Sensors 2013, 13, 1603-1613; doi:10.3390/5130201603

Seénsors

ISSN 1424-8220
www.mdpi.com/journal/sensors

Article

Critical Evaluation of Acetylthiocholine Iodide and
Acetylthiocholine Chloride as Substrates for Amperometric
Biosensors Based on Acetylcholinesterase

Madalina-Petruta Bucur, Bogdan Bucur * and Gabriel-Lucian Radu

National Institute of Research and Development for Biological Sciences, Bioanalysis Center,
296 Splaiul Independentei, Bucharest 060031, Romania;
E-Mails: madalina dondoi@yahoo.com (M.-P.B.); rglucian2000@yahoo.com (G.-L.R.)

* Author to whom correspondence should be addressed; E-Mail: bucurica@yahoo.com;
Tel./Fax: +40-021-220-0900.

Received: 30 November 2012; in revised form: 15 January 2013 / Accepted: 22 January 2013 /
Published: 25 January 2013

Abstract: Numerous amperometric biosensors have been developed for the fast analysis of
neurotoxic insecticides based on inhibition of cholinesterase (AChE). The analytical signal
is quantified by the oxidation of the thiocholine that is produced enzymatically by the
hydrolysis of the acetylthiocholine pseudosubstrate. The pseudosubstrate is a cation and it
is associated with chloride or iodide as corresponding anion to form a salt. The iodide salt
is cheaper, but it is electrochemically active and consequently more difficult to use in
electrochemical analytical devices. We investigate the possibility of using acetylthiocholine
iodide as pseudosubstrate for amperometric detection. Our investigation demonstrates that
operational conditions for any amperometric biosensor that use acetylthiocholine iodide
must be thoroughly optimized to avoid false analytical signals or a reduced sensitivity.
The working overpotential determined for different screen-printed electrodes was:
carbon-nanotubes (360 mV), platinum (560 mV), gold (370 mV, based on a catalytic effect
of iodide) or cobalt phthalocyanine (110 mV, but with a significant reduced sensitivity in
the presence of iodide anions).

Keywords: acetylthiocholine iodide; acetylthiocholine chloride; amperometry;
acetylcholinesterase




Sensors 2013, 13 1604

1. Introduction

Various types of biosensors based on inhibition of acetylcholinesterase (AChE) have been
developed for the rapid detection of neurotoxic insecticides (organophosphates or carbamates), nerve
agents and natural toxins (aflatoxin, glycoalkaloids, efc.) [1]. Besides biosensors, the AChE activity
was intensively investigated in vivo due to its primary role in the nervous system of terminating the
nerve impulses by acetylcholine catalysis, but also for its relevance in other important processes such
as memory [2] or neurodegenerative diseases [3]. Depending on their measurement principle
electrochemical biosensors may be potentiometric [4], conductometric [5S] or amperometric. The most
widely employed detection is amperometric [1] based on two strategies: (i) the use of a natural
substrate (acetylcholine) with a second enzyme (choline oxidase) and measurement of the produced
hydrogen peroxide or consumed oxygen [6] and (ii) the use of a pseudosubstrate (acetylthiocholine)
and the oxidation of the produced [7]. The biosensors are intended to be simple and cheap analytical
devices and, in consequence, the monoenzymatic alternative based on acetylthiocholine is preferred
over the bienzymatic detection scheme based on choline oxidase. Acetylthiocholine contains a
quaternary ammonium cation and it is associated with chloride or iodide as corresponding anion to
form a salt. The iodide salt is cheaper, but iodide is electrochemically active and in consequence it is
usually employed in spectrometric detection of AChE activity [8]. Besides AChE, biosensors for
insecticide detection may be developed based on an alternative enzyme: butyrylcholinesterase
(BuChE) that may use either its natural substrate (butyrylcholine) or the artificial substrate
(butyrylthiocholine). The product of the enzymatic hydrolysis of both enzymes is the same
(thio)choline and the substrate contains either chloride or iodide as counteranion. Thus,
the electrochemical study of thiocholine detection in the presence of iodide is relevant for both types of
amperometric biosensors based on AChE or BuChE.

In a comparative study, it was observed that both chloride and iodide substrates may be equally
used for potentiometric measurement, but only the chloride substrate was employed for amperometric
detection [9]. Nevertheless, there are papers reporting the use of substrate with iodide as counteranion
for amperometric detection of cholinesterase activity. This paper investigates the possibility of using
the acetylthiocholine iodide as enzymatic substrate for the amperometric detection of cholinesterase
activity. One important issue in using iodide containing substrate is the high excess of substrate in
comparison with the thiocholine that is produced by enzymatic hydrolysis: the substrate concentration
is at mM range while the detected thiocholine is produced in low pM concentrations. Thus, even if the
peak oxidation of iodide is at higher overpotential than thiocholine, a parasite analytical signal may be
still be generated by iodide impeding the use of this substrate. This analytical signal is due to the
oxidation of the iodide, is independent of AChE activity and, in consequence, alters the calculated
inhibition percentage and led to the impossibility to observe a total enzyme inhibition.

2. Experimental Section

Thiocholine stock solution were daily prepared by the enzymatic hydrolysis of 10 mM
acetylthiocholine chloride by 5 IU acetylcholinesterase during 30 min. Potassium iodide stock
solutions were prepared daily and protected from light. The phosphate buffer solution (PBS), 0.1 M
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with pH 7 supplemented with 0.1 M KCIl was prepared with Milli-Q ultrapure water (Millipore,
Billerica, MA, USA). All the reagents were of analytical grade and purchased from Sigma-Aldrich
(St. Louis, MO, USA).

The screen-printed electrodes were produced on a ceramic substrate by DropSens (Oviedo, Spain)
and have a circular working electrode (WE) with 4 mm diameter, a crescent shaped auxiliary electrode
(AE) around the WE and a Ag/AgCl pseudoreference electrode (RE). We have investigated different
WE materials: gold, platinum and carbon inks that are simple or modified with carbon-nanotubes or
cobalt phthalocyanine. Biosensors were prepared by carefully spreading on the WE surface 3 puL of a
freshly prepared solution containing 0.1% BSA (Albumin from bovine serum fraction V), 0.25%
glutaraldehyde and 3 IU/mL AChE from electric eel in PBS.

The cyclic voltammetry (CV) and amperometric measurements were performed with a
galvanostat/potentiostat Autolab PGSTAT302N (Metrohm-Autolab, Utrecht, The Netherlands)
controlled by a PC with the software Nova 1.8. In amperometry, the electromagnetic noise produced
by magnetic stirring was reduced using the filter from the ECD module set to 1 s. The CV were made
between —0.4 and 0.8 V at a scan rate of 100 mV/s in PBS. Amperometric measurements were
performed at different potentials (depending on the WE material) in magnetically stirred solutions with
successive injections of thiocholine or potassium iodide.

3. Results and Discussion
3.1. Choice of the Measurement Conditions

This study was made using two different electrochemical techniques: CV in order to detect the
optimum working potentials in function of WE material and amperometry to mimic the measurements
of the AChE activity. All the measurements were made in PBS pH = 7.0, a reaction medium usually
used with AChE based amperometric biosensors. One important aspect is the concentrations of
thiocholine and potassium iodide (both absolute concentrations and relative one to another) to
correctly investigate the electrochemical phenomena that takes place during measurements with AChE
biosensors. The CV studies were made with 1 mM solutions of potassium iodide or thiocholine in
order to measure the redox peaks, but the amperometric measurements were made by injecting into the
electrochemical cell concentrations that are similar with the ones expected during amperometric
measurements with AChE biosensors. Thus, it was injected 0.1, 0.5 and 1 mM KI (final
concentrations) to measure the signals due to the iodide anions because the acetylthiocholine (chloride
or iodide) is used at these concentrations to quantify the AChE activity. The choice of the thiocholine
concentration is more difficult. For a simpler system, we assume that the measurements are made with
the enzyme free in the solution rather than immobilized on the surface of the WE. In this case, it is
used approximately 5-30 mIU AChE in the electrochemical cell. The thiocholine concentration in the
cell may be calculated thus: 5 mIU AChE will catalyze the production of 5 x 10~ (corresponding to
the enzymatic activity) x10° (the activity of one IU of enzyme) = 5 x 10"’ moles of thiocholine per min.
If the electrochemical cell has a total volume of 1 mL then the thiocholine concentration is 5 x 10° M.
This calculus just allows one to estimate the real concentration and must be adjusted depending on
the volume cell and measurement time. For the biosensors based on immobilized enzyme
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(majority of published applications), the enzymatic product is locally produced near the surface of the
WE. The thiocholine concentration must be evaluated on the electrode surface and not in the solution
(where it is very low). This is very difficult due to several factors: it is not known the exact activity of
the immobilized enzyme (it is known the activity of the enzyme used during the immobilization
process, but a large percentage may be lost or denatured), the catalytic activity of the immobilized
enzymes is different from one the free in solution (it is influenced by several factors like:
the orientation of the enzyme that may induce a sterical hindrance, the supplementary diffusion layers
if the enzyme was immobilized by entrapment in a microporous matrix, enzyme structure partial
perturbation due to the reticulation), the produced thiocholine is diffusing in two directions (towards
the electrode surface, but also directly into the solution evading the detection). In fact, despite the fact
that numerous authors used Michaelis-Menten kinetics for immobilized enzymes and calculate
apparent affinity constants and maximum reaction rates (Ky™ and respectively Vi),
the immobilized enzyme does not follow Michaelis-Menten kinetics and typical shape of the
biosensors response to substrate addition (linear increase followed by a plateau) depends on many
factors including substrate diffusion, bulk solution stirring, rate of electron transfer, electrode surface
fouling, etc. [10]. One possibility avoid the need of complicated mathematical estimation of the
thiocholine concentration at the surface of the WE is to use a biosensor and inject thiocholine into
solution and choose the concentration that provide an analytical signal similar with the one obtained
using the enzymatic substrate (acetylthiocholine). The thiocholine final concentrations used in this
study are: 5, 15, 25, 45 and 95 uM. The amperometric measurements were made in two variations:
by injecting first the potassium iodide followed by thiocholine (to mimic the real measurements with
the biosensor were into the electrochemical cell is present first the substrate in large concentration and
subsequently appears the thiocholine in increasing concentrations) and by injecting the thiocholine
before potassium iodide (to record the analytical signal unperturbed by the iodide).

3.2. Carbon and MWCNT Screen-Printed Electrodes

We have used screen-printed electrodes in our experiments because the enzymatic biosensors based
on inhibition are single use. There are numerous types of inks for screen-printing and their exact
composition is usually not given by the producers. The screen-printed electrodes are further modified
with membranes or by different surface activation/cleaning procedures and thus the experimental
results are not always directly comparable with the data published in literature. Our results of the CV
study carried out with carbon screen-printed electrodes demonstrate that iodide has an oxidation peak
at 720 mV, but the current is increasing starting from 660 mV (Figure 1(A)). The thiocholine oxidation
peak is very wide and an overpotential as high as possible is necessary for a good sensitivity.
Amperometric measurements made at 700 mV allowed a satisfactory sensitivity for thiocholine of
9.4 nA/uM with a limit of detection of 1 uM thiocholine. Nevertheless, at this potential it is not
possible to use a substrate that contains iodide as counter anion because the parasite signals due to
iodide are considerably larger. Thus, the signal obtained at the injection of 0.1 mM KI is 2,930 nA
while for 25 mM thiocholine is measured only 218 nA. The analytical signal produced by the
oxidation of iodide anions was reduced to 23 nA for 0.5 mM KI using a lower potential of 600 mV. At
this potential, the thiocholine measurements sensitivity is significantly reduced in the absence of KI to
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only 3.59 nA/uM. Another interesting aspect is the fact that the thiocholine measurements sensitivity
at 600 mV is further reduced in the presence 1 mM KI to 1.51 nA/uM. Our experiments carried out
with screen-printed electrodes modified with multi-wall carbon nanotubes (MWCNT) demonstrates
that the oxidation peaks of iodide (677 mV) is at a potential substantially higher in comparison with
thiocholine (360 mV) (Figure 1(B)). This difference of oxidation potential allowed the detection of
thiocholine at 360 mV without interferences from iodide anions. The sensitivity for thiocholine
obtained using MWCNT screen-printed electrodes was 6.82 nA/uM in the absence of iodide.
The sensitivity of MWCNT electrodes is lower than the carbon screen-printed electrodes obtained at
700 mV, but are avoided the interferences produced by iodide. All these data recommend the use of
MWCNT electrodes for measurements with iodide containing substrate and carbon paste screen-printed
electrodes for chloride containing substrate.

Figure 1. The cyclic voltammograms obtained in PBS, iodide and thiocholine solutions
using: (A) carbon screen-printed electrode. (B) CNT screen-printed electrode.
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In the literature the difficulty of using the carbon based electrodes in combination with iodide
containing enzymatic substrate was observed. Different strategies were used to address this problem
like covering the WE surface with a Nafion layer that decreases the oxidation overpotential of the thiol
moiety to 400 mV [11] or the use of WE made from epoxy-carbon composites covered with a cellulose
nitrate enzymatic membrane to separate of the oxidation of thiocholine and iodide so that the current
measured at 610 mV is mainly due only to the thiocholine [12]. Two reversible peaks were recorded
by CV using WE made from spectrally pure graphite: one a lower potential one that was attributed to
iodide and the second due to thiocholine at a potential that it is pH dependent [13]. The authors were
able to obtain inhibition percentage by amperometric measurements at 800 mV (the higher potential),
but were unable to observe a total inhibition of the enzyme because, besides the enzymatically
produced thiocholine, they measured also the parasite signal of the iodide oxidation [14]. Other papers
describing cholinesterase based biosensors that use iodide containing substrate without investigating
the effect of iodide: home-made screen-printed electrodes using amperometric detection at +600 mV [15]
or a glassy carbon modified with oxidized exfoliated graphite nanoplatelet (xGnPs) dispersed in
chitosan with signal quantification by CV (peak at 950 mV) [16]. It is interesting to mention that
iodide is not only an interfering substance that is simultaneously oxidized with thiocholine, but it acts
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also as a mediator for the oxidation of thiocholine [17]. This catalytic effect amplifies the difficulty of
biosensor signal attribution and increases the measurement errors.

3.3. Gold Screen-Printed Electrodes

Using screen-printed gold electrodes it was obtained by CV for thiocholine a large irreversible peak
with a maximum at 660 mV. The oxidation peak of iodide has the maximum at 695 mV, but the
current increases starting from 390 mV (Figure 2(A)). Because the peaks for iodide and thiocholine
appear at similar potentials and the iodide concentration is relatively high in comparison with
thiocholine, it is not possible to measure the thiocholine in the presence of iodide at 660 mV. Thus,
despite the fact that the sensitivity of the thiocholine measurements performed at 660 mV is
15.06 nA/uM in the absence of iodide, the signal recorded for the injection of 0.5 mM Kl is 13,700 nA
in comparison with only 702 nA obtained for 45 uM thiocholine. Nevertheless, we have observed a
catalytic effect of iodide at lower potential: at 370 mV in the presence of 1 mM KI the sensitivity of
the thiocholine measurements is 7.84 nA/uM. These results suggest that acetylthiocholine chloride
may be easily used as substrate for AChE based biosensors constructed using screen-printed gold
electrodes at 660 mV. The acetylthiocholine iodide may be used as substrate based on the catalytic
properties of iodide at lower potentials, but only with a careful optimization of the working conditions
to avoid false signals due to iodide oxidation.

Figure 2. The cyclic voltammograms obtained in PBS, iodide and thiocholine solutions
using: (A) gold screen-printed electrode. (B) platinum screen-printed electrode.
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The comparison with the experimental results reported in the literature is not straight forward
because the gold electrodes or nanoparticles are usually modified with a self-assembled monolayer
(SAM) made with different thiols or other organic layers for the enzyme immobilization. Thus,
amperometric biosensors obtained by immobilization of acetylcholinesterase with EDC on gold disk
electrodes modified with 3-mercaptopropionic acid were used at 280 mV, while the iodide peak
(attributed by authors to “the oxidation of the substrate”) was 480 mV [18]. Using gold disposable
electrochemical printed gold chips the enzyme free in the solution, two different peaks were recorded
by differential pulse voltammetry (DPV) for tiocholine at 210 mV and respectively 270 mV while the
iodide was oxidized around 500 mV [19]. The amperometric signal was recorded at 200 mV for gold
electrodes modified with a SAM made from 11-mercaptoundecanoic acid (a long chain compound
with passivating properties) [20].
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The affinity of thiol moiety for the gold surfaces leading must be taken into consideration when one
is using gold electrodes for the construction of cholinesterase based biosensors and acetylthiocholine
as substrate. While the affinity thiocholine for gold provides an explanation for the improved
sensitivity of the gold electrodes in comparison with carbon materials [19], the locally produced might
be chemisorbed on the gold electrodes that are covered or not by a SAM. Based on this affinity, a
colorimetric biosensor based on AChE inhibition was developed using the enzymatically produced
thiocholine for the modulation of the growth of Au-Ag nanoparticles on seeding gold nanoparticles in
the presence of ascorbic acid [21].

3.4. Platinum Screen-Printed Electrodes

The CV experiments carried out with platinum screen-printed electrodes demonstrate that
thiocholine oxidation is irreversible with a very large peak while the iodide cvasireversible oxidation
peak had a maximum at 740 mV (Figure 2(B)). The current recorded for the oxidation of thiocholine
increases from 300 mV, but for a better sensitivity is necessary to use a higher potential.
The sensitivity for thiocholine amperometric measurements at 700 mV was 27.9 nA/uM, but the
signals produced by iodide at this potential are very high. The iodide oxidation starts from 570 mV.
The inhibition measurements are performed in a three steps procedure that separates the amperometric
quantification of the enzyme activity using standard solution form the biosensor incubation in the real
sample [1] and, in consequence, the electrochemical interferences from sample matrix are avoided.
Thus, we have tested a potential of 560 mV for the amperometric measurements in the presence of
iodide using platinum electrodes. At this potential, the sensitivity for thiocholine amperometric
detection was 18.56 nA/uM and only minimum interferences from iodide anion was observed. These
results demonstrate the possibility to use acetylthiocholine iodide as substrate for AChE based
biosensors only at low potentials to avoid the iodide oxidation.

Acetylthiocholine iodide was used as substrate for biosensors based on AChE immobilized on
platinum electrodes poised at 410 mV (a lower potential than the maximum theoretical) [22].
A potentiometric method for the quantification of AChE activity is based on the modification of the
potential recorded for the [I,]/ [I_]2 couple by the more easily oxidizable thiocholine. It is interesting to
note that this potentiometric method needs an electroactive compound in the solution [23] and, in
consequence, substrate containing chloride anion is not usable.

3.5. Cobalt Phthalocyanine Screen-Printed Electrodes

The difference between the potential of the oxidation peak of thiocholine at 110 mV and iodide at
675 mV is important (Figure 3(A)) and suggest the possibility to quantify the thiolic compounds
without interferences from iodide anions. Nevertheless, the amperometric measurements made at 110 mV
demonstrated that the sensitivity for the thiocholine detection is reduced from 14.68 nA/uM (obtained
without iodide) to only 7.71 nA/uM (in the case of measurements carried out in solutions containing
1 mM KI). The injection of 1 mM KI does not produce a significant oxidation current, but it reduces
the magnitude of the analytical signals (Figure 3(B)). Despite the fact that it is possible to quantify the
analytical signals of AChE based biosensors using acetylthiocholine iodide as substrate, it is
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recommendable to use acetylthiocholine chloride due to the lower sensibility that is achieved in the
presence of iodide anions.

Figure 3. The results obtained using cobalt phthalocyanine screen-printed electrodes using:
(A) cyclic voltammograms obtained in PBS, iodide and thiocholine solutions.
(B) amperometric signals obtained for the measurement of thiocholine in the absence and
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Different potentials were reported in literature for the quantification of the analytical signals of
biosensors developed by the immobilization of AChE on electrodes modified with cobalt
phthalocyanine when acetylthiocholine iodide was used as substrate. A wide oxidation peak attributed
by the authors to the overlap of the peaks of unknown species was obtained by differential pulse
voltammetry recorded from 100 to 1,000 mV. An oxidation peak attributed to the thiocholine with
maximum at 370 mV with a height approximately equal with one third of the previous wide peak was
obtained when the differential pulse voltammetry was carried out in a narrower potential range
between 100 and 500 mV. The optimum potential for amperometric measurements chosen by authors
was 370 mV, but the enzymatic inhibition may be determined between 300 and 400 mV [24].
The thiocholine was measured without interferences from iodide at a lower potential of only 100 mV
that was chosen by hydrodynamic cyclic voltammetry, but authors caution on the important differences
between their results and the ones obtained by other teams that may be due to variation in electrode
material and possible electrode conditioning [25].

3.6. Tests Carried Out with Biosensors

The experiments described above are useful to predict the behavior of biosensors constructed by the
immobilization of AChE on the surface of similar electrodes. Nevertheless, the electrode surface is
modified in the case biosensors and in consequence the electrochemical propertied may be modified.
We have verified our results using biosensors obtain by the immobilization of AChE by reticulation
with glutaraldehyde on the surface of platinum and cobalt phthalocyanine screen-printed electrodes
and the analytical signals were recorded for the injection of 1 mM acetylthiocholine chloride and
iodide, respectively. The biosensors based on platinum screen-printed electrodes were tested at 560 mV
and 700 mV. The response measured at 560 mV was 132 nA for both chloride and iodide substrates.



Sensors 2013, 13 1611

The response obtained at 700 mV was 531 nA using acetylthiocholine iodide much higher in
comparison with 148 nA that were recorded for acetylthiocholine chloride. The immobilized enzyme
was completely denatured by incubation for 3 min in a 1:1 water-methanol solution and the residual
response was recorded in order to test the interferences. At 560 mV it was not measured any
significant signal for the injection of both chloride and iodide, but at 700 mV the response measured
for acetylthiocholine iodide is 389 nA while for acetylthiocholine iodide the signal is still insignificant.
For the biosensors based on cobalt phthalocyanine screen-printed electrodes it was obtained at 110 mV
an analytical signal of 156 nA for acetylthiocholine chloride that is statistically higher than 118 nA
recorded for acetylthiocholine chloride. All these results confirm the conclusions reached using bare
electrodes, but tests with chloride and iodide substrate must be carried out for every particular
developed biosensor in order to avoid false signals.

4. Conclusions

Our study demonstrates that it is possible to use acetylthiocholine iodide as pseudosubstrate for the
quantification of the analytical signals of amperometric biosensors based on AChE only after a careful
investigation of the electrochemical behavior of the electrode towards thiocholine in the presence of
iodide. lodide anions may interfere with the measurements in two different ways: (i) by the
modification of the measurement sensibility of the thiocholine and/or (ii) by producing false analytical
signal due to the oxidation. The influence of the iodide on the measurements and optimum potential
must be determined experimentally for every developed biosensor because each layer deposed on the
electrode surface modifies the overall electrochemical behavior.

Acknowledgments

This work was supported by Romanian National Authority for Scientific Research, CNCS-UEFISCDI
(projects PN II-RU TE-100/2010 and PN II-RU TE-3-0076/2011).

References

1. Arduini, F.; Amine, A.; Moscone, D.; Palleschi, G. Biosensors based on cholinesterase inhibition
for insecticides, nerve agents and aflatoxin B1 detection (review). Microchim. Acta 2010, 170,
193-214.

2. Micheau, J.; Marighetto, A. Acetylcholine and memory: A long, complex and chaotic but still
living relationship. Behav. Brain Res. 2011, 221, 424-429.

3. Holzgrabe, U.; Kapkova, P.; Alptiiziin, V.; Scheiber, J.; Kugelmann, E. Targeting acetylcholinesterase
to treat neurodegeneration. Expert Opin. Ther. Targets 2007, 11, 161-179.

4. Zhang, J.; Luo, A.; Liu, P.; Wei, S.; Wang, G.; Wei, S. Detection of organophosphorus pesticides
using potentiometric enzymatic membrane biosensor based on methylcellulose immobilization.
Anal. Sci. 2009, 25, 511-515.

5. Dzyadevych, S.V.; Soldatkin, A.P.; Chovelon, J.M. Assessment of the toxicity of methyl
parathion and its photodegradation products in water samples using conductometric enzyme
biosensors. Anal. Chim. Acta 2002, 459, 33-41.



Sensors 2013, 13 1612

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

Upadhyay, S.; Rao, G.R.; Sharma, M.K.; Bhattacharya, B.K.; Rao, V.K.; Vijayaraghavan, R.
Immobilization of acetylcholineesterase-choline oxidase on a gold-platinum bimetallic
nanoparticles modified glassy carbon electrode for the sensitive detection of organophosphate
pesticides, carbamates and nerve agents. Biosens. Bioelectron. 2009, 25, 832—838.

Gan, N.; Yang, X.; Xie, D.; Wu, Y.; Wen, W. A disposable organophosphorus pesticides enzyme
biosensor based on magnetic composite nano-particles modified screen printed carbon electrode.
Sensors 2010, 10, 625-638.

Ni, Y.; Cao, D.; Kokot, S. Simultaneous enzymatic kinetic determination of pesticides, carbaryl
and phoxim, with the aid of chemometrics. Anal. Chim. Acta 2007, 588, 131-139.

Snejdarkova, M.; Svobodova, L.; Evtugyn, G.; Budnikov, H.; Karyakin, A.; Nikolelis, D.P.;
Hianik, T. Acetylcholinesterase sensors based on gold electrodes modified with dendrimer and
polyaniline. A comparative research. Anal. Chim. Acta 2004, 514, 79-88.

Silverstein, T.P.; Goodney, D.E. Enzyme-linked biosensors: Michaelis-Menten kinetics need not
apply. J. Chem. Educat. 2010, 87, 905-907.

Gogol, E.V.; Evtugyn, G.A.; Marty, J.-L.; Budnikov, H.C.; Winter, V.G. Amperometric
biosensors based on nafion coated screen-printed electrodes for the determination of
cholinesterase inhibitors. Talanta 2000, 53, 379-389.

Evtugyn, G.A.; Ivanov, A.N.; Gogol, E.V.; Marty, J.L.; Budnikov, H.C. Amperometric flow-through
biosensor for the determination of cholinesterase inhibitors. Anal. Chim. Acta 1999, 385, 13-21.
Ovalle, M.; Stoytcheva, M.; Zlatev, R.; Valdez, B.; Velkova, Z. Electrochemical study on the type
of immobilized acetylcholinesterase inhibition by sodium fluoride. Electrochim. Acta 2008, 53,
6344-6350.

Stoytcheva, M.; Sharkova, V.; Panayotova, M. Electrochemical approach in studying the
inhibition of acetylcholinesterase by arsenate(IIl): Analytical characterization and application for
arsenic determination. Anal. Chim. Acta 1998, 364, 195-201.

Sanllorente-Méndez, S.; Dominguez-Renedo, O.; Arcos-Martinez, M.J. Immobilization of
acetylcholinesterase on screen-printed electrodes. Application to the determination of arsenic(III).
Sensors 2010, 10, 2119-2128.

Ion, A.C.; Ion, I.; Culetu, A.; Gherase, D.; Moldovan, C.A.; losub, R.; Dinescu, A.
Acetylcholinesterase voltammetric biosensors based on carbon nanostructure chitosan composite
material for organophosphate pesticides. Mater. Sci. Eng. C 2010, 30, 817-821.

Shaidarova, L.G.; Ziganshina, S.A.; Medyantseva, E.P.; Budnikov, G.K. Amperometric
cholinesterase biosensors with carbon paste electrodes modified with cobalt phthalocyanine.
Russ. J. Appl. Chem. 2004, 77, 241-248.

Pedrosa, V.A.; Caetano, J.; Machado, S.A.S.; Freire, R.S.; Bertotti, M. Acetylcholinesterase
immobilization on 3-mercaptopropionic acid self assembled monolayer for determination of
pesticides. Electroanalysis 2007, 9, 1415-1420.

Dounin, V.; Veloso, A.J.; Schulze, H.; Bachmann, T.T.; Kerman, K. Disposable electrochemical
printed gold chips for the analysis of acetylcholinesterase inhibition. Anal. Chim. Acta 2010, 669,
63-67.



Sensors 2013, 13 1613

20.

21.

22.

23.

24.

25.

Teller, C.; Halamek, J.; Zeravik, J.; Stocklein, W.F.; Scheller, F.W. Development of a
bifunctional sensor using haptenized acetylcholinesterase and application for the detection of
cocaine and organophosphates. Biosens. Bioelectron. 2008, 24, 111-117.

Virel, A.; Saa, L.; Pavlov, V. Modulated growth of nanoparticles. Application for sensing nerve
gases. Anal. Chem. 2009, 81, 268-272.

Gruss, R.; Scheller, F.; Shao, M.J.; Liu, C.C. Electrochemical determination of cholinesterase
activity and indication of its inhibitors using a thick-film metallized platinum electrode.
Anal. Lett. 1989, 22, 1159-1169.

Guilbault, G.G.; Kramer, D.N.; Goldberg, P. The application of modified Nernstian equations to
the electrochemical determination of enzyme kinetics. J. Phys. Chem. 1963, 67, 1747-1749.
Nunes, G.S.; Barceld, D.; Grabaric, B.S.; Diaz-Cruz, J.M.; Ribeiro, M.L. Evaluation of a highly
sensitive amperometric biosensor with low cholinesterase charge immobilized on a chemically
modified carbon paste electrode for trace determination of carbamates in fruit, vegetable and
water samples. Anal. Chim. Acta 1999, 399, 37-49.

Hart, A.L.; Collier, W.A.; Janssen, D. The response of screen-printed enzyme electrodes
containing cholinesterases to organo-phosphates in solution and from commercial formulations.
Biosens. Bioelectron. 1997, 12, 645-654.

© 2013 by the authors; licensee MDPI, Basel, Switzerland. This article is an open access article

distributed under the terms and conditions of the Creative Commons Attribution license

(http://creativecommons.org/licenses/by/3.0/).



