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Abstract: This review presents the principles of conductoimetreasurements in ionic
media and the equivalent electrical circuits offedént designs for conductometric
measurements. These types of measurements werappised for monitoring biocatalytic
reactions. The use of conductometric microtransauisethen presented and detailed in the
case of pollutant detection for environmental manmmy. Conductometric biosensors have
advantages over other types of transducers: thepegroduced through inexpensive thin-
film standard technology, no reference electrodeneeded and differential mode
measurements allow cancellation of a lot of inteniees. The specifications obtained for
the detection of different pesticides, herbicides deavy metal ions, based on enzyme
inhibition, are presented as well as those obtaioedhe detection of formaldehyde, 4-
chlorophenol, nitrate and proteins as markers sbalved organic carbon based on
enzymatic microbiosensors.
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1. Introduction

Intensive industrialization and the use of chensigalagriculture have contributed to the build @ip o
many toxic compounds in air, soil, and water, wiaalise environmental pollution [1]. The analysis of
these toxic compounds in environmental matricesedep generally on two concepts. In the first, the
pollutants are identified and quantified by clagk&nalytical techniques such as gas chromatography
(GC/MS) or high performance liquid chromatograpiyP[LC/MS). These techniques are time-
consuming because of sample preparation and negatdeconcentration, expensive, and, in case of
water samples, cannot be performed easily outsidelaboratory. In addition, sometimes they are
restricted to a limited set of substances. Thectele of target compounds may completely fail to
recognize the most harmful toxic constituents, ecapirom, for example, degradation processes. In the
second concept, the compounds are not clearlyifeehtbut measurements allow the assessment of
toxicity of the tested samples. These techniquesvary useful for assessing the potential risk of
contaminated water samples. A variety of toxicitgasurement systems exist, including those based
on bacteria and algae, animal cells, small mamnfialsfly, and zooplankton. Some of these systems,
e.g., animals and fish larvae, are difficult to tilenand they do not provide a rapid response. Alse,
of some of these systems may be ethically objealitn Other systems, such as mammalian cells are
expensive and results are not always consistemtddiition, the response of single toxicity assagns
insufficient measure of adverse biological impattaocompound in a generally diverse receiving
ecosystem. Different toxicants act differently andt all life forms are equally susceptible.
Consequently, several different assays need tsée simultaneously to assess the toxicity adequatel
[2].

The analysis of various biological and chemicalygahts in environmental matrices has entered in
a new phase during the last decade. Improvementsmstmumentation, sampling, and sample
preparation techniques have become essential fo-geavith the requirements of detection at low
levels as ppb or ppt range, as well as to achiefast@r analysis. The creation of electrochemical
biosensors is probably one of the most promisingswa solve some problems concerning sensitive,
fast and cheap analytical techniques.

A biosensor converts the modification of the phgsimr chemical properties of a biomatrix, which
occurs as a result of biochemical interactionsp iah electric or an optic signal whose amplitude
depends on the concentration of defined analytébarsolution. Functionally, the device consists of
two parts: a biomatrix, i.e. a detecting layer mimiobilised material (enzymes, antibodies, receptors
organelles, microorganisms), and a transducer Iffotaeetric, impedimetric, amperometric,
conductometric, acoustic, optic or colorimetric...).

However, compared to amperometric and potentiombtasensors, little work has been devoted to
conductometric enzyme biosensors based on thin-finterdigitated electrodes [3-6]. The
conductometric biosensors are based on the fattatheost all enzymatic reactions involve either
consumption or production of charged species dmetetore, lead to a global change in the ionic
composition of the tested sample [7]. Biosensorsetiaon the conductometric principle present a
number of advantages: a) thin-film electrodes anéabkle for miniaturisation and large scale
production using inexpensive technology, b) theywdbrequire any reference electrode, c) transducer
are not light sensitive, d) the driving voltage ¢ensufficiently low to decrease significantly {@wver
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consumption, e) large spectrum of compounds okdfit nature can be determined on the basis of
various reactions and mechanisms.

The liquids analysed are mostly considered to hsgmificant background conductivity, which is
easily modified by different factors, therefore #edectivity of this method is presumed to be lowl a
consequently its potential use for different apgian - rather doubtful [8]. However, in the casen
integrated microbiosensor, most of these diffiesittan be overcome using a differential measuring
scheme which compensates for changes in backgroanductivity, the influence of temperature
variations and of other factors [9,10].

This review describes basic theoretical principdésonductometry in bioanalytical practice and
application of conductometric biosensors for enwinental monitoring.

2. Conductometric measurement methods

The conductivity of liquids results from the disgdion of the dissolved substance, an electrolyte,
into ions and the migration of the latter inducedaln electrical field. When a potential differerise
applied to the electrode, there is an electrictifivithin the electrolyte, so the chaotic ion moeat
is influenced by the ordered, oppositely directemvement of ions (those with negative charge more
towards anodes, while positively charged ones miowards cathodes) (Figure 1). Thus, the current in
the electrolyte is caused by the ion movement tdevétre electrodes where the ions are neutralizeéd an
isolated as neutral atoms (or molecules).

Figure 1. lon migration in the solution volume and electtelgonductivity.
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The ion flux, i.e. the number of ions passing tigloa unit of electrolyte cross-section per unit of
time (p) can be determined by the formula:

p=aV-kcgrady -z vic Fgrady 1)
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where v — speed of solution flow due to naturaffaced convectiong; — ion concentration; k-
diffusion coefficient; z— charge number;; v speed of ion movement caused by applied field; F
Faraday numbexy electrical potential; i electrochemical potential.

Thus, the first member in formula (1) correspormlshie contribution of the convectional flow of
ions at a concentration of, the second — the contribution of their molecwdiusion; the third — that
of the ion migration induced by the applied pot@nfTemperature, as a rule, is assumed to be gunsta
(T = const, grad T = 0), so the ion’s thermal difan can be ignored.

In reality all three processes usually coexist, fingisent an initial influence on each other. In any
case some assumptions can be made so that ontf tmam is taken into account. Thus, in the case of
homogenous immobile electrolyte the first and sdamembers of equation (1) can be neglected, and
only the ion migration caused by the electric fieftect can be considered. Then

p=-7vViGFgrady =-gu grady (2)

where y— speed of ion movement,€ion concentration,; & z v; F — ion mobility which is a constant
value for the given ion in the infinitely dilutesblution. In Table 1 the values of mobility of somas
for an infinite dilution in agueous solutions demperature of 2%C are shown.

The current density, i.e. the current per unit led system cross-section is an algebraic sum of
products of ion fluxes and ion charges:

j=FXzp=Fgrady2zcu 3)
On the other hand, according to Ohm’s law
j =S grad) (4)

where S — conductivity, i.e. reciprocal value tsistance.
Hence, from (3) and (4):

S=FZzqguy (5)
Thus, the conductivity of the electrolyte solutdepends on the ion concentration and mobility.
The resistance of electrolyte solution is well-kmowo be in direct proportion to the distance “L”
between the immersed electrodes and reciprochkipdrea A, therefore:

S =xx(AIL) (6)

wherey - specific conductivity.
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Table 1. lon mobility in infinitely diluted aqueous solutisrat temperature of 2%.
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Cation S, Ohmem? Anion S, Ohmem?
H 349.8 OH 198.3
Co(NHy)e™ 102.3 C,0,% 111.0
NH,* 73.6 [Fe(CNY]* 110.5
K* 735 [Fe(CNY]* 100.9
PK* 70.0 [Co(CN)]* 98.9
La®* 69.7 Cros” 85.0
Fe* 68.0 SOy 80.0
Ba’" 63.6 I 78.8
Al 63.0 Br 78.1
Ag" 61.9 CN 78.0
cat 59.5 Cl 76.4
St 59,5 NOs 71,5
CHsNH;" 58.7 C,04~ 74.2
cuw’ 56.6 CO” 69.3
zZn* 56.6 Cloy 67.3
Cd” 54.0 ClOs 65.0
Fe?* 53.5 0, 57.0
Mn?* 53.5 F 55.4
Mg** 53.1 CHOO 54.6
Co” 52.8 HCOs 44.5
(CHa),NH," 51.9 CHsCO;, 40.9
Na' 50.1 HC,O4 40.2
(CHa)sNH* 47.3 H,POy 36.0
Li* 38.7 C,HsCO, 35.8
CsH,COy 32.6
CeHsCO, 32.4

This leads to the following conclusions: conducttimmemeasurement commonly consists of
determining the conductivity of a solution betwéen parallel electrodes; its value is a sum oftlad
ions within the solution tested.

3. Transducersfor conductometric biosensors

The conductometric transducer is a miniature tvextebde device designed to measure the
conductivity of the thin electrolyte layer adjacéatthe electrode surface. Most authors agreetitieat
best design for the development of conductomeleictedes is an interdigitated structure [11-17].

The physical-chemical processes in the electrootenaell with a conductometric interdigitated
transducer are mostly simulated by equivalent selsdike those shown in Figures 2 and 3 [11-15]. In
our case th€y is double layer capacity, independent of curreeqdency; Ris penetration resistance
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simulating chemical polarisation and, lik&y, independent of current frequencyy, & diffusion
impedance simulating concentration polarisation @sokending on current frequency,is electrolyte

resistance.

Figure 2. Classical equivalent circuit (a) and correspondimgedance curve (b) for a
metal-electrolyte interface.dRs the real part of impedance angiX the imaginary part.
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Figure 3. Equivalent circuit (a) and corresponding impedaogere (b) for a metal-
electrolyte interface with additional oxide capgcRs is the real part of impedance and

Xsis the imaginary part.
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The theoretical calculation of these circuits hasrbpresented in Ref.11. For the first case (Figure
2), i.e. in the absence of oxide capacitance:

Rs = Reol + [Rp / (1 + 00 Cq"Ry?)]

(7)
Xs = - [(@CaRA/( 1 +w’Cy’RyY)]
In the second case (Figure 3), i.e. when the ocagbacity is present
Rs = Reol + Rp /(1 +0J2Cd|2Rp2)
(8)

Xs = [1 +wCaiRy(Cai + Co)l/[ Cox(1 + @PCa’Ry7)]

The impedance curves obtained in accordance wjtHgY are presented in Figure 4, as well as the
changes in curve shape brought by variations démift circuit parameters. As it can be seen, all
circuit components (except f@ty) influence essentially the curve shapes at lowuesacy while at
high frequency only a change in,Rcauses the displacement of the impedance cuezeshianges in
the real impedance component — conductivity.

Figure 4. Theoretical impedance curves for the model of adootometric cell.
Frequency varied from 100 Hz up to 200 kHz. Theselmccircuit parameters:

1. R) 51<Ohm Ro = 11<Ohm Cai=5nF,

2. R, = 10k0Ohm, R = 1xOhm, Cy = 50 nF,

3. R, = 10k0hm, R = 1xOhm, Cqy = 5 nF,Cox = 1000pF,

4. Ry = 10kOhm, Rioi = 1kOhm, Cg = 5 nF ,Cox = 1000pF,

5. R, = 10k0hm, Ry = 1kOhm, Cy = 5 nF,Cox = 100pF,

6. R, = 10kOhm, R = 1xOhm, Cqy = 5 nF,Cox = 10pF

12

104

-Xs, kOhm

Rs, kOhm
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As mentioned above, an enzyme reaction is follobe@ change in the solution’s conductivity in
the vicinity of the electrode, which is recordedthg conductometric transducer. This change can be
simulated by the change of background conductivtiich in our experiments was realized by varying
the KCI concentration in solution and its tempemat[ll, 13, 14, 16, 17]. The change in solution
background conductivity has been shown to affecinipahe high-frequency part of admittance.
Therefore, the transducer is more sensitive at Hilghuency. Besides, under these experimental
conditions the main contribution to the signal isowded by the real admittance component,
conductivity, which is necessary for a conductomdirosensor. Similarly the admittance was affected
by changes in solution temperature. At frequeniigker than 10 kHz the electrochemical impedance
has been shown to be mainly determined by the velpnoperties of the phases in contacso
conductometric transducers can be used for thel@mwent of enzyme biosensors. The surface effects
at the electrodes and their degradation duringageocan be neglected.

One important aspect in the development of conduoetoc interdigital transducers is the proper
selection of electrode material. Various materfe@se been tested: platinum [5, 15-22], gold [5, 11,
14, 18, 23-25], aluminium [11, 14, 26], nickel [114, 26], copper [11, 14, 21], titanium [5, 11, 14]
chromium [11, 14], T#0s [12, 13], silver [22] and carbon [27]. In generall these materials are
suitable, especially when high-frequency ac is ustmvever, the electrodes made of precious metals
have better characteristics. Titanium, chromium ahohinium electrodes have been revealed to be
undesirable for operation with biological liquidace these electrodes have low sensitivity to chang
in the ion strength of solution and reach conditgtsaturation in a short time.

Concerning the dimensional characteristics of ebelels, the investigations of the authors and the
data presented in [16, 18how that transducer miniaturization does not mequaihe number of
electrode fingers to be increased by a correspgndigtrease in their size, as was earlier thought. O
the contrary, doing so resulted in lower transdegrsitivity. Miniaturization should be performeg b
decreasing both the electrode working surface tndhiaracteristic dimensions. On the other hand, an
electrode with large fingers is not an approprgsign (though transducer sensitivity can be higher
because in this case the thickness of the biolbigieative membrane plays a significant role. The
main parameter to determine sensor size is thelation between membrane thickness, the electrode
characteristic dimensions and its active area.

Conductometric transducers are mostly manufactulsd microelectronics techniques -
photolithography and vacuum spraying - whose acged are described in detail in [28]. Some
authors have used thick-film printing technology,[29], whose merits are reviewed in [28]. All
authors, however, agree that it is much easier iodyte conductometric transducers than
electrochemical transducers of other type.

4. Conductometry in enzyme catalysis

The conductometric measuring method can be useshzyme catalysis to determine substance
concentration and enzyme activity, selectivity hilstcase being provided just by the enzymes which
catalyze only defined reactions. As a matter of, fie subject under consideration is not a biasens
as such but an application of this method in enzggyo
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In 1961 one of the first research efforts in theldf was published, showing how it might be
possible to determine urea concentration in satstif80]. This method is based on the difference
between electric conductivity of a urea solutiod #imat of a solution of ammonium carbonate formed
as a result of urea hydrolysis by urease. In tlpeements a bridge-measuring scheme was used. The
urease activity was shown to decrease in the pteseh heavy metal (Ag, Hg, etc.) ions in the
solution. Such electrolytes as NaCl or KCI do méiiuience urease activity, but if their concentratin
the solution is high it can lead to a wrong resekpecially at low urea concentrations. At low
electrolyte concentrations in experiments withobuéer solution, during urea hydrolysis the medium
pH gradually changed from 7 to 9. However, thissealionly an insignificant change in the urease
activity while the solution conductivity during tmeaction varied substantially. The urea conceotnat
was determined within the 0.1 uM — 2 mM range, gtinmal pH 7. A comparison of the
conductometric method with other methods of uresyais carried out in that work has shown that the
first is characterized by its high accuracy, spaed simplicity. Besides, in contrast to optical hoets,
the measurement accuracy of conductometry doedepatind on solution colour.

In 1965 a paper was published on applying the cotoduetric method to the study of the kinetics of
urea enzyme hydrolysis as well as to urease actdétermination [31]. A differential measuring
scheme was used in these experiments. The systesistsal of two pairs of platinum plates, each of
them placed in its own measuring cell, one witheéheyme, another without. The difference between
signals from both cells was registered, thus elating any error associated with variations of the
parameters outside the cells (temperature, buffecentration, etc.). The determination range o&ure
concentration was 1 —75 mM, while that of ureaseigc was 0.04 —2.5 activity units/ml. Comparing
the data obtained with the results of classicaltginetric analysis showed that the conductometric
method has all the merits of the classical one,extéeds the latter in accuracy and speed.

At the same time in [32] research was presentedodstrating that the changes in conductivity
during an enzyme reaction can be considered tolevarsal characteristic of the substrate chemical
transformation. Even if the conductivity of the guats of the reaction and that of the substraferdif
a little, the change in the solution viscosity andhe level of hydration of molecules and ionghed
substrate transformation (especially in the presewicother current carriers in the solution) cause
noticeable variation in the tested mixture. To grexperimentally the potential of conductometrg th
authors chose reactions associated with differeathanisms of conductivity change. It was important
to expose the character of conductivity changehe tase of evident changes in the solution
composition as well as when only solution viscosityl level of molecule hydration vary as a restilt o
the reaction. The enzyme hydrolysis of acetylctelamd starch, on the one hand, and the enzyme
depolymerization of gialuronate, on the other, weomsidered to be the reactions meeting these
requirements.

Acetylcholine hydrolysis is accompanied by the wptof the ester bond and the formation of acetic
acid dissociated into protons am@H;COO'. Protons do not participate in the total conduttiv
mechanism because the reaction takes place in sppate buffer, pH 7.8, while the appearance of
CH3COO™ anions in the solution results in an increasdefdolution conductivity.

For starch hydrolysis, filtered human saliva wadeatito the starch solution to decrease the solution
viscosity and increase the level of starch hydislgmd so increase the solution conductivity. When
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gialuronidase was used, the conductivity increased result of reducing the viscosity of the soluti
due to the depolymerization of the gialuronate mualies.

The authors have demonstrated that the conductiemme#athod is preferable to the well-known
routine methods of biochemical analysis becausts ¢figher accuracy and lower labour consumption.
Using a single device and a single method with rmdifrcations, the kinetics of three enzyme
processes with specific features were studied,enthitee devices based on different principles would
be required for classical enzyme analysis. In tie mwork the authors modified their conductometric
device and used a differential mode to measure attéevities of collagenase, trypsin, lactate
dehydrogenase and pseudocholinesterase [33].

However, despite demonstrating the potential of ¢beductometric method to record enzyme
processes, the character of all the works mentignttht of a preliminary or feasibility study.

At the beginning of the 80s a detailed analysisceomng the potentials and limitations of the
conductometric method of measurement was perforimethe complex study of urease [34]. In the
first part of the work, the effect on the conduityivof the medium pH, the urea, urease and salt
concentrations of the studied solution was investid in the absence of any enzyme reaction. It was
shown that the changes in concentrations of th&ieal compounds cause no substantial variations of
its conductivity which is why these changes can reglected. The curve of conductivity-pH
dependence is bell-shaped with a maximum at pHo8.0ris-buffer and at pH 6.0 for a citrate buffer.

In the second part of the work the influence ofrtedium conditions mentioned on urea hydrolysis
was investigated. Though pH 7.2 was shown to benaptffor urease in citrate buffer, the substantial
dependence of the reaction speed on the solutiorsti@ngth was revealed at this value - the speed
decreased with rising ion strength, while at pHi6Hardly changed. The Michaelis constant for seca
in citrate bufferpH 4.5, was determined to be around 2.5 mM. The fidependence of the speed of
the enzyme reaction on the urease concentratitimeirsolution was also obtained. The successful use
of the conductometric method to study the activityirease, described in this work, can be consitere
as a convincing argument for its potential due ighsensitivity and good agreement of the kinetic
parameters obtained by the conductometric methotpaced with the results of classical biochemical
analysis.

In [7, 35] a 6-channel conductometer is used tdystlifferent enzymes. The investigation allowed
the authors to formulate five factors that bringuath separately or in combination with each otlaer,
change in conductivity, thus ensuring the poterifahe conductometric method to record parameters
during enzyme reactions (Table 2). In some reasti®everal factors work simultaneously, namely
factors 3 and 5, in reactions with phosphorilaaetdrs 1, 3-5, in those with apirase. Factors 12nd
influence the conductivity in the most effectiveywand consequently are the most promising when
using conductometry in enzymology. The decreasesime of charged particles does not cause
considerable change in conductivity (phosphatabststes). In the reactions with proton migration
some influence of the buffer type has to be takém account as an additional factor - an aniondsuff
decreases conductivity while a cation one increésdge to protoning. Therefore, the choice of the
type of buffer is very important. Experiments destoated a considerable increase in conductivity in
Tris and imidasole buffers in reactions with lipaged an insignificant change in conductivity ofsk
enzymes in phosphate buffer. The conductometrihotetvas also shown to be promising in all the
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reactions causing a change in pH, which is detexchias a rule by pH-titration. The sensitivities of
both methods are comparable, but conductometryefemable due to its lower cost and simplicity of
use, besides; titration (unlike conductometry) barperformed only in the direction of pH change and
requires more complicated manipulation at operation

Table 2. Factors resulting in conductivity changes.

No Sour ce of changes in conductivity Enzymes

1 Generation of ion groups Amidases

2 Separation of different charges Dehydrogenases and decarboxylas¢s
3 lon migration Esterases

4 Change in level of ion particles association Kinases

5 Change in size of charged groups Phosphatases and sulfatases

However, conductometric methods have some limiatid he ratio between the signal and noise
level should not be higher that 2 %. For this reashe concentrations of buffer and some other
ingredients, which can be added to the reactioriurex are important. The method sensitivity drops i
the presence of non-reacting ions in the solutiguffers with low ion strength can be used, then, to
measure low concentrations until the signal/noiséioris enough. Another disadvantage of
conductometry is its low specificity — it is incdgha of distinguishing between reactions that carsea
an artifact. The double layer capacity and thetedde polarisation during reaction can be also sir
of method error. All the investigations reportedvéiébecome a basis for further development of
conductometric biosensors.

5. Conductometric enzyme biosensors

The first conductometric biosensor for urea deteation has been described in [5]. It was a device
consisting of a silicon substanedth a pair of gold interdigitated and serpentifectodes. The
experiments were carried out in both a laboratoy @inics; the biosensor response to urea wasen t
range of 0.1 =10 mM in imidasole buffei]l 7.5. TheK,, of immobilised enzyme was higher than that
in the solution; the authors explained it as altesudiffusion limitation. A comparison of the aat
obtained by the biosensor in the laboratory with riéssults of conventional clinical tests showeddyoo
agreement (the correlation coefficient was highant0.99).

A similar conductometric biosensor has also beeaduas a multisensor [23]. Urease was
immobilised on the surface of the first electrodar pn the gel layer; on the second palir,
asparaginase; on the third pair, a three-enzymeeraysurease-creatinase-creatininase”. This sensor
was used for the determination of ureasparagine and creatinine, respectively. The sems® tested
with every substrate and in a multi-substance mmgdithe kinetic and calibration curves were
determined.
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Conductometric biosensors for environmental monitoring

2580
In Table 3 the developments in the field of conduowttric enzyme biosensors for environmental
monitoring during the last decades are summarized.
Table 3. Data on the development of different conductornetpiosensors for
environmental monitoring.
Ne Substance Enzyme References
1 Organophosphorous | Acetylcholinesterase, [3, 36, 38-40, 41-44, 46, 47]
pesticides Butyrylcholinesterase
2 Heavy metal ions Urease [37, 39-42,46]
Alkaline phosphatase [47, 48]
3 Formaldehyde Alcoholoxidase [6, 39, 42]
4 4-Chlorophenol Tyrosinase [45, 46]
5 Triazine herbicides Tyrosinase [45, 46, 49]
6 Carbamate pesticides Acetylcholinesterase [46]
7 Nitrate Nitrate reductase [50, 51]
8 Proteins as marker Proteinase K [52, 53]
DOC

A view of the design of the conductometric transdugvith a reference and a working electrode)
and of the experimental set-up for conductometeasarements is presented in Figure 5.

Figure5: Design of the conductometric transducer (with anexice and a working
electrode) and of the experimental set-up for cotwuetric measurements.

— .

Reference signal
Gold electrode
: —>
(height 0.2 pm) é
Ceramic substra _)= '
20un S =
L —

Reference electrode

Work electrode
reticulated.

The enzyme is immobilized on the working electradainly through co-reticulation with BSA
(bovine serum albumin) by glutaraldehyde crossiligk On the reference electrode only BSA is co-
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Conductometric biosensors for the detection of organophosphorous pesticides (based on enzyme
inhibition)

The conductometric biosensor based on inhibiticadyais, first described in [36], was intended for
the determination of organophosphorous pesticidesa sensitive element, the enzymes acetyl- and
butyrylcholinesterase were used. The enzymatidiceais the following one:

0
|| + _ + o
CH3-(CHz2)2-C-O(CH2)2-N(CH3)3 B—ﬁ; CH3-(CHp)2-CO0O +HT +HO-(CHp)2-N(CH3)3

butyrylcholine chloride butvric acid ol
J choline

Organophosphorus compounds partly inhibit the Igickl activity of acylcholinesterase through
phosphorylation of the serin group, according tee tfollowing reaction (example of the
organophosphorus compound trichlorfon):

O 0]

) 1 inhibition I
Enz-Ser-OH + CCI3CH20-P-(OCH3)2 — Enz-Ser-O-P-(OCH3); + CCI3CH20H

trichlorfon

The sensor sensitivity towards different pesticida@issopropyl fluorophosphate, paraoxon-ethyl,
paraoxon-methyl, trichlorfon) was investigated atice minimal detection limits for inhibitor
concentrations werexa0** M for diisopropyl fluorophosphate, oM for paraoxon-ethyl, 10’ M
for paraoxon-methyl, and<a0"’ M for trichlorfon. The dependence of biosensor raspamn how long
the transducer was incubated in the pesticide isolutas studied. The possibility of reactivating th
enzyme in the membrane by means of the reactipgtadine-2-aldoxime-methiodide, according to the
following reaction, was shown.

H
— N——CH o reactivation C|)
+ || Enz-Ser-OH + PAM-IL-(OCH 32
N_

Enz-Ser-O-P-(OCH3)2

CH3

The conclusion was drawn that the described biasensould be used for the analysis of
organophosphorous pesticides in agueous solutions.

Conductometric biosensors applied for analysingaltaolution toxicity at parathion-methyl
photodegradation were presented in [43, 44]. Tlsesssnent of the toxicity of the photodegradation
products was performed using the percentage obitidm of cholinesterase. The results obtained were
compared with the data from traditional high-sewsimethod of HPLC and from the Lumistox device
(Lange, Germany) for toxicity determination. It hhsen found that the strongest inhibitor of
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immobilised cholinesterases was the methyl paracand a strong synergistic effect of methyl
parathion and methyl paraoxon was occurred. Theisaltoxicity was shown to increase dramatically
as pesticide photodegradation began (cf. Figureh@&);toxicity remained once the parathion-methyl
dissociation had been completed. Also, it is imgartto note that when almost all methyl parathion
molecules have disappeared (t > 160 min), the m@ngaimixtures still exhibit a relatively high
toxicity, mainly imparted by methyl paraoxon. Tisswhy commercial immunotests proposed only for
the detection of methyl parathion (for example, Mdell Plate Assay EnviroLogix Inc., Portland,
USA) could not be really satisfying for general itity test, since toxicity due to photodegradation
products are not taken into account. However, thtbaas do not oppose the biosensor method to
others, but consider it as an additional fast veattie early screening of numerous samples.

Figure 6: Photodegradation of methyl parathion showing isappearance (1) and the
evolution of methyl paraoxon (2) and the toxicitl/the solution assessed by using
conductometric AcChE biosensor (3).
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Conductometric biosensor for the detection of diuron and atrazine (based on tyrosine inhibition)

A conductometric tyrosinase biosensor for the dete®f some toxic compounds including diuron,
atrazine, and copper ions was developed in [45, YaHer the experimental conditions employed
using 4-chlorophenol as enzyme substrate, and 80omcontact with tyrosinase inhibitor, detection
limits for diuron and atrazine were in the ppb aydamic range of 2.3 —2330 ppb and 2.15-2150 ppb
were obtained for diuron and atrazine respectivilyelative standard deviation of the output signal
was estimated to be 5% and a slight drift of @iSBhour was observed. The 90% of the enzyme activity
was still maintained after 23 days of storage wutier solution at 4 °C. The different samplesddst
were solutions containing diuron, atrazine, copjeagd and zinc ions, mixtures of copper/atrazine or
copper/diuron and real water samples coming froMiednamese river. In the last case, classical
techniques such as GC-MS or atomic absorption speetry were used in order to estimate exact
concentration of these species in real water sanplesults have shown that such a biosensor ceuld b
used as an early warning system for the detectidhese pollutants, as no matrix effect coming from
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the real sample was observed and no synergetiatagenist effects were found for the mixture of
toxic compounds. In addition, results were cohevetit the content of the tyrosinase inhibitors.

Conductometric biosensors for the detection of heavy metal ions (based on enzyme inhibition)

The potential of conductometric urease biosensarghe determination of heavy metal ions was
demonstrated in Ref. 37. The sensitivities of hemefals towards urease varied as follows*'Hg
Cu'> cd* > Co™* > P > SF*: reactivation of the inhibited enzyme with EDTA svahown to be
possible.

Conductometric biosensor for the detection of formaldehyde

A conductometric enzyme biosensor for determinatibriormaldehyde in aqueous solutions has
been developed using interdigitated thin-films plaelectrodes and immobilised alcohol oxidase from
Hansenula polymorpha was presented in [6]. The enzymatic reaction Wwaddllowing:

AOX

CHO + Op + HaO ™ HCOOH + H,04

v

HCOO + H"

The biosensor steady-state response was reacleeclaftut 1 min. Its dynamic range can vary from
0.05 mM to 500 mM formaldehyde and depends onithe bf enzymatic membrane cross-linking by
glutaraldehyde and on the buffer concentration u3ée biosensor developed was not absolutely
specific and selective. It demonstrated no respaosgrimary alcohols and other substrates alone.
Unfortunately, the response of this biosensor irtunes of formaldehyde and methanol was decreased
in comparison with the one observed for pure fodehayde, even if no response was obtained with the
interfering specie alone. The operational stabigs not less than 20 hours and the relative stdnda
deviation appeared to be about 3 %. Moreover, thrage stability was more than one month.

Conductometric biosensor for the detection of nitrate

A highly sensitive, fast and stable conductomegnzyme biosensor for determination of nitrate in
waters was described in [50, 51]. The conductometiectrodes were modified by methyl viologen
mediator mixed with nitrate reductase fraéspergillus niger by cross-linking with glutaraldehyde in
the presence of bovine serum albumin and N&fication-exchange polymer, allowing retention of
viologen mediator according to the following iorchange reaction:

MV " +2(S0: Natlam  — [(S0:7)sMV* Jaum + 2Nagy *

The enzymatic reaction for the reduction of nitiatthe following one:
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NO;” +2MVT +2HT — NO. T + 2MVTT +H,0

Linear calibration in the range of 0.02 and 0.25 mvith detection limits of 0.005 mM nitrate were
obtained with a signal-to-noise ratio of 3. Wheoretl in 5 mM phosphate buffer (pH 7.5) & 4the
sensor showed good stability over two weeks.

Conductometric biosensor for the detection of Dissolved Organic Carbon (DOC)

A conductometric proteinase K biosensor for orgamatter monitoring in rivers has been
developed, based on a conductometric transduces3pan fact, with approximately 30% of the total
organic carbon, proteins were chosen to be usethdisators of urban pollution. Proteinase K
hydrolyzes proteins into different ionic amino-acighich results in local conductivity changes.Hist
work, the biosensor response using bovine serummaib(BSA) as standard protein was optimized. A
stable biosensor with a constant repeatability andetection limit about 0.5 pg/mL BSA were
obtained. Then, response biosensor was testedsaiitiples of rivers water. Good correlations between
conductance changes and values given by standatibdse(chemical oxygen demand and protein
concentration evaluated by microBCA protein asdsye been shown. Correlation coefficients of
0.89 and 0.92 were respectively obtained.

Conductometric biosensor based on microalgea

A conductometric biosensor using immobilisehlorella vulgaris microalgae as bioreceptors was
used as a bi-enzymatic biosensor in [47, 48]. Lecaductivity variations caused by algae alkaline
phosphatase and acetylcholinesterase activitidd t@udetected. These two enzymes are known to be
inhibited by distinct families of toxic compoundseavy metals for alkaline phosphatase, carbamates
and organophosphorous pesticides for acetylchaérese. The bi-enzymatic biosensors were tested to
study the influence of heavy metal ions and paetgrion the corresponding enzyme. It has finally
appeared that these biosensors are quite sersite* and Zri* (limits of detection (LOD) = 10ppb
for a 30 minute long exposure) while?ives no significant inhibition as this ion seetmsdsorb on
albumin preferably. For pesticides, first experitseshowed that paraoxon-methyl inhib@bklorella
vulgaris AChE contrary to parathion-methyl and carbofulBBiosensors were then exposed to different
mixtures (Cd"/zn**, Cd*/MPx) but no synergetic or antagonist effect cobél observed. A good
repeatability could be achieved with biosensorsesthe relative standard deviation did not excééd 8
while response time was 5 to 7 minutes.

6. Conclusions

Application of the conductometric measurement metttwoenvironmental monitoring is thoroughly
examined and analysed regarding both standard ctomdeters and conductometric enzyme
biosensors. As compared to conventional methodsalysis, the method considered is universal and
features high accuracy and low labour costs.
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Conductometric biosensors also have advantagesotiver types of transducers. First, they may be
produced through inexpensive thin-film standarchtedogy without any reference electrode. This,
along with using an optimised method of immobilisatof biological material, results in considerable
decrease in both the primary cost of devices amdtdital price of analyses. Sure, the price of
conductometric biosensor depends on quantity ofasnfabricated. In case of mass production the
price of one sensor could be about 1 Euro, but susbnsor is reusable, and the total cost of asalys
could be much smaller. For integrated microbiosengas easy to perform a differential measurement
mode, thus compensating external effects and ceraity increasing measurement accuracy. Also
microbiosensors could be integrated and combineth@same crystal with a buffer electronic system
of information processing and storage that alsadcdacrease the primary cost of an individual devic

The data is convincing evidence of the great p@kof conductometric biosensors, especially for
environmental monitoring. However, it is still avab trend in the field of biosensors, and then the
development of commercial devices has a promisity €, especially for microbiosensor arrays.
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