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Background. Most pathologies of the human body (in particular, malignant neo-
plasms, myocardial hypoxia, liver diseases, etc.) are accompanied by a violation of the
integrity of cells in target tissues and the release of intracellular macromolecules into
the extracellular environment. Thus, an important diagnostic and prognostic indicator is
the level of activity of certain enzymes in blood serum, which are normally intracellular.
One of the most promising areas of modern medical electronics and biophysics is the
development and optimization of enzyme screening methods in biological fluids. In this
study, we aimed to investigate the biophysical characteristics of using a recombination
sensor for determining lactate dehydrogenase (LDH) activity in biological fluids.

Materials and Methods. Experiments were performed on preparations of standard
human blood serum. The reference determination of LDH activity was carried out photo-
metrically based on the change (decrease) in the concentration of the reduced form of the
nicotinamide adenine dinucleotide (NADH) coenzyme. The passage of the LDH reaction
was experimentally recorded by measuring the photocurrent of a silicon structure with
a buried barrier under light irradiation from the region of strong absorption (A = 532 nm).

Results. The biophysical features of the device were studied. The detection of lac-
tate dehydrogenase becomes possible due to the transfer of a hydrogen ion from NADH
to pyruvate, as a result of which lactate and NAD* are formed. The effect is explained
by the local electrostatic influence on the parameters of the recombination centers in
the near-surface bending zone near the silicon surface, which leads to a change in the
surface recombination rate.

Conclusions. Our approach can be considered as a promising way to develop
a highly sensitive method for the detection of LDH. It has been experimentally shown
that effective detection is possible in two changes at the surface bending of the deep
barrier silicon substrate zone.
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INTRODUCTION

LDH is a constitutive tetrameric enzyme that facilitates the reversible conversion
of pyruvate to lactate, concurrently converting the coenzyme NADH to NAD* (Guo
et al., 2021; Khan et al., 2020). The activity of LDH is vital for sustaining the glycoly-
sis and gluconeogenesis processes. There are four LDH genes: LDHA, LDHB, LDHC,
and LDHD; the former three genes have been identified in vertebrates (Valvona et
al., 2016). The LDHA gene codes for the muscle-type subunit (referred to as LDH-M),
while the LDHB gene codes for the heart-type subunit (referred to as LDH-H). These
subunits, derived from the protein products LDHA and LDHB, combine to form ver-
sions ranging from homotetramers 4M and 4H to heterotetramers with varying numbers
of M and H subunits, resulting in five isomeric types labeled by numbers: LDH-1 (con-
taining all 4H subunits), LDH-2 (containing 3H and 1M subunits), LDH-3 (containing 2H
and 2M subunits), LDH-4 (containing 1H and 3M subunits), and LDH-5 (containing all
4M). Enzymes with different combinations of M and H subunits exhibit varying enzy-
matic activity and preferred reaction direction (LDH-5 predominantly catalyzes the con-
version of pyruvate to lactate, while LDH-1 catalyzes the opposite reaction) (Du et al.,
2022; Kanaoka & Minami, 2023; Valvona et al., 2016).

It is now beyond doubt that changes in the expression of specific LDH isozyme
types, as well as an increase in total LDH activity in biological samples (fluids and
tissues of the organism), are important diagnostic indicators of many diseases, inclu-
ding solid tumors, autoimmune diseases, cardiovascular and cerebrovascular diseases,
acute conditions, blood disorders, and kidney diseases (Wu et al., 2021). In particu-
lar, the expression level of the LDHA gene in tissues is proportional to the demand
for intensive lactate synthesis in glycolysis. LDHA is overexpressed in many types of
malignant tumors, supplying the tumor with NAD* through accelerated glycolysis and
causing a decrease in pH to facilitate more effective invasion and evasion of immune
destruction (Feng et al., 2018). Additionally, increased expression of LDHB contributes
to tumor progression and the proliferation of its cells by elevating the concentration of H*
and enhancing lysosomal function more effectively. Therefore, elevated levels of LDHB
expression serve as a poor prognostic indicator for patients (Brisson et al., 2016).

Since LDH appears in blood serum after cell integrity disruption and necrosis, the
activity of this enzyme accurately reflects the level of cell damage and necrosis. A large
body of data has now been accumulated indicating that changes in LDH activity in bio-
logical fluids are an important diagnostic indicator of the human body condition. In the
case of malignant tumors, the level of LDH in patients’ blood plasma indicates the effec-
tiveness of treatment (Petrelli et al., 2019; Van Wilpe et al., 2020; Vlasiou et al., 2023).

Classical methodological approaches to determining LDH activity include photomet-
ric measurement of changes in light absorption at a wavelength of 340 nm (the maximum
absorption of NADH with a molar extinction coefficient of 6220 M-'cm™') during altera-
tions in the concentration of the reduced form of the NADH coenzyme (Vanderlinde,
1985; McNaught & Wilkinson, 1997). However, such determination of LDH activity
requires laboratory personnel to strictly adhere to the physicochemical conditions under
which the enzymatic reaction takes place, as well as the use of colorless samples for
determination (Zhou et al., 2022). Therefore, as alternative approaches to measuring
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LDH activity in biological samples, colorimetric, fluorimetric, and electrochemical methods
have now been developed based on determining the concentrations of NADH and NAD*
(Vlasiou et al., 2023).

Based on colorimetric approaches to measuring LDH activity, several biosensors on
paper substrates have been developed. These biosensors are treated with reagents to
facilitate the LDH reaction (Kannan etal.,2015; Papaneophytou et al., 2021). Alternatively,
paper sensor substrates contain lactate, NAD*, and iodonitrotetrazolium chloride.
The latter reagent reacts with NADH, the reduced form of LDH serum, resulting in the
formation of a formazan dye with a blue-violet color (A = 570 nm) (Kannan et al., 2015).
Another set of reagents for the colorimetric sensor of LDH activity is a mixture of lactate,
NAD", nitroblue tetrazolium, and phenazine methosulfate (Papaneophytou et al., 2021).
The advantage of such paper-based biosensors is their accessibility for household
testing with the possibility of using mobile applications and smartphone cameras, while
the disadvantage is their relatively low sensitivity and dependence on the storage condi-
tions of the test strips (Zhou et al., 2022a). Fluorimetric methods for determining LDH
activity (and other enzymes that utilize NADH and NADPH coenzymes) are based
on the ability of NADH to quench the fluorescence of quantum dots based on CdTe,
CdSi, and CdS (Yang et al., 2011; Zhou et al., 2022b). However, these methods have
low sensitivity, specificity, and lack in linear dependence of fluorescence on low concen-
trations of NADH.

Additionally, for determining LDH activity, electrochemical biosensors have been
developed, which are based on cyclic voltammetry, differential pulse voltammetry, strip-
ping voltammetry, alternating current voltammetry, polarimetry, square wave voltamme-
try, and linear sweep voltammetry methods (Atta et al., 2017; Mutyala & Mathiyarasu,
2016; Zhou et al., 2022a). As was reported in our previous works, the recombination
photoelectric sensor can be used for real-time determination of transaminase activity
in blood serum and ATPase suspension of plasma membranes (Kozinetz et al., 2022;
Kozinetz A et al., 2023a). We also found that the application of this method is possible
for recording LDH activity in human serum samples (Kozinetz et al., 2023b). Therefore,
in this study, we aimed to investigate the biophysical characteristics of using a recombi-
nation sensor for determining LDH activity in biological fluids.

MATERIALS AND METHODS

For all studies, a preparation of normal human blood serum (Sigma, USA) was
used. LDH activity was determined in an incubation medium preheated to 25 °C with the
following composition: substrate-buffer solution (mM/L): 1 NADH (stabilized with NaOH),
1.5 pyruvate, 62.5 6.25 EDTA, and Tris buffer (pH 7.4)) 2 mL, blood serum 40 pL.

To study the use of a recombination sensor for determining LDH activity, we made
a series of silicon structures with deep junction barriers. These substrates had a specific
resistance of 50 ohms, were p-type, 100-oriented. The sensor surface was illuminated
with a signal LED emitting light with a wavelength of A = 550 nm and a power of 10 mW.
Additionally, the LED featured amplitude modulation at a frequency of f = 976 Hz provi-
ding an alternating photocurrent signal in low-level injection mode. For additional para-
metric illumination, we utilized another blue LED with a wavelength of A = 470 nm and
a power of 50 mW. During a 1-second interval, the power of this LED increased linearly
to its maximum, and then decreased linearly to zero. This experimental setup ensured
a quasi-static mode of additional constant illumination with a high level of carrier injection.
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An amplifier with a selective voltmeter tuned to a frequency f was used to obtain the
amplitude of the photocurrent.

Under in vitro conditions, the dissociation of NADH coenzyme molecules from the
active center of LDH leads to the acquisition of a net positive charge of approximately
1.77-10" units by the mixture in the sensor cell. Consequently, in the final phase of the
reaction, a transition is made from a net negative charge to a net positive charge. It can
be inferred that throughout the reaction, there is an increase in positive charge within
the system of reagents that comes into contact with the sensor surface.

The reference method was also used to estimate LDH activity — the kinetics of pho-
tometrically determined decrease in NADH concentration when the reaction of NADH
oxidation takes place and pyruvate is converted to lactate. The samples were incubated
for 1 min at 25 °C, then the extinction of the solution was recorded (at a wavelength of
340 nm) using a spectrophotometer SPECORD M 40 (Germany) every 1 min for 3 min.
For each sample, the average value of the change in extinction in 1 min was calculated.
Data were processed using the Origin2018 program. Consequently, it was established
that LDH activity in the blood plasma consists of 2.58 + 0.09 pkat/L (154.9 + 5.4 units/L)
for our experiments, with a sample size of n = 9.

RESULTS AND DISCUSSION

The studies by S. Litvinenko et al. (2015) and O. Kozinetz et al. (2022, 2023a,
2023b, 2024) introduce a theoretical model for calculating the amplitude of alternating
photocurrent based on the effective charge absorbed on the sensor structure’s surface.
This model facilitates the establishment of a correlation between photocurrent ampli-
tude, recombination rate, and surface band bending. Additionally, the study explores the
mechanisms of effective charge formation near the surface. When the sensor surface
(SiO,/Si) interacts with an analyte solution containing molecules that possess inherent
dipole moments, specific adsorption of ions with distinct charges and the formation of
a Helmholtz layer become feasible. As the distance from the surface increases, the
analyte tends to be neutrally charged on average. Schematically, the operating prin-
ciple of the recombination sensor is illustrated in Fig. 1. Specific adsorption alters band
bending and carrier concentrations, thereby changing the rate of surface recombination.
Silicon structures with deep barriers enable optimal detection of these changes through
variations in photocurrent when the surface is strongly illuminated. In our series of experi-
ments, identical silicon substrates were utilized, with strict adherence to the order, appli-
cation conditions, and reagent combinations. It is worth noting that we observed both
increases and decreases in the photocurrent amplitude. This trend persisted even when
additional constant illumination was applied to further influence the surface recombination
parameters. Taking into account the constant magnitude of the effective positive charge
due to the transfer of a hydride ion from NADH to the C, atom of pyruvate, which results
in the production of lactate and NAD", it can be assumed that an increase or decrease
in photocurrent amplitude depends on the initial band bending Y,,. Let us consider this
assumption in more detail. The surface of the silicon sensor is always covered with
a non-stoichiometric oxide SiO, with a thickness of 10-40 A.

The initial band bending is a parameter that may depend on the embedded ions in
the SiO, film and the capture of surface states at the phase boundaries. If the initial band
bending, Y, is close to zero, then in the case of specific adsorption of positive charge,
the surface region transitions to the regime of intrinsic conductivity or depletion, Y,, and
the photocurrent amplitude i,, decreases (Fig. 1A,C).
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Fig. 1. Simplified band bending diagrams, illustrating positive charge adsorption processes for the surface
transitions to the regime of intrinsic conductivity or depletion (A); simplified band bending diagrams,
illustrating positive charge desorption processes for the surface transitions to the inversion regime (B);
dependency of photo-current amplitude i, on surface band bending Y, depicting sensor performance
in the indicated regions (band bending change from Y, to Y, or from Y,," to Y,’) (C)

If the initial band bending corresponds to the regime of intrinsic conductivity Y,,’,
then in the case of specific adsorption of positive charge, the surface region transitions
to the inversion regime, Y, and the photocurrent amplitude i,, may increase through
the transition (Fig. 1B,C).

Let us qualitatively analyze the sensitivity regions of the sensor structure. Fig. 2
shows the results of theoretical calculations of the photo-current amplitudes i, as
a function of surface band bending Y,. These curves correspond to different light absorp-
tion coefficients in silicon in the range of 10°-5-108 cm-". Typical parameters of the struc-

ture were used for the calculations: the concentration of majority carriers p, = 10" cm™
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(n, = 10* cm™2), diffusion length / = 200 pym, thickness of the wafer d = 250 pm, electron
diffusion coefficient D, = 40 cm?/s, capture coefficients of carriers at the surface level
¢, = ¢, =107 cm™, energy position of the recombination level relative to the middle of the
forbidden band E,= 3 kT, concentration of surface states N, = 10" cm.The dependence
between surface and volume concentrations can be calculated as: n, = nexp(Y/kT) and
ps = P.exp(-YJ/KT). The recombination rate at the interface through a simple local center
within the framework of Stevenson’s theory is expressed by:

s(v c,c,N, (Py +1y)

\)= :
c, [ns (Y,)+n, exp[f_i[]j +C, (ps (Y,)+n, exp[f_iijj (1)

It should be noted that the dependence of the surface recombination rate on the
band bending (1) reaches a maximum in the case where concentration values n,and p,
are close to one another. It also has intervals of a recession for Y, corresponding to the
depletion or inversion regimes. Naturally, the shape of this curve mainly determines the
dependence of the photocurrent amplitude on a band bending Y. Let us analyze the
influence of other factors on the photocurrent amplitude.

The parameter of the wavelength of modulated illumination A determines the
absorption magnitude a(A). Therefore, the absorption magnitude a(A), can be experi-
mentally selected by simply choosing the signal light-emitting diode. If the frequency f
is less than 2—-3 kHz (Kozinetz et al., 2023) and the intensity of the signal illumination is
determined by law

i(t);A(1+sin2nft) (2)
the photocurrent through the sensor structure expresses as

S(Y.)

S

o(r)D

sty Ln( @]

The phase shift ¢ in (3) between instantaneous values of the intensity and the pho-
tocurrent depends on the frequency and the diffusion length in a complex way.

As can be noted from Fig. 2, the most significant changes in the photocurrent ampli-
tude and correspondingly the highest sensitivity Ai,/AY, can occur in the region of the
left arm (depletion or intrinsic conductivity regime) or the right arm (inversion). Between
these regions, there exists a range of Y, values for which the photocurrent amplitude
remains unchanged, and detection becomes impossible, i.e., Ai,/AY_ = 0. Our theoretical
analysis shows that as the absorption coefficient a(A) increases (correspondingly 1/a(A)
decreases — photons are absorbed closer to the surface), the range of Y, values that
form a kind of “blind zone” for the sensor decreases. It should be noted that simultane-
ously with the increase in a(A), there is also an increase in the minimum value of /.. From
the perspective of reducing the range of the “blind zone” Y, it is optimal to use light with
a sufficiently high absorption coefficient (on the order of a(A) ~ 5-10 5 cm=" A ~ 600 nm).

In Figures 3A and B, typical experimental dependencies of the photocurrent on time
are depicted for cases where the transfer of a hydride ion from NADH to pyruvate occurs
on the sensor surface. The LDH enzyme was added at time t = 600 s (red arrow). In
the region of t > 600 s after the reaction activation, we observed two scenarios of signal

i(t)=i,A(1+sin(2nft +9))= A

=1pn

1+sin(2nft + ¢)). (3)
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change: 1) a decrease in the photocurrent amplitude from 600 to 400 a.u. for the case
in Fig. 3A and 2) an increase in the photocurrent from 300 to 600 a.u. for the case in
Fig. 3B. The first scenario can be qualitatively described using the diagrams in Fig. 1A,
and the second one accordingly using the diagrams in Fig. 1B. It is worth emphasizing

that in both cases, the sensor provides the necessary qualitative detection of LDH activity.
0.12

iph (a.u.)

Ys

D

-10 -5 0 5 10 15 20 25

Fig. 2. Theoretical dependencies of the photocurrent amplitude i,, on the surface band bending Y for diffe-
rent values of the absorption ratio a(A) in silicon: curve 1 corresponds to a(A) = 10 cm™, curve 2 —
10* cm™, curve 3 — 10° cm™, curve 4 — 10° cm™, curve 5 — 3 10° cm™", the black arrow indicates an
increase in the absorption ratio in silicon. The left arms (depletion or intrinsic conductivity regime) are
marked in gray. The right arms (inversion) are marked in blue

It is more challenging, from the perspective of surface physics, to analyze the
impact of applying additional constant illumination. The imposition of constant illumi-
nation periodically reduces the band bending and consequently affects the filling of
the surface states system. We assume that such an approach will allow the real-time
detection of certain features of changes in the effective charge in the Helmholtz layer,
as these factors determine the rate of recombination at the interface.

For the case of transition to depletion mode, the oscillation amplitude decreases,
as shown in Fig. 3A (A1 > A2). This provides additional information about the reac-
tion and determines the LDH activity. If Q,, near the surface increases for t > 600 s,
such inequality indicates complex processes in the interface (Kozinetz et al., 2024).
Indeed, let us assume that as a result of adsorption acceptor-type levels emerge at
the SiO,/Si boundary. As the light intensity gradually increases, the energy position of
these levels changes according to the displacement of the band edges on the sur-
face (the Fermi level in the bulk remains unchanged). As a result, the centers become
negatively charged. This effect will obviously counteract the increase in band bending.
Consequently, the values of A2 decrease. For t > 850 s the amplitude of oscillations
clearly demonstrates the tendency for saturation. Another factor may be, for example,
the appearance of new adhesion levels and recombination channels at the interface
during adsorption. Moreover, the direct electrostatic influence of the positive charge Q,;
on the ratio of capture coefficients is possible.
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For the case of transitioning to the inversion mode in Fig. 3B (A1 < A2), the oscilla-
tion amplitude increases after the reagents are combined. It is noteworthy that during the
time intervals from 650 to 900 s, the amplitude A2 gradually increases and stabilizes. If
the effective positive charges Q,,in the Helmholtz layer near the surface increase, Y, will
also gradually increase in the region of the right arm. For t > 900 s the amplitudes of oscil-
lation demonstrate the tendency for saturation. The imposition of constant illumination, in
a sense, is equivalent to applying a direct voltage to the floating junction. In other words,
from the inequality Y, < Y, it follows that A1 < A2. Unlike the previous case, changes
in the parameters of the adhesion levels at the SiO,/Si interface are not observed. The
Fig. 3C shows that quasi constant regime of parametric illumination is maintained.

The imposition of constant illumination thus provides additional information for
determining the activity of LDH; however, the analysis of sensitivity mechanisms is more
complex and ambiguous.

CONCLUSIONS

We have demonstrated and theoretically analyzed the biophysical properties of
employing a recombination sensor for the determination of LDH activity in biological
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fluids. Our findings indicate that the directly measured analytical parameter is the pho-
tocurrent of the deep silicon barrier structure under modulated illumination. Our analysis
emphasizes the necessity of a high absorption coefficient to establish the connection
between surface processes and photocurrent through the p/n-junction.

The experimental study highlights the pivotal role of LDH catalysis in enabling the
transfer of a hydride ion from NADH to pyruvate’s C, atom, ultimately yielding lactate and
NAD*. The observed transition in charge states of the reactants, from negative to positive,
underscores the predictability of this phenomenon through an understanding of reagent
dissociation constants. These alterations directly impact the parameters of recombination
centers at the interface, underscoring the intricate relationship between LDH activity and
surface processes. This comprehensive analysis sheds light on the underlying biophysi-
cal mechanisms governing LDH function and offers valuable insights for the development
of advanced sensor technologies in biomedical applications. The operation of the sen-
sor is qualitatively explained within the framework of Stevenson’s theory and the forma-
tion of Helmholtz layers in polar analytes. Utilizing theoretical approximations, the study
demonstrated that effective detection is achievable in two regions of surface band ben-
ding change. Experimental demonstrations indicate that detection outcomes may result in
either a decrease or increase in photocurrent amplitude, corresponding to these regions.
Significantly, the selection of parameters for variable sensor illumination allows for partial
control of sensitivity in the working regions of band bending change. A more intricate
factor in sensitivity analysis is the influence of carrier capture on adhesion centers and
potential changes in capture cross-sections or energy positions of recombination centers
due to adsorption. The application of additional illumination aids in improving sensitivity
in working regions of band bending and enhances the probability of accurate detection.
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BIO®I3NYHI OCOBNIMBOCTI BUKOPUCTAHHA PEKOMBIHAHTHOIO CEHCOPA
ONA BUABNEHHA NAKTATOENOAPOIEHA3MN:
AHATNI3 MEXAHI3MIB YYTIIUBOCTI

Onekciti KosuHeyb, bo2daH Cycbk, Onbea um6baniok, Cepaili JlumeuHeHKO

Kuiscbkuli HauioHanbHUU yHieepcumem iMeHi Tapaca LllegyeHka
8yn. Borodumupceka, 64/13, Kuie 01601, YkpaiHa

O6rpyHTyBaHHA. binbwicte natonorii opraHismy niognHu (3okpema, 3MOsKiCHI
HOBOYTBOPEHHS, FMOKCis MioKapAa, 3aXBOPIOBaHHS MeYiHKX TOLLO) CYyNpPOBOOAXKYHOTLCS
NOPYLUEHHAM LiNICHOCTI KNITUH Yy TKaHWHAaX-MilLEHSAX i BUBINIbHEHHAM BHYTPILLUHBOKi-
TUHHMX MakpoMoreKyn y nosaknitmHHe cepegosuile. OTxe, BaXNMBUM AiarHOCTUYHUM
i MPOrHOCTUYHMM MOKa3HMKOM € pPiBEHb aKTUBHOCTI OKPEMUX EH3MMIB Y CMPOBATLi KPOBI,
SKi B HOPMi € BHYTPILIHBOKNITUHHUMU. OgHMM i3 HanakTyanbHIWWX HanpsiMiB cy4ac-
HOI MEeAWYHOI eneKTPOHikM i Biodisnkn € po3pobka N oNTUMI3aLiss METOAIB CKPUHIHTY
eH3uMiB y BionoriyHux pignHax. Metoto po6oTtu 6yno BMBYMTU Biodi3nyHi 0OCOBNNBOCTI
3aCTOCYBaHHA peKOMOBIHALIMHOMO CeHcopa [Ansi BU3HAYEHHsS aKTUBHOCTI BaXKMMBOMO
€H3UMY B AiarHOCTuLi MeTogaMm MeanyHoi Gioximii — nakTaTt gerigporeHasu.

Marepianu Ta meToau. EkcnepnmeHTn BUKOHyBanu Ha npenapaTtax ctTaHaapTHOI
CUpOBaTKM KPOBi NIOAUHN. PedhepeHTHe BU3HAYEHHS aKTUBHOCTI NakTataerigporeHasm
34iMcHI0OBan (OTOMETPUYHO 3a 3MIHOK (3MEHLLUEeHHSIM) KOHUEeHTpauii BigHOBNEHO!
dopmm koeHanumy HAJH. EkcneprmeHTaneHO 34iNCHIOBaN peectpawito NPOXO4KEHHS
nakTatgerigporeHasHoi peakuii 3a BUMIpOBaHHAM (POTOCTPYMY KPEMHIEBOI CTPYKTYpU
3 3armunbneHnm Gap’epom B ymMOBaxX OMPOMIHIOBAHHS CBITIOM i3 AifSIHKA CUMbHOMO
nornuHaHHs (A = 532 Hm).

PesynsraTtn. [JocnigxeHo 6iodisnyHi ocobnusocTi poboTu npmctporo. BusasneHHs
nakTaTaerigporeHasn ctae MOXIMBUM 3aBASKU MEPEHECEHHI0 iOHa BOOHIO Bif HIKOTK-
HamigageHiHanHykneotuay (HAOH) oo nipysaty, BHacnigok 4oro yTBOPOKOTLCS NakTaTt
i HAL*. EdpekT nosACHIOTb NOKanbHUM €NeKTPOCTaTUYHUM BMNAVBOM Ha napameTpu
LeHTpiB pekombiHauiil Ha NPUNOBEPXHEBOMY BUMMHI 30HW NOBMAM3Y NOBEPXHI KPEMHIlO,
LLIO MPM3BOANTbL 0 3MiHM LUBMAKOCTI MOBEPXHEBOI peKoMbiHau;i.

BucHoBKK. Haw nigxig moxHa po3rnsigatn sk nepcrnekTUBHUIA cnocibé po3pobku
BMCOKOYYTNIMBOIO METOAY BUSBIEHHS NakTatgerigporeHasun. EkcnepymeHTanbHo gose-
OEHO, Lo edpeKkTUBHA AETEKLiS MOXITMBA Y ABOX 3MiHaxX NPUNOBEPXHEBOMY BUMMHI 30HM
KpEeMHIEBOI nigknagku sarnmbneHoro 6ap’epy.

Knroyosi cnoea: naktatgerigporeHasa, pepMeHTaTUBHa akTUBHICTb, 3arnubne-
HUA KpemHieBun Bap’ep, NoYaTKoOBUW BUIMH 30H, hoTOoenek-
TPUYHUI NEePeTBOPIOBAY, NOBEPXHEBA LBUAKICTb pekoMBiHau;i,
bGiomeanyHa giarHocTuka
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