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The operation of highly sensitive and selective multibiosensor based on several immobilized enzymes as
bioselective elements and a matrix of pH-sensitive field effect transistors as transducers of the biochemical
signal into electric one has been investigated. To develop bioselective elements of multibiosensor, the
enzymes highly sensitive to toxins, such as acetylcholinesterase, butyrylcholinesterase, urease, glucose
oxidase, and a three-enzyme system (invertase, mutarotase, glucose oxidase), were used. Optimal
substrates concentrations for inhibitory analysis were determined to be: 10 mM acetylcholine, 5 mM
butyrylcholine, 5 mM urea, 5 mM sucrose, and 2 mM glucose. It was shown that there was practically no
cross-influence of the substrates on the used enzyme systems. Time of incubation of the multibiosensor in
solutions with toxic compounds was 20 min. The inhibitory influence of separate toxins and their mixtures
on bioselective elements of multibiosensors was studied.

Keywords: multibiosensor, immobilized enzymes, pH-sensitive field-effect transistors, inhibitory analysis,
toxins.

Introduction. Quick monitoring of numerous toxic
compounds in environment, consumer goods and foods
became extremely urgent during last decades.
Therefore, the development of different biosensor
devices for these purposes is the mainstream of modern
analytical bio- and chemotechnology. At present, a
number of monobiosensors have been elaborated
worldwide [1-8] for toxin determination, some of them
— for direct [1-4], and others — for inhibitory analysis
[5-9]. Enzymes [1-3, 6-9] and microorganisms [4, 5] as
bioselective elements, and different physical
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transducers and measuring circuits were used in these
biosensors. However, the selectivity of single
monobiosensors is regularly insufficient for qualitative
and quantitative determinations of toxins in the tested
sample. These biosensors can be used only to
determine a single toxic compound or one class of toxic
compounds (total toxicity). That is why most studies on
monosensors for toxin determination led to conclusion
that occurring challenge can be overcome by
development of multibiosensors. Currently, a
conception of multibiosensors for ecological
monitoring is suggested, a possibility of their
development is shown in principle [10], and several
laboratory prototypes of multibiosensor devices based
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on transducers of different types and various
bioselective elements are now on trial [11-13]. In our
opinion, the most prospective is a multibiosensor based
on inhibitory analysis, where immobilized enzymes (or
their mixture) and a matrix of pH-sensitive field-effect
transistors (pH-FET) are used.

For bioselective elements of a multibiosensor, the
enzymes acetylcholinesterase, butyrylcholinesterase,
urease, glucose oxidase, and a three-enzyme system
invertase-mutarotase-glucose oxidase were suggested
as the most promising with regards to inhibitory
analysis. These enzymes will enable selective
determination of such toxins, as organophosphorous
and chlorine organic pesticides, carbamate herbicides,
and heavy metal ions. The first steps in the
development of such multibiosensor were described in
our previous publication [14]: the immobilization
method optimal for all wused enzymes was
experimentally tested; the conditions of concurrent
work of bioselective elements were optimized; a
possibility of direct analysis of some substrates was
examined. This work is a logical continuation of our
previous investigation and is aimed to adaptation and
application of the multibiosensor for inhibitory
analysis.

Materials and methods. Materials. The following
frozen-dried preparations of enzymes: soybean urease
(activity index of 31 U/mg) (Fluka, Switzerland);
acetylcholinesterase (AChE) (activity index of 426
U/mg) of electric eel (Sigma-Aldrich Chemie, USA);
butyrylcholinesterase (BuChE) (activity index 13
U/mg) of horse blood serum (Sigma-Aldrich Chemie),
glucose oxidase (GOD) of Penicilium vitale (activity
index 130 U/mg) (Diagnosticum, Ukraine); baker’s
yeast invertase (activity index of 355 U/mg)
(Sigma-Aldrich Chemie), pig kidney mutarotase
(activity index of 100 U/mg) (Biozyme Laboratories
Ltd, UK). Bovine serum albumin (BSA) (fraction V)
and 50% aqueous solution of glutaraldehyde (GA)
were purchased from Sigma-Aldrich Chemie. The
following substrates were used: urea, butyrylcholine
chloride BuChCl, acetylcholine chloride AChCI,
glucose, and sucrose.

Aqueous solutions of heavy metals nitrates
(domestic production), trichlorophon [(dimethyl — 2, 2,
2- trichlor — 1 — hydroxyethyl) - phosphonat]

(phosphorous organic pesticide, production of
Riedel-de-Haen, Switzerland), carbofuran (2, 3 -
dihydro — 2,2 — dimethylbenzofuran — 7 — yl
N-methylcarbamate) (carbamate pesticide, production
of Riedel-de-Haen, Switzerland) were used as enzyme
inhibitors. Phosphate solution (KH,PO,-NaOH) was
chosen as a working buffer with 2 mM concentration
and pH 6,5. Other inorganic compounds used were of
analytical grade quality.

Preparation of bioselective membranes. To
produce working bioselective elements based on
AChE, BuChE, urease, and GOD, the solutions of the
following composition were prepared: 10% enzyme +
10% BSA, and for three-enzyme system — 6% invertase
+ 6% mutarotase + 5% GOD + 3% BSA (hereinafter
three-enzyme solution). The enzymes were dissolved
in 40 mM phosphate buffer, pH 6.5, with 20% glycerol.
The reference membrane mixture was made in the same
way but only 20% BSA was used. Prior to deposition
on the transducer surface, both mixtures, for reference
and working membranes, were mixed with 2% aqueous
solution of GA (1:1). Solutions obtained were
deposited immediately on the transducers using
Eppendorf automatic pipette (total volume 0.1-2.5 pl)
till complete covering of the working surfaces was
achieved. The volume applied on each membrane was
about 0.1 pl; all membranes contained on their surfaces
the same total amount of proteins. Next, the membranes
were dried for 12 h at room temperature, and prior to
use, washed from excess of unbound GA with the
buffer solution.

Construction of sensor elements. A common
topological requirement of pH-sensitive field effect
transistors (pH-FET) for biochemical laboratories is a
free and easy access to the active sensitive (gate) region
of sensor elements for bioselective membrane
deposition. For this purpose, the gate zone and metal
contacts are placed on separate parts of the crystal that
makes active parts of transistors easily accessible and
electric contacts reliably isolated from the solution.
The schematic picture of a typical multichannel sensor
line (Fig. 1) shows mentioned above topological
peculiarities of the pH-FET elements that form the
sensor array. The silicon lines of integral pH-FET
sensors were manufactured in Science-and-Production
Association “Quazar” (Kiev, Ukraine).
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CEELEET

Fig. 1. Sensor line of pH-sensitive field-effect transistors (1-5, 11)
with layers of enzymes (6-70) immobilized on gate surfaces, (11) —
a reference transistor transducer with neutral BSA layer (12).
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Fig. 2. Topology of separate pH-FET sensor element: 1 — contact to
substrate n-zone, 2 — p'-diffusion contact bars from transistor
source and drain parts, 3 — gate zone, 4 — contact to integrated
reference electrode, 5 — silver chloride layer, 6 — aluminum contact
planes to transistor outputs, 7 — placement of ring seal for transistor
active zone.

The topology of typical pH-FET transducer is
presented in Fig. 2. The gate with pH-sensitive layer of
silicon nitride is patterned as a raster “snake” to
increase the channel length-to-width ratio. The value of
this ratio is close to 200 ensuring high transistor
amplification. The threshold transistor voltage is
typically about 2.5 V.

One of the FET key problems is reliable seal of
contacts, substrate and cutting lines of transistor chips
from electrolyte, since this factor defines service life of
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Fig. 3. Photo of 6-channel sensor line on the basis of silicon
pH-FETs.

the device in general. The source and drain lines, 7 mm
distant from each other, are brought out by long
diffusion bars to the plate edge where the output
electrodes are soldered and then encapsulated with the
compound. Besides, the adopted overall dimensions
assumed that the gate zone was sufficiently remote
from the cutting line (the plate edge) and, thus, the
liquid flow had no effect on the function of sensor
element. A distinguishing feature of described
structure is complete covering of the plate surface with
a silicon nitride dielectric layer. The latter, being a
pH-sensitive gate of FET-elements, serves also as a
reliable chemical-resistant insulating layer of the
whole crystal.

Photography of the 6-channel sensor line,
assembled on a special universal plate with reliable
insulation of all electric contacts, is shown on Fig. 3.

For the measurement of pH-FET sensor response,
the circuit was used to sustain constant source current
of each transistor, so that the output signal
automatically follows any voltage change near the
transistor gate. Conditions of measurement: channel
current /,= 20-30 pA, drain-source voltage U, ~ 1V,
substrate voltage U, = 0, transistor output signal -
within the range of 2.7 - 3.0 V. This multichannel
device allowed its usage in the differential mode of
measurement, i.e. one of the transistors serves as a
referent electrode while the others, covered with a
sensitive enzyme layers, are measuring electrodes. The
differential mode permitted considerable reduction of
temperature and solution ion strength fluctuation
influences, light effect and electromagnetic
interference on the results of measurement. Besides,
the device noise decreased remarkably.

Measurement procedure. Measurement was
performed at room temperature in a flow cell filled with
2 mM phosphate buffer, pH 6.5. The substrate
concentrations were varied by addition of diluted
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standard initial substrates solutions. The enzymes were
inhibited by 20-min exposition of the multibiosensor
chip in solutions with different toxins and their
mixtures in the range of concentrations from 1 to 1000
UM. Each experiment was repeated at least three times.
Nonspecific changes in the output signal associated
with fluctuations of temperature, medium pH and
electric noise were eliminated due to usage of the
differential measurement mode.

Results and discussion. Function of the
multibiosensor for inhibitory analysis of toxins is
based on the effect of inhibition of following single

enzymatic reactions or cascades of enzymatic
reactions:
Urease
Urea + 2H,0 + H* — 2NH," + HCO;’ (1)
BuChE
Butyrylcholine+H,0—>Choline+CH,(CH,),COO+H" (2)
AChE
Acetylcholine+H,0 — Choline+CH,COO+H" 3)
GOD
B-D-glucose+O,+H,0—D-gluconolacton+H,0, 4.1)
D-gluconic acid+H,0 5 acid residue + H' 4.2)
Invertase
Sucrose + H,0 — B-D-fructose + a.-D-glucose (5.1)
Mutarotase
a-D-glucose — B-D-glucose (5.2)

GOD
B-D-glucose + O, — D-gluconolacton +H,0, (5.3)
D-gluconic acid + H,0 S acid residue + H" (5.4)
The enzymatic reactions (1-3) and reaction cascades
(4, 5) result in proton concentration changes (and
corresponding local pH alteration of solution on the
membrane). This allows usage of the matrix of
pH-sensitive field-effect transistors as transducers [15].
The typical experimental signals of multibiosensor
in inhibitory analysis are demonstrated by the example
of Hg’" ions determination (Fig. 4). The initial signals
(X, X,, X5, X,, X;) of the multibiosensor obtained after
injection of the substrates mixture (10mM ACh, 5SmM
BuCh, 5mM urea, SmM sucrose, and 2mM glucose),
were taken as 100 %. The biosensor was next placed for
20 min into corresponding toxin solution (in our case

25 uM Hg*"), washed from the excess of toxin residues,
and then the signals (Y,, Y,, Y;, Y,, Y,) after injection
of the same substrates mixture were measured again.
The residue activities of Zn were calculated by the
formula Zn=Yn*100/Xn, where Xn, Yn - the
multibiosensor responses before and after its
incubation in Hg’* solution, correspondingly.

To obtain the highest sensitivity of the developed
multibiosensor to some toxins, optimal substrate
concentrations for the inhibitory analysis should be
determined. Theoretically, the optimal value should be
within the region of enzyme saturation by its substrate,
where each enzyme molecule is maximally involved in
the substrate transformation into a final product leading
to pH change and, thus, in generation of the maximal
signal. The dependence of multibiosensor responses on
concentration of corresponding substrates was studied
experimentally (Fig. 5). As can be seen, at increasing
substrate concentrations the classical dependence was
revealed. Therefore, in further experiments the
substrate concentrations corresponding to maximum
multibiosensor responses were used, i.e. the maximal
enzyme saturation by substrates. Thus, the substrate
concentrations were as following: 10 mM ACh, 5 mM
BuCh, 5 mM urea, 5SmM sucrose, and 2 mM glucose.

Since all bioselective elements of a multibiosensor
should concurrently function in the same medium
under identical conditions, the substrate cross impact is
to be studied for each separate bioselective element.
The responses of a 5-element matrix to each separate
substrate and to the substrates mixture are presented in
Fig. 6. As can be seen, only urease and GOD (and,
correspondingly, sensor elements based on these
enzymes) were observed to be highly selective to their
substrates urea and glucose, respectively. The AChE-
and BuChE-based biomembranes were characterized
by some cross-sensitivity to the substrates
acetylcholine and butyrylcholine, and no sensitivity
was detected to the substrates of other enzymes. The
bioselective element based on three enzymes,
invertase, mutarotase and GOD, for sucrose
determination was insensitive to all cross-substances
except glucose. The influence of the latter is
considerable and explicable due to the presence of
GOD in its composition. All bioselective elements of
the multibiosensor demonsrtated the same responses
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Fig. 4. Scheme of toxin determination by multibiosensor.

W f
-
Al

7

S
@.
i/

R
3

§

&v\‘m&\\\\\\\\\\

S

o

A
-

N

710 1l AChC]
FFFzd 5 v BuChCl
[T 5 sab] Urea

I : 1 Glucose
15 b Sucrose
Suhstrates mixture

\\\\\ A

RN

/

NN

.
.

SR

!

DDA,

Do

AOORN

TN

N
\

-

S

I
\\

SR

A

-\‘}3
A

)
o

T

\

S

.

A

Ly
=L 2

N/

Fig. 6. Effect of separate substrates and their mixture on responses
of bioselective elements of multibiosensor based on: 1 — AChE, 2 —
BuChE, 3 - urease, 4 — GOD, 5 — three-enzyme system, 6 — BSA.

either after injection of the mixture with all substrates
or after separate addition of each substrate. One more
proof of satisfactory work of the multibiosensor was a
negligible effect (within the error limits) of all
substrates and their mixture on the sensor element with
the reference membrane containing BSA.
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Fig.5. Dependence of responses of multibiosensor with enzymes (1
— AChE, 2 —urease, 3 — BuChE, 4 — GOD, 5 — three-enzyme system)

immobilized on sensitive surfaces of transducers line on

concentrations of corresponding substrates

All results demonstrating the cross impact of
specific substrates on responses of different sensor
elements of the multubiosensor are very important in
case of its application in inhibitory analysis and will be
taken into account for toxin determination in real
samples of environment.

Time of multibiosensor incubation in tested
solutions is also important factor since the
measurement of very low toxin concentrations requires
prolonged inhibition time. Therefore, it is necessary to
choose compromise measurement conditions, which
ensure determination of toxins at rather low
concentrations in relatively short inhibition period that
will result in the most effective mode of analysis. Thus,
the next step in our study was the determination of
optimal multibiosensor incubation time, common for
all enzymatic systems used. Dependence of the
inhibition level of immobilized enzymes on time of
their incubation in the inhibitor solutions is presented
on Fig. 7. The curves for bioselective elements based
on enzymes urease, GOD and three-enzyme system

invertase-mutarotase-glucose  oxidase (Fig. 7a)
demonstrate higher inhibition by heavy metals
compared to pesticides, that is why 25 pM Hg"" was
used as a test inhibitor solution. But, for enzymes
AChE and BuChE which are more inhibited by
pesticides (Fig. 7b), 50 uM trichlorphone was used as a
test inhibitor solution. As can be seen from Fig. 7, the
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Inhibitory effect of toxins and their mixtures on enzymatic systems of the multibiosensor (complete inhibition is taken as 100%).

Three-enzyme

Inhibitor Urease, % BuChE, % AChE, % GOD, % system, %
1 2 3 4 5 6
1 uM trichlorphone 0 15 0 0 0
10 uM trichlorphone 0 50 5 0 0
50 uM trichlorphone 0 70 25 0 0
1 uM trichlorphone 0 100 85 0 0
10 mM trichlorphone 0 100 100 0 -14
1 uM carbofuran 0 25 5 0 0
10 uM carbofuran 0 70 25 0 0
100 uM carbofuran 0 100 50 0 0
2 mM carbofuran 0 100 100 0 10
1 uM Ag+ 0 0 5 15 11
10 uM Ag+ 0 3 25 60 65
50 uM Ag+ 10 7 70 100 99
0,2 uM Hg2+ 0 0 0 0 5
1 uM Hg2+ 4 0 0 10 22
10 uM Hg2+ 25 3 10 50 70
50 uM Hg2+ 65 7 70 90 100
10 uM Cu2+ 10 0 0 0 0
50 uM Cu2+ 30 0 0 0 5
200 pM Cu2+ 70 0 15 10 30
10 uM Cd2+ 12 0 0 0 5
50 uM Cd2+ 65 0 15 10 30
200 uM Cd2+ 100 0 40 40 70
Mixture 1 12 85 80 90 100
Mixture 2 20 100 80 70 75
Mixture 3 0 100 60 40 50
Mixture 4 50 60 30 45 80
Mixture 5 40 80 40 30 55
Mixture 6 0 100 40 5 15
Mixture 7 40 60 7 15 30
Mixture 8 45 5 35 70 70
Mixture 9 30 100 100 100 100
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Table continuation

1 2 3 4 5 6
Mixture 10 0 75 40 30 25
Mixture 11 0 100 40 15 10
Mixture 12 0 60 20 5 5
Mixture 13 0 60 10 0 0
Mixture 14 5 75 20 35 45
Mixture 15 5 50 15 35 50

Note. Mixture 1: 6 pM Hg” +8 uM Ag"+53 uM trichlorphone; Mixture 2: 9 uM Cd’" +12 uM Ag*+50 uM carbofuran; Mixture 3: 5 pM
Ag"+85 uM carbofuran+13 uM trichlorphone; Mixture 4: 23 uM Cd*" +5 uM Hg® +10 uM trichlorphone; Mixture 5: 25 uM Cu’*+5 uM
Hg’ +150 uM trichlorphone; Mixture 6: 0,5 uM Hg’ +10 uM carbofuran+10 uM trichlorphone; Mixture 7: 50 uM Cu’*+1 uM Hg® +5 uM
trichlorphone; Mixture 8: 15 uM Cd** +15 uM Cu’"+15 uM Ag”: Mixture 9: 25 uM Hg" +25 uM Ag"+50 uM trichlorphone+50 uM
carbofuran; Mixture 10: 2 uM Cd*" +2.5 uM Ag"+10 uM carbofuran; Mixture 11: 1 uM Ag"+17 uM carbofuran+2.5 uM trichlorphone;
Mixture 12: 0.25 uM Ag"+4 uM carbofuran+0.75 uM trichlorphone; Mixture 13: 0.1 uM Hg’+2 uM carbofuran+2 uM trichlorphone;
Mixture 14: 1.25 uM Hg’ +1.25 uM Ag™+2.5 uM trichlorphone+2.5 uM carbofuran; Mixture 15: 1.25 uM Hg’ +1.6 uM Ag"+10 uM

trichlorphone

inhibition of all enzymes is most intensive during first
20 min, then inhibition of GOD and three-enzyme
system becomes somewhat lower. That is why in
further experiments the duration of multibiosensor
incubation in toxin solutions was set to 20 min. At this
condition sufficiently high level of inhibition of all
bioselective elements was achieved, interaction
enzyme-toxin was intensive enough, and total time of
the analysis was rather short.

The inhibitory effect of individual toxins and their
mixtures on enzymatic systems used for the
multibiosensor was next investigated. The results are
presented in Table 1.

The experimental data presented in Table 1 will be
further analyzed by methods of statistics in order to
claborate some approaches for quantitative or
semiquantitative determination of toxin concentrations
in real samples of environment.

Conclusion. The multibiosensor based on a matrix
of pH-sensitive field-effect transistors  with
immobilized enzymes acetyl- and butyryl- choline
esterases, urease, glucose oxidase, and three-enzyme
system invertase-mutarotase-glucose oxidase was
investigated and optimized for determination of toxic
substances. Working conditions for all enzymes were
optimized, basic analytical characteristics of the
developed multibiosensor were considered with
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regards to its prospective application in inhibitory
analysis of toxins in aqueous solutions of the
environmental samples.
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Hocnioxceno pobomy 6uUCOKOUYMAUBO2O MA CENEKMUBHO2O MYNb-
mubiocencopa Ha OCHO8I HU3KU IMMOOINI308aHUX (pepMenmie AK
Oiocenekmuenux enemenmie ma mampuyi pH-uymaueux nonvosux
MPAH3UCMOpPI8 AK nepemeoproeadie 6ioOXiMiuHO20 CUCHANLY 6 elleK-
mpuunuil. [na cmeopenns 0Ii0CeieKmUueHUXx enemenmis Myib-
mubiocencopa GUKOPUCMAHO (hepmenmu ayemuixorinecmepasy,
oymupunxoninecmepasy, ypeasy, 2n10K0300Kcu0azy ma mpugep-
MEHmMHY cucmemy ingepmaza—mymapomasa—2nioK0300Kcuoasa, aKi
0eMOHCmpPYIomb GUCOKY Yymausicms 00 0ii moxkcunie. Busnaueno
onmumanbHi - KOHYyewmpayii cybcmpamis,  6UKOPUCMAHI  npu
iH2IOiMOpHOMY aHali3l, 60HU CMAHOBAAMb OJisl ayemuixoniny 10
MM, 6ymupunxoniny — 5 mM, cewosunu — 5 mM, yykposu — 5 mM ma
entokosu — 2 mM. Yac inkybayii myremubiocencopa 6 moxkCuuHux



OPTIMIZATION OF MULTIBIOSENSOR USAGE FOR ANALYSIS OF TOXINS

100 — ! 1060 4 [}
_,—o—'—"."_'_'_.
& T a0 4 /
¢ F e :
- 2
A E &0 ] —_—
g =] % -/ /.H_,ﬂ-f-"
R o / e
Z k: .
i Ep r -
=0 -
V%
ol &
o<
T T T T T T T T T T T T 1 | S PR FRNITR! SELUS W FYULIREY L IR NI RILACH) FAUL LI SR M DNt |
L1} B {[x] 1= ] ety 0 3= 40 45 Ex EE] -5 = D 15 20 25 30 35 40 ¥ 50 55 /0 B85S

Tiwe ofiwnbatie n win

A

Tone of monbation mwin

B

Fig. 7. Dependence of inhibition of enzymatic systems on time of multibiosensor incubation in 25 uM Hg" (4) and 50 uM
trichlorphone (B) (1 — three-enzyme system, 2 — GOD, 3 - urease, 4 — AChE, 5 — BuChE). Measurement in 2 mM phosphate
buffer, pH 6.5. Substrate concentration: 10 mM ACh, 5 mM BuCh, 5 mM urea, 5 mM sucrose, and 2 mM glucose.
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Hemae. llepegipeHo maKoic iH2ibimopHy 0it0 OKpeMux moKCUuHie ma
iXHix cymiwell Ha GiocenreKMusHI eremenmu MyabmubioceHcopa.
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Pesome

Hccneoosana paboma 6biCOKOUYECMBUMENLHO20 U CELEKMUBHO20
MYTbMUOUOCEHCOoPa Ha OCHO8e PAOA UMMOOUNUZ0BAHHBIX (hepMeH-
Mmo6 KAk OuocenekmusHulX d1eMeHmos u mampuysl pH-uyecmeu-
MEeNbHBIX — NONeGbIX  MPAH3UCOPO8 KAK — npeobpaszosamenei
OUOXUMUYECKO20 CUCHANA 8 dNleKmpudecKuil. [Jns co30anus buoce-
JIeKMUBHBIX DIEMEHMO8 MYAbMUOUOCEHCOPA UCNONb308ANU (hep-
MEHmbl AYemuIxonuHIcmepasy, OYmupuIxoIuHIcmepasy, ypeasy,
2NI0KO300KCUOA3Y U MpexepmMenmuylo cucmemy uHeepmasa—my-
mapomasa—enioKo300KcuU0a3d, 0eMOHCMPUpYyIOwue BblCOKYIO Uy-
ecmeumenvHocms K Oeticmeuto  moxcunos.  Onpeodenenvl
onmumanbHele KOHYeHmpayuu cyocmpamos 0ist UCHOIb308AHUSL 6
UHSUOUMOPHOM aHaNu3e, KOmopbvle COCMAUIU OJis AYeMUIXONUHA
10 MM, 6ymupunxonuna — 5 mM, mouegunvt — 5 MM, caxaposvl — 5
MM u 2niokosvl — 2 MM. Bpemsa unkybayuu myremu- duocerncopa 6
moxcuunvlx pacmeopax cocmasuno 20 mun. Illokaszano, umo nepe-
KpecmHoe eauaHue cyocmpamos 01 6cex UCNOIb308AHHBIX (ep-
MEHmHBIX — cucmeM — npakmuyecku — omcymcmeyem.  Takoice
nposepeHo delicmaue 0moeabHbLX MOKCUHO8 U UX cMecell Ha buoce-
JleKMusHble d1eMenmbl MyabmubuoceHocpa.

Kniouesbie cnosa: MyrbmubuoCencop, umMmoOuIu306anHbvle
Gepmenmol, pH-uygcmeumenvhvle nojeevie mpaH3uCmopsl, UHu-
OUMOPHbLI AHANU3, MOKCUHbL.

REFERENCES

1. Conoamxin O. O., Cocoscvka O. @., beninosa I. B., I'onuap

M. B., Kopnan A. I. EH3UMHHI KOHAYKTOMETPUYHHUX CEHCOP

JUI BU3HAYeHHS (POpMANbIErily y MOACIbHUX PO3YHHAX //

Biomonimepu i kmitura.—2005.-21, Ne 5.—C. 425-432.

. Cocoscovka O. @., [asniwko I'. M., llapuoscax C. A., ['onuap
M. B., Kopnan A. I. ®opmanpaeriqfHuil KOHIYKTOMETPUYHUI
OioceHCOp Ha OCHOBI pekoMOiHOBaHOT (opmanbaerii-
neriiporeHasu  ApiKmkiB - Hansenula  polymorpha //
Biomonimepu i kmitura.—2008.-24, Ne 2.—C. 135-141.

. Dzyadevych S. V., Mai Anh T., Soldatkin A. P., Duc Chien N.,
Jaffrezic-Renault N., Chovelon J.-M. Development of
enzyme biosensor based on pH-sensitive field-effect
transistors for detection of phenolic compounds //
Bioelectrochemistry.—2002.—55.—P. 79-81.

. Korpan Y. I., Gonchar M. V., Sibirny A. A.., Martelet C.,
El’skaya A. V., Gibson T. D., Soldatkin A. P. Development of
highly selective and stable potentiometric sensors for
formaldehyde determination // Biosensors and Bioelectro-
nics.—2000.-15.-P. 77-83.

. Berezhetskyy A. L., Durrieu C., Nguyen-Ngoc H., Chovelon
J.-M., Dzyadevych S. V., Tran-Minh C. Conductometric
biosensor based on whole-cell microalgae for assessment of
heavy metals in wasterwater // Biomomimepu i kmituHa.—
2007.-23, Ne 6.—C. 511-518.

. Soldatkin A. P., Arkhypova V. N., Dzyadevych S. V., El’skaya

A. V., Gravoueille J-M., Jaffrezic-Renault N., Martelet C.

Analysis of the potato glycoalkaloids by using of enzyme

biosensor based on pH-ISFETSs // Talanta.—2005.-66.—P. 28—

33.

Dzyadevych S. V., Soldatkin A. P., Arkhypova V. N., El’skaya

A. V., Chovelon J-M.,. Georgiou C. A., Martelet C.,

7.

501



SOLDATKIN O.0. ET. AL.

(o]

Jaffrezic-Renault ~ N.  Early-warning  electrochemical
biosensor system for environmental monitoring based on
enzyme inhibition // Sensors and Actuators B.—2005.-105.—
P. 81-87.

. Arkhypova V. N., Dzyadevych S. V., Soldatkin A. P., El’skaya

A. V., Martelet C., Jaffrezic-Renault N. Development and
optimisation of biosensors based on pH-sensitive field effect
transistors and cholinesterases for sensitive detection of
solanaceous glycoalkaloids // Biosensors and Bioelectro-
nics.—2003.-18.—P. 1047-1053.

Coaoamxin O. O., Ilewxosa B. M., /[3a0esuu C. B., Cox-
oamxin O. I1., €nvevka I'. B. KongykToMeTpudHui 6ioceH-
COp Ha OCHOBI TpU(EPMEHTHOT CUCTEMH AJIsi CEJICKTUBHOIO
BU3HA4YCeHHS 10HIB Bakkux Metainis // Sensor Electronics and
Microsystem Technologies.—2008.-2.—C. 48-57.

10. Arkhipova V. N., Dzyadevych S. V., Soldatkin A. P., El’skaya

11.

502

A. V., Jaffrezic-Renault N., Jaffresic H., Martlet C.
Multibiosensor based on enzyme inhibition analysis for de-
termination of different toxic substances // Talanta.—2001.—
55.-P. 919-927.

Kukla A. L., Kanjuk N. 1., Starodub N. F., Shirshov Yu. M.
Multienzyme electrochemical sensor array for determination
of heavy metal ions // Sensors and Actuators B.—1999.—
57.-P.213-218.

12.

13.

14.

15.

Moreno L., Merlos A., Abramova N., Jimenez C., Bratov A.
Multi-sensor array used as an «electronic tongue» for mineral
water analysis // Sensors and Actuators B.-2006.-116.—
P. 130-134.

Touloupakisa E., Giannoudi L., Piletsky S. A., Guzzella L.,
Pozzoni F., Giardi M. T. A multi-biosensor based on
immobilized Photosystem II on screen-printed electrodes for
the detection of herbicides in river water // Biosensors and
Bioelectronics.—2005.-20.—P. 1984-1992.

Conoamxin O. O., Haszapenko O. A., Ilagniouenxo O. C., Kyk-
aa 0. JI., Apxunoea B. M., /[3a0esuu C. B., Condamxin O. I1.,
Envevka I. B. Ontumizauist po6oTu GpepMeHTHHX Oiocenek-
TUBHUX €JEMEHTIB 5K CKJIAJAO0BUX IOTCHIIOMETPUYHOTO
mynbTHOiIOCeHCOpa // Biononimepu i kiituHa.—2008.-24,
Ne 1.-C. 42-50.

/[350e6uy C. B. BuoceHCOpbI Ha OCHOBE HOHCEJIEKTUBHBIX MO-
JICBBIX TPAaH3HCTOPOB: TEOPHS, TEXHOJOTHS, NpaKTHKa //
Biomonimepu i knituna.—2004.-20, Ne 1-2.-C. 7-16.

UDC 577.151.4:544.475:543.554.2
Received 13.05.08



