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Abstract: An amperometric biosensor based on acetylcholireeste(AChE) immobilized

in gelatin was used to develop an assay for thanmmghosphate paraoxon. The more
traditional manner employing preincubation was uskxd comparison between
measurement procedures, although the aim of thily stas to examine the performance of
the biosensor for real time monitoring of organcgptaates. The biosensor was immersed
in a reaction chamber and paraoxon was injectaden$Ve were able to detect 200 pg of
paraoxon within one minute or 2.5 ppb when the dnesr was preincubed in the sample
solution for 15 minutes. The practical impact ardeztations are discussed.

Keywords: Organophosphate, paraoxon, electrochemical, bioseasetylcholinesterase,
assay.

1. Introduction

The organophosphates constitute a group of impoc@ampounds found both in Nature as well as
man-made preparations. The well known man-madenomesphates are pesticides used worldwide
in agriculture and nerve agents misused for mylitand terrorist purposes. Diazinon, dichlorvos,
malathion, parathion, and paraoxon are probablyntfust common organophosphorus pesticides.



Sensors 2008, 8 5304

These organophosphorus pesticides generally comgaite favorably with the organochlorine
pesticides due to their spontaneous hydrolysisv@nenvironment, resulting in less residual activity
Sarin, tabun, soman and VX are representativesh@fnierve agent group. A common effect of
organophosphorus pesticides and nerve agents igit@tion of acetylcholinesterase (AChE; EC
3.1.1.7) and butyrylcholinesterase (BChE; EC 38).lby way of catalytically active serine
phosphorylation [1]. Although binding of organophbate to the active centre is covalent, reactivatio
seems to be possible. Reactivation of nerve agéittited AChE was extensively investigated [2, 3].
In another study, the reactivation of paraoxondited AChE by obidoxime, pralidoxime, and HI-6
was described [4].

The above described cholinesterase inhibition mmonly considered a negative process. On the
other hand, analytical procedures based on mongasf cholinesterase activity are emerging. Some
discrepancies can occur when heavy metals arerpriestihe samples but typically cholinesterases can
be measured favourably [5]. An AChE based assdiiérform of simple dipstick can be performed.
Thus, Noet al. developed an AChE coated membrane strip for apgfamsphate and carbamate
pesticide assays [6]. In another study, Kénal. presented an AchE-based kit for monitoring of
pesticides present in agricultural samples [7]. [{Dlesterase immobilization on any suitable physico-
chemical transducer leads to the formation of lsieee Some strategies for biosensor construction
were described by Skladal [8]. Trends in cholineste-based biosensors were summarized and these
biosensors were compared with the one based omapfasphorus hydrolase [9]; although organo-
phosphorus hydrolase based biosensors were referi@slintriguing, cholinesterase based biosensors
were found more convenient for low detection liragsays. AChE can be combined with another
enzyme — cholineoxidase, thus forming choline whigloxidized into betaine and the secondary
reaction product hydrogen peroxide is measured eomparically [10, 11]. However, the more
common biosensor design is based on immobilizaifanly AChE and acetylthiocholine as substrate
in combination with an amperometric transducer. Tdection product thiocholine is oxidized at the
working electrode. This mode of analysis was usetebearchers in several studies [12-14]. This type
of bisensor was also adapted for a pharmacologscpening study of reactivator HI-6 competition
[15]. The applied potential needed for thiocholimeédation can be decreased in the presence of
hexacyanoferrate [16] or Prussian blue [17]. Anotliay to improve biosensors is through the use of
nanostructured electrode materials [18]. The agtivf cholinesterases can be followed by a
potentiometric electrode system too [19]. The n@isadvantage of potentiometric biosensors is the
inability to perform assays in strongly bufferedisions.

Although biosensors with AChE and/or BChE as biogamition elements evolved many years ago,
continuous improvements in physicochemical tranethi@and the quality of commercially available
cholinesterases has led to a continuous improvesmianbiosensor performance [20]. In the work
presented herein, we continue our efforts to dgvelevices for fast detection and monitoring of
organophosphates. Typical systems based on AChEatlypneed some preincubation time, but we
have developed a biosensor for fast analysis shaitical for anticipation of organophosphate rsesu



Sensors 2008, 8 5305

2. Results and Discussion

2.1. Biosensor preparation

Four basic AChE immobilization procedures weredgssimple sorption on a platinum working
electrode, sorption combined with cross-linking dlutaraldehyde, cross-linking by glutaraldehyde
with human serum albumin (HSA) and capture in atelmembrane. The prepared biosensors were
characterized according to the maximum current idem/ by the non-inhibited biosensag)( The
biosensors were inhibited by 1,000 ppb paraoxonofte hour and the currentwas determined.
Percent of inhibitionl) was then computed. Results are presented in Table

Table 1. Summary of AChE immobilization procedures, maxiroatrent provided by
non-inhibited biosensor, and percent of inhibition are included. The dispersion
indicates standard deviation.

I mmobilization procedure in (NA) I (%)
Simple sorption 88+13 83.0
Glutaraldehyde cross-linking 109+17 86.2
Glutaraldehyde and HSA cross- 102+11 84.3
linking
Capture in gelatin 160+19 90.6

A significantly higher current was provided by thiesensor with AChE captured in gelatin. Other
immobilization procedures were less efficient. Tgedatin based AChE immobilization was more
effective than the previously described one basedlotaraldehyde cross-linking [21]. On the other
hand, the percent of inhibition covered a narromgea Nevertheless, the procedure based on capture
on gelatin was the best. Gelatin is a quite chesgeant. Furthermore, the reproducibility of this
immobilization was high so we consider immobilipatibased on AChE capture on gelatin as the most
optimal one. Subsequent experiments were performigy only this immobilization procedure.

2.2. Measuring procedure employing a preincubation step

The usual mode of application of biosensors for Btlased recognition requires a long
preincubation period, after which it is possibledigtect very low levels of organophosphate, with a
limit of detection as low as 2.5 ppb of paraoxonwater solutions. The main disadvantage is the
obvious fact that this method is very time consugni@ur preincubation takes fifteen minutes;
approximately 5 minutes are neededifpr; measurement and biosensor manipulation. The adtior
curve for paraoxon concentrations 1 — 10,000 ppvasented in Figure 1.
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Figure 1. Calibration curve for paraoxon. Percentage oflittimn (1) vs. logarithm of
paraoxon concentration (ppb) is presented. The d&acs indicates standard deviation
(n=3, where n is independent assay by a new biogens
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Paraoxon concentrations above 10,000 ppb did meige higher inhibition percentages. Inhibition
seems to be limited to 90%. The potential influeatéhe background signal on the detected percent
inhibition was also tested. Sensors with only gel@vithout AChE) and immersed into the reaction
cell provided steady state currents of less tharA2typically 0.5 nA. This value is approximately
eighty times lower than the one provided by a bigse with AChE and was on the edge of the
amperometric detector detection limit, so we codelthat the contribution of the background current
to the finally detected inhibition was insignifidcanother convenient way of improving the detegtio
limit is by sample preincubation. We extend therprebation extension up to forty minutes. Although
slightly higher inhibitions occured, the improverteewas disproportionally lower than the additonal
time required.

2.3. Real time monitoring of organophosphates presence

Monitoring of organophosphates by AChE based bmsenin real time is not a typical procedure.
Our study is aimed in achieving this. We anticipatpractical impact when the problem of real time
monitoring of organophosphates can be solved. Téwehsor was placed within the reaction chamber
during the whole measuring setup. Only 2 uL of ooggnosphate were injected into the chamber. This
amount approximately corresponds to the volumesaobsol particles so we expect that further studies
will allow detection of aerosol particles with orggohosphates. A real time record of an analysis is
illustrated below.
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Figure 2. The curves represent following of AChE based bissennhibition by
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organophosphate paraoxon. The graph marked by éettas obtained by injection 20 pg
of paraoxon; the one marked by letbers meaning for injection 2 ng of paraoxon. The
most important moments of analysis (limit of detmttand quantification leves, noise,
moment of sample injection and time moment equad@Qac after sample injection) are
indicated in graphs by arrows and lines The grapinked by letterc represents blank

application, drift of background signal could besetved in this graph.
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The real time curves demonstrate the feasibilitytr@f biosensor. The higher concentration of
paraoxon caused rapid inhibition. E.g. when theceatration of paraoxon exceeds 100 ppb, the half
time of inhibition was less than 40 seconds. Thilue was obtained using the real record datadfitte
by exponential decay using the Origin software.ekdl the much lower concentration of paraoxon
causes an extension of the half time of inhibitilue to limited diffusion distribution of paraoxon o
the biosensor surface.

The main aim of this study was the development eficks for monitoring for the presence of
organophosphates. To this end we do not consigeease inhibition value as critical and we rather
prefer a simple evaluation scale. According to é&xperimental section, we elected simple scale
consisting of “—, +, ++”. The limit of detection srongly dependent on the recording time. E.gplyra
a in Figure 2 represents a measurement of organpphts at a concentration below the limit of
detection when we consider one minute as the akitime moment. Paraoxon could be positively
detected a short time after this moment. The reednds were compared with the ones obtained by
injection of deionized water or PBS (data not shpwthough a slight current shift was observed th
shift was under the level of the limit of detectiamd current finally fluctuated around the inivalue.

We have to explain why one minute was selected asti@al moment. This time is commonly
considered as an optimum parameter by militaryarebe authorities. We expect to tighten up the
device parameters around this value for militarg isthe near future. Assays based on detection of
differents level of injected paraoxons is preseimedllowing table:

Table 2. Performance of AChE based biosensor for real tissayaof organophosphate
paraoxon. The three symbols are used in this t@blmark for the outputting value: —
(no significant detection), + (decrease of curi@ndve limit of detection: S/N >3), ++
(decrease of current above limit of quantificat®N>10) when current measured one
minute after paraoxon injection.

paraoxon no (blank) 2 pg 20 pg 200 pg 2 ng 20 ng
mark - - - + + +

We can use the values in Table 2 as an orientaRanaoxon was selected as a representative
organophosphate, but no major differences are ¢ageim the assay of other organophosphate
pesticides or nerve agents. The obtained limitdedéction for real time monitoring are approximgatel
twenty times higher than the one when preincubaonsed. On the other hand, the possibility of
detecting organophosphates at picogram levels figcisat for fast field analysis and continuous
monitoring of endangered areas. The presented rdésidpased on injection of a sample into the
reaction mixture. In the future, we propose blegdiantaminated air through the reaction chamber so
aerosol particles or contaminated air contaninguooghosphates may be detected too. The scheme of
a prospective implementation is shown in Figure 3.
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Figure 3. Prospective concept of device for detection of nogdosate pesticides and
nerve agents. The main parts are followings: ingdusample (1); pumping of sample
eventually mixing with a fresh substrate (2); mdgnstirring (3); reaction cell (4);
biosensor based on screen printed electrodes amdbitized AChE (5); signal output
(6); outlet of superfluous substrate (7).

The presented work represents a continuous effodetelop devices for military health defense
purposes. Biosensors have been developed for ¢haration of antibodies [22, 23, 24] and several
microorganisms [25] such as the biological agamincisella tularensis [26] or modelEscherichia coli
[27] in real time; similar biosensors could everdpglied for aflatoxin assays [28]. The last mamtid
could act as an interfering compound; however dleesnpounds are quite hydrophobic and less likely
to be found than organophosphates. We view thela@vent of biosensors able to detect biological or
chemical agents as a big challenge and we hopegoactical impact of our continued research.

3. Experimental Section
3.1 Enzymes and chemicals

Available acetylcholinesterases were compared hadchtiman recombinant one was chosen as the
best, due to its higher activity per milligram ofofein. AChE (2,000 U/mg), together with
acetylthiocholine chloride (ATChCI), gelatin, humaerum albumin (HSA) and glutaraldehyde were
obtained from Sigma-Aldrich (Czech Republic). Pamwethyl was purchased from Labor Dr.
Ehrenstorfer-Schafers (Augsburg, Germany) andetilitto deionized water to 1 — 10 — 100 — 1,000 —
10,000 ppb. Deionized water was prepared with ai@gystem (Millipore).

3.2 Device
An amperometric sensor strip (25x7 mm) was scra@nteol with three electrodes: a platinum

working one, a Ag/AgCl reference one, and a platirauxiliary. The amperometric strip, a connection
unit and Bioanalyzer detector were obtained fromTBrno, Czech Republic). The detector was
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connected to a PC via a serial port and data weseepsed by the appropriate Bioanalyzer-BTA
software (BVT, Brno, Czech Republic). The reactidmmber (polyethylene cylinder of 10 mm
diameter) and a Teflon-coated stirrer were purah&sen P-Lab (Prague, Czech Republic).

3.3 Immobilization procedure

The AChE immobilization procedure was optimizedsasmmarized in the Results and Discussion
part. In the first step, sample (L) including 2 U of AChE was spread over the wogkiglectrode.
After drying, the second layer (O with 1 U of AchE) was added with one of four imhilization
procedures: simple adsorption onto working ele@rddo reagents for immobilization purposes),
stabilization of AChE layer by vapor of glutaralgdk in closed chamber with or without HSA (0.3
mg/mL; 0.5uL), and capture of the AChE in gelatin (uk of 0.1% gelatin in water). Finally the
sensor was washed with a gentle stream of deiomagek.

3.4 Measuring protocol

The biosensor fixed into the connection unit wasnersed in the reaction chamber with 1 mM
ATChCI diluted in phosphate buffered saline (PBS)ying was started and the equilibrium current of
the non-inhibited biosensarwas measured. After that, biosensor was remowed feaction chamber
and immersed into a tube with sample for 15 minaHly, the current after inhibition;\ was measured
in the reaction chamber. In another measuring ségpcurrent before inhbitiom, was noted and the
sample was injected into the reaction chamber (R Wihe actual current after a predefined time was
taken as the; value. The chemical reactions behind the measurenae shown in the following
equations:

. AChE / H,0
CH;COSCH,CHN(CH;);  ———x——>  HSCH,CH,N*(CH,); + CH,COO" + H*
paraoxon
. +410 mV
2 HSCH,CH,N"(CH,), (CH,);N"CH,CH,S-SCH,CH,N"(CH,), + 2H"
-2e’

The first reaction catalyzed by immobilized AChEdanhibition by paraoxon is indicated by the
cross. The second equation shows the oxidationi@tholine at the working electrode [29].

3.5 Experimental data processing

The presented study includes two strategies foarmpghosphates assay. In the first variant, two
values of current were measured: before inhibifighand after sample application (inhibition)).(
The most typical expression of output signals ipérscent of inhibition:

| = 1-21)x100
In

In the second variant of the measurement prockesteial time decrease of the detected cuirémt
followed commonly by current noise. We recommend $imple symbols: “~” for no significant
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current decrease (S/N < 3), “+” for decrease ofanitrat limit of detection level or higher (Sf8), and
“++” for current decreases at the limit of quart#iion or higher (S/XL10).
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