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The differential method of conductometric measurements does not fully solve the problem of the influence of changes in
the background electrical conductivity of the working buffer solutions on the results of conversion of the biosensor
responses. The variation in the background electrical conductivity of the buffer solution upon addition of the highly
conductive analyte acts as a common mode interference and causes the additive error. Here we present a new
measurement method and structure of the device for quantification of the analytes that provide a significant decrease in
the measurement error associated with a change in the background electrical conductivity caused by the introduction of
the analyte to the working solution prior to the generation of the informative signal. A block diagram of the device and
a vector model of the balancing process of its measuring circuit are presented. The advantages of the developed method
and biosensor analyzer for application within the possible changes of the transducer parameters and measurement
conditions are demonstrated. References 37, figures 4.

Keywords: differential conductometric biosensors, impedance, measurement, common mode interferences, equivalent
electrical model.

1. Introduction. One of the main trends in biosensorics [1-3] is the improvement of electrochemical
biosensors, in particular, those of the conductometric type. Their advantages are high sensitivity and
selectivity, ease of use, high speed of analysis, and a wide range of analytes that can be detected (hereafter
the generalized term “analyte” will denote the substance of interest, for which the analysis is performed).
Additionally, a significant advantage is the low cost of analysis in general since there is no need in the
preliminary sample preparation [4-8]. At the same time, the implementation of electronic measuring
channels of conductometric biosensor systems [9—11] requires overcoming difficulties associated with the
complex dependence of the informative signal of the measuring circuit on the parameters of the equivalent
circuit of conductometric converters [12, 13] and the measurement environment. This apparently explains the
lack of available publications by other authors on successful developments in this area.

The causes and methods for overcoming the individual parts of this problem we studied in our earlier
works [14-15]. First, in [16—19], the effectiveness of a conductometric differential method in biosensors has
been shown. The method is based on measurement of the local changes in the solution conductivity caused
by the analyte-probe interaction in a selective (active) membrane of a biosensor, immobilized on the
interdigitated electrodes of a working transducer (W), relative to the reference transducer (R) with a
nonselective (hereinafter referred to as “passive”) membrane (Fig. 1). In principle, the use of this method
makes it possible to select small informative changes in the electrical conductivity of the solution in a
bioselective membrane at high values of the background electrical conductivity of the buffer solution and,
thus, to increase significantly the sensitivity and selectivity of the biosensor system. However, often the
background conductivity is several orders of magnitude greater than the dynamic range of the measured
value. The changes in background conductivity act as common mode interference during measurements.
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Therefore, it is relevant to construct a measuring channel with a large common mode rejection ratio
(CMRR).

Additionally, the
output signals of
conductometric conver-
ters depend on changes
in the buffer solution

l composition and tempe-
rature that are consi-
dered as the noninfor-
mative changes. In the
differential measuring
system, these noninfor-
mative physical quan-
tities are converted both
by the active and
nonselective membra-
nes. If characteristics of
the working and
reference converters are

Fig. 1 identical, then upon

mutual subtraction of

their output signals in the measuring circuit, the background components compensate each other and only

informative signal remains. The later corresponds to a local change in electrical conductivity in the working
converter due to the biochemical reaction.

In existing biosensors, the conductometric converters are designed as the planar electrode pairs of an
interdigitated comb topology. Platinum, gold, stainless steel and nickel can be used as the electrode
materials. Converters with platinum electrodes have the best electrical characteristics, but they are expensive
and have insufficient service life. Gold electrodes are used most often because of their chemical inertness
and excellent properties with respect to immobilization of the bio-materials. Unfortunately, the equivalence
of parameters of such transducers in the biosensor’s differential pair is much lower than required. This is due
to the following reasons: (1) wear of gold; (2) the change in the capacitance of the electrochemical double
layer formed at the metal/electrolyte interface during reuse of transducers. The current work was devoted to
the study and reducing of the impact of the second factor as more significant.

A common problem of using two-electrode converters in conductometry is the presence of near-
electrode impedances in them. The relationship between the parameters of these impedances and
electrochemical processes in the measurement cell as well as to the practical use of the results obtained have
been widely studied in the literature [20-24]. These impedances are added to the resistance of the solution
between electrodes. In the simplest case (at a frequency of test signals of several tens of kHz), the total
impedance of the transducer can be represented by a near-electrode capacitance Cg with the connected in
parallel polarization resistance Rp, which in turn are connected in series with the solution’s resistance Rs.
The behavior of such impedance is quite accurately described by an equivalent circuit in the form of a series
chain (Cs and Rg), if the reactance at the frequency of the test signal (1/wCs) is significantly less than Rg and
Rp. Such ratios are typical for platinum electrodes whereas for gold electrodes 1/mCs and Rg are comparable
(the tangent of the phase angle tang = 1/mCgRg reaches 0.5 and even 1.0). If Rp >> 1/0Cs, the equivalent
circuit can be adopted in series, but Rg will be slightly changed.

The measuring channels with differential conductometric biosensors are based on the bridge circuits.
At large values of tano, their sensitivity sharply decreases. This disadvantage is significantly eliminated in
the bridge circuits with the compensation of the voltage drop on Cg [14]. If Cs and Rg of the working and
reference converters are identical, CMRR of such circuits are high.

Unfortunately, when using sensors with gold electrodes it is difficult to obtain a stable conversion
factor between specific solution conductivity and the informative component of the bridge output signal.
Such a component is an increase in the in-phase (with respect to the test signal) component of the output
current of the bridge circuit triggered by the analyte-probe interaction in the active membrane of the
biosensor. This informative component depends on the ratio of Cs and Rg in the working and reference
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converter (their tane). If they are the same, then the same changes in the active component of their electrical
conductivity (1/Rg) do not disrupt the bridge balance. Therefore, its output signal does not change upon the
changes in the background conductivity of the buffer solution. For a fixed concentration of the buffer
solution, the value of Ry is determined by the dimensions and mutual arrangement of the electrode combs.
The interdigitated comb electrodes are manufactured using microelectronic technologies, so the accuracy of
the Rg parameter is quite high.

However, the transducer impedance has complex nature with a large phase angle, which depends on
the value of Cs. This parameter is unstable [15]. Therefore, the same changes in the background electrical
conductivity in the working and reference converters will cause different changes of the currents across
them. The difference in these currents forms a response to such (common mode) interference at the bridge
output. The background conductivity of the buffer solution changes when the analyte is added, especially if
the latter is electrically conductive.

The effect of common mode interference in the differential conductometric channel does not
distinguish from the response to a change in the local electrical conductivity in the active (selective)
membrane of the biosensor. Thus, it is an additive error, which significantly limits the real sensitivity of the
conductometric system and the reliability of the measurement results [14].

There are many practically important tasks where measurement of concentration of electrically
conductive (dissociated) analytes is of high topicality. A typical example is the problem of determining the
arginine content in multicomponent mixtures. Determination of the amino acid arginine (2-amino-5-
guanidinovaleric acid) is of great practical importance for the quality control of juices and functional foods.
In the food industry, the monitoring of arginine concentration makes it possible to control the quality of the
packed fruit juices for the presence of falsification. This is because the adulterated fruit juices differ from the
authentic ones in the amino acid profile in terms of arginine [25], which occurs when a more expensive
(authentic) juice is diluted with a cheaper one. Among the proteinogenic amino acids, arginine is the most
polar positively charged amino acid at a neutral pH value (pI 10.76) due to the presence of a guanidinium
group [26] and this may cause challenges during its quantitative analysis. The reported in the literature
electrochemical biosensors for arginine are based on one or several enzymes, which decompose arginine to
electroactive and/or highly mobile species [27-31]. According to the analytical characteristics of the most
recent biosensors for arginine, the conductometric biosensor described in [27] had one of the lowest limit of
detection, the widest linear range and the highest stability compared to other reported biosensors. However,
the mentioned biosensor did not show sufficient selectivity to arginine when working with multicomponent
samples. We attribute this disadvantage to the possible effect of common mode interference, which manifests
itself through high background electrical conductivity of the arginine solutions used throughout analysis.

The aim of this work was to increase the degree of suppression of common mode interference in a
differential conductometric biosensor system with incomplete equivalence of parameters of transducers in
the biosensor’s differential pair and, thereby to increase sensitivity of the system and reliability of the
measurement results.

2. Bridge circuit and measurement method. A research, which we have done over the past few
years, has allowed us to create a technical basis for a radical increase in CMRR of differential
conductometric channels with non-identical sensors [32-35]. A comprehensive analysis of measurement
processes in the previously developed differential conductometric circuits [14] allowed us to develop a
measurement method with quasi-equilibrium of the bridge circuit, which theoretically allows eliminating in
great degree the above error [32]. Its essence lies in bringing the bridge circuit with non-identical
conductometric transducers to a state with a calculated deviation from complete equilibrium before adding
the analyte to the buffer solution in the measurement cell. The calculated deviation should ensure that the
increase in currents across the working and reference converters was equal in magnitude and opposite in
phase at the equal changes in the buffer solution conductivity in them. However, the implementation of this
method within the frameworks of the construction principles applied to the previously used bridge circuits
turned out to be too complex. In [33], we proposed to use the bridge circuits with two digital generators of
test signals, the phase shift between which can be accurately controlled. The latest results obtained in the
implementation of such generators [34] made it possible to develop the quasi-balanced bridge circuits and
algorithms for their operation in practice. The corresponding developments are presented and discussed
below.
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3. Results and discussion.

3.1 The structure of a biosensor channel with a wide range of operating frequencies based on a bridge
circuit with a two-phase generator of test signals. The proposed structure of a conductometric channel with a
bridge measuring circuit, which is balanced by the modulus and phase of the currents in its branches, is
shown in Fig. 2. It is adapted to solve the problems of the differential conductometry with increased levels of
common mode interference caused by the background changes in the conductivity of solution. Such device
was implemented using the unified basic measuring module MXP-6 [34] for measurement of the impedance
parameters.

The measurement Ro Uref
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Z,. In the ideal case, the Fig. 2
parameters of the working
Z, and reference Z, transducers (and, accordingly, their complex conductivity Y, and Y,) are the same before
measurements. The bridge circuit is balanced. When the analyte is added to the buffer solution, the additional
active con-ductivity appears in the working transducer (Y, + AG,), which leads to a change in the output signal
of the bridge proportionally to the measured value—the conductivity difference (Y, + AG, — Y,). This
difference is determined by the change in the amplitude of the output current of the bridge circuit (1, — I,,). The
normalization of its value in the units of electrical conductivity is carried out not in the bridge circuit (by
comparing Y, and Y,) but in ADC by comparing the in-phase and quadrature components of the Ux signal
(relative to U,) with the reference voltage U.s Taking into account the features of the structure of the
measuring circuit, the object of measurements and the measured parameter, the additional mode of differential
conductometric measurements was introduced into the software algorithm of the basic module of the device.
g  Next, we will focus on procedure
==  of measurements with biosensors.
3.2 Measurement of the
analyte concentration using the
developed conductometric
biosensor system. A process of
measurement of the concen-tration
of the analyte in the measurement
cell consists of two stages. First,
the measuring channel, which
includes the measu-rement -cell
with a differential biosensor (a pair
of conduc-tometric transducers
with the active and passive
membranes) and an electronic
measuring module with the
necessary software (Fig. 3), is

o 2

#é‘,

Fig. 3
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adjusted by software. This module is connected to a personal computer with the corres-ponding upper-level
software package through a standard interface. The measurement data obtained from the electronic module (the
lower level of the information measuring system) are processed, accumulated and presented to the user by the
software created in the work.

At the first stage, the mentioned above hardware and software adjustments are performed to bring the
measuring channel into a state of readiness for the introduction of the analyte into the measurement cell. This
state is achieved by balancing the bridge circuit of the measuring module and is characterized by a
conditionally zero signal level at the output. At the upper level of the information measuring system, a
“baseline” is recorded; it corresponds to the real-time data flow in the active membrane of the biosensor
before the introduction of the analyte.

At the second stage of measurements, a certain amount of analyte is added to the measurement cell. In
general, this changes the values of Rg, and Rg;, of the converters of differential pair (if they are identical, the
changes are the same). Next, a selective biochemical reaction takes place in the active membrane of the
biosensor that consequently changes the solution conductivity locally by AG,. At the same time, the active
component of the output impedance of the working converter changes by a value inversely proportional to
AG,. With the correct construction of the measuring circuit and setting the measuring channel to the state of
readiness, the response to the introduction of the analyte is generated at the channel output proportionally to
the analyte concentration in the solution. Noteworthy that the response is proportional to the analyte
concentration only when the working and reference converters are identical or at least their phase angles are
equal and their tangents are small. Under other conditions, the variation of the background electrical
conductivity of the buffer solution (due to appearance of a new substance, i.e. the analyte molecules) causes
a parasitic response at the output of the bridge circuit [36]. This response is an additive error of the
measurements. As mentioned above, it is possible to tune the bridge circuit so that the parasitic response will
not occur [32].

3.3 Vector model and algorithm of adjusting the bridge circuit to achieve the invariance of the
response of the measuring channel to changes in the background electrical conductivity under the
discrepancy of the phase angles of the conductometric transducers. Let us consider the process of tuning a
bridge circuit by balancing the phases and amplitudes of currents in the branches of the working and
reference converters according to the optimized algorithm. The latter ensures that the equal changes of
electrical conductivity in the working and reference transducers with different values of Rg and Cg are
mutually compensated in the output signal of the bridge. The vector diagram of this process described by the
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generator DG1. The vectors in the diagram (Fig. 4) represent the moduli and phases of voltages at the
impedances Z of the active (a) and passive (p) transducers of the differential biosensor (the terms “active”
and “passive” correspond to the working and reference transducers, respectively). These impedances are the
parameters of a series two-element equivalent RC circuit, in which Rg corresponds to the resistance of
solution, and Cg corresponds to the resistance of the near-electrode layer, in which the capacitive component
prevails at the operating frequency of the device. The minority components of the complex resistances of
both the solution and the near-electrode layer (the interelectrode capacitance C;. and the resistance of
polarization R, are parallel to Rs and Cs, respectively [33]) are recalculated into a small change of Rg and
Cs when the measurements are carried out using a two-element scheme. To reduce these changes, the
operating frequency should be optimized accordingly.

In the two-element equivalent circuit of the conductometric transducer, the applied test voltage from
the generator output (U, or U,) is divided into two components: Ug, or Ug, on the solution resistance and
Uc, or U, on the capacitance of the near-electrode layer. These components are orthogonal to each other.

The currents across the converters coincide in phase with the voltage U, or Ugp, and their moduli are
inversely proportional to Rg, or R, respectively. If Rg, equals Rg;,, and Cs, equals Cs,, these currents will be
the same in magnitude and phase. In this case, the voltage triangles U,, Ura, Uca and U, Ugp, Ucp will
overlap if U,=U,. As shown in Fig. 4, the ratios of Rg and Cs in the converters of the differential pair are
different. In practice, the difference reaches 10-20%.

The addition of the analyte to the buffer solution causes changes in Rs, and Rg, by the values
determined by the change in the electrical conductivity of the buffer solution in both converters.
Additionally, the conductivity of Rs, (Gs,=1/Rs,) changes by the informative value AG,, which is
proportional to the yield of the bioselective reaction in the active membrane. The indicated changes in the
resistances Rg lead to the increases in the currents across converters by Al, and Al,. The vectors of these
increases are at the phase angles of the impedances Z, and Z, (¢, and ¢,) to the vectors of the currents across
converters. The values of the informative increase usually equal 1-2% of I,. The changes of current, which
are caused by variation of the background electrical conductivity dependent on nature and concentration of
the analyte, should be minimal. However, in practice, they can be proportionate and even exceed the
informative increase.

The vectors of the currents’ growth (—Al, and AI,), which correspond to the changes in the
background electrical conductivity at the same voltage (U,) applied to the converters, are shown on the right
side of the diagram in Fig. 4. Such a state of the bridge circuit is a result of its preliminary adjustment before
the measurements. The sign “—” at Al, denotes its phase to be opposite to the operating mode. At the end of
the adjustment, voltage U, is applied to the working sensor, which is opposite in phase to U, at its initial
state (left side of the diagram). In this case, both the currents I, and I, as well as their increments AZ, and Al
become antiphase and compensate each other. However, the exact antiphase of these currents happens only
at the same phase angles of the converters.

Additionally, the developed process of the bridge circuit tuning allows obtaining an exact antiphase of
the current gains in case when the phase angles of the active and passive converters differ. The process
consists of five stages indicated by indices 1 to 5. The vectors corresponding to the initial state do not have
such an index.

At the beginning of the first stage (substage 1a), the voltage U, is applied to Z, and its phase shift to
U, is set to 180°. For this, the switches SW1 and SW2 are set to "0". The real and imaginary components of
the current I, in Z, are measured and, from their value, the parameters of the working converter Rg, and Cs,
as well as the tangent of the phase angle tang, are calculated and diagnosed. To carry out such calculations,
the measuring channel is pre-calibrated using a reference resistor. The absence of an imaginary component in
the current I, is achieved by adjusting the "1" phase of the vector U, to its position Up;. Such adjustment as
well as the measurement of a real component I,, which is related to the values of U,, Ug, and R,, are
performed using the synchronous detector. The values of the rotation angle of U, and the real component 1,
can also be used to calculate and diagnose the parameters of the working converter Rg, and tang,. Then
(substage 1b) the voltage Uy, is switched to the reference converter by setting the switch SW1 to the position
"1". In this case, the real and imaginary components of its current I,,; are measured, the parameters of the
reference converter Rg,, Cs;, and tang, are calculated and diagnosed, and the difference in phase angles Ag,
of the working and reference converters is determined. The triangles of the voltage vectors on the elements
of the converter equivalent circuits consist of vectors Urat, Ucat, Urpt, Ucpr and Up;.

At the second and third stages, the phase ("2") and the amplitude ("3") of the voltage U, are regulated
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to reach the states Uy, and Uys, at which the voltage Ugps on R, coincides in magnitude and phase with Uga1,
whereas Ucps and Uca somewhat differ in amplitude. The adjustment is carried out using the conversion data
of the imaginary ("2") and real ("3") components of the current /, obtained using the synchronous detector.
Achievement of these states is fixed by the minimum of the imaginary component of I, and by matching of
the real component with the value of the real component 7,. In the considered bridge circuit (which is based
on the comparison of the currents in sensors), if there is a noticeable difference between Rg, and R, the
voltages on them will also differ noticeably. For such converters, it is necessary to use another, somewhat
more complex, bridge circuit—with a comparison of the voltages on the sensors. Such a scheme is
problematic in terms of stability of the test voltage on the sensors, but it can be appropriate for measurements
at high concentrations of the buffer solution. The performed phase adjustment also determines the value of
difference of phase angles A, of the converters.

At the beginning of the fourth stage (substage 4a), the phase of the DG2 voltage U, is rotated to the
state Up4 by the value equal to the regulation "1" but in the opposite direction. At this state, the voltage on the
active resistance of the reference converter Ugpy coincides in magnitude and phase with the voltage on the
active resistance of the working converter at the initial setting. Therefore, the bridge circuit will be in an
equilibrium in terms of the voltages on the resistances of the buffer solution in the converters after the
antiphase voltage U, is applied from the generator DGI to the working converter by setting the switch SW2
to the state "1" (substage 4b). These voltages are equal in magnitude and opposite in sign. Therefore, the
amplitudes of the increase in currents I, and I4 in the working and reference converters are the same when
the background electrical conductivity changes. This effect was achieved by other means in the circuit
described in [32]. In particular, that was achieved using the analog nodes, which complicated the circuit and
limited its frequency range.

In the achieved state of the bridge circuit, the difference in phases of the current increments Al, and
AI,4 remains. Therefore, the suppression of the influence of changes in the background electrical
conductivity is insufficient at large values of ¢,, ¢, and their difference. To bring the bridge circuit to a state
of quasi-equilibrium, in which the vectors Al, and Al become collinear, it is necessary to turn the voltage U,
additionally by the angle Ag, to the state, in which the voltage on the solution in the reference converter is
shown by the vector Ups. Such regulation is carried out at the fifth stage of tuning (after connecting the
working converter to the generator DG1). As seen in Fig. 4, the vectors of currents across the working and
reference converters at the final state of the bridge after balancing are not collinear. Therefore, the bridge is
not completely balanced on phase. Nevertheless, by now it is completely balanced for the further increment
of currents in the converters upon the equal changes in conductivity of the solution in them. At this state, the
bridge circuit is ready for the second stage of the measurement process, i.e. introduction of the analyte and
registration of the response driven by the analyte-probe interaction in the biosensor. The informative signal
at the “baseline” level is obtained at the output of the bridge circuit. With respect to this level, its increase
(“response”) is recorded when the analyte is added to the measurement cell.

To achieve a higher level of independence of the results of the response conversion on the phase
angles of the converters, we measured the amplitudes of the current increase by their in-phase and quadrature
components relative to the reference voltages of the DG1 generator. This somewhat complicates the
processing of the informative signal, but it is not a big price to pay for the significant simplification of the
measuring circuit and the higher metrological characteristics achieved in the described design.

The difference of the presented conductometric system from the previously known ones is the exact
balancing of the bridge circuit both by the module and by the phase of the signals in its branches. Naturally,
there is a question about the possibility of implementing a measuring channel with sufficiently low phase
errors at the operating frequencies used in such systems (30 - 100 kHz). This problem is solved due to the
special structure of the complex of generating test and reference signals in the basic module of the measuring
channel MXP-6, which provides a high identity of phase delays in their formation. The principles of
construction of such a measuring channel, the results of experimental studies of its characteristics are
presented in detail in [34, 35]. According to the results of these studies, the phase error of the conversion of
the measuring signal (level change of the quadrature component) in the base module does not exceed a few
hundredths of a percent at frequencies up to 100 kHz. A factor that limits the accuracy of balancing the
bridge circuit of the created device is the possible discreteness of the phase control of the slave generator. At
the frequency used in the studies (62.5 kHz), it was approximately 1%.

3.4 Testing of the developed biosensor analyzer in the simulated measurement conditions.
Experimental verification of the effectiveness of the developed method of differential measurements of the
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local changes in the electrical conductivity of solutions was carried out using a prototype of the
conductometric biosensor analyzer, which was realized according to the scheme in Fig. 2, and the electrical
equivalent of the measurement cell with the adjusted parameters. A description of the equivalent is given in
[36, 37]. In the studies, we simulated the maximum possible difference between the values of the uniform
parameters of the working and reference converters Cg, and Cs, (£20%) as for measurements with the real
sensors. The vector diagram in Fig. 4 approximately corresponds to such difference in Cs, (+20%). To
estimate the sensitivity of the measuring channel to informative changes in the local electrical conductivity
of the solution, we simulated a 1% change in the value of electrical conductivity Gs, (resistance Rg,) in the
working sensor. At the same time, to estimate the impact of changes in the background conductivity, the Rg,
and Rg, values were changed simultaneously by 1%. According to the test results, the coefficient of
suppression of the influence of changes in the background electrical conductivity was about 90 at the +20%
difference of Cs, and about 50 — at the —20% difference of Cg,. The obtained values are about 10 times
higher than those achieved in the previously created devices [36].

4. Conclusions. In this work, we have developed a new bridge circuit for determination of local
changes in the electrical conductivity of the buffer solution when working with electrically conductive
analytes. For this purpose, a novel method of balancing the bridge circuit to the quasi-equilibrium state was
applied. Both the bridge circuit and the method of its balancing are based on the use of digital generators of
test signals in the branches of the bridge with an adjustable ratio between their amplitudes and initial phases.
This enables a deeper suppression of common mode interference when using non-identical conductometric
transducers in a wide frequency range. The detailed algorithm of operation of the differential conductometric
channel was developed using a vector modeling of the measurement process. The experimental verification
of the effectiveness of the developed method showed the possibility to achieve the coefficient of suppression
of the influence of changes in the background electrical conductivity about 10 times higher than when using
previously created devices under 20% difference between the sensors’ capacitances. Such characteristics can
significantly expand the area of application of the conductometric biosensors, and in particular, their use in
the study of the electrically conductive analytes. Moreover, the obtained characteristics will increase the
metrological reliability of this type of measurements.
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Jughepenyianvruii Memoo KOHOYKIMOMEMPUUHUX BUMIPIOBAHb He SUPIULYE NOBHICMIO NpobieMy 6nau8y 3miHU hoHO80T
enexmponpogioHocmi pobouux bygheprux po3uuHie Ha pe3yibmamu nepemeopeHHst 6i02yKie biocencopa. 3mina ¢onoeoi
enexmponpogionocmi 0ygepHo2o po3uury nio 4ac 000A8aHHs GUCOKONPOBIOHO20 analimy Oi€ K CUH@asHa 3a8aoa i
BUKIIUKAE AOUMUBHY NOXUOKY. Y cmammi po3ensinymo HO6Ull MemooO SUMIPIOGAHHST MA CMPYKIMYPY HPUCMPOIO O
KIMbKICHO20 BUBHAYEHHS AHANIMIB, SKI 3a0e3neuyioms 3HAUHe 3MEHUEeHHSA NOXUOKU SUMIPIOGAHHS, NO8'I3AHOI 31 3MIHOI0O
@oH060I enekmponposiOHOCII, GUKIUKAHOT 66€0CHHAM AHANIMY 8 POOOUULL PO3YUH Neped 2eHePayicio IHGYOPMayitiHo2o
cuenany. Hageoeno cmpykxmypmy cxemy npucmpoio i 6eKmopHy mooens npoyecy 6aiancy8anHts to2o UMIPIO6aIbHO20
kona. Ilokasano nepesacu po3pobienoco memooy i OIOCEHCOPHO20 AHANIZAMOPA 3A0s 3ACTNOCYBANHHI 30 MONCTUBUX
3MIH napamempie nepemeoprogaya ma ymos sumiprosanns. bion. 37, puc. 4.
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