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Abstract Cholinesterase biosensors based on various transducers and enzyme
carriers have been considered in terms of inhibitor determination. The mechanism
of inhibition and influence of immobilization on biosensor performance are briefly
considered. The assembly of biosensors for inhibitor detection and measurement
conditions are summarized for the period from 2011 to 2015 with particular
emphasis to the influence of the sample matrix and immobilization protocol on the
sensitivity of inhibitors detection. Finally, the prospects of cholinesterase biosen-
sors are considered, especially those related to miniaturization and operation in
extreme environment.
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1 Introduction

There is an urgent need in the development of fast and reliable sensors for the
detection of most toxic compounds that are formed in natural and industrial pro-
cesses and can cause severe consequences for human health. Among many other
species, inhibitors of acetylcholinesterase are in the focus of many investigations due
to variety of chemical structures and large scale of industrial production. Some
anticholinesterase agents, e.g., sarin, soman and VX gas, were specially developed
as chemical warfare with extremely low toxic exposures and lethal consequences for
the soldiers and civil population. Although the accumulated stockpiles of chemical
weapons are mostly destructed following the Chemical Weapons Convention, some
incidents related to the use of anticholinesterase agent shave been reported during the
civil wars in Iraq and Syria. The use of home-made sarin in Tokyo subway by Aum
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Shinrikyo in 1995 is most known incident related to nerve gases after the Second
World War. Meanwhile the threats related to the production and application of
anticholinesterase agents by terrorists exists up to present days. In addition to
chemical warfare, organophosphorus and carbamate pesticides irreversibly inhibit
cholinesterase activity and can cause poisoning of agriculture workers and con-
tamination of some foodstuffs. These hazards call for the further efforts in the
development of appropriate biosensors devoted to detection of anticholinesterase
agents in the levels allowing the use of personal protection equipment and hence
decrease in the number of potential victims. In this review, the progress in the
detection of anticholinesterase species based on biosensing technologies is consid-
ered with particular emphasis to the results obtained within last 10 years.

2 Cholinesterase Inhibition

Cholinesterases belong to the class of hydrolases and catalyze the reaction of
hydrolysis of a natural neurotransmitter, acetylcholine (Scheme 1).

 

ð1Þ

They are widely present in various biological species, mainly vertebrates, with
insignificant variations of the amino acid residues responsible for the substrate
binding. In accordance to the relative rate of the hydrolysis of different choline
esters, cholinesterases are subdivided into several groups, from which acetyl-
cholinesterase (AChE, EC 3.1.1.7) and butyrylcholinesterase (BChE, EC 3.1.1.8)
are preferably used in the enzymatic assay of inhibitors [1].

AChE is mainly bonded to the cellular membranes of excitable tissues and
erythrocytes. It hydrolyzes the acetylcholine to terminate the transmission of the
neural impulse in presynaptic cell to somatic neuromuscular junction. In case of the
AChE inhibition, accumulation of acetylcholine overstimulates autonomic nervous
system. The poisoning symptoms include vomiting, abdominal cramps, nausea,
salivation, and sweating. Also, the excitation of somatic nervous system results in
involuntary muscle twitching, convulsions, respiratory failure and coma.

BChE, serum cholinesterase, was found in plasma, liver and muscle tissues. The
biochemical function of BChE is yet not clear but probably is related to scavenging
of organophosphate and carbamate inhibitors before they reach AChE. BChE is
also involved in regulation of cholinergic transmission in the absence of AChE.
Both enzymes participate in biochemical conversion of some drugs, e.g.,
aspirin, amitriptyline and bambuterol and in metabolic transformation of cocaine
and heroin [2].
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The AChE active site involves so-called anionic and esteratic centers different in
their affinity toward the substrate and choline. The distance between the above
centers is not changed in the enzyme acylation. Rather small conformational
changes of the enzyme globule corresponded to the substrate binding result in high
efficiency of the substrate conversion: the AChE molecule catalyzes breakdown of
about 10000 acetylcholine molecules per second. The decoding of the first AChE
structure showed that the active site is placed at the bottom of a 20Å deep gorge
lined with tryptophan residues. Actually, no anionic sites are involved in acetyl-
choline binding. The peripheral “anionic site” responsible for acetylcholine
sequester lies at the entrance to the gorge and interacts with a substrate by π-cation
interactions with the tryptophan residues whereas the carbonyl of the acetyl group
forms weak hydrogen bond to tyrosine residue placed further down the gorge.
Three amino acid residues, namely, glutamate, histidine and serine, also known as a
catalytic triad, are involved in the formation of covalent bond between serine
hydroxyl and >C=O double bond of acetyl group of the substrate. This “oxyanion”
is stabilized by release of choline leaving acetylserine (acetylated AChE). The
serine—acetate bond is then hydrolyzed to the acetate and initial enzyme ready to
the further substrate conversion [3].

First cholinesterase based devices have been developed for early detection of
chemical warfare and utilized BChE from horse and human serum which showed
high sensitivity toward warfare agents and rather high stability of preparations
available at that moment [1]. Later on, AChE from electric eel became dominating
due to higher specific activity and ability to detect a broader range of organophos-
phate and carbamate pesticides [4]. Nowadays, most cholinesterases commercially
available are produced by genetically modified microorganisms, e.g., Escherichia
coli. Modification of enzyme active site makes some difference in the sensitivity of
the activity toward various groups of inhibitors. This can be used for differentiation
of the response of appropriate biosensors especially in inhibitor mixtures [5, 6].

Most of the analytes determined with cholinesterase biosensors exert irreversible
inhibition of immobilized enzyme. Such compounds mimic the structure of the
enzyme active site and substitute acetylcholine on the first stage of the formation of
serine ester. However, the product of esterification, e.g., phosphorylated cholines-
terase in case of organophosphate pesticides and nerve gases, is quite stable toward
hydrolysis and stops the following regeneration of the enzyme active site
(Scheme 2).

ð2Þ

The appropriate stage called as spontaneous regeneration requires the time
sufficiently longer than that monitored with biosensor so that it does not affect the
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decay in the enzyme activity applied for the analyte determination. Similar reaction
of carbamylated cholinesterase formed in the presence of carbamate pesticide is
much faster so that maximal decay of enzyme activity observed in the determina-
tion of carbamates can be below 100 %. For this reason, the influence of carbamates
on cholinesterases is named in some sources as reversible inhibition. This seems
incorrect because the product of reactivation of carbamylated cholinesterase does
not react with free enzyme and has the structure different from initial carbamate.
From the point of view of physical chemistry, such interactions are considered as
irreversible.

Apart spontaneous reactivation, the regeneration of initial enzyme activity is
accelerated by some reagents added to the sample after inhibition. Such reagents,
e.g., aldoxime derivatives, are also used as antidotes in case of poisoning with
anticholinesterases. 2-PAM and TMB-4 are mostly mentioned in the operation of
cholinesterase biosensors [7, 8]. It should be mentioned that such reactivators exert
their own weak reversible inhibition on cholinesterases. For this reason, they should
be carefully washed out from the immobilized enzyme preparation prior to mea-
surement of residual enzyme activity. Besides, regenerated enzyme shows the
sensitivity toward inhibitors different from that of enzyme prior to first contact with
the sample tested. This is mainly attributed to different accessibility of enzymes
immobilized in inert matrix on the transducer. As a result, a reactivator reacts first
with the inhibited enzyme molecules that are positioned near the solution and to a
less extent with those placed deeply inside the biolayer. Additional washing steps
and protective effect of excessive reactivator quantities (see below) also complicate
repeated use of biosensor for multiple inhibitor detection.

Heavy metals, quaternary ammonia compounds and biogenic amines exert
reversible inhibition on cholinesterases [9–12]. In this case, the enzyme-inhibitor
complex can dissociate to initial enzyme and inhibitor molecule/ion so that the
detection of inhibition can be performed only in the presence of an inhibitor.
Maximal decay of enzyme activity is sufficiently lower than 100 % and washing the
biosensor with buffer solution can restore the signal recorded prior to the contact of
the enzyme with an inhibitor. Most of the reversible inhibitors mimic positively
charged ammonia group of acetylcholine. The concentrations detected are signifi-
cantly higher than those of irreversible inhibitors. For this reason, the cholinesterase
biosensors cannot be used for direct detection of reversible inhibitors on their
permissible levels. The determination of some pharmaceuticals applied as myore-
laxants or drugs against Alzheimer’s disease [12] is an exception.

Some reversible inhibitors like mercury (II) ions form rather stable
enzyme-inhibitor complexes which reactivation requires special agents like
dithiotreithol and EDTA instead of washing. Nevertheless, they belong to reversible
inhibitors because the dissociation of enzyme-inhibitor complex produces initial
metal ion able to interaction with an enzyme active site. The choice of appropriate
reactivator and monitoring of reactivation efficiency provides information which
might be useful for preliminary identification of an inhibitor nature especially for
complex samples including potential hazards of different nature.
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Chemicals exerting denaturation effect and disturbing the protein steric structure
also alter the activity of cholinesterases. Urea, surfactants and polar organic sol-
vents suppress the activity of free enzyme to an extent depending on their nature,
concentration and contact time [13]. It was shown that the influence of polar
solvents is additive to that of dissolved irreversible inhibitor if the total inhibition
remains rather low (about 20–50 %) [14]. However, the possible interference of the
solvents on the detection of extracted pesticides and other anticholinesterases needs
further investigation. Acetonitrile exert activating effect on immobilized cholines-
terase and increases the sensitivity of pesticide detection [15]. Immobilization of
cholinesterases decreases the influence of denaturation agents due to stabilizing
effect of the matrix. This allows adapting the sample treatment schemes developed
for HPLC and applying direct detection of an inhibitor in diluted extract with no
evaporation of organic solvent.

2.1 Irreversible Inhibition

Irreversible inhibition is measured by consecutive incubation of the enzyme, either
free or in the assembly of biosensor, in the inhibitor solution followed by the
addition of the substrate which stops interaction of the enzyme with inhibitor. After
that, the rate of enzymatic reaction is measured. For immobilized enzyme, addi-
tional washing is often used to remove the access of an inhibitor. This makes it
possible to vary the conditions of incubation and signal detection, which are not
always the same especially in pH region and electrolyte content. Both AChE and
BChE are irreversibly inhibited by organophosphates and carbamates that form
esteric bonds with serine -OH group in enzyme active site. Chemical structures of
common inhibitors applied as pesticides are presented in Fig. 1.

Relative decay of the rate of enzymatic reaction caused by irreversible inhibition
depends on the incubation period and the inhibitor concentration in accordance with
the Ellman’ Eq. (3) [16].

ln
vo
vt

¼ kIICIs ð3Þ

Here, v0 and vt are the reaction rates prior to and after the contact of the enzyme
with an inhibitor, CI is the inhibitor concentration and τ the incubation period. The
bimolecular inhibition constant kII depends on the nature of an inhibitor, the
enzyme source and incubation conditions but not on the inhibitor concentration. It
is used for comparison of the cholinesterases from various sources or in various
measurement conditions against the same inhibitor. The Ellman equation assumes
the inhibitor concentration to be sufficiently higher than that of an enzyme active
site. In the opposite case, the decay of the reaction rate linearly depends on the
inhibitor concentration. The use of Eq. (3) gives estimate of the limit of detection
(LOD) for irreversible inhibitor. For 15 % inhibition often considered as minimal
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level reliably detected, the LOD is equal to 0.13/(kII·τ). The kII values vary from
n × (106÷108) M−1 s−1 for chemical warfare to n × (103÷105) M−1s−1 for
organophosphate pesticides [17, 18].

The following criteria of irreversible inhibition are mostly used: (1) the pro-
portional increase of the inhibition with incubation period; (2) full inhibition of an
enzyme with increased inhibitor concentration or incubation period; (3) no recovery
of enzyme activity after addition of increasing substrate concentration after inhi-
bition step. The reactivation with oximes is also a sign of irreversible inhibition
caused by organophosphates and carbamates because reversible inhibition does not
assume the formation of esteric bonds in the active site. It should be mentioned that
about all of these criteria are not absolute. Slow establishment of equilibrium in the
reaction media and fast spontaneous reactivation can mask irreversible character of
enzyme—inhibitor interaction.

The biosensor format of the inhibition measurement with immobilized choli-
nesterase changes the quantitative relations from those corresponded to Ellman’
equation. Commonly, the sensitivity of inhibitor determination obtained with a
biosensor is lower than that of free cholinesterase. Meanwhile, some examples
reported recently demonstrate significant decrease of the limits of detection (LODs)
against homogeneous reaction conditions. The reasons of such a behavior of cho-
linesterase biosensors can be summarize as follows [19]:

• Immobilization matrix effect. The charge and buffering properties of the
immobilization matrix affect the transfer of cationic acetylcholine in the surface
layer and hence shift the signal of a biosensor. To some extent, the permeability
of the surface layer for inhibitor molecules can be also taken into account.

• Kinetic limitations. Decrease in the rate of the substrate transfer into the surface
layer can prevent saturation of the enzyme active site with substrate. As a result,
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Fig. 1 Irreversible inhibitors commonly detected with cholinesterase biosensors
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inhibition is partially compensated for by involvement of free active sites in the
substrate hydrolysis [20].

• pH shift. Both AChE and BChE exert maximal activity in weakly basic media.
Any reactions resulted in release of hydrogen ions or their neutralization will
shift the local pH in the surface layer and hence the parameters of both substrate
hydrolysis and enzyme inhibition. Slow transfer of H+ ions from the bulk
solution aggravates the situation. This is especially important for potentiometric
biosensors based on pH measurement [21].

• Unspecific transfer of reactants in the surface layer. Adsorption or aggregation
of a substrate/inhibitor in the surface layer or on the transducer surface change
their distribution in the reaction layer and hence affect experimental values of
inhibition.

• Side reactions of reactants. Non-enzymatic hydrolysis of acetylcholine can be
accelerated by matrix material. The same can happen with inhibitors able to
hydrolyze (organophosphates and carbamates) or aggregate in inactive com-
plexes (heavy metal ions).

As could be seen, most of these factors decrease inhibitory effect of irreversible
inhibitors. However, sorptional accumulation of an inhibitor and changes in the
substrate transfer can improve the performance of cholinesterase biosensors with no
respect of biochemical backgrounds of inhibition quantification.

2.2 Reversible Inhibition

Reversible inhibitors exert a variety of mechanisms referred to the true equilibria of
the stages with the enzyme participation [22]. Most of the reaction schemes assume
Michaelis-Menten kinetics and possibility to form triple enzyme—inhibitor—sub-
strate complexes. Contrary to irreversible inhibitors, the binding of reversible
inhibitor allows producing the final product of the substrate conversion. The
reversible inhibitors of cholinesterases can mimic cationic part of a natural sub-
strate, acetylcholine, nut they cannot form covalent bond with the amino acid
residues of the active site. Even involved in the reaction, they do not fully suppress
the access of the substrate. For AChE, reversible inhibitors can attack allosteric
center of regulation of enzyme activity so that the enzyme-inhibitor complex
formed retains the possibility to interact with the substrate. From the point of view
of detection of chemical hazards, the determination of reversible inhibitors is not
very interesting because the appropriate analytes are sufficiently less dangerous than
irreversible inhibitors presented above or their detectable concentrations are much
higher than limited threshold values. Nevertheless, the investigation of reversible
inhibition is important if the cholinesterase biosensors are intended for the
assessment of total contamination of environmental subjects. Besides, reversible
inhibitors decrease the influence of irreversible inhibitors due to so called protecting
effect. The reversible enzyme–inhibitor complex cannot react with irreversible
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inhibitor but after incubation of the biosensor it can be destroyed by addition of a
substrate followed by restoration of the enzyme activity. Protecting effect is widely
used for antidote therapy and prevention of acute poisoning with anticholinesterase
species. Some of the organic reversible inhibitors studied with cholinesterase
biosensors are presented in Fig. 2.

They include some drugs applied as myorelaxants and for Alzheimer disease
treatment and toxins produced by potato (saponine) and molds (aflatoxin B1). The
latter one is of special interest because of carcinogenicity of the pollutant and low
residual concentrations allowed in foodstuffs. The use of AChE is an alternative of
immuno- and aptasensors that show comparable sensitivity but higher specificity of
the response. On the other hand, the use of immobilized enzyme makes possible
multi-use of the biosensor and decreased measurement time.

Kinetic consideration of reversible inhibition is mainly based on some simpli-
fications found more convenient for application.

In competitive inhibition (Scheme 4), the inhibitor and substrate both compete
for the same active site of an enzyme and the enzyme-inhibitor complex cannot
catalyze the substrate conversion.

ð4Þ

Irreversible inhibition of cholinesterase performed in the presence of the sub-
strate corresponds to this type of inhibition. For such a reaction, the maximal rate of
the reaction does not depend on the concentration of the competitive inhibitor
whereas Michaelis constant increases with inhibitor content.

Non-competitive inhibition corresponds to the case when the substrate and
inhibitor do not interfere with each other in enzyme binding. The interaction with
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an inhibitor affects the affinity of an enzyme towards a substrate but not the reac-
tivity of the enzyme-substrate complex (Scheme 5).

ð5Þ

Non-competitive inhibition can be observed for heavy metal ions which either
bind allosteric center of AChE cholinesterase or affect the protein conformation due
to participation in the charge distribution and pH shifts within the protein globule.

Uncompetitive inhibition assumes the interaction of an inhibitor only with the
enzyme-substrate complex. It is rarely observed for cholinesterases. The same can
be said about mixed inhibition, but both types of inhibition can be indicated by the
formal kinetics analysis for immobilized enzyme with complicated reactant transfer
stages.

In all the mechanisms of reversible inhibition, the equilibrium of enzyme–in-
hibitor interaction is quantified with equilibrium constant called as inhibition
constant (Ki). The increase in the inhibition constant decreases the sensitivity of an
enzyme towards an inhibitor. The value of inhibition constant corresponds to the
inhibitor concentration resulting in a 50 % decrease of the rate of the enzymatic
reaction, or a biosensor signal. However, the Ki values can be compared only for
inhibitors interacting with cholinesterase in the same way.

For kinetically ‘pure’ reversible inhibition, the conclusion on the mechanism of
enzyme–inhibitor interaction is made from the experiments with varied concen-
trations of the substrate/inhibitor. The shape of the kinetic curves and their relative
position against each other provide the criteria of particular inhibition mechanism
described above. Besides, changes in the Michaelis constant and maximal reaction
rate can be calculated in a common manner for different content of an inhibitor in
the reaction media (see kinetic analysis in more detail in [19]).

The knowledge on mechanism of reversible inhibition makes it possible to
optimize the reaction conditions. Thus, for reversible inhibitors, the substrate
concentration is of critical importance for the sensitivity of the assay. The lower is
the substrate concentration the higher is the slope of calibration curve. Contrary to
that, non-competitive inhibition is insensitive to the substrate concentration chosen.
Uncompetitive inhibition depends on the substrate concentration only if that is
below the Michaelis constant. At upper substrate content, the inhibition does not
change with variations of this parameter [14, 19].

As in the case of irreversible inhibitors, immobilization of the enzyme affects the
changes in the biosensor response. The sensitivity of inhibitor detection becomes
lower due to additional electrostatic interaction and steric limitations of an inhibitor
transfer to the enzyme active site. Besides, the use of appropriate substrate con-
centrations far from optimal values is dictated by the accuracy reasons and
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properties of appropriate transducer. The reversible character if inhibition can be
established from the following experimental evidences:

• The maximal inhibition of the biosensor signal is significantly below 100 %;
• The addition of the substrate to the reaction media containing an inhibitor

partially restores the signal value observed in the absence of an inhibitor;
• There is no effect of the increased incubation period on the inhibition;
• The inhibited biosensor restores its signal after washing in the substrate solution.

A short overview of the inhibition mechanisms and their use for interpretation of
a biosensor response shows a variety of the properties that complicate the com-
parison of various inhibitors in accordance of their ability to suppress the inhibition
activity. The calculation of inhibition kinetics requires data on the mechanism and
stoichiometry of enzyme–inhibitor interaction. To simplify such comparison,
empirical parameters are mostly used for characterization of a biosensor perfor-
mance. Thus, relative decay of biosensor response (inhibition degree) against that
measured prior to the contact with the sample is frequently applied for calibration
graphs. The I50, an inhibitor concentration corresponded to 50 % inhibition of the
signal, characterizes the sensitivity of the response similarly to kII of irreversible
inhibitor and Ki of reversible inhibition.

3 Cholinesterase Biosensor Assembling

The development of cholinesterase biosensor is based on the development of two
protocols, i.e. (i) that of the enzyme immobilization, and (ii) measurement of the
signal related to the cholinesterase activity. Although both problems mentioned are
interconnected, some universal solutions exist. Below, the approaches to the
development of cholinesterase biosensors are briefly considered with particular
emphasis on the specificity of inhibition measurement.

3.1 Cholinesterase Immobilization

The immobilization assume the procedure that fixes the enzyme on appropriate
carrier or directly to the transducer surface. First, the immobilization was directed to
the multiple use of a biosensor to decrease the cost of expensive enzyme prepa-
rations. However, inhibition decreases the signal and the following application of
biosensor once contacted with an inhibitor is often not possible. For this reason, the
immobilization of cholinesterase solves other problems like ease operation of
biosensor and stability of the signal. To some extent, the requirements to immo-
bilization of cholinesterase are contradictory. The protocol chosen should provide
long operation of biosensor and meanwhile high its sensitivity toward an inhibitor.
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It assumes accessibility of the active site and rather low changes in the flexibility of
protein globule and conditions of enzyme–inhibitor interactions in comparison with
native enzyme. The following methods for AChE/BChE immobilization were
described:

• Physical adsorption on solid support. From very beginning, BChE preparations
were stabilized in starch for batch and flow detection of anticholinesterase
agents [23]. The stability of the enzyme was increased by application of poly-
urethane foam as mechanical carrier and glycerin as plasticizer. The use of
screen-printed carbon electrode [24] and especially carbonaceous nanomaterials
like carbon black or carbon nanotubes (CNTs) [25–27] significantly improved
the performance of biosensors. The electrostatic self-assembling can be addi-
tionally stimulated by layering positively charge polyelectrolytes like poly
(diallyldimethylammo-nium chloride) [26].

• Entrapment of in polymer gels. This immobilization protocol is similar to that of
physical adsorption and assumes weak non-covalent interactions together with
mechanical limitation of enzyme leaching from the polymeric net. Siloxane
matrices obtained by sol-gel technology and included other auxiliary agents like
mediators provide several months of the storage period due to favorable
hydrophilic microenvironment of the enzyme active site [28–30]. Protecting role
of chitosan on AChE functioning in methanol solution was also mentioned [31].

• Cross-linking with glutaraldehyde is used to increase the stability of the
enzymes immobilized in polymeric matrices like chitosan [31], bovine serum
albumin (BSA) [32], nafion [15, 33, 34] and some polymers obtained by
electropolymerization [35–37]. This reagent forms imide bonds with amino
groups of proteins and increases average molar mass of the product together
with decrease of its solubility in water. The treatment with glutaraldehyde can
hence additionally stabilize enzyme entrapped in different matrices or adsorbed
on sold supports. The reaction is complicated by partial oligomerization of
glutyaraldehyde during the storage and by reversibility of the binding. The latter
one can be avoided by chemical reduction of >C=N- bonds with NaBH4.

• Covalent carbodiimide binding with carboxylated carriers [37–39]. The use of
carbodiimides, specifically, N-(3-dimethylaminopropyl)-N′-ethyl-carbo-diimide
chloride (EDC), results in formation of amide bonds with aminated molecules
including proteins. Contrary to glutaraldehyde binding, the use of carbodiimide
provides site specific point attachment of the enzyme globule and is mostly
applied for carbonaceous materials, e.g., CNTs or carbon black that have free
carboxylic groups on the surface. The reaction is performed at room temperature
in the presence of N-hydroxysuccinimide (NHS) to prevent the hydrolysis of
unstable intermediate. Carbodiimide binding can be also combined with
formation of self-assembled monolayers of thiolated carbon acids on Au elec-
trodes [40].

• Affine immobilization with concanavalin A binding [41, 42] or application of the
nitrilotriacetic complexes able to bind histidine residues [43]. The use of
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biochemical receptors offers mild and oriented inmmobilization with high
residual enzyme activity and sensitivity toward inhibitors.

It should be mentioned that most of the modern immobilization protocols
include implementation of auxiliary reagents together with AChE or BChE that
electrically wire enzymes (CNTs, metal nanoparticles) or stabilize their structure
(dextran, chitosan). The variation of pH and reactant quantities makes it possible to
alter the specific enzyme activity and to some extent the sensitivity of an inhibitor
detection. In many articles, the optimization of immobilization procedure is directed
by the achievement of a maximal signal toward the substrate. On the one hand, this
makes it possible to reach more accurate measurement of the inhibition and hence
decrease the LOD value. However, increased specific activity of the enzyme
decreases inhibition degree. From this consideration, the amount of enzyme to be
immobilized is a compromise between the requirements of the measurement
accuracy and sensitivity of the response toward an inhibitor. The use of hydrophilic
matrices with ionized or polar groups is favorable for enzyme stabilization but can
prevent the access of acetylcholine to the enzyme active site. On the other hand,
some carriers, e.g. porous graphite or CNTs, accumulate the organic anti-
cholinesterase species and hence increase the sensitivity of biosensor over the
values expected from inhibition kinetics studied with free enzyme preparations.

Besides inhibition degree measured against a constant concentration of an
inhibitor, the experimental values of Michaelis constant (Km) are often determined
as a measure of possible influence of immobilization matrix on the enzyme—
substrate interaction. For inert matrices, the experimental Km values are commonly
higher than that of free enzyme indicating the limitations in the substrate transfer at
the enzyme neighborhood. The opposite effect of immobilization can be found if
the matrix exerts accumulating effect on the substrate concentration, e.g., with
negatively charged CNTs [38].

3.2 Biosensor Signal Measurement

As could be seen from reaction (1), the enzymatic reaction of acetylcholine results in
release of acetic acid which is fully dissociated in the pH region corresponding to
maximal enzyme activity (pH 8–10), i.e., is a strong acid able to shift pH of the
reaction media. Indeed, first analytical devices with cholinesterases employed pH
changes as a measure of enzyme activity. For this purpose, pH indicators like bro-
mothymol blue or neutral red are added to the solution or placed together with the
enzyme on solid support and the time required for color change is recorded. However,
this way has some serious limitations related to the pH sensitivity of enzyme activity
and interfering influence of the sample buffer capacity and of the non-enzymatic
hydrolysis of acetylcholine. For this reason, the progress in the development of
cholinesterase biosensors demanded new signal measurement protocols. Nowadays,
signal measurement of cholinesterase biosensors is mainly based on two approaches,
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i.e., detection of the second product, choline, by its involvement in the enzymatic
oxidation, and the use of synthetic substrates. In the latter case, the products of
cholinesterase reactions are measured by more sensitive and selective than colori-
metric techniques based mostly on optical and electrochemical transducers.

3.2.1 Optical Systems

Two synthetic substrates, i.e. indoxylacetate [44–46] and indophenylacetate [47,
48], are hydrolyzed with formation of colored products (Scheme 6).

ð6Þ

The reaction of indoxylacetate results in formation of an intermediate,
leuco-indigo which is irreversible oxidized to deep blue colored indigo.
Indophenylacetate reacts in one step to form blue-purple color instable in basic
media due to following oxidation. Both substrates can be used with electrochemical
transducers recording amperometric oxidation of leuco-indigo or potentiometric
monitoring of indophenol conversion. The potential of reaction can be altered by
introduction of substituents in phenolic ring of the molecule. Although such col-
orimetric detection system have been proposed about 50 years ago, they have
recently received a new impulse for development related to the use of smartphones
and paper based flow lateral systems for signal quantification.

Spectrophotometic determination of cholinesterase activity based on the use of
thiocholine ester and 5,5′-dithiobis-(2-nitrobenzoic acid) is a standard method for
cholinesterase activity determination first suggested by Ellman [49]. The thio-
choline formed in the presence of enzyme reacts with disulfide to form yellow
product monitored at 405 nm (7).
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ð7Þ

The modification of Ellman’ method was proposed for chemiluminescent
determination of enzyme activity based on dioxetane derivative of the Ellman’
reagent able to excitation in the presence of thiocholine (8) [50].

ð8Þ

Surface plasmon resonance (SPR) technique was utilized for monitoring of
AChE activity based on alteration of conditions of light refraction with optical fiber
coated with silver [51]. Surface enhanced Raman scattering (SERS) on colloidal
silver nanoparticles has been applied for detection of thiocholine giving specific
SERS spectrum in interaction with silver [52]. The method was proposed for
detection of both enzyme activity and inhibitors present in sample.

3.2.2 Electrochemical Detection Systems

Although optical systems have been developed from very beginning of cholines-
terase assay, electrochemical transducers received privilege due to advantages they
possess, i.e., fast and intuitively understandable response, high sensitivity and
accuracy of measurement, compatibility with conventional analytical devices
including portable measurement tools, low price and prospects of automation and
miniaturization. The first attempts to the electrochemical detection of the choli-
nesterase activity were based on the use of the thiocholine esters that gave the
product, thiocholine which could be oxidized on the solid electrodes to appropriate
disulfide (9).
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First, the reaction was monitored in galvanostatic regime with Pt net electrodes by
appropriate shifts of the potential related to two processes, i.e. thiocholine oxidation
and iodide oxidation [23]. The latter one was used as a counter ion of thiocholine
ester due to much lower hygroscopicity against appropriate chloride and bromide.
The formation of mixed potential increased the sensitivity of the response referred to
the mediation function of I2/I

− pair [53]. Later on, voltammetric and amperometric
transducers have been introduced for the same reaction detection. However, in these
works, chloride counter ion was used to avoid complication of parallel oxidation of
thiocholine and iodide. As was shown on bare metal and carbon electrodes, thio-
choline is oxidized with rather high overvoltage at about 0.6–0.8 V. The reaction can
result in partial passivation of metal electrodes due to formation of insoluble sulfides.
For this purpose, now the reaction is performed in the presence of mediators
decreasing working potential of appropriate biosensor to 0.15–0.40 V. Prussian blue
[54–56], Co phtalocyanine [57] 7,7,8,8-tetracyanoquinodimethane (TCNQ) [58,
59], silver nanoparticles [38, 60–63] can be used for amplification of the signal
related to thiocholine oxidation. In many cases, the mediators are assembled on
CNTs or carbon black that exert their own catalytic activity. The application of
mediators excludes chemisorption of oxidation products and simplifies recovery of
the biosensor after signal measurement. Interpretation of the results obtained with
thiocholine esters should take into account that the rate of its enzymatic hydrolysis is
lower than that of acetylcholine by 1.5–1.8 times. In addition, thiocholine can release
H+ ions with the dissociation constant comparable with that of acetic acid. This
increases the pH shift during the reaction run.

Potentiometric biosensors utilize pH-metric glass electrodes [63] or polyaniline
layers which potential is pH dependent [64, 65]. Few publications are devoted to
the application of membrane ion-selective electrodes sensitive to choline or
acetylcholine [66–68]. More recently, pH sensitive field-effect transistors (ISFETs)
[69, 70] and conductometric devices [71, 72] have been described as transducers for
the detection of cholinesterase inhibitors. Although it could be stated that poten-
tiometric biosensors are less sensitive in inhibitor detection than voltammetric
sensors, in comparable conditions and with similar enzymatic membranes the
performance of such biosensors is comparable [19].

Second approach to the measurement of AChE/BChE biosensor signal uses
enzymatic conversion of choline resulted in formation of betaine and hydrogen
peroxide (10). The rate of the second step is estimated by the concentration of
hydrogen peroxide which is either oxidized or reduced on the electrode.
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The oxidation of the hydrogen peroxide is promoted by mediators of electron
transfer, e.g., Pt nanoparticles [73], MnO2 [74] and phtalocyanine complex [75].
Horseradish peroxidase (HRP) [76, 77], Prussian blue [78] and CdTe quantum dots
[79] catalyze reduction of hydrogen peroxide.

Choline oxidase differs from cholinesterase by specific activity and pH maxi-
mum of activity. This complicates their co-immobilization on the same support. To
overcome the difficulties, AChE is used in soluble form whereas the residual
activity after inhibitor addition is measured with choline oxidase biosensor.

3.3 Analytical Characteristics of Inhibitor Determination

Performance of cholinesterase biosensors developed for inhibitor determination is
summarized in Table 1 for the period from 2011 to 2015. Previous publications as
well as alternative approaches to toxicant detection were reviewed elsewhere [4, 14,
80]. Main attention is paid to the signal transduction and sensitivity of inhibitor
determination.

As could be seen, many of the biosensors developed were tested on standard
inhibitors, i.e., paraoxon as a model of organophosphates and carbaryl as a repre-
sentative of carbamate pesticides. Relative sensitivity of response toward other
inhibitors commonly coincides with the values of appropriate kII values determined
for free enzyme. This rule does not work if inhibitors are accumulated on the
carbonaceous supports, e.g., CNTs or carbon black. Thus, relative sensitivity of
malaoxon and paraoxon determination with appropriate biosensors is opposite to
that expected from inhibition kinetics [38, 62]. The same reason explains significant
decrease in the detection limits of irreversible inhibitors observed in recent publi-
cations in this area.

AChE from E. eel is mainly applied for inhibitor detection due to its high
specific activity and broad selectivity toward various substrates. The application of
BChE from horse serum increases relative response toward organophosphates
against that of carbamates. For this reason, this enzyme source has some advantages
in detection of nerve gases or in attempts to increase the selectivity of the response
in the mixtures of irreversible inhibitions.

As was mentioned before, all the commercial enzymes are produced by genet-
ically modified microorganisms so that their prize tends to decrease. For the same
reason, the aspects of enzyme purity and special purification are not considered in
appropriate publication devoted to biosensor design.
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The variety of inhibitors detected does not fully correspond to the capabilities of
appropriate biosensors. Thus, the use of cholinesterases from various sources for
heavy metal detection was rather popular in the past decades due to attempts to
create the systems for the total assessment of the sample toxicity [119–122]. Among
others, Hg(II), As (III, V), Ag(I), Cu(II), Ni(II) are mainly mentioned as choli-
nesterase inhibitors [123]. Although the above mentioned metals exert inhibitory
effect on cholinesterase on ppm-ppb level, their influence is non-selective and the
detectable concentrations are higher than their limited threshold values and char-
acteristics achieved by atomic spectroscopy. Nevertheless, the interest exists in the
part related to improvement of biosensor based detection of more dangerous con-
taminants. Metal ions as reversible inhibitors are able to partially suppress irre-
versible inhibition and hence to underestimate toxic species content. In
multisensory systems, the inhibition of cholinesterases can be compared with that of
urease, the enzyme more sensitive toward metals and less sensitive than choli-
nesterases toward organophosphates [122, 124]. Alternative approach assumes the
use of cholinesterase from several sources and chemometric treatment of the results
[125, 126].

In addition to heavy metals, some other non-specific inhibitors have been
determined with cholinesterase biosensors. Thus, surfactants affect the enzyme
activity measured by conductometric sensor [122, 127] or potentiometrically [128].
Hypochlorite ions irreversibly damage AChE globule estimated by the potentio-
metric biosensor response [129].

The detection systems described during the past 5 years utilize the well-known
principles proposed earlier. Most of the articles describe amperometric transducers
with mediated thiocholine oxidation monitored either continuously or in batch
regime. High reliability of the detection system as well as suppression of interfering
chemisorption of the products on the electrode made it possible to develop
microfluidic systems and lab-on-chip devices with electrochemical [85, 130, 131]
and fluorescent [132] detection of the signal. Although the enzyme activity was
found to be stable in the flow-through conditions, the sensitivity of inhibitor
detection was sufficiently lower than that in batch conditions. Thus, the LOD of
420 nM of malathion [131] and 10 nM of carbaryl [132] were achieved in flow
regime. This is significantly higher than the characteristics of conventional devices
(see the results presented in Table 1 for comparison).

Although most cholinesterase biosensors utilize common transducers, a number
of new approaches can be mentioned. Thus, the phenomenon of biometallization
was proposed to amplify the AChE signal toward the substrate and inhibitors [133].
In this optical biosensor, liquid crystals of AChE are used. The thiocholine released
from the substrate hydrolysis reacts with the AuCl4

− ion to form Au nanoparticles
that disrupt the orientational arrangement of liquid crystals and hence changes the
optical properties of the surface layer. The biosensor was tested on sub-nanomolar
concentrations of organophosphate inhibitor.

In the second approach, the association and dissociation of polyelectrolyte
complex between polycarboxylated polythiophene and myristoylcholine was
recorded by absorbance spectroscopy in the presence of AChE [134]. The addition
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of myristoylcholine in the system resulted in disaggregation of the thiophene
derivative whereas the hydrolysis of the additive in the presence of the enzyme
returned the reaction to aggregation. The detection system allows visual detection
of very small AChE activity and can be potentially applied for enzyme inhibition
quantification.

The sensitivity of thiophosphate detection significantly depends on the sample
pre-treatment. Thiophosphorus pesticides, e.g., malathion, parathion, etc., exert
only weak reversible effect on human AChE. In the insects, such compounds are
metabolically converted in highly toxic oxon derivatives which are real anti-
cholinesterase agents. The application of thiophosphates referred to the second
generation of insecticides is explained by lower acute toxicity of such chemicals
against first generation pesticides (paraoxon, malaoxon, etc.) for warm-blooded
organisms. For this reason, the appropriate pesticides should be first oxidized prior
to their contact with the cholinesterase biosensor. This can be made by mixing the
standard solution or extract with bromine [38, 62, 74] or bromosuccinimide [135].
The oxidant can be generated by electrolysis of bromides or chlorides performed in
the same working cell as the inhibition of a biosensor [136]. The excess of the
reagent can be easily removed by addition of formic acid or thiosulfate. In some
publication devoted to cholinesterase biosensors such a stage of a pesticide ‘acti-
vation’ is assumed but not described in detail. This might be a reason of difference
in the sensitivity of the biosensors utilizing the same enzyme and inhibitor. The
electrolysis with soluble Al anode was also suggested for removal of phenolic
compounds precipitated in the salt forms. This precipitation decreased their inter-
ference with cholinesterase detection of organophosphates residuals in grape must
and wine [137].

As was mentioned in Sect. 2, inhibition degree is mostly used for the inhibition
quantification and inhibitor determination. In semi-logarithmic plots, the appro-
priate graph is linear within 2–3 orders of magnitude. In many cases, the whole
curve is approximated by two linear pieces which dramatically differ in their slope.
The idea to increase the range of concentration determined by such mathematical
treatment requires consideration in each particular case. An original approach to
data processing is suggested in [138] where quantification of inhibitory effect of
captan, a new fungicide, is described. The results obtained are processed using
principal component analysis followed by establishment of non-linear regression
models. The results show rather high accuracy of the prediction of inhibitor con-
centration for fully non-linear calibration plots.

Low selectivity of irreversible inhibition of cholinesterases remains a main weak
point of appropriate biosensors in the detection of potential hazards. Regarding
chemical warfare, extremely high toxicity of nerve gases makes it possible to avoid
possible influence of other anticholinesterases by sample dilution. As to insecti-
cides, the assessment of their mixtures is limited by some reasons related both to the
measurement protocol and inhibition mechanism. Ellman’ Eq. (3) shows non-linear
contribution of individual inhibitors in resulting decay of enzymatic reaction rate.
The difference in kII values of inhibitors does not allow quantifying their content by
a single biosensor. To some extent, distinguishing the signal can be reached by

374 G. Evtugyn



multi-parameter assay. For this purpose, several biosensors different in enzyme
source are applied with the following chemometric treatment of their responses
[126, 139–143]. In addition, the results of cholinesterase reactivation can be taken
into account. It should be mentioned that the reliability of such calculations assumes
the fulfilment of strict requirements to the measurement conditions. The use of
organic solvents and solid supports for enzyme immobilization can alter the inhi-
bition measurement and disturb the calculation results. The number of such mul-
tivariate estimations of inhibitor concentrations based on biosensor technologies
grows but their application for real samples seems to be rather far in the future.

4 Conclusion

The risk associated with anticholinesterase species, i.e. pesticide residues, myco-
toxins or chemical warfare, is a great challenge in food industry, agriculture and
environmental monitoring. Besides some industrial contaminants, e.g. polychlori-
nated polyaromatics, polyfluorinated compounds and endocrine disruptors, they are
of great concern due to large application scale and sever consequences of poi-
soning. This calls for the development of portable analytical devices for their fast
and reliable detection on the level of limited threshold values. The biosensing
principles offer such opportunities based on the biorecognition principles as an
alternative to conventional instrumentation mostly used in well-equipped
laboratories.

The biosensors based on immobilized cholinesterases can serve as early warning
devices for preliminary testing of food and agriculture samples (soil, ground water,
fertilizers, household equipment).

Three directions of the further progress of the cholinesterase biosensors in the
specified area can be named.

• Significant improvement of the stability of immobilized enzymes and decreased
drift of the biosensor performance during the storage. Most of the cholinesterase
biosensors described show the lifetime of several months. Moreover, the sen-
sitivity of the signal toward inhibitors is checked in rare cases. More frequently,
the substrate signal is recorded as a measure of residual enzyme activity. The
application of biosensors needs the prolongation of the storage period for at least
one year.

• Selectivity improvement. Most of the measurements performed in the
multi-analyte mixtures represent an estimated of their total inhibitory activity
with no selection of the signal into individual contributions of the analytes. The
use of genetically modified proteins tested 15-20 years ago did not show sig-
nificant progress except selected inhibitors like paraoxon. Group specificity of
the response is achieved by simultaneous consideration of inhibition and reac-
tivation of the biosensors. Besides, chemometric approaches are demanded for
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the processing of multisensory systems utilizing several enzymes or transduc-
tion principles.

• Expanding area of biosensor application. Most of cholinesterase based biosen-
sors are intended to use in aqueous solutions though most of the anti-
cholinesterase species are hydrophobic. The use of diluted solutions with a
portion of polar organic solvents does not alter the biosensor performance but
significantly decreases the biosensor lifetime. Among extract testing, organic
solvents are used in the industrial production of new chemicals which should be
tested for biological activity to avoid the distribution of potentially highly toxic
chemicals in the environment. The enzyme stabilizers as well as further efforts
in the immobilization techniques can improve the situation with biosensor
operation in extreme media.

The automation and miniaturization of the biosensors is another challenge for
cholinesterase biosensors. The irreversible inhibition assumes at least three stages
of the measurement, i.e. initial signal measurement, incubation performed in the
absence of the substrate and second signal measurement followed by the calculation
of relative degree in the enzyme activity. The attempts to perform the measurement
in a way adopted from reversible inhibition, i.e., with simultaneous addition of the
substrate and inhibitor, showed remarkable increase of the concentrations detected.
This is not very important for nerve gases but critical for pesticide detection. Then,
the inhibition assumes the replacement of the enzyme after its contact with the
sample tested, i.e. the introduction of replaceable elements (membranes, columns,
or cartridges) questionable in flow regime. The recovery of cholinesterase activity
worsens the repeatability of the signal and increases the chance for a wrong
response. For this reason, microfluidics operating with microliters of free enzyme
can receive privilege. The application of magnetic nanoparticles for replacement of
immobilized enzymes might be an elegant solution compatible with flow-through
format.

The validation of enzyme inhibition data is a methodological problem actively
discussed. The impact of pesticide residues in common situations is still far from
those assessed as harmful. Their detection requires reliable quantification of the
signal on the level of several percentages of inhibition. And vice versa, the
assessment of the risks related to industrial accidents and terrorist attacks demands
fast identification of the toxic species with no respect of their actual concentrations.
In both cases, high accuracy of the measurement of extreme inhibition degrees is
required. Enzymatic sensors cannot give a reliable response with identification of a
toxicant except very rare cases. The anticholinesterase pesticides are detected in
total with rather limited information about the source. Nevertheless, the early
diagnostics of anticholinesterase species leaves promises to safe life and health of
poisoned people especially those with acute toxic effect far from the hospital.
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