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ABSTRACT

To detect nerve agents in practice, the analytical methods such as gas, liquid and thin-layer chromatography,
mass spectrometry or capillary electrophoresis are usually used. Apart from these analytical methods, we developed
an analytical device (tape photocolorimetric biosensor) based on the modified Ellman’s cholinesterase biochemical
reaction for multidetection of cholinergic organophosphorus compounds. Enzyme butyrylcholinesterase was used as
a biorecognizing component and its activity was evaluated by red, blue, green (RGB) sensor. This method eliminates
errors in the evaluation and provides automatic data collection with their subsequent evaluation. The unique
method of dosing allows appropriate dispensing of reagents in microlitres volumes and the whole system is simple
to operate. Suitability of the constructed biosensors was evaluated using the six organophosphates (Tabun, sarin,
Soman, cyclosin, VX and R33 compound). Biosensor showed the ability to measure substances at concentrations
ranging between ~ 1x10®¥mg/l - 1x10° mg/l in the air, according to their inhibition effect.
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1. INTRODUCTION

Nerve agents are the most toxic synthetic compounds
that were selected for combat use'. Many non-toxic
organophosphorus compounds with the same basic structure
are used in industry as softeners, hydraulic fluids, plasticizers,
etc.?. The wide-reaching application of these substances is in
agriculture and forestry as pesticides®. The main toxic effect
of nerve agents is interference with nervous system. Nerve
agents affect the transmission of nerve impulses by inhibiting
acetylcholinesterase (AChE), which ensures neurotransmitters
acetylcholine (ACh) degradation. Acetylcholine is responsible
for the transmission of nerve impulses. Acetylcholine is
decomposed in normal cholinergic transmission immediately
after transmission of nervous impulses by the catalytic action of
the enzyme acetylcholinesterase*®. Under optimal conditions,
a molecule of the enzyme hydrolyzes about 2,000 molecules
of ACh per second’. Nerve agents inhibit the active hydrolytic
centre of AChE and irreversible enzyme-inhibitor complex is
formed. This process is known as ageing. Enzyme inactivation
is irreversible and recovery mainly depends on synthesis of
new enzyme. The half-time ageing (time for half of involved
cholinesterase to age) varies from 2 min for Soman, to >40
hours for VX and Tabun®.

To detect nerve agents in practice, the analytical methods
such as gas, liquid and thin-layer chromatography, mass
spectrometry or capillary electrophoresis are usually used'”.

The detectors operating on the ion mobility
spectrometry principle (RAID - 1, Raid M, detector
Driager X-AM, ChemPro detector) are widely used to
detect of nerve agents in the air. The detectors using flame
spectrophotometer (AP2C, AP4C) and the detectors using
surface acoustic wave technology (JACD ChemSentry
detector) are used, too. These miniaturized detectors
compare measured data with the database stored in the
memory. Difficult determination of less known toxic
derivatives (i.e. the false negative detection) and higher
acquisition prices are their main disadvantages. Its
detection limit is 10 mg/l in the air.

The above mentioned shortcomings can be eliminated
by using biosensors. Biosensors are portable, fast and
highly sensitive bioanalytical devices. The biosensors
based on cholinesterase inhibition achieve extremely high
sensitivity®. Generally, these biosensors use two types of
cholinesterase: acetylcholinesterase and butyrylcholinesterase
(BuChE)°. Many AChE-based biosensors have been
proposed on electrochemiluminescence!®!, fluorescence!>'3,
voltametric!* and amperometric methods!>!#

This study describes the results achieved during the testing
of the laboratory sample of the tape photocolorimetric portable
biosensor using utilizing cholinesterase reaction (CHR) for
detection of nerve agents.

CHR is a colorimetric method based on hydrolysis of
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the substrate (usually an ester of choline, or thiocholine) by
cholinesterase (acetyl-or butyrylcholinesterase). This catalyzed
hydrolysis produces acid and choline (thiocholine). Thiocholine
produced by the CHR can be determined by Ellman’s method.
The principle of this method is based on the reaction of
thiocholine with chromogenic thiol reagent, 5,5 ‘-dithiobis-(2-
nitro) benzoic acid (DTNB). 5-sulphanyl-2-nitrobenzoic acid
(yellow colour) is formed during the CHR, and measured at
412 nm (as shown in Fig. 1). In the presence of nerve agent, the
reaction is blocked (no colour change)!*2°.

*  Enzyme: 50 mg of butyrylcholinesterase was dissolved in
2 ml of borate buffer.

2.3 Principle of Detection with Photocolorimetric
Detector
The proposed biosensor described in this article uses
Ellman’s modification of CHR. This reaction goes on the
white cotton tape 15 mm wide and 0.35 mm thickness. This
is an ordinary tape biosensor with improving elements. In
particular, this is a new principle of evaluating the results of
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Figure 1. The course of CHR with Ellman’s reagent.

2. EXPERIMENTAL WORK
2.1 Chemicals and Materials

O-ethyl N,N-dimethylphosphoroamidocyanidate (Tabun;
GA - purity 97.24 %), O-isopropyl methylphosphono-
fluoridate (Sarin; GB - purity 93.61 %), O-pinakolyl
methylphosphonofluoridate (Soman; GD - purity 99.00 %)
O-cyclohexyl methylfosfonofluoridate (Cyclosarin; GF
- purity 98.01 %) O-ethyl S-[2-(diisopropylamino)ethyl]
methylphosphonothioate (VX - purity 90.76 %) and O-isobutyl
S-[2-(diethylamino)ethyl] methylphosphonothioate (R33 -
purity 30.30 %) were manufactured in the Slovak Republic
(Zemianske Kostol‘any). 5,5'-dithiobis-2-nitrobenzoic acid
(DTNB - purity: > 97.5 %), butyrylthiocholin iodide (BTCHJ
- purity: > 98.0 %), sodium bicarbonate (NaHCO, - purity
99.0-100.0 %), sodium hydrogen phosphate (Na,HPO,2H,O
- purity min. 99.5 %) and potassium dihydrogen phosphate
(KH,PO, - purity > 99.0 %) were supplied by Sigma Aldrich.
Sodium hydroxide (NaOH - purity min. 98.0 %) and boric
acid (H,BO, - purity min. 99.5 %) were supplied by Lach-
Ner. Methanol (purity 99.8 %) was supplied by Chromservis.
Butyrylcholinesterase (BChE, EC 3.1.1.8., specific activity
150 pkat/l) was supplied by Bioveta.

2.2 Solutions

*  Buffers: phosphate (pH 7; 0.1 M), borate (pH 7; 0.05 M )

e Substrate: butyrylthiocholin iodide, 0.075 M (23.77 mg
were dissolved in 1 ml distilled water).

*  Reagent: 5,5 -dithiobis-2-nitrobenzoic acid, 0.01 M (39.6
mg were dissolved in 10 ml phosphate buffer and 15 mg
of sodium bicarbonate was added)

*  Mixture: 0.1 ml substrate and 0.5 ml of reagent were
dispersed into 13.3 ml of borate buffer
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which allows the appropriate dispensing reagents

in microlitres volumes, is also an advantage. The

whole system consists of three basic parts as
N shown in Fig. 2. The first part is pneumatic and
provides sampling across the tape by sampling
pump, flow stabilization and the measurement of
its value, using a flow meter. The second part is the
dosage system that ensures each reagent dosing
pump and dispenser containment vessels with the
pressure relief system. The last part serves as the
evaluation part and is described below.

2 ©)
RS

Figure 2. Scheme of the detector.

Note: 1- digital RGB sensor, 2 - cotton tape, 3 - spraying of enzyme,
4 - spraying of reagents, 5 - sampling samples, and 6 - tape shifting
mechanism.

2.4 Description of the Measurement Process
The algorithm of the measuring procedure is as follows:
(a) Insertion ofthe cotton tape for detection and its mechanical
shift
(b) Spraying a defined volume of enzyme solution BuChE
(the enzyme is applied at ambient temperature and at
pressure not higher than 0.15 bar)
(¢) Sampling samples across the tape
(d) Spraying of a defined volume of the mixture of substrate
butyrylthiocholin iodide (BTChI) and Ellman’s reagent
(e) Scanning an optical signal
(f) Data evaluation
The whole measurement process takes 5 min (2 min
for sampling a sample, 1 min for incubation, and 2 min for
scanning an optical signal). In case of VX compound, a part
of the sampling device was heated to 40 °C during the whole
measurement. Limit of detection (LOD - is the lowest analyte
concentration likely to be reliably distinguished from the blank
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and at which detection is feasible)*! and limit of quantification
(LOQ - is the lowest concentration at which the analyte can
not only be reliably detected but at which some predefined
goals for bias and imprecision are met)*! were obtained for
each substance from statistical processing of measured data
(depending on the rate constant of the absolute amount of
nerve agent):

LOD=k+3 x5,

LOQ=k+10xs,
where s is the residual standard deviation of measurement, and
k (the rate constant) is the value on the y axis of the regression
line (mg/1).

3. RESULTS AND DISCUSSION
3.1 Design of Evaluation

The course of a reaction was evaluated using a digital
colour sensor which is sensitive to red, blue and green
spectrum. Each colour is given by the intensity of these three
primary colours. Ellman’s modification of CHR is based on
the colour transition yellow-white. For this transition, there
is critical representation of blue colour, i.e. the value of the
signal B. The changes of the values of the signal B depending
on time were measured for each concentration of nerve agents
as shown in Fig. 3. Methanol was used for the preparation
of the calibration solutions (its presence does not affect the
activity and stability enzyme during detection). Its presence
also improved sample evaporation during the spraying. The
rate constant k£ was obtained from the linear regression of the
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Figure 3. Example of the curve obtained from measurement.

Table 1. Determination coefficients of the regression equations
for different time intervals

Time course of CHR (s)  Coefficient of determination R’ (-)
10-20 0.521
20-30 0.787
30-40 0.909
40-50 0.924
50-60 0.937
60-70 0.937
70-80 0.957
80-90 0.982

90-100 0.986
100-110 0.977
110-120 0.968

equation (a polynomial approximation of the measured data):
y = (kxx) +q.

The time for reading of the rate constants was optimized on
the values of determination coefficients R? (it’s main purpose is
the prediction of future outcomes on the basis of other related
information) for Soman as shown in Table 1. Table 1 shows
the values of the determination coefficients of the regression
equations for different time intervals during the measurement
of Soman (time counted from spraying a mixture of substrate
and DTNB).

As the optimal time, 90-100 seconds after spraying the
mixture of substrate and reagents were chosen. From the
calculated rate constants, it can be determined whether or not
the sample contains nerve agents.
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Figure 4. The detector response to GA in the air.
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Figure 5. The detector response to GB in the air.
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Figure 6. The detector response to GD in the air.
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3.2 Calibration Curves of Nerve Agents in the Air

Dependencies of rate constants on the concentration of
nerve agents for Tabun, Sarin, Soman, Cyclosin, VX compound,
and R 33 are shown in Figs. 4, 5, 6, 7, 8, and 9 respectively, were
measured by the proposed tape photocolorimetric detector. The
point of each concentration level was measured 10 times and
each curve was constructed from their average values. The
Figs. 4-9 shows that the highest inhibitory effect (according
to the lowest nerve agent amount giving the positive signal of
detector) was reached for Cyclosin and VX substance, while
Tabun and R33 showed the lowest inhibitory activity. This fact
correlates with the inhibition effect and thus the toxicity of
individual organophosphorus inhibitors.

Limit of detection (LOD) and limit of quantification
(LOQ) for proposed photocolorimetric biosensor were ob-
tained by statistical processing of linear parts of the measured
dependencies of rate constants on the nerve agents concentra-
tion as shown in the Table 3.

Table 3. LOD and LOQ for nerve agents in the air

Nerve agents LOD (mg/l) LOQ (mg/l)
GA 7.66x107 2.55%x10°
GB 7.16x107 2.39x10°
GD 1.32x107 4.41x107
GF 1.69x107 5.62x107
VX 1.12x10¢ 3.73x10¢
R33 3.08x10¢ 1.03x10°
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Figure 8. The detector response to VX in the air.

4. CONCLUSION

In summary, the simple and sensitive portable means
for detection of nerve agents has been demonstrated. It is
characterized by high robustness and reliability. The evaluation
of the results is not dependent on subjective evaluation and
allows an operator to work under difficult visual conditions.
The whole analysis needs only 5 min and is simple to
operate without sophisticated instrument. The method of
dosing allows to dose the appropriate dispensing reagents
in microlitres volumes. On the basis of the measurement it
is clear, that this photocolorimetric biosensor can be used in
future to detect all type of organophosphorus cholinesterase
inhibitors in environment.

REFERENCES

1. Pumera, M. Analysis of nerve agents using capillary
electrophoresis and laboratory-on-a-chip technology.
Journal Chromatography A, 2006, 1113, 5-13.

2. Bajgar, J. Laboratory diagnosis of organophosphates/
nerve agent poisoning, diagnosis, prophylaxis, and
treatment. K/in. Biochem. Meta., 2005, 13 (1) , 40-47.

3. Milatovic, D.; Gupta, R.C. & Aschner, M.
Anticholinesterase toxicity and oxidative stress. Scientif.
World J., 2006, 6, 295-310.

4. Ballard, C.G.; Greig, N.H.; Guillozet-Bongaarts, A.L.;
Enz, A. & Darvesh, S. Cholinesterases: Roles in the brain
during health and disease. Curr. Alzheimer Res., 2005,
2(3),307-318.

5. Cheng, Y.; Suen, J.K.; Radie, Z.; Bond, S.D.; Holst,
M.J. & Mccammon, J.A. Continuum simulations
of acetylcholine diffusion with reaction-determined
boundaries in neuromuscular junction models. Biophys
Chem., 2007; 127(3), 129-139.

6. Wiener, S. W.; Hoffman, R. Nerve agents: Acomprehensive
review. J. Intensive Care Medicine. 2004, 19(1), 22-37.

7. Hooijschuur, E.W.J.; Kientz, Ch.E. & Brinkman, U.A.Th..
Analytical separation techniques for the determination of
chemical warfare agents. Journal Chromatography A.,
2002, 982, 177-200.

8. Neufeld, T.; Eshkenazi, I.; Cohen, E. & Rishpon, J.
A micro flow injection electrochemical biosensor for

organophosphorus pesticides. Biosensors Bioelectronics,
2000, 15(5-6), 323-329.



10.

11.

12.

13.

14.

15.

16.

17.

18.

VYMAZALOVA, et al.: PHOTOCOLORIMETRIC BIOSENSOR FOR DETECTION OF CHOLINERGIC ORGANOPHOSPHORUS COMPOUNDS

Andreescu, S. & Marty, J.-L. Twenty years research in
cholinesterase biosensor: From basic research to practical
applications. Biomolecular Engineering, 2006, 23(1),
1-15.

Wang, X.F.; Zhou, Y.; Xu, J.J. & Chen, H.Y. Signal-on
electro-chemiluminescence biosensors based on CdS-
carbon nanotube nanocomposite for the sensitive detection
of choline and acetyl-choline. Adv. Func. Mater., 2009,
19(9), 1-7

Deng, S.; Lei, J.; Cheng, L.; Zhang, Y & Ju, H.
Amplified electrochemiluminescence of quantum
dots by electrochemically reduced graphene oxide for
nanobiosensing of acetylcholine. Biosens Bioelectron.,
2011, 26(11), 4552-8.

Ozturk, G.; Alp, S. & Timur, S. A fluorescent biosensor
based on acetylcholinesterase and 5-oxazolone derivative
immobilized in polyvinylchloride (PVC) matrix. J.
Molecular Catalysis B : Enzymatic, 2007, 47(3-4), 111-16.
Chen, Z.; Ren, X.; Meng, X.; Chen, D.; Yan, C.; Ren,
J.; Yuan, Y. & Tang, F. Optical detection of choline and
acetylcholine based on H,O,-sensitive quantum dots.
Biosensors Bioelectronics, 2011, 28(1), 50-5.
Pohanka,M.; Drobik, O.;Krenkova,Z.; Zdarova-Karasova,
J.; Pikula, J.; Cabal, J. & Kuca, K. Voltammetric biosensor
based on acetycholiesterase and different immobilization
protocols: A simple tool for toxic organophosphate assay.
Analytical Letters, 2011, 44(7), 1254-264.

Shimomura, T.; Itoh, T.; Sumiya, T.; Mizukami, F. &
Ono, M. Amperometric biosensor based on enzymes
immobilized in hybrid mesoporous membranes for
the determination of acetylcholine. Enzyme Microbial
Technol., 2009, 45(6-7), 443-48.

Zhu, W.; An, Y.; Zheng, J.; Tang, L.; Zhang, W.; Jin, L.
& Jiang L. A new microdialysis-electrochemical device for
in vivo simultaneous determination of acetylcholine and
choline in rat brain treated with N-methyl-(R)-salsolinol.
Biosensors Bioelectronics, 2009, 24(12), 3594-9.

Jha, N. & Ramaprabhu, S. Development of MWNT based
disposable biosensor on glassy carbon electrode for the
detection of organophosphorus nerve agents. J. Nanosci
Nanotechnol., 2009, 9(9), 5676-680.

Hou, S.; Ou, Z.; Chen, Q. & Wu, B. Amperometric
acetylcholine biosensor based on self-assembly of gold
nanoparticles and acetylcholinesterase on the sol-gel/

19.

20.

21.

multi-walled carbonnanotubes/choline oxidase composite-
modified platinum electrode. Biosensor Bioelectronics,
2012, 33(1), 44-9.

Ellman, G.L., Courtney, K.D.; Andres, V. & Featherstone,
M. A new and rapid colorimetric determination of
acetylcholinesterase activity. Biochem. Pharmacol. 1961,
7(July), 88-95.

Eyer, P.; Worek, F.; Kiderlen, D.; Sinko, G.; Stuglin,
A.; Simeon-Rudolf, V. & Reiner, E. Molar absorption
coefficient for the reduced Ellman reagent : reassessment.
Analytical Biochemistry, 2003, 312(2), 224-227.
Armbruster, D.A. & Pry, T. Limit of blank, limit of
detection and limit of quantitation. Clin. Biochem.
Rev., 2008, 29(Aug), S49-S52.

Contributors

Mrs Kamila Vymazalova received her Ing
title (Environmental Analytical Chemistry)
from the University of Technology, Faculty
of Chemistry, Brno, Czech Republic, in 2008.
She is pursuing her PhD from University of
Defense, Brno. Presently she is working as
research worker in the Military Technical
Institute of Protection, Brno.

Prof. Emil Halamek completed his graduate
and postgraduate studies at the Military
Academy in Brno, Czech Republic. He
has been working at the University of
Defense, the Institute of NBC Defence,
Vyskov, Czech Republic. For a long time,
he has been cooperating with the Military
Technical Institute of Protection, Brno.
He applies one’s mind to the problems

of chemical warfare agents, with an emphasis on research
and development of technical means of chemical research and
chemical control.

Dr Jifi Kadlcak received his PhD from
MAGF Vyskov at 1991. He is working as
head of Detection and Analytical Department
of Military Technical Institute of Protection,
Brno. His areas of interest includes: Stand-
off detection CWA based on CO, DIAL/
DISC, point detection and identification
real CWA and development the Analytical
systems for CWA analysis.

403



