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COMPLEXATION OF IBUPROFEN
WITH BOVINE SERUM ALBUMIN: SPECTROSCOPIC
STUDY AND MOLECULAR SIMULATION

1. Introduction

The interaction of ibuprofen with bovine serum albumin (BSA) in the aqueous environment
has been studied using both experimental and computer simulation methods. The fluorescence
quenching spectra are obtained at a constant BSA concentration of 2 uM, varying ibuprofen
concentrations of 0—1.5 uM, and three fired temperatures of 293, 803, and 313 K. The inten-
sity dependences follow the Stern—Volmer equation and testify to the static quenching mecha-
nism. Together with the temperature-induced growth of the binding constant, this result points
to the predominantly hydrophobic nature of the interaction. The obtained binding constants
equal lg Ks = 4.3+5.0 at the binding stoichiometry close to 1:1. The thermodynamic analysis
of the complexation showed that AG < 0, AH >0, and AS >0, G, H, S which confirms the
spontaneous and entropy-driven character of the binding process. Molecular docking simula-
tion using AutoDock 4.2.6 made it possible to identify three main binding sites of ibuprofen
with BSA. The most energetically favorable binding modes include van der Waals, hydrogen
bonding, hydrophobic, and electrostatic interactions; nevertheless, contacts with hydrophobic
residues of BSA prevail. The calculated spatial arrangement of ibuprofen with respect to tryp-
tophan residues corresponds to the experimentally observed fluorescence quenching.

Keywords: bovine serum albumin, ibuprofen, fluorescence quenching, molecular docking.

are globular, water-soluble, consist of three domains

In modern pharmacy, protein nanoconjugates and
protein-functionalized nanoparticles become of par-
ticular importance as transport platforms for drugs,
by increasing their bioavailability, stability, and tar-
geted delivery [1-3]. Among the protein components
used as a basis for the creation of nanotransport
systems, bovine serum albumin (BSA) and leporine
serum albumin (LSA) attract special attention. They
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(each with two subdomains), and have a high propor-
tion of a-helices (~67%) [4]. BSA and LSA demon-
strate low immunogenicity, high biocompatibility,
long half-life, and the ability to bind a wide range
of ligands (lipids, hormones, drug compounds) at
their hydrophobic sites of subdomains ITA and IITA
[5]. Serum albumin, owing to its relative availabil-
ity and high affinity for ligands, is widely used as a
model protein in spectroscopic (fluorescence quench-
ing due to the presence of tryptophan in the amino
acid sequence), calorimetric, and bioinformatic stud-
ies of the pharmacokinetics and pharmacodynamics
of drugs [6]. In particular, the physicochemical as-
pects of the BSA interaction with widely used bioac-
tive compounds [7-10], metal nanoparticles [11-15],
and their oxides [16-20] demonstrate the importance
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of protein carriers in the control over pharmacokinet-
ics and pharmacodynamics.

Among the drugs, ibuprofen is widely used. This is
a weakly acidic, lipophilic, nonsteroidal, anti-inflam-
matory drug with a high affinity to blood plasma al-
bumins, which determines its pharmacokinetic prop-
erties [21-23]. The previous studies of the ibuprofen
interaction with albumin were limited to either flu-
orescence quenching [24, 25| or molecular simulation
[26] separately. However, an integrated approach, a
combination of spectroscopy and molecular docking,
is required. The aim of this work is to analyze the
interaction of ibuprofen with BSA using a combined
approach of fluorescence spectroscopy and molecular
docking, and quantitatively evaluate the binding con-
stants, the mechanism of interaction, and molecular
complexation sites, which is necessary for predicting
the behavior of the drug in wvivo. The study of this
interaction is challenging for assessing the delivery
efficiency, bioavailability, and potential systemic ef-
fects of the drug. The research methods included the
molecular simulation and an experimental method of
fluorescence quenching of aqueous solutions of BSA
and ibuprofen.

2. Materials and Methods

When preparing specimens, BSA (Sigma, USA) and
ibuprofen (China, supplied by LLC “Bioline”) — the
quality of the latter met the requirements of the
monograph of the State Pharmacopoeia of Ukraine
[27] — were used. The powdered substances were dis-
solved in water (pH = 5.5) with the addition of
dimethyl sulfoxide (DMSO) to the required ratio in a
volume of 1.5 ml, which was associated with the poor
solubility of ibuprofen in aqueous solutions [21]. The
percentage of DMSO in the solutions was propor-
tional to the ibuprofen concentration. The BSA con-
centration was constant in all specimens, Cgga =
=2 x 1075 M, whereas the ibuprofen concentration
varied (Cyp = 0, 2.5 x 1077, 5 x 1077, 7.5 x 1077,
107%, and 1.5 x 107 M).

The fluorescence spectra of the aqueous BSA-ibu-
profen solutions were registered at three temperatures
T = 293,303, and 313 K using a stationary spectroflu-
orometer QuantaMaster 40 Intensity Based Spec-
trofluorometer (PTI, HORIBA Scientific, Canada).

The fluorescence in the aqueous BSA solution is
a result of the presence of aromatic amino acids in
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the BSA protein molecule; mainly, this is trypto-
phan, which acts as the main internal fluorophore.
When excited at about 280 nm, tryptophan emits,
with a spectral maximum located at about 340 nm.
Provided the indicated pH level, BSA has a positive
charge, which allows the aggregation of macromole-
cules and the spectrum distortion to be avoided [28].
The concentrations of the substances were chosen so
that the ligand/protein ratio remained relevant for in
vivo 28, 29].

Fluorescence spectroscopy is a sensitive and infor-
mative method for studying the complexation of pro-
teins with drug molecules because it allows the in
vitro registration of changes in the microenvironment
of the internal fluorophores of the protein macro-
molecule: amino acid residues of tryptophan (Trp213
and Trpl134 in BSA), tyrosine, or phenylalanine. In-
teraction with a ligand (a drug molecule) can invoke
a change of the fluorescence intensity, a shift of the
emission maximum, a change in the quantum yield or
in the lifetime of the excited state, which are indica-
tors of complexation. In addition, the analysis of flu-
orescence quenching in the framework of the dynamic
and static quenching models (the Stern—Volmer the-
ory) makes it possible to determine the binding con-
stants, the number of binding centers, and the na-
ture of interaction (hydrophobic, electrostatic, hydro-
gen, and so forth). The method is characterized by a
high sensitivity, which allows working with micromo-
lar concentrations [30].

Computer simulation of the interaction between
BSA and ibuprofen molecules was carried out using
the molecular docking method, which makes it pos-
sible to predict the most probable spatial orientation
of the ligand molecule (the drug) at the active center
of the receptor (the protein) and evaluate the inter-
action energy in the complex [31]. The essence of the
method consists in a systematic or stochastic search
for ligand positions with respect to the receptor and a
subsequent assessment of the complex stability using
a scoring function. Molecular docking was performed
using the AutoDock 4 program, which implements
a genetic algorithm for generating conformations and
calculates the semi-empirical binding free energy (the
scoring function) in the following form:

AC;(bind = AGvdW + AC:elec: + AGthnd +

+ ACTvdesolv + ACltorsu (1)
T
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Fig. 1. BSA (a) and ibuprofen molecules (b)

where AGying is the binding energy considered as the
difference between the free energy of the complex and
the energies of separate molecules. The summands on
the right-hand side of this equality correspond to the
contributions of the van der Waals interaction, the
electrostatic interaction, hydrogen bonds, the influ-
ence of the solvent, and the entropy component; the
latter describes the loss of the ligand’s rotational de-
grees of freedom, when the ligand binds with the re-
ceptor. When searching for molecular complex con-
formations, the binding modes were ranked accord-
ing to the binding energy values. The structure of
the BSA molecule (Fig. 1) was obtained from the
crystallographic database RCSB Protein Data Bank
(code 4F5S) [33], and the coordinates of the ibuprofen
molecule were taken from PubChem (CID: 3672) [33].

3. Fluorescence Spectroscopic Study

In Fig. 2, the registered fluorescence spectra of the
aqueous solutions of BSA (at a fixed concentration
of 2 uM) and ibuprofen (with a varying concentra-
tion) and, at various temperatures of 293 K (20 °C),
303 K (30 °C) and, 313 K (40 °C), are shown. The
indicated values were chosen to study the interaction
of BSA with buprofien, because they are physiologi-
cally relevant for in vivo conditions and, at the same
time, remain below the BSA denaturation temper-
ature (about 60 °C) [34]. Several temperatures are
necessary for the analysis of the temperature depen-
dence of molecular binding using the thermodynamic
parameters of the interaction in order to elucidate
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the nature of dominant forces in the complexation
process [35].

As the drug concentration grows, a monotonic de-
crease in the BSA fluorescence intensity (fluorescence
quenching) is observed at all temperatures. Such a
behavior can occur due to several physicochemical
mechanisms [30]. First, the dynamic mechanism is
possible, which is caused by collisions of the fluo-
rophore (a tryptophan residue) with the ligand, giv-
ing rise to non-radiative relaxation of the fluorophore
from the excited to the ground state. The static mech-
anism is also possible, which consists in the forma-
tion of a stable non-fluorescent complex between the
protein molecule and the ligand, without the fluo-
rophore transition into the excited state. The inten-
sity reduction can also be a consequence of the Forster
resonance energy transfer (FRET), if the ligand (ac-
ceptor) is located at a small distance (up to 6 nm)
from the fluorophore (donor) and receives energy
from the latter via the dipole-dipole interaction. In
addition, conformational changes of the protein near
the fluorophore can change its microenvironment and,
accordingly, the fluorescence quantum yield. Charge
transfer or intramolecular relaxation processes can
also play a role in the intensity decrease. Finally, an
important factor is the overabsorption of the excita-
tion or emission light by the ligand (the inner filter
effect), when high drug concentrations lead to partial
light absorption [36]. Since the studies were carried
out at low ibuprofen concentrations (<1.5x 1076 M),
when the optical density of the solutions remained
below the inner filtration effect threshold, the influ-
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Fig. 2. Emission (Aez = 353 nm) (a) and excitation (Aem = 275 nm) fluorescence spectra of the aqueous solutions of BSA and

ibuprofen at various temperatures (b)
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Fig. 3. Stern—Volmer (a) and Hill (b) dependences for describing the dynamic and static mechanisms of fluorescence quenching

ence of this effect on the results of fluorescence analy-
sis can be considered insignificant [36]. Furthermore,
the absence of the shifts of the maxima in the emis-
sion spectra testifies to the stability of the trypto-
phan residue microenvironment, which points to the
absence of substantial conformational changes in the
protein structure, when the protein binds to the lig-
and [37]. Thus, the observed fluorescence quenching
takes place mainly due to specific mechanisms of
protein-ligand interaction: dynamic quenching, static
complexation, or FRET (if the distances to the fluo-
rophore are sufficiently small).

Dynamic quenching is considered to be a result
of contacts (collisions) between the fluorophore and
quencher molecules, owing to their diffusional mo-
tion, within the lifetime of the energy donor in the
excited state. This quenching process is described by
the Stern—Volmer equation [30]

Fy

= L+ Ksy [Q =1+ k,74 [Q), (2)

where Iy and F are the fluorescence intensities in
the BSA solutions in the quencher absence and pres-
ence, respectively. In the Stern—Volmer theory, it is
assumed that the ratio Fy/F linearly depends on the
quencher concentration [@Q] with the following pa-
rameters: Kgy is the Stern—Volmer quenching con-
stant, and k4 is the biomolecular quenching rate con-
stant (they are fixed at dynamic quenching). These
constants are related to each other by the relation-
ship Kgy = k470, where 7y is the lifetime of the
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fluorophore in the excited state (7o = 1078 s). As
a result of the linear approximation of the experi-
mental data (Fig. 3, a), the obtained values for the
quenching parameter k, (see Table 1) exceed the max-
imum permissible value of 2 x 10'® M~'s~! for the
process of mutual diffusion of BSA and ibuprofen
molecules [30]. Therefore, another quenching mech-
anism, static, is realized.

The static mechanism is realized through the for-
mation of the stable molecular complexes of protein
with drugs in the ground state with non-excited flu-
orophores. For this mechanism, the analysis of fluo-
rescence quenching is carried out using the Hill equa-
tion [30]

- F
F

where K4 is the binding constant of the biomolecu-
lar complex, and n is the number of ligand-protein
binding sites. This equation represents the linear de-
pendence of fluorescence quenching on the quencher
concentration (on the logarithmic scale). The corre-
sponding straight line (Fig. 3, b) makes it possible to
determine the binding parameters n and K 4.

The obtained values (see Table 2) demonstrate that
the interaction becomes stronger as the temperature
increases, which is characteristic of the hydrophobic
nature of the complexation between the ibuprofen
and BSA molecules [38], when binding is accompanied
by the removal of water from the hydrophobic pro-
tein pockets and the exposure of hydrophobic amino

Ig =lg K +nlg[Q], (3)
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acid residues (the entropic effect). The magnitudes of
those values testify to a moderately strong binding in
the complex where one ibuprofen molecule is attached
to one BSA molecule. The values of the binding con-
stants determined at various temperatures T allow
the changes of the thermodynamic parameters after
the complexation to be calculated using the van’t Hoff
equations

AG=AH —-TAS=—-RTInKy4, (4)
where AG is the Gibbs free energy, AH is
the enthalpy, AS is the entropy, and R =

=8.314 J-mol 'K~

The thermodynamic characteristics obtained by
substituting the binding parameters into Eq. (4) are
quoted in Table 3. The negative value of the binding
energy points to the spontaneous interaction charac-
ter and the presence of electrostatic interaction. The
positive entropy and enthalpy values confirm the
dominant hydrophobic nature of complexation.

4. Molecular Docking

Molecular docking simulation was performed with
the help of the AutoDock 4.2.6 software package by
applying a semi-empirical scoring function and the
Lamarckian genetic algorithm to search for the most
energetically favorable configuration of the BSA-
ibuprofen complex. During the simulation, the struc-
ture of the protein macromolecule was rigidly fixed
(rigid docking), and the ligand molecule (ibuprofen)
was considered flexible due to the presence of five ro-
tational degrees of freedom (Fig. 1). As a result of
simulation, 20 modes (see Fig. 5, a) of molecular com-
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Table 1. Quenching constants K-~/
and kg4 for aqueous BSA—ibuprofen solutions
at various temperatures

Quenching parameters
T, K
kq, x1014 M~1s71 Ksy, x106, M~1
293 0.1 £0.033 0.1 4+0.033
303 0.13 £ 0.008 0.13 + 0.008
313 0.11 £+ 0.016 0.11 +0.016

Table 2. Binding constants K a
and the number of binding sites n for aqueous
BSA-ibuprofen solutions at various temperatures

Binding parameters
T, K
lg Ka n
293 4.3+1.2 0.85+0.2
303 4.5+ 0.87 0.9+0.14
313 5+0.75 1+0.11

Table 3. Thermodynamic parameters
of aqueous BSA-ibuprofen solutions

Thermodynamic parameters

T, K

AG x 103, AS, AH x 103,

J/mol J-mol~1. K1 J/mol
293 —24.14+6.7 290+ 79
303 —26.1+5 287+ 71 61.1+16.4
313 —30+4.5 291 £ 68
781
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Fig. 5. (Binding mode clusters a) and their most optimal modes; distances to two fluorescent tryptophan amino acid residues

are indicated in angstrom units ()

plexes were determined, which can be grouped into
several clusters by their close arrangement and bind-
ing energy values (Fig. 4).

The most numerous and energetically favorable
clusters are highlighted in Fig. 5, a. Only one cluster
contains ligand conformations located in close prox-
imity to the tryptophan amino acid residue Trp213 in
subdomain ITA. The other clusters are located in sub-
domain IITA, and they are distant from the trypto-
phan residues. The arrangement of the clusters with
respect to the BSA molecule and the tryptophan
amino acid residues is shown in Fig. 5, b. The dis-
tances to the residues from the most optimal modes
of each of the three clusters are given in Table 4. The
average distances to the tryptophan residues for each
mode are noticeable as compared to the characteristic

Table 4. Distances from ibuprofen
molecules to tryptophan residues
(in angstrom units)

Tryptophan Mode 1 Mode 3 Mode 9
residue (cluster 1) (cluster 2) (cluster 3)
Trpl34 37.5 35.6 39
Trp213 18.6 7.4 36.5
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size of the BSA molecule, so the fluorescence quench-
ing is not substantial (which, in fact, is observed ex-
perimentally; see Fig. 1), but possible because the
distance values are smaller than the threshold value
(6 nm) for the Forster mechanism of non-radiative
energy transfer from the donor (tryptophan) to the
acceptor (ibuprofen).

The binding energies of molecules in the com-
plex, which were determined for the three clus-
ters from docking simulation, correspond to the val-
ues obtained from fluorescence quenching spectral
data. The considerable negative value of AG testifies
to the formation of stable complexes and, therefore,
confirms the static quenching mechanism involving
the FRET. The interaction energy of molecules in the
complexes includes contributions from van der Waals
and hydrophobic interactions, hydrogen bonds, and
electrostatic forces (see Table 5). The first two clus-
ters include 8 of the 20 modes, which are character-
ized by a substantial electrostatic component, so their
realization is more probable due to long-range electro-
static forces. The electrostatic interaction is stronger
for the 2nd cluster, whereas van der Waals forces, hy-
drogen bonds, and the hydrophobic effect are more
intense for the 1st cluster. The dominant role of a
particular interaction type is determined by the type

ISSN 2071-0186. Ukr. J. Phys. 2025. Vol. 70, No. 11
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Fig. 6. Binding sites of the ibuprofen molecule with the BSA molecule in the most optimal modes for three docking simulation
clusters. Negatively charged, positively charged, and hydrophobic amino acid residues are marked in red, blue, and yellow,
respectively

Fig. 7. The nearest amino acid environment of ibuprofen in
three most optimal modes. (a) Mode 1 of the first cluster
surrounded by positively charged Arg409, polar uncharged
Asn390, Cys437, Thr448, Tyr410, and hydrophobic Gly433,
Leu406, Leu452, Leu386, Phe402 with hydrogen bonds formed
with Arg409 and Asn390. (b) Mode 3 of the second cluster
surrounded by positively charged Lys350, negatively charged
Glu353, polar uncharged Ser479, and hydrophobic Leu326,
Leu346, Leud80, Val481, Ala349 with hydrogen bond formed
with Lys350. (¢) Mode 9 of the third cluster surrounded by
positively charged Lys524, polar uncharged Asn404, Tyr400,
and hydrophobic Phe508, Phe550, Phe506, Alab527, Met547
and Leub528 c

ISSN 2071-0186. Ukr. J. Phys. 2025. Vol. 70, No. 11 783
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Table 5. Interaction energies of molecules
in the most optimal clusters (in kcal/mol units)

Clus- |Mode Vdw/ hb/ Elec. stat.,| Torsional, Binding
desolvation, energy,
ter No. | No. kecal/mol keal/mol | keal /mol kcal /mol
1 1 -8.0 -1.34 1,49 —7.85
2 -7.37 -1.29 1.49 -7.16
2 3 —6.75 -1.71 1.49 —6.98
4 —6.74 -1.72 1.49 —6.96
5 —6.72 -1.73 1.49 —6.96
6 —6.46 -1.93 1.49 —6.9
7 —6.57 -1.74 1.49 —6.82
8 —6.52 -1.68 1.49 —6.71
3 9 —7.84 —0.08 1.49 —6.43
10 -7.8 -0.07 1.49 —6.38
11 —7.87 —0.16 1.49 —6.38
12 -7.7 —0.15 1.49 —6.36
13 —7.57 -0.1 1.49 —6.18

of amino acid residues (hydrophobic, charged, and
polar uncharged) in the closest environment of the
ibuprofen molecule at the binding site.

Figure 6 illustrates the binding sites of ibupro-
fen molecules (the main cluster modes) with a BSA
molecule. It can be seen that the modes of the 1st
and 2nd clusters are surrounded by charged amino
acid residues, which enables the existence of a sta-
ble molecular complex. The mode of the 3rd cluster
is located in the hydrophobic pocket near Trp213.

The closest amino acid environment (up to 6 A)
with the formed hydrogen bonds is shown in Fig. 7.
According to the type of the closest amino acid
residues, a conclusion can be drawn that the inter-
action of ibuprofen with BSA at the binding site is
mainly hydrophobic. Note, however, that all bind-
ing modes allow various types of complex-forming
forces to manifest themselves. In particular, the van
der Waals interaction with polar residues is most
pronounced in mode 1, hydrogen bonds in modes 1
and 3, and hydrophobic interaction in modes 3
and 9. Electrostatic forces, as was mentioned above,
manifest themselves in modes 1 and 3 when interact-
ing with charged amino acid residues.

5. Conclusions

In this study, it has been shown that ibuprofen forms
stable complexes with bovine serum albumin (BSA)
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in aqueous media, which is confirmed by the results of
fluorescence spectroscopy and molecular docking sim-
ulation. The spectroscopic studies point to the mainly
static mechanism of fluorescence quenching, with the
quenching constants exceeding the diffusion thresh-
old, and an energetically favorable and moderately
strong (AG = (—24+-28) kJ/mol) but reversible
binding between the BSA and ibuprofen molecules
in the complexes. The stoichiometric ratio of about
1:1, which is typical of a specific saturable inter-
action, demonstrates ibuprofen’s ability to compete
for ligands during its binding to albumin. On the
other hand, such complexes dissociate relatively eas-
ily, which is important for the controllable drug re-
lease. The temperature growth is accompanied by an
increase of the binding constants and by positive en-
thalpy and entropy values, which means the mainly
hydrophobic nature of interaction.

Molecular simulation confirmed the availability
of several energetically favorable binding sites for
ibuprofen on the BSA surface, mainly in subdomains
ITA and IITA. During the binding process, various
types of interactions with the amino acid environment
are realized: van der Waals, hydrophobic, hydrogen,
and electrostatic; however, bonds with hydrophobic
amino acid residues dominate. This fact testifies to a
high drug bioavailability, the stability of complexes in
blood plasma, and the drug ability to accumulate in
hydrophobic environments (membranes, lipid matri-
ces). The arrangement of the ibuprofen molecule with
respect to tryptophan amino acid residues Trp213
and Trpl134 agrees with the static mechanism of flu-
orescence quenching and enables non-radiative res-
onance energy transfer with the transition of the
complex into an unexcited state without radiation
emission.

The work was sponsored by the National Research
Foundation of Ukraine (grant No.2023.04/0140
“Nanostructural modification of application drugs for
military medical technologies”).
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A.L Jlecrox, 1.FO. Hopowenro, O.I1. JImumperxo,
M.II. Kyaiw, JI.JI. Jlasman, A.O. posdosa, M.I. Kanrox

KOMIIVIEKCOYTBOPEHHAA IBYIIPO®EHY

3 BUYAYMM CUPOBATKOBHUM AJIBBYMIHOM:
CIHEKTPOCKOIITYHE JOCJILAXKEHH#I

TA MOJIEKYJIAPHE MOJEJIIOBAHHS

VY pamiit poboTi gociiazkeHo B3aeMoziio ibynpodenry 3 Ouuadanm
cupoBaTkoBuM anbOyminom (BCA) y BommoMy cepenosuini 3
BUKOPHUCTAHHSIM €KCIIEPUMEHTAJIbHUX Ta KOMII FOTEPHUX METO-
niB MmozpemoBants. CleKTpu racinisa (pJryopecieHIfil OTpUMAaHO
3a crasiol kourenTpanil BCA (2 MxM) Ta 3MiHHOI KOHIIEHTpA-
uil i6ynpodeny (0-1,5 MKkM) 11 TPbOX 3HAYEHb TEMIEPATY-
pu (293, 303 i 313 K). Banexxnocri inTeHCHBHOCTEH BiAOBII-
afors piBuammio [IITepHa—PosbMepa Ta BKa3yOTbh Ha CTATH-
9HHUI MeXaHi3M raciHHs 31 3pOCTaHHSM KOHCTAHTU 3B 3y BaHHA
3 POCTOM TEMIIEPATypPH, IO CBIIUYUTH PO IEPEeBaKaJIbHUI
rinpocdobuuit xapakrep B3aemozil. OTpuMani 3HAYEHHS KOH-
CTaHT 3B’si3yBaHHsI cTaHOBJATH IgKs = 4,3-5,0 npu crexio-
Merpil 3B’s3yBanusa, 6ym3bkiil 1o 1: 1. Tepmogunamivynuii ana-
J1i3 KoMILIeKcoyTBOopeHHs nokazaB AG <0, AH >0, AS >0,
IO IiITBEP/KY€ CIOHTAHHHUI Ta €HTPONIINHO 3yMOBJIEHUI Xa-
pakTep 3B’si3yBaHHsI. MOJIEKyJIsiDHE JIOKIHP-MOJEJIOBAHHS B
AutoDock 4.2.6 BUSBUJIO TPU OCHOBHI caiiTu 3B’si3yBaHHS MO-
nekynu i0ynpodeny 3 BCA. Haitbinbm enepreTndHo Buri-
aHI MOAu 3B’sSI3yBaHHsSI MICTATH BaH-J€P-BaaJIbCIBCbKi, BOIHE-
Bi, rizpodobHi Ta eIeKTpOCTATHYHI B3a€MOAil, OIHAK Iepe-
BarKaJIbHUMU € KOHTaKTH 3 rinpodobunmn samumkamu BCA.
PosramyBanus i6ynpodeHy BiHOCHO TPUNITO(MAHOBUX 3aJIM-
IIKiB BiAIIOBi/Ta€ €KCIIEPIMEHTAJIBHO CIIOCTEPEXKYBAHOMY T'aCiH-
HIO (biryopecrieHIrii.

Katwwoei canoea: Ouuadnit CHPOBATKOBHUI ajbOyMmiH, i0y-
npodeH, racinusg (pJryopecieHIiil, MOJIEKYIsAPHUA JOKIHT.

ISSN 2071-0186. Ukr. J. Phys. 2025. Vol. 70, No. 11



