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The paper is a review of the researches of Biomolecular Electronics Laboratory concerning the development of
biosensors based on electrochemical transducers (amperometric and conductometric electrodes, potentiometric

pH-sensitive field effect transistors) and different biorecognition molecules (enzymes, cells, antibodies), biomi-

mics (molecularly imprinted polymers), as sensitive elements for direct analysis of substrates or inhibitory analy-

sis of toxicants. Highly specific, sensitive, simple, fast and cheap detection of different substances renders them as

promising tools for needs of health care, environmental control, biotechnology, agriculture and food industries.

Diverse biosensor formats for direct determination of different analytes and inhibitory enzyme analysis of a num-

ber of toxins have been designed and developed. Improvement of their analytical characteristics may be achie-

ved by using differential mode of measurement, negatively or positively charged additional semipermeable memb-

ranes, nanomaterials of different origin, genetically modified enzymes. These approaches have been aimed at in-

creasing the sensitivity, selectivity and stability of the biosensors and extending their dynamic ranges. During the
last 25 years more than 50 laboratory prototypes of biosensor systems based on mono- and multibiosensors for
direct determination of a variety of metabolites and inhibitory analysis of different toxic substances were crea-

ted. Some of them were tested in real samples analysis. The advantages and disadvantages of the biosensors de-

veloped are discussed. The possibility of their practical application is considered.

Keywords: electrochemical biosensor, immobilized enzyme, substrate, inhibitor, multibiosensor.

Introduction. The last decades have shown unprece-
dented interest in the development of analytical devices
for the detection, quantification, and monitoring of dif-
ferent biological and chemical compounds. The dynamic
field of biosensors is covered by the extensive number of
reviews [1-5].

As compared with existing standard methods of sub-
strate determination, electrochemical biosensor methods
of analysis have a number of advantages: they provide
easy, fast, accurate, highly sensitive, spesific, and cheap
procedure of measurement. Besides, real-time measure-
ments are possible, while only minimal probe pretreat-
ment is necessary. A biosensor is a self-contained device
consisting of two functional parts. A bioselective element
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is in direct contact with a physical transducer, which
transforms the information from biorecognition domain
into an electrical or optical signal. The amplitude of such
signal depends on the concentration of the analysed
compound (analyte) in the sample. Biologically active
materials used for the construction of biosensor sys-
tems can be divided into two main groups: catalytic (en-
zymes, cells, tissues, biomimics) and noncatalytic, or af-
finity (antibodies, receptors, nucleic acids, biomimics).
Electrochemical (amperometric, potentiometric, con-
ductometric or impedimetric), optical, calorimetric, and
acoustic transducers are currently used in measuring
systems. The main endevours in the biosensor develop-
ment are focused on the exploration of various combi-
nations of biological components (or their synthetic mi-
mics) with different transducers.
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Table 1

Analytical characteristics of developed ENFET biosensors

Substrate (enzyme)

Dynamic range, M

Operational mode

Time of
analysis, min

Stability

Operational, h

Storage, day

References

Glucose ( Glucose Oxidase) 10°-3-10°

Urea (Urease) 10°-5.107

Acetylcholine chloride (Acetylcholine s 3
10°-5-10

Esterase)

Butyrylcholine chloride (Butyrylcholine 4 a2

107°-10

Esterase)

Penicillin (Penicillinase) 10°-1.5-107

Formaldehyde (Alcohol Oxidase) 5-10°-2-10"

Creatinine (Creatinine Deiminase) 1-10°-5-107

4-Chlorophenol (Tyrosinase) 2-10*8-10°

Protein substrates (Trypsin, Pronase E,

Trypsin with Carboxypeptidase B) 1-60 pg/ml

Multi detection: specific proteinase activity

determination Trypsin—Chemotrypsin 0.1-20 U/ml

(proteinase-a,,M molecule complexes)

Kinetic 0.1-0.2
> 20 90 [2,6,7]
Steady-state 1-2
Kinetic 0.1-0.2
>20 90 [2, 8]
Steady-state 1-3
Kinetic 0.1-0.2
> 30 90 [9, 10]
Steady-state 1-3
Kinetic 0.1-0.2
> 30 90 [9, 10]
Steady-state 1-3
Steady-state 1-2 >20 90 [11]
Steady-state 1-3 >20 30 [12]
Steady-state 1-2 >20 180 [13, 14]
Steady-state 2-4 > 150 15 [15, 16]
Steady-state 5-7 >10 20 [17,18]
Kinetic 5-7 >15 30 [19]

In this paper our achievements in the development
of electrochemical mono- and multibiosensors are re-
viewed. The laboratory prototypes of such biosensors
were created and used in analysis of real samples for
future application in medicine, environmental monito-
ring and food quality control.

Biosensors based on enzyme field effect transis-
tors. The theory, technology and instrumentation for ion-
selective field-effect transistors (ISFETs) were thorough-
ly reviewed in [5]. In pH-sensitive field-effect transis-
tors (pH-FETSs) an electrical signal depends on surface
potential of transistor gate dielectric depending on pH
changes near the transistor’s gate.

A differential pair of ISFETSs (one — covered with an
enzyme-containing membrane, another — a control one
with a reference membrane) is usually employed to
compensate common interferences such as bulk pH, ion
strength, photo- and temperature changes. Enzyme field
effect transistors (ENFETSs) were obtained by deposi-
tion of a thin layer of enzyme-loaded composite over a
pH-selective layer of ISFETs. The ENFETs function-

ing is based on the measurement of pH changes, locally
occurring inside the bioselective membrane as a result
of the enzymatic reaction involving the substrate to be
assayed.

ENFETs based on direct analysis. Substrate di-
rect detection. Wedeveloped ENFETS for direct
determination of glucose, urea, acetyl- and butyrylcholi-
ne, penicillin, formaldehyde, 4-chlorophenol, creatini-
ne, etc. The pH changes are a result of enzymatically ca-
talysed conversion of different substrates:

Immobilized enzyme
Substrate (analyte) — product + proton or hydroxylion.

The corresponding enzymes are glucose oxidase
(GOD), urease, acetylcholine esterase (AcChE), buty-
rylcholine esterase (BuChE), penicillinase, alcohol oxi-
dase (AOX), polyphenoloxidase (PPox), creatinine de-
iminase (CD), etc.

The main analytical characteristics of the develo-
ped biosensors are presented in Table 1.
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Fig. 1. Correlation of data obtained by biosensor and Jaffe method for creatinine (4), by biosensor and colorimetric enzyme method for urea (B) in

dialysate of patient with renal failure

A comprehensive analysis showed that the develo-
ped biosensors demonstrated reproducible, stable and
fast (1-4 min) responses to the substrates to be measured
[6-19]. Unfortunately, application of ENFETSs can be re-
stricted because of the dramatic decrease in the sensor
response at increasing buffer capacity and ionic strength,
pH-dependence of the enzyme kinetics, co-substrate li-
mitation of enzymatic reaction rate (the glucose sensor).

Improvement of ENFETs analytical cha-
racteristics. The investigation of glucose and urea
biosensors showed that main analytical characteristics
of ENFETSs can be improved by using charged permse-
lective additional membranes [20-24].

A narrow dynamic range of urea biosensors is a dis-
advantage which does not allow their appplication for
measurements in whole human blood (where urea normal
concentration is 6—8 mM but much higher in patholo-
gy) and, thus, previous sample dilution is required [23].
The dynamic range can be shifted toward higher concen-
trations by adding sodium tetraborate, a competitive in-
hibitor of urease [25]. Another way to overcome the
problem is modulation of urease affinity as a biorecog-
nition element. Noteworthy is a trend of the last few
years to use genetically modified enzymes for the imp-
rovement of biosensor characteristics. Thus, we used a
new enzyme preparation — recombinant urease from Es-
cherichia coli with an active site, genetically modified
so that urease affinity toward the specific substrate de-
creased. According to the information of the enzyme
preparation producer, it has high, about 200 mM, K .
The improved biosensor had quite broad, 1-80 mM, dy-
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namic range [26], covering urea concentrations in blood
and dialysate samples for both normal patients and tho-
se with renal dysfunction. Moreover this biosensor de-
monstrated high reproducibility and storage stability.
So, the developed biosensor has working characteri-
stics fitting the medical requirements as for direct urea
measurement in blood and dialysis samples.

Determinationofcreatinine and urea
concentrations. Determination of creatinine and
urea, the main compounds of human nitrogen metabo-
lism, is important for diagnostics of pathological states
of kidneys and assessment of the hemodialysis effecti-
veness. For this purpose we developed new enzyme po-
tentiometric monobiosensors and designed their labo-
ratory prototypes. As bioselective elements served im-
mobilized enzymes — creatynindeiminase of microbial
origin, urease from soybeans and recombinant urease
from E. coli [26].

The biosensors were characterized by short time of
analysis (1-2 min), high selectivity, reproducibility
(standard deviation did not exceed 5 %) and storage sta-
bility (30—40 days). They were successfully tested in
samples of blood serum and dialysate of patients with re-
nal failure [27, 28]. The measured values of creatinine
and urea concentrations in dialysate were compared
with the results of traditional methods, a high level of
data correlation (R = 0.98) being observed in both cases
(Fig. 1).

ENFETs based on inhibitory analysis. For determina-
tion of different toxic compounds we developed ENFET
biosensors based on enzyme inhibition [2, 9, 10, 30—
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zftzll)e/tfcal characteristics of ENFET biosensors based on inhibitory analysis
4 . Time of Stability

Toxic components Enzyme Dynamic range, M analysis, min Operational, b | Storage, day References
Heavy metal ions Urease 10°-5-107° 20 > 10 30 [2,29]
Diisopropyl fluorophosphate AcChE 3-10"-5-10" 15 >10 30 [2,9,30]
Diisopropyl fluorophosphate BuChE 5-10"-107 15 > 10 30 [2,9,30]
Trichlorfon AcChE 2-107-10° 15 >10 30 [2,9, 30]
Trichlorfon BuChE 1-10°-107° 15 > 10 30 [2,9,30]
Paraoxon-ethyl AcChE 10°-5-10°7° 15 >10 30 (2,9, 30]
Paraoxon-ethyl BuChE 5.107-5-10" 15 >10 30 [2,9,30]
Paraoxon-methyl AcChE 10°-5-107° 15 >10 30 [2,9, 30]
Paraoxon-methyl BuChE 5.10°-5.107° 15 >10 30 [2,9,30]
Parathion-methyl AcChE 5-10°-10" 15 >10 30 [30, 31]
Carbofuran AcChE 2-10°-10™ 15 > 10 30 [30,31]
Hypochlorite AcChE 10°-3-10" 15 Disposable 30 [31]
a-Solanine BuChE 5.-107-10" 5 >30 30 [30, 32-34]
a-Chaconine BuChE 2.107-107" 5 >30 30 [30, 32-34]
Tomatine BuChE 2-107-10" 5 >30 30 [35]

35]. Their main analytical characteristics are presented
in Table 2.

Irreversibleinhibition of urease. The
immobilised urease can be inactivated by heavy metal
ions through their direct interaction with sulthydryl
groups of the enzyme active site [2, 29]. The assay proto-
col included measurement of the biosensor response to a
fixed urea concentration before and after the biosensor
incubation in a solution of heavy metal ions. The detec-
tion limits were: 1.0 - 10° M for Hg*', 2.0 - 10-6 M for
Cu™,5.0-10°M for Cd*, 1.0-10° M for Co™,2.0-10° M
for Pb*" and 1.0-10"* M for Sr*". Thus, the row of heavy
metal ions regarding their toxicity toward urease is:
Hg’ > Cu* > Cd* > Co™ > Pb’* > Sr*". This inhibition
is reversible in the presence of a strong chelating agent
EDTA [46] which was used as a scavenging agent for re-
activation of the enzyme activity and biosensor multi-use.

Irreversibleinhibitionofcholineste-
rases. Determination of organophosphorous and car-
bamate compounds is based on their ability to inhibit cho-
linesterases irreversibly via interaction with the serine

—OH group in the enzyme active site. A decrease in cho-
linesterase activity after its interaction with pesticides
can be effectively monitored by ENFET biosensors,
which allows the toxicity assessment (Table 2).

The conditions of practical application of ENFET
biosensors based on inhibitory analysis were investiga-
ted and critically evaluated for optimisation. The enzyme
reactivation after inhibition by organophosphorous pes-
ticides was demonstrated when using pyridine-2-aldo-
xime methyliodide (PAM-2) [9, 30]. At the enzyme in-
hibition by hypochlorite species, PAM-2 treatment did
not give a restoration effect. This fact can be used as a
selectivity test for discrimination of inhibition by orga-
nophosphorous pesticides or hypochlorite species.

Reversibleinhibitionofcholinestera-
s e s. Steroidal glycoalkaloids (e. g., a.-solanine, o.-cha-
conine) are natural neurotoxins, the main source of which
are the plants of family Solanaceae, including potato,
widely used in food by millions of people. Consump-
tion of potatoes and potato products can be potentially
dangerous because high concentrations of steroidal gly-
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Fig. 2. Correlation between data on total glycoalkaloid content obtained by biosensor and thin layer chromatography (4), biosensor and HPLC (B)

in potato tubers of A — Ukrainian and B — French varieties

coalkaloids lead to poisoning, sometimes with fatal out-
come, for both humans and animals [37]. Glycoalkaloids
cause double toxic effects, firstly, as detergents, destroy-
ing cell membranes, and second, inhibiting cholineste-
rases, which play a key role in the transmission of nerve
impulses. Thus, continuous monitoring of the glycoal-
kaloids level in food is considered to be of extreme im-
portance.

The determination of alkaloids concentrations by
biosensors is based on the alkaloids ability to inhibit
BuChE reversibly. The potentiometric biosensor with
ISFETs and immobilized BuChE was developed for
the express analysis of the glycoalkaloid total content
which ranges within 0.2—100 uM depending on the type
of alkaloid, low detection limits of 0.2 uM for a-cha-
conine, 0.5 uM for a.-solanine, and 0.5 uM for tomatine
[32-35]. Glycoalkaloids were measured in potato and
tomato juices by two methods, namely standard addi-
tions and using a calibration curve [36, 37]. Compari-
son of the results of biosensor determination with the
data of thin film chromatography and HPLC analysis
(Fig. 2) showed a high correlation. The biosensor deve-
loped is sensitive and highly reproducible, it provides
simple and quick direct screening of glycoalkaloids in
fresh potato and tomato juices without any sample pre-
treatment. Thus, it can be considered as a basis for the
development of a commercial device for the express
analysis of total glicoalcaloids in potato tubers of exis-
ting varieties and those obtained by selection or genetic
modification, as well as in foodstuffs.
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Multibiosensor forecological moni-
toring of toxic compounds. We were the first
to propose the conception of toxins determination by a
multibiosensor based on the enzyme inhibition analysis
[10]. The multibiosensor with a matrix of ISFETs and
several bioselective elements (AcChE, BuChE, urease,
glucose oxidase, and three-enzyme system — invertase,
mutarotase, glucose oxidase) was developed and its main
charateristics were examined [40—43]. The results of in-
hibition of the enzyme system by different concentra-
tions of individual toxicants and their mixtures were
analyzed by the methods of mathematical statistics to
develop the approach to quantitative or semi-quantita-
tive determination of toxicants in real water samples of
the environment [42].

On the basis of this multibiosensor, we created a
portable laboratory device to analyze real water samples
from a number of Kyiv water reservoirs, and complex
multicomponent water assays from the landfill waste
for the presence of toxic substances [43]. A comparison
of the sensor data with traditional methods shows a
high degree of correlation (Table 3) [43].

The developed multibiosensor can serve as a basis
for designing and industrial manufacture of measuring
apparatus for express integral and selective determina-
tion of water pollutants.

Conductometric biosensors. The biosensors based
on conductometric principle seem to be very advanta-
geous in several aspects: i) thin-film electrodes are
suitable for miniaturisation and large scale production
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Table 3

Comparison of different methods of the analysis of real samples of the environment [43]

Traditional methods, mg/l

Place of sampling
AAAHg*

Multibiosensor method

AAS TLC

Vyrlytsia (Poznyaki, Kyiv) -
Vyrlytsia + 400 nM Hg™ 0.079
Dnieper river (Osokorki, Kyiv) -

Dnieper river + 10 uM trichlorfon -

Solnechnoe (Osokorki, Kyiv) -
Solnechnoe + 5 uM Cu* -
Ministerske (Obolon, Kyiv) -
Opechen (Obolon, Kyiv) -
Opechen lower (Obolon, Kyiv) -
Verbne (Obolon, Kyiv) -
Dnieper gulf (Obolon, Kyiv) -

Dnieper (Obolon, Kyiv) -

Landfill waste N 5, Pidgirtsi village,
Obukhivski, Kyiv region

0.321 (Cu™) - +

0.317 (Cu* ")
0.034 (Co™")

- +++
1.471 (Zn™)

0.988 (Cr*")

Notes. AAAHg" — atomic absorption mercury analyzer; AAS — atomic absorption spectroscopy; TLC — thin layer chromatography; «+» —
exceeding MPC; «++» — exceeding MPC by several orders of magnitude.

by inexpensive technology; noble metals can be chan-
ged for cheaper ones, e. g. Ni; ii) there is no need in re-
ference electrode, no light sensitivity, small driving vol-
tage decreases power consumption; iii) large spectrum
of analytes of different nature can be determined on the
basis of various reactions and mechanisms.

The method of solution conductance monitoring
was originally developed for determining chemical
reaction rates and only recently it has been applied to the
reactions catalysed by enzymes, namely, hydrolases,
proteases, oxidases, amidases, peptidases, etc. [44].

Taking into consideration the mentioned attractive
features of conductometric principle and simplicity of
corresponding devices, we directed our efforts on the
development of conductometric biosensors with imp-
roved working characteristics.

Enzyme-based biosensors. The enzyme-based con-
ductometric biosensors can be used for both direct and

inhibitory analysis. In the last years we developed a num-
ber of enzyme conductometric biosensors for determi-
nation of main natural metabolites and toxins, created
their laboratory prototypes, and optimized them for real
samples. The main analytical characteristics are presen-
ted in Table 4.

In these biosensors we applied conductometric trans-
ducers consisting of two pairs of planar interdigitated
electrodes, produced by vacuum deposition of gold or
platinum on a ceramic support. Immobilized enzymes,
either individual ones or their cascade, served as biose-
lective elements. Immobilization of enzymes with BSA
on the transducer surface was performed by glutaralde-
hyde crosslinking. The bioselective membranes compo-
sition and the conditions of enzyme immobilization we-
re optimized.

We developed conductometric biosensors based on
direct analysis for determination of glucose, urea, ace-
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Table 4
Analytical characteristics of the conductometric enzyme biosensors*

Substrate/inhibitor (enzyme) Dynamic range, M

Operational mode

Time of Stability

analysis, min

References

Operational, h Storage, day

Substrate analysis

Kinetic 0.1-0.2
Glucose (Glucose Oxidase) 10°-3-10° >20 90 [45]
Steady-state 1-2
Kinetic 0.1-0.2
Urea (Urease) 10°-5-10° >20 30 [45]
Steady-state 1-3
g:tztr};lsc;oline chloride (Acetylcholine 104212102 Kinetic 0.1-0.2 ~ 10 30 [46]
Steady-state 1-2
g;lt';yr;);t:)holine chloride (Butyrylcholine 10-10 Kinetic 0.1-0.2 =10 30 [46]
Steady-state 1-2
Penicillin (Penicillinase) 107-1.5-107 Steady-state 1 >20 90 [11]
Formaldehyde (Alcohol Oxidase) 0.1-5 mg/ml Steady-state 1-2 >2 30 [47, 48]
Arginine (Arginase + Urease) 0.1-5 mg/ml Steady-state 1-2 >2 30 [49]
Inhibitory analysis
Hg"" (urease) 10°-5-10° Kinetic 20%%* Disposable 30 [50, 51]
Cu’' (urease) 2-10°-10" Kinetic 20%* Disposable 30 [50, 51]
Cd* (urease) 5-10°2-10" Kinetic 20%%* Disposable 30 [50, 51]
Co”" (urease) 10°-5-10" Kinetic 20%* Disposable 30 [50, 51]
Pb>" (urease) 2-10°-5-10" Kinetic 20%%* Disposable 30 [50, 51]
Sr’* (urease) 10%-5-107 Kinetic 20%* Disposable 30 [50, 51]
DFP (AChE) 5-10"-107 Steady-state 15%% >2 30 [50, 51]
Trichlorfon (AChE) 5.107-10" Steady-state 15%% >2 30 [50, 51]
Paraoxon-ethyl (AChE) 10%10" Steady-state 15%% >2 30 [46, 51]
Paraoxon-methyl (AChE) 5.107-10" Steady-state 15%% >2 30 [46, 51]
Diuron (tyrosinase) 1-2000 ppb Steady-state 15%* Disposable 30 [52]
Atrazine (tyrosinase) 1-2000 ppb Steady-state 15%* Disposable 30 [52]

N o t e. *Without additional charged membranes; **measurement time includes preincubation with inhibitor.

tylcholine, butyrylcholine, penicillin, formaldehyde, ar-
ginine, etc. (Table 4). The changes of conductivity du-
ring enzymatically catalysed conversion of the substra-
te are proportional to its concentration:
Appropriate
Substrate  —>  Charged product(s)
Enzyme
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and can be registered by the conductometric sensor
system.

The conductometric enzyme biosensors, using inhi-
bitory analysis, were created for determination of orga-
nophosphorous pesticides and heavy metal ions. The
scheme of pesticides detection is based on their ability
to inhibit the AcChE and BuChE activity by phos-
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phorylating serine OH groups in the enzyme active si-
tes. In the case of heavy metal determination, immobili-
sed urease can be inactivated by heavy metal ions via
their direct interaction with the thiol group of the en-
zyme active site.

The assay protocol included measurement of the bio-
sensor response to a fixed concentration of the specific
substrate before and after the biosensor incubation in a
solution containing the toxic compound.

The biosensors demonstrated reproducible and stab-
le responses to substrates and inhibitors with a measure-
ment time of 0.5-2 min for direct and 15-20 min for
inhibitory analysis. Influence of pH, buffer capacity and
ionic strength was studied [45—49]. Responses of the
conductometric enzyme sensors presented in Table 4
were shown to be strongly dependent on buffer capaci-
ty and ionic strength. We tested different additional
membranes, which may control diffusion of substrates
and products of the biochemical reaction for optimizing
sensor operation to satisfy practical requirements [53].

It is noteworthy that the urease- and cholinesterase-
based conductometric biosensors may also serve as a re-
liable tool to evaluate the overall toxicity of liquid samp-
les [46, 50, 51]. The conductometric AcChE-based bio-
sensor was applied for control of organophosphorous pes-
ticides photodegradation. Fig. 3 shows a correlation bet-
ween HPLC measurement of parathionmethyl photode-
gradation and the toxicity of sample solution obtained
by the biosensor [54, 55]. As the curve 4 shows, the inhi-
bition effect registered by the biosensor increases dra-
matically as soon as photodegradation begins. In addi-
tion, the toxicity curve does not exactly follow the curve
of appearance of paraoxon-methyl, which is more toxic
toward AcChE than the precursor pesticide.

The maximal sample toxicity is obtained about 40
min after UV irradiation. It is important that even after
almost complete degradation of parathion-methyl (¢ >
160 min) the mixture still exhibited a relatively high toxi-
city, mainly due to paraoxon-methyl. Such information
can not be obtained by traditional methods of analysis.

Biosensors based on enzyme cascades. Determina-
tion of mono- and disaccharides (carbohydrates) at dif-
ferent stages of technological processes is necessary in
food and beverages industry (sugar, dairy, wine produc-
tion), breweries, agriculture, pharmaceutical manufac-
ture, efc.
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Fig. 3. UV photodegradation of parathion-methyl: / — disappearance of
parathion-methyl; 2 — evolution of paraoxon-methyl; 3 — toxicity
assessed by the AcChE biosensor

In recent years, we first developed new conducto-
metric biosensors based on enzyme cascades to identi-
fy major natural saccharides — sucrose, maltose, lactose
with three-enzyme system (mutarotase, glucose oxida-
se, and related glycosidases (invertase, a.-glucosidase,
B-galactosidase, respectively), and glucose — with only
one enzyme — glucose oxidase [78—80]. The laboratory
prototypes were created and optimized for real samp-
les, the analytical procedure was worked out. The con-
tent of sucrose and glucose in samples of sugary drinks
and juices was analyzed by the sucrose and glucose bio-
sensors, a good correlation of the results with the HPLC
data was shown (R = 0.996). The same biosensors were
used to determine the content of sucrose and glucose in
samples of sugar beet homogenate. The results were in
good correlation with those of polarimetric method com-
monly used in sugar production to measure sucrose in
sugar beet (R = 0.914).

Thus, the developed biosensor can be employed as
a basis for industrial production of analytical tools for
selective determination of maltose, sucrose, lactose and
glucose. Application of such biosensors in food, phar-
maceutical, biotechnical industries, agriculture, etc.,
can significantly simplify and improve the analysis of
carbohydrates.

Cell-based biosensors. The yeast cell-based con-
ductometric biosensor was developed for the ethanol
quantification in alcoholic beverages [59]. When etha-
nol is added to the tested solution, the alcohol molecu-
les penetrating through a cell membrane are oxidised
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Fig. 4. Results of ethanol determination in different alcoholic beve-
rages (beer (/), vodka (2), cognac (3) and spirit (4))

by methylotrophic yeast Candida boidinii 706 (wild ty-
pe) in two steps. First, alcohol dehydrogenase (type II)
catalyses formation of acetaldehyde in oxidative utilisa-
tion of ethanol. Then, acetaldehyde is converted to acetic
acid by acetaldehyde dehydrogenase. The resulting con-
ductivity changes due to specific acidic metabolite se-
cretion out of the membrane are registered by the sen-
sor system.

The results of ethanol determination in different di-
luted alcoholic beverages by the cell-based biosensor are
presented in Fig. 4 in comparison with those obtained by
gas chromatography. Good correlation is shown (R =
=0.9988).

A bi-enzymatic conductometric biosensor with im-
mobilised Chlorella vulgaris microalgae as bioreceptors
was described in [60, 61]. The use of micro-organisms
for multi-detection can be a good alternative, since each
living cell contains a large number of enzymes. Local
conductivity variations caused by the algae alkaline phos-
phatase and AcChE activities were detected. These two
enzymes are known to be inhibited by distinct families of
toxic compounds: alkaline phosphatase — by heavy me-
tals, AcChE — by carbamates and organophosphorous
pesticides.

It was shown that these biosensors are quite sen-
sitive to Cd*" and Zn’" (the detection limit is 10ppb for a
30-min exposure). For pesticides, the experiments show-
ed that paraoxon-methyl inhibits AChE of C. vulgaris
contrary to parathion-methyl and carbofuran. The biosen-
sors were then exposed to different mixtures (Cd*'/Zn™,
Cd*'/paraoxon-methyl) but neither synergistic nor anta-
gonistic effect could be observed. A good repeatability
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was obtained — relative standard deviation did not ex-
ceed 8 %, the response time was 5—7 min.
Capacitance biosensors and numerical evalua-
tion of their analytical parameters. One of the most
crucial problems arising in practical application of poten-
tiometric and conductometric biosensors is a dramatic de-
crease in the sensor response when the buffer concentra-
tion of the measured sample increases. The same pheno-
menon has been observed for the formaldehyde-specific
sensor based on recombinant formaldehyde dehydroge-
nase when measuring capacitance versus voltage [62].
The numerical simulation of the obtained experimental
results using the classical site-binding model (Eq. 1)
has shown that the resulted theoretical curve does not
completely fit the experimental observations.

PLX?*]=—loglx 7" 1=22%0 |

23KT
+log(qNS —IJ - pK,
quO

where vy, is the potential of the functionalized insulator/
electrolyte interface, Ns is the surface density of sites,
pK is the complexation constant, C,, is the double layer
capacitance, and Z is the charge of the ionic species.

We suggested that classical model should be impro-
ved, since it does not take into account the phenomenon
of specific adsorption of counter ions and, consequent-
ly the bio-recognition membrane potential fluctuations.
To describe the membrane fractality effect we introdu-
ced a scale law term:

)

S(C)=aC™, (2)
where S is the sensor output signal, C is the buffer con-
centration in bulk solution, o and 3 are the parameters
fitting.

The addition of the above mentioned scale effect
term, which is attributed to the fractal nature of
membrane/electrolyte interface in the Eq. 1, allowed us
to get the modified equation for site-binding model:

PLX?*]=—loglx 7" 1=24%0 |
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Table 5
Characteristics of Si/SiO,/Si;N /rFDH formaldehyde sensors in different buffers
Transducer Bio;z(l:é)cglﬁietion Buffer type lsne\r/l/s‘;:xg’e’ pK NG, sites/cm’ o B
Si/Si0,/Si;N, rFDH Borate 37 5.8 5-10" 2.1-10™ 0.9
Tris 2.5 2.1 7-10" 25-10" 0.9

The numerical simulation of the obtained data using
modified equation has resulted in theoretical curves fit-
ting well the experimental data.

The response of the formaldehyde-sensitive biosen-
sor has also been examined in Borate and Tris buffers,
pH 8.4. It has been shown that in Tris buffer the C(V)
curves reveal a weak shift of the initial C(V) (without
formaldehyde injection) and consequently a variation
of the flat-band potential (AVFB) to positive bias at in-
creasing formaldehyde concentration, while the oppo-
site behavior has been monitored in Borate buffer [62].
We have suggested a change in the mechanism of the
signal generation due to the enzymatic transformation
of formaldehyde in Tris buffer. Moreover, the biosen-
sor sensitivity in Tris buffer decreased dramatically and
became only 2.4 mV per decade (more than ten times
lower than that obtained in Borate buffer). The first phe-
nomenon was explained by the different nature of the
used buffers: for Boric buffer — weak acid and for Tris
one — weak base are responsible for pH-buffering, so
different charge of pH-forming ions (anionic — for Bo-
rate, and cationic — for Tris) and their different interac-
tion with bio-functionalized surface could result in op-
posite direction of the curves’ shift. The drastic drop in
sensitivity of the bio-membrane response to formalde-
hyde in Tris buffer was explained by chemical interac-
tion of the Tris-base with formaldehyde [12], masking
the target analyte from enzymatic conversion to formic
acid. The numerical simulation of the obtained results
using modified site-binding model has resulted in theo-
retical calibration curves, which are in full agreement
with the experimental data.

The calculated number of sites (Ns) available for
binding the charged molecules released due to the enzy-
matic FA transformation is 5 - 10" sites/cm’ in Borate
buffer and 7- 10" sites/cm’ in Tris buffer. These values
are the additional proofs of the described above obser-
vations and explanations. The key characteristics and
fitting parameters of the capacitive formaldehyde bio-

sensor with Borate and Tris buffers are summarized in
Table 5. We envisage that our adjusted site-binding mo-
del can also be applied further for the analysis of analy-
tical parameters of potentiometric and conductometric
sensors owing to the similarity in sensor signal genera-
tion mechanisms (charged ion species production/con-
sumption).

Amperometric enzyme biosensors. The functioning
of amperometric biosensors is based on enzymatic re-
actions where the concentrations of electroactive sub-
strates/products change. These variations can be measu-
red directly by an amperometric transducer. The enzy-
mes generally catalyzing reactions of this kind are va-
rious oxidoreductases. The scheme of such reactions is:

S+EFAD = EFADS = EFADH2+P;
EFADHZ + 02 = EFAD + HZOZ'

Most of amperometric sensors of this kind operate
at the potential of +0.65—+0.9 V.

Biosensors for determination of main components
of wine. Ethanol, glycerol, glucose and lactate are im-
portant components of wine, their concentration is an
indicator of quality, naturalness, taste and stability of
drinks. Traditionally, wine components are analyzed by
chromatographic, enzymatic, spectrophotometric, re-
fractometric, densitometric methods, capillary electro-
phoresis, etc. Biosensors providing express, highly sen-
sitive, selective and cheap analysis can be a promising
modern alternative.

We developed enzyme amperometric biosensors
for determination of lactate, glucose, glycerol and etha-
nol, designed their laboratory prototypes and specified
the main analytical characteristics (Table 6) [63—67].

Along with the development of monobiosensors,
there is a need for simultaneous determination of seve-
ral analytes. The creation of multibiosensor combining
a series of sensitive elements on a single chip is an actual
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Table 6
Analytical characteristics of developed amperometric biosensors
Time of Stability
Substrate (enzyme) Dynamic range, mM Operational mode analysis, min References
’ Operational, h Storage, day
Glucose (Glucose Oxidase) 0.03-8 Steady-state 1-3 >20 90 [63, 64]
Lactate (Lactate Oxidase) 0.004-0.5 Steady-state 1-3 >20 25 [63, 64]
Ethanol (Alcohol Oxidase) 0.08-1 Steady-state 1-3 > 120 33 [63, 64, 66]
Glycerol (Glycerol Oxidase) 0.001-25 Steady-state 1-3 >30 40 [67]
Multisensor detection:
Lactate (Lactate Oxidase) 0.0005-0.64
Steady-state 1-5 >20 32 [63]
Ethanol (Alcohol Oxidase) 0.1-6.4
Glucose (Glucose Oxidase) 0.0005-1.6

challenge. Therefore, we developed an amperometric
enzyme multibiosensor and designed its portable labo-
ratory prototype for wine quality control. It had the li-
near ranges of 0.005—0.8 mM lactate, 0.01-6.4 mM
ethanol, 0.005-1 mM glucose, and sufficient storage
stability. The developed system was tested in the analy-
sis of real samples of wine products. The procedure of
standardization of mono- and multisensor devices for
measurements in vegetable and fruit juices and wines
has been launched.

Amperometric biosensors for biomedical purpose.
One more field of scientific interest of our laboratory
was the research aimed at the development of micro-
biosensors of biomedical application for analysis of neu-
rotransmitters and metabolites. A number of ampero-
metric microbiosensors based on various enzyme systems
were developed for determination of acetylcholine, cho-
line, glutamate, D-serine, glucose, lactate, and ATP
(Table 7) [68—72]. In these biosensors we used the am-
perometric transducers produced in our laboratory on
the basis of monocarbon fiber and platinum wire. To
increase sensitivity, the carbon-based transducers were
modified by electrochemically deposited ruthenium. The
biosensor selectivity was increased by electrodeposi-
tion of an additional polyphenylenediamine membrane
on the transducer surface. The main analytical characte-
ristics of the developed microbiosensors are given in
Table 7. Some of the developed microbiosensors were
successfully used to monitor the secretion of neuro-
transmitters (glutamate, D-serine) by the cell cultures of
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astrocytes, and in vivo — to determine the level of neu-
rotransmitters and metabolites (glucose, lactate, gluta-
mate) in the brain of rats.

The microbiosensors designed for ATP determina-
tion can be also used in the development of drugs based
on inhibitors of certain target enzymes such as kinases,
synthetases and other enzymes for which ATP is a sub-
strate. The electrochemical biosensor will enable rapid
analysis of ATP level without using radiolabeled pro-
ducts that will significantly improve the working con-
ditions.

Application of nanomaterials for enhancement of
analytical characteristics of biosensors. Immobiliza-
tion is the key-step in biosensor construction. However,
in general the conventional methods of biomolecule
immobilization (physical adsorption, covalent binding,
cross-linkings and entrapment in gels or membranes)
have some disadvantages — low reproducibility and sta-
bility of bioselective elements, poorly controlled spatial
deposition. In this context, the use of nanomaterials for
the construction of biosensing devices is one of the most
exciting approaches. The extremely promising prospects
of these devices accrue from the unique properties of na-
nomaterials.

Application of zeolites. Zeolites are potentially help-
ful for the biosensor development due to their specific
properties — low toxicity, chemical, mechanical and ther-
mostability, tolerance to microorganisms [73]. More-
over, a wide range of modifications allows obtaining
zeolites with improved properties.
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Table 7
The developed biosensors for biomedical application

Linear dynamic

Enzymatic system Transducer Specificity range, mM References
GOD Carbon fiber electrode + ruthenium layer + poly-m-PD Glucose 0.1-4 [68]
LOD Carbon fiber electrode + ruthenium layer + poly-m-PD Lactate 0.1-2.0 [68]
ChOD Carbon fiber electrode + Os-based Red-Ox hydrogel electrode Choline 0.01-0.5 [69]

Choline +
ChOD + AcChE Carbon fiber electrode + Os-based Red-Ox hydrogel electrode . 0.01-0.5 [69]
Acetylcholine
+ 1 -Mm-
GIOD Carbon fiber electrode + ruthenium layer + poly-m-PD + Nafion and L-glutamate 0.001—01 68, 70]
polyurethane
Hexokinase + GOD Platinum electrode + poly-m-PD D-serine 0.0001-0.05 [71]

. . ATP +

Oxidase of D-AA Platinum electrode + poly-m-PD glucose 0.0025-2.5 [72]

Zeolites can be embedded into the bioselective ele-
ments to improve analytical characteristics of biosensors,
i. e. their sensitivity to the substrate, linear detection
range, signal reproducibility. We applied zeolites of va-
rious kinds as alternative carriers for enzyme immo-
bilisation [74—76]. It was shown, that use of zeolites al-
lowed optimization of sensitivity, selectivity and stabi-
lity of glucose amperometric biosensors and urea po-
tentiometric and conductometric biosensors [74—76].

Promising results were obtained when using natu-
ral zeolites clinoptilolite and silicalite [77-80]. The de-
veloped clinoptilolite-based biosensors [77—79] demon-
strated high operational stability (the coefficient of va-
riation was within the range 0.8—7 %) and storage stabi-
lity for about five months. In silicalite-based biosensors,
urease was physically absorbed on zeolite by simple and
fast procedure without toxic and auxiliary compounds.
These biosensors were characterized by improved intra-
(RSD 9 %) and inter- (RSD 4 %) reproducibility and
operational stability (less than 10 % loss of activity after
10 days).

Application of carbon nanomaterials. The applica-
tion of carbon nanomaterials in the elaboration of bio-
sensors is among novel trends in modern analytical bio-
technologies. Ultra-low sizes of carbon nanotubes and
nanodiamonds, large specific surface area, the possibi-
lity of their modification by active groups, good bio-
compatibility, low toxicity and good electrical conduc-
tivity provide for active application of these materials
in targeted management of the key analytical characteris-

tics of biosensors, in particular, for the enhancement of
their stability, sensitivity and selectivity. In recent years
the laboratory has elaborated a number of highly sensiti-
ve and stable amperometric sensors based on nanocom-
posite biomembranes using carboxylated and aminated
carbon nanotubes and detonation nanodiamonds [18—
20]. In particular, the biosensor, based on gold printed
amperometric electrodes («DropSensy, «Llanera» («As-
turias»), Spain) and immobilized glucose oxidase using
multi-walled carbon nanotubes (MWCNT) was deve-
loped for the purpose of detecting glucose in wine. It
was demonstrated that the introduction of MWCNT to
the amperometric biosensor membrane promotes the
increase in the signal value, expands the linear range of
glucose concentration evaluation and allows evalua-
ting the substrate in a wide range of working potential
(0.3-0.8 V). Several amperometric sensors were elabo-
rated on the basis of nanocomposite sensitive elements,
based on immobilized choline oxidase for quantitative
estimation of choline. The sensitivity of the elaborated
biosensor is 500.0 uA M ¢cm?, the minimal reporting
concentration of choline is 0.3—0.4 uM, the linear range
of choline concentration evaluation is in the range of
0.3 up to 500 uM of analyte. It was demonstrated that
the introduction of MWCNT into the enzyme-con-
taining membrane structure contributes to the signifi-
cant enhancement of its storability (after storing for five
months in 100 mM phosphate buffer, pH 7.9 at 4 °C the
residual activity of the enzyme is 70 %). It is also no-
teworthy that the application of nanocomposite memb-
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ranes, based on carbon nanomaterials and conductive
polymers allows creating bioselective membranes with
complex architecture. We have optimized the method of
obtaining a multilayer membrane, based on Nafion film
(1 %) with nanodiamonds (1 %) on the surface of car-
bon electrodes, modified by cobalt phthalocyanine, and
choline oxidase, immobilized into protein gel, for quan-
titative determination of choline. It was demonstrated
that the modification of carbon electrodes with a film,
based on nanodiamonds, provides for the three-fold in-
crease in the sensitivity of substrate detection and the de-
crease in the minimal reporting choline concentration.
The above mentioned results of investigations lead us to
the following generalizing conclusion: the application
of carbon nanomaterials and nanocomposite bioselec-
tive membranes on their basis is a promising trend both
for the elaboration of new amperometric sensors and the
improvement and targeted modification of their analy-
tical characteristics. Another promising possibility is
deemed to be the application of carbon nanomaterials in
combination with other types of nanoparticles for the
elaboration of highly organized nanocomposite memb-
ranes, which would facilitate specific targeted immobili-
zation of bio- and chemoselective molecules of diffe-
rent origin practically on any surface of electrochemi-
cal, optic, acoustic and calorimetric transformers.
Biosensors based on synthetic mimics of natural
antibodies and enzymes obtained by the technique
of molecular imprinting. Due to high selectivity of
biomolecules, that are usually used as recognition ele-
ments of biosensors, combined with high sensitivity,
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tion of molecularly imprinted
polymers

fast response and low cost of physical transducers, bio-
sensor-based analytical methods are recognized to be
the most effective methods of modern analytical bio-
technology. However, despite the fact that many labo-
ratory prototypes of biosensors were developed up to
now, the number of commercially-available biosen-
sors is relatively small. Apparently, that is mainly asso-
ciated with low stability of all biomolecules in extreme
environments. Moreover, the methods of isolation and
purification of enzymes, antibodies, and receptors are
quite sophisticated and time-consuming, which determi-
nes their high cost. Therefore, development of highly-se-
lective, effective and inexpensive analytical systems
without unstable biological material is of great impor-
tance. Recently artificial receptors and enzymes (poly-
mers-biomimics) attracted significant attention of ana-
lysts working in the biosensor technology field. These
materials mimic binding sites of natural antibodies and
receptors as well as enzyme active centers and, at the sa-
me time, combine their high selectivity with desirable
stability in aggressive media. One of the most effective
approaches towards synthesis of polymers-biomimics
is a technique of molecular imprinting, first reported by
Wulff [83]. The method assumes synthesis of highly-
cross-linked polymers around so-called template mole-
cules (the analytes of interest). Extraction of the temp-
late molecules from the fully-formed polymer results in
formation of cavities in the polymeric network, which
in size, shape and spatial arrangements of functional
groups are complementary to the templates used in syn-
thesis (Fig. 5). The polymers synthesized according to
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Table 8
Analytical characteristics of the MIP-based biosensors

Storage stability,

Analyte Dynamic range, M Operational mode Time of analysis, min month References

Atrazine (15-50)-10"° Steady-state 6—12 18 [84, 85]
Desmetryn (1-30)- 10" Steady-state 10 12 [89]
o-Hydroxyphenol (0.078-5)-10°° Steady-state 10 12 [91]
Phenol (0.0005-1)- 107 Steady-state 20 18 [93]
Cholesterol (5-50)-10°° Steady-state 10 1 [90]
Aflatoxin B1 (1-500)- 10 Steady-state 20 18 [92]

Creatinine (0.25-2.5)-10° Steady-state 15 12 [93, 94]

this principle are capable of subsequent recognition of
the template molecules, which occurs via combination
of reversible binding and shape complementarity.

Molecularly imprinted polymers (MIPs) are being
traditionally used for the analytical purposes in a form
of MIP particles prepared by grinding and sieving of
synthesized polymer blocks or particles prepared by
suspension polymerization. However, use of MIP par-
ticles in sensor technology is not effective since the ma-
jority of synthetic binding sites are loosen in course of
the polymer preparation. Moreover, a number of techno-
logical problems arise during integration of polymeric
particles with physical transducers. Therefore, a general
approach towards synthesis of MIPs in a form of free-
standing polymeric membranes and thin films on the
surface of physical transducers was developed in our lab
[84-88].

Using the novel approaches for MIP synthesis, con-
ductometric, amperometric, and capacitive sensor devi-
ces were developed for detection of environmental pol-
lutants, i. e. triazine herbicides atrazine [84, 85] and des-
metryn [89], cholesterol [90] and o-hydroxyphenols
[91]. The main working characteristics of the MIP-ba-
sed sensors are summarized in Table 8.

The principle of operation of all MIP-based sensors
is similar to that of immunosensor devices. Biomime-
tics function as selective elements of the sensors, which
are responsible for recognition of the analyte. MIP is
immobilized on the surface of a physical transducer,
which transforms a signal arising after analyte binding
in the electrochemical, thermal or optical signal. The lat-
ter is proportional to the analyte concentration in the ana-

lyzed sample. The interaction of MIPs with the corres-
ponding analyte (similarly to immunosensor devices)
is not accompanied with the formation of electroactive
products (protons or electrons). Therefore, the sensors
for direct detection of a MIP-analyte binding event are
based on a change of properties of the immobilized
MIP (its electrical conductivity [84, 85] or capacity [89])
after its interaction with the analyte.

Application of the new approaches towards MIP
synthesis in a form of membranes and thin films allow-
ed us to detect corresponding analytes in nanomolar ran-
ge (Table 7). The detection limit for desmetryn, provi-
ded by the capacitive sensor based on thin MIP films,
comprised 100 nM, while the linear dynamic range was
100-300 nM. The detection limit for atrazine, provided
by the conductometric sensor based on free-standing
MIP membranes synthesized by the method of in situ po-
lymerization comprised 15 nM. The linear dynamic ran-
ge of the conductometric sensor comprised 15-50 nM.
Time of the sensor responses did not exceed 10—12 min.

The most promising approach towards development
of MIP-based sensors is synthesis of polymers-biomi-
mics that are capable of not only highly-selective re-
cognition of corresponding analytes, but also of genera-
tion of a sensor response, which can be easily registered.
From this point of view, synthesis of polymers-biomi-
mics with catalytic properties, capable of highly-selecti-
ve cleavage of the analytes of interest, is of great impor-
tance. This would provide a possibility of their effecti-
ve electrochemical detection. For instance, synthetic mi-
mics of a natural enzyme tyrosinase (EC 1.14.18.1) were
synthesized by our group according to the principle of
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Fig. 6. The laboratory prototypes of developed biosensors: 4 — conductometric enzyme system for determination of carbohydrates and aldehyde;
B —ISFET-based multisensor enzyme system for determination of toxic substances; C — amperometric enzyme multisensor system for analysis of
quality of alcoholic and nonalcoholic beverages; D — potentiometric enzyme biosensor system for determination of urea and creatinine

molecular imprinting. Taking into account literature
data on a structure of tyrosinase active center, we assu-
med that a molecule of o-hydroxyphenol, which coordi-
nates two Cu(Il) ions at a distance of 3,64 C (as it is
happens in a natural enzyme) can be imprinted using
urocanic acid ethyl ester as a functional monomer. This
functional monomer in the MIP would mimic histidine
residues that are present in an active center of natural
tyrosinase. The synthesized polymers-biomimics (in a
form of both polymeric particles and polymeric membra-
nes) were used as selective elements of electrochemical
biosensors for express-detection of o-hydrohyphenols.
Application of the polymers with the optimized compo-
sition as selective elements of electrochemical sensors
allowed us to detect o-hydroxyphenols in aqueous solu-
tions with the 0.078 mM detection limit, while the linear
dynamic range of the sensor comprised 0.078—5 mM.

Free-standing MIP membranes obtained by either
the method of in situ polymerization or the method of
photo-initiated grafting polymerization can be also used
as a basis for easy-to-use optical (colorimetric or fluo-
rescent) biosensor systems. The principle of their opera-
tion is the following. The analytes of interest are selec-
tively adsorbed by the synthetic receptor sites in the po-
lymer structure after filtration of the analyzed samples
through the MIP membranes. The revealing of the ad-
sorbed analytes is based either on generation of own
fluorescence of the analyte after UV-irradiation of the
MIP membranes.

Alternatively, the non-fluorescent analytes can be
revealed through the formation of the colored comp-
lexes with the certain substances. Intensity of the MIP
membranes’ staining or fluorescence is proportional to
the concentration of certain analytes in the analyzed
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samples. Fluorescent sensor systems for aflatoxin B1
detection were developed using the described principle
[92]. The developed sensor systems provide aflatoxin
B1 detection in the range 1-500 ng/ml with the detec-
tion limit of 1 ng/ml.

Application of the computational modeling method
for optimization of the polymer-biomimic composition
provided synthesis of highly-selective receptors capable
of selective recognition of aflatoxin B1 in mixtures con-
taining close structural analogues of this toxin — afla-
toxins B2 and G2.

Colorimetric biosensor systems for detection of phe-
nol [93] and creatinine [94] for environmental monito-
ring and medical diagnostics were developed on the ba-
sis of MIP membranes obtained by the methods of in
situ and grafting polymerization.

Storage stability of all the described sensors and
sensor systems based on polymers-biomimics was very
high and comprised 12—18 months (Table 1) for the MIP
membranes stored in a dry state at room temperature.
All the synthesized biomimics demonstrated extremely
high selectivity, which is comparable to that of their na-
tural counterparts.

High selectivity and stability of these materials ma-
kes them an attractive alternative to natural receptors
and enzymes in biosensor technology.

Conclusions. A number of electrochemical mono-
and multibiosensors based on different enzymes, living
cells and biomimics were developed, their laboratory
prototypes were fabricated (Fig. 6) and thoroughly in-
vestigated for real conditions of application (blood se-
rum, blood dialisate, wine and wine must, natural fruit
juices, environmental water samples, etc.). It is note-
worthy that electrochemical biosensors are adaptable to
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the technologies of large-scale production of miniaturi-
sed devices. Concerning further wide application of the
biosensors developed, the obtained results demonstrate
the possibility to modulate their main characteristics to
comply with the requirements specific for potential prac-
tical purposes. Diverse biosensor modifications (with
genetically modified enzymes, microorganisms, addi-
tional membranes, different nanoscaled materials, ezc.)
can be elaborated.

It is important, that all the biosensors designed are
complementary to traditional analytical techniques. Bio-
sensors are an additional system for fast and early war-
ning about the presence of various substances. They can
provide a way to save time and costs under urgent con-
ditions due to a possibility of making rapid decision re-
garding local environmental problems or in the medical
field where cheap and throw-away gadgets can be a
tool for home monitoring of the patient’s state or early
disease diagnostics. More accurate but time-consu-
ming and expensive classical methods could be used (if
necessary) for further validation and additional inves-
tigation of the samples previously tested by biosensor
arrays.
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Biocencopu. UBepThb CTOMITTS 10CBILy HAYKOBO-IOCIITHUX PO3pOOOK

Pestome

Ilpeocmasneno oenad euxonaumux y nabopamopii 6iomonexkyispHoi
NEKMPOHIKU DOCAIONCEHb 8 061aCmi pO3POOKU OIOCEHCOPI8 HA OCHOBI
eNeKMPOXIMIUHUX Nepemeoplosayis (amnepo- i KOHOYKMOMempuyHi
enexmpoou, nomeyiomempuyri pH-uymausi nonvosi mpansucmopu) i
PI3HUX GIOPO3NIZHABANILHUX MOLEKYI ((hepMeHmu, KIimunu, aHmumi-
aa), 6iomimikie abo CUHMEMUYHUX MEMOPAH, 8KIYAIOYU MAMPUYHT
noximepu, SIK Yymiueux eiemenmis 0Jis npamoeo anaizy cyocmpamis
abo iHeibimopHo20 ananizy Mokcuris. 3a60saKu UCOKIL cneyugpiuno-
cmi i yymaugocmi, npocmomi ma HU3bKIl 6apmocmi GU3HAYEHHs. Pi3-

HUX peqosul 6I0CEHCOPU € NePCReKMUBHUMU NPUAAOAMU OJisl ROMped
OXOPOHU 300p08 5, KOHMPOIO O0BKINLIA, OIOMEXHON02Il, CilbCbKO2O
2ocnodapemea i xapuogoi npomuciosocmi. Pospobneno i docnioce-
HO bioceHcopu O NPAMO20 6USHAYEHHs HU3KU AHANImMie ma iHeibi-
MOPHO20 AHANIZY PI3HUX MOKCUYHUX peuosun. [loninwenns ixnix ana-
AEMUYHUX XAPAKMEPUCIUK MOICHA OOCACMU 34 PAXYHOK 3ACMOCY6AH-
HA OUpepenyitinoeo pedlcumy UMIPIOBAHb, He2AMUHO ab0 NO3UMUB-
HO 3apA0dACeHUX OONOMIJICHUX HANIGNPOHUKHUX MEMOPaH, HaHOMAame-
pianie pizHo2o NOX00JNCEHHsl, 2eHeMUUHO MOOUPDIKOBAHUX epMmerHmis
mowyo. Buxopucmanus yux nioxo0ie 3pooume mMoicau8um nioguiyumu
YYMAUBICMb, CeleKMUSHICMb | cmabilbHICmb OIOCEHCOPIs, a MAKONC
poswupumuy OunamivHull 0ianason eumMipiosans. Ynpooosic ocman-
Hix 25 pokie eucomosneno invui sk 50 1abopamopHux npomomunis
bloceHcopHUX cucmem Ha OCHOBI MOHO- [ MYIbMUOIOCEHCOpI6 0 npsi-
MOS0 BUSHAYEHHS DISHOMAHIMHUX Memabonimie ma iH2iOimopHo2o
ananizy moxcuxanmis. /leaxi 3 HUX unpooOysano 3a ymoe anauizy pe-
anvbHux 3paskie. B oensadi ob62oeopeno nepesazu i Hedoaiku po3pobie-
HUX OIOCeHCopie ma po32IAHYMO MOACIUBOCMI IXHbO2O NPAKMUUHO20
3aCMOCYBAHHA.

Kniouosi cnosa: enekmpoximiunuii 6iocencop, iMmo0Oinizo8anuil
Gepmenm, cyocmpam, ineibimop, myavmubioceHcop.

A. I1. Conoamxun, C. B. [{3a0esuu, AI. U. Kopnan, T. A. Cepeeesa,

B. H. Apxunosa, O. A. Benrousan, A. A. Conoamkun, JI. B. [llkomosa,
E. A. 3unuenxo, B. H. Ilewxosa, O. A. Caanuna, C. B. Mapuenxo,

A. B. Envckas

Brocencopsl. YeTBepTh BeKa OMbITA HAYYHO-HCCICAOBATEIBCKIX
pa3paboTok

Pestome

Ilpeocmasnen 0630p GbINOAHEHHbIX 8 1AOOPAMOPUL OUOMONEKYIAD-
HOU 1eKMPOHUKU UCCTe008aHUll 8 obracmu paspabomku OUOCeHco-
PO8 HA OCHOBE HNEKMPOXUMUHECKUX npeobpazosameneil (amnepo- u
KOHOYKmMoMempuuecKue 31ekmpoobl, nomeyuomempuyeckue pH-uys-
cmeumenvHvle nojiesble MpaH3uCmopbl) U Pa3IudHblX OUOPACNO3HAIO-
wux Monexkyn (ghepmenmol, Kiemxu, aHmumend), OUOMUMUKOG UTU CUH-
memuueckux Memopan, 8 mom Hucie MampuiHblX NOIUMeEPOs, 6 Ka-
uecmee Uy8CmeumenbHblxX 31eMeHmog OJis APAMO20 AHAIU3A CYOCmPa-
MO8 Unu UHUOUMOPHO20 ananusa moxcunos. braeodaps evicokou
cneyuguUHOCmU U YY8CMBUMENTbHOCIU, NPOCHONE U OeesU3He ON-
peoelenls pasIuuHbIX geujecms bUOCeHCopbl Npedcmasiaiom coooi
NnepcneKmueHbLil UHCIMpyMeHmapuil 0t LOmpeoHocmell 30pasooxpa-
Henus, KOHMPOJis OKpydlcaiouell cpedsl, OUOMEXHON02UU, CeNbCKO20
Xosaucmea u nuwesotl npomviuiiennocmu. Paspabomanvi u uccieoo-
8aHbL OUOCEHCOPYL 01 NPAMO20 OnpedeneHus paoa AHAIUMO8 U UHU-
OUMopHo2o hepMenmno2o aHaru3a pasiuiHbIX MOKCUYHbIX 6EUJeCS.
Vayuwenus ux anarumuueckux xapaxmepucmux MOXCHO 0OCIUYb 3d
cuem npumeHenus OUp@epeHyuanrbHo2o pexcuma usmeperull, neaa-
MUGHO UNU NOZUMUBHO 3APSAICCHHBIX OONONHUMENbHBIX NOJIYAPOHUYA-
eMbIX MEMOPAH, HAHOMAMEPUALOB PAZHO20 NPOUCXOIHCOCHUS, CeHeMU-
uecku MOOUGUYUPOBAHHBIX hepmenmos u Op. Dmu nodxoovl 0arom
B03MOJICHOCMb NOBLICUMb 4YBCIMEUMENbHOCMb, CENeKMUSHOCIb U
CMabuIbHOCHb OUOCEHCOPO8, PACUPUIND UX OUHAMUYECKUL Ouand-
30H usmepeHuil. B meuenue nociednux 25 nem uzeomognero 6oaee 50
1a6OPAMOpPHLIX NPOMOMUNOE OUOCEHCOPHBIX CUCTEM HA OCHOBE MOHO-
U MYTbIMUOUOCEHCOPOS OISl NPAMO20 ONpedenets pa3HO0OPA3HBIX Me-
mabonumos u UHSUOUMOPHOLO AHANU3A PA3TUYHBIX MOKCUKAHMOB.
Hexomopvie u3 Hux uccnedosanbvl 8 yCio6usx aHaiusd peaibHvlx 00-
pasyos. B o63ope obcyscoaromes 0ocmouncmsa u HeOOCmamsu paspa-
bomannwix 6uocencopos. Paccmampusaemes 603mMoxiCHOCHb UX NPAK-
MULECKO20 UCNONb306AHUS.
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