu 327
the so-called “catalytic triad”. Modeling studies of the
binding of OPs and CMs vs. the active site of the enzyme
allowed our group to develop peptide-based solid-phase
extraction cartridges able to quantitatively extract from a
solution Paraoxon and Carbaryl [20]. The interaction with
OPs generally leads to phosphorylation of Ser while
inhibition by CMs does not produce covalent modification
of the active site. The inhibition scheme is reported in
Fig. 2. For the reasons exposed AChe represents the ideal
enzyme to be used for biological sensing of OPs and CMs.

The use of inhibition of an enzyme activity for the
determination of an analyte is a non-selective measurement
by its nature; this is particularly true in the development of
AChe biosensors to detect pesticides because of the
different inhibition pattern exhibited by enzymes from
different sources. Electric eel AChe is commercially
available and has been used for the majority of the
applications. Interesting applications and a “tunable”
selectivity can be obtained using recombinant AChe. A
remarkable work on this side has been done by Fournier
and co-workers [21, 22]. In a preliminary work, by
comparison of the bimolecular rate constants calculated
using a set of 19 OPs and CMs, Villatte et al., demonstrated
that the enzyme from Drosophila melanogaster was more
sensitive than AChes from other sources [23]. A mutant of
the wild type from Drosophila (mutation in 408 position)

Fig. 2 AChE Ky
inhibition scheme. Depending E +CX
on the complex dissociation rate '[ k4

[
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resulted to be 12-fold more sensitive on average. This effect
was explained by the increase in the 7-7t hydrophobic
interaction induced by the mutation. However, it should be
noticed that this is not the only mechanism that is
responsible for an improved inhibition and that pendant
groups of CMs and OPs varies greatly in terms of size and
hydrophilic/hydrophobic characteristics. Thus, depending
on the target inhibitor, different mutants can be used from a
whole library. Biosensors based on genetically engineered
enzymes have been very recently reviewed by Campas et
al. [24] and mutant AChEs represent the majority of the
enzymes reported. Mutations have been mainly addressed
to alter some residues of the region accessing the active
site. For example, the replacement of glutamic acid 69,
located at the rim of the active site , by aminoacids with
bulky side chains, such as tryptophan or tyrosine, has been
demonstrated to increase significantly the inhibition con-
stant, ki, for dichlorvos [25]. Very low detection limits
(107'"M) have been obtained using recombinant enzymes
[26] A systematic evaluation of the possibility of “fine
tuning” using recombinant enzymes has been reported [27]
by Bucur et al. that studied the inhibition effect of carbaryl,
carbofuran, and pirimicarb on biosensors assembled using
different recombinant AChes immobilized via sol/gel
techniques. Inhibition by methamidophos was instead
investigated by De Oliveira Marques et al. [28]. These
works and others following papers (see “Application to real
samples” section) demonstrated the potential of using
mutants for the improvement of selectivity and sensitivity.
However, it should be kept in mind that, for any biosensing
system, the architecture of the sensitive element, the type of
immobilization (if applied), pretreatment of the sample (if
any), time and format of the assay greatly influence
sensitivity and selectivity of the assay that, then, should
be specifically evaluated for the target (type of sample and
of pesticide) and the purpose (quali-quantitative needs).

Other enzymes for OPs and CMs Other enzymes have been
reported to be used for the detection of CMs and OPs via
inhibition assay but very few novel design and/or applica-
tions are found recently in the literature. The use of
butyrrilcholinesterase (E.C. 3.1.1.8; BuChE; known also
as pseudocholinesterase) that has a different substrates
pattern and inhibitions mechanism and sensitivity versus
pesticides has been investigated. This enzyme was initially

3
—— E+C

. ]

constant either reversible or ir-
reversible inhibition of AChE
will be observed

constant

E= enzyme; CX= carbamate or organophosphate; X = leaving group; K =K,/K K, carbamoylation or
phosphorylation rate constant; K, decarbamylation or dephosphorilation rate constant; K= bimolecular rate
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used to vary the selectivity pattern of the measurement;
however, the opportunities, already mentioned, given by
genetically engeneering mutants of Ache appears more
promising. Also tyrosinase (EC 1.14.18.1) has been
reported to be inhibited by different pesticides. Tyrosinase
is a binuclear copper containing metalloprotein, which
oxidizes monophenols and o-diphenols into their
corresponding o-quinones at the expense of oxygen
reduction to water. The conversion of monophenols by
tyrosinase proceeds in two consecutive steps; in the first
step, monophenol is hydroxylated to its corresponding o-
diphenol. In a second step, is then oxidized to its
corresponding o-quinone, whereby the enzyme is oxidized
by molecular oxygen back to its native form. This large
family of enzymes widely distributes in nature and easy to
purify from plants and fungi has been fully exploited for the
development of biosensors for phenols in environmental
and food matrices. Tyrosinase composite Co-phtalocyanine-
based screen-printed sensors have been reported to have
competitive inhibition in the ppb range for methylparathion,
carbofuran, and carbaryl [29].

Photosystem II PSII is a multisubunit complex that uses
light energy to catalyze a series of electron transfer
reactions (Fig. 3). The electron transfer finally results in
the splitting of water into molecular oxygen, protons, and
electrons. PSII is present in the thylakoid membranes of
higher plants and is responsible for the production of
atmospheric oxygen. A major role of many of the subunits
of PSII, and its light-harvesting antenna proteins, is to act
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Fig. 3 Schematic drawing of the Photosystem II, the reaction center
and the water-splitting system, also called the oxygen evolving
complex is also sketched. Reprinted with permission from [30]
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as membrane scaffolds which provide the ligands that bind,
and to organize a linked network of pigments and other
cofactors. Together, these cofactors trap, transfer, and
utilize solar energy to drive the reactions of water splitting
and plastoquinone reduction [30]. A huge number of
herbicides (derivatives of phenylurea, triazine, diazine,
and phenolic types) that are currently in use inhibit the
light reactions of photosynthesis usually inhibiting the PSII
electron flow. PSII reaction center was isolated in 1987 and
the isolated complex was found to maintain its herbicide-
binding ability [31]. The D1 protein of the PSII reaction
center protein is the main target of herbicides that inhibits
photosynthesis. In an analogous way of Ache, it appeared
useful to develop sensing systems based on PSII. Despite
the apparent complexity of the use of such a system for an
assay, clear advantages are represented by the potential
simplicity of the transduction and by the extreme suscep-
tibility and selectivity towards the binding of some agents.
PSII specifically recognizes certain analytes or particular
physico-chemical conditions inhibiting its electron transfer
activity. The herbicide compounds can bind reversibly to
the D1 subunit of PSII within its QB binding pocket, also
called the herbicide-binding niche. Upon binding, the
compounds alter or inhibit electron transfer by displacing
the plastoquinone QB, thus blocking electron flow, oxygen
evolution, and changing the fluorescence properties of PSII.
The recognition of PSII photosynthetic herbicides is not
highly specific, because other classes of compounds, such
as heavy metals, are also detected, even though with lower
sensitivity [32]. PSII preparations are suitable biological
material for realization of devices because they exhibit
light-induced electron transfer across lipid membranes. This
property is very useful because the physiological activity
can be easily monitored by amperometric/potentiometric
systems. Major limitations on the use of biosensing systems
appeared initially by the limited lifetime and stability of
PSII immobilized on different electrode surfaces; however
these problems can be solved using PSII systems from
thermophilic species, PSII of selected mutants and adapt-
able strains from different algae [32].

Sensing design
Ache sensors

Various types of electrodes and electrode materials have
been reported in the literature for the fabrication of ChE
biosensors. In a typical configuration, the enzyme can
either be directly deposited onto the surface of the working
electrode or embedded into a membrane which is casted on
the surface of the working electrode, or it can be
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incorporated in a composite which contain the electrode
material. The enzyme activity is then measured by adding
the substrate to the solution.

The original configuration of ChE biosensors uses a
Clark oxygen electrode for the amperometric detection and
a pH-sensitive electrode for the potentiometric detection. In
both cases, the enzyme is physically trapped onto the
surface of the electrode using oxygen or pH-sensitive
membranes. The following generation was based on
classical solid electrodes such as platinum, gold, glassy
carbon, and laboratory-made carbon paste electrodes.
Metallic working electrodes such as gold or platinum
require careful cleaning and mechanical polishing in order
to achieve a reproducible surface. In some cases, they are
chemically and/or electrochemically activated to add
functional groups onto their surface for further attachment
of the enzyme. The different types of electrodes used for
the fabrication of ChE biosensors are summarized in [33].

The use of solid electrodes offers good analytical perfor-
mance for the determination of ChE activity but presents
several important limitations for inhibition measurements.

The first limitation is due to the enzyme inactivation by
the AChE inhibitors, the electrodes needs then a regener-
ation step or, alternatively, a new electrode is needed to
perform the next measurement. Both these options are an
evident limitation to the simplicity of the assay. In fact,
regeneration and the preparation of a new electrode are time
consuming and introduce a certain degree of variability in
the following measurement. Due to these limitation,
disposable screen-printed electrode, produced with thick
film technology, were successfully introduced in the field of
AChE biosensor in the late 1990s [34]. This technique
allows mass production of disposable sensors with low cost
and high reproducibility. At present, various screen-printed
electrode designs are used in biosensor research laborato-
ries. Usually, all the electrodes composing the sensing
system (reference, auxiliary, and working) are deposited
simultaneously onto a solid support. Typically, a conductive
layer (Ag or carbon based paste) is printed to form the
working, reference, and auxiliary electrodes. It is important
to note that the screen-printed Ag/AgCl reference electrode
is a pseudo-reference electrode, thus, in order to ensure a
constant and stable potential, chloride (>1 mM) is needed.
The enzyme can then be manually deposited or printed.
Examples of different biocomposite pastes and screen-
printed configurations for ChE biosensors and their
applications for the detection of pesticides have been
reviewed in [35].

Immobilization of Ache on screen-printed electrodes is
still an open issue, the enzyme can be either encapsulated
into a biocomposite that is placed on the working electrode
surface or covalently linked to the electrode surface. In the
latter option, it is possible to obtain sensitive biosensor due

to the absence of diffusion barriers, which are usually
present in other immobilization methods. Also, adsorption
has been proposed as simple and rapid method [36].

Modification of screen-printed carbon electrodes with
glutaraldehyde, terephthaldicarboxaldehyde, and then poly-
ethyleneimine has been reported for production of pesticide
biosensors based on acetylcholinesterase [37]. In order to
improve the extent of dialdehyde modification, the electro-
des were NH,-derivatized by electrochemical reduction of
4-nitrobenzenediazonium to a nitroaryl radical permitting
attachment to the carbon surface. D. melanogaster acetyl-
cholinesterase was immobilized either covalently onto
dialdehyde modified electrodes or non-covalently onto
polyethyleneimine-modified electrodes. Internal diffusion
limitations due to the dialdehyde and polyethyleneimine
modifications increased the apparent Km of the immobi-
lized enzyme. The sensitivity to thiocholine was reported to
be about 90% for dialdehyde-modified electrodes and about
10% for polyethyleneimine-modified electrodes compared
to non-modified carbon electrodes. The detection limit of
the biosensors produced by non-covalent immobilization of
acetylcholinesterase onto polyethyleneimine modified car-
bon electrodes was found to be about 107'°M for the
organophosphate pesticide dichlorvos.

An interesting approach for the realization of convection-
free biosensors based on array technology developed on a
screen-printed platform was proposed in [38].

Sensors were fabricated via the electropolymerisation of
a thin insulating polymer film at planar electrode surfaces
and then ablated ultrasonically to expose microdiameter
scale areas of underlying conductor. Conducting polymer
protrusions of polyaniline with co-entrapped acetylcholin-
esterase were then electrodeposited in situ at these micro-
electrode cavities and together these form an enzyme
micro-electrode array. The enzymatic product thiocholine
was oxidized at a Cobalt-phtalocyanine/carbon electrode
and the enzymatic response is inhibited after incubation
with the pesticide. The combination of these transducer
with genetically modified AChE resulted, according to the
published data, in AChE biosensors able to detect as low as
1x107'""M for Dichlorvos, Parathion, and Azinphos in
standard solution. A biocomposite made of AChE and
Al, O3 sol-gel provided encapsulation of the enzyme on
screen-printed electrodes [39]. Al,Oz sol-gel has been
proved to be an ideal material to couple with enzymes
due to its hydrophilicity necessary for the retention of the
tertiary structure of the enzyme and subsequent enzyme
stability, but also because its efficiency to promote electron
transfer, thus reducing the over-potential needed for
thiocholine determination. The simple low cost self-made
screen-printed electrodes covered with an enzymatic Al,O;
gel membrane were built in a homemade flow cell, and
used to detect dichlorvos. The reported limit of detection
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was 80 nM, with a working interval 0.1-80.0 uM. The
authors also proposed a reactivation procedure based on
substrate addition which was properly working within
certain inhibition values and conditions. The theory behind
such reactivation was also reported. A surface modification
of gold electrode for the construction of AChE biosensor is
reported in [40]. In this paper, potentiometric and amper-
ometric enzyme sensors based on modified gold electrodes
were compared for pesticide determination. PAMAM den-
drimer (generation G4) stabilized with 1-hexadecanethiol
used for the immobilization of acetylcholinesterase from
electric eel and choline oxidase from Alcaligenes species in
the assembly of amperometric sensor. Polyaniline-doped
with camphorsulfonic acid was used to obtain potentio-
metric response. Trichlorfon, carbofuran, and eserine
suppress the biosensor response due to their inhibitory
effect. The detection limits of 0.003 and 200 nmol 17
(trichlorfon), 0.04 and 6 nmol 1! (carbofuran), and 0.1
and 700 nmol "' were obtained for the amperometric and
potentiometric sensors, respectively. The biosensor behav-
ior and the high sensitivity of the dendrimer-modified
sensor to the inhibitors is attributed to the specific
organization of protein layer at charged surface of the
modifier macromolecules. Recently, the application of a
sonogel-carbon electrode has been proposed [41]. The
enzyme was immobilized on the electrode surface
employing Al,O3; using a simple sol-gel technology
which requires minimal preparation time. The enzyme
was retained in sol-gel matrix and the direct contact with
the sonogel-carbon allows a fast and sensitive electro-
chemical response. The biosensor was applied to measure
paraoxon, dichlorvos, chlorpyrifos ethyl-oxon achieving
a detection limit of 7.5x107%, 5.0x10', and 2.5x10"'°M,
respectively. Other oxide such as zinc oxide can be used
for sol-gel preparation and entrapment of enzymes [42].
Zinc oxide has been used as a matrix for immobilization of
AChE and detection of the pesticide paraoxon. The
immobilized enzyme retained its enzymatic activity up to
3 months when stored in phosphate-buffered saline (pH
7.4) at 4°C. The biosensor detected paraoxon in the range
0.035-1.38 ppm.

Nanostructered material for AChE biosensor In this
section, we will focus our attention on ChE biosensors
that use nanostructured material as electrochemical
sensing layer. Often, these nanosensors are assembled
via deposition of the nanomaterials on the surface of a
solid state electrode which works as contact layer. There
are different ways for confining, for example, carbon
nanotubes (CNT) onto electrochemical transducers. Most
commonly, this is accomplished using CNT-coated
electrodes [43] or using CNT/binder composite electrodes
[44].
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The solid state electrodes can be either classical
graphite or metal electrodes or screen-printed electrodes.
This latter options offer some advantages as no regener-
ation of the electrode surface is required as they can be
used in a disposable fashion. Among nonostructured
materials available CNT and gold nanoparticles (AuNPs)
have been the most widely used for the assembly of ChE-
based biosensors.

Carbon nanotubes Since the discovery of CNT, they have
become the subject of intense investigation in different
areas of material science including electrochemical sensors
[45]. These materials are characterized by unique features
including their remarkable electrical, chemical, mechanical,
and structural properties. As electrode material, CNT can
display metallic, semiconducting, and superconducting
behavior. They possess a hollow core that in some cases
may retain guest molecules and show a high elastic
modulus [46]. CNT can be obtained in a variety of
geometrical arrangement such as single wall carbon-
nanotubes (SWCNT) and multi-wall carbonnanotubes
(MWCNT); they are manufactured according to diverse
strategies ranging from chemical vapor deposition, carbon
arc methods, or laser evaporation. SWCNT are formed by
rolling up a single graphite sheet in a tube resulting in a
cylindrical nanostructure. MWCNT comprise of several
layers of graphene cylinders that are concentrically nested
with an interlayer spacing of 3.4 A. The unique properties
of carbon nanotubes make them extremely attractive for the
task of chemical sensors, in general, and electrochemical
detection, in particular. Recent reviews on CNTs applica-
tion for general biosensing purpose can be found in the
literature [47, 48].

The noteworthy sensitivity of CNT as electrode material
towards adsorbed analytes enables the use of CNT as highly
sensitive nanosensors. To take advantages of the remark-
able properties of these unique nanomaterials in such
electrochemical sensing applications, the CNT need to be
properly functionalized and immobilized. Recent studies
demonstrated that CNT can enhance the electrochemical
reactivity of important biomolecules [49, 50]. In addition to
enhanced electrochemical reactivity, CNT-modified electro-
des have been shown useful to accumulate important
biomolecules (e.g., nucleic acids) [51] and to alleviate
surface fouling effects [52]. Methods for the wvertical
attachment of CNTs on solid supports consist of either
synthesis-induced alignment (e.g., chemical vapor deposi-
tion) or post-synthesis manipulation. One of the most
interesting approaches for the post-synthesis alignment of
CNTs is the self-assembly technique [53]. Vertical attach-
ment can be achieved via disulfide modified ssDNA
wrapped CNTs on a gold substrate by the self-assembly
technique [54-56]. Due to their high electrochemical
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catalytic activity, CNT are foreseen as a promising electrode
material to enhance the sensitivity of ChE biosensors
towards inhibitors. A disposable CNT-modified screen-
printed electrode for the amperometric detection of organ-
ophosphorous compounds has been proposed in [57]. This
relied on the inhibition of acetylcholinesterase and the
CNT-promoted detection of the hydrogen peroxide pro-
duced by the co-immobilized choline oxidase. The catalytic
effect of WCNT was investigated for the sensitive detection
of thiocholine, which represents one of the product of
acetylcholinesterase reaction. MWNTs promoted electron
transfer reactions at a lower potential and catalyzed the
electro-oxidation of thiocholine, thus increasing detection
sensitivity [58]. In this paper, a simple method for
immobilization of acetylcholinesterase on MWNTs—chito-
san composite was described resulting in a sensitive, fast
and stable amperometric sensor for quantitative determina-
tion of organophosphorous insecticide. Very interestingly,
the electrode showed high working stability (up to 100
measurements with a loss of response of 20%), and an
interesting shelf life (up to 1 month, loss of response 30%).
Under optimal conditions, the inhibition of triazophos was
proportional to its concentration in two ranges, from 0.03 to
7.8 uM and 7.8 to 32 uM with a detection limit of 0.01 pM.
It is noteworthy that a 95% reactivation of the inhibited
AChE could be regenerated using pralidoxime iodide
within 8§ min. More recently, CNT modified with strepta-
vidin as substrate for the anchoring of biotinylated
acetylcholinesterase have been reported in order to obtain
an oriented immobilization of the enzyme. A glassy carbon
electrode was coated with the modified CNT and the
acetylcholinesterase product, thiocholine, was measured by
amperometry obtaing high sensitivity [59]. A clear and
interesting description of the layer by layer (LBL) modifi-
cation of a glassy carbon working electrode by means of
MWCNT, poly(diallyldimethylammonium chloride)
(PDDA) and AChE is reported in [60]. By this technique,
electro-deposition of MWNTs on glassy carbon electrode
was achieved by magnetic stirring for 2 h, with the potential
set at +1.7 V. The modified electrode was then dipped into
alkaline solution in order to negatively charge surface
group. Afterwards, by immersing the electrode in PDDA
solution and 1 mg mL~' MWNTs solution (pH9.2 borate
buffer) alternately, a five-PDDA/MWNTs-bilayer sensor
was obtained. AChE can then be immobilized directly by
LBL self-assembly, being important that a PDDA mem-
brane is fabricated at the solution side in order to avoid the
release of the enzyme. Again, the direct oxidation of
thiocholine is used to evaluate extension of AChE activity
and, hence, its inhibition by carbaryl. However, despite a
reported limit of detection of 10™'%g/L, the real detection
limit (LOD) appears to be at least two orders of magnitude
higher looking at the data shown. No information was

given with respect to biosensor regeneration. Different
properties of SWCNT that might be used to detect ChE
inhibition have been investigated in [61]. The pH-sensitive
behavior of a single-wall carbon nanotube-modified elec-
trode was exploited using differential pulse voltammetry
technique. A Nernstian and reversible response was found.
This system was able to detect acetylcholinesterase activity
via the pH shift provoked by the product of the reaction
(acetic acid).

The same detection princicle (change in pH) was also used
for the construction of an AChE inhibition biosensor in [62].
The authors report on the modification of a gold electrode
with a vertically aligned ssDNA-SWCNT self assembled
monolayer coated with thin polyaniline film (PANI). The
incorporation of PANI, a conducting polymer, is justified by
ease preparation, well-behaved electrochemistry, impressive
signal amplification, and elimination of electrode fouling
when used in biosensor applications. The PANI film resulted
in superior charge transport properties than the ssDNA
SAMs. The incorporation of SWCNTSs not only provided the
conductive pathways to promote the electron transfer, but
also increased the surface area of flexible three-
dimensional conductive supports for acetylcholinesterase
enzyme. Thin PANI film on SWCNT acted as good
sensor for enzyme by product acetic acid. The changes
of local pH in the proximity of the electrode surface by
enzymatic reaction increases the redox activity of PANI
thin film on SWCNTs. The biosensor was tested in the
determination of two common pesticides such as methyl
parathion and chlorpyrifos, which belongs to the OPs
family. The detection limit was found to be 1x107'*M
for both.

Gold nanoparticles Recently, nanoparticles, particularly
AuNPs have received considerable attention in analytical
electrochemistry due to their high conductivity. The
detection of thiocholine as the target by-product of the
AChE reaction has been pursued also with gold-based
nanomaterial used as working electrode [63]. The AuNPs
were assembled on a sol-gel derived silicate network
(AuNPs-SiSG) which was also used for the immobilization
of AChE. Based on the inherent conductive properties of
AuNPs, the immobilized AChE exhibited a higher affinity
to the substrate and produced detectable and fast response.
The AuNPs-SiSG composite was deposited on the surface
of a glassy carbon electrode and AChE was immobilized on
the modified electrode. The inhibition of monocrotophos
was proportional to its concentration ranging from 0.001 to
1 pg/ml and 2 to 15 pg/ml, with the correlation coefficients
0f 0.9930 and 0.9985, respectively. The detection limit was
0.6 ng/ml at a 10% inhibition. The same biosensor
construction scheme was applied in [64], to analyze some
anti AChE drugs, galantamine, and neostigmine. The

@ Springer



166

M. Del Carlo, D. Compagnone

authors in this and other similar papers reports Km values
for inhibitors to caompare their effect on sensors. This is, in
our opinion is misleading and should be avoided; in fact, Ki
(inhibition constants) are more appropriate and should be
anyhow indicated as apparent since the enzyme is immo-
bilized. We suggest, for analytical purposes, to compare
sensitivities using Iso (concentration giving 50% of inhibi-
tion) in analogy with ELISA competition assays An
advance reported in this paper is the stability of the
biosensor to the regeneration step using pralidoxime iodide:
96% reactivation of the inhibited AChE could be regen-
erated. The authors suggested that due to the exhibited high
sensitivity, low cost, and simplified procedures, the test
should be considered as a promising tool for investigation
of drug. In a following paper [65], the same authors
developed an AChE biosensor by modification of a glassy
carbon electrode (GCE) with CdTe quantum dots (CdTe),
AuNPs, and chitosan microspheres (Fig. 4). A synergistic
effect of CdTe quantum dots and AuNPs was observed in
facilitating the electron transport, lowering the oxidation
potential of thiocholine, and increasing the signal. Never-
theless, the improved electron transport reflected scarcely
on the LOD of the method that was 0.3 vs. 0.6 ng/ml
reported in [63]. An interesting feature of the developed
biosensor relies in the shelf life of the sensor that after
30 days of storage retained 92% of its initial activity.
According to the authors’ interpretation, this phenomenon
was due to the formation of covalent binding between
amine groups of AChE and carboxyl groups of quantum
dots thus preventing the leakage of the enzyme from the
electrode. Very little improvement is reported in a further
paper of the same authors [66], where the same biosensor
preparation procedure (including the same voltammetric
data) is published, and similar evidences are demonstrated.
Another approach attempted consists in the electro synthe-
sis of AuNPs onto a gold electrode followed by the creation
of a self-assembled monolayer of 11-mercaptoundecanoic
acid [67]. The carboxyl groups of the modification layer

: Step 1
y . = +
Hs
Au

HS

SWCNT SSDNA g DNA- SWCNT

Aw'ss DNA- SWCNT

Fig. 4 Schematic representation of biosensor using thiolated DNA for
SWCNT orientation. Step 1, SWCNT wrapping with thiol terminated
ssDNA; step 2, ssDNA wrapped SWCNT self-assembled on gold
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served also, after activation with 1-ethyl-3-(3-dimethyla-
minopropyl) carbodiimide and N-hydroxysuccinimide for
immobilization of AChE. In the optimal experimental
conditions, the inhibition of malathion on AChE biosen-
sor was proportional to its concentration in two ranges,
from 0.001 to 0.1 pug mL™" and from 0.1 to 25 pug mL™",
with detection limit of 0.001 pug mL™'. This simple
method exhibited good reproducibility and acceptable
stability. In fact the inter-assay precision was estimated
on a set of six biosensors and the coefficient of variation
resulted lower than <3.1%. As long as concern stability,
the enzyme electrode was stored at 4°C in dry condition
showing no decrease in the thiocholine measurements; at
longer storage period (30 days), the biosensor retained
90% of its activity.

Another group from China [68] has recently published a
paper on the entrapment of AuNPs in an electro-synthesized
polypirrole matrix. The electrochemical biosensor was
designed for organophosphate pesticides based on acetyl-
cholinesterase immobilized onto Au nanoparticles—
polypyrrole nanowires composite film modified glassy
carbon electrode (labeled as AChE-Au-PPy/GCE). The
generated Au nanoparticles were homogenously distributed
onto the interlaced PPy nanowires matrix, constructing a
three-dimensional porous network. This network-like
nanocomposite not only provided a biocompatible mi-
croenvironment to keep the bioactivity of AChE, but also
exhibited a strong synergetic effect improving the
sensing properties of OPs. The Authors claimed that
the combination of AuNPs and PPyNWs greatly cata-
lyzed the oxidation of the enzymatically generated
thiocholine product, thus increasing the detection sensi-
tivity. On the basis of the inhibition of OPs on the
enzymatic activity of AChE, the conditions for OPs
detection were optimized using methyl parathion as a
model compound. The inhibition of methyl parathion
was proportional to its concentration ranging from 0.005
to 0.12 and 0.5 to 4.5 ug mL™". The detection limit was

s S
Aw'ss DNA- SWCNT/PANI Aw'ss DNA- SWCNT/PANIFACHE

electrode; step 3, controlled electrochemical polymerization of aniline
on the Au/ssDNA-SWCNT layers; step 4, immobilization of AChE
enzyme by glutaraldehyde [62], with permission
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2 ng mL™'. The developed biosensor exhibited good
reproducibility and acceptable stability (60% of the
response at 30 days storage, 4°C).

A biosensor with increased stability was obtained by the use
of silk fibroin (SF) as modifier in the AChE and AuNPs
composite [69]. The SF provided a biocompatible microen-
vironment around the enzyme molecule to stabilize its
biological activity and effectively prevented it from leaking
out of platinum electrode surface. After storage for 6 weeks,
the biosensor still retained 90% of its initial current response.
The biosensor preparation included the realization of the
composite and its direct immobilization on a Pt-working
electrode. The AuNPs catalyzed the oxidation of thiocholine
with signal amplification compared to the bare electrode.
After characterization of the electrode material and optimiza-
tion of the assay conditions, three pesticides were used as
model analytes to characterize the biosensor response to
ACHhE inhibitors: methyl paraoxon, carbofuran, and phoxim.
The AChE inhibition was proportional to their concentration
in the range: of 6x10"'-5x10°M, 2x10 '°~1x10""M, and
5x107°-2x10""M, respectively. The detection limits were
found to be 2x10"'M for methyl paraoxon, 1x10'°M for
carbofuran, and 2x10°M for phoxim.

Other nano-materials The combination of self assembled
monolayers and quantum dots (QDs) to prepare an organized
sensing structure for successive modification with AChE to
have a biosensor for the detection of carbaryl was attempted
[70]. The authors initially obtained a cysteamine SAM onto a
planar gold electrode; the SAM was used as anchoring layer,
via the amino group of cysteamine, to immobilize CdTe QDs
terminated with carboxyl groups through carbodiimide
chemistry. QDs are semiconductor particles that have all
three dimensions confined to nanometer length scales and
appear particularly suited for bioconjugation. They led to
highly oriented and organized structures and electro-
catalytic activity promoted electron transfer reactions and
catalyzed the electro-oxidation of thiocholine, thus
amplifying the detection sensitivity. The biosensor was
then used to detect the reversible inhibitor of AChE,
carbaryl. The detection limit was 0.6 ng mL™'. Sensor
stability was similar to that reported for the other nano-
biosensor developed by this group. It would be worthy to
extend the stability study to a longer period as long as
90% of the signal was retained after 30 days.

An interesting selective nanobiosensor for methyl-
parathion obtained using three different nanostructured
materials have been recently reported in [71]. The selectiv-
ity of the biosensor was given by a methyl-parathion
degrading enzyme (MPDE) obtained by purification from a
commercial bacterial strain. The enzyme product was p-
nitrophenol that was measured at the nanoelectrode surface.
The biosensor was prepared by a layer-by-layer approach

using MWCNT on a glassy carbon electrode followed by
electrochemical deposition of gold nanoparticles by a multi-
potential step. On this AuNPs, a self-assembled monolayer
of cysteamine was formed and via the amino group the free
carboxylic groups of the CdTe quantum dots, loaded with
MPDE, reacted to form the biosensors. The authors
demonstrated that MWCNT and gold nanoparticles signif-
icantly increased the surface area and exhibited synergistic
effects towards enzymatic catalysis. The role of CdTe QDs
is, in this case, as carrier to load a large amount of enzyme.
As a result of these two important enhancement factors, the
proposed biosensor showed interesting analytical perform-
ances. The detection limit was 1.0 ng/mL. Moreover, since
MPDE hydrolyzes pesticides containing the P—S bond, it
showed high selectivity for detecting methyl-parathion also
in presence of many interfering compounds, such as
carbamate pesticides. An alternative approach in the
preparation of the nanobiosensor is reported in [72]. The
assembly of the sensor was a typical 80’ biosensor with
the enzyme membrane separated by the transducer surface
that was retained in contact by an o-ring. The novelty of
the device relies in the technology within the membrane
preparation and formulation. Poly(acrylonitrile-methylme-
thacrylate-sodium vinylsulfonate) membranes were chem-
ically modified and loaded with gold nanoparticles. Also,
acetylcholinesterase immobilization was carried out
according to two distinctive procedures, the first of which
involved immobilization of the enzyme by convection and
the other by diffusion. The prepared enzyme carriers were
used for the construction of the amperometric biosensors
for detection of acetylthiocholine. The biosensor was
calibrated with acetylthiocholine in the concentration
interval 10-400 puM, (linear interval 10-170 puM). The
potential application of the biosensor for detection and
quantification of organophosphate pesticides was investi-
gated against sample solutions of Paraoxon. The biosensor
detection limit for Paraoxon was found to be 7.39x 10 ' g 17,
and the concentration was 10 '°-107g 1", It was demon-
strated that the presence of gold nanoparticles was the crucial
step to achieve sensitivity, a fast electrochemical response
and operational and storage stability.

Detection of herbicides via inhibition of the PSII system

Due to the nature of PSII, different sensing formats have
been designed to detect the herbicide or generally phyto-
toxic effect. The key role played by chlorophylls has led to
the development of methods based on fluorescece mea-
surement. In this respect, Schreiber et al. [73] have reported
a measurement called Tox Y-PAM (Heinz Walz GmbH,
Effeltrich, Germany) where a dual-channel fluorometer was
specifically developed for detection of phyto-toxic sub-
stances in water samples. Effective quantum yield (DF/Fm)
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is calculated for each channel from measures of minimum
fluorescence (F1 or F 2, where the number denotes channel
1 or 2) and maximal fluorescence (Fml or Fm2) taken
during a 0.4 s saturating pulse of more than 2,000 mmol
photons m ?s”'. DF/Fm values for each channel are
represented as Y1 or Y2 and these values are used to
determine the response variable % PSII Inhibition, calcu-
lated as % inhibition Z100(Y2-Y1)/Y2, where Y1 is
treatment and Y2 is the control chamber. The ToxY-PAM
was developed for use with microalgal suspensions where
the cells are assumed to remain in suspension for the
duration of the measurements. As variable chlorophyll
fluorescence originates almost exclusively from PSII, the
method is particularly specialized, in the immediate term,
for the detection of PSII herbicides, the family of herbicides
that act by blocking electron flow at the primary plastoqui-
none acceptors of photosystem II. In [74], it was demon-
strated that a chlorophyll based fluorescence measurements
has definitive advantages in terms of sensitivity and assay
time over a germination bioassay. In this paper, the effect of
Diuron Irgarol and Bromacii on Hormosira banksii gametes
was evaluated. Other authors [75] developed a method
using fluorescence induction curves and mathematical
programs to detect herbicides using the change in fluores-
cence signal of chlorophylls in thylacoids suspensions.

Real biosensors systems in which PSII is immobilized
onto a sensing surface have been also object of
investigations. An attempt to develop surface plasmon
resonance chip for the detection of atrazine has been
reported in [76] using the photosynthetic reaction center
(RC) from the purple bacterium, Rhodobacter sphaeroides.
The heavy subunit histidine-tagged RCs were immobilized
on an SPR sensor chip via nickel chelation and was
challenged against atrazine. Changes in the resonance
angle obtained using a BIACORE X versus increasing
amount of atrazine were recorded, but, were not satisfac-
tory. In fact, the dynamic range obtained wasl 100 mg/ml
well above the admissible level of the herbicide in waters.
The detection of chlorophyll fluorescence emission light at
683 nm (excitation 482 nm) corresponding to the Soret
band maximum absorption of chlorophyll b (present in
large amounts in green algae) was exploited for the
development a whole cell fiber optic biosensor for
herbicides [77]. The biosensor was based on the physical
entrapment into membranes of Chlorella vulgaris micro-
algae adsorbed on a quartz microfiber filter. The algal
chlorophyll fluorescence modified by the presence of
herbicides was collected at the tip of an optical fiber
bundle and sent to a fluorimeter. A continuous culture was
set up to produce algal cells in reproducible conditions.
The biosensor was able to rapidly detect atrazine,
simazine, isoproturon, and diuron reversibly and with
detection limits at sub ppb level.
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Oriented immobilization of the photosynthetic reaction
center of non-sulfur bacteria on gold has been obtained by
Trammel et al. [78] via Ni-NTA assembled monolayers.
The Reaction Centre is composed of three polypeptides H,
L, and M. A dimer of bacteriochlorophylls, so called the
primary donor, two monomer bacteriochlorophylls, two
bacteriopheophytins (HA and HB), two quinones (QA and
QB), and one iron are all non-covalently bound to the
protein. A poly-histidine tagged RC from R. sphaeroides
was immobilized gold electrodes with the acceptor side
toward the solution. This allowed the measurement of
photocurrent produced at 800 nm and at open circuit
potential demonstrating the mediatorless electron exchange
between the RC and the electrode. The inhibiting effect of
atrazine was also demonstrated. Considering the possibility
to genetically engineer different RCs, the approach is very
interesting for the development of multipurpose reagentless
amperometric detector for herbicides. A similar approach
was at the same time reported in [79] that claim the
advantages of using cysteamine derived immobilization not
only on gold but also on gold-printed electrode. An
improved system was later reported by the same author
[80]. The mediatorless biosensor described was achieved
using poly-mercapto-p-benzoquinone layers on screen-
printed gold electrodes and gold microelectrodes in an
array on silicon substrate. PSII particles isolated from the
thermophilic cyanobacteria Synechococcus bigranulatus
physically adsorbed on the polySBQ generated a photocur-
rent at E=+250 mV (versus Ag/AgCl) without any
additional mediator. The authors report an improved
sensivity of this system vs. other immobilized PSII systems
for diuron and a lifetime comparable to systems in solution.
A viable and simple solution to the problem of stability and
lifetime of the biological element was recently proposed by
Bettazzi et al. [81] that used the already described thylacoid
membrane modified screen-printed electrodes plus duro-
quinone in a disposable way. Thylacoid membranes were
purified from Spinacia vulgaris for the realization of a very
low cost device. Using this approach, in order to have a
reliable measurement the major, effort has to be devoted to
inter-electrode reproducibility. Twelve percent interelec-
trode RSD was reported together with LODs within the
107°-10"® M range for the herbicides tested.

Screen printed electrodes as transduction material to
detect PSII inhibition in a multi-electrode set-up in flow
system have been also proposed [82]. Thylacoid mem-
branes from wild type and mutant strains of Senecio
vulgaris and Spinacia olearacea have been immobilized
onto the grafite working electrode using a BSA-
Glutaraldehyde procedure. The sensing system is contained
in a parallelepiped—shaped box (size 20x15x13 cm
weight of 1 kg). Sealed printed electrodes can be inserted
in a black Perspex flow cell supplied with a high-intensity
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LED of 650 nm, suitable to activate light reaction in
Photosystem II. The measurement of the PSII activity was
based on amperometric oxidation at proper applied poten-
tial of the electron acceptor duroquinone. The light pulse
send to the thylakoids induce reduction of the duroquinone
that is reoxidised at the electrode surface at an applied
potential of +0.2 vs. pseudo Ag/AgCl. Evaluation of the
response against herbicides using this multichannel device
gave very interesting data, detection limits below 107’
diuron, atrazine, simazine terbuthylazine, deethylterbuthy-
lazine, and the possibility to distinguish between different
subclasses of the analytes by comparison of thylacoids
sensors from different sources. Lifetime of the probes was
10 h (one working day). The potentialities of coupling
genetic engineering, computational modeling and sensing
have been brilliantly exploited in a recent paper by Giardi
et al. [83]. In this approach, modeling and docking
simulations have been the basis to produce a library of
functional mutations in the unicellular green alga Chlamy-
domonas reinhardtii. Modifications of only one amino acid
within the QB binding pocket can, in fact, change
photosynthetic activity and herbicide binding considerably.
Three mutants were prepared by site-directed mutagenesis
and characterized by fluorescence analysis. The whole
algae cells were immobilized on a silicon septum. The
biomediators were found to be highly stable, for at least
1 month at room temperature. A portable fluorometer,
developed for the purpose was used for the measurement.
Detection limits between 10~ and 107" were observed for
triazines and urea herbicides and the biosensor in the
realized setup was able to distinguish among the two
classes. The procedures described in the last two papers
were objects of patents and the instruments described are
commercially available, full info are available at the
website (www.biosensori.it).

A microfluidic system has been also recently developed.
The production of hydrogen peroxide by thylakoid mem-
branes extracted from higher plants was investigated and
detected using the chemiluminescence produced by the
well-known horseradish peroxidase /luminal reaction [84].
The presence of herbicides in the thylakoid samples
reduced the hydrogen peroxide production. The biological
components were firstly immobilized of magnetic beads
and then kept in place by magnets. The portable device
realized was tested with diuron and atrazine that were
detected at concentrations below 10’ M. The device can be
used to detect the potential toxicity of natural waters. A sol-
gel technique was used by Pena-vazquez et al. [85] to
immobilize three microalgal species (Dictyosphaerium
chlorelloides, Scenedesmus intermedius, and Scenedesmus
sp. (S.s.)) onto glass in order to detect the chlorophyll
fluorescence signal. The optical biosensor showed response
to those herbicides that inhibit the photosynthesis at

photosystem Il (triazines: simazine, atrazine, propazine,
terbuthylazine; urea-based herbicides, linuron). However,
no significant increases of fluorescence response was
obtained for similar concentrations of 2,4-D (hormonalher-
bicide) or Cu(Il). A lifetime up to 3 weeks was achieved for
the immobilized algae. Mutants resistant to atrazine were
also used, and this had a detection limit of about 20 times
higher than wild type. Detection limits were in general
higher than those reported previously using the TOXI PAM
system probably because of a different intrinsic inhibiting
sensitivity of free vs. immobilized algae.

Application to real samples

Despite the large number of biosensor formats and types
developed, the applications to real samples are rare.
Moreover, very few reports are devoted to the validation
of the analytical method and to sample preparation that is a
crucial step to prove measurement precision and accuracy;
the potentialities of the systems are then not fully exploited.
Similar considerations were given in [86]. The authors
reported that “Despite the very large number of publications
demonstrating enzyme inhibition, the majority of systems
were unfortunately not challenged by real samples.” Five
years later, the scenario is not changed that much. Here, we
will report about those researches where the developed
systems are challenged versus real food or environmental
samples.

Food samples The application of biosensors, or bioassays,
requires a dedicated approach in terms of evaluation of
matrix effect, extraction procedure, matrix matched cali-
bration, and all the other factors that can bias the results
once that the developed system is moved from standard
solution to real samples.

Our group has developed biosensing strategies using
ACHhE as the target for the detection of organophospate and
carbamate pesticides in food samples. The common
strategies adopted in all of these applications were the use
of non-immobilized AChE coupled with the detection of
the enzyme product either via chemically modified elec-
trode [87] or via a choline oxidase biosensor [88-91]. The
rationale behind this choice was that when facing real
samples, matrices can greatly and not reproducibly affect
the immobilized enzyme (AChE) thus increasing the bias of
the measurement. The overall assay cost was not significantly
affected by the use of AChE in solution due to the microliter
scale (500 pl) and AChE concentration (0.01 U/ml) range of
the assay volume. In [87], the negligible effect of egg, bovine
meat, milk, and honey on the assay performance was
reported. Moving to a vegetable sample as wheat grains a
remarkable influence on the AChE inhibition assay was
reported. The ICsqo, for pirimiphos methyl was 360 ng/ml
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when working in buffer, 640 ng/ml in a buffer extract
obtained from non-milled wheat grains and finally
1,650 ng/ml in a buffer extract obtained from milled
grains. Therefore, when analyzing real samples, often a
matrix-matched calibration is also needed to avoid false
positive samples. If the detection is directed toward
organotiophosphate pesticides (precursors of the oxo-form
of the pesticides), an activation procedure is needed,;
otherwise, the observed inhibition on AChE would result
depressed. This must be optimized considering the matrix
effect on the chemical reaction [88]. For example, measur-
ing dichlorvos in wheat sample, the influence of the matrix
on the assay sensitivity did not allow working in a buffer
extract obtained from milled grains. Therefore, a medium
exchange strategy was used where the pesticide was
extracted according to a solvent extraction method. The
sample extract was then dried and re-dissolved in the assay
buffer for the AChE inhibition assay. An inter-laboratory
validation, using GC as instrumental technique was also
carried out with excellent results. Moreover, the proposed
protocol allowed the determination of dichlorvos in milled
wheat at levels as low as 0.05 pg/g which is 40 times lower
than the European legal limit [89].

The use of recombinant enzyme specifically designed
for a target pesticide can greatly facilitate the detection
even when the sample matrix has not passed a clean-up
step. In fact, as reported for a very high dilution factor
can be used thus eliminating, or greatly limiting, the
matrix effect. These characteristics allowed the accurate
analysis of dichlorvos in wheat samples at the MRL,
2 mg/kg, and below that value. The mean recovery of the
method was 75%, and neither false nor positive samples
were detected. [90]. It should be mentioned that despite
the lack of selectivity of the measurements, the bioassays
developed on wheat can be applied to monitor the good
agronomical practices that are generally regulated by
contract rules between the producer and the food industry.
The rules include the use of a specific product for
pesticide treatment.

Recently we also validated, by comparison with liquid
chromatography-mass spectrometry (LC-MS) measure-
ment, a biosensing approach to detect coumaphos in honey
samples [91]. A simple procedure for the oxidative
oxidation of coumaphos via N-bromosuccinimide and
AChHE inhibition was optimized. A calibration curve for
coumaphos (8—1,000 ng/ml) was obtained in buffer; the
intra electrode CV ranged between 8% and 12% whereas
the inter electrode CV was comprised between 12% and
14%. A detection limit of 8 ng/ml was achieved, with an
I500, of 105 ng/ml. The assay was then applied to detect
coumaphos in honey samples. Despite the solubility of the
samples in buffer, the assay was affected by many
electrochemical interference present in this sample matrix.
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A simple C18 based solid-phase extraction procedure has
been then optimized and used for the assay. This allowed to
eliminate all the electrochemical interferences with a
satisfactory coumaphos recovery (around 86%) for a final
LOD of 33 ng/g. Often, in papers dealing with real samples,
the information related to sample preparation (e.g., spiking
procedure, extraction procedure, matrix matched calibra-
tion) are poor. For example, detection of trichlorfon was
achieved in celery, cauliflower, and leek samples in [92]
and the authors claimed excellent recoveries, but the full
analytical procedure was not clearly stated so that it is not
easy, for the reader, to fully evaluate the performance of the
proposed biosensor [92]. On the contrary, an interesting and
throughout explanation of fruit samples preparation was
reported in [93]. A direct immersion of a SAM/AChE
biosensor assembled on a gold electrode in triturated
samples or in fruit juice, was reported achieving reproduc-
ible and accurate measurement of carbaryl and parathion.
The measurement recovery was between 77% and 101%.
The same biosensor was also used to evaluate water
samples obtained from urban creeks. No organophosphate
and carbamate contaminants were found, therefore samples
were spiked at different intervals and the samples used to
build a matrix matched calibration. No matrix effect was
observed comparing these calibrations with those obtained
used distilled water. The same authors [94] reported on
another biosensor for the detection of carbaryl directly in
tomato pulp without any previous sample manipulation.
The same paper reports also a simplified liquid extraction
procedure that appears useful also for other matrices. It is
noteworthy that the biosensor design is quite “old fashion”
being a carbon paste electrode. However, the performance
appears of great value being the recovery above 92% the
liquid extraction procedure, whereas lower recoveries,
around 80%, were obtained by direct immersion of the
biosensor into the tomato pulp. The authors did not clearly
stated if the biosensor was regenerated after each inhibition
with a chemical procedure, or was physically renewed by
mechanical polishing of the surface; in both cases, precision
data are not reported.

Another simplified extraction approach for the detection
of dichlorvos in apple skin is reported in [26]. In this paper,
the authors used an AChE biosensor obtained using screen-
printed electrode. In this work, genetically engineered
AChE and wild type from electric eel were compared.
The limit of detection for dichlorvos, obtained for both
were comparable with those obtained by other authors for
the two enzymes, 10 '* and 10 ®M, respectively. The apple
skin sample were directly immersed into acetonitrile used
as extraction solvent, and the same solution, diluted 1:20 in
measuring buffer used for the inhibition and measurement
steps. This approach appears, in our opinion one of the
most suitable to balance between extraction recovery and
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speed of measurement. Recently, different matrices were
tested for the detection of chlorpyrifos-oxon using a
portable AChE biosensing system. The biosensor was
based on the inhibition of the acetylcholinesterase enzyme
using screen-printed electrodes and a self-designed poten-
tiostat. The lower concentration detected was of 2 pg/L for
an enzymatic charge of 10 mU, the linearity was near to
one order of magnitude, the repeatability was of 4.7% (n=
5) at 4 pg/L. Spiked and non-spiked water samples,
beverages, and vegetable extracts were used to validate
the system and for pepper extracts, the response was
compared to HPLC-MS [95]. Zhang et al. [96] have
developed a rapid biosensor based on disposable screen-
printed electrodes, which is suitable for monitoring
organophosphate and carbamate residues in milk. In this
work, three engineered variants of Nippostrongylus brasi-
liensis acethylcholinesterase were used to obtain enhanced
sensitivity.

Environmental samples All the applications related to the
use of AChE biosensors to environmental samples that
can be found in the literature in the last 6 years concern
water samples. From the literature, it appears that no, or
limited, matrix effect are reported for water samples.
Filtration and pH correction appear in most cases as the
only sample treatment needed before biosensor measure-
ment. In [97] an FIA system equipped with enzymes
obtained from different sources is reported, results showed
the importance of carefully selecting the source of the
enzymes used for the biosensor manufacturing. Addition-
ally, the use of enzymes from different sources not only
substantially improves the LOD, but also enlarges the
spectrum of insecticides that can be detected using this
kind of biosensors.

Two flow-injection biosensor systems using semi-
disposable enzyme reactor have been developed to
determine carbamate pesticides in water samples [98].
Acetylcholinesterase was immobilized on silica gel by
covalent binding. pH and conductivity electrodes were
used to detect the ionic change of the sample solution due
to hydrolysis of acetylcholine. The biosensors were used
to analyze carbaryl in water samples from six wells in a
vegetable growing area. Both systems could detect the
presence of carbaryl in the samples and provided good
recoveries of the added carbaryl, i.e., 80-106% for the
potentiometric system and 75-105% for the conductimet-
ric system. The presence of carbaryl in water samples
analyzed by the biosensors was confirmed by gas
chromatography—mass spectrometric system. Another
flow injection analysis system for water analysis is
reported in [99]. In this application were combined: the
use of AChE from different sources immobilized on
screen-printed electrodes to obtain a sort of array, a

multiple port flow injection apparatus and an artificial
neural network (ANN) to discriminate between different
possible contaminants in water samples (dichlorvos and
methylparaoxon). When applied to real samples, the two
pesticides could be determined with low error. This
approach can be used to develop an on-site screening
methodology. A parallel work consisting in discrete
measures carried out with screen-printed biosensor carry-
ing AChE from different sources is reported in [100].

This paper confirms that despite the detection strategy
(FIA vs. batch analysis), the use of an array of
biosensors obtained varying the enzyme source com-
bined with ANN enables to discriminate between two
pesticides simultaneously present in a sample. In this
paper, water samples were analyzed for chlorpyrifos and
chlorfenvinfos.

For validated systems, the research activity is currently
active not only in the biosensor design field but also in the
development of instrumentation with dedicated software
both in environment and food areas [101, 102]. Examples
of the most significant advances in the recent realization of
Ache bioassays are given in Table 1.

Detection of herbicides with PSII system Altough the PSII
system present very high potential for environmental
control; applications in real samples are really scarce. In
our opinion, this is a clear indication that there are
problems that need still to be solved (i.e., operational
stability, selectivity, pretreatment of the sample, etc)
before a full validation is carried out. In this respect, to
have an idea of the potential of the system we should
mention the very interesting study carried out by
Bengtson et al. [103]. In this paper, it is clearly
demonstrated how the incorporation of bioassays into
routine monitoring programs is likely to give valuable
information. Comparison of the chemical vs. the TOX I
PAM bioassay data, in fact, revealed the possibility to
predict chemical contamination data. The data obtained
demonstrated similarities of the chemical profiles for the
eight herbicides tested in the two river estuaries selected
for the monitoring (Brisbane and Thames). However, the
similarities between herbicide profiles were not reflected
by the toxicity observed in microalgae exposed to estuary
surface water extracts. The authors, using comparative
analysis of the data obtained, convincingly attributed this
discrepancies to the presence of species inhibiting the PSII
system in the River Thames not targeted by the chemical
analysis.

In the already cited work of Bettazzi et al. [81], a
comparison of the assay on different environmental
samples was carried out. Blank and spiked atrazine
solutions of river water samples, were compared with the
data obtained with a Luminotox® assay. A comparable
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Table 1 Selected examples of Ache bioassay formats

Enzyme

Electrode material/
mediator

Immobilization

Electrochemical
technique

Analyte/matrix/
LOD

Reference

AChE/ChOx

AChE

AChE

AChE

AChE

AChE

AChE

ACHhE (in solution)
ChOx

AChE

AChE

AChe/rAChE

AChe/rAChE/
Phosphotriesterase

Gold

Sonogel carbon
electrode

MWCNT on GC

SWCNT on gold

QD AuNPs on GC

AuNPs on gold

AuNPs on platinum

Prussian Blue/G-SPE

Gold electrode

Carbon paste/cobalt
phtalocyanine

G-SPE/ cobalt
phtalocyanine

G-SPE/ cobalt
phtalocyanine

SAM- PA-MAM dendrimer

Al,0O; sol-gel entrapment

Glutaraldeyde crosslinking on
chitosan MWCNT composite

Acetylcholinesterase immobilized via Glutaraldeyde

on polyaniline deposited
on vertically assembled SWCNT
wrapped with ssDNA

Absorption of AChE on
CdTe-AuNPs-CM/GCE

Cross linking on MUA activated
monolayer

ACHhE crosslinking via glutaraldeyde
with SF modified AuNPs

ACHhE in solution

AChE crosslinking via glutaraldeyde

Carbon paste composite

Physical entrapment in a PVA-based
photopolymer

Physical entrapment in a PVA-based
photopolymer

Potentiometry
amperometry

Amperometry

Amperometry

Square wave
voltammetry

Voltammetry

Voltammetry

Amperometry

Chronoamperometry

Voltammetry

Amperometry

Amperometry

Amperometry

Trichlorfon, Carbofuran,

Eserine
No real samples

0.003 nM
0.04 nM
0.1 nM

Paraoxon, Dichlorvos

Chlorpyrifos-ethyl-oxon

No real samples
0.75 nM
0.50 nM
0.25 nM

Triazophos
No real samples

30 nM

methyl parathion
chlorpyrifos
Spiked river water

0.001 nM
0.001 nM

Monocrotophos
Garlic samples

0.3 ng/ml

Malathion
No real samples

1.0 ng/ml

Methyl paraoxon
Carbofuran

Phoxim
No real samples
0.02 nM
0.10 nM
2.00 nM

Coumaphos
Honey

8 ng/ml

Parathion
Carbaryl

Water/tomato/apple/
orange

9.0 ng/ml
9.3 ng/ml
Carbaryl
Tomato
3.2 ng/ml

Dichlorvos
Methyl parathion

River and bottled water

Simultaneous

determination via ANN

Chlorpyrifos oxon
Chlorfenvinfos

Water lake

Simultaneous

determination via ANN

[40]

[41]

[58]

[62]

[65]

[67]

[69]

(1]

(93]

[94]

[99]

[100]
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decrease of inhibition was recorded. Sample coming from
polluted mining area also gave comparable inhibition
data; however, major discrepancies were observed attrib-
uted to the presence of heavy metals in these polluted
areas.

Also, Giardi et al. [83] reported that in real water
matrix (control without herbicide) no inhibition of PSII
activity was activity was recorded and in some cases even
induced activation by 5-21%, measured as oxygen
evolution. The authors state that low concentrations of
pollutants affect living algal mutants by altering physio-
logical processes. The biosensors can, in this respect,
resembling real conditions, be applied for the evaluation
of the real physiological impact of active herbicide
compounds.

Conclusions

We have focussed in this paper our attention on
inhibition-based bioassays for pesticides detection. Two
biological systems that are targets for the pesticides are
mainly used for this purpose, Ache and the PSII system.
Bioassays and biosensors based on Ache are the object
of a large interest; this was demonstrated by the
increasing number of paper published on different
sensors format based on Ache. The use of nanomaterial
and/or nanostructured layers on sensors can improve
efficiency of the bioassay (1) amplifying the electro-
chemical detection of the product, (2) facilitating a
reproducible deposition of the enzyme and/or the
regeneration of the inhibited Ache. On the other hand,
genetic engineering of the enzyme has been proved to be
extremely useful to design a biological element “fit for
the purpose”. The use in the future, of a “nano- mutant”
approach for the design of Ache sensors, possibly in an
array format, is in our opinion, highly desirable and can
improve the performances increasing the number of
applications on real samples.

Development of sensors based on the inhibition of the
PSII systems reflects a slightly different situation. The
potentialities of this system are even greater considering
the options that can be exploited. The choice of different
algal species, the selection of mutants, reactions centers,
and genetically engineered reaction centers give a very
high degree of flexibility for the development of very
useful devices. Particular care must be devoted in the
development of analytical devices, considering the low
stability of the biological elements. However, in order to
evaluate the robustness of the approach we think that the
devices developed should be inserted in official programs
of environmental control as for other bioassays used for
toxicity tests (e.g., Luminotox assay).
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