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Background: COVID-19 is an infectious disease caused by severe acute respiratory syndrome coronavirus
2 (SARS-CoV-2). Efforts to fight the virus include the development and investigation of vaccines,
monoclonal antibodies, and specific antiviral drugs targeting key stages in the viral life cycle.

Obijectives: The aim of this study is to investigate the potential sites of furin protease binding to the S
protein in different conformations and to evaluate the binding affinity of non-specific antiviral drugs and
the macrocyclic peptidomimetic inhibitor 8 (P18) to the S protein—furin protease complex using a molecular
docking approach.

Material and Methods: The three-dimensional structures of the S protein (PDB IDs: 6VYB, 6VXX,
7VHJ) from the Protein Data Bank (www.rcsb.org ) were docked with furin protease (PDB ID: 5JXG)
using the ClusPro 2.0 server. Non-specific antiviral drugs, such as remdesivir, chloroquine, favipiravir,
nelfinavir, and P18, were docked onto 6VYB-5JXG, 6VXX-5JXG, and 7VHJ-5JXG complexes using the
AutoDock Vina program. The ligands were energy-minimized using the Universal Force Field (UFF) and
converted to PDBQT format with OpenBabel. Protein optimization was performed using AutoDock Tools.
Docking results were visualized using the Discovery Studio 2024 Visualizer.

Results: The binding affinity of the studied ligands with the S protein-furin protease complexes was
verified by molecular docking studies. P18, nelfinavir, and remdesivir showed high binding affinity with
the 7VHJ-5JXG structure due to the fully modeled structure of the furin cleavage site. The best docking
scores of PI8 with 6VYB-5JXG, 6VXX-5JXG, and 7VHJ-5JXG complexes were -9.7 kcal/mol, -9.5
kcal/mol, and -9.9 kcal/mol, respectively. The interaction between the S protein-furin complexes and P18
involves specific amino acid residues, primarily within the catalytic site of furin and the reactive site loop
of P18. Docking studies showed that remdesivir acts directly on the furin cleavage site of the S protein (in
the 7VHJ-5JXG complex), forming energetically favorable interactions through hydrogen bonds and
hydrophobic contacts, with a high binding affinity (binding energy score is -9.1 kcal/mol). The energetically
favorable interactions of the 6VYB-5JXG, 6V XX-5JXG, and 7VHJ-5JXG complexes with nelfinavir are
also confirmed by low binding energy scores of -8.2 kcal/mol, -8.9 kcal/mol, and -9.3 kcal/mol,
respectively.

Conclusion: According to the results of molecular docking, PI8, nelfinavir, and remdesivir demonstrate
energetically favorable interactions with the studied complexes and can be considered promising inhibitors
targeting the SARS-CoV-2 S protein—furin protease complexes.

KEY WORDS: SARS-CoV-2 spike protein; furin protease; antiviral drugs; molecular docking; human
health.
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COVID-19 is an infectious disease caused by the severe acute respiratory syndrome
coronavirus 2 (SARS-CoV-2), which has affected more than 7.0 million people worldwide [1].
Over the past five years, the virus has spread rapidly across countries due to its ability to
transmit through respiratory pathways. Additionally, the virus has the capacity for
asymptomatic and pre-symptomatic transmission. Therefore, individuals infected with SARS-
CoV-2 can transmit the virus before showing symptoms — such as respiratory distress,
headache, fatigue, sore throat, and high fever — or even without developing symptoms, making
detection and containment particularly challenging. The combination of immune evasion and
high infectivity may also contribute to the widespread transmission of SARS-CoV-2 [2].

Efforts to fight the virus include the development of vaccines, monoclonal antibodies, and
specific antiviral drugs targeting key stages in the viral life cycle, with research on these
treatments currently ongoing [3, 4]. Most studies focus on the numerous structural and
nonstructural viral proteins encoded by SARS-CoV-2, including the SARS-CoV-2 spike
glycoprotein (S protein), papain-like protease (PLpro), and the main protease (Mpro) [5, 6].
Additionally, studying human cell proteases, such as furin and type Il transmembrane serine
protease (TMPRSS2), is crucial for understanding the mechanisms involved in the activation
of the SARS-CoV-2 S protein.

The attachment of SARS-CoV-2 to the host cell is a critical step in the infection process,
mediated by interactions between the S protein and the host cell’s angiotensin-converting
enzyme 2 (ACEZ2) receptor. The viral S protein is a structural trimeric protein, approximately
1,273 amino acids long, that belongs to the class | viral fusion proteins [7]. The S protein
consists of the S1 subunit, which contains a signal peptide and a receptor-binding domain
(RBD), and the S2 subunit, which includes the fusion peptide (FP), heptapeptide repeat
sequences 1 and 2 (HR1, HR2), the transmembrane domain (TM), and the cytoplasmic domain
[8]. The S1 and S2 subunits of the S protein are separated by a cleavage site recognized by
furin-like proteases during its biogenesis in infected cells. Additionally, the S2 subunit contains
an S2' cleavage site located immediately upstream of the first FP, exposing the FP, facilitating
membrane fusion. The TM domain anchors the S protein to the viral envelope, while the HR1
and HR2 regions help form the post-fusion structure [9]. The dynamic transitions among the
prefusion "open," postfusion "closed,” and intermediate "semi-open™ conformations are
essential for the S protein's role in facilitating viral entry [10, 11]. The proteolytic activation of
the S protein by host proteases is necessary to convert its precursor form into a biologically
active form, enabling the subsequent fusion of viral and cellular membranes.

Upon binding with the ACE2 receptor, the S protein is processed by host cell proteases at
two distinct sites. The furin protease cleaves the S1/S2 site, which contains multiple arginine
residues [12]. Additionally, TMPRSS?2 targets the S2’ site, priming the S protein and facilitating
membrane fusion [13]. As a result of this priming, the N-terminal S1 domain binds to the host
ACE?2 receptor via the receptor-binding domain, while the C-terminal S2 domain undergoes
significant structural transformations. These transitions from prefusion conformations to
transient intermediates enable its insertion into the target host membrane [14].

The SARS-CoV-2 S protein has a cleavage site (682Arg-683Arg-684Ala-685Arg) at the
S1/S2 boundary, which is cleaved by furin to prime the S protein for TMPRSS2 protease
processing [15]. The furin cleavage site is unique to the SARS-CoV-2 S protein and is lacking
in other coronaviruses, such as SARS-CoV, making it particularly efficient at utilizing host
proteases for entry [16, 17]. This fusion event enables the viral genome to be released into the
host cell cytoplasm, where it begins the replication process. Furin inhibition can block this
important activation step, preventing the virus from effectively infecting host cells. Therefore,
host molecules essential for the completion of viral replication and infection are emerging as
potential targets for drug development [18].
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Numerous well-known drugs with different pharmacological properties have been tested
and used to treat various diseases, including COVID-19 [19-21]. The ligands selected for our
study, such as remdesivir, nelfinavir, and favipiravir, have been investigated as potential
candidates for inhibiting the spread of the coronavirus using in silico, in vitro, and in vivo
methods within the framework of anti-COVID therapy protocols. Evidence suggests that these
drugs can inhibit specific proteins, such as proteases and the S protein binding site on ACE2,
which are critical for coronavirus infection, by forming stable complexes with them [22-24].
However, for some drugs, such as chloroquine and P18, no reliable data confirms the presence
of target molecules in SARS-CoV-2 [25].

Given that the virus is constantly evolving, it is crucial to continue searching for drugs
capable of forming stable complexes with various critical protein systems of SARS-CoV-2.
Due to the absence of a resolved structure for the region containing the furin cleavage site, it
remains unclear whether furin can bind to additional sites on viral S glycoproteins to cleave
them. Furthermore, understanding the effect of antiviral drugs on these complexes is essential.
Therefore, elucidating the mode of interaction between furin and the spike glycoprotein will be
critical for the effective design of antiviral drugs and antibodies.

The aim of this study is to investigate the potential sites of furin protease binding to the S
protein in different conformations and to evaluate the binding affinity of non-specific antiviral
drugs and the macrocyclic peptidomimetic inhibitor 8 (PI8) to the S protein—furin protease
complex using a molecular docking approach.

MATERIALS AND METHODS

The three-dimensional structures of the S protein in its "open” (PDB ID: 6VYB), "closed"
(PDB ID: 6V XX), and modified furin site (PDB ID: 7VHJ) conformations were obtained from
the Protein Data Bank (www.rcsb.org). The 6VYB, 6V XX, and 7VHJ structures represent the
best available experimental models of the S protein trimer in distinct conformational states,
each of which is biologically relevant for spike activation and processing. In the study, these
proteins were docked with furin protease (PDB ID: 5JXG) using the ClusPro 2.0 server. As the
PDB files lacked hydrogen atoms, Kollman charges were assigned to match the electrostatic
potentials, and hydrogen atoms were added using AutoDock Tools to optimize the proteins
appropriately. The protonation states of amino acid residues at pH 7 were verified using
PROPKA 3.1 [26]. In the next stage, non-specific antiviral drugs, including remdesivir,
chloroquine, favipiravir, nelfinavir, and P18, were docked onto the three constructed targets via
the ClusPro 2.0 server — 6VYB-5JXG, 6V XX-5JXG, and 7VHJ-5JXG.

Ligands were downloaded in Structural Data File (SDF) format from the PubChem
database (www.pubchem.ncbi.nlm.nih.gov). Log P values for all ligands were obtained from
the PubChem database (https://pubchem.ncbi.nim.nih.gov), where they were reported
following calculation using the XLogP3 3.0 algorithm. XLogP3 employs an atom-additive
(AA) method that estimates log P by summing the contributions of individual atoms based on
their chemical environments. The structural formulas and some physicochemical properties of
the studied ligands are shown in Figure 1.

Molecular docking was performed using the AutoDock Vina program [27]. Before
docking, the ligands were minimized in energy using the Universal Force Field (UFF) and
converted to PDBQT format with OpenBabel [28]. All docking studies were conducted as target
docking, with the grid box encompassing the interacting chains of the S protein and furin
protease. The grid box dimensions were set to 70 Ax70 Ax70 A with a grid spacing of 0.508 A.
To increase the likelihood of identifying the global minimum of the scoring function, the
exhaustiveness parameter in AutoDock Vina was set to 50. High-affinity binding complexes
were subsequently analyzed using Discovery Studio 2024 Client software.



http://www.rcsb.org/
http://www.pubchem.ncbi.nlm.nih.gov/
https://pubchem.ncbi.nlm.nih.gov/

12
N. V. Khmil, A. V. Shestopalova, V. G. Kolesnikov

Remdesivir Nelfinavir
C27H35N6OsP C32Ha5N304S
Weight 602.6 Da Weight 567.8 Da
Q Polar surface area Polar surface area
204.0 A2 127.0 A?
*logP 1.9 logP 5.7
**|ogS -5.5
HO
Favipiravir CsH4FN3O, Chloroquine C1sH26CIN3
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inhibitor 8 (PI8) 149.0 A>
logP 4.9

Fig. 1. Structures and physicochemical properties of ligands (www.pubchem.ncbi.nim.nih.gov).

*logP — refers to the logarithm of the octanol/water partition coefficient as a measure of hydrophobicity of a
compound,;

**|ogS — directly related to the water solubility of a drug.

RESULTS AND DISCUSSION

The activation of the S glycoprotein by the host protease furin is an essential step in the
replication of SARS-CoV-2. Furin protease represents a highly selective serine protease that
binds with the S protein and activates it via proteolytic cleavage [29]. The inhibition of the S
protein-furin protease complex is a promising approach for the treatment of COVID-19.
Therefore, protein-protein complexes are important targets for the development of antiviral
drugs, as the specificity of these interactions determines ligand binding affinity and the
effectiveness of therapy.

The docking of the S protein in its "open," "closed," and modified furin site conformations
with the furin protease was performed using the ClusPro 2.0 web-based server. This server
utilizes a docking program based on the Fast Fourier Transform (FFT) correlation approach,
employing pairwise potentials [30]. It selects the centers of highly populated clusters of low-
energy structures rather than relying solely on the lowest-energy conformations.

The interaction energy between the two proteins is expressed as:

E = WiErep + WoEattr + W3Eelec + W4EDARS,
where Erep and Eawr — the repulsive and attractive forces described by the van der Waals
interaction energy; Eelec is an electrostatic energy; Epars is a pairwise structure-based potential;
W1, W2, W3, and w4 are the weight coefficients.

To analyze molecular interactions between the amino acid residues of protein structures,
we used the generated models with a balanced parameter set. The weight coefficients used were:
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wy = 0.4, w2 = -0.4, wz = 600, and ws = 1.0. The protein-protein molecular docking studies
revealed that the SARS-CoV-2 S protein in its different conformations binds to the furin
protease, with binding energy scores presented in Table 1.

Table 1. Binding energy score of the SARS-CoV-2 S protein in different conformations with furin protease using
Cluspro web server

Complex Cluster Representative Binding energy
score, kcal/mol
Center -222.2
6VYB-5IXG 1 Lowest energy -254.7
Center -220.9
BVXX-5IXG 1 Lowest energy -236.8
Center -213.7
TVHI-SIXG 1 Lowest energy -235.8

In Table 1, the center energy is the average interaction energy of the similar docking poses
within a first cluster. The center energy is calculated for the pose that represents the center of
the cluster (i.e., the most representative pose of that cluster). The lowest energy refers to the
interaction energy of the pose with the lowest energy value within a first cluster. This represents
the most energetically favorable pose among all poses in the cluster. The protein-protein
docking of furin and the S protein in "open" conformation showed the binding affinity of furin
with the lowest energy of -254.7 kcal/mol, which can be considered a potential candidate for
further analysis, like the other two structures.

The unmodeled structure of the region containing the furin cleavage site of the S protein
structures from the PDB in both the "open” (6VYB) and "closed" (6\VVXX) conformations has
significantly influenced the outcomes of our modeling. Most researchers have reported some
success in reconstructing the structure of the furin cleavage site of 6VYB structure after
successfully modeling the entire SARS-CoV-2 S protein using the Protein Homology/Analogy
Recognition Engine [31]. It was found that an antiparallel B-sheet connects the S1 and S2
regions of the S protein, comprising a few amino acid residues Arg-Arg-Ala-Arg in a short
loop. Some acid residues protrude out of the main body of the SARS-CoV-2 S protein, which
forms an antiparallel B-sheet along with a short loop comprising a furin cleavage site.

Our study demonstrates that furin can interact with the S protein outside the furin cleavage
site, exhibiting high binding affinity (Table 1). This finding suggests alternative mechanisms
for the S protein-furin interactions. In the 6VYB-5JXG and 6V XX-5JXG complexes, furin
predominantly interacts with the receptor-binding domain of the S1 subunit, specifically with
regions not designed for direct cleavage. Such interactions could arise from electrostatic or
hydrophobic contacts between the proteins. In the 7VHJI-5JXG complex, the interacting amino
acids are located near the fusion peptide (FP) and heptapeptide repeat sequence 1 (HR1), owing
to the presence of the cleavage site. The results of N. Vankadari using molecular dynamics and
computational model-based selective docking and simulation show that SARS-CoV-2 spike
glycoprotein amino acid residues from Asp657 up to GIn690 are the prime residues interacting
with the furin protease; this is mediated via van der Waals bonds and hydrogen bonding [32].

Alternative pathways for the S protein activation and hydrolysis are being investigated
using molecular docking analysis and immunoblotting to identify precisely possible cleavage
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sites to prevent viral entry into the target cell [33]. The identification of cathepsin cleavage sites
in the S1/S2 fusion peptide region — not at the canonical site — suggests their assistance in
activating cleavage of the S protein to promote membrane fusion [34]. Therefore, our results
provide valuable insights into how furin interacts with additional regions of the S protein and
affects its function.

AutoDock Vina program performs molecular docking and virtual screening of ligands with
proteins, predicting noncovalent interactions and the binding affinity using a scoring function
that is considered as the sum of intermolecular and intramolecular contributions. In this study,
the binding energy scores of remdesivir, chloroquine, favipiravir, nelfinavir, and P18 towards
the S protein-furin protease complex were calculated by Autodock Vina 1.1.2 software.
Autodock results demonstrated that these ligands can successfully dock with the SARS-CoV-2
S protein-furin complexes, as indicated by the AutoDock Vina scores presented in Table 2. The
docked models with the lowest binding energy scores indicated the most energetically favorable
interactions between the ligands and the target proteins.

Table 2. Binding energy score of studied ligands with target the SARS-CoV-2 S protein-furin protease complex

Ligand Binding energy score, kcal/mol
6VYB-5JXG 6VXX-5IXG 7VHJI-5JXG
PI8 -9.7 -9.5 -9.9
Nelfinavir -8.2 -8.9 -9.3
Remdesivir -7.8 -8.2 -9.1
Chloroquine -5.9 -6.3 -7.4
Favipiravir -5.8 -5.9 -6.9

To verify the correctness of the above-described docking procedure, we have carried out
re-docking calculations. The predictive power of docking in identifying binding sites of the
studied ligands was assessed in PyMol by testing the SARS-CoV-2 spike protein (S protein) in
different conformations from the PDB database with the studied ligands (PDB IDs: 7QG7,
3ELO, 7AAP, 4V20, 1D4K). The RMSD between the ligand's original pose and the docking
pose was less than 2 A. So comparative analysis showed that AutoDock Vina demonstrated
good agreement in re-docking these protein-ligand complexes.

According to Table 2, the highest binding affinity was observed for 7VHJ-5JXG docked
by P18, with an AutoDock Vina score of -9.9 kcal/mol. The amino acids involved were Arg214
from the C chain of the S protein and Asp258 from furin, interacting through electrostatic
forces, such as m—cation and m—anion contacts. Additionally, Trp64 from the C chain of the S
protein, along with Leu227 and His364 from furin, interacted via hydrophobic forces (n-sigma,
n-alkyl). Furthermore, Asp191 of furin formed a hydrogen bond (Fig. 2).

The PI8 interacts with the 6VYB-5JXG with a binding energy score of -9.7 kcal/mol. In
this case, the molecular binding is stabilized through hydrogen bonds with Ser253, His364 and
Ser368 of furin, as well as hydrophobic interactions through five amino acid residues, including
Argl93, His194, Leu227, Asn295, and Thr365 of furin. Additionally, a m—anion interaction
with Asp258 is observed (Fig. 3).
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Fig. 2. The 3D and 2D representations of the complex 7VHJ-5JXG and its molecular
interactions with PI8. Figures obtained with Discovery Studio software. The interacting
residues of corresponding chains of the S protein and furin protease with PI8 (coloring
by element, all C atoms of ligand are in dark gray, red — O, gray — H, blue — N) are
labeled and shown as stick models. The ligand interaction diagram of P18 with the 7VHJ-
5JXG complex is shown, and the types of intermolecular interactions are labeled.

The PI8 also interacts with high binding affinity to 6V XX-5JXG, which is -9.5 kcal/mol.
The molecular interaction is facilitated by hydrogen bonds with Tyr28 and Gly366 of furin, and
hydrophobic interactions through residues Phe32, His194, Leu227, and Ser253 of furin.
Additionally, a m—anion interaction occurs with Asp154 (Fig. 4).

It is also necessary to note that PI8 has a lipophilicity of logP = 4.9, which allows it to bind
specifically and with high affinity to all the studied complexes, interacting with residues such
as Leu227, Trp64, Ala292, Ser253, and Ser368, as illustrated in Figs. 2—4.

Our docking study suggests that PI8 could potentially act by inhibiting furin’s interaction
with the SARS-CoV-2 S glycoprotein at the binding sites, regardless of the conformation state
of the S protein. The interaction between the S protein-furin complexes and P18 involves
specific amino acid residues, primarily within the active (catalytic) site of furin and the reactive
site loop of P18. As shown in the figures above, these interactions include hydrogen bonds, van
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der Waals forces, and hydrophobic interactions. Our results are consistent with Van Lam's
findings that the peptide-based drugs bind furin protease with higher affinity than other drugs
[35].
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Fig. 3. The 3D and 2D representations of the complex 6VYB-5JXG and its molecular
interactions with PI18. Figures obtained with Discovery Studio software. The
interacting residues of furin protease with PI8 (coloring by element, all C atoms of
ligand are in dark gray, red — O, gray — H, blue — N) are labeled and shown as stick
models. The ligand interaction diagram of P18 with the 6VYB-5JXG complex is
shown, and the types of intermolecular interactions are labeled.

It is known that remdesivir inhibits the polymerase activity of the viral RNA-dependent
RNA polymerase (RdRp) via RNA chain termination, thereby inhibiting SARS-CoV-2
replication and transcription [36]. Remdesivir also binds to Mpro, but with slightly weaker
affinity than to RdRp [37]. As shown by Nguyen et al., the binding mechanisms of remdesivir
to these two targets differ in that electrostatic interactions are the main force stabilizing the
RdRp-remdesivir complex, while van der Waals interactions dominate in the Mpro—remdesivir
case. Remdesivir demonstrated considerable binding affinity with the S protein in its "closed"
conformation (6XXV) by forming hydrogen bonds with amino acid residues in the RBD and
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HR1 sequence [38]. However, the binding affinity for the S protein in its "open" conformation
was slightly lower, which is associated with the involvement of the transmembrane domain of
the S protein. These results are consistent with our study, which found that the binding affinity
of remdesivir to the 6V XX-5JXG complex was higher than that to the 6VYB-5JXG complex:
-8.2 kcal/mol vs. -7.8 kcal/mol.

In the complex 6VYB-5JXG, remdesivir forms hydrophobic interactions only with the
furin protease (Fig. 5).
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Fig. 4. The 3D and 2D representations of the complex 6V XX-5JXG and its molecular
interactions with PI8. Figures obtained with Discovery Studio software. The
interacting residues of furin protease with PI8 (coloring by element, all C atoms of
ligand are in dark gray, red — O, gray — H, blue — N) are labeled and shown as stick
models. The ligand interaction diagram of PI8 with the 6V XX-5JXG complex is
shown, and the types of intermolecular interactions are labeled.
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Fig. 5. The interacting residues of corresponding chains of the S protein and furin
protease (gray) with remdesivir (coloring by element, all C atoms of ligand are in dark
gray, red — O, gray — H, blue — N) are labeled and shown as stick models. The
ligand interaction diagram of remdesivir with the 6VYB-5JXG complex is shown, and
the types of intermolecular interactions are labeled.

However, hydrogen bonds are formed with the S protein's C chain (Lys113, Ser112, and
Glu132) and the furin protease (Asn133, Asp430, and Ala433). In the complex 6V XX-5JXG,
remdesivir forms hydrogen bonds (Thr29, His194, Asp215, and Thr365) and hydrophobic
interaction (Asp191, and His364) only with furin (Fig. 6).

Our docking studies showed that remdesivir directly targets the furin cleavage site of the
S protein (in the 7VHJ-5JXG complex), forming an energetically favorable complex through
hydrogen bonds and hydrophobic interactions with high binding affinity. Remdesivir interacts
with 7VHJ-5JXG with the high binding energy score of -9.1 kcal/mol. The molecular binding is
stabilized through hydrogen bonds with Asp174, Asp179, and GIn183 of furin, as well as Ser679,
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and Ala681 of the S protein. Hydrophobic interactions are mediated by Arg357 of furin and
Ser682 of the S protein, while n-stacking interactions involve Tyr186 of furin (Fig. 7).
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Fig. 6. The interacting residues of furin protease (gray) with remdesivir (coloring by
element, all C atoms of ligand are in dark gray, red — O, gray — H, blue — N) are
labeled and shown as stick models. The ligand interaction diagram of remdesivir with
the 6V XX-5JXG complex is shown, and the types of intermolecular interactions are
labeled.

Remdesivir, which has moderate lipophilicity (logP = 1.9), showed corresponding binding
affinity to the complexes — particularly to complex 7VGH-5JXG — through interactions with
Ser682, Ala681, and Ser679 (Fig. 7). In general, remdesivir exhibits specificity for RNA-
dependent RNA polymerase. Upon conversion to its active hydrophilic metabolite (GS-441524)
within the cell, remdesivir mimics a nucleoside and incorporates into viral RNA during
replication [39].

Our binding affinity calculations using AutoDock Vina for nelfinavir showed that the
binding affinities with the S protein-furin protease complexes ranged from -8.2 kcal/mol to -
9.3 kcal/mol. We showed that the SARS-CoV-2 S protein-furin complex (7VHJ-5JXG), which
includes amino acid residues of the furin cleavage site, interacts with nelfinavir with the highest
binding affinity of -9.3 kcal/mol (Fig.8). At the same time, the binding affinities decreased with
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a reduction in the total number of contacts (hydrogen bonds and hydrophobic interactions)
between nelfinavir and furin protease of this complex.
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Fig. 7. The interacting residues of corresponding chains of the S protein
(brown) and furin protease (gray) with remdesivir (coloring by element, all C
atoms of ligand are in dark gray, red — O, gray — H, blue — N) are labeled
and shown as stick models. The ligand interaction diagram of remdesivir with
the 7VHJ-5JXG complex is shown, and the types of intermolecular
interactions are labeled.

Furthermore, our protein-ligand docking results align with those of Bashir and co-authors,
who identified Ser368, Thr365, and His364 as key residues in the binding active site of furin
[31]. Our findings demonstrated that the high affinity of nelfinavir for 7VHJ-5JXG is primarily
due to the formation of hydrogen bonds with His364, and Thr365 of the furin protease.
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Additionally, hydrophobic interactions involving His194, and Leu227 of furin and Arg214 of
the S protein contributed to the conformational stability of the 7VHJ-5JXG-nelfinavir complex.
Trp64 of the S protein forms an electrostatic interaction with the ligand.
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Fig.8. The key intermolecular interactions between nelfinavir and the 7VHJ-5JXG
complex are shown. The interacting residues of corresponding chains of the S protein
(brown) and furin protease (gray) with nelfinavir (coloring by element, all C atoms of
ligand are in dark gray, red — O, gray — H, blue — N) are labeled and shown as stick
models. 2D ligand interaction diagrams between nelfinavir and the 7VHJ-5JXG
complex are shown. Various types of intermolecular interactions are labeled in the
legend.

The catalytic domain of furin has a cavity with an active site surrounded by negatively
charged residues. This configuration allows inhibitors to bind to the enzyme and interact with
the catalytic triad — Asp153, His194, and Ser368 — essential for its catalytic activity by
hydrolyzing the virus' peptide bonds [40]. Our studies showed that nelfinavir and PI8 bind
favorably to the catalytic domain of furin, especially of the 7VHJ-5JXG complex.
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We demonstrated that the lipophilicity of nelfinavir influences the binding affinity of the
studied complexes. Nelfinavir contains benzene rings and aliphatic chains, which enable it to
specifically interact with the hydrophobic pockets of these complexes. These pockets are
formed by hydrophobic amino acid residues, particularly in complex 7VGH-5JXG, where
Trp64 and Leu227 play a key role (Fig. 8).

Chloroquine is known to have a broad spectrum of antiviral activity and is primarily used
for the prevention and treatment of malaria and rheumatic diseases [41]. However, it has been
found to interact with ACE2 and the coronavirus spike protein by inhibiting ACEZ2, thereby
suppressing the replication of SARS-CoV-2.

We have shown that chloroquine binds to amino acid residues of the receptor-binding
domain (RBD) of the spike protein in its "closed” conformation through interactions with
Phe515 (via hydrogen bonding); Phe464, Pro426, and Leu518 (via hydrophobic interactions);
and Glu516 (via electrostatic t-anion interaction). The binding energy score was -6.3 kcal/mol,
which is consistent with the findings reported in Badrauli's work [42].

As noted by Khatabi, chloroquine can also bind to nonstructural proteins. The binding
affinity of chloroquine to the SARS-CoV-2 main protease was -3.07 kcal/mol, which is lower
than its affinity for ACE2. The stability of the SARS-CoV-2 main protease—chloroquine
complex was provided by the same nonpolar hydrophobic amino acid residues as in our study,
such as phenylalanine, valine, proline, and leucine [43]. The presence of benzene rings
contributes to chloroquine's high lipophilicity (logP = 4.6) and facilitates its hydrophobic
interactions with nonpolar amino acid residues in chain C of the S protein, including Val126,
[1e119, Phel194, Trp104, and 11203 (figure not shown).

In the 6VYB-5JXG and 6XXV-5JXG structures, favipiravir demonstrated the lowest
binding affinity of -5.9 kcal/mol and -5.8 kcal/mol, respectively, which are consistent with the
results of Eweas A.F. et al. [38].

It is known that favipiravir is a target-specific drug that acts as a substrate for the RNA-
dependent RNA polymerase, thereby preventing viral transcription and replication [44].
Favipiravir has also been reported as an antiviral option against the main viral protease of
SARS-CoV-2, although it was originally developed to treat influenza. Molecular docking
results showed a strong binding affinity (-4.4 kcal/mol) and numerous interactions, including
both hydrogen bonds and hydrophobic contacts [45].

Our study demonstrated that, unlike other studied ligands, favipiravir forms an energetically
favorable complex with the B chain of the S protein in the "open" conformation of 6VYB-5JXG
through a hydrogen bond (with Asn354), a hydrophobic interaction (with Ala344), and a halogen
bond (with Val341). In the 6XXV-5JXG and 7VHJ-5JXG structures, favipiravir binds only to
furin amino acid residues through hydrogen bonds (Glul57, Pro256, Asp306, Ala292),
hydrophobic interaction (Tyrl86), and halogen bonds (Glu654, GIn183, Asp301, Glu331l)
(figures not shown). Favipiravir contains polar functional groups that result in low lipophilicity
(logP = -0.6), and thus it tends to interact with hydrophilic or polar amino acids such as tyrosine
and glutamic acid.

Summarizing the docking results of five ligands investigated as potential inhibitors of the
S protein—furin complex, it is notable that PI8 and remdesivir form interactions with all three
complexes analyzed. These contacts occur directly within the active site of furin. Nelfinavir
and favipiravir also interact with the furin active site, although only in two of the three
investigated complexes. In contrast, chloroquine does not interact with the furin active site;
instead, it binds solely to the C chain of the S protein, i.e., outside the furin cleavage site. To
date, despite numerous studies on the therapeutic potential of chloroquine for the treatment of
COVID-19 and its demonstrated antiviral and anti-inflammatory properties, the precise
mechanism of its action remains insufficiently understood. In particular, it is still unclear
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whether there are specific molecular targets in the SARS-CoV-2 life cycle that can be inhibited
by chloroquine [25].

These concluding remarks support the promising antiviral properties of PI8, remdesivir,
nelfinavir, and favipiravir against a broad range of RNA viruses [35-38, 45], including their
potential as inhibitors of SARS-CoV-2 protein complexes at the molecular level. At the same
time, the unexplored potential of chloroquine as a possible inhibitor of certain viral molecular
targets warrants further investigation.

CONCLUSIONS

Our results demonstrate that furin can interact with the S protein in both "open" and
"closed” conformations, even outside the canonical furin cleavage site. These interactions
indicate alternative mechanisms for the S protein—furin binding, potentially compensating for
the unmodeled structure of the region containing the furin cleavage site. Moreover, the fully
modeled structure of the furin cleavage site in the 7VVHJ structure facilitated an energetically
favorable, near-canonical interaction involving the fusion peptide and the heptapeptide repeat
sequence 1.

This study also showed that, regardless of furin’s binding location on the S protein,
inhibitors preferentially bind to furin — particularly at its catalytic site — rather than to the S
protein within the investigated SARS-CoV-2 S protein—furin complexes, thereby preventing S
protein processing. The potential binding sites of several non-specific antiviral drugs, including
remdesivir, chloroquine, favipiravir, nelfinavir, and PI8, were evaluated on the 6VYB-5JXG,
6V XX-5JXG, and 7VHJ-5JXG structures.

In silico docking study was performed using the target docking mode of AutoDock Vina.
Screening of all ligands revealed that P18, nelfinavir, and remdesivir exhibited the highest
binding affinity for the 7VHJ-5JXG structure, likely due to the fully modeled structure of the
furin cleavage site. The binding energy scores were -9.9 kcal/mol for P18, -9.3 kcal/mol for
nelfinavir, and -9.1 kcal/mol for remdesivir.

A detailed atomic-level understanding of S protein—furin interactions with antiviral agents,
enabled by molecular docking technologies, could support the development of new therapeutic
agents or drug combinations to combat COVID-19. Therefore, this study of inhibitors targeting
the SARS-CoV-2 S protein—furin protease complex provides valuable insights for assessing
these compounds as potential antiviral drugs against SARS-CoV-2.
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AxrtyaabHictb. COVID-19 — 1ie indekmiliHe 3aXBOPIOBaHHS, CHPUYMHCHE KOPOHABIPYCOM BaXKKOTO
roctporo pecmiparopHoro cuagpomy (SARS-CoV-2). 3ycumis y 60poTbi 3 BipycoM BKIIOYAIOTH
PO3p0oOKY Ta TOCIIIKESHHS BaKIIH, MOHOKJIOHAJIEHUX aHTHUTLN 1 CIIeII(igHIX TPOTHBIPYCHUX TIPETIapariB,
CIPSIMOBAHUX Ha BaXKJIHMBI MIMlICH] Y )KUTTEBOMY IIHKII BipyCy.

Meta po6oTn. MeToro mbOTO JOCTIKCHHS € BUBYCHHS MOTCHIIIHHUX CalTiB 3B'SA3yBaHHSA (YpPHHOBOI
npoTeasu 3 S-OiMKOM y pi3HUX KOH(OpPMAIlisSX Ta OIiHKAa CIOPIAHEHOCTI 3B'SI3yBaHHS HeCIeIU(iTHUX
MPOTHBIPYCHUX IpenapaTiB Ta MaKPOIMKIIYHOTO MENTHAOMIMETHYHOTO iHTiOiTOpa 8 (PIS8) 3 KOMIUITEKCOM
S-0in0K-(yprHOBa MPOTEa3a METOIOM MOJICKYISPHOTO JIOKIHTY.

Marepianu Ta metoan. TpusumipHi ctpyktypH S Oinka (PDB IDs: 6VYB, 6VXX, 7VHJ) 3 6a3u nanux PDB
(www.rcsb.org) G6ynm crukoBani 10 (ypuroBoi mporeasu (PDB ID: 5JXG) 3a momomororo cepsepa
ClusPro 2.0. Hecnermbiuni mpoTuBipycHI mpemapati, Taki fSK pPEMACCHBIp, XJIOpOXiH, (asimipasip,
Hendinagip, a Takoxk PIS, Oymu crukoBani 10 kommekciB 6VYB-5JXG, 6VXX-5JXG i 7VHIJ-5]XG 3a
norniomoroto AutoDock Vina. Jliranmy Oynu eHepreTHYHO MIHIMi30BaHI 3a JIONOMOIOI0 YHIBEPCAJIbHOTO
cunosoro noist (UFF) 1 korBeproBani y opmar PDBQT 3a momomoroto OpenBabel. Onrtumizaris OinkiB
3IifiCHIOBaNIacsl 3 BUKOPHCTaHHAM iHcTpyMeHTiB AutoDock. Pesymbratu mokidry Oynm Bi3yanmizoBaHi y
nporpami Discovery Studio 2024.

PesyasTaT. CriopigHEHICTh 3B’S3yBaHHS JOCTIKCHUX JIraHAIB i3 KOMIUIeKcaMu S-01mok—(ypruHOBa
MpoTeasa MiATBEpHKEeHA pe3yIbTaTaMU MOJICKYIIIpHOTO oKiHTy. PI8, HendinaBip i peMaecuBip moka3anm
BHCOKY CITOPITHEHICTh 3B’sA3yBaHHA 3i CTpyKTyporo 7VHJI-5JXG uepe3 BU3HAUCHICTH CTPYKTYPH Y CaiTi
posuierieHns ¢pypurom. Haiikpaiii pe3yapTaTu MOJIEKYIIPHOTO MOKiHTY st PI8 3 komrutekcamu 6VYB-
5IXG, 6VXX-5JXG i 7VHI-5JXG craHoBasate -9.7 kkan/mMoib, -9.5 kkan/mMoiab i -9.9 kkan/mMoib
BiAMOBIZAHO. B3aemomiss Mix komuiekcamu S-Oinok—(ypuHoBa mnporteaza i PI8 BimOyBaerhcs uepes
cnenuigHi aMiHOKUCIIOTHI 3aJTUINKH, PO3TAIIIOBAHI TOJIOBHUM YHHOM Y KaTAIITHYHOMY LIEHTPI hypuHy Ta
nerii peaktiuBHOro caity PI8. JlociimkeHHs mokasanu, o peMIecuBip 0e3rmocepeiHbO BIUTUBAE HA CANT
posmerieHHs ¢pypuHoM S Oinmka (y xomrurekci 7VHI-5JXG), yTBOpIOIOYM €HEPreTUYHO CIIPHUSATIHBI
B3a€MOJIii 3aBIIKM BOIHEBUM 3B’s3kaM 1 TiApopoOHMM KOHTAaKTaM i3 BHCOKOK CIIOPiTHEHICTIO
3B’s13yBaHHA (CHEPTeTHYHHIA MOKa3HUK 3B’ A3yBaHHs CTAaHOBUB -9.1 kkan/moinb). EHepreTHaHO CIIpHUATINBI
B3aemonii kommuiekciB  6VYB-5JXG, 6VXX-5JXG i1 7VHIJ-5JXG 3 HendiHaBipoM Takox
MiATBEP/KYIOTbCS HU3BKUMHM EHEPreTHYHUMH TOKa3HHKAMH, SKi CTaHOBIATH -8.2 Kkain/moss, -8.9
KKaJI/MOJIb 1 -9.3 KKaj1/MoJIb BiAIIOBITHO.

BucHoBkH. 3rigHO 3 pe3yiabTaTaMd MOJIEKYJsspHOTO JokiHry, PI8, HendinaBip 1 pempaecusip
JIEMOHCTPYIOTh EHEPreTHYHO CIPHUATIMBI B3a€MOZIl 3 JOCHIIUKYBaHUMH KOMIUIEKCAMH Ta MalOTh
MOTEHIiaJ JJIsl BAKOPUCTAHHSI SIK IEPCIEKTHBHI 1HTi0iTOpH, cripsMoBaHi Ha komiuiekcn SARS-CoV-2 S-
6inka 3 GypHHOBOIO MIPOTEA30I0.

KJIFOYOBI CJIOBA: cnaiik 6imok SARS-CoV-2; ¢ypuHOBa mpoTteasa; IpOTHBIPYCHI MpemapaTu; MOJIEKYIIpHUIT
JIOKIHT; 3/10pOB'Sl JTIOANHHU.
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Background: Electrospun polymeric nanofibers incorporated with some biologically active nanoparticles
have a huge range of various applications in biomedical fields. Blending several polymers with different
properties allows one to obtain a new material with improved characteristics, as well as to control the
incorporation and release of medical agents.

Obijectives: To elaborate an approach for the preparation of biocompatible nanofibers using a blend of two
polymers (polyvinylpyrrolidone (PVP) and polymethyl methacrylate (PMMA)) with incorporated silver
nanoparticles (AgNPs) and to apply the absorption spectroscopy for determining of the average
nanoparticle diameter and monitoring of AgNP dissolution from PMMA nanopores.

Materials and methods: A blend of hydrophilic (PVP) and water-insoluble (PMMA) polymers is proposed
for nanofiber preparation with incorporated AgNPs. The absorption peak position of the band due to
localized surface plasmon resonance (LSPR) and its intensity in the UV-vis spectrum were used to
characterize AgNPs and to estimate the influence of the environment.

Results: A new method for fabricating nanofibers from a mixture of two polymers, one water-soluble
(PVP) and the other soluble only in organic solvents (PMMA), with AgNPs, has been developed. The
diameter of the nanofibers is determined to be in the range of 2-4 um. The average nanoparticle diameter
determined by the position of the absorption peak due to LSPR in the UV-vis spectrum is 35-40 nm. The
peak shift of this band in different environments was determined in comparison with the spectrum obtained
in an aqueous solution. A decrease in the intensity of the band was observed with an increase in the mat
incubation time in the oxidizing solution, and a blue shift of the band maximum was detected, which
indicates a decrease in the average size of AgNPs during their dissolution.

Conclusions: In the blended nanofibers, PVP environment of AgNPs facilitates their incorporation into
PMMA and provides access of water molecules to nanoparticles, while PMMA provides the mechanical
strength of the nanofibers. The appearance of AgNPs from the polymeric nanofibers soaked in water was
not detected, since they are fixed in the structure of the water-insoluble polymer. Nevertheless, the
experiments with the mat soaking in the oxidative solution showed that the nanopores in PMMA
incorporated with AgNPs are open. This observation indicates the possibility of a gradual release of Ag*
ions from such nanofibers.

KEYWORDS: electrospinning; nanofibers; polyvinylpyrrolidone; polymethyl methacrylate; silver
nanoparticles; antibacterial agent.
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Recently, the electrospinning technique for nanofiber production has drawn a lot of
attention due to different applications, including biomedical fields such as wound dressing, drug
delivery, tissue engineering, and regenerative medicine. In addition, they also demonstrate high
antibacterial and antimicrobial efficacy [1-6]. The nanofibers possess unique properties such
as high surface area-to-volume ratio, tunable porosity, flexibility, and superior mechanical and
physicochemical properties.

A wide spectrum of natural and synthetic polymers is exploited for the electrospinning
technique individually or in different combinations to fabricate nanofiber mats. Hydrophilic
polymers (e.g. polyvinylpyrrolidone, PVP), polyvinyl alcohol (PVA), chitosan, sodium
alginate, and others) are very often employed in electrospinning as they are suitable for the
incorporation of hydrophilic compounds [6, 7]. Other polymers such as poly-g-caprolactone
(PCL), polylactic acid, and others are also exploited to produce nanofibers, although they are
hydrophobic [8]. Nevertheless, they are biocompatible and allow improvement in nanofibers'
mechanical performance and hydrolysis resistance [6].

Blending polymers formed by biopolymers, natural polymers, and synthetic polymers have
improved characteristics of nanofibers such as mechanical properties and biocompatibility [9-
11]. A variety of functional agents, such as various drugs, antimicrobial compounds, or
nanoparticles, can be incorporated into nanofibers, producing multifunctional nanofibers that
have been applied for many medical treatments and antimicrobial purposes. In the conventional
blending electrospinning method, different polymers are mixed and dissolved in a solvent in
which the two polymers are soluble for subsequent electrospinning. Functional agents can be
incorporated by dissolving or dispersing in the polymeric mixture before electrospinning. The
agent release from nanofibers can be prolonged depending on the interaction between the
polymers and the agent. The agent speed release can be controlled by balancing the
hydrophilicity—hydrophobicity of the nanofiber medium.

Water-soluble PVP is one of the most commonly used polymers for the nanofiber
preparation [12]. This polymer is non-toxic, biocompatible, and biodegradable. PVP is often
used for the incorporation of different drugs or antimicrobial agents or as a stabilizer and
capping agent in the synthesis of metallic nanoparticles, avoiding agglomeration of the colloidal
particles (e.g. AgNPs [13]). Recently, AgNPs, due to attractive properties, including excellent
electrical conductivity, chemical stability, antifungal, and bactericidal properties has been
widely used in various fields of nanomedicine such as diagnostics, cancer therapy,
pharmaceutical applications, antibacterial area, wound dressings etc. [see review [14] and
references therein). The interaction between PVP and silver atoms of nanoparticles less than 50
nm in diameter occurs via an amide group, while for larger nanoparticles, the carbonyl groups
of PVP are also included in the interaction [15].

Polymethyl methacrylate (PMMA) is not often applied to electrospinning, there are a few
works about the production of PMMA nanofibers by electrospinning, which mainly focus on
optimizing the electrospinning parameters [16-19]. Blend PMMA and hydrophilic polymers
(PVA, PEO, and chitosan) were applied to nanofibers formed by electrospinning [7, 10, 11].

In the present study, we propose a new approach to prepare nanofibers incorporated with
antibacterial nanoparticles (AgNPs) using a blend of two polymers: hydrophilic PVP and water-
insoluble PMMA. This approach is based on using a PVP as a capping and stabilizing agent for
AgNP formation, drying, and then mixing with PMMA in organic solvents. In the proposed
preparation scheme, AgNPs prepared in an agueous medium with a water-soluble polymer are
surrounded by this polymer after mixing with PMMA, and this environment is retained in the
nanofibers. The PVP surrounding the AgNPs facilitates their incorporation into PMMA and
provides access for water molecules to the nanoparticles when the nanofiber mat is soaked in
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water. The release of AgNPs from the nanofiber mat by soaking in water is studied by
absorption spectroscopy.

MATERIALS AND METHODS
PVP (Mw=40 000 Da), AgNOs, AgCl, and glucose were purchased from Sigma-Aldrich
(Europe). PMMA (Mw=996 kDa) was kindly provided by researchers from the Institute for
Single Crystals of the NAS of Ukraine. Organic solvents: chloroform was purchased from
BioMax (Ukraine), and acetone was purchased from Anri-Pharm Group (Ukraine). The
molecular structures of PVP and PMMA are presented in Fig. 1.
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Fig. 1. The molecular structures of PVP and PMMA.

PVP:AgNPs preparation
AgNPs were synthesized in an aqueous PVP solution with AgCl as precursor material, with
glucose reduction at a concentration of 8 mg/ml. AgNPs were grown at 80 °C for 30-90 min.
Absorption spectra in the UV-visible spectral range were used to control the appearance of
AgNPs in the suspension and to estimate the size of the nanoparticles. The PVP:AgCI
concentration ratio of 240:1.6 mg/ml was determined to be optimal for the growth of AgNPs.

PMMA:PVP:AgNPs preparation

To prepare the polymer blend, in the first step, an aqueous solution of PVP:AgNPs was
dried with warm air. In the next step PVP:AgNPs powder was dissolved in chloroform at a
concentration of 160 mg/ml and mixed with PMMA solution in chloroform at the same
concentration in a volume ratio of 1:2. Then, an equal volume of acetone was added to the
mixture. After stirring, the solution became stable and was used for electrospinning. According
to our calculations, the w/w ratio AgNPs:polymer (PMMA:PVP) for the nanofibers and films
is 1:500.

UV-visible absorption spectroscopy
UV-visible absorption spectra observed in the range of 200-800 nm were recorded using a
double-channel spectrophotometer (Hitachi M 356, Japan). The diameter of the nanofibers in
the mats obtained by electrospinning was estimated from high-resolution microphotographs.

Fabrication of nanofibers using electrospinning
Setup for fabrication of nanofibers basically consists of a syringe with a metal needle used
as a tip, a counter electrode as a ground collector at some distance from the tip, a high voltage
power supply providing a positive potential applied to the tip (10-30 kV) and mechanical device
that ensures uniform movement of the syringe piston. A syringe pump carries the polymer
solution from the syringe to the needle. In our experiments, nanofibers were drawn at 15-20
kV, the distance to the collector was about 8 cm, solution feed rate was about 0.7 ml/hour. The
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collector was metal for producing thick mats and glass (on a metal base) for thin samples
prepared for microphotography.

RESULTS AND DISCUSSION

Characterization of PMMA:PVP:AgNPs nanofibers
A thin disk of nanofiber mat was produced by depositing nanofibers from
PMMA:PVP:AgNPs solution in chloroform/acetone onto a metallic collector. A photo of this
sample is shown in Fig. 2. The diameter of the prepared ring is about 35 mm.

Fig. 2. Photo of samples of polymer nanofiber mat with incorporated AgNPs.

Microphotographs of two different sections of a sample of thin mat formed by
PMMA:PVP:AgNPs nanofibers obtained in transmitted light are shown in Fig. 3. The diameter
of the nanofibers estimated from the right part of the Figure is in the range from 2 to 4 um.
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Fig. 3. Microphotographs of two different sections (middle and edge) of a thin mat formed from
PMMA:PVP:AgNPs nanofibers.

Characterization of AgNPs in different environments
The appearance of AgNPs in the suspension and the estimation of the nanoparticle diameter
were monitored by UV-visible absorption spectroscopy. Fig. 3a shows the absorption spectra
of AgNPs during nanoparticle synthesis: 30, 60, 90, and 120 minutes. These spectra are
characterized by the appearance of a band in the violet region, which is due to the phenomenon
of localized surface plasmon resonance (LSPR). The increase in the absorption intensity with
time shows the nanoparticle fabrication process, which slows down after 90 min. Fig. 3a shows
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that the band due to LSPR has a maximum at about 416 nm. Based on the position of the peak,
the average diameter of the nanoparticles was determined to be 35-40 nm [20].

As can be seen from Fig. 3a, AgNPs absorption spectra after 90 and 120 minutes of growth
almost coincide, indicating that the silver reduction reaction has been over. This observation
makes it possible to estimate the concentration of AgNPs in the solution and polymer
nanofibers.
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Fig. 3. Absorption spectra of AgNPs: a — enhancement of the intensity of the band due to LSPR obtained by
increasing the silver reduction time: 30, 60, 90 and 120 minutes; b —change of AgNP spectrum in different
conditions: in aqueous solution (black), in the solution of PMMA:PVP in chloroform-acetone mixture (red);
in dry polymer film prepared from fresh solution (blue) and after one week (green). The numbers shown in the
figure indicate the peak position in nm.

Nanofibers obtained from PMMA:PVP:AgNPs had a diameter of about 2—4 um estimated
from high-resolution photos by visual analysis. Fig. 3a shows the absorption spectra of AgNPs
during the synthesis of nanoparticles and their change after the incorporation into PMMA:PVP
mixture (Fig. 3b).

Fig. 3b shows that the peak of the band due to LSPR of AgNPs in a chloroform-acetone
mixture of PMMA:PVP is red-shifted by about 12 nm compared to the spectrum obtained in
aqueous solution. It could be explained by a change in the nanoparticle environment. The small
red shift of the band peak in the PMMA:PVP:AgNPs film (about 5 nm) compared to the
spectrum of this mixture in chloroform-acetone may also be due to a change in the interaction
of the nanoparticles with the polymer in the solid state. It can be assumed that, in this case, the
main factor influencing the band position is the change in the dielectric constant of the nearest
environment of AgNPs [21]. For this frequency range, the value of the dielectric coefficient can
be assumed to be equal to the square of the refractive index, which increases with the transition
from the PVP aqueous solution to the PMMA:PVP chloroform-acetone solution and then to the
solid phase of the polymer blend. This assumption is confirmed experimentally when spectra
obtained by soaking a nanofiber mat containing AgNPs in various immersion liquids are
compared (Fig. 4a). When soaking the mat in vaseline oil, the absorption spectrum of AgNPs
has the same characteristics as in the polymer mixture film (Fig. 3b). When the mat is wetted
with water in an amount minimally necessary to fill the space between the nanofibers, the
maximum of the AgNPs absorption band is blue-shifted by 15 nm compared to the film or the
mat in vaseline oil. It means that in the surroundings of AgNPs, molecules of water appear.
Note that the spectral analysis of the water solution after the mat wetting showed the availability
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of PVP that demonstrates water-soluble polymer release from nanofibers. Finally, when the
sample is washed with a large amount of water and the PVP is almost completely removed from
the fiber material, the absorption band (Fig. 4a) is positioned in a spectrum (at 417 nm) similar
to the spectrum of AgNPs in the aqueous PVP solution (Fig. 3b).
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Fig. 4. Absorption spectra of AgNPs in different environments (a): in solid polymer mixture when the mat is
immersed in Vaseline oil (green), in PMMA fibers surrounded by an aqueous solution of PVP (red), in PMMA
fibers surrounded by water (black); or (b) at treating of the mat by the oxidative solution during different time
intervals: 0, 0.5, 1.5, 4.5, and 7.5 min (black spectra, the intensity of the band decreases with increasing time),
the blue line is corresponding to the spectrum after the AgNP treatment for 18 min (when AgNPs are
completely dissolved).

We attempted to detect the release of AgNPs after an incubation of the
PMMA:PVP:AgNPs mat in water. The rinse water spectrum shows the presence of PVP, no
band characteristic of AgNPs was detected. It is assumed that AgNPs are retained in the
nanopores of PMMA in nanofibers. Thus, a relatively slow release of silver ions in an aqueous
medium from such nanofibers with the incorporation of AgNPs is expected. A prerequisite for
this is the availability of the surrounding agueous medium to the AgNPs fixed in the PMMA
fibers after the PP dissolution.

To check whether the nanopores in PMMA containing AgNPs are open, we placed the
nanofiber mat in a weak oxidative solution prepared by adding H2SOa4 (25 pL, density 1.8 g/ml)
and K2Cr207 (25 mg) in 1 L of water. In such a solution, metallic silver is converted to a soluble
salt according to the following reaction:

6AG + KoCro07 + 7TH2S04 =3Ag2S04 + Cra(S04)s + K2S04 + 7H,0.

It is assumed that AgNPs located in open pores should dissolve in this oxidative solution.
We washed the mats in this solution for different time intervals and monitored the dissolution
of AgNPs by the intensity of the band due to LSPR after each time interval. For spectroscopy
measurement, each washed mat was fixed between two quartz plates. To reduce the effect of
light scattering, the samples were mounted near the detector (photomultiplier) as soon as
possible.

A decrease in the intensity of the band due to LSPR was observed with an increase in the
mat incubation time in the oxidizing solution. In addition, a slight blue shift of the band
maximum is observed, which indicates a decrease in the average size of AgNPs during their
dissolution (Fig. 4b). The spectra were recorded after the following time intervals: 0.5, 1.5, 4.5,
7.5, and 18 minutes. After 18 min, the band due to LSPR disappeared in the spectrum almost
completely, indicating the dissolution of AgNPs. The gradual decrease in the band intensity
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with increasing time of mat soaking in the oxidative solution indicates that the nanopores with
AgNPs are open and can be successfully used for the release of Ag™ ions. Thus, a relatively
slow release of Ag™ ions in an agueous medium from such nanofibers with the incorporation of
AgNPs can be obtained.

CONCLUSIONS

A new approach to preparing a blend of two polymers incorporated with antimicrobial
agents for electrospinning: water-soluble PVP and soluble only in organic solvents PMMA is
developed. In the obtained nanofibers, PMMA provides the mechanical strength of the
nanofibers and can facilitate the gradual release of antimicrobial agents. This approach is based
on using a water-soluble PVP as a capping and stabilizing agent for the growth of AgNPs in an
aqueous medium, preventing their aggregation, drying, and then mixing with PMMA in an
organic solvent. The PVP surrounding the AgNPs facilitates their incorporation into PMMA
and provides access for water molecules to the nanoparticles when the nanofiber mat is soaked
in water. This approach allows the preparation of nanofibers with the gradual release of silver
ions from the robust PMMA environment. The average nanoparticle diameter determined by
the position of the absorption peak of the band due to LSPR in the UV-vis spectrum is 35-40
nm. The diameter of the nanofibers is determined to be in the range of 2-4 um. Although the
appearance of AgNPs in water from the obtained polymeric nanofibers was not detected,
nevertheless, the experiments with the mat soaking in the oxidative solution showed that the
nanopores in PMMA incorporated with AgNPs are open. This observation indicates the
possibility of a gradual release of silver ions from such nanofibers. Thus, the membrane
prepared from these nanofibers can provide a gradual release of the antimicrobial agent.
Nanofibers loaded with antimicrobial nanoparticle AgNPs can be used in various biomedical
fields, including the fabrication of effective wound dressing materials due to their similarity to
the extracellular matrix and excellent protection from microorganisms, and can be used for drug
delivery.
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Marepiann Ta meronu. 3anpornonoBaHo cymim rigpodineaux (IIBIT) Ta Bomonepozunanux (IIMMA)
MOJIMEPIiB sl OTPUMAaHHSI HAaHOBOJIOKHA 3 BKIroueHUMH AgNPs. [Toi0o)xeHHs MKy MOTJIMHAHHS CMYTH,
sKa BUKJIMKaHa JIOKaJi30BaHUM IOBEPXHEBUM IUIa3MOHHUM pe3oHaHcoM (LSPR)) Tta ii iHTeHCHBHICTH B
Y®-criextpi Oynu BHKOpHCTaHi il XapakTepucTHkn AgNPS Ta OIIHKM BIUIMBY HaBKOJHIIHBOTO
CepeloBHINIA.

Pe3yabTaTH. Po3po0ieHO HOBMH METOJ BHTOTOBJICHHS HAHOBOJIOKOH, YTBOPEHHX CYMIIIIIIO JBOX
nosimepiB: BogopozunHHOTo ([I1BI]) i po3unHHOTO JIMIIIe B opranHiuanx po3uynHHMKax (IIMMA) 3 AgNPs.
JiameTp HaHOBOJIOKOH pO3TamoBaHWii B miamazoH i 2—4 wmxMm. CepenHili nmiameTp HaHOYACTHHOK,
BU3HAYCHUH 3 TIOJIOKEHHS ITiKY ITOTIMHAHHS CMYTH, sika o0ymoBieHa LSPR B Y®-crniekTpi, craHOBUTH 35—
40 M. BuzHadeHO 3CyB MiKy CMYTH y Pi3HHX CEpelIOBHINAX IMOPIBHSHO 31 CIIEKTPOM, OTPHMAaHHM Y
BOJHOMY po3uMHi. Croctepirajocsi 3MEHIIEHHs] IHTEHCHUBHOCTI CMYTH 31 30LIbLICHHSM 4acy iHKyOamii
Mary B OKHCIIIOBAIEHOMY PO34YHMHI, @ TAKOXK BHSBJIEHO 3MIIIEHHS MAKCUMYMY CMYTH B CHHIO 00J1acTb, 1110
CBIIYMTH ITPO 3MEHILIEHHS cepeaHbOro po3Mipy AgNPs mij yac iX po3unHEHHS.

Bucnoskn. Y nanoBonokHax IIBII cepenoBume AgNPs monermye ixHe BkmoueHHsS B IIMMA ta
3a0e3meuye JOCTYI MOJICKYJI BOJIU IO HAHOYACTHUHOK, ToAl sk [IMMA 3abe3neuye MexaHiuyHy MIIHICTh
HaHOBOJIOKOH. [losiBa AgNPS i3 moiiMepHHX HaHOBOJIOKOH, 3MOYEHHMX BOJOIO, HE BUSBIICHA, OCKIJIBKH
BOHM 3aKpilUIeHI B CTPYKTYypi BOZOHEPO3UMHHOTO TIOJiMepy. THM HE MEHII, EKCIepUMEHTH 13
3aMOYYBaHHAM MarTa B OKHCIIOBAJIHHOMY PO3UHMHI MOKa3aid, mo HaHomopu B [IMMA 3i BKIOUEHHAM
AgNPs BigkpuTi. Lle criocTepexeHHs BKa3ye Ha MOXIIMBICTh IOCTYIOBOTO BUBLILHEHHS 10HIB Ag* 3 TaKUX
HaHOBOJIOKOH.

KJIIOYOBI CJIOBA: enexTponpsiIiHHS; HOJIMEpHI HaHOBOJIOKHA; MONIBIHUIMIPOJIIOH; MONIMETHIMETaKPHIIAT;
HaHOYACTHUHKH cpibiia; aHTHOAKTEpiabHUIT 3aci0.
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Background: One of the urgent contemporary issues is natural water pollution, which directly affects
humanity's life support. This problem is associated with industrial and agricultural intensification and
climate change. Water quality standards in Ukraine are defined by state standards, which regulate both
organoleptic properties, such as turbidity and odor, and permissible concentrations of harmful substances.
Obijective: The objective of this study was to develop a methodology for rapid natural water quality
assessment using the SPR method and a conductometer and to simultaneously determine the durability of
sensors with protective coatings.

Materials and methods: This study explores the feasibility of combining surface plasmon resonance (SPR)
and conductometric methods to monitor the quality of natural water. The first stage involved modeling the
concentration dependencies of SPR parameters and conductivity when adding controlled amounts of
organic (sugar) and inorganic (table salt and soda) impurities to distilled water. Biological contamination
was simulated using live yeast suspensions. Subsequently, samples of coastal water from the Dnipro River
in Kyiv, the Stugna River near Vasylkiv, and a pond connected to the Stugna River near Borova village in
Fastiv district were analyzed. All SPR studies were conducted using an improved sensor element with an
additional protective zinc oxide layer, which reduced measurement errors typically associated with sensor
replacement. To validate the reliability of the rapid assessment methods, water samples were additionally
analyzed using standard laboratory methods at "Ukrkhimanaliz™.

Results: The SPR results indicated that the Stugna River was the most polluted, followed by the pond, with
the Dnipro River exhibiting the least pollution.

Conclusions: Summarizing the measurement results, it can be concluded that combining SPR and
conductivity measurements enables rapid and objective assessment of natural water pollution levels. This
corresponds to the total harmful impurities. Given the small dimensions and autonomy of the devices used
in the developed methodology, river water monitoring can be carried out in field conditions by one person.
KEY WORDS: surface plasmon resonance; electrical conductivity; natural water control; natural water
pollution; chemical analysis; optical properties.
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One of the urgent contemporary issues is natural water pollution, which directly affects
humanity's life support. This problem is associated with industrial and agricultural
intensification and climate change.

Water quality standards in Ukraine are defined by state standards [1-3], which regulate
both organoleptic properties, such as turbidity and odor, and permissible concentrations of
harmful substances.

Currently, many methods have been developed for monitoring, identifying impurities, and
disinfecting water. Natural water contains a large number of insoluble substances, including
sand particles, clay, silt, phytoplankton, and oxides of aluminum, iron, and manganese [4].
These particles affect water transparency. The first method for monitoring water turbidity was
Jackson's candle turbidimeter [4], consisting of a candle and a cylinder. To measure turbidity,
water was poured into the cylinder until the candlelight transformed into a shapeless spot.
Turbidity in Jackson Turbidity Units was determined by the height of the water column.

Today, gravimetric, visual, and optical methods are used to study turbidity. The gravimetric
method [5] is the most accurate but also time-consuming. It involves filtering a shaken water
sample through a paper or membrane filter. The collected particles are washed with cold
distilled water, dried, and the particle content is determined by the difference in the filter's mass
before and after drying.

Optical methods for controlling the number of insoluble particles rely on light scattering
on these particles. The nephelometric method [6] measures the intensity of light scattered by
particles in a water sample, with particle concentration determined by comparison with a
standard dispersive system. For rapid monitoring, a visual method [4] is used, where the color
of water in a transparent cylinder is compared to a standardized sample.

The method of luminescence measurement can detect organic pollutants. When water is
irradiated at specific wavelengths, peaks appear that correspond to various organic pollutants,
such as chlorophyll [7]. Colorimetric sensors enable quick and selective pollutant detection
through color changes resulting from chemical or quasi-chemical reactions with nanoparticles
used as the sensor material [8, 9].

Chromatography allows for the quantitative detection of impurities, such as micro- and
nanoplastics [10]. To identify pathogens, DNA-based biosensors, molecular biosensors, and
fluorescent sensors are used [7]. Recently, machine learning and artificial intelligence
technologies have been applied to analyze natural water quality [11, 12].

In recent years, special attention has been given to the implementation of innovative
methods based on optical and chemical sensors, which provide rapid and accurate analysis [13,
14]. These approaches enable the detection of even microscopic pollutants, such as nanoplastics
and traces of organic compounds resulting from anthropogenic activities [15].

Significant advances in machine learning and artificial intelligence technologies have made
it possible to apply these technologies to water quality monitoring, significantly increasing the
accuracy, objectivity, and productivity of monitoring [16-18]. The application of these
technologies allows for the automation of impurity and contaminant detection processes,
reducing analysis time and improving decision-making efficiency. For example, surface
plasmon resonance-based methods are employed to assess water contamination levels [19].
Relevant studies have confirmed the effectiveness of these technologies in water quality control
[20, 21], making them promising for implementation in water supply facilities.

MATERIALS AND METHODS
A new method for monitoring drinking water purification was developed and patented [22,
23], involving a surface plasmon resonance (SPR)-based device to assess the efficiency of water
purification via freeze-thawing. These experiments were conducted on the “Plasmon-6” device
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Fig. 1, developed by the V. E. Lashkaryov Institute of Semiconductor Physics, NAS of Ukraine.
The main parameters of the device are presented in Table 1.

Fig. 1. Appearance of the "Plasmon-6" Device.

Table 1. Key technical specifications of the "Plasmon-6" Device

Parameter Value
1 2
Baseline Noise (RIU) ang. sec 1.0-1.43
Absolute Measurement Error (RIU) 0.00005-0.0003
Surface Plasmon Resonance Curve Measurement Time | < 3 sec
Kinetics Measurement Speed 2 units/sec
GaAs Laser Wavelength 650 nm

Surface plasmon resonance is a phenomenon that occurs when free electrons in a thin metal
layer are excited by incident light at a specific angle. In the case of gold, surface electrons
collectively oscillate in response to light of a particular wavelength, producing peaks in the
reflected light spectrum that do not appear in the incident light spectrum. This effect, occurring
on the metal film surface, extends into the surrounding environment and decreases
exponentially with distance. Molecular interactions on the surface influence the plasmon wave
attenuation, resulting in changes in surface plasmon characteristics, such as shifts in resonance
angle and alterations in the refractive index of the surface layer. This allows for real-time
monitoring of chemical and biological reactions.

The device uses a prism-based method for plasmon excitation and operates in the
Kretschmann optical configuration (Fig. 2) [24].

The "Plasmon-6" SPR device consists of a semiconductor laser, a glass prism, and a silicon
photodiode. The sensor element, where plasmon excitation occurs, is positioned on the prism.
Optical contact is maintained by immersion liquid. To obtain angular responses, the SPR sensor
performs mechanical scanning by rotating the prism. The device operates as follows: the prism
changes its position incrementally (driven by a stepper motor) within the range of total internal
reflection angles at the prism-metal interface relative to the laser beam direction. During each
scan, the reflection characteristics are measured, and the resonance angle is determined. The
sensor response is displayed as an angular shift in reflection characteristics and a corresponding
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change in resonance angle due to variations in the refractive index of the medium in contact
with the gold film. The measured resonance angle range spans from 38° to 69°, corresponding
to refractive index changes from 1.00 to 1.5.

Fig. 2. Optical Scheme of the SPR Device Based on Kretschmann
Geometry: 1 — laser, 2 — total internal reflection prism, 3 — sensor
element, 4 — photodetector.

This compact device is suitable for autonomous rapid monitoring of pollution in natural
ponds and rivers. This approach does not determine the specific composition of impurities but
their total quantity by measuring the shift in the SPR minimum angle of the water samples being
studied. The device's error at the research wavelength of 650 nm is 8x10~> RIU. For repeated
studies, a sensor element with an additional zinc oxide layer [25] was proposed, significantly
enhancing the durability of the gold-sensitive layer. In these studies, the wear resistance of the
gold layer was tested by performing multiple measurements on a single sensor with the
additional layer, measuring the SPR minimum angle of various natural water samples.

Simultaneously with the SPR characteristics measurement, a conductometer was used to
analyze water samples. We used TDS-3 conductometer (Chanitex, China) Fig. 3 to provide
these experiments. Its technical description provided in Table 2.

Fig. 3. Appearance of conductometer TDS-3.
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Table. 2. Technical description of conductometer TDS-3

Parameter Value
Range, ppm 0-9.990
Accuracy, % +2

Size, mm 155%31x%23
Weight, g 76

For easier comparison of measurement results with the results obtained by the
Ukrkhimanaliz laboratory, the measured conductivity was converted into ppm in accordance
with the calibration curve provided by the manufacturer.

The objective of this study was to develop a methodology for rapid natural water quality
assessment using the SPR method and a conductometer and to simultaneously determine the
durability of sensors with protective coatings.

The first research stage involved modeling the concentration dependencies of SPR
indicators by adding controlled amounts of organic (sugar) and inorganic (table salt and baking
soda) impurities to distilled water. Biological contamination was modeled using suspensions of
live yeast.

To investigate the influence of inorganic impurities on the SPR shift, we dissolved 1, 2.5,
3.5, 4.5, and 5.5 g of table salt (TM “1”) in 100 milliliters of distilled water using a magnetic
stirrer.

To analyze the influence of organic impurities on the SPR shift, we dissolved 1.3, 2.7, 3.5,
4.5, and 5.5 g of sugar (TM “1”) in 100 milliliters of distilled water using a magnetic stirrer.

For studying the influence of pH on the SPR shift, we dissolved 0.7, 1.4, 2.1,2.8,and 3.5 g
of baking soda (TM “1”) in 100 milliliters of distilled water using a magnetic stirrer.

To model biological contamination, 20 g of pressed yeast (TM “Lvivski Premium”) were
stirred in 300 milliliters of water at the room temperature (~22°C). The suspension was kept for
30 minutes at room temperature and measurements were carried out using conductometric and
SPR methods. The obtained suspension was highly concentrated and exceeded the upper
sensitivity limit of SPR measurements. Moreover, such a high concentration is not realistic in
natural river water. After that, the suspension was kept for another 4 hours and repeated
measurements were taken. Therefore, to better align with the research objectives, various
amounts of water were added to the concentrated suspension, and a calibration SPR curve was
constructed. Then, 1.3, 2.6, 4.0, 5.3, and 6.6 g of this suspension were mixed with 100 milliliters
of distilled water for each sample.

For each sample, the angle of the SPR minimum was measured. The instrument's cuvette
was cleaned with distilled water and ethanol after each measurement. Each measurement was
repeated 10 times to estimate the measurement error. Additionally, we conducted 10
measurements of the conductivity of each sample. After each measurement, the conductometer
was cleaned with distilled water.

In the second stage, four samples of coastal water were taken from different locations: the
Dnipro River in Kyiv, the Stuhna River near Vasylkiv, a pond from the Stuhna River near
Borova in the Fastiv district. Samples were collected between October 30 and November 4,
2024. Volume of each sample was 1 liter. For SPR and conductometry analyze samples of 50
ml volume were taken from each bottle. Rest volume of samples were transferred to the
“Ukrkhimanaliz” during 12 hours. After each SPR measurement, the sensor element was rinsed
with distilled water and alcohol to reduce errors from contamination by residues of previous
samples. All measurements were carried out at room temperature (20 °C). However, during the
measurements performed using the "Plasmon-6" device, the samples were heated by the
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instrument itself, which led to a decrease in the sample density, causing a shift of the SPR curve.
So to minimize temperature influence we provide SPR measurements during 2 hours each
sample.

To verify the accuracy of these rapid assessment methods, the water samples were
additionally analyzed in the “Ukrkhimanaliz” laboratory using standard methods. Certificates
of analyzed samples are stored in our laboratory.

Error of measurements was estimated as systematic error, which include influence of
temperature, mechanical backlashes, etc., and random error. Systematic error for wavelength
650 nm is 8x107° RIU.

To determine the random measurement error, we used Student's method [26]. First, we
calculated the arithmetic mean of the measured minimum SPR angle or conductivity using the
formula:

N
2.3,
a, = —I:lil ,

where am — the mean value of the measured quantity, ai — the measured value, N — quantity
of measurements.
After that, we determined the absolute deviation of the measured quantity from the mean:

Aa; =a; —ap,|
And calculated the standard error of the mean [26]:

where S — the standard error of the mean.

The confidence probability was taken as 0.95, and accordingly, the Student's coefficient
for 10 measurements was 2.3 (for salt, sugar, yeast and conductometry measurements) and 1.98
for 1700 measurements. Thus, the value of the random error was calculated using the formula:

a, =2.35

The minimum duration of analysis using the surface plasmon resonance (SPR) method is
1 minute, while the measurement with a conductometer takes 30-50 seconds. Thus, the total
duration of the study does not exceed 2 minutes. The method allows for the assessment of the
overall level of contamination and does not involve the identification of specific impurities.
Preliminary studies were conducted on various substances to determine the sensitivity and
selectivity of the conductometer. It was found that the conductometer is not sensitive to organic
contaminants that do not conduct electric current (e.g., yeast suspension), which are present in
river water. Therefore, to ensure objective monitoring, it was proposed to use two devices based
on different physical principles.

RESULTS AND DISCUSSION
The research results are shown in Fig. 4-7.
The modeling conducted showed that for sensors with different sensitivities and designs,
the concentration dependencies exhibit a common trend: a higher SPR minimum angle
corresponds to a greater quantity of impurities. Thus, in monitoring natural water, the pollution
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level can be evaluated based on this parameter. More polluted water will have a larger SPR
minimum angle.
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In addition to the SPR minimum angle, samples were also analyzed using the
conductometric method (Fig. 8).

After 30 minutes of preparation, the suspension showed zero conductivity on the
conductometer.
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Fig. 7. Concentration dependence of the SPR minimum for aqueous yeast suspensions.

However, for organic impurities like sugar, this method was not informative, although it
demonstrated a linear relationship for inorganic impurities. In measurements of yeast at a
concentration of 20 g of "Lvivski Premium™ pressed yeast per 300 ml of water, the following
observations were made: 30 minutes after preparation, the suspension showed zero
conductivity, but after 4 hours of activity, as a result of yeast activity, both organic and
inorganic contaminants were formed in the suspension. The latter were detected by the
conductometer as the conductive component. This result can be explained by the yeast's
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metabolic activity, which produces new chemical compounds, including acetic acid, known for
its good conductivity.
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Fig. 8. Total dissolved solids for yeast after 4 hours of yeast’s activity.

Consequently, it was decided to monitor water quality using both methods to ensure an
objective assessment of natural water containing both organic and inorganic pollutants.
In Table 3 and Figs. 9, 10, the values of the SPR index and water conductivity are presented.

Table 3. Measurement results and comparison of selected parameters from laboratory analyses by
"Ukrkhimanaliz" (from certificates)

Adjusted
Samples/ Total Salt | Ammo-nium Total Total  Salt SPR Total
Measuremen | Content* | Concentration*, | Impurities, | pH* Content Dearees Dissolved
t Results mg/dm® | mg/dm? mg/dm3 Considering g Solids, ppm
Sample pH
. 62.2403+
Dnipro 345 0.42 345.42 8 43.1775 5 49x10 118.5+0.4
62.249+
Stuhna 469 1.48 470.48 8 58.81 157%10° 136.2+0.6
62.9619+
Pond 617 14 618.4 8 77.3 2 41x10% 144.6+0.5

Note: *Based on measurement results from "Ukrkhimanaliz".

**The instrumental error of the "Plasmon-6" SPR device at a wavelength of 650 nm is 8 x 10~* RIU.

The measurement results can be summarized by stating that the combination of the surface
plasmon resonance (SPR) method and conductivity measurement allows for the rapid, not
exceed 2 minutes, and objective characterization of natural water pollution, which corresponds
to the sum of selected harmful impurities. Given the small dimensions and autonomy of the
devices used in the developed methodology, river water monitoring can be carried out in field
conditions by one person.
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Fig. 9. Dependence of the SPR minimum angle on the total concentration of selected
impurities in surface natural water samples.
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Fig. 10. Dependence of total dissolved solids on the total concentration of selected impurities in
surface natural water samples.

All SPR measurements were carried out on a single sensor with an additional protective
layer [26], which helped reduce the measurement error typically associated with sensor

changes.
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The SPR results showed that the most polluted river was Stuhna, followed by the pond,
with the least pollution observed in the Dnipro River near Kyiv.

CONCLUSIONS
The measurement results can be summarized by stating that the combination of the surface
plasmon resonance (SPR) method and conductivity measurement allows for the rapid, not
exceed 2 minutes, and objective characterization of natural water pollution, which corresponds
to the sum of selected harmful impurities. Given the small dimensions and autonomy of the
devices used in the developed methodology, river water monitoring can be carried out in field
conditions by one person.
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MPOMUCIIOBOCTI, CUIBCBKOTO TOCIOJApcTBa Ta 3MiHOK KiiMary. Hopmum sikocti Bogu B YkpaiHi
BU3HAYAIOTHCS JIEP’)KaBHUMH CTaHAAPTaMH, sIKi PErJIaMEHTYIOTh SIK OPraHOJICTITHYHI MOKa3HUKH, TaKi sIK
KaJIaMyTHICTb 1 3arax, TaK i JOIMyCTUMi KOHIIEHTpamii IKiIJTMBUX PEYOBHH.

Meta po6oTru: Metoto naHoi po6oTH Oyna po3poOKa HOBOTO BHCOKOYYTIMBOTO METOJNY BH3HAYECHHS
SIKOCTI BOJH.

Martepianu i Mmeronu: Y 1IbOMy JOCTDKCHHI BH3HAYAETHCSA MOUUIBHICTH TOETHAHHS HOBEPXHEBOTO
mra3MoHHOTO pe3oHaHcy (IIITP) i KOHAYKTOMETPUYHOTO METOXIB Ui MOHITOPHHTY SKOCTI TMPHUPOITHOT
Bonu. llepmmii eram BKJIIOYaB MOJCTIOBAHHSA KOHICHTpamiMHUX 3anekHocTedl mapamertpiB IIIIP Tta
€JIEKTPONPOBITHOCTI MPH TOJABaHHI 10 AUCTHIHOBAHOI BOIAHM KOHTPOJBOBAHUX KiNBKOCTEH OpraHidHHX
(myxop) i HeopraHiYHHX (KyXOHHa CiTb i coma) momimok. biomoriune 3a0pyaHEeHHS MOJENIOBAIH 3a
JIOTIOMOTOI0 PO3YMHIB JKMBUX JPDKIDKIB. 3rofoM Oyjo IpoaHali3oBaHO NPOOM NpHOEpexHOT BOIU
p. Auinpo B Kuesi, p. Ctyrua 6ins M. BacunbkoBa Ta cTaBka, 110 crioiy4aeTses 3 p. Ctyraa 61 c. boposa
dacriBcpkoro pariony. Yci [IITP-nocnigkeHHS POBOIMIIUCS 3 BAKOPUCTAHHSM MOKPAIIEHOTO CEHCOPHOTO
€JIEMEHTa 3 JI0JJaTKOBMM 3aXHCHHM IIapOM OKCHIY LHHKY, SKHH 3MEHIIMB IOMHJIKH BHUMIpPIOBaHHS,
3a3BMYail OB’ s13aHi i3 3aMiHOI0 aTymKa. J{Jst mepeBipky JOCTOBIPHOCTI METOJIIB EKCIIPEC-OLIHKH 3pa3Ku
BOJM JIOJAaTKOBO IOCH/DKEHO CTaHIAPTHUMHM JabopaTopHMMH Merojamu B kommadii TOB
«YKpXiMaHaIi3».

PesyasTaT: Pesymeratu IITTP-mocmimkeHp mokas3any, mo HaiOutemn 3a0pyaHeHa p. CTyrHa, 3a HEO
CTaBOK, a HaiiMeHIIe 3a0pyaHeHHs y p. JJHimpo.

BucHoBku: IlincymMoByI04H pe3yabTaTH BUMIPIOBaHb MOXKHA 3pOOWTH BHCHOBOK, II0 moenHaHHs I1T1P-
BUMIPIOBaHb 1 €JIEKTPOIPOBIITHOCTI JO3BOJSE IIBHUAKO Ta O0’€KTHBHO OLIHUTH PIBCHb 3a0pyIHEHHS
npupoanux Box. Ile BiAmoBimae 3araipHiM KiTBKOCTI HIKIJIMBUX JOMIIIOK, HOPMOBAaHHX HAa OJMHUIIO
3HaueHHs pH. I[loBTOpHI MOCHI[UKEHHS 3 BUKOPUCTAHHSM BJOCKOHAJICHOTO CEHCOPHOIO EJIEMEHTa
MIATBEPIWIN, IO OKCHJ IIMHKY SK JOJATKOBUH Iap Ha CEHCOpI C(PEKTHBHO 3aXHWIIA€ 30JI0TE
HAHOIIOKPUTTS, 3MEHIIYE IOMHWIIKH, IOB’s3aHi i3 3aMiHOIO CEHCOpa, 1 3HAYHO MPOJOBXKYE TEPMiH
eKCIUTyaTalii ceHcopa, 30epirarou HU3bKHI piBeHb TOMHJIOK.

KJIFOYOBI CJIOBA: moBepxHEBH IUIa3MOHHHN PE30HAHC; €IEKTPOIPOBIAHICTh; KOHTPOJb MPUPOAHOI BOIW;
3a0pyIHEHHS IPUPOJHUX BOJI; XIMIUHUHA aHAaNTi3; ONTUYHI BIACTUBOCTI.
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AxryanbHictb. CywacHi Metoau Mrouiep-MaTpUyHOl NONAPUMETPIl CHpsSMOBaHI Ha BH3HAYCHHS
KPHUTEPIIB Ta MPAaKTUUHE 3aCTOCYBaHHS TaKUX MapKepiB y AudepeHIiaibHii JIarHOCTUIIl TaTONOTIYHUX 1
HEKPOTHYHHX 3MiH 010JIOTIYHUX TKaHWUH OpPraHiB JIIOAUHHU. Pa30oM 3 THM, MaJIOBUBUEHUMHU 1 aKTyalbHUMHU
€ TIMTaHHs, MOB’S3aHi 13 MATPUYHMMHU JOCHIDKCHHSAMH IHIIOTO KJacy O00’€KTIB — JerigpaToBaHUX
(BucymieHux) miiBok Oiosioriunux piauH (BP), monikpucraniuHa cTpyKTypa sIKHX IIOB’s13aHa 31 CKIJIAJIOM i
CIHIBBITHOILIEHHSM PO3UYMHEHHX peuoBrH. [lomsipumeTpis aerinpaToBanux iiBok bP Ha MakpockomiyHOMY
piBHI 3a0e3neuye MOKIHMBICTB ojepxaHHs iH(opMmauii mpo T MONEKyJsIpHY MIKpOCTpyKTypy. Okpim
0r0, BP € OUIBII JISrKOJOCTYITHIMH 1 He TOTPEOYIOTH TPaBMaTHYHOI, 9acOM HeOe3MeuHoi, OioTIcii.
Merta pobGoru. Po3poOneHHs Ta eKCIepUMEHTaNbHA ampoOarlis MiarHOCTHYHOI e()eKTUBHOCTI HOBOT
TEXHIKH TIOJSIPHU3AiHHO-IHTepQEepeHIIITHOT PEKOHCTPYKINI Ta MOMapoBOro (Hha3oBOro CKaHYBaHHS
00’€KTHHUX TIOJIIB KOMIUIEKCHUX aMILTITY]] 3 aTOPUTMIYHAM BiITBOPCHHSM IiHCHOI Ta YSBHOI CKJIaIOBHX
JI>kOHC-MaTpUYHUX 300pakeHb TMOJMIKPHUCTANIYHUAX IUIBOK JIETiIPAaTOBaHOI JKOBYI 3IOPOBHX ITOHOPIB i
XBOPHUX Ha KOBUOKaM sIHY XBOpOOy.

Marepianu i MmeToau. Bukopucrano nosispusauiiiny intepdepomerpito, nndppose Gpa3oBe CKaHyBaHHS Ta
CTaTHCTHYHHUN aHalli3 aJrOpUTMIYHO BIATBOPEHUX IiiicHOI Ta ysBHOI CKiIanoBHX J[)KOHC-MaTpHUYHHX
300pakeHb IJTIBOK JIETiPaTOBaHOT )KOBUI.

PesyabraTu. [Ipeacrapneni ta (i3udHO NpoaHasi30BaHi pe3ysibTaTH CTATHCTHYHOIO aHA3y METOLY
nosspusaniitno-intepdepenuiiHoro kaprorpagysanus 3 uudposum dyp’e BiATBOpEHHSIM 1 (a3oBUM
CKaHYBaHHSIM PO3MOUIIB KOMIUICKCHUX aMIUITYZA i aJrOPUTMIYHAM OOYHCICHHSAM JifiCHOI Ta ySBHOT
CKJIaI0BUX [I>KOHC-MaTpHYHMX 300paXKeHb 3pa3KiB IUIIBOK JKOBYi. Y CTaHOBIICHI MaKCUMaJIbHO Yy TJIUBI 10
3MiH TOJIKPHCTANYHOI CTPYKTYpH J€TiAPaTOBaHUX IUIIBOK JKOBYl CTATHCTHUYHI Mapkepu i
MPOJIEMOHCTPOBAHO BHCOKY TOUHICTh (97,6%) nudepeHnianbHol iarHOCTHKHY KOBYHOKaM “STHOT XBOPOOH.
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BucHoBKH. YcTaHOBJIEHI 3arajibHi ClieHapii TpaHChOopMallii CTATHCTUYHOI CTPYKTYpPHU CYKYMHOCTI JI>KOHC-
MaTpUYHUX 300pakeHb, SKi BIATBOpPEHI y pI3HMX (a30BUX IUIONMHAX OO0 €KTHOTO TOJIS ILTIBOK
JIeT1IpaToBaHOI KOBUi. BU3HAYEHO CyKYNHICTh HAaHOIIBLI YYTIMBUX 1O MAaTOJOTIYHHUX 3MIH CTPYKTYpH
caMo03i0paHuX y Tmpoleci AeripaTamii MOJIEKYISIPHUX Mepex (Y MOJANIBIIOMY HaJIMOJIEKYJISIPHUX MEPEex)
TUTIBOK JKOBYI JIarHOCTUYHHX MapkepiB. HuMm BUSBMINCS acHMeTpis Ta eKclec, SKi XapaKTepH3yIoTh
KOOPJAWHATHI PO3MOIiIN BEIMIMHH AIHCHIX Ta YIBHUX CKJIAIOBHX €JIEMEHTIB MaTpwui J[>koHca.
KJIFOYOBI CJIOBA: mnonspuzarmis; MaTpurs JI)KOHCA; ONTHYHA aHI3OTPOIIs; OiOJIOTiYHA piAWHa;
CTaTUCTHYHI MOMEHTH; TIONIKPUCTATIYHI TUTIBKY JET1IPaTOBAHOI KOBYI.

3a oCTaHHI POKM Y pPI3HOMAHITHHX Taly3siX MEIUIMHHU IIUPOKOTO Ta €PEKTHBHOTO
PO3MOBCIOPKEHHsI HAOyJIM CydacHI METOAM JIa3epHOi MOJSPU3aLiHOT ONTUYHOI 11arHOCTUKU
MOMIKPUCTAIIYHOI ~ CTPYKTYpH  OlojoriuHux  mpemapatiB  [1-4].  MeTtomonoriyHum
y3araJbHEHHSIM Ta PO3BUTKOM METOJMIB 1 CHCTEM MOJSPUMETpii cTamu TexHiku Miroiep-
MaTpUYHOI MOJIspHU3aliifHOro kaprorpadyBaHHs, 5Kl 3a0e3Me4yr0Th OJEpKAHHSA BUYEPIHOT
NOBHOI iH(opMalii Mpo ONTUYHO aHI30TPOIHY CKJIAJOBY IMpenapariB 0i0JOTIYHUX TKAHUH 1
pigun [5-15].

[lepeBaxHUM YHHOM BECh apce€HA METOJIIB 1 cucTeM Mroiiep-MaTpuaHOi HOJISIPUMETPii
COpSIMOBAaHMW Ha BHU3HAYEHHA 1 NPaKTHYHE 3aCTOCYBaHHA KpHUTEPIiiB  (MapKepiB)
T epeHINAbHOT JIarHOCTUKY Ta JHHAMIKY MATOJOTIYHUX 1 HEKPOTUYHUX 3MiH 010I0TTYHHX
TKaHUH OpraiB JtOAUHU. Ilpyu 11bOMy Majo BUBYEHHMH 1 aKTyaJlbHUMHU Ha ChOTOJICHHS €
MUTaHHS, T[IOB’S3aHI 13 MATPUYHUMHU JOCTDKEHHSMHU 1HIIOTO Kiacy OO0’€KTiB —
MOMIKPUCTAIIYHUX IUIIBOK JerigparoBaHux Oionoriyaux piaua (BP), sxi € Ouibin
JICTKOJJOCTYITHAMH 1 HE TIOTPEOYIOTh TPaBMAaTHYIHOI, 4acOM HeOe3rmeuHoi, Oiorcii.

BP € oxniero 3 HallBaXIMBIIIMX CUCTEM 3a0e3MeUeHHs JKUTTEAISIIBHOCTI opraHizMy. byb-
Ki, K ()i310JIOTIYHI, TaK 1 MATOJOTIYHI MPOLECH, IO BiOYBAIOTHCS B KHUBOMY OpraHi3Mi,
CYNPOBOKYIOTHCS BiJMOBIAHUMH 3MIHAMH Ha MOJEKYJISIPHOMY PiBHI 1 MOXYTh CIyTyBaTH
OCHOBOIO JUISI JTIarHOCTHKH Pi3HUX 3aXBOPIOBAHb HAa caMUX paHHIX crafisx [16, 17]. CyuacHa
nJabopaTopHa Ta KJIIHIYHA JIarHOCTUKA 30Cepe/’KeHa B OCHOBHOMY Ha BU3HAUEHHI YHMCIIEHHUX
KUIbKICHMX TOKa3HMKIB (JI0 MPHUKIaNy, pIBEHb FeMOIJI00IHY, €pUTPOLUTAPHI 1HAEKCH, PIBEHb
IeMaTOKPUTY, KUIBKICTh PETHKYJIOLUTIB, IIBUIKICTh OCIIaHHS E€PUTPOLMTIB, KIJIBKICTH
€pUTPOLIUTIB, TPOMOOLUTIB, JIEHKOLUTIB, O1LIipyOiH, TyXkHa (ocdaTaza, X0JIecTepUH Ta 0arato
1HIIKX), AKi XapakTtepu3yloTb BP. Mopdosnoriuni nocnigkeHHs B Oionorii Ta MeIUIMHI
30Cepe/KEeH] MEepeBa)KHO Ha KIITHUHHUX €JIEeMEHTaxX, TOAl K Mopdonoriunuii anHamiz bP
JIOHE/IaBHA 3aJIMIIABCS HEAOCTYIHUM JUis KiiHiuHOT npakTtuku [3]. Kpamisa BP, mo nexuTs Ha
TOPH3OHTANBHIN TUIOMMHI, € 3pYYHOI0 MOJEJUII0 CaMOOpPTaHi30BaHOI CHCTEMH IS
JIOCTiIKeHHs (PI3UKO-XIMIYHUX TMPOIIECIB, BIACTHUBOCTI SKOI BU3HAYAIOTHCS CKJIAJIOM
PO3YMHEHHUX y PIJIMHI pEYOBHH, YMOBAaMH 30BHINIHBOI J€TiIpaTallii Ta MaTepiajaoM MiAKIaaKu
[19, 20].

Ha cporoanimHiil 1eHb Ui OLIHKU 300pa’keHb JeriipaToBaHuX IUIiBOK bP B ocHOBHOMY
BUKOPHCTOBYETHCS Bi3yalIbHUI aHalli3 — CBITIIOBa ab0 mojspu3aliiHa Mikpockorris [21-23].
[Tpu iboMy BaxkiuBa iHGOpMaLlig PO apXITEKTOHIKY HaJIMOJIEKYISIPHUX CaMOOPraHi30BaHUX
mepexx BP Ta iX onTW4HI aHI30TPOMHI BIACTHUBOCTI, SIKI MOXXHAa OTPHUMATH 32 JOIOMOTIOIO
MOJISIPU3AIIIHHOT IHTPOCKOMI, BUSBISIETHCS HEBIIOMOIO (HemocTymHOro). Hapasi 3poGieno
JMILIEHb MepIli KPOKU B LIbOMY HampsMKy. Tak, y cepii myOumikauiid [24-35] po3pobieHo Ta
eKCIIepUMEHTaIbHO  anpoboBaHo Metoau 2D mosspuzaniiHoro  kaptorpadyBaHHS
MIKPOCKOMIYHUX 300paXkeHb JIET1IpaTOBaHMX IUTIBOK KPOBI Ta ii miua3mu, ceyi Ta iHmmx bP 3
BUKOPHUCTAHHSAM PI13HUX (CTaTUCTUUHUX, KOpessiitHux, @yp'e) anroputmi o0podku nanux. B
pesyibrari Oynu 3HaiineHi mnepmii OO0'€KTHBHI KpuTepil (Mapkepu), sKi 3a0e3neunnin
MOKJIMBICTh JH(epeHITiabHOT TIarHOCTUKK PI3HUX NATOJOTiH B ypOJIOTii, T1HEKOJIOrii Ta
oHkoyorii. OgHaK NOJANBIIMKA PO3BUTOK ILUX METOAIB OyB OOMEXEHMH HAasBHICTIO
JIETIONIIPU30BAHOTO  0araTOKpaTHO pO3CISTHOTO (OHY, SKHUH CIIOTBOPIOE OJTHO3HAYHICTH
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B3a€EMO3B’S3KIB MDK TMOJIKPUCTATIYHOIO apXITEKTOHIKOK ILIIBOK JeriaparoBaHux bP i
OJICpKAaHUMHU  TOJIAPU3AIMHUMU ManamMu  (KOOpIMHATHUMH PO3MOALIAMH  a3uMyTa 1
emnTudHocTi nossipu3ariiii). [lle oqauM HeraTuBHUM (hakTOpoM Oyiia BiZICYTHICTh aJlTOPUTMIB
nudepenIianii KOMIIOHEHT 00’€KTHOTO MOJIS 3 PI3HOIO KPATHICTIO CBITJIOPO3CISTHHS B 00’ €Mi
MOIKPUCTAIYHUX TUTIBOK JeTiipaToBaHuXx bP.

OxHuM 13 HUIAXIB TOJOJAHHSA LMX MPOOJeM CTajdd HOBI JIa3epHI METOAM IOUIapOBOI
noJsipu3aniiHo-iTepdepeniitnoi  Mrojuiep-MaTpuYHOl  MOJIAPUMETPIl  TOJIKPHUCTATIYHOT
apXiTeKTOHIKHM 01070T1YHMX TKaHUH 1 pinuH [36—41]. CyTh IUX METO/IIB MOJIATAE Y MOXKIIUBOCTI
anroputMmigdoro 2D nudpoBoro @yp’e BiATBOpEHHS 00’ €KTHUX T0J11B KOMITJIEKCHUX aMILTITY/]
3 HACTYIHHMM iX TUCKPETHUM (Da30BUM CKaHyBaHHSM. Y pe3yibTaTi TAKOTO MEPETBOPEHHS
OJIEPKYETHCSI MACUB BEIMYUH OPTOTOHAJIBHUX CKJIAJOBMX aMIUIITYAM 1 (a30BHUX 3CYBIB MIXK
HuMH. Ko)XHOMY piBHIO BeTHMUUHH (Ha30BOTO 3CYBY y TaKOMY BiITBOPEHOMY IIOJI BiATIOBiAa€e
MIeBHA KPATHICTh CBITJIOPO3CITHHSA B 00’eMi OiosoriuHoro 3paska. ImsxomM mOKpOKOBOTO
(a30BOro CkaHyBaHHS MOXXHA MIHIMI3yBaTd BIUIMB JU(Y3HOTO JAEMONSPHU30BaHOTO (DOHY 1
BUJUIMTUA CKJIQJOBY 3 MIHIMQJIbHOIO KPATHICTIO CBITJIOPO3CIsiHHSA. TakuM 4YMHOM y JaHii
¢a3oBiii BUOIpII cepen MHOKHHUA KOMIUIEKCHHX aMIUTITYZl 00’€KTHOTO TOJISI pealli3yroThCs
MaKCHUMaJlbHO CHPUATINBI sl AU(EpeHIiaTbHOi A1arHOCTUKH YMOBU — alTOPUTMIYHOTO
BIATBOPEHHS MOJSAPU3ALIAHUX Marm, $KI OJHO3HAYHO TIOB’A3aHI 31 IMapameTpamu
MOIKPUCTAIIYHOI apXITEKTOHIKM JIETiApPAaTOBaHMX IUIIBOK. Pa3oM 3 THM, OCHOBHUM
BUMIPIOBAaHUM I1apaMeTPOM B 3a3HAYECHUX TMOSIPUMETPHYHUX TexHiKax € BekTop CTokca,
YOTHPU MapaMeTpU SKOTO0 YTBOPIOIOTbCS KOMOIHAIISIMM OpPTOTOHAIBHO MOJISIPU30BAHUX
CKJIaJIOBUX 1HTEHCHBHOCTI y TOYKaxX JIa3epHOro 00 €KTHOro mojs. BHacmimok 1poro
3a3HaueHU BEKTOPHO-MIApaMeTPUUHUHN MiaXia He 3a0e3medye MOXKIMBOCTI peani3alii npsmMoi
@Dyp'e-peKOHCTPYKIIIi PO3CITHUX IMOJIIB KOMILIEKCHUX aMILTITY/ 3 MOAATIBIINM IX TOKPOKOBUM
¢da3oBuM ckaHyBaHHAM. IIpu 1bOMY HEOOXIJHOIO YMOBOIO € MPOMIKHE «IIE€PEKOJYBaHHS»
PO3MOALIIB AIMCHUX 1 YSIBHUX CKJIAZJOBUX KOMIUIEKCHUX aMILTITYJ] pO3CISIHOTO JIa3€pHOTO MOJIs
B po3noJinu napamerpis Bektopa Ctokca. Onepxani CTOKc-apaMeTpUyHi MacUBH € 0a3UCOM
JUISL aITOPUTMIYHOTO PO3PaXxyHKY CYKyHmHOCTI Miojuiep-MaTpuuyHUX 300pa’keHb s pI3HUX
¢dazoBux BHOIpOK 00’ €KTHOTO MOJIS.

Hama poGota cnpsimoBana Ha po3poOJeHHSI Ta €KCIEPUMEHTAIbHY anpoOalliro iHIIO1,
JxoHC-MaTpUUHOi METOAOJIOTIi, sika OUIbII ajanToBaHa O ONHCAHHA IOJIApH3aliifHO-
HEOJIHOPITHUX JIA3€PHUX I10J11B MOJIKPUCTAIIYHHUX MJIIBOK JIET1IpaTOBaHUX O10JI0TTYHUX P1JIMH.
3a3HaueHUi aHaMITHYHUN QopmanizM 3abe3nedye MOXKIUBICTH MPSAMOI MOJsSpU3aLiiHO-
1HTEepPepeHIiHOT PEKOHCTPYKIII 1 MOKPOKOBOro (ha30BOT0 CKaHYBaHHS 00’€KTHOIO IOJIS
KOMIUIEKCHUX aMIUTITYZ 3 aJrOPUTMIYHHUM BIATBOPEHHSM IIOLIAPOBUX JIHCHOI Ta YSIBHOI
ckinanoBux JI>KOHC-MAaTpHUHUX 300paxkeHb. [IpukiIagHUM acmeKToM poOOTH € BH3HAYECHHS
HaOLIbIl YYTIMBUX JO 3MIH HaJAMOJIEKYJISPHUX MEpEeX MOJIKPUCTAIIYHUX IUTIBOK
JIET1/IpaTOBaHOI >KOBYl CTaTHUCTUYHHMX MapKepiB, sIKI XapaKTepU3yIOTh 3MIHU BIJIMOBIJHUX
nomapoBux JKOHC-MaTpU4HUX 300paskeHb. 3a3HAYeHUH MiaXiJ 3a0€3MeUnuTh MOKIHMBICTH
po3mupeHHs (YHKIIOHATFHUX MOMJIIMBOCTEH PaHHBOI JOKIIHIYHOI JIarHOCTUKH >KOBYHO-
KaM’siHOT XBOpPOOHW Ha 11 «IOKOHKPEMEHTHI» JIaTeHTHIH cTaaii BIIOMUMH OIOXIMIYHUMH 1
iHCcTpyMeHTabHUMHU (Y3 1HTpOCKOIIs, KOMII IOTepHAa TOMOrpadis Ta MarHiTHO-pE30HAHCHA
ToMorpadisi) merogamu [42].

MATEPIAJIM I METOAN
Koportka Teopis

VY HabnmxeH1 OAHOKPATHOTO po3ciroBaHHs (KoedimieHT ociabmenns T < 0,01) ontuyni
BJIACTUBOCTI MONIKPUCTAIIYHOI IUTIBKM JETipaTOBaHOI »OBYI MOXYTb OYyTH ONHCaHi 3a
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JIOTIOMOTOI0 IIECTH THIIIB MeXaHi3MiB onTHuHOi aHizorpomii [43-46]. Ilepmi Tpu Tunm
MeXaHi3MH 1oB’s13aHi 3 popmyBaHHAM (a3oBux 3cyBiB Mixk miniiino (0° +90°; 450 + 135%) 1
HUpKyJsipHO (1paBo- (&); niBo- (D)) monspu3oBaHUMHU OPTaMU KOMIUIEKCHOI aMILTITYIU
ONTUYHOI XBWJIl. BoHM onepskanu Ha3By (ha30Boi aHI30TPOIIIT 1 XapaKTEPHU3YIOThCS JTIHIHHUM
(LB(0,90); (45,135)) i uupkynspuum CB Q,D) aBonpoMeHe3aIoMICHHIM

2T
LBy,90 = T (ng — ngg)h, 1)
2T
LBys;135 = 7 (n4s — ny3s)h, 2)
2T
CBg:p =7 (ng —ng)h, ©)
ae (Mo, Moo, MN4s, Mizs, N, Ng) —  HAEKCH 3aJIOMIEHHS-TIONIUHAHHA, A =

0,6328 MkM — pomxuHa xBwiIi (y Hamomy Bumaaky He-Ne mazepa); h — reomerpudna
TOBIIMHA IIApY.
[Hmi Tpu THUOM MeXaHi3MIB  (QOPMYIOTh aMIUTITYIHY aHi30TpOMil0 — JIHIHHUK

(LD(0,90); (45,135)) i uupkysspuuii (CD @,D) muxpoizm

2
LD0;90 = Tn (Xo — Xo0)h, (4)
27
LD4s;135 = T (Xas5 — X135)h, (5)
2
CDge =5 (xo — X&), (6)

ae (Xor  Xoor Xas» X1350 X®» X@ ) — iHAEKCH ITOTJIMHAHHSL.

BpaxoByroun He3HauyHE MOTJIMHAHHS B YEPBOHIM 00JacTi CHEKTPY ONTUYHO TOHKHMU
MOJIIKPUCTAIIYHUMU IUTIBKAMHU JIET1APATOBAHOI JKOBYI MU OOMEXMIMCH PO3IIISIOM (ha30BUX
3CYBIB, sIKI OOYMOBIIEHI MeXaHi3MaMM JIHIHHOTO 1 HUPKYISIPHOIO JABOIMPOMEHE3AJIOMIICHHS
((1)~(3)). TonspuzariitHi MPOSBH KOXHOTO 3 TaKWX MeXaHi3MmiB (ha3oBoi1 aHi3oTpomii 3
BUYEPITHOIO IOBHOTOIO OMUCYIOThCS HACTYIHUMH MapLialbHUMHU JIPKOHC MaTpUYHHUMHU
oneparopamu [43-46]

exp(—0.5iLBy.50) 0
](LBo;90) = j ’ (7)
0 exp(0.5iLBo.o0)
_ || €c0s0.5LBys;135  —isin0.5LB,s5;q35
](LB4.5;135) - ||—l sin0. 5LB45;135 cos 0. 5LB45;135 (8)
_ || cosCBg,gg sinC Bg,g
](CB(X);EB) - ||— sinC B®;® cosC B@;@”' ©)

VY BignoBigHocTi 3 (7)-(9) marpuns J[>xoHca ¢a3zoBoi aHi30Tpomii MOTIKPUCTATIYHOT
TUTIBKY JIET1IPATOBAHOI KOBY1 MIPUITMAE BUTIIST

j11 j12
j21 j22

Ui =
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cos0.5|V| — iulg“;—‘l""sinO.SIVl (CB®:®T;TB45‘135)sinO.5|V| )
— (CB®’€BT$L|B45;135) sin0.5|V| cos0.5|V|+ i—LTI‘;‘lgo sin0.5|V|
Tyt |V| — Moaynp y3araapHeHOr0 BEKTOpPY (ha3oBO1 aHi30TPOIil
5 5 0.5
V| = (LB? + CB?%g,q) (11)
, , 0.5
LB = ((LB 0;90) + (LB 4_5‘.135) ) . (12)

Tyt (12) 0o3Ha4ae iHTErpaIbHUI PiBEHB JIIHIHHOTO IBOIPOMEHE3aTOMIICHHS.

Amnamniz criBBigHomeHs (10)-(12) BusBHB, IO KOXEH 3 CYKYMHOCTI KOMILICKCHHX
eneMeHTiB jj, Marpuri JDxkonca {J} € o¢yHkumionamoMm mapamerpiB iiniiHOro (LB) i
LUPKYJSIPHOTO (CBg.@) JIBOIIPOMEHE3aJIOMIICHHSI HaJIMOJICKYJIIPHUX Mepex
MOJIIKPUCTAIIYHOI TUTIBKH JIET1ApaTOBaHOI KOBYI.

ExcniepumeHTanbHy ([1arHOCTHYHO aKTyallbHY) iH(GOpMAaLi0 MPO CTPYKTYPY MAaTpHIIi
JI>koHCa MONIKPUCTATIYHOTO Iapy JETiIpaToBaHOI KOBYI TPATUIIITHO OTPUMYIOTh Y BUTIISIL
ii mitficnoi (Re{J}) ta ysBuoi (Im{J}) wacTMH CyKymHOCTI MAaTpUYHHMX EIIEMEHTIB. Y
BiJIMOBIAHOCTI 3 IIMM MOKHA oJiep>kaTH (criBBiaHOIIeHHS (10)) HACTYIHI BUpa3y MapiiiaibHUX
«IIACHUX» 1 «YSIBHUX» MAaTPUYHUX OMEpPaTOpiB

Re{J}=
0.5(LB% + CB2g.q)"" —Bee __cin0.5( LB2 + CB%ga) "
cos 0. ( + ®;@) (187+CB g )" sinv. ( + ®;€B) (13)
= i 1
—CBg, , 05 0.5 )
mmnO.S(LBZ+CBZ®:@) COSO.S(LBZ+CBZ®;@)
Im{J}=
—LBy, , 0.5 LBys. , 0.5
mmnO.S(LBZ+CBZ®;@) mSan.S(LBZ+CBZ®;@)
T —tBemas im0 5(LB2 4 CBPg.)"° — e 0. 5(LB? + CB2 )| 14
(LB2+CB2g,q)"" sy ( ®;€B) (LB2+CB2g,)"° smu. ( ®;€B)

Anamiz  (13),(14) BuUSBMB  aHaJITMYHI  B3a€EMO3B’SI3KM  MDK  [apamMeTpaMu
JIBOTIPOMEHE3aIOMIICHHS TTOJIKPUCTAIIYHOI IUTIBKY JeripaToBanoi xoBui i (Re{/}) ta (Im{J}):

e  JiliCHI YaCTMHM JiarOHaJbHUX MATPUYHUX €JIEMEHTIB [11.,, NEPEBAKHUM HYHHOM
BU3HAYAIOTHCS CIIBBITHOIICHHSAMH MK (pa30BUMH 3CyBaMH, sIKi CPOpPMOBaHI iHTETpaIbHUM
niHiMHUM (12) 1 nupkysasipHuM (3) ABOIIPOMEHE3ATIOMIIEHHAM

Re(J11,22)~LB? + CB%g.q, (15)

e  JIificHI YaCTHHM HEJ1arOHAJbHUX MATPUYHMX EJEMEHTIB Ji;.,1 NEPEBAKHUM YHHOM
BU3HAUYAIOTHCS MPOSBAMHU ITUPKYISIPHOTO ABOMPOMEHEe3aIoMIIeHHs (3)

Re(J1221)~CB?* g0, (16)

e 3a paxyHOK He3HauHoi  BeIMYMHM  TapameTpiB  (a3oBoi  aHizoTpormii
(An0;90;45;135;®;@~10_3) 1 peamizamii BIAMOBIAHOI OO0 IBOTO AHATIITUYHOI yMOBU
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sin0.5( LB? + CB2g,q) . .
05| — 0,5 ysBHI uYacTWHUM JiarOHAIBHUX
(LB*+ CB’g)

MaTPUYHUX EJIEMEHTIB J11.5, NEPEBAKHUM YMHOM BH3HAYAIOTHCS IPOSBAMU «OPIEHTALIIHOTO»

(2) miniinoro aBonpomenesanomieHHs LBg.qo
Im(]n;zz)“’LBo;%' (17)
e  ySABHI YaCTMHM HeJiaroHaJbHUX MATPUYHHX EJIEMEHTIB Ji;.,1 NEPEBAKHHUM YMHOM
BU3HAYAIOTHCA  NpOsiIBAMM  IHIIOT  CKJIAZOBOi  «opieHTamiitHoro»  (3)  miHiliHOTO

JABOIPOMEHE3AIOMIIEHHS LBys.135

Im(]12;21)~LB45;135- (18)

Metoauka J[KoHC-MATPUYHOT0 KapTOrpadyBaHHs MOJIKPHUCTATIYHUX MJIiBOK
AeriipaToBaHol KOBYi
Ha puc. 1 mpuBeneHo onTHYHY CcXeMy MoOJspH3aliifHoro iHTepdepomerpa Maxa-
Hannepa, sika ciayrye BUMIPIOBAJIBHOIO IUIAT(GOPMOIO /sl BIATBOPEHHS AIMCHOI Ta ySBHOI
CKJIaJIOBHX €JIEMEHTIB MaTpuIli J[)kKoHca MOJiKpUCTANIYHIX TUTIBOK JIET1IPaTOBAHOI KOBUI.

BS

o, &

Laser 3 l
-
)

-’
1

2

Puc. 1. OnTryHa cxema noJsipu3aniiHoO-iHTepEepeHIITHOr0 BUMIpPIOBaHHS eJIeMEHTIB MaTpHLli [ koHca:

1 — He-Ne nazep; 2 — xomimarop — “O”; 3, 11 — cpitnononineaukn — “BS”; 4, 5 — obepTanbHi q13epkana
—“M”; 6,9, 13 — momspusatopu “P”; 7, 10 — uBepThXBHIBOBI mIacTuHKH — “QP”; 8 — 3pa3ok
JIeTiIpaToBaHol IIiBKK OiosioriuHoi pianHu; 12 — nonspusaniinuii 06’ extuB — “0”; 14 — undposa kamepa
— “CCD”; 15 — nepconanpuuii koM’ rorep — “PC”.

Fig. 1. Optical setup of the polarization-interference measurement of the Jones matrix elements: 1 — He—
Ne laser; 2 — collimator — “0”; 3, 11 — beam splitters — “BS”; 4, 5 — rotating mirrors — “M”;
6, 9, 13 — polarizers — “P”; 7, 10 — quarter-wave plates — “QP”; 8 — sample of a dehydrated
biological-fluid film; 12 — polarization objective — “O”; 14 — digital camera — “CCD”;
15 — personal computer — “PC”.

Mapanensuuit mydok (@ = 2 x 103um) He-Ne (1 = 0.6328um) nasepa 1, sxwuit
c(hOpMOBaHUH ONTHYHUM KOJIIMAaTopoM 2, 3a jomomororn 50% CBITJIONOMIIBHUKA 3
PO3ALIAETHCS HA «00 €KTHHI» 1 «onmopHUit». «O0’eKTHUIY Ja3epHUil My4oK 00epTaTIbHUM
J3EPKAJIOM 5 CHPSMOBYETHCSA Kpi3h NOJSpu3amiiauic QureTp 6—7 y HampsMKy 3paska
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MOJIKPUCTAIIYHOI IUIIBKK  JerigparoBaHoi xkoBui 8. CdopmoBaHe mosIpU3aIiiHo-
HEOJHOPiIHE 300paskeHHsI 3pa3Ka KOBYl 8 MOIApU3AIITHUM 00’ €KTHBOM 12 CIIpSIMOBY€ETHCS
y IUIOUIMHY CBITJIOUYTIAUBUX mikcediB (a X b) uudposoi CCD kamepu 14. «Onopuwuii abo
pedepeHTHUI» Na3epHUN IYYOK OOEpPTaIbHUM JA3epKajoM 4 CIpSIMOBYETHCS Kpi3b
nossipu3aiiaui GutbTp 9—10 y IIonmHy Moaspu3aliifHo-HEe0HOPITHOTO MIKPOCKOTIIYHOTO
300pakeHHSI 3pa3Ka MONIKPUCTANIYHOI IUTIBKM JAerifpaToBaHOi xoBYi 8. Y pe3ynbrari
dbopmyeThes iHTep(depeHmiiiHa KapTuHa abo iHTepdepeHIliine 300pakeHHs 3pa3ka 8.
CdopmoBane inTepdepeHIliiine 300pakeHHS MOJAPU3ALINHO (DUIBTPYETHCS UIIXOM
MOBOPOTY IUIOUIMHHM MPOIYCKaHHs MOJIsIpH3aTopa-aHaiizaTtopa 13, skuid po3TanioBaHHA
nepen nudposoro CCD kameporo 14.

Meroauka mnoJspu3amiiiHoi iHTepdepoMeTpii PO3MOMALIIB KOMIJIEKCHHX €JIEMEHTIB
matpuili J[>koHca MICTHTh HACTYITHI €KCIIEPUMEHTAIbHI KPOKH Ta aJTOPUTMIUHI JIii:

1. TocnioBHO 3a JOOMOTOK0 MOJspU3alliitHoro GiabTpa GOPMYIOTHCS JABa KOJIIHEAPHUX
CTaHU JiHIHHOT ToNsgpu3altii B «ornpomintowdomy» (Ir) i «pedepentHomMy» (Re) mapanenbHuUX
nasepuux nyukax - [7(0%) — Re(0°) = piIr(90°) — Re(90°) =7

2. JIns xoxxHOro c(hOpMOBAaHOTO CTaHy JIiHIMHOI moJspu3amii (p 1 ) peecTpyroThCs
napuianeHi 1HTepdepeHiiiHi KapTUHH 3a JAOMOMOTol O0epTaHHS IUIOHIMHHM MPOMYCKaHHS
nosspusaropa-anamizaropa 13 na kytu 2 = 0% 02 = 90°.

3. PospaxyHok enementiB Mmarpuii JIxonca {J} (cmiBimnomenns (10)) BkiIouae
MOCIIJJIOBHE OMPOMIHEHHS 3pa3Ky MOMIKPUCTAIIYHOI TUIIBKU JET1APATOBAHOI KOBYl JIIHIHHO

NOJIAPU30BAHUMY TTyukami 3 asumyTamu 0° (Bexrop JxoHca (é)) 190° (Bexrop JxkoHca (2))

= o ol ()=

0 _ E? ]:11 ]:12 1 1:11) |
#=la) b WG o gy,
; . ) 90 _ 0 (].12) »
o= () = [ 210 - () - =y ol ()=

5=l 110z) =

4. Jlns KOXKHOTO €KCHEPHMEHTAIBHOTO 3apeeCTPOBAHOTO KOOPAMHATHOTO PO3IOALTY
BEJIMYMHU IHTEHCUBHOCTI Y MapliajJbHUX 1HTepPEepeHLIHHUX KapTHHAX JIa3epHOT0 00’ €KTHOTO
TOJIsl 3pa3Kka IUTIBKK JKOBYI 3aCTOCOBYIOTH 1H(poBe nBoMipHe Dyp’e meperBopenns @ (v, V)

[36—41]

. axv bxv
([ j= @Y= AxBZ ZoXb=o EX(EY)"(a, b)exp [_127T( " +T)]»
, * , axv = bxv
Jor =Py = — SO XE3 EX(EY) (a,b)exp [—lZﬂ (— + —)] 21)
1 - axv = bxv
jp1 = DN = — ézéz SEP(EX)*(a,b)exp [—1271 (— + T)]’
: 1 xv | bx
U2z = P)° = — A-lsbl E9°(E90) (a,b)exp [—lZT[ (a - +Tv)].
EQ)° — oproroHanbHi KOMIIOHEHTH KOMIUICGKCHOI aMILIITY[M s Pi3HHX OpieHTaLiii
IUIOIIMHKM TPOIMYCKAHHA Toispusaropa-anamizatopa 2 = 0% 2 =90°; * — mno3Hayae

orepariiro KOMILIEKCHOTO crpsbkeHHs; (v, v) — mpoctoposi yactotr i (a = 1120,b = 960)
— KuTbKicTh mikceniB mudporoi CCD kamepw.
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5. 3 BupaziB (21) oGumcmioroth miiicai (Re) Ta ysBHI (Im) cKJIamoBi CYKYIHOCTI
€JIEMEHTIB MaTpPHUL I[)KOHca

(11 = 0 = ——TATITELEQ(ED)" (a, b)cos [Zn (a—X“ + ”ﬁ)]
< jor = @) = ——NAINEIEY(ED) (a, b)COS[Zn(a—”+bﬁ)] o
Re 29
J21 =@ = AXBZ 20 Xh=0 EX°(EX®)*(a, b)cos [Zn (axv b%)]
U2z = @5° = mz SABZEESO(E) (a, b)cos [Zn( b%)]
[ ji1 = ®F = EZA _SENED*(a, b)sin [Zn (axv bT)]
. = CDO — Z Z EO EO (a b)Sln 27_[ axv bxv
1m< J21 y AXB ( ) [ ( )] (23)

. _ . , b
jo1 = O = =PI TEZI EL (B’ (a, b)sin [2m (2 + ﬁ)

|
axv bxv)]

J22 = q)g = AXBZ sxBzs EJ?O(E;O)*(a, b)sin [27‘[ (— 4+ —

I[puHOMNY NOMAapoBoro Ga3oBoro CKaHyBaHHS MOJIiB KOMILUIEKCHUX aMILTITY/]
NOJIKPHUCTAJIYHUX IUIIBOK JeriIipaToBaHOI KOBYI

VY peabHOMY BHIIAJKy OaraToKpaTHOTo po3citoBanHs (koeditieHT ocaabnenns T > 0,01)
B 00’€MI TOJIIKPUCTAJIIYHOI IUIIBKK JIETIAPATOBAHOI KOBYl aaropuTMidyHO BiarBopeHi ((21)—
(23)) JdxoHc-mMaTpuyHi 300paskeHHsI SBISIFOTh COOOI0 Pe3yJIbTaT IHTETPAILHOTO YCepEIHEHHS
MO0 CYKYMHOCTI BCiX ()a30BHX 3CYBIB MK OpPTOTOHAIbHMMH CKJIAJOBUMH KOMILIEKCHUX
aAMILTITY/I.

Jlis  «BHOKpEMIJICHHS» JIIaTHOCTUYHO aKTyaJdbHOI CKJIaJ0BOI 00’ €KTHOTO TMOJs, SKa
copMoBaHa akTaMH MiHIMaabHOTO po3cisHHS (T — 0,01), MH BUKOpPHCTAIH HACTYIHY
METOJIUKY.

1. II1sX0OM MOKPOKOBOTO IH(MPOBOrO CKAHYBAHHS () (Ha30BOTO MACHBY Py = Py —
Py Y 06 €KTHOMY O KOMILIEKCHHX aMILTITY/l BU3HAYAIOTBCS MOMApoBi JLKOHC-MAaTpHIHi
306pakerts Ji(@yy, EX, EY, Ex°, E5°) HajMONEKyIAPHAX MEPEXK MOTIKPUCTATIYHUX IUTBOK
JIeT1ApaToOBaHO1 YKOBUI.

2> |EQ(02 =09,
v = |Ep(Q = 90%) | exp(iegy), (24)
P2y = Q3 — 3.

E7° - |Ez°(2 =07)],
Ey® = |Ey° (02 = 90%)| exp(iozy), (25)
Py = 9y’ — Pz

2. 3 ozmeprkaHOi CYKYITHOCTI TIONIAPOBHX KOOPAWHATHHUX PO3MOMALTIB (&, b) KOMITJIEKCHHX
JIKOHC-MaTPUYHUX €NeMeHTIB ji (Pxy, EX, ED, EZ°, E;°) obuncmototses aificni (Reji(a, b))
i ysaBHi Im(ji(a, b)) cxnanoBi JKOHC-MAaTpUYHUX 300pakeHb, sIKi MEPEeBaXKHO c(HOPMOBaHi
aKTaMu oJJHOpa30Boi B3aeMoii (cmiBBigHomeHHS (13)—(18)) 3 HaAMONIEKYASIPHIUMH MEPEKaMHU
3pa3KiB MOJIKPUCTATIYHUX TUTIBOK JIET1IPaTOBaHOI )KOBUI.
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PE3YJIbTATH I OBI'OBOPEHHSAA

ETnyHe cXBaJIeHHsI Ta 3roJia Ha y4acTh
Ie nocnimkeHHs Oy10 MPOBENICHO BiAMOBIIHO J0 MPHUHIHUIIIB [ eMbCiHCHKOT ekiapailii, a
TaKOXX BIAMOBIAHO 10 BUMOT MDKHApOJHOI KOH(EpPEHIlii 3 TapMOHI3amii — HaJIEeKHOI
KIIIHIYHOI TTPAKTHKU Ta MICIIEBUX PETYISATOPHUX BUMOT. ETHYHE cXBajeHHS OyJI0 OTpUMAaHO
Bl ETH4HOTrO KOMIiTeTy ByKOBHHCBKOTO JIep)KaBHOTO MEIUYHOTO YHIBEpCHUTETY, M. UepHiBIIi
(mpotokon Ne7 Bix 25.03.2025).

KopoTtka xapakTepucTuKa 3pa3KiB :KOBYi

Jlns mocimipKeHHsST BUKOPHCTOBYBAJlacs IyXHpHa >koBY (mopiii B) 310poBuUx mOHOPIB
(xoHTposibHA rpyma 1, 21 3pa30K) i maieHTIB 3 )KOBUHOKAM STHOIO XBOPOOOIO (IociigHa rpyna
2,21 3pa3ok). [lyisg oTpuMaHHs i€l HOPIIii MPOBOAMIIOCS TPAIHIIIIHE Ty0IcHATbHE 30HlyBaHHS
3a JIOMOMOTOI0 OJJHOPA30BUX IyOJEHAILHUX 30HMIB. PO3KpHUTTS ciHKTEpa Ta CKOPOUYCHHS
JKOBYHOTO MiXypa JOCATAIOCS BBEICHHSM 4Yepe3 30H] 30YJAHUKIB CKOPOYCHHS >KOBYHOTO
mixypa: 33% po3unny marHito cyibdary, 10% pozuuny copOity. OTpruMaHy >KOBY BHIMBAIN
Ha vamku [leTpi Ta BiICMOKTYBaJIM KJIANTHKK ciu3y. HaTUBHI mpenapatu mojiKprCcTaTiuHIX
IUTIBOK JKOBYl BUTOTOBJISTUCS NIISXOM HaHECeHHS Kparuti pigumau (00'emom 30 M) Ha
MPEJAMETHE ONTHUYHO OJIHOPIJHE CKIO 3 MOJAJBIION 1i Jerifparaimiero mnpu KiMHATHIN
TEMIIepaTypi.

ONTHUKO-TEOMETPUYHI TapaMeTpu 3pa3KiB MOJIKPUCTATIYHUX IUIIBOK JIET1IPaTOBaHOL
YKOBYI1 JTOHOPIB 1 XBOPHX IMALI€HTIB HaBeAeH1 y Tabmmmi 1.

Tabmuus 1. OnTHKO-reOMETPUYHI MapaMeTpy IUTIBOK JIeTipaToBaHOl )KOBY1

Table 1. Optical-geometrical parameters of dehydrated bile films

[Tapamerpu
KinpkicTb 3pa3kiB q 42
['eomeTpryHa TOBIIMHA A, MKM 50 + 5 MmkMm
Koeoinient ocnabneHss t 0,09 + 0,01

BuMiproBaHHsS T€OMETpUYHOI TOBIIMHU h €KCIEPUMEHTAIbHUX 3pa3KiB 371HCHIOBaIOCS
HUIIXOM MOCIIOBHOTO (POKYCYBaHHS 00’ €KTHBY CBITIIOBOI'O MIKPOCKOIIA Ha EPEHIO 1 3aHIO
MOBEpPXHI IUIIBOK JAeriaparoBaHoi xoBul. KoediieHT ociiabiieHHs T BUMIPIOBAJIU 3TiIHO 31
CTaHJapTHUM METO/I0M (POTOMETpii ociaabaeHHs! IHTEHCUBHOCTI OCBITJIIOBAJIBLHOIO IPOMEHS
[47] 3 BUKOpPHUCTaHHSM IHTErpajibHOI Cdepu Ui BUMIPIOBAHHS 1HTEHCHUBHOCTI PO3CISHOTO
BUIPOMIHIOBaHHS [48].

Hageneni y Tabnuui 1 mapameTpy BKa3ylOTh Ha HasBHICTh 0araTOKpaTHOTO PO3CiIOBaHHS
B 00’eMi momikpuctamiyHux TwriBok (7 >> 0,01). [ BU3HAYEHHS ONTUMAILHOI BEIUYUHU
¢azosoro 3cyBy (¢(tr — 0,01)), sika BimmoBizae OXHOPAa30BO PO3CIisHIA KOMIIOHEHTI, MH
CKOPHCTAIUCh HACTYIHUMH MOJICNIbHUMHU TpuUIylieHHsMu. [Ipu omHokpatHOMy (g = 1)
MIPOXOJKEHHI JIA3ePHOTO BUIIPOMIHIOBAHHS 3 TOBKUHOIO XBHJI A = 0,6328 MKM CcKpi3b map 3
TEOMETPUYHOIO TOBIIMHOIO h~50 MKM 1 ONTUYHUM JBOIpoMe3anoMieHHsIM An~1,5 X 1073
dopmyetbes pazosuii 3cyB (cmiBBinHomeHHS (1), (2), (12)) Mik OpTOTOHATBHUMH CKJIaJOBUMHU
aMILTITYIU @ = %.

VY Hamiii po6oTi MU IPEACTABUINA €KCIIEPUMEHTAIIbHI PE3YIbTATH JUISL IBOX «TPAHUYHUX»
BUMAJIKIB — aJTOPUTMIYHOTO BiATBOpeHHs J[PKOHC-MAaTpUYHHUX 300pa)K€Hb 3a PO3IMOJLIaMU
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. . . T
KOMIUIEKCHUX aMIUTITY] AU(y3HO 1 OAHOKPATHO PO3CISIHUX (¢ = Z) KOMIIOHEHT 00’ €KTHOTO

OJISI MOJIIKPUCTATIIYHUX TTIBOK JIET1IPaTOBAHOI KOBYI.

Ha nepmomy erari 3 METOIO yCTaHOBJICHHS OCHOBHHMX 3aKOHOMipHOCTEH (hOpMyBaHHS 1
¢azoBoi Tpanchopmanii KoopauHATHOI 1 cratucTHyHOl cTpyktypu Re(ji(a,b)) i
Im(ji(a, b)) nocmimkyBanmucs 3pa3kd TMOJIKPUCTATIYHUX IUTBOK JETiAPaTOBAHOI KOBYI
3I0pPOBHX JIOHOPIB.

«iiicHi» [IzkoHC-MaTpH4Hi 300pakKeHHs AeriiPaTOBAHMX ILIiBOK KOBYI

Pesynprat mosspu3saniiHo-iHTephepeHIIiHOr0 KapTorpayBaHHs 3 aJITOPUTMIYHHM
BIITBOPEHHSIM IIOIIAPOBUX DO3MOJUTIB BEIWYMHMA EJEMEHTIB JilcHOI ckianoBoi JIxoHc-
marpuuHux 300paxens Re(j;(a, b)) (dparmentu (1), (2) i (5), (6)) i ricrorpam G(Re(jix))
(bparmenTH (3), (4)i(7), (8)) nerinparoBanoi IIIiBKHM )KOBYi HaBe/ICHI Ha cepii puc. 2 Ta puc. 3.

AHami3 oJep)KaHUX JaHUX BHUSBUB IHAMBIAyallbHY, BIIMIHHY B 3BHYallHUX
MIKpPOCKOMIYHUX 300pa)keHb, KOOPAWHATHY CTPYKTYPY CYKYIHOCTI PO3IMOIUTIB MaTPHYHUX
enementiB Re(ji(a,b)). Pia y TiM, mo pekoHCTpyioBaHi J[PKOHC-MATpuuHi 300paXKEHHS
(cmiBBimHOMmEHHS (22)), BU3HAYAETHCS HE TMOTJIMHAHHSAM ONTHYHOTO BUIPOMIHIOBAHHSA, a
cnenudiko  pO3MOAUIIB  JIHIHHOTO 1  IUPKYISIPHOTO  JIBOIPOMEHE3aJOMIICHHS
(cmiBBimHOMmMEHHA (15), (16)). OKpiM IHOTO, BETMYNHU 1 TIOJOKEHHS EKCTPEMYMIB TiCTOTpaM
G(Re(jir))) € 3ae)XHIMH BiJ BelUYUHH (Ha30BOTO 3CYBY () CKAHYBAHHS IIOJISI KOMIIEKCHHUX
aMIUTITY/ ACTIAPATOBAHOI MOMIKPUCTAIIYHOT TUTIBKH KOBYi, — pHC. 2 1 puc. 3, (parmMeHTn
(3), (4) i (7), (8). auuii hakT miATBEPHKYE MPUITYIIEHHS PO MOXKJIHMBICTH (a30BOT CENMEKIIiT
KOMIIOHEHT 00’ €KTHOTO TTOJIS 3 PI3HOI0 KPATHICTIO CBITJIIOPO3CISIHHSI.

KinpkicHo 1meil mporec XapakTepu3yloTh pe3yabTaTH CTaTHCTUYHOTO  aHali3y
inTerpansHoro (puc. 2) i ¢aszosoro (puc. 3) IxoHc-matpuunux 3o00paxens Re(jix(a, b))
JIET1IpaTOBaHO1 MOJIKPUCTATIYHOI TUTIBKH KOBYI, SIK1 HaBEACH1 y Ta0muIi 2.

Tabmums 2. CtaTuCcTHYHI MOMEHTH 1-T0—4-T0 OPSIKIB Z;, SIKi XapaKTepU3yITh KOOPIWHATHI PO3MNOILITN
peansHuX yacTHH J[>KOHC-MaTpHIHUX 300paxkens Re(j; (a, b))

Table 2. Statistical moments of the 1st—4th orders Z;, which characterize the spatial distributions of the real
parts of the Jones-matrix images Re(j (a, b))

Z; Re{J;} Re{],,} Re{J,} Re{51}
Z4 0,3204+0,017 0,36040,017 0,47040,025 0,420 £0,025
Z, 0,240 £0,015 0,27040,014 0,33040,017 0,31040,017
Zs 0,310 £0,016 0,29040,015 0,21040,012 0,25040,012
Z, 0,45040,027 0,41040,021 0,31040,018 0,34040,018
P =1/4

Zi Re{];1} Re{/z,} Re{];,} Re{/,,}
Z4 0,210 0,012 0,19040,011 0,240 £0,012 0,22040,012
Z, 0,150+0,007 0,12040,007 0,190 +£0,011 0,16040,009
Zs 0,590+0,029 0,63+0,04 0,6440,03 0,71+0,04
Z, 0,77+0,04 0,8240,05 0,89+0,05 0,9440,06
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Puc. 2. Koopaunatai manu (¢pparmentu (1), (2), (5), (6)) i ricrorpamu (dhparmentu (3), (4), (7), (8)) posmouinis
BUIIaJIKOBUX 3HaYCHb BEJIMYMHN peKOHCTpYyHoBaHuX (cniBBinHOmEeHH (19)—(21)) peanbHux ckiaagoBux JHxoHc-
MmarpuaHuX 300paxkens Re(J;, (a, b)) monikpucraniuHoi IUIIBKK JEriApaToBaHOT KOBYI.

Fig. 2. Coordinate maps (fragments (1), (2), (5), (6)) and histograms (fragments (3), (4), (7), (8)) of the
distributions of the random values of the reconstructed (relations (19)—(21)) real components of the Jones-matrix
images Re(J;,(a, b)) of a polycrystalline dehydrated-bile film.
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Puc. 3. Koopaunatai manu (¢pparmentu (1), (2), (5), (6)) i ricrorpamu (pparmentu (3), (4), (7), (8)) posmoinis
BHUITA/IKOBUX 3HAYCHD BEJIMYNHU PEKOHCTPYyioBanux (crmiBBiguomrenus (19)—(21)) y pasosii mromuni ¢ = w/4
(coiBBigHOIICHHs (22), (23)) peansHux ckaanoBux J[XoHC-MaTpudHuX 300paxkens Re(Jy, (a, b))
MOJIKPUCTANIIYHOI TUTIBKY JIETiAPaTOBAHOT KOBYI.

Fig. 3. Coordinate maps (fragments (1), (2), (5), (6)) and histograms (fragments (3), (4), (7), (8)) of the
distributions of the random values of the reconstructed (relations (19)—(21)) real components of the Jones-matrix
images Re(J;(a, b)) in the phase plane ¢ = /4 (relations (22), (23)) of a polycrystalline dehydrated-bile film.
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Bussneno:

e CrartucTuuHy NOAIOHICTE KOOpAMHATHUX po3nofiniB (a,b) Benmnunnu giricuoi (Re)
CKJIaJIOBOI MAaTPUYHUX CIIEMCHTIB Zi=1+4(Re(]11)) ~ Zi=1+4(Re(]11)) i Zi=1+4(Re(]12)) ~
Zl-=1+4(Re(]21)), — MaKCHMaJIbHI BIAMIHHOCTI MK BEIMYMHAMH CTAaTHCTHYHUX MOMEHTIB
Zi=1.2.:3.4(Re(jirx (a, b))) ne nepeBumytots 10%.

e IIporunexui TeHmeHMil y 3MiHi (3MeHmeHi |) BemuumHu cepeanboro (Zj—q) i
nucnepcii (Z;—,) ta (30inbmenHi T) acumerpii (Z;—3) 1 excuecy (Z;—4), AKi XapaKTepU3ylOTh
tpancdopmarito JxoHc-mMaTpuuHux 300pakerb Re(ji(a, b)) y pisHux (Ga3oBuX IUTOMMHAX

Zi=1;2 l)
Ziz3a V)

e Bennuunu cepennboro i gucnepcii Z;—q1.,(Re(jy (a, b))) 3i 30UIbLICHHAM BEINYMHA

napametpy ($a30BOro CkaHyBaHHS @) T He3HAYHO 3MEHITYIOThCS (Y Mexax Bif 30% 10 50%).

(¢x(a, b)) nonikpucraniyHol IJTIBKH XKOBYI - (

e BenmuunmHM CTaTUCTUYHMX MOMEHTIB BUIIMX MOPSAKIB Z i=3;4(Re(jik (a, b)), K1
XapaKTePU3YIOTh aCHMETPII0 Ta SKCIEC PO3MOLUTIB BEIMYNHHU IHCHOT CKIIQ0BOT MATPUIHUX
eneMeHTIB Re (j ), 31 30UIbIICHHAM BETMUMHH apameTpy (Ha3oBoro ckanyBaHHs @ T cyTTeBO
3poCTaroTh 10 2-X (J11.22(a, b)) 1 3-X (j12.21(a, b)) pasis.

Opnepxani pe3yiabTaTH MOKHA IIOB’A3aTH 13 HASABHUMM JIITEPAaTypHUMH JIaHUMH
JIOCITIIKEHD TIPOIIeciB KpucTatizaiiii »xoBui [49—53]. Bizomo, 1110 5K0BY SIBJISIE COOO0 ONITHYHO
TOMOTE€HHUN MILEISAPHUN PO3UMH 3 HEBEJIUKOK KIIBKICTIO KIITHH IMIIHAPUYHOTO CIITEIIO,
JCUKOIUTIB, JIGHKOIMUTOINIB, cau3y. Jlo HOTo CKIagy TakoX BXOAATH ONTHUYHO aHI30TPOIIHI
rojyacTi KpHUCTalIM S>KUPHUX KHUCJIOT, KPUCTAJd MOHOTIJIPATy XOJIECTEPUHY, KPUCTAIH
OLTipyOiHATY KAJIBIIIO.

Ha erami gerigpararii ¢opMyeThCsi ONTUYHO KPHUCTaJIiuHa — TBEPJO KpucTaliyHa (asa,
110 YTBOPIOETHCS 3@ PaXyHOK JACHJIPUTHOIO Ta JUCKIIHAIITHOTO MEXaHi13M1B KpUCTai3allii.

3a nmanumu [42, 49-53] Hykieawis 3 JKOBYl KaJbILIEBUMH COJIIMH XOJIECTEpUHY 1
OuTipyOiHATYy Tpa€ KIOYOBY POJIb B YTBOPEHHI KOBYHOTO KaMiHHs. TOMYy B paMKax HaIIoro
METOAY BIATBOpPEeHHA J[)KOHC-MaTpU4HHUX 300pa’ke€Hb TaKi MPOLECH CYNPOBOIKYIOTHCS
3pOCTaHHSIM MapaMeTpiB ONTUYHOI aHI30TPOMIl HAAMOJEKYJISPHUX MEpeX IUTIBOK KOBUI.
BinnoBigHO A0 11bOro HaMOLIBII BHPA3HO MOJSAPU3ALINHHI MPOSIBU OCOOIUBOCTEH ONTHYHOI
aHizotponii (cmiBBinHOmEHHs (15), (16)) xapakTepu3ylOTbCS CTaTUCTUYHMMHU MOMEHTaMU

Zi—s.s (Re(n122(LB? + CB2 ) ) i Zizza (Reirzan (CB?g:) -

31 3MEHIIICHHSIM BEJIMYMHH 3CyBY (ha30BOT0 CKaHYBAHHS (), | BUIUIAETHCS OUTBII ONITUYHO
TOHKHUH 00’ €M JET1ApaTOBaHOI IJIIBKH KOBYl. Y pe3yibTaTl Ma€ MiCIie 3MEHIIEHHS JIIHIHHOTO
LB | i uupkynsproro CBg.q | ABOIpOMEHE3aNOMIEHHS JIETiAPaTOBAHUX IUTIBOK JKOBUI.

VY pe3ynbraTi 3MIHIOEThCS cTaTUCTHKA J[)KOHC-MaTpuyHUX 300pakeHb Re(jll;zz(LBZ +

Zi—12 4; Zi—1.0 4
CBZ@;EB)) B <Zl,_1'2 T') i Re(i12;21(CBZ®;ea)) B (Zl._l'z TI>
1=3;4 1=3;4

KinpkicHO HaMOUIBII YYTJIMBUMH JIO0 TaKUX 3MiH TOJIKPUCTAIIUYHOI apXiTEeKTOHIKH
BUSBWINCS CTATUCTUYHI MOMEHTH 3-TO 1 4-Tr0 MOPSJIKIB, SIKI XapaKTepU3yIOTh aCUMETPII0 Ta
eKCIleC KOOPIMHATHUX PO3MOJUTB  JIMCHUX CKJIAJOBUX TNapIiaibHUX  €JIEMEHTIB

Re(ji2.21 (CB2®;@)) matpuii [[xoHca.

«¥YsaBHi» [[zkoHc-MaTpUuHi 300paieHHs AeriipaToOBaHMUX ILTiBOK 7KOBYI
Puc. 4 Ta puc. 5 imOCTpyIOTH pe3yibTaTd JPKOHC MaTPUYHOIO MOJSPU3ALIHHO-
iHTepdepeHiiiHOro kaprorpadyBaHHs ySIBHUX CKJIaoBHX JI)KOHC-MaTpU4yHUX 300pa’keHb

Im(J;,(a, b)) (bparmentn (1), (2) i (5), (6)) i ricrorpam G(Im(J;)) (dparmentu (3), (4) i
(7), (8)) nerimpaTroBaHOi TUTiBKH YKOBUI.
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Puc. 4. Koopaunarthi manu (pparments (1), (2), (5), (6)) i ricrorpamu (pparmenti (3), (4), (7), (8)) poznoainis
BUIIaJJKOBUX 3HaYCHb BEJMUMHN peKOHCTpyioBaHuX (cniBBinHomeHHs (19)—(21)) yaBHux cknanoBux JoHc-
MarpuaHux 300pakens Im(J;,(a, b)) momikpucTanivHOI IUHBKU JEriApaToBaHOl JKOBYI.

Fig. 4. Coordinate maps (fragments (1), (2), (5), (6)) and histograms (fragments (3), (4), (7), (8)) of the
distributions of the random values of the reconstructed (relations (19)—(21)) imaginary components of the Jones-
matrix images Im(J;,(a, b)) of a polycrystalline dehydrated-bile film.
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Puc. 5. Koopaunatai manu (¢pparmentu (1), (2), (5), (6)) i ricrorpamu (pparmentu (3), (4), (7), (8)) posmoxinis
BHUITA/IKOBUX 3HAYEHD BEJIMYNHU PEKOHCTPYyioBanux (cmiBBiguomrenus (19)—(21)) y pasosii mromuni ¢ = w/4

(cuiBBimHomeHHs (22), (23)) yaBHuX ckianoBux JxoHc-marpuanux 300paxens Im(Jy (a, b))

Fig. 5. Coordinate maps (fragments (1), (2), (5), (6)) and histograms (fragments (3), (4), (7), (8)) of the

MOJIKPUCTAJIIYHOT TUTIBKY JIETiAPaTOBAHOT KOBYI.

distributions of the random values of the reconstructed (relations (19)—(21)) imaginary components of the Jones-
matrix images Im(J;,(a, b)) in the phase plane ¢ = m/4 (relations (22), (23)) of a polycrystalline dehydrated-
bile film.
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AHaiti3 o/iep>KaHuX JIaHUX BUSBUB!

o Kopemsmiro mixk mogensauMu (cmiBBigHomeHHS (17)—(18)) 1 excriepuMeHTaTEHUMU
JAaHUMH TPO CTPYKTYPY CYKYITHOCTI YSBHOI CKJIa0BOI J[PKOHC-MaTpHuHUX 300pa’keHb
Im(j;(a, b)) momikpucTamiyHUX MEpPEK JeriaparoBaHoi wiiBku xoBui — Im(ji,(a, b)) =
Im(j,,(a, b)) i Im(j,(a, b)) = Im(j,1(a, b)), — puc. 4 i puc. 5, bparments (1),(2) i (5),(6).

e CrpykTypa CyKymHOCTI Tictorpam G (Im(]11;12;21;22)) HMOBIpHICHHX PO3MOJILJIIB
BUIIAJIKOBUX 3Ha4€Hb IM(J11.12.21.22) TMOTIKPHCTANIYHOI IUIIBKM JIETipaTOBaHOI ’KOBYI Mae
ACUMETPUYHY 32 PO3TAIIYBAHHIM 1 BEJIMUYMHOIO CKCTPEMyMiB 1MoOyaoBy, — puc. 4 i puc. 5,
dparmentu (3), (4)1(7), (8).

e [Ipu pazoBoMy nomapoBoMy CKaHyBaHHI 00’ €KTHOTO OIS, 1110 chopMoOBaHe B 00’ emi
ONTUYHO aHI30TPOIMHOI TOJIKPUCTAIIYHOI IUIIBKM JKOBYi, MA€ MICIle 3HA4YHA 3aJIC)KHICTh
(TpaHcdopmalliss BETUYMHU 1 TOJOXKEHHS EKCTPeMyMiB, Jiama3oHiB 3MIHM TicTOTpam
G(Im(J;x))) Bin 3minu BenuuuH# (Ha30BOTO 3CYBY @, — pHC. 4 i puc. 5, pparmentu (3), (4) i
(7). (8).

Tabmuus 3 iMrOCTpye KUIBKICHI JaHi CTATHCTUYHOTO aHali3y, M0 XapaKTepU3YIOTh
cueHapii  ¢aszoBoi  Tpanchopmamii  IkoHc-marpuuamx  300paxkeHb  Im(Ji (a, b))
MOIIKPUCTATIYHOI TIJTIBKH JKOBYI.

Tabmuus 3. CraTucTHYHI MOMEHTH 1-ro—4-ro MopsKiB Z;, sIKi XapaKTepu3yTh KOOPAUHATHI PO3IOALIH
YSBHUX YacTHH J[PKOHC-MaTpUYHHX 300pakeHb MOMIKPUCTAIIYHOI IUTIBKH JEeTiqpaTOBaHOI XKOBYL

Table 3. Statistical moments of the 1st—4th orders Z;, characterizing the spatial distributions of the
imaginary parts of the Jones-matrix images of a polycrystalline dehydrated-bile film

Zi Im{J;1} Im{J,,} Im{;,} Im{J,,}
Z 0,220+0,021 0,2704+0,017 0,28040,017 0,24040,017
Z, 0,140+40,008 0,16040,008 0,1704+0,008 0,150+0,008
Zs3 0,330+0,016 0,31040,016 0,350+0,016 0,32040,016
Z, 0,49040,021 0,4204+0,021 0,45040,021 0,48040,021
P =1/4

Z; Im{J,} Im{J,,} Im{J;,} Im{J,,}
Z4 0,11040,005 0,16040,009 0,16040,009 0,13040,005
Z, 0,07040,003 0,09040,017 0,11040,007 0,08040,005
Zs 0,9640,06 1,03£0,06 0,7940,04 0,834+0,05
Z, 1,714+0,09 1,78+0,09 1,37+0,07 1,44+0,08

Yy paMKax CTATUCTUYIHOT'O aHaJIi?»y BUSABIICHO:

e He3nauni BiaMiHHOCTI (10 10%—15%) Mik 3HaYEHHSIMHU CYKYITHOCTI CTaTHUCTUYHMX
napameTpiB Zi=y5;3,4(Im (i (a, b))).

e 3i 30UIBIICHHSM BEIWYMHU mapamerpy (a3oBOro ckaHyBaHHA ¢ T 3HauYeHHS
HEHTPaJbHUX  CTATUCTUYHUX MOMEHTIB 1-To 1 2-T0 TOpSAKIB  3MEHIIYIOTHCS
Zi=12(Um(Jy(a,b))) | B 1,52 pasn. CratuctuyHi MOMEHTH BHIIUX TIOPAMKIB
Zi=3..(Im(Jy(a, b))), siKi XapaKTepU3yIOTh aCUMETPII0 Ta eKcrec po3moniniB Im(Ji1.12.21.22),
€ MaKCHMAJIbHO YYTJIMBUMH 1 IOCUTB CTPIMKO 3pOCTalOTh Y MeXax Bif 3 110 4 pasiB.

3 Gi3UYHOT TOYKHM 30pYy OJIeprKaHi pe3yIbTaTH MOYKHA TIOSICHUTH THM, 0 BEJTMYUHA YSIBHOT
cknagoBoi JIKoHC MaTpu4HUX eneMeHTiB Im(Ji1.22) 1 Im(Ji2.21) TEPEBaXHMM YHMHOM
BU3HAYAETHCA BaplallisiIMUM 3HAYEHb NAPAMETPIB JIHIKHOIO JBONpPOMEHE3aoMIIEHH LBj.q¢
(cmiBBigHomeHHs (17)) 1 LBys, 35 (cmiBBimHOmeHHs (18)), BiamoigHo. Y pe3ynbTaTi
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BiIMIHHOCTI Mi>X 3HAUCHHSIMH LIEHTPAIBHUX CTATHCTHYHUX MOMEHTIB Z;—1.5.3.4(IM(Jix)), sKi
XapaKTepU3yroTh po3noainu Im(J/;1.2; (LBO;%)) i Im(]12;21(LB45;135)) € He3HAYHHMH.

VY pesynbrari (pa3oBoro ckanyBaHHS @) |, 3 IHTErpaJbHHX OpPIEHTALIMHUX PO3IOILIIB
y(a,b) BUmiAsAOTBCS pi3HI 3a pO3MOALIAMH IigaHCaMOJi HAmpsMiB ONTHYHHX OCEH
Gionoriuanx  kpuctaniB  —  (Yo,90;min < V0,00 < Yos00;max) 1 (Vas;13s;min < Vas;izs <
¥45:135:max)- BIAIOBITHO JI0 ILOTO 3MIHIOETHCS CTATUCTUYHA CTPYKTYypa J[)KOHC-MaTpUUHMX
300pakeHb J€T1IpaTOBaHMUX ILIBOK KO0BYl - Im(J11.22 ((pk, LBO;%)) 1Im(J12.21 ((pk, LB45;135)).
KinbKicCHO 11€¢ TpOSIBISETHCS y TOPYIICHHI CHIBPO3MIPHOCTI BEJIWYWH IEHTPATbHUX

CTAaTHCTHYHUX MOMEHTIB Ziz1.2 (Im(jll;zz(cpk))) <Ziz1.2 (1m(/12;21(<pk))) i
Zi=3:4(ImU11;22(01))) > Zi=3,4(ImU 1221 (91))).

Biomeanune 3acTocyBaHHsA

VY nanomy po3aiii HaBeAEHO MPHUKIA AOCTIKEHHS e€(PEeKTUBHOCTI METOIY MOIIAPOBOTO
JkoHC-MaTpu4HOTO  KaprorpadyBaHHS Ui AWQEpPEHIIadbHOI JTIarHOCTUKH  3pa3KiB
JIET1/IpaTOBaHUX ILTIBOK KOBY1 3/I0pOBUX JOHOPIB (KOHTpOJbHA Ipyma 1, 21 3pa3ok) 1 maiieHTiB
3 )KOBYHOKAM STHOIO XBOPOOOI0 (tocmigna rpyna 2, 21 3pa3ok), — Tabmmns 1.

Y Mexax 060X Ipyll OGUMCIIOBANMCS CePe/Hi 3HAaYeHHs (Z34), CTATUCTUYHI MOXHOKH
(+03,4) 1 cTaTHCTHYHA 3HAUUMICTG (P) BUSABICHUX HAHOLIBII YyTIMBUX MapKepiB (Tabmuns 2 i
TabauuA 3), AKi XapaKTepU3yroTh aCUMETPIIO 1 eKCLeC po3noailiB BenuunHu Re(J1.12(@r =
77/ 4) 1 Im(Ji102(pr = ”/ 4)). Mani, 3rifHO moCTynariB J0Ka30BOi MeaUUMHH [54]
BU3Havajacsa 30ajjaHCOBaHA TOYHICTh JU(PEPEHIIaTbHOI TIarHOCTUKK >KOBYHOKAM STHOL
xBopobu (PKKX) 3a HACTYymHUM anropuTMOM

C—-c)+D-d)
Ac = ( ’ )/(C + D)’ (24)

Ie ¢ — KUIBKICTh XMOHO IO3UTHBHHMX 3aKIiOuYeHb, d — KIJbKICTh XHOHO HETaTMBHHX
3aKJIFOYEHb.
OpneprkaHi pe3ynbTaTH MpeCTaBieHi y Tabauni 4.

Tabmuus 4. CTaTUCTHYHI TapaMeTPH PO3NOILUIIB JIHCHOT 1 ySIBHOT YaCTHH MaTPUYHKX EIEMEHTIB J11 1 /1,
JIeT1IpaTOBaHMX ILTIBOK YKOBYI 3J0POBHUX JOHOPIB i XBopux Ha KKX

Table 4. Statistical parameters of the distributions of the real and imaginary parts of the matrix elements j;;, and
i /;, of dehydrated bile films from healthy donors and patients with gallstone disease (GSD)

Z; Re{],,(n/4)} Ac,% Re{],,(n/4)} Ac,%
I'pyna 1 I'pyna 2 I'pyna 1 I'pyna 2
7Z,+0, |0590+0,029 | 0,38040,023 92,9 0,6940,03 0,32040,017 97,6
p p < 0,001 p < 0,001
Z,+a, 0,7840,04 | 051+0,04 92,9 09140,05 | 0,450+0,024 97,6
p p < 0,001 p < 0,001
Z; Im{Jy; (n/4)} Ac,% Im{J1,(n/4)} Ac,%
I'pyna 1 I'pyma 2 I'pyma 1 I'pyma 2
Z,+ 0, 0,96+0,06 0,71+0,04 83,3 0,7940,04 0,41+0,02 90,5
p p < 0,001 p < 0,001
Z,t o, 1,71+0,08 | 1,3840,07 83,3 1,43£007 |  0,8940,03 90,5
p p < 0,001 p < 0,001
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VYCTaHOBJICHO HACTYITHI MAaKCHMaJIbHI PIBHI JIarHOCTUYHOI TOYHOCTI AWQeEpeHIiaTbHOT
niarnoctuky JKKX nuissxoM cTaTUCTUYHOTO aHati3y y (a3oBiil IIIOMMHI @) = 7T/ 4

o posmoninu Re(Jy;(LB* 4+ CB?g.qg)) — TouHicTh av(epeHuialbHOi AiarHOCTHKA
CKJIJIa€ Ac(Zl-=3;4) = 92,9%;
o posmonimu  Re(J;;(CB%*g,g)) — MakcuMaiubHa TOYHICTH JU(EPEHUIaNbHOL

JIIarHOCTHKH CKJIAJIa€ AC(Z i=3;4) = 97,6%;

e posnoainu Im(J;1(LBy.90)) —Ac(Zi=3;4) = 83,3;

e posnoainu Im(J;,(LBys.135)) — AC(Zi=3;4) =90,5%.

3 (i3ugHOI TOUKH O/IepKaHI Pe3yabTaTH MOXHA MOSCHUTH THM, IO I TaTOJIOTIYHOTO
crany (OKKX) mporec kpucramizamii >KOBYl CYINPOBOJKYETHCS POCTOM KOHIICHTpAIIii
OimipyOinaty i kapOoHary kamslito (CBg.qg T), a TakoX miABHIIEHHAM JiHIHHOTO
nBonpomeHe3anomiieHHst (LB T) kpucTaliB KMPHUX KUCIOT MOHOTIZpATy XOJECTepHHY. 3a
PaxyHOK IIbOTO 3pOCTAIOTh BEIMYHHH CEPEHBOTO i aucmepcii (Z1., T), AKi XapaKTepu3yroTh

posnozinn semwamin Re (J11(LB? + CB2g,g) ), Re(12(CB2g,)) i Im (J11(LBoso)),

Im(J12(LBys,135)) TIBOK JerigparoBaHoi koBdi nanieHTiB xsopux Ha JKKX. Hapnaku,
BEJIMYMHU HANOUIBII YYTIMBUX 10 3MIH MapaMmeTpiB ONTUYHOI aHizorpormii (Tabmums 2 i
Tabnuis 3) CTATHCTUYHUX MapKepiB Z3.4 |, 3HAYHO 3MEHIIYIOThCS. 32 PaXyHOK IIbOTO Y MEKax
KOHTPOJIbHOI 1 JOCHIHOI Tpyn 3pa3KiB >KOBYI (OPMYIOTHCS MaKCHMallbHI BiAMIHHOCTI
3HAYEHHAMM acMMETpii 1 ekcuecy po3noainis Re(J11.22) 1 Im(J11.22).

3 NOPIBHSJILHOTO aHANI3Y OJIEP>KAHUX JAHUX BUILTUBAE, 110 JOMIHYIOYOIO MaTOJIOTTYHOI0
oszHakoro JKKX € 3pocranHs BIumBY cdeponiTHOi KommoHeHTH CBg.q T camo3ibpanoi
MOJIIKPUCTANIIYHOI Mepexi y Mmpolieci JeriapaTaliii IiBoK JAeriApaToBaHoi koBui. Ha nanuit
dakT  BKa3ye  MakKCHMMallbHa  BUIMIHHICTD ~ MDK  CTaTUCTUYHUMHM  MapKepaMmu
Z3;4(Re{]12(CB®;€D,7T/4)}) Ui 000X rpyn. 3a paxyHOK I[bOTO 1 JOCSTa€ThCSl HAaWBUIIIM
piBeHb (97,6%) 30anancoBaHoi TOUHOCTI AUdepeHuianbHol aiarHocTuku XKKX.

3AKIIOYEHHSA

[Ipencrasneni Ta ¢Gi3MYHO MpoaHATI30BaHI Pe3yJbTaTU EKCIIEPUMEHTAIbHOI arpooarrii
pO3po0JIEHOr0 HaMH  METOJy HoJjspu3aliifHo-iHTepdepeHIiiiiHoro kaprorpadyBaHHd 3
nu(ppoBUM ToJorpadiuHUM BIATBOPEHHSIM PO3MOJUIIB KOMIJIEKCHUX aMIUITYyA (ha30BoO-
HEOJHOPITHUX 00 €KTHUX TOJIB 1 aJTOPUTMIYHUM OOUYHUCIEHHSAM Yy cepii (a30BHX IJIOLIMH
KOOpJMHATHUX PO3MOJUTIB BEIMYMHM JIMCHOI Ta YSABHOI CKJIAJJOBUX €JIEMEHTIB MAaTpHIll
JI>koHca MITiBOK MOJIIKPUCTANIYHUX IJTiBOK JET1APaTOBaHOI KOBUI.

1. CratuctuyHuil aHalli3 KOOPJMHATHUX PO3MOJUIIB BEJIWYMHHU JiHcHOI (Re) 1 ysBHOI
(Im) ckmamoBoi J[PKOHC-MAaTPHUYHUX EJIEMEHTIB JIETiJPAaTOBAHUX ILUTIBOK OIOJOTIYHUX PiIUH
BUABHB BIJIMIHHICTE BiJl HOPMaNbHOI (Z;=3.4, = 0) cTatcTHkn Habopy J[KOHC MAaTPUYHHUX
Re(jy (m x n))
Im(Jy (m X n))

BIIMIHHI BIl HyIS — Zj=1.2.3.4 (

) — BC1 IEHTPaJIbHI CTATUCTUYHI MOMEHTH 1-ro—4-T0 MOpsIKiIB

Re(jy (m x n)) ) 0
Im(Jy(m X n)) '

2. YcraHOBIIEHI ciieHapil TpanchopMallii CTaTUCTHYHOI CTPYKTYPH CYKYITHOCTI J[KoOHC-
MaTPUYHUX 300pakeHb y Pi3HUX HIapax MOJIKPUCTAIIYHOI CKJIaI0BOI AETiAPATOBAHUX ITIBOK
Re(j; X Re(j; X

Im(jy(m X n)) Im(Jy(m X n))

300pakeHb <

KOBUl — Z;_q.5 {(pk l, (
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3. Bwu3HaueHO CYKyMHICTh HAWOUIBII YYTIMBHX JO 3MIH HAJAMOJEKYSIPHHUX MEPEK

IUTIBOK JIETiPaTOBAHOI KOBYI JIIaTHOCTUYHUX MapKepiB — CTAaTUCTUYHI MOMEHTH 3-TO 1 4-T0
: Re(jy(m x n))

HOPSIIKIB — Z;—3.4 {(p, < )}

Im(Jy.(m X n))

4. YcraHOBIEHI HACTYITHI MaKCHUMaJIbHI Jiarma3oHu 3MiHU BEITMYUHH

7 Re(ji (m X n))

i=3;4

31 30UIBIIEHHAM KPOKY (pa30BOro CKaHyBaHHS — BIx 5 1o &
Im(Jix(m x n)) )} poky & B r

pasiB.

BUCHOBKHA

1. Pospobnena anamitiuHa JI>KOHC-MAaTpuyHAa MOJENb B3a€EMOJIi IMOJIIPU30BAHOTO
JIA3epHOTO BUIPOMIHIOBAHHS 3 IMOJIKPUCTATIYHUMH JETiIpaTOBAaHUMH TUTIBKAMH JKOBYI.

2. YcranosineHi Ta Gi3myHO OOIPYHTOBAHI IIaTHOCTUYHO aKTYyaJIbHI B3a€EMO3B’SI3KH MK
napaMeTpamM JHHIHHOTO 1 UUPKYISPHOTO JIBOMPOMEHE3ATOMIICHHS IMOMIKPUCTATIYHUX
JIET1IpaTOBaHUX TUTIBOK YKOBYI Ta JIHCHOIO 1 YSIBHOKO CKJIQJIOBUMU €JIEMEHTIB MaTpuili J[»koHca.

3. ExcnepuMeHTanbHO anpoOOBaHAa HOBa TEXHIKA MOJIIpU3AIliHHO-THTEpPEpEeHIIIHOT
PEKOHCTPYKIIi Ta TOMAapoBOr0 (a3oBOr0 CKaHYBaHHS OO0 €KTHHUX TIOJIB KOMILJICKCHUX
aMIUTITY/ 3 aITOPUTMIYHUM BiTBOPEHHSM MIHCHOI Ta ySIBHOI CKIal0BUX JI>KOHC-MaTpUYHHUX
300payKeHb TOJIKPUCTAIYHIX TUTIBOK JIET1IPaTOBAHOT )KOBYI.

4. TIlpomeMoHCTpoBaHa  BHCOKa  TO4HICTH (@0  97,6%)  J>KOHC-MaTpUYHOI
T epeHINIAFHOT IIATHOCTUKY KOBYHOKAM ' STHOI XBOPOOH.

MHOJSIKA
JlocipkeHHsT BUKOHAaHO 3a MIATPUMKU TpaHTy HamioHanbHOro (oHAY AOCHIIKEHb
VYkpainu Ne2023.03/0174.

KOH®JIIKT IHTEPECIB
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Background: Modern methods of Mueller matrix polarimetry are aimed at determining the criteria and
practical application of such markers in the differential diagnosis of pathological and necrotic changes in
biological tissues of human organs. At the same time, little-studied and relevant are the issues related to
matrix studies of another class of objects — dehydrated (dried) films of biological fluids (BF), the
polycrystalline structure of which is associated with the composition and ratio of dissolved substances.
Polarimetric analysis of the BF dehydrated film at the macroscopic level enables the retrieval of information
about its molecular microstructure. In addition, BF are more easily accessible and do not require traumatic,
sometimes dangerous, biopsy.

Obijectives: Development and experimental testing of the diagnostic efficiency of a new technique of
polarization-interference reconstruction and layer-by-layer phase scanning of object fields of complex
amplitudes with algorithmic reproduction of the real and imaginary components of Jones matrix images of
polycrystalline films of dehydrated bile from healthy donors and patients with cholelithiasis.

Materials and methods: Polarization interferometry, digital phase scanning and statistical analysis of
algorithmically reproduced real and imaginary components of Jones matrix images of dehydrated bile films
were used.

Results: The results of the statistical analysis of the polarization-interference mapping method with digital
Fourier reconstruction and phase scanning of complex amplitude distributions and algorithmic calculation
of the real and imaginary components of Jones matrix images of bile film samples are presented and
physically analyzed. Statistical markers that are most sensitive to changes in the polycrystalline structure
of dehydrated bile films are established and high accuracy (97.6%) of differential diagnosis of cholelithiasis
is demonstrated.

Conclusions: General scenarios for the transformation of the statistical structure of the set of Jones matrix
images, which are reproduced in different phase planes of the object field of dehydrated bile films, are
established. A set of structures of self-assembled molecular networks (hereinafter referred to as
supramolecular networks) formed during the dehydration of bile films, which are diagnostic markers most
sensitive to pathological changes, has been identified. They turned out to be asymmetry and kurtosis, which
characterize the coordinate distributions of the values of the real and imaginary components of the Jones
matrix.

KEYWORDS: polarization; Jones matrix; optical anisotropy; biological fluid; statistical moments; polycrystalline
films of dehydrated bile.
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THE IMPACT OF DIFFERENT LYOPHILIZATION REGIMES ON THE PROTEIN
COMPOSITION OF HUMAN CORD BLOOD SERUM

V. S. Hoidinal 2*®, Y. Q. Posokhov3©, Y. G. Kot*®, O. A. Nakonechnal(®,

V. Y. Prokopiuk? 2
IKharkiv National Medical University, 4 Nauky Av., Kharkiv, 61022, Ukraine;
2Institute for Problems of Cryobiology and Cryomedicine of the National Academy of Sciences of Ukraine,
23 Pereyaslavska str., 61016, Kharkiv, Ukraine;
3National Technical University “Kharkiv Polytechnic Institute”, 2 Kyrpychova str., 61002, Kharkiv, Ukraine;
4V, N. Karazin Kharkiv National University, 4 Svobody Sg., 61022, Kharkiv, Ukraine
“e-mail: vs.hoidina@knmu.edu.ua
Submitted May 14, 2025; Revised July 21, 2025;
Accepted September 29, 2025

Background: Modern medicine is confronted with the challenge of minimizing the side effects of drug
treatment of serious diseases, including oncological pathologies. One of the most perspective concepts is
the use of cord blood serum as a source of regenerative components to support the patient's health. The
serum contains a variety of growth factors, cytokines and immunosuppressive cells that promote tissue
repair and regulation of the immune response. An important goal is to preserve the biological activity of
cord blood serum protein fractions during long-term preservation. Lyophilization is considered one of the
most effective methods of stabilizing biological substances. However, the optimal temperature regime for
the preservation of cord blood proteins during lyophilization requires further investigation.

Obijectives: To evaluate the effect of different lyophilization regimes on the composition and stability of
cord blood serum proteins.

Materials and methods: Cord blood serum was examined after freezing to -20°C and lyophilization with
previous cooling to -20°C and -80°C. The total protein content was calculated using a standardized
determination kit, and the remaining dry mass was weighed on an analytical balance. The protein
composition was examined by spectrofluorimetry and polyacrylamide gel electrophoresis. The residues of
aromatic amino acids (tyrosine-tryptophan, tryptophan) were analyzed by spectrofluorimetry. The peaks in
the protein profiles of the analytical samples were electrophoretically examined and the preservation of the
biomaterial was compared.

Results: It has been shown that freezing and lyophilization at -80°C provide high stability of protein
fractions without significant loss of total protein or its structural changes. On the contrary, lyophilization at
-20°C was accompanied by a significant decrease in the total amount of protein and protein fractions,
changes in protein structure, indicating aggregation, denaturation, and degradation of protein molecules.
The densitogram of lyophilized cord blood serum when cooled to -80°C was significantly close to the result
of the frozen sample, while the analysis of the peaks of lyophilized serum cooled to -20°C showed a
significant decrease in parameters.

Conclusions: Lyophilization of human cord blood serum with preliminary cooling at -80°C allows
preserving the protein concentration, the number of fractions and the structure of proteins according to
electrophoresis and spectrofluorimetry. Lyophilization of cord blood serum with preliminary cooling
at -20°C significantly reduces the protein concentration, the number of fractions and changes the structure
of proteins compared to frozen serum.
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The challenges of modern medicine require minimizing the possible negative effects of
drug treatment of many serious diseases on the general condition of the organism [1]. It is well
known that many patients with severe diseases, in particular cancer patients, have problematic
consequences due to the general negative effect of chemotherapy and radiation therapy on the
condition of the immune system, liver, kidneys, etc. [2, 3]. One of the modern areas in which
regenerative medicine is developing is the inclusion of cord blood serum (CBS) to reduce the
harmful effects of drugs on patients' organisms and improve post-treatment recovery and
rehabilitation [4].

It is known that human cord blood is a source that is rich in myeloid suppressor cells, which
are a perspective object of clinical research related to their immunosuppressive properties, as
well as the ability to affect autoimmune and inflammatory diseases as an immunomodulator [5,
6]. Modern scientific investigations of the components of human cord blood are aimed at
finding ways to use all components of the feto-placental complex, which will further allow to
evaluate the regenerative properties of the components of the CBS and successfully include
them in treatment protocols [7, 8].

CBS are a source of cytokines and growth factors that have anti-inflammatory,
antiapoptotic and angiogenic effects and can be used in various fields of regenerative medicine
[9]. In addition, CBS can be added to the culture medium to increase proliferative activity,
colony-forming effect, and the number of cell generations. That means that culture medium
supplemented with CBS supports the proliferation and differentiation of conjunctival and
limbal epithelial cells. It has been determined that CBS contains a higher concentration of
growth factors and cytokines than fetal bovine serum or adult serum [10]. Thus, the addition of
CBS to the culture medium may have a better overall effect on the functioning of the cellular
medium and is important for further clinical research [11].

The question of how to preserve cord blood, namely freezing, lyophilization, and the
correct temperature regime, which will help to maximize the preservation of cord blood
components for further use in medical practice, is relevant. The informational biomarkers in the
circulating low molecular weight serum proteome were investigated using continuous elution
electrophoresis. The results of the research showed that sequential concentrated fractions of
serum proteins demonstrate a clear high-resolution ability of 1-2 kDa below 20 kDa [12].

The issue of the preservation of cord blood serum proteins under different lyophilization
regimes is still uncertain. Thus, the effective lyophilization of proteins [13, 14], test system
[15], plasma [16] and probiotics [17, 18] was demonstrated.

It has been shown that the efficiency of lyophilization depends on the selected protocol,
primarily on the initial cooling temperature, which should ensure complete freezing. According
to various authors, this temperature ranges from -20 °C and -80 °C [13-19], which corresponds
to the refrigeration equipment found in most laboratories.

Thus, the aim of the research was to investigate the effect of different lyophilization
temperatures (-20°C and -80°C) on the composition of the protein component of human CBS.

MATERIALS AND METHODS
CBS was obtained during labor with the informed consent of women in labor without
extragenital, infectious pathology and gestosis.
We analyzed frozen to -20°C CBS and lyophilized in two modes (with preliminary cooling
at -20°C and -80°C). CBS were lyophilized using an Alpha 1-2 LD plus freeze dryer (Martin
Christ Gefriertrocknungsanlagen GmbH, Germany).
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For lyophilization, the serum was poured into glass vials, 3 ml per vial. The first part of the
serum was cooled to -80°C, the samples were transferred to the freeze-drying module, where
the temperature was -35°C, the pressure was reduced to 30 Pa for 6 hours. After that, the
temperature was then increasedat a rate of 1-3° per hour to 35°C, after which lyophilization
was stopped.

The second part of the serum was cooled to -20°C, the samples were transferred to the
freeze-drying module, where the temperature was -20°C, the pressure was reduced to 30 Pa for
6 hours. After that, the temperature was then increasedat a rate of 1-3° per hour to 35°C, after
which lyophilization was stopped.

Total protein was measured using the «Total Protein Concentration Test Kit for Human
Serum» («Phyllisit», Ukraine). Before starting the analysis, the Biuret reagent was prepared
according to the kit instructions, calibration and physiological solutions were made, 1.0 ml of
the reagent was added to each test tube with the test sample, mixed and left for 30 minutes at
room temperature. Measurements were performed using a SM600 spectrophotometer (Utrao,
China) at a wavelength of 550 nm [20].

The dry residue was weighed on an analytical balance AD50 (Axis, Ukraine) at the
calculation of 5 ml of liquid CBS after the lyophilization process in two regimes (-20°C
and -80°C).

Spectrofluorimetric analysis and polyacrylamide gel electrophoresis were used to study the
preservation of the protein composition.

Spectrofluorimetric analysis of aromatic amino acids (tyrosine and tryptophan) in the
protein fractions of CBS was carried out using a fluorescence spectrometer FL 8500 (Perkin
Elmer, USA). For the research, the samples of the protein fractions of CBS were dissolved in
phosphate-salt buffer (0.01 M, pH 7.4) in a ratio of 1:10. The samples were mixed thoroughly,
and the supernatant was transferred to quartz cuvettes for analysis. Excitation was performed
at a wavelength of 280 nm for tyrosine-tryptophan and 295 nm for tryptophan. The emission
was recorded in the range of 300-400 nm [21].

Denaturing electrophoresis in a polyacrylamide gel (NuPAGE™ Bis-Tris Mini Protein
Gels, 4-12%) was performed using the XCellSureLock Mini-Cell Electrophoresis System
(Thermo Fisher Scientific, USA) with the addition of appropriate buffers and reducing agents.
For electrophoretic separation, 10-cell cassettes with a gradient polyacrylamide gel
“NuPAGE™ Bis-Tris Mini Protein Gels, 4-12%” (Invitrogen) were used. Samples were mixed
with reagents in eppendorf tubes (total volume 20 pL per cell), heated at 70°C for 10 minutes
in a dry thermoblock Eppendorf ThermoStat plus. After that, the solutions were loaded into the
gel using Gel Loading Tips (Invitrogen, LC1001). Electrophoresis was performed at 200 V for
50 minutes [22].

Statistical processing of the data was performed using the Graph Pad Prism program
(Graph Pad, USA). The data were compared using the nonparametric Mann-Whitney U test.
The results of concentrations were presented as the median (Me) range. Differences at p<0.05
were considered statistically significant.

RESULTS AND DISCUSSION
After calculating the total protein, it was determined that the -80°C CBS lyophilizate
showed a slight increase in total protein concentration of 4% from the frozen sample. The CBS
lyophilized at -20°C demonstrated a 16% decrease in total protein levels compared to the frozen
CBS. Lyophilization at -80°C allows almost complete preservation of the protein concentration,
and a slight increase may be due to the loss of some water or changes in the phase state of
proteins. Lyophilization at -20°C is accompanied by a noticeable decrease in total protein



74
V. S. Hoidina, Y. O. Posokhov, Y. G. Kot, O. A. Nakonechna, V. Y. Prokopiuk

content, which may indicate damage of protein structures due to possible denaturation and
aggregation processes (Fig. 1).
The dry residue was 0.3 g per 5 ml or 0.06 g per 1 ml.
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The fluorescence analysis showed that the main contribution to the emission spectrum
when excited at tyrosine wavelengths (280 nm) is made by tryptophan residues. This is due to
the effective energy transfer from tyrosine to tryptophan, which is typical for proteins
containing both types of amino acids. The observed fluorescence maximum at 335-336 nm
indicates the dominance of the tryptophan signal even upon tyrosine excitation. Comparison of
the spectra upon excitation of tryptophan and tyrosine shows a similar shape and intensity ratio,
which confirms the presence of both residues in the proteins. At the same time, the higher total
fluorescence intensity upon tyrosine excitation indicates the presence of tyrosine residues in a
certain number of CBS proteins. The observed small shift of the emission maximum upon
excitation of different amino acid residues may be related to conformational changes of
proteins, which result in a change in the polarity of the serine surrounding the indole
chromophore of tryptophan amino acid residues.

Spectrofluorimetry revealed that in frozen CBS the maximum emission is at 340 nm, which
corresponds to the values for tryptophan located on the protein surface, and is assumed to be in
contact with bound water molecules and other polar groups [23]. The mentioned maximum
value occupies an intermediate position between the corresponding values for tryptophan
fluorescence in a rather hydrophobic environment inside the protein globule (330 nm) and on
the protein surface in contact with free water molecules (350 nm) [23]. The CBS lyophilizate
at -20°C demonstrated a shift of the maximum to 337 nm, which may indicate changes in the
structure of proteins that lead to a shift of the indole chromophore of tryptophan amino acid
residues to a more hydrophobic environment, for example, closer to the middle of the protein
globule. Usually, a decrease in the polarity of the microenvironment of tryptophan amino acid
residues is accompanied by an increase in the intensity of their fluorescence maximum [24],
however, the absence of a corresponding increase in the fluorescence intensity in the case of
CBS lyophilized at -20°C may be due to two factors: (a) the aforementioned decrease in the
level of total protein under these conditions; (b) a possible increase in the fluorescence



75
The impact of different lyophilization regimes on the protein composition of human cord...

suppression of tryptophan amino acid residues by closely spaced electron acceptor groups
(carboxyl, protonated amino group), which occurs as a result of the discussed change in the
structure of proteins. The CBS lyophilizate at -80°C gives a maximum fluorescence intensity
at 339 nm, indicating a lower degree of structural changes compared to the temperature regime
of -20°C, and is also closer to the frozen CBS in terms of emission intensity (Fig. 2).
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Fig. 2. Fluorescence intensity of tryptophan in human serum and cord blood lyophilizate at different
temperature conditions -20°C and -80°C. Data are presented as m = SD (n=6).

The method of tyrosine-tryptophan spectrofluorimetry also allowed us to assess the change
in the fluorescence intensity of aromatic amino acids in frozen human CBS and in lyophilized
serum obtained at different temperature regimes (-20°C and -80°C). The data obtained indicate
that the highest fluorescence intensity with a maximum of about 340 nm is observed in frozen
CBS, but the serum lyophilizate when cooled to -80°C demonstrates a slight decrease in
intensity, but retains the profile. This indicates the high stability of the protein structure of this
sample. The CBS lyophilizate when cooled to -20°C is characterized by a significant decrease
in the fluorescent signal, which indicates damage or changes in the state of protein molecules.
The probable cause of this condition is denaturation and aggregation of the protein component.
As a result of the first process mentioned above, the fluorescence suppression of tryptophan
amino acid residues by closely spaced electron acceptor groups (carboxyl, protonated amino
group) may increase, and as a result of the second process, the availability of aromatic residues
for excitation and emission will decrease (Fig. 3).

The highest level of fluorescence is observed in the frozen sample of CBS, indicating that
the natural structure of proteins is preserved. After the lyophilization process at -20°C, the
fluorescence decreased by 45% relative to the frozen CBS, which can be explained by changes
in the spatial structure of proteins (even their denaturation) and subsequent protein aggregation.
On the other hand, lyophilization at -80°C demonstrates the preservation of intensity at a level
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closer to the frozen material, which may indicate minimal damage to the protein structure
(Fig. 4).
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Fig. 3. Fluorescence intensity of tyrosine-tryptophan in human serum and cord blood lyophilized at
different temperature conditions -20°C and -80°C. Data are presented as m = SD (n=6).
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Therefore, it was discovered that lyophilization at -20°C causes significant structural
changes in the protein components of CBS, which is expressed in a decrease in the fluorescence
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intensity of tryptophan amino acid residues and a shift in the maximum of their fluorescence
band. In contrast, lyophilization at -80°C better preserves the native structure of proteins, as
evidenced by the almost complete preservation of the emission intensity of tryptophan amino
acid residues and a slight shift in the maximum of their fluorescence band.

The densitograms of frozen CBS and lyophilized CBS at -80°C were found to be similar
by electrophoresis, both samples demonstrate a complex protein profile with several distinct
peaks, indicating the presence of a significant number of protein components of different
molecular weights. The densitogram showing the analysis of CBS lyophilizate at -20°C
revealed a much smaller number of intense peaks, which may indicate a reduced protein
concentration, possible degradation and denaturation of protein components, as well as a
reaction to the effect of specific conditions of sample obtaining and preparation (Fig. 5, 6, 7).

Dz

Fig. 5. Graphic representation of the densitogram of electrophoretic separation of proteins of frozen
human CBS by denaturing electrophoresis in polyacrylamide gel. Rf (horizontal axis) reflects the
relative migration of protein components in the polyacrylamide gel; signal intensity (vertical axis)
indicates the degree of protein staining, which correlates with the concentration in the sample. Data
are presented as m = SD (n=60).
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Fig. 6. Graphic representation of the densitogram of electrophoretic separation of proteins of
lyophilized CBS at -20°C by denaturing electrophoresis in polyacrylamide gel. Rf (horizontal axis)
reflects the relative migration of protein components in the polyacrylamide gel; signal intensity
(vertical axis) indicates the degree of protein staining, which correlates with the concentration in the
sample. Data are presented as m £ SD (n=6).

In summary, the results obtained indicate that lyophilization is a perspective method of
long-term storage of human CBS with minimal loss of its protein composition and properties.
In particular, the analysis of the total protein concentration showed that in samples lyophilized
at a cooling temperature of -80°C, the protein content was practically the same as in frozen
control serum. This is confirmed by the results of spectrofluorimetric analysis, where the
fluorescence intensity of the aromatic amino acids tyrosine and tryptophan in lyophilized
samples at -80°C remained almost at the level of the frozen sample. Instead, lyophilization at a
cooling temperature of -20°C was accompanied by significant losses of protein fractions, a
decrease in total protein concentration, and a decrease in fluorescence intensity. This may be
due to partial denaturation of protein molecules.
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Fig. 7. Graphic representation of the densitogram of electrophoretic separation of proteins of
lyophilized CBS at -80°C by denaturing electrophoresis in polyacrylamide gel. Rf (horizontal
axis) reflects the relative migration of protein components in the polyacrylamide gel; signal
intensity (vertical axis) indicates the degree of protein staining, which correlates with the
concentration in the sample. Data are presented as m + SD (n=6).

The data obtained are consistent with the literature, which indicates the benefits of
lyophilization over traditional storage at higher temperatures for biomaterials containing
proteins [13-19]. For example, a study of freeze-drying for extracellular vesicle preparations
stored at -80°C showed better results than just freezing [25]. The high level of preservation of
protein components in lyophilizates at -80°C allows us to consider this method as optimal for
the preparation of stable CBS products for further use in research, in particular in the area of
regenerative medicine [26, 27].

CONCLUSIONS
Research into the preservation of serum composition is important for the further use of
CBS in various areas. Storage of the lyophilized product is less costly than freezing, which
significantly affects the choice.
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Lyophilization of human CBS with pre-cooling at -80°C allows to maintain protein
concentration, number of fractions and protein structure according to electrophoresis and
spectrofluorimetry. Lyophilization of CBS with pre-cooling at -20°C significantly reduces the
protein concentration, number of fractions and changes the structure of proteins compared to
frozen CBS.

It is important to study the composition of serum to understand the effect of storage. The
effect of such serum on the organism remains unexplored and requires further research.
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MEIUKaMEHTO3HOTO JIIKYBaHHS BAXKKHX 3aXBOPIOBaHb, 30KpeMa OHKONATOJ0TiH. OHUM 3 IepPCIIEKTHBHUX
MiAXOIIB € 3aCTOCYBaHHS CHPOBATKH KOPIOBOi KPOBi AK JDKEpesia PEreHepaTHBHUX KOMIIOHEHTIB IS
MiATPUMKH OpraHi3My marieHTiB. CHpoBaTKa MICTHUTh IIUPOKHH CHEKTp (haKTOpiB POCTY, IUTOKIHIB Ta
IMYHOCYNPECHBHHX KIITHH, IIO CIPHIIOTH BiJHOBICHHIO TKAaHWH Ta PEryJsmii iMyHHOI BiIMOBifi.
BaxmiBuM 3aBaHHSM € 30epekeHHs 010J0TI4HOT aKTUBHOCTI OIIKOBUX (DpaKIiii CHPOBATKU ITYIIOBHIHOT
KpOBi Ipy TpuBasioMy 30epirani. Jlioginizaris po3risaaeTbes K OANH i3 HalOUIbII e(heKTUBHUX METOIIB
crabinizauii 6iosoriunux pedoBuH. [IpoTe onTUMaNbHUN TeMIEpaTypHUH PEXUM JUIsl 30€pexXeHHs OUIKIB
CKK mix gac modinizanii notpedye moaibpmoro J0CiiHKeHHs.
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MeTa — OLIIHUTH BIUTUB Pi3HUX PEXHUMIB JTiodinizamnii Ha cknaj i crabinbHICTh O1IKIB CHPOBATKH KOPJOBOT
KpOBI.

Marepianu i meToau. JlociipKyBanyu CHpOBaTKy KOPAOBOi KpOBi Micis 3amopoxyBanHs 1o -20 °C Tta
miodinizanii 3 monepeaniM oxonomxeHHsM 10 -20 °C ta g0 -80 °C. BusHauanu 3araabHUA BMICT OLIKY
CTaHAApPTHUM HaOOPOM I BH3HAUYCHHS, 3aJHUIIOK CyXOl PEYOBMHH 3Ba)XXyBalM HA aHATITUYHHUX Barax.
BinkoBwii cKiTa] BUBUAIHA METOAaMH CIIEKTPOIIyOpHMETii Ta elIeKTpodopesy B MOTiaKpiIaMiIoOMy Teli.
CriekTpoIyOprMETpUIHO aHATI3yBall 3aJIUIIKA apOMAaTHIHUX aMiHOKHCIOT (THPO3HH-TpUOTO(AH,
tpunrodan). EnexrpodopeTHdaHo HOCTIIKyBall MK Y MPOTETHOBUX MPO(IIIX aHATITHIHHUX 3pa3KiB Ta
MOpiBHIOBAIIN 30€pEKeHICTh OioMaTepiairy.

PesyasTaT. Bymo mokazano, mo 3amMopokyBaHHA Ta miogimizamis mpu -80 °C 3a0e3medyioTb BHCOKY
CTaOUIBHICTh KITBKOCTI OiNKOBUX (pakuiii Oe3 3HAYHOI BTpAaTH 3arajbHOi KinbKocTi Olnky abo ii
CTPYKTYpHHUX 3MiH. HatomicTs miodinizanis npu -20 °C cynpoBopKyBanacsi JOCTOBIPHUM 3HHKEHHSIM
3arajbpHOI KiJIbKOCTI OUTIKY Ta OUIKOBHX (pakiiii, 3SMiHOIO CTPYKTYPH OUIKY, IO CBIAYMTH IIPO arperario,
JICHaTypallio Ta Jerpajauito OUIKoBHX Moiekysd. JleHcuTorpama Jiodini3oBaHOi CHpOBATKH KOPJIOBOL
KpOBI mpu 0x0J10KeHi 10 -80 °C Oysia 3HaAYHO HAOIMKESHOIO JI0 PE3YyIbTaTy 3aMOPOIKCHOTO 3pa3Ka, y TO’
yac, SK aHai3 IMKiB Ji0oQiIi30BaHOI CHPOBATKH MpH oxXosomkeHi 10 -20 °C moka3aB 3HaYHE 3HIDKCHHS
MOKA3HHKIB.

BucnoBku. Jliopimizamis CKK mronmam 3 momepenHiM oxonomkeHHsIM -80°C mo3Bomsie 30eperTu
KOHIICHTpAIifo OiNKy, KUIBKICTP (Qpakmiii Ta cTpykTypy OLIKIB 3a HaHMMHU eJekTpodopesy Ta
cunekrpodayopumerpii. Jliodimizamis CKK 3 momepemnim oxomomkeHHAM -20°C 3HAYHO 3HUKYE
KOHIICHTpAIIiI0 OUIIKY, KUTBKICTE pakiliii Ta 3MiHIOE CTPYKTYpY OUIKIB y mopiBHAHHI 3 3aMopoxeHoro CKK.
KJIIFOYOBI CJIOBA: cupoBatka KOpZOBOi KpoOBi; crekTpodiayopumMeTpisi; enexrpodopes; miodimizarmis;
3aMOpPO’KYBaHHSI; 30epiraHHs; KpiOKOHCEPBYBaHHSI; pereHepaTHBHA MEIHIMHA.
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AKTyalbHicTh. J{J1 pO3ILIMpeHHs] TEHOTUIIOBOTO Pi3HOMaHITTS canaTy juctkoBoro (Lactuca sativa var.
secalina L.) moIiIbHO BUKOPUCTOBYBATH METOAM (Hi3HUHOTO i XIMIYHOTO MyTareHesy, siKi I03BOJIAIOTH
3MIiHIOBATH KOPHCHI O3HAKH BHUXiMHOI (DOPMHU, AKi IMOTIM MOYKHA MPHUCKOPEHO CTaOLIi3yBaTH 32 paxyHOK
iHOpuanHTYy. Biodizmuni MeToan ¢eHoTHmOBOI imeHTHdIKAIIT 1 KIacudikamii JOCTIHKYBaHIX 3MiH, SKi
ITPYHTYIOTBCS Ha TEXHOJOTil MyIBTHCIEKTPaJIbHOI Bi3yami3amii, Hapa3i € 1e HeJOCTaTHbO
YAOCKOHAJICHUMH. TOMy € [OUUIPHHM TPOBOAWUTH OiOMETpW4HI BHUMIpIOBaHHI 1 Mopdoioro-
ineHTHdiKaiitani aHai3 GEeHOTHIY MyTaHTHUX T€HOTHIIIB 32 OaIBHOIO OIIHKOIO PiBHIB MPOSBY SKICHUX
O3HaK.

Mera. BuzHauutu 0cOOJIMBOCTI MyTareHHOIO BIUIMBY Y-OIPOMIHIOBAHHS 1 OlOJIONIYHO-aKTHBHHX PEYOBHH
MyTareHHoi Jii Ha TeHOTUIIOBY MIHJIMBICTb SIKICHUX O3HAK JIMCTKOBOI IUIACTHHKH POCIIMH CajlaTy JIMCTKOBOTO
BereTaTMBHOI (ha3W pPO3BUTKY Ta JOCHIIUTH KOPEISLINHI 3B’SI3KM MDK acomlialli€lo SIKICHUX O3HaK, IO
BU3HAYaIOTh (DEHOTHIT CIIPABXHBOTO JIMCTKA 1 KUIbKICHUMH O3HAaKaMH JIiHIH cajaTy JIMCTKOBOIO MYTaHTHOTO
TIOXO/IKEHHSL.

Metonu. HenapamerpnyHa CTaTUCTHKAa Ta KPHUTEpii IJIsI NMOPIBHSHHS POCIMHHHAX OO0’ €KTIB, METOIH
GoTtaniyHOI KITacudikarii canaTy JUCTKOBOTO, KOPEIALIMHIN aHaIi3.

Pe3synbTaTi. BuBueHO MyTareHHUi BIUTB TPHOX OionorigHo akTuBHUX peuoBrH ([IMC (eranon), /IMVY-1,
JAMY-5) ta y-npomeHiB y mo3ax 11 i 15 kP Ha TeHOTHITOBY MiHJIHUBICTB cajlaTy JIUCTKOBOTO 32 KOMILIEKCOM
SAKICHUX O3HaK. [IpoBereHo MOpiBHAIIBHUN aHai3 po30KHOCTEH MK SKICHUIMHU O3HaKaMy BUXiTHOI (opMu
(copt Illap mammHOBHIA) Ta CTBOpPEHHMX Ha ii ocHOBi 17 MyTaHTHHX JiHid. B pe3ymerarti BHmpoOyBaHHS
MyTareHiB MiATBEPIDKEHO iX BHCOKY e()eKTHBHICTh B IHIYKLIi MyTalliifHUX 3MiH B T€HOMI cajlaTy JIMCTKOBOIO,
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O. B. Ilo3nsk, JI. B. Yaban

TIOB’SI3aHKUX 3 MOP(OJIOTIEI0 JIMCTKOBOI IIACTUHKY. HaitOoutbiry eeKTHBHICT BUsiBUB npenapar JIMVY-1 3a nii
SIKOTO OZIepPKaHO 6 MYTAaHTHHX JHIA. 3a [ii y-ompomintoBaHHS 103010 15 KP omepikano 4 miwii. 3a mii y-
ompomiHroBaHHs 103010 11 kP i IMC cTBOpeno 1o 3 JiHii, BiqmoBigHo. 3a BUKOpUCTaHHS npenapaty JMY-5
onieprkaHo 1 JiHiro.

BucHoBku. BcraHOBneHI KOpenmsmidHi 3B’S3KM MDK PIBHAMH TIPOSBY SKICHMX 1 KUIBKICHHX O3HAaK
JIO3BOJISTIOTH TIPOBOJUTH Bi0ip MOTEHIIIHHO BHCOKONPOIYKTUBHUX MYTAaHTHHX JIiHIA canaTy JHUCTKOBOTO
3aJIEKHO BiJI yCTIQIKOBAHNX MYTAIlIHIX 3MiH, SIKi BH3HAYAIOTh MOP(OIIOTIIO CIIPaBKHBOTO JINCTKA. 30KpeMa,
BUHUKA€ MOXKJIMBICTh IPOBOJIUTH JOOIp MYTAaHTHUX TEHOTHIIB 32 MPOTHO30M pIBHS MPOSIBY KUIbKICHOT
osHaku «Iupuna muctka» (rs = 0,483), 1110 € BOXKIMBOIO B 4CHIEKTI MPOTHO3Y MOTCHIIIFHOT MPOTyKTUBHOCTI.
KEYWORDS: niHii canaTy JHUCTKOBOTO; CIPaBXHIN JINCTOK; SIKICHI 1 KUIBKICHI O3HAKH, XIMIYHHM i
(i3nuHMA MyTareHes3; KOpeJsLiiHi 3a1eKHOCTI.

Cepen icHyrOUMX 3eJICHHHX KyIbTyp canat nociBuuii (Lactuca sativa L.) Big3HauaeTbest
HaHOUTBIIMM piBHEM cBiToBOro BupoOHHUITBA [1-3]. Cepen ychoro BHUIAOBOTO Pi3HOMAHITTS
0COOJIMBOIO TOMYJIAPHICTIO Ha PUHKY KOPHUCTYEThCS cajaT MOCiBHMI JucTKoBui (Lactuca
sativa var. secalina L.). OcCHOBHUMYM BUMOTaMH 10 Cy4aCHHX COPTIB JaHOTO BHUIY € BiIMiHHI
CMaKoBi SIKOCTi, opuriHaibHi (opma i1 3a0apBie€HHSA JHCTS, BHUCOKAa MPOAYKTUBHICTH Ta
OiooriyHa IiHHICTB, CTIHKICTH JO CTPEcCOBUX (akTOpiB BHpouryBaHHs [4—6]. Tpamurmiitaa
ceJIeKLlifHa cXeMa CTBOPEHHsS HOBUX COPTIB callaTy JIMCTKOBOIO mependadae MpOBEIACHHS
mTydHoi riOpuan3amii 3 MOJANBIINM IHIMBITyaJbHIM, TPYIIOBUM Ta MAacoOBUM BigOOpamu.
KBiTKHM canaTy JIUCTKOBOTO (paKyIbTaTHBHO 3aMWIbHI, OCKUIBKY 1€ B OyTOHAaX BiJOyBa€eThCs
camMoO3amwICHHs dYepe3 NWiIkoBi TpyOku [7-9]. Bracmigok doro icHyroua TpaguiliiiHa
TEXHOJIOTISl CXpellyBaHHS HE € e()eKTUBHOIO, OCKIJIbKA 00yMOBIIEHA CKJIAHOK aHATOMIEIO 1
MaJIMMHU PO3MipaMH KBITKH, IO 3/aTHA 10 CaMO3AIMJICHHS, a TaKOX OCOOJIMBOIO 0i0JIOTiO
BITIHHSA y 1aHOTO BUAy pociut [10-12].

JIJis po3MIMPEHHsSI COPTOBOTO PI3HOMAHITTS cajaTy JIMCTKOBOTO Y CEJICKIIMHIN MpaKTUIl
JOLLTBHO BUKOPUCTOBYBATH allbTEPHATHUBHI, OUTbII €()EeKTHBHI METOANU CTBOPEHHS BUXITHOTO
Matepiany. OTHUM 13 HUX € 1HAYKOBaHUWA MYTareHes, 3a JOMOMOIOI0 SKOTO MOKHA 3MIHUTH
Juie ofHy abo MeKinbka O3HaK BUXIAHOT (hOpMHU, sIKI IOTIM MOKHA CTa01Ii3yBaTH 3a BiJHOCHO
KOPOTKHU IPOMIXKOK Yacy B Pe3yJIbTaTi MPOBEICHHS IHOPUANHTY TPOTSATOM JIEKLITBKOX ITOKOTiHb
[13]. MyTatii MOXXyTh BIUIMHYTH Ha €BOIIOLIIO0 Ta MOJIMIICHHS cajary mociBHoro (Lactuca
sativa L.). Iopsin 31 3BUuaifHOIO TiOpUIU3ALIE0, MITYYHOK a00 MPHPOAHOI0, 1HIYKOBAaHHN
MyTareHe3 € eQEeKTHBHUM 3aXOJOM CTBOPEHHS TI€HETUYHOI MIHJIMBOCTI, $Ky MOJXKHA
BUKOPHCTOBYBATH y (Di3i0NOTIYHMX YW TEHETWYHUX JOCHipkeHHsX [14-16]. 3actocyBaHHs
MyTareHe3y TakoX Jy>ke e()eKTHBHO B CENEeKIii pi3HUX BUIIB CayaTy JUIs MOJIMIIEHHS HU3KU
TOCTIO/IaPCHKO-IIIHHAX O3HAK (CTIMKOCTI O XBOPOO, MiJBHINECHHS BPOXKAWHOCTI, MPHIOAHHS
HOBUX KOPHCHHUX SIKICHMX O3HAaK TOILO) OCOOJMBO Yy THX BHMIQAKAX, KOJU 3a 3BHYAMHOIO
CXpEIIyBaHHs I€HOTUIIOBA MIHJIMBICTh Y MTOTOMCTBaxX OyJia MOB’s3aHa TUIBKU 3 PEKOMOIHAIII€I0
TUX O3HAK, sKI BXKE€ ICHYIOTh y OaThKIBCBKMX KOoMmmoHeHTax [17, 18]. Myrariiina cenexiis
BBA)KAETHCS HETPAHCTCHHOIO, BOHA € OUIBII MPUMHATHOIO JJIsI CIIOKHBAYIB 1 MPAKTUYHO HE
3ycTpivae mpoTHii 3 OOKY 3aXHCHHKIB HABKOJIMIIIHBOTO CEPEIOBUINA, YPSIIiB, BAPOOHUKIB Ta
IIMPOKOTO 3araigy. Xoda Mpolec MyTareHe3y Mo)kKe OyTH HECKJIQJHUM, BCE XK TaKd MOTpiOHA
Jiesika TIPaKTHKa 1 JOCBiJI, 00 BU3HAYUTH MPABUIIBHY JI03y MyTarcHy, 1o 3a0e3edy€e BUCOKY
YacTOTY MyTallii 1 HU3bKY JICTaJbHICTh. Uepe3 BUMAAKOBUI XapakTep MyTareHe3y HeoOXiJTHO
BCTAHOBHUTH BEJUKY IOMYJIAIIIO JiHIM, 0 MYTYyBalH, JJIs TOTO 1100 BOHU OyJHM MPAKTHYHO
KOPUCHUMH  JJIsl  CeNIeKIiiiHoro mpouecy. Moxe 3HamoOMTHCS  BelIMKa  IUIOLIA
EKCIIEPUMEHTAIILHOI TUISTHKH, 100 BUPOCTUTH POCITUHH MOKOMIHHS M1 1 OTpUMaTH TIOCTaTHBO
HACIHHS 1151 cenekIii mokominus M2 [14, 19]. IcHye n'aTh OCHOBHUX BHIIB cajlaTy MOCIBHOIO —
rosioBuactuii (var. capitata), mamisromouactuii (var. acefala Alef.), pomen (var. longifolia),
mucTkoBui (var. secalina), cre6moBuii (var. angustana jrish), siki Hajexarth 10 TPyMU 3eJICHHUX
KyJIBTYp. 3AaTHICTh 10 CaMO3alMJICHHS calaTy e 0 PO3KPHUTTS KBITOK CTBOPIOE YMOBH VIS
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Horo oOMeXeHOi TeHETHYHOT MIHJIMBOCTI MOPIBHSHO 3 IHIIUMH TEPEXPECHO-3aMMIIOBAHUMHI
KyJnbTypamMi. MyTareHHi areHTH, Taki $K PpEHTIeHIBChbKI MpOMeHi, yibTpadioneTroBe
BUIIPOMIHIOBaHHS, HEUTPOHH, MPOTOHH, alib(a-, 6eTa- 1 y-mpomeHi, ado XiMiuHI MyTareHH, TaKi
sk erunmeradcynbponat (EMC) i qumetuncynbgat (JJMC) BUKOPUCTOBYIOTCS B CETEKIIIl s
HE3HAYHOTO 30LIBIICHHS YaCTOTH MYTalliid, IJIs1 OTPUMaHHS aJbTEPHATHBHUX 3a (EHOTHUIIOM
MYTAaHTIB IIOPIBHSHO 13 BUXiTHUMU popmamu abo SIK JpKepesio HiHHMX KOPUCHUX 03HaK [20-23].
JlocniiyKeHHsAM 3 1HIYKOBAaHOIO MyTareHe3y cajary JUCTKOBOIO MPUALISETHCS 3HAYHOI yBark y
KpaiHaX 3 pO3BUHYTUM arpapHUM CEKTOPOM €KOHOMIKH. 3aBISKU YOMY BIAJIOCS BUPIIIUTH Pl
BOXJIMBUX IpoOJieM, IOB’SI3aHUX 3 IMOKPAIIEHHSIM TOCHOJAPCHKO-IIIHHUX IOKa3HUKIB JaHOi
3eJIeHHOI KynbTypu [24, 25]. JloBeneHo, 1o HaiOUIbIIoro eeKTy BiJi BUKOPUCTAHHS PI3HHX 32
MIPUPOJIOI0 MYTAareHHUX YNHHHUKIB JOCATAETHCS SAKIIO B pa3i 00’ ekTa 00pOoOKH BUKOPUCTOBYBATH
HOBITPSHO-CyX€ HAaCIHHS cajaTry JUcTKoBoro [14, 19].

[IpoxyKTHBHIM OpraHOM cajiaTy JIMCTKOBOTO € PO3ETKA JIUCTKIB. 3aJIeXKHO Bl COPTOBOTO
TEeHOTHUITy POCITUHHU MalOTh Mepiol rocrnoaapcbkoi npuaatHocTi Big 10 go 15 xi6. [Ipotsrom
BEreTaTHBHOI ()a3W PO3BHTKY POCIMHHU YTBOPIOIOTH CHPABXHI JIMCTKH Ha 4-5 moOy micis
(GopMyBaHHS KOTHJIEAOHIB. Y MOAAIBIIOMY PICT JIMCTKOBOI PO3ETKH 3HAYHO MOCHIIIOETHCH.
CanaT TUCTKOBHI B1I3HAYAETHCS 3HAUMM IF€HETUYHUM PI3HOMAHITTAM JIMCTKOBOI MJIACTUHKHU
3a acollialielo SKICHUX O3HaK, SIKi BU3HAYaIOTh ii (hopMy, 3a0apBiIeHHS, KOHCUCTEHIIEIO Ta
xuiIKyBaHHA [ 12]. Mopdorenes Ta picT JHCTS cajlaTy JUCTKOBOT'O MAIOTh CKJIAJHI MEXaHI3MH
perysnii. KpiM reHeTHkH, cepeloBHILE iICHYBaHHS TaKOK MOXKE 1CTOTHO BIUIMBAaTH Ha 3MIHY
CTPYKTYpH JIHCTS, HOTO KOJip Ta >KWikyBaHHS. OmmcaHi i J00pe TIOMITHI O3HAKU
HANPO3MOBCIOKCHIIINX COPTIB callaTy JIMCTKOBOTO JAyXe BaXKJIWBI Ui iaeHTUikarii
¢deHoTUIly Ta aHami3y acouiauii pEeHOTUN-TEHOTUII. Y BChOMY CBITI HEMOXKJIMBO 3HAWTH /Ba
OJIHAKOBHUX JIMCTKA, aJie JJUCTS PI3HUX COPTIB calaTy, HMOBIPHO, BUSBIISIOTH OUIBIITY CXOXKICTh
[26]. BoueBup, 10 CTATUCTUYHUX O3HAK BCHOTO JINCTA HEJAOCTATHBO ISl JJOKJIAJHOTO OIHCY
BiIMIHHOCTEW MK copTamu. Pi3HI KOMITIOHEHTH JIUCTS BUKOHYIOTh NIEBH1 (i310J10T14HI (PYHKIIIT
1 MOXYTbh OyTH KUTBKICHO OITMCaHi Ta IHTEPIPETOBaHI 3 BAKOPHCTAHHIM X BIaCTUBOCTEH, 110
crocTepiralotbes. BisyanbHO JHMCT canlaTy JHCTKOBOIO MOYKHA PO3AUIMTH Ha Pi3HI
¢yHKIiOHaNMBHI 00MNAcTi, Taki SK YepemioK Ta JKWJIKKA Ui MEXaHIYHOI MIATPUMKH 1
TPAHCTIOPTYBaHHS MOKMBHUX PEUYOBHH, iHIII oOmacTi — ans doTtocuHTedy. HuHi icHyroui
METOAM CTPYKTypHOTO (PEHOTHITYBaHHS CIIPABKHBOTO JMCTKAa Oyab-SKOTO BHUIY CallaTy
IIOCIBHOTO He 3a0e3MeuyloTh MOMJIMBOCTI YITKO pPO3PI3HATH Horo ckianoBi. Oxpemi
KOMITOHEHTH CIPaBXHBOTO JIMCTKA MOXKHAa BH3HAYUTH BPYYHY, INPOTE IIEd Mpolec €
TPYIOMICTKHM 1 3a0upae Oarato uvacy. [IpoBemeHo Kinbka MOCHIPKeHb (DEHOTHUITYyBaHHS
JUCTKIB cajaTy JIMCTKOBOTO HA OCHOBI BUKOPUCTaHHS iX HHUPPOBUX 300pa)keHb sl
KOMIT IOTEpHOT OOpOOKHM pe3ynbTaTiB Bidyamii3alii CTPYKTYpHUX KOMIOHEHTIB [26, 27].
3arponoHOBaHUN EKCTIEPUMEHTAIBHUH MiJXiJ 3aKiafae eQeKTHBHY CTPATETil0 KUIBbKiICHOTO
aHaJli3y TOHKOI CTPYKTYpH Ta KOMIIOHEHTIB BIJOKPEMJICHOTO JHMCTKA caiary JIMCTKOBOIO 3a
JIOTIOMOTO10 010 i3WYHUX METOMIB JOCHTIJKCHb, SKI TPYHTYIOTHCSI Ha OCHOBI METOJIB
MYIbTICIIEKTpalIbHOT Bizyaunizarii. [IpoTe Ha naHuii yac, JaHi METOIM aHaIi3y 3HAXOIAThCS 111e
Ha cTaail po3poOKH 1 MOTPeOYIOTh OUTBII JOCKOHAIOI CHCTEMAaTH3allii OTPUMAHHUX IaHUX.
[Moganeimmii mporpec y BUPIMIEHHI I[bOTO MUTaHHS J03BOJIUTH OUIBII AE€TANIBHO BIJOKPEMHUTH
YHCICHHI O3HAaKW Ui Kiacudikamii 1 imeHTHdikamii mucTd Ta HagaTH OUIBII TOYHY
00YMCIIOBAJIBHY OCHOBY JIsi Horo (yHKILIOHaJIbHOro aHamiizy [26]. OcHOBHa CTpPYyKTypa
CITPaBXHBOTO JINCTKA BCTAHOBIIIOETHCS HA PaHHIN cTajli Horo po3BUTKY. OpraHoreHes JUCTS
CKJIAJIa€ThCs 3 Mpolecy (hopMyBaHHS JTUCTKOBOI IJIACTUHKHU, CTPYKTYPH KWIKyBaHHs, popMu
KpaiB 1 ocobimBocTei 3abapBieHHs [28].

OnmHuM 13 KJIIOYOBHX €TaliB CENEKIIHOro Mporecy € 100ip MOXITHUX JKepen, IO
IPYHTY€ETBhCSI Ha CYKYITHOCTI O3HAaK, XapaKTEpPHUX Ul KOHKPETHUX reHoTumniB. OcoOIMBOCTI iX
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NpOSIBY y COPTOBHUX MOMYJLISIX BHU3HAUaIOTHCS K MOXO/UKEHHAM BHIIB, TaK 1 BIUIMBOM
3MIHIOBAHOCTI Ta CTaOUIBHOCTI (iziomoriuanx ¢yHKmid pociuH. Ll dyHKIii GopmyroTses y
paMKax CKJIQJHOI B3a€MOJIl MIXK MOIYJISII€I0 Ta eKOJOTTYHNM cepenoBuieM. Knacudikarriitai
O3HAKH JAUIATHCS Ha MOP(OJIOTTYHI KUThKICHI i sIKiCHI. SIKICHI O3HAKH XapaKTepU3YIOThCS YITKUMH
IBTEPHATUBHUMH JTUCKPETHUMH NPOSIBAMH, TAKMMH SIK BUCOKUH YU HU3BKUM rabiTyc poCivH,
MIMPOKHI 200 BY3bKHH JIHICT, TIOBTHIA Y1 OKPYTIIHI KOJIOCOK TOIIO. KijIbKiCHI 03HAKH OXOIUTIOIOTh
yci TapaMmeTpu, SKi MOXKHA BHUMIPATH, TMiIpaxyBaTd a0o 3BaXUTH. BOHU JEMOHCTPYIOTH
Oe3rnepepBHy 3MIHHICTB, TIPH SIKiH TX 3HAYEHHS BapilOIOTh Y MIMPOKOMY aiarazoHi. OKpiM 1boro,
KUIBKICHI O3HaKM BIIPI3HAIOTBCS 3a 3aKOHOMIPHOCTSIMU YCTAJKyBaHHA B SKICHHX 1
XapaKTePU3YIOTHCS BUCOKOIO Uy TIIMBICTIO /IO BIUTMBY YMOB HAaBKOJIMIIIHBOTO cepenoBwia [29, 30].
V pi3HUX BUIB cajlaTy 0coOJIMBa yBara NpUALISETHCS SKICHUM O3HaKaM, 1110 BU3HAYAIOTh (DeHOTUIT
CTpaBXXHIX JIUCTKIB TOMY, IO IIi O3HAKU € TEHCTUYHO CTAOUTPHUMHU Ta HE 3MIHIOIOTHCS TIiJT
BIUIMBOM 30BHILIHIX (DaKTOpiB, Ha BIJMIHY BiJ KUIBKICHUX NOKa3HHMKIB. CaMe Ha OCHOBI
NPOBEICHUX JOCII/DKEeHp 3 Kiacugikamii repOapHUX 3pas3KiB CIPABKHBOTO JIUCTS BIAJIOCS
MIPOBECTH CUCTEMATHUKY CaJlaTy JIUCTKOBOIO [31].

3rigHo 3 Kinacudikariero Mi>KHAPOJHOTO COrO3Y 3 OXOpOHH HOBUX coptiB pociwH (UPOV,
2021) y KOXXHOTO BHUAY POCITUH BHIAULAIOTHCS 10 50 Mopdomoro-ineHTudikamifHuxX O3HaK,
BIJITTOBIJTHO JTO SIKUX MPOBOJUTHCS EKCIIEPTH3a COPTIB 1 TiOpHIiB F1 32 KOMITIEKCOM anpoOariiHux
O3HakK. 3 OIJsIIy Ha Lie, B YKpaiHCbKOMY [HCTUTYTI €KCHepTU3M COPTIB MOCTIHHO MPOBOISTHCS
METO/INYHI PO3POOKH 3 YJOCKOHAJIEHHSI KBai(iKalliiHOT eKCIIEPTH3H COPTIB cajlaTy IMOCIBHOIO Ha
ocHoBi pekomermamii UPOV. Pesynpratom 1i€i poGoTH € po3poOka BiAMOBIAHOI METOIMKH-
KiacudikaTopy anpoOaniifHuX 03HAK, 32 SIKUMH PEECTPYIOTHCS HOBI copTH 3a Kputepisimu BOC-
TecTy (BIAMIHHICT, OHOPIIHICTD 1 CTAOUIBHICTB) MPOSBY arnpodariiftnux o3Hak [32]. Meronuka-
KiacupikaTop BU3HaUae OoTaHIKO-KIAacH(iKaIiiHI O3HAKM PI3HUX BHJIB CalaTy MOCIBHOTO —
crebioBoro (var. angustana jrish), rosmosuacroro (var. capitata), mamiBromoyacroro (Var.
acepfala Alef.), pomen (var. longifolia) ta muctkoBoro (var. secalina). Metonuka € 6a30r0 1Is
€KCIIePTHOrO OLIIHIOBAaHHS HOBHMX COpPTIB LIUIAIXOM BH3HAu€HHs arpoOauiifiHux o3Hak 3a BOC-
TECTOM, III0 € KITFOUYOBOO BUMOT'OFO TIiJT Yac MPOBEICHHS KBATI(iKaiiHOI eKCriepTH3n. 30Kpema,
rpajianiisi acoliaii sKICHUX O3HaK, 1110 BU3HAYa0Th ()EHOTHIT JIMCTKOBOI INTACTUHKHU ITPOBOAUTHCS
Ha OCHOBI BH3HAUCHHMX copTiB-eTasioHiB. [lim wac mposenerHss BOC-TecTy 3aCTOCOBYIOTHCS
BIAMOBIIHI 6aJIH SIKICHUX O3HAK, TOTPiOH1 AJ1st CTBOpeHH: Iu(poBUX KoAoBUX (hopmyn copty [32].
banbHa olllHKa HIMPOKO 3aCTOCOBYETHCS Yy CEJICKIIMHINA MPaKTHUL A1 ONTUMIZaLll IpoLeaypu
O0JIIKy 3Ha4eHb KUIbKICHUX O3HAaK, BHPAXEHUX (PI3MYHUMU OAMHMULAMHU BUMipy. CTBOpEHHS
pENIeBaHTHUX KA Kiacuikarii Gpi3smaHuX 3HAYCHb IMX O3HAK 3 IPUCBOEHHSM 1M BiJIIIOBIIHOTO
Oaity T03BOJISIE i1 Yac OOJIIKY OXOIUTIOBATH 3HAYHHIA ITPOCTIP OJTHOMIPHUX OITIHOK Ta BiA0OpakaTh
ix B Oamax [12, 33, 34]. [akonu 3acTocyBaHHSI OAJILHOI CHCTEMH OIUHKH € €JIWHO MOKITUBHM
3aX0JI0M IIOJI0 OIIHKHK CEJIEKIIHHO-IIIHHMX (DOPM POCIIHH 10 BU3HAYEHHIO PO30DKHOCTEN MK 1X
POCTOM 1 pO3BUTKOM Ta ()EHOTUIIOM O3HAK, IO BiJOOpPAXKaIOTh iX OHTOreHe3. BiqMIHHICTh MiX
CEJICKIIMHO-IIIHHIMH 3pa3KaMH POCJIHH, Y SIKUX PIBEHb MPOSBY O3HAK BUPAKECHO B OajlaX MOXKHA
OLIIHUTH 32 HemapaMeTpruaHuMu Kputepisimu [35]. Lli kputepii MOXXyTh OyTH KOPUCHUMH TIiJ] Yac
aHaJTI3y BIIMIHHOCTEH CENEKIIIHHOTO MaTepialy, 30Cepe/DKYIOUH yBary Ha B3a€MO3B'SI3KY O3HAK,
II0 Pa30M XapaKTepU3YyIOTh BIAIMOBIAHI IHTETPOBaHI BJIACTHBOCTI 1 BIUIMBAIOTh Ha IPOSBH
MaKpOCKOMIYHOT MiHIUBOCTI. OCOOIMBO 11€ CTOCYETHCSI 0OCOOMBOCTEN (POPMYBaHHS BEreTaTUBHOI
cdepu abo 3arajgbHOI JKUTTEBOT (POPMH y MeKax MEBHOTO HAOOPY O3HAK, sIKi IX BU3HAYAIOTh.

MeTta mocimipkeHHS — BHU3HAYUTH OCOOJIMBOCTI MyTareHHOTO BIUIMBY Y-OIPOMIHIOBAHHS 1
010JIOTTYHO-aKTUBHUX PEYOBHH MYyTareHHOi Mii Ha TE€HOTHUIIOBY MIHJIMBICTH SKICHHUX O3HAK
JIMCTKOBOI IUIACTUHKU POCIIMH CajlaTy JIMCTKOBOTO BEreTaTHBHOI (ha3u PO3BUTKY Ta JOCTIJUTH
KOpEJISILiiHI 3B SI3KM MK acOLialli€lo SIKICHUX O3HAK, 10 BU3HAYAIOTh (PEHOTHIl CHPABKHBOTO
JIMCTKA 1 KUTbKICHUIMH O3HaKaMH JIIHIN cajaTy JUCTKOBOTO MyTaHTHOTO TIOXO/KEHHS.
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MATEPIAJIM I METOAU

[MonpoBi pocnimpkeHHs npoBoamIncs npotsarom 2021-2023 pokiB Ha eKCIIEPUMEHTATILHOMY
nom JlocmigHoi craHmii «Masik» [HcTUTYyTy OBOYiBHMIITBA 1 OamrtanHunTBa HAAH
(c. bakmanoBo YepHiriBchkoi 007acTi). ATpOKITIMAaTHYHA 30HA MPOBEACHHS IOCIHiIKEHb —
[TiBaiunuit Jlicocten Ykpainu. OOG’€KTOM MOCTIKEHb CIYTyBaJd MYTaHTHI JIHIT cajaTy
JIMCTKOBOTO MOKOMIHHA M3—Ms, cTBOpeHi MeTogaMu (hi3HYHOTO 1 XIMIYHOTO MyTareHe3y Ha OCHOBI
BiTYM3HSIHOTO copty lllap mManwuOBuMil. [Ijis1 oTpuMaHHS MyTaHTHUX (OpM cajlaTy TPOBOIMIN
nepearnociBHy 00poOKy MOBITPSHO-CYXOTO HACIHHS IperapataMd MYTareHHoi mii, 3 SKuX
mumetwicynbdar (IMC) e eramonnuM mpemaparom, a JIMVY-1 1 JIMVY-5 ioro XiMiyHUMH
aHaJIoraMu BITUYM3HSIHOTO BUpoOHMIITBA (Tab:. 1). [IpoBoammacs nepeanociBHa 00poOka HACIHHS
BOJHHMMHU PO3YMHAMM BHILIEBKa3zaHuX mpemnaparis (koHuentpaii 0,1 1 0,05 % npotsrom 3, 6 1
18 roz.). KontponbpHuii BapianT nepezdadaB 3aMOYyBaHHSI HACIHHS calaTry y JAWCTHILOBAaHIN
BO/Ii 32 BUIIEBKa3aHUX eKCMO3uMii. KokeH 3 JoCIiTHIX 3pa3KiB cajaTy BUCIBAIM Ha OOJIIKOBHX
AinsHKax miomero 4,2 M2, 3a HOpMU BUCiBY HaciHHs 0,9 T/l y 4OTHPHOX KpaTHiil TOBTOPHOCTI.
YV 2019 pomi 6yno onepskane mytantHe nokoaiHAsS Mi. [Ipotsarom 2021-2023 pokiB 3a iposiBOM
KUTBKICHHX 1 KICHUX O3HAK BUBYAJIKCS MYyTaHTHI 3pa3ku MOKOMiHHSI M3—Ms, siki Ha ToM yac 3a
CTYIIEHEM TEHETUYHOI OIHOPIAHOCTI 1 CTaOLIBHOCTI CHaaKyBaHHS (DEHOTHIIOBHX O3HAK
BIAIOBIAAJIN JIIHITHUM I'€HOTHUIIAM.

Tabmums 1. Cxema mociigy 3 pO3IIUPEHHS TEHOTHIIOBOI MIHIMBOCTI cajaty JUCTKoBoro copty lllap
MAQJIMHOBHY MeTOaMH (Pi3MYHOTO 1 XIMIYHOTO MyTarcHe3y

Table 1. Scheme of the experiment on expansion of genotypic variability of Shar malynovyi lettuce variety by
methods of physical and chemical mutagenesis

Ne Bap. . Jlo3a 00poOKHM HACIHHSA Y-ONPOMIHEHHSIM
. MyTareHHUI YUHHUK . .
JIOCTiy Ta eKCIO3UILis il MyTareHHO1 peYOBUHU
1. KoHTpoib be3 00poOku
2. 7 kP
3. Y-OTIPOMIHIOBaHHS 11 xP
4, 15 kP
5. 3 rox.
6. Humeruncynsar (JIMC) 6 TOI.
7. 18 rox.
8. 3 rox.
9. JIAMVY-1 6 roj.
10. 18 rog.
11. 3 rog.
12. JIMVY-5 6 Tom.
13. 18 rog.

BizyansHrMy criocTepe:KeHHAMH 32 POCTOM 1 pO3BHTKOM MYTAaHTHHX JIiHIM OyJI0 BUSABJICHO 1X
TeHETHYHO YCIIaJIKOBaHi BIIMIHHOCTI Bijl BUXiHOI (hopmu, copty [1lap manunoBmiA, 32 Mopdooro-
1AeHTH]IKAIHIMI O3HAKaMH CTIPaBKHBOTO JIMCTKA. 30KpeMa, OyJi0 BHSBICHO BIMIHHOCTI y 16
SKICHUX O3HaK 3 17 TpoaHani30BaHMX, IO BH3HAYAIOTh (DEHOTHI JIMCTKOBOI IUIACTHHKH.
InenTrdikariiro mpoBOAMIN y BIIMOBIHOCTI 0 METOIMKU-KIacH(IKaTOpy YKpaiHCHKOTO [HCTUTYTY
EKCIIePTH3H COPTIB POCIIFH Pi3HMX BUJIIB caslaTy MOciBHOTO [32]. JleTanbHuii eperik SKiCHUX 03HaK
HaBeJICHO B TaOymIt 3 po3aity craTti “‘PesynbTaTté Ta 00roBOpeHHS .
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Jlns BU3HAuUeHHS BIIMIHHOCTEH (DEHOTHIIOBOTO PI3HOMAHITTS CHPABXKHIX JIHCTKIB MDK
MYTaHTHUMH JIHISIMU 1 BUXITHUM COPTOM 3aCTOCOBYBAJIM METO/M HENAPAMETPUYHOI CTaTUCTUKU
[36]. 3okpema, 115 CTATUCTMYHOI OOPOOKH JJAHUX PIBHIB MPOSIBY SKICHUX O3HAK, BUPAKEHUX Yepe3
OabHY OLIHKY MPOBOIVIIM 32 JIOTIOMOTOI0 AWCTIEPCIHHOTO aHatizy PpiqMaHa, TaKoXK, TIPOBOIMIIH
po3paxyHku koedimienty konkopmarii Kexmama (W) i koedirtienty kopemsmii Cripmana (Is).
Craructinuny 0OpOOKy pe3ysibTaTiB JOCHIDKEHb 3IIHCHIOBAIM 3a JOMOMOTOI0 MaKeTy
npukiaanux nporpam STATISTICA 12 (StatSoft ® Inc., USA).

OnHi€ro 3 METOAMYHUX BUMOT BUKOPHUCTAHHS KPUTEPIiB HEMAapaMETPUIHOI CTATHCTUKH 10
JOCHIKYBaHO1 BUOIPKHU SIKICHUX O3HAK € MOTpeda y HOPMYBAHHI1 1X BEIMYMH 0 OAHI€T OJUHHULIL
Bumipy [36]. VY 3amponoHoBaHiii Meroaumii-kiacudikaTopi s OIIHKA MOpdoIoro-
imeHTudIKaifHNX SKICHUX O3HAK, II0 OMNHCYIOTh (DEHOTUIT CIPaBXHBOTO JIMCTKA,
BUKOPHCTOBYIOTRCSI Pi3Hi Jliania30Hu BapiroBaHHs Oaiis: Bix 1 10 2; Bin 1 10 3; Big 1 1o 4; Bixg 1
1o 7;B8ia 3 1o 7; Bia 1 10 9. BincyTHicTh (heHOTUMOBUX MPOSIBIB O3HAKH MMO3HAYATACS OAUHUIHUM
Oanmom. J{ns yHigiKalli BUKOPUCTAHUX LKA MPU OL[IHIOBaHHI 0YyJIO 3aCTOCOBAHO PO3PAXYHOK
1H/IEKCY HOPMOBAaHHMX 3Ha4yeHb. 3ICTaBJICHHS acowliallii SKICHUX O3HAaK Yy MYTaHTHHX JIHIAX
3/IIMCHIOBAJIOCS HE 3a BUX1THUMH LIKaJlaMu OalliB, a 32 pO3paxOBaHUMHM 1HAEKCAMU HOPMOBAHUX
3HAYEHb.

PE3YJIBTATHU TA OBI'OBOPEHHS
3a jii pi3HAX MyTarecHHUX YMHHHUKIB CTBOPCHO 17 MyTaHTHHIX JIiHIN, TIOXIHUX BiJl BHXiJHOI
dopmu — copty llap manuHOBHIA (Ta0I. 2).

Tabmums 2. MytanTHI opmu canarty JTuCTKOBOTO (M1), CTBOPEHHI B pe3yJIbTari iHAyKOBaHOTO MyTareHesy, 2019 p.

Table 2. Mutant forms of leaf lettuce (M1), created as a result of induced mutagenesis, 2019.

Ne MyTtareHHui Bap 1t AOCIY 3 Hasga 3pa3ky,
3/m NepeAnociBHOI 00pOOKH .
dakrop . 3rifiHo 3 KaTtajgoroM (Ne kat.)
HaCiHHS
1. Buxinna ¢opma Copt Ulap manunoBuii (k-7431)
2. . HIM(11) (x-7426)
3. ONPOMUTOBIHIA LIM-1(11) (x-7404(1))
4 Aos010 11 kP IIIM-2(11) (k-7404(2))
5. y-TIPOMEHI IIM-1(15) (k-7409(1))
6. OTIPOMIHIOBAHHS ITIM-2(15) (x-7409(2))
7. no3oro 15 xP I1IM-3(15) (x-7409(3))
8. [IIM-4(15) (x-7409(4))
9. |Ipemapar JMY-5 CHCITO3HINA IIIM(18) (x-7393)

3aMouyBaHHs 18 ron.

IIIM-1(6) (x-7419(1))

10. .

i INC om0 6 76190)
12. Y o TIIM(6) (x-7390)

13. I1IM-1(3) (x-7411(1))
14, IIM-2(3) (x-7411(2))
15. CKCITO3HIIisI 11IM(3) (k-7382)

16. Mpenapar AMY-1 3aMOYyBaHHs 3 TOJI. HIM(3) (i..-1) (k-7383)
17. I1IM(3) (i.8.-2) (k-7384)
18. I1IM(3) (i.5.-3) (x-7385)
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AHai3 SKICHUX O3HAaK MyTaHTHHX JIiHIA, TIOXIHUX BiJ JAHOTO COPTY, OYyJIO MPOBENEHO Y
2022 poui Ha nokomiHHI Ma. Ha To#f yac cTBOpeHi MyTaHTHI JIiHI{ 3HAXOJUIINCS Y PO3CAJHUKY
KOHKYPCHOTO COPTOBUIIPOOYBAHHS IIICAS TPUPIYHOTO BiOOPY HA CTAOUIBHICTD TIPOSIBY
KUTbKICHUX O3HAK. Y BUAIJICHUX MyTAaHTHUX JIiHIN OyJIM BUsIBIEHI MOP(OIIOTivHI BIIMIHHOCTI BiJ
BUX1THOT (hopmHu 3a MOP(DOIIOTI€I0, KUIKYBaHHAM, (POPMOIO Kparo 1 3a0apBICHHIM JINCTKOBOT
IUIACTUHKY. BifmoBigHO 10 mpoBeneHoro aHamizy 17 sKiCHHX O3HaK, y 00’enHaHoi BUOipku 17
JHIA 1 BUXigHOI ()OpMU BCTAHOBIIEHO, IO | O3HaKa Maja 5 CTyINeHIB MposiBYy, 7/ O3HaK — 4
CTYTICHIO NIPOSIBY, 5 03HaK — 3 CTYIIEHIO NPOSIBY, 2 03HAKU — 3 CTYIEHIO MposiBy 1 1 o3Haka — 1
CTyIIEHb IPOSIBY.

Haii6inpioi MiHIMBOCTI 3a3HaNia O3HaKa «Dopma AUCMKOB0I NAACMUHKU», HE 3MIHUIIACS
o3HaKa «Po3sciuenicmob Kparo aucmkogoi niacmunku». Acomaris 3 7 03HaK, 1o 1ACeHTUDIKYIOTh
MOP(}OJIOTito JTMCTKOBOI IUTACTUHKH Ta ii KHUJIKYBaHHS, Mana 23 CTymeHs NposiBy. Acomiatis 3 6
O3HaK, 10 1MeHTH(]IKYIOTh 3a0apBIICHHS JIMCTKOBOI IUIACTUHKH, Mana 20 CTYNEHIB IpOsBY.
Acoriarig 3 4 03HaK, 110 11eHTU(DIKYIOTh (PopMy Kparo JIMCTKOBOI IUTACTUHKY, Maja 12 CTymneHiB
nposiBy (Tadm. 3).

BigminHOCTI MK MyTalliifHUMU 3pa3KaMy MPOBOIIIIUCS 32 OOpaHUMHU KPUTEPISMU HUISTXOM
TIOPIBHSHHS CEPE/IHIX 3HAUCHb 1H/IEKCIB HOPMOBaHHMX 3HAYECHb OalliB SIKICHUX O3HAK (paHTiB), sKi
Oynu BUSIBJICHI B pe3yNbTaTi Ail MyTareHHUX UYMHHUKIB. Pe3ynpTaTé po3paxyHKiB HaJaHO B
tabmui 4. Jliarpamy 3a pe3ysbTaraMH pPaHTOBOTO JHUCIIepCidHOrO anamizy @piaMana,
npescTaBieHo Ha puc. 1. OTpuMani 1aHi 3aCBITYMIIN HAasBHICTh BiAMIHHOCTEH Mix coprom Lllap
MaJIMHOBUH Ta MYTaHTHHMH JIiHIAMH 32 (DEHOTHIIOM CHpaBKHBOTO JIMCTKA. Kputepiem
BIZIMIHHOCTI acoliianii JOCTiHKyBaHUX SKICHUX O3HAaK BiTIOpaHUX 3pa3KiB calaTy JHUCTKOBOTO €
TIOPiBHIOBaHHS CTATUCTMYHOIO Mokasuuka «Cyma panzie (Si)» 3 kputepieM yexen [36]. 30kpema,
BUKOHAHHS HEPIBHOCTI Si > )Zexen € MIATBEPIKEHHAM TIPUCYTHOCTI MyTaHTHMX JIiHIM, BiAMiHHUX
BiJl BUXiJHOTO COPTY. 3a OJIEPKaHMMH HALIMMHU JAHUMH ) eccn. = 59,69, y TOM 4ac sK iHTEpBAN
3HaueHb Moka3HuKa «Cyma paneie» cranoBuB Si= 112,5...222,0. Omxe, eKClIepUMEHTAIBHO 0YI10
HiITBEP/DKEHO ICTOTHI BimMiHHOCTI MiX coprom Illap MamMHOBHI Ta TOXiAHUMH Bifl HBOTO
MYTaHTHUMH JIHISIMA 3a acolialfi€lo sKicHuX o3Hak (Tabn. 4). Po3paxyHok KoedillieHTy
xoHkopaaii Kenmama (W = 0,207) 3acBimunB HasiBHICTh HE3HAYHOI Y3TO/PKEHOCTI MK OJIOKaMH
acolifOBaHUX SKICHUX O3HAK KOXKHOTO JIOCINIJHOTO 3pa3Ky cajiaTy JIMCTKOBOIO Ta HasBHOCTI
3HAYHOI crienr(igHOCTI 32 HUMH. [1OpIBHSIBHY OIIIHKY PO30DKHOCTEH MK MyTaHTHUMH JITHISIMA
1 BUXIZIHUM COPTOM MPOBOJMIM, TAKOXK, 3@ JOIMOMOTOI0 CTATUCTHYHOTO IMoKa3HUKa «CepeoHil
iHOeKc 015 8UDIpKU», IO BXOAWUTH Y IUCTIepCiiHui aHami3 PpinmmaHa Ta Koe]ilieHTy KOpessiii

Cripmena (Is).
3rigHo 3 MTaHUMU TaONuI 4, IHTepBaJI BapifOBaHHSA PO3PaXOBaHUX KOCPIIi€HTIB KOPEISIIil
CnipMeHa MK COPTOM 1 MyTaHTHHUMH JIiHIIMU CTaHOBUB: Is = -0,244...0,327. 3a manum

KOe(IIiEHTOM MK MyTaHTHUMH 3pa3kaMH 1 BUXiTHOIO ()OPMOIO CIOCTEpIragocs TPH BUIY
3B’s13Ky: ayke cimabkuii {£0,0 < rs <+0,1}; cmabkmii {£0,1 <rs <+0,3}; momipuuii {+0,3 <Ts
<+0,5}.

Jlo rpynu MyTaHTHUX JiHIM 3 QyXe ClIaOKOI0 KOPENSIIEI0 MO BIAHOIIEHHIO O BUXIAHOL
¢dopmu yBiinum HacTymnHi 6 niHii (s = -0,07...0,069): IIM(11); HIM-1(11); ILIIM-4(15); LLIM-
2(3); IIM(3) (iua. Bindip-2); IIM(3) (iHa. Biabip-3).

Jlo rpymu MyTaHTHHX JiHIH 31 CTa0KOI0 KOPEJSIIEI0 MO BiIHOMICHHIO 0 BHUXIIHOI (hopMu
yBilinutk HactymHi 9 miHii (rs = -0,244...0,192): IIM-1(15); ILIM-2(15); IIM(18); I1IM-2(6);
M(6); IM-1(6); LLIM-1(3); ILIM(3); LLIM(3) (iua. BixOip-1).

Jlo rpyny MyTaHTHHX JiHIH 3 TOMIPHOIO KOPEJAIIEI0 MO BiIHOIIEHHIO 10 BUXIAHOI (hopMu
yBitinum HactynHi 2 il (s = 0,30...0,327): I1IM-2(11); ILIM-3(15).
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[Tpu poMy HaWOLIBII BiJIATICHOIO 32 (PEHOTUTIOM JIMCTKOBOI IacTUHKK Oyna miHis [1IM-3
(ina. Binbip-2) (rs = -0,037), Haitbinsi criopigaeHoro — [1IM-3(15) (rs = 0,327).

Ha niarpami, sika BimoOpakae MOPIBHAIBHY OIIHKY MYyTaHTHHX JIiHiH 1 BUXiAHOI (hopmu 3a
aCOIIIaIi€r0 JOCTIHKYBaHHX SIKICHIX O3HAK, BapiFOBAaHHS CEPEIHIX 1HAECKCIB BUOIPKU 3HAXOAMIINCS
K B MEXax MMOXHOKH BapitoBaHHs JaHOTO CTATUCTUYHOTO MOKa3HKUKa Juist copTy [llap ManuHoBuIA,
TaK 1 1mo3a 1i€ero Mexero (puc. 1).

3riiHo 3 JaHWUMH Jiarpamu, Ha puc. 1 i1 Tabmuii 4 BUIUIEHO 6 MYTaHTHHUX JIHIH, SIKI Maiu
CYTTEBI 3HAYCHHA TOKa3HUKA «Cepeoniil iHOeKC O0ns UOIpKU», 1O CTATUCTUYHO JOCTOBIPHO
BIIPI3HSUTMCS BiJl QHAJIOTTYHOTO MOKa3HUKy copty Illap mamuuoswmii (0,65): [1IM-1(11) (0,33);
HIM-2(15) (0,32); IIM-4(15) (0,29); LIM(18) (0,32); LLIM-2(6) (0,36); LLIM(3) (iun. BinOip-2)
(0,28). 3a panroBum koediuieHToM Kopemuii CrnipMeHa AaHl MyTaHTHI JIiHIT MaId HEPEeBaXHO
HETaTHBHI, IyXe cinaOkoi cwim 3B’s3ku i3 coproM lllap mamumuoBumit (rs = -0,244...0,094).
Bunstkom Oy minii IIIM-2(15) (rs = -0,244) i IIIM(18) (rs =-0,172), siki Bii3HAYMIHCS CTa0KOI0
KOPEJIALIELO.

PocnuHu MyTaHTHUX JIiHIH canaTy JUCTKOBOTO MOKOJIIHHS Ma peacTaBIeHO Ha puc. 2.

[licng BU3HAuUEHHS PIBHIB MPOSABY SKICHUX O3HAK OyJIO MPOBEACHO KOPEIALIMHUN aHall3
MK HAMH Ta KUIBKICHUMH O3HaKaMH POCIMH BETreTaTUBHOI (pa3u pPO3BUTKY POCIHMH YCi€i
JOCITIDKCHOT BHOIPKH 3pa3KiB canary JUCTKOBOTO.

Po3paxyHkn Kopessuiii mpoBOAMIOCS 3a MapHOTO IMOPIBHSAHHS 7 CEeNEKLIMHO-LIHHUX
KIJTBKICHMX O3HAaK, MO0 € CTPYKTYPHHMH KOMITOHEHTaMH YPOXXAWHOCTI 31 CTaTUCTUYHHM
noka3HUKOM «Cepeonill iHOekc O GUOIpKu», SIKUWA Ui KOKHOTO AOCTIAHOTO 3pa3ska €
IHTETpAJIbHUM KPUTEPIEM acoIiarii sIKiCHUX O3HakK, MO0 (HOpMYIOTh (EHOTHIT CIPABKHBOTO
nucTka (Tabn. 6). PozpaxyHok KoedillieHTy KOpemnsiii MPOBOAUIN 13 3AIy4eHHSIM HE TiJIbKU
MYTaHTHHX JIiHIHA, a § BUXITHOTO COpTy cajiary jmctkoBoro Illap mammuoswmii. ba3y manmx
KUTbKICHHX 03HaK 0ys10 cpopMOBaHO 3a pe3yabTaTaMu 010MEeTPUYHUX BUMIPIOBAaHb MyTaHTHHUX
JiHIi ToKoiHHS M3—Ms 1 BUX1THOTO COPTY, SIKi BUPOIIYBAJIMCS Y TIOJBOBUX YMOBAX MPOTITOM
2021-2023 poxkiB.

Tabnwms 6. KoedimienT kopemnsmii CripMena I's Mi>k CTYTICHEM MPOSBY ITOCIIIKYBaHOI acomiarlii sIKiCHIX 03HaK
Ta PIBHSAMU HPOSIBY KITBKICHIX O3HAK POCIIUH CaJiaTy JIMCTKOBOIO BEreTATUBHOI (ha3u PO3BUTKY

Table 6. Spearman's correlation coefficient rs between the degree of manifestation of the studied association of
qualitative characteristics and morpho-physiological indicators of the growth of leaf lettuce plants in the vegetative
phase of development

PiBenp nposiBy
KIJIbKICHUX O3HaK

OJTHII POCITHHI,

3 3 : g
< < = < = I 3
sg| 25|25 B3| £. | TE| ¢
) S S §' E a E . E s %
DiIOreHeTHYHO /M g =| E = = = % g é g
CIIOpiIHEHA IPyTIa 3 3 E ;:‘-
TEHOTHIIIB CAJIaTy 2 & £
JIACTKOBOTO E
Copr I1lap MamvHOBHIA
Ta TOXi/IHi Bl HBOTO 17 -0,192 | 0,206 | 0,483* | -0,103 -0,066 -0,253 -0,264
MYTaHTHHX JIiHIi

[Tpumitka: * — OCTOBIPHICTH MiATBEP/XKEHA Ha piBHI 3HauymocTi p < 0,05.
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Coprt Illap manuHOBWH

(BuxigHa dopma) Ma-1E11)

TIIM-2(11)

& o ¥ i

-

IIIM-3(15)

i

M-4ﬁ(li) IIM-1(6)

I_Hl’\/[(rl 8)

TIIM(3)

IIM(3) (iam. BiaGip-1) IIM(3) (i1 BiGip-2) IIM(3) (iaa. BiaGip-3)
Puc. 2. T'enoTtumnoBe pi3HOMAHITTS POCIMH MYTAHTHHX JiHIA cajaTy JHCTKOBOTO BETeTaTWBHOI (a3u
PO3BHTKY, MOXiTHUX Bix copty Lllap MannHOBHH.

Fig. 2. Genotypic diversity of plants of mutant lines of lettuce of the vegetative phase of development derived
from the Shar malynovyi variety.
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[TinTBEpIKEHO CTATUCTUYHO JOCTOBIpHE 3HaUeHHS KoedilieHTy Kopemsii CrnipMena s
napu mokasHukiB «Cepedniil indexc ons 6ubipku» Ta 03Hakow «Illupuna mucmra» (rs = 0,483)
(Tabm. 6). Lls 03HaKa € Ba)IIMBOIO B aCTIEKTI MPOTHO3Y MOTEHIIMHOIO MPOIYKTUBHOCTI CATaTHUX
POCIIUH, OCKUTBKM € CTPYKTYPHHM KOMIIOHEHTOM YpOXKaWHOCTI JIMCTKOBOI Mach TiJ dYac
MPOXO/DKEHHSI BEreTaTuBHOI (ha3u PO3BUTKY POCIWH. [HIN KoOpessiii clif BiHECTH A0 IyKe
cimabkmx abo cmabkux {+0,0 <rs<+0,3}. OmKe, yci BUSBICHHI MyTalliiiHi 3MIHH acolliamii sKiCHUX
O3HaK, L0 BU3HAYAIOTh (DEHOTHUN JIUCTKOBOI IUIACTUHKM Malld IO3UTHBHY TEHJICHIIIO [0
30UTBIICHHS] IMPUHA JIMCTKIB. Llel ekcriepuMeHTambHUE (aKT MiATBEPIKYETHCS THM, IO YCi
17 myTtanTHUX JiHI} nepeBuiyBaitu copT [llap ManuHOBHIT 32 IPOYKTUBHICTIO POCIUH Ha 3,5—
45,0 %.

BUCHOBKH

Takum uYmHOM, B pe3yibTaTi BUIPOOYBAHHS pI3HUX 03 Y-ONPOMIHIOBAHHS, TpPbOX
npenapatiB MyTtareHHoi mii AMVY-1, IMVY-5 ta JIMC (etanoH) MiATBEPIKEHO iX BUCOKY
e(EeKTUBHICTh B IHAYKIi MyTaliiHUX 3MIiH B TE€HOMI calaTy JIMCTKOBOTO, IIOB’SI3aHUX 3
MOP(OIIOTi€r0 JTUCTKOBOI IUTaCTUHKU. Cepes 3aCTOCOBaHMX MYyTareHHHX YMHHHKIB HAMOLIBITY
edexTuBHICTh BUsABUB npenapar JIMVY-1 3a gii skoro ogepkaHo 6 MyTaHTHMX JiHIHA. 3a aii -
OIIpOMIHIOBaHHSI /103010 15 KP oneprkano 4 miHii. 3a aii y-onpomintoBanHs go30t0 11 kP i IMC
CTBOPEHO 1O 3 JiHi1, BIANOBIAHO. 32 BUKOpUCTaHH: mpenapaty JIMY-5 oneprkano 1 miHito.

MeroaaMu HemapaMeTpUIHOT CTATUCTHKH ITPOBECHO MOPIBHSUILHHUN aHai3 pO301KHOCTEH 32
17 sKiCHUMU O3HaKaMH, 1[0 BU3HAYAIOTh (DEHOTHIT JIMCTKOBOI MIIACTUHKH MK BUX1IHOIO (hOPMOIO
(coprom [lap manuHOBMIA) Ta 17 MyTaHTHUMH JIHISIMH, 1110 Bifl HEl MOXOAATH. 32 PO3paxyHKaMu
koeilieHTy panroBoi kopessiuii CripMena (I's) criocTepiraaucs BiJ Iye cIa0Koi 10 TOMipHOL
cwm kopesitii (s = -0,037...0,327) Mixx IposIBOM JOCHI/PKEHHX SKICHUX 03HAK Y BUX1THOT hopmu
1 moxigHux Bix Hei 17 MyTaHTHUX JdiHiA. BignoBigHo 1o mpoBeneHoi AudepeHtiianii HanoIbI
BiJIMIHHUMH BiJl BUXiHOI (popmu BusiBuimcst 7 niniid — IIM-2(3), IIM(3) (irx. Binbip-2), ILIM(3)
(ina. Bimbip-3), IM(11) i HIM-1(11), IIIM-4(15) i LIM-2(6) (rs = -0,07...0,094).

Bcranosneno, mo momipHoi crimu kopersiis (I's = 0,483) mana micue nmpu mopiBHIIBHOMY
aHaji3l CTAaTUCTUYHOrO TMOKa3zHUKa «Cepeowili iHOekc Ona 6ubipKu» Ta KUIbKICHOI O3HAaKH
«[lupuna nucmka» DOCTIHKEHOI BHOIPKM MyTaHTHHX JiHIA 1 BuxigHOi (opmm. Omxe, yci
BUSIBIICHHI MYTaIliiiHi 3MIHM acolliaii SKICHUX O3HaK, 1[0 BU3HAYAaIOTh (D)EHOTUIl JUCTKOBOI
IUIACTUHKY, MAaJld TIO3UTHBHY TEHICHINIO 10 30UIbIIEHHS INUPWUHM JIMCTKIB. Llei
eKCTIepUMEHTATIbHUHN (DaKT MiATBEPHKYETHCS THUM, IO yci 17 MyTaHTHUX JiHIHA TepeBUIIYBAIN
copt [lap manuHOBHIA 32 ypoxaiiHicTo Ha 3,5-45,0 %.

MNOJAAKA
Ile mocmimkeHHs (QiHaHCYBaJocS B paMKax BHKOHaHHA 3aBaaHHs II-ro piBHA
18.00.01.14.® «BuBuuTH Ai0 1HAYKOBAHOTO MyTareHe3y 3 METOI OTPUMAHHS MyTalii s
MOKpaIIeHHs] TeHO(OHIYy MAaJOMOMMPEHNX BHUAIB OBOYEBUX pociauH» (Ne mepkaBHOI
peectparii 0116U000046) ITHJI HAAH 18 “OBouiBHUIITBO 1 OaIITAHHUIITBO .
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Background: To expand the genotypic diversity of lettuce (Lactuca sativa var. secalina L.), it is advisable to
use physical and chemical mutagenesis methods that allow changing beneficial traits of the original form,
which can then be stabilized rapidly as a result of inbreeding. Biophysical methods of analysis based on
multispectral imaging technologies for phenotypic identification and classification of the studied are not yet
sufficiently improved. Therefore, it is advisable to conduct biometric measurements and morphological and
identification analyses of the phenotype of mutant genotypes by scoring the levels of manifestation of quality
traits.

Objectives: To determine the characteristics of the mutagenic effect of y-radiation and biologically -active
substances of mutagenic action on the genotypic variability of qualitative traits of leaf blade of lettuce plants
in the vegetative phase of development and to investigate the correlation between the association of qualitative
traits that determine the phenotype of the true leaf and quantitative traits of lettuce lines of mutant origin.
Materials and methods: Non-parametric statistics and criteria for comparing plant objects, methods of
botanical classification of leaf lettuce, correlation analysis.

Results: The mutagenic effect of three biologically active substances (DMS (reference), DMU-1, DMU-5)
and vy-rays at doses of 11 and 15 kR on the genotypic variability of leaf lettuce based on a set of qualitative
characteristics was studied. A comparative analysis of the differences between the qualitative characteristics of
the original form (Shar malynovyi variety) and 17 mutant lines created on its basis was carried out. As a result
of testing the different mutagens, their high efficiency in inducing mutational changes in the lettuce genome
associated with the leaf blade morphology was confirmed. DMU-1 showed the highest efficiency, and 6 mutant
lines were obtained under its action. Under the action of y-irradiation with a dose of 15 kR, 4 lines were obtained.
Under the action of y-irradiation with a dose of 11 kR and DMS, 3 lines were created, respectively.
Conclusions: The established correlations between the levels of qualitative and quantitative traits allow for
the selection of potentially high-yielding mutant lines of leaf lettuce depending on the inherited mutational
changes that determine the morphology of the real leaf. In particular, it becomes possible to select mutant
genotypes based on predicting the level of manifestation of the quantitative trait “Leaf width” (rs = 0,483),
which is essential in predicting potential productivity.

KEY WORDS: lettuce lines; real leaves; qualitative and quantitative characteristics; chemical and physical
mutagenesis; correlation patterns.
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MOJIEJIOBAHHSA B3AEMO/II Cso ®YJEPEHY 3 BIZIKOBUMHA MINIEHAMHU
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AkTyanbHicTh: BinHalineHHs e]eKTHBHHX IiKyBaJbHUX 3aco0iB MPOTH HEOE3MeuHOi XBOPOOH,
cupuarHeHOiI SARS-C0V-2, € BayXIMBAM HapsiMOM O10MEIUYHUX JOCIiIKEHb. METOIN MOJICKYIIPHOTO
JOKIHT'Y Ta MOJICKYJIAPHOI JIMHAMIKH € KIFOYOBHMH IHCTPYMEHTAMH Cy4acHOi (apMaleBTHYHOI HAYKH,
3a0e3Mevyr0Th [IBUIKHUIA MOLIYK i ONTHMI3allil0 MPOTUBIPYCHUX CIOJYK, JO3BOJISIOTH IPOTHO3YBATH IXHIO
e(eKTHBHICTh Ta aJaNTyBaTH Tepamiro g0 HoBuX mTamiB SARS-CoV-2. @ynepen Ceo mpuBepTae 3HAUHY
yBary sk epcreKTHBHUI HaHoMaTepian y 60poTrs0i 3 SARS-C0oV-2 3aBasiku cBOil 31aTHOCTI yTBOPIOBATH
CTab1IbHI KOMIUIEKCH 3 KJIFOUOBUMH BIpYCHHUMH OlIKaMH, TAaKUMH K TojioBHa nporeasa (3CLpro) ta PHK-
sanexxna PHK-monimepasa (RARp). Mostekyssipsi MozienoBanHs Ta 6010(i3uyHI JOCIIHKSHHS TOKa3aIH,
1m0 Cgo MOXKE IPOHUKATH KPi3b JiIiJHY 000JOHKY Bipycy Ta OJIOKyBaTH (QyHKIIOHAIBHY aKTUBHICTh HOTO
OiNKiB, 110 BIJKPHBa€E MOXJIMBOCTI Ui CTBOPEHHS HOBHMX MNPOTHBIPYCHHX mpenapariB. BpaxoByrwoun
moctiitai Mytanii SARS-COV-2 Ta 0OMEXCHIiCTh ICHYIOUHMX TEpalleBTHYHUX 3aCO0IB, ITOCIIIKESHHS
tdynepeny Ceo SK HOTCHIIHHOTO IHTIOITOpa € aKTyalbHHM HAIpsSMOM HAaHOTEXHOJIOTII Ui po3poOKH
IHHOBAIIHKUX cTparerii mikyBanHs COVID-19.

Meta po6orTu nossirana B orini in Silico 3parHocti Ceo hyniepeHy B3aeMOIISTH 3 OIIKOBUMH MillICHIMHE
3CLpro (3-Chymotrypsin-Like protease) i RdRp (RNA-dependent RNA polymerase) kopoHaBipycy
SARS-CoV-2 i, TakuM YWHOM, HIJIECIIPSIMOBAHO 1X OJIOKYBaTH, IPUTHITYIOUH (YHKIIOHATFHY aKTHBHICTh
SARS-CoV-2.

Metoau: Ctpykrypsi nati 0iikiB 3CLpro ta RdRp xoponasipycy SARS-CoV-2 0yno orpumano 3 Protein
Data Bank, a reometpito Cso (ynepeHy 3reHepOBaHO 3a JOMOMOTOI0 OHJAlH-cepBepa SwissParam.
Bzaemonii mixk Ceo PynepeHOM i TOCHiIPKYBaHUMHU O1IKAMH MOJIETIOBAIH 32 JOIMOMOTOI0 aJITrOPUTMY
CHCTEMHOT'0 MOJIEKYIIIpHOTO AOKIHTY (sdock+). [ToTeHmiiiHi caiiTy 3B’ s13yBaHHSA BU3HAYAIHN 32 JOIIOMOTOIO
nporpamHoro makera Caver. MoekyIsipHO-JMHAMIYHI PO3paxXyHKH MPOBOJWIIM y IPOrPaMHOMY

Ax nuryBatu: I'ypmau BB, Kapaymry BP, Knecrosa 3C, bepect BII, I[Tpunympkuit FOI. MoaenroBanHs B3aeMomii
Ceo ymepeny 3 OinkoBumm wmimensmu  SARS-CoV-2.  Biodismunmit  Bicauk. 2025;54:100-107.
https://doi.org/10.26565/2075-3810-2025-54-07

Citation: Hurmach VV, Karaushu VR, Klestova ZS, Berest VP, Prylutskyy Yul. Modeling the interaction of Ceo
fullerene with SARS-CoV-2 protein targets. Biophysical Bulletin. 2025;54:100-107.
https://doi.org/10.26565/2075-3810-2025-54-07

Open  Access. This article is licensed under a Creative Commons Attribution 4.0
http://creativecommons.org/licenses/by/4.0/

© I'ypmau B. B., Kapaymry B. P., Kirectosa 3. C., Bepect B. I1., [Ipunymuskuii 1O. 1., 2025.


https://doi.org/10.26565/2075-3810-2025-54-07
https://doi.org/10.26565/2075-3810-2025-54-07
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.26565/2075-3810-2025-54-07
prylut@ukr.net
https://orcid.org/0000-0002-0844-1586
https://orcid.org/0009-0007-9979-0020
https://orcid.org/0000-0003-0771-7808
https://orcid.org/0000-0001-7779-154X
https://orcid.org/0000-0002-9847-4137

101
MonemtoBanns B3aemosii Ceo dysnepeny 3 6imkoBumu MimensmMu SARS-CoV-2

cepenosuii Gromacs 2020. Eneprernuny MiHiMizaniro noTeHUiHHNX KOMIUIEKCiB «Cso (ymnepeH — O110K»
BUKOHYBaJI 3 BUKOPUCTaHHSM MaKeTa g mmpbsa.

PesyabraT: BeraHoBieHo MoxuBHI MexaHi3M 3B’si3yBaHHS Ceo (yJepeHy 3 OUIKOBUMH MillIEHSIMH
3CLpro ta RdRp xoponasipycy SARS-CoV-2. JlaHi MOJIEKYJIIPHOTO JOKIHTY Ta MOJICKYJISIPHOT JTMHAMIKA
JEMOHCTPYIOTb, 10 Ceo QynepeH popmye cTaOIbHI KOMIUIEKCH 3 IIUMHU O1JIKaMH, 1[0 MOJKE PHU3BOIUTH
JI0 IPUTHIYCHHS X (QYHKIIIOHAIBFHOI aKTHBHOCTI.

Bucnosku: Ilokazano, mo Ceo (hyneper 3qaTHuN yTBOPIOBaTH cTabinbHI Kommuieken 3 6imkamu 3CLpro i
RdRp SARS-CoV-2, 110 TOTEHITIHO 3HIKYE TXHIO aKTHBHICTS i, BITIOBIIHO, MOKE BIUIMBATH Ha 3arajbHy
aKTUBHICTH KOPOHABIpyCy.

KJIFOYOBI CJIOBA: Cg dynepen; xkoporasipyc SARS-CoV-2; 3CLpro i RdRp 6inku; MonexynsipHuiA
JIOKIHT; MOJICKYJIIPHA JHHAMIKA.

[TomumpenHas: eMepaKeHTHOTO KopoHaBipycy SARS-CoV-2 moganmocst 3 MOOJUHOKHX
BUMAJKiB, 3adikcoBaHux HampukiHmi 2019 poky, 1 3romom HaOyno MIBUIKOTO
po3noBciomkeHHs y cBiti. Lle 3mycnino BOO3 oronocutu rimobansay nangemiro COVID-19.
[TepBuHHI cUMOTOMU 1H(EKIII1 BKIIOYAIOTh JUXOMAaHKY a00 03HO0, Kallleib, 3aAUIIKY, BTOMY,
0inp y M's13ax a0o TiJii, TOJOBHUI 01Tk, BTpATy cMaky abo HIOXY, OUTb y TOpJIi, HEKUTH TOIIO
[1]. TsoxkicTh mepeOiry i€l iHeKIii 3aIexKuTh BiJ 0ararbox (GakTopiB: XapaKTEPUCTUK Bipycy
(MpUHAJIEKHOCTI 10 TEBHOTO CyOTHIYy, BapiaHTy), HAsBHOCTI CHEUU(IYHUX KIITHHHHX
pelenTopiB, CTaHy OpraHi3My IIOJWHU (MOro iIMYHOJOTIYHUX CKJIAQJIOBHX, BKIIIOYAIOYU
(akTOpH KIITHHHOI IMyHOJIOTIYHOT BiAMIOBI/I1), CYITyTHIX Ta XpOHIYHUX 3aXBOPIOBAHb, BIKOBHX
napameTpiB, CTaTi 1 T.1.

Sk 1 Oyne-sxuit Bipyc, SARS-COV-2 3MiHIOETBCS 3 YacoM 1 JIesiKi 3MiHU BIUIMBAIOTh Ha
HOro BIIACTHBOCTI, 30KpeMa Ha 3JaTHICTh JIETKO MOILIMPIOBATHCS Ta BUKIUKATU TSKKICTh
nepediry 3axBOpPIOBaHHS, HAa PE3UCTCHTHICTh JIO TEPAINCBTHYHUX IMPENapaTiB, 3HUKCHHS
YYTJIMBOCTI JIarHOCTHYHUX TeCTiB Ta edeKkTuBHICTh BakiuHaiii Tomo [2]. SARS-CoV-2
3a3HaB KUIBKOX MYTalliii 3 MOMEHTY CBO€1 MOSBH, 110 MPU3BENIN J0 3MIH BapiaHTIB BIpYyCY:
Anbda-, bera-, ['amma-, [lenpra-, OMikpoH-, ApKTyp-BapianT i T.4. [3, 4]. Ha choroanimHii
neHb SARS-CoV-2 cnpuumHuB y cBiTI TIOHAM 775 MUTBHOHIB MiATBEP/KEHUX BUIAJKIB
3aXBOPIOBaHHsI, Y TOMY uucii noHaa 7/ mutbiioHiB cmepreit (WHO Coronavirus (COVID-19)
Dashboard, 2025). Mo>xHa BIIEBHEHO Ka3aTH, 10 TJI00ambHa akTuBHICT SARS-C0V-2 3pocrae
1 BakIMHAIlA Hapasl 3aMIIA€TbCsS KIIOYOBHM TEPANEBTUYHUM 3aXOAO0M sl 3amoOiraHHs
BaXKOMY 3aXBOpPIOBaHHIO i cMepTHOCTI Bim COVID-19.

SARS-CoV-2, 30yauuk mo BukiukaB mnanaemito COVID-19, € uneHom poauHu
Coronaviridae, reHOM SIKOTO ITpeICTaBIIsE NiHIMHY 03uTUBHY oHoaaHIorosy PHK posmipom
22-36 THC. HYKJIEOTH/IB 3 5'-KIHIEBOIO CTPYKTYpPOIO 1 3'-MoiaieHIIipOBaHUM “XBOCTOM’ Ta
TUTIOBOKO TeHOMHOIO opranizamiero  5'-NCR-permikazu-S-E-M-N-NCR-3".  Ileit Bipyc,
npenctaBHuk migpoauHu Orthocoronavirinae, mMae 000JI0HKOBI TieoMopdHI abo Maiike
chepuuni BipioHun naiamerpoM 80-160 HM 3 MMMNO-NOMIOHMMM BHUCTYNIaMH Ha MOBEPXHI.
Hyxneokancun cknagaetbes 3 Hykieokancuanoro Oinka (N) 1 PHK, Burnsgae BinbHO
HAMOTaHUM, 3 HEBEJIMKUMU CIIpaJIbHUMU OJAMHHULSMH, PO3MOIAUIEHUMHU MO BCiM BHYTPIIIHIM
MOBEepxHi BipioHy. BipioHH cKkianaloTbes 3 TphOX ab0 YOTHPHOX MeMOpaHOACOIIHOBaHUX
ouikiB: muna (S), obomonku (E) 1 MemOpanHoro rmikomnporeiny (M). I'en pemnikasu
CKJIQIA€THCS 3 JIBOX BEIMKHX BIAKpUTUX pamok 3unTyBaHHs (ORF), mo nepexpuBaroThes, la
ta 1b. Tpancnsauis ORF1b nporpamyerbest pubocoMaabHUM 3CYBOM PaMKH 1 IPU3BOAUTH 10
yTBOpeHHs mominporeiniB ppla Ta pplab, ski y mnomanbioMy HpPOIECHHTYIOTHCS
poTeiHa3aMH, 110 KOJIYIOThCs BipycoM. I'enu ctpyktypHux 6uikiB S, E, M 1 N mMexyroTs 31
3MIHHOIO KUTBKICTIO akcecopHuX (Homomixkaux) OutkiB ORFs [5].

Jlo cknany Bipycy SARS-CoV-2 Bxomasath kputnuno Baxkiui 0imku 3CLpro (NSP5), 3-
ximoTpurncuH-nofiOHa mporeaza, i RAIRp (NSP12), PHK-3ane:xxna PHK-monimepasa.
Crpykrypa 6inka 3CLpro mo0pe omucana y po6ori [6], me katamitnaHa giana His41-Cys145
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BHUCTYIA€ SIK MimeHb A iHriditopiB. {ogo crpykTypHoi opranizariii 6inka RdRp, To BoHa
BH3HAUEHA 3a JOMOMOTOK €NIEKTPOHHOI KpioMikpockomii [7]. 3asnauumo, mo 6inok 3CLpro
BIJINOBIJIa€ 3a TPOTEOJITUYHE PO3IICIUICHHS BIpycHOro mnominporeiny ppla/pplab Ha
GyHKIIOHABHI HEeCTPYKTYpHI Oinku, cepen sikux — RdARp [8]. binok RARp e xirouoBum
KOMITOHEHTOM perunikamiinoro kommiekcy SARS-CoV-2, BiaNnoBiadbHOTO 3a CHHTE3
BipycHoi PHK [7]. Bin ¢ynkuionye y B3aemonii 3 6inkamu-kopakropamu NSP7 ta NSP8 [9].

CyyacHi HaHOO10TEXHOJIOT1] aKTUBHO 3aCTOCOBYIOTh HAHOYACTHUHKH, 110 BIJKPHUBA€E HOBI
MOKJIMBOCTI JJII PO3B’S3aHHS HU3KU KIIHIYHUX 3aBJaHb, BKIIOYHO 3 THMH, SKi MOCTAIN
BHachinok manaemii COVID-19 [10, 11]. ¥V npomy KoHTEKCTI 0co0uBY yBary npuBeptae Ceo
dbynaepeH — HaHOPO3MIpHA, Maibke chepuyHa, 6iocymicHa Ta 0i00CTyIHA MoJieKyJIa [ 12-14],
SAKId TpUTaMaHHa BUPaKEHAa MPOTHUBIPYCHA aKTHUBHICTH «cremudigyHoro» tumy [15, 16].
Bimomo, mo ximiuno moaudikoBanuii Ceo 3MaTHHI CTEPUIHO OJIOKYBATH TINO(PUIELHAN KaHAI
nporteas BipyciB HIV-1 ta HIV-2 [17, 18], a Takox edexTuBHO iHriOyBatu nonimepasy NS5B
i mpoteasy NS3/4A Bipycy renatuty C [19]. Kpim toro, moneni in ovo [20] ta in vitro [21]
HiATBEPAIA TPOTHKOPOHABIPYCHHUI TIOTEHINIA BOJOPO3YMHHUX MOXiTHUX Ceo.

Meroro 1i€i podotu Oyso in silico ouminutu 3matHicTh Ceo (yniepeHy B3aeMOmiTH 3
oinkoBumu mimmensMu 3CLpro 1 RARp koponasipycy SARS-CoV-2 ta, BiiOBIAHO, BUSHAUUTH
HOro MOJJIMBICTH ULUIECHPSIMOBAHO NPUTHIYYBATH I1XHIO (DYHKI[IOHAIBbHY AaKTHBHICTBH 1
AKTHUBHICTb BIpYyCYy 3arajiom.

MATEPIAJIU TA METOAU

Crpykrypu nocnimkysanux 6inkis 3CLpro (PDB ID 6M2N) i RdRp (PDB ID 7BV2)
kopoHasipycy SARS-CoV-2 Gysu B3sti 3 Protein Data Bank (PDB) [22]. [lns renepyBaHHs
torosorii Ceo ysiepeHy BUKOpHCTaIK OHIaliH cepBep SwissParam [23].

Jns nocnimkenHs B3aemoii Ceo pynepeHy (BUXiHA THy4YKa MOJEKYJa) 3 TUM YH IHIIUM
OUIKOM (BHXIJHA YKOPCTKa MOJEKyJa) BUKOpUCTaHO BOyaoBaHuil y QXP (mBuakuil mouryk
(Quick eXPlore)) amropuT™M CHCTEMHOro MOJEKyIsspHOro mokinry (sdock+) [24, 25].
MaxkcumanbHa KUIBKICTE KPOKIB po3paxyHKy ckianana 300, HaonTuManbHimmin «Ceo
bynepeH—O1I0K» KOMIIJIEKC, BUXOASUM 3 BHYTpIIIHIX CKOpUHT-(yHKLiH QXP (koHTakTHa
MOBEPXHS Ta BIJICTaHb MIXK KITFOYOBUMHU aMiHOKHUCIIOTamu Oika i Ceo yniepeHom), BiOupamu
JuTs1 moanbioro in silico TecryBanus.

Po3paxynku meTogoMm MosekynsipHoi quHamiku (M/]) BUKOHAaHO y mporpaMHOMY MakeTi
Gromacs 2020 [26] 3 cuoBum mojem Charmm36 [27].

[Morentiini ainsuaku st 38’ s3yBanHs Ceo QysiepeHy BU3HAYMIIN 3a JTOTMOMOT0I0 «Cavity
computational algorithmy» y nporpamuomy naketi Caver [28]. CriouaTky BCi MOJEKyIH BOAX
Ta TPUPOJHI JiraHau Oyjao BHAAJIEHO 31 CTpyKTypu OuikiB. IloTiMm, mepen moBepXHEBUM
aHaii3oM OLTKiB-MillleHEeH Ta BHSBJICHHSAM TMOTEHIIIMHUX KuUlleHb 3B’s3yBaHHS st Ceo
bynepeHy, a0 OUIKIB JoJaldM YCl BIJICYTHI aTOMHU TIAPOTe€HYy Ta TMPOBEIU KOPEKIIo
MPOTOHYBAaHHS aMiJliB Ta OIYHMUX JAHIIOTIB BIAMOBIAHO 10 KIITHHHOrO piBHSI PH=7.0
BUKOpHCTABIIHU QYHKIIO “INgh” HasiBHy y Gromacs 2020. [Ticiis Toro sik B3a€MO1ik04i CUCTEMHU
Oyno 00’eTHaHO, TX MOMICTHIIM Y KBaJpaTHUI O0Kc i 3anoBHWIM Mojekynamu Boau (TIP3P).
MiHimMalibHa BIZICTaHB MK CTIHKaMH OOKCY Ta HaHOIMKUYMM aTOMOM JIOCTIKYBaHOI CHCTEMH
ckmagana 9 A, 3aBasxum 4oMy BOHA 37aTHAa BUIBHO OOEPTATHCA Ta B3aEMOJIATH Y HBOMY
cepemoBunti. s imitamii KIITHHHOrO cepenoBumia Tyau goxamd iomn Na'/Cl™ (ix
KOHIeHTpallis y 6okci cknanana 0,15 M). OcuoBuuii eran M/] cumyssimii Tpusas 200 He.

Hapemrti, MiHiMi3alio eHeprii JOCIKyBaHUX cucTeM (MOTeHIIHHUX KomIuiekciB «Ceo
(ynepeH — O110K») OyJI0 MPOBEACHO 3 BUKOPHCTAHHSIM MPOrpaMHoro makery g_mmpbsa [29].



103
MonemtoBanns B3aemosii Ceo dysnepeny 3 6imkoBumu MimensmMu SARS-CoV-2

PE3YJIbTATU TA OBI'OBOPEHHSA

[Ipunyckaerscs, M0 MPUTHIYEHHS (QYHKIIOHATBHOI aKTUBHOCTI KopoHaBipycy SARS-
CoV-2 moke OyTH 3yMOBIJICHE MOJICKYJIIpHUM MexaHi3MoM i Ceo QyepeHiB, IKUW MOJsTae
y iXHIl 3MaTHOCTI OE3MOCEPEIHBO B3aEMOJISITH 3 KJIFOUOBUMHU OUIKAMH BIpyCy — 30Kpema,
3CLpro ta RARp. Lli 6inky € KPUTUYHO BAXKIMBUMHU IS EPEOIry )KUTTEBOro Hukiny SARS-
CoV-2 [30], 1 ix OyiokyBaHHS 3AaTHE MMOPYLIYBAaTH BIpyCHY perutikaiiro. Buxosun 3 Takoro
MPUITYIIEHHS, OyJI0 BUKOHAHO MOJICTIOBaHHS MOTEHIIMHMX KoMIUieKCiB Mik Cso (yliepeHOM
Ta 3a3HayeHuMH OimkoBuMH MimeHaMu SARS-COV-2, a TakoX NMPOBENEHO OLIHKY IXHBOI
CTaOULTBPHOCTI Yy 3MOJICTLOBAHOMY KIITHHHOMY CEpPEAOBHINI. 3 I[I€I0 METOK 3aCTOCOBAHO
METOAM MOJIEKYJIIPHOTO JOKIHTY Ta MOJIEKYJISIpHOI TMHAMIKH, IO JO3BOJHIO PO3paxyBaTH,
30KpeMa, CHEPreTUYHHI BHECOK OKPEMHUX aMiHOKUCIIOTHHUX 3aJIUIIKIB Y 3B’ SI3yBaHHS KOXHOTO
3 61KiB 13 Ceo ystepeHoM.

Juzaitn komnaexcy «Ceo pynepen—3CLPro oinox»

Pe3ynbraT MOJEKYyISpPHOro AOKIHTY CBIIUMTH Mpo 31aTHICTh Ceo (ynepeHy iHriOysaru
katamitnuny aiaay (Cys145 i His41) 3CLpro 6inky. Ceo (ysiepeH IijibHO 3alI0BHIOE KUIICHIO
3B’sI3yBaHHS Ta OJOKye B3a€EMOJII0 KaTaNITHYHOI [iagu 3 Oydb-KUMH 1HIIUMU
MOJICKYJISIPHUMH CTPYKTYpaMH, IO Y3TOKYEThCS 3 iepeadadeHHsM [6]. ¥V 11boMy KOMILIEKCI
HaWO1IBIIT BUpaXXeHUMH € cTeKiHT B3aemois Ceo dhysepeny 3 His 41, Cys 145, Met 49, Met 165
Ta ctepuuHa B3aemois 3 GIn 189, Asn 142 (Puc. 1).

MET-165

Puc. 1. Kumens 38’ s3yBanns Ceo (ynepeny (cipuit kouip) i3 3CLpro 6inkom (>kOBTHI Kodip): A — pe3yiabTar
MOJIEKYJISIpHOTO JIOKiHTY; B — pesynsrar M/I.

Fig. 1. Binding pocket of Ceo fullerene (gray color) with 3CLpro protein (yellow color): Left — molecular docking
result; Right — MD result.

3a pesynpratamu M /] orpumanmii koMiniekc «Ceo pyneper—3CLPro 6i1ok» € crablIbHIM
YIIPOAOBX yci€l TpaekTopii auHamiku: 3HaueHHs Rmsd (Root mean square deviation) mis
KOMILIEKCY 3HaXOIUThes B Mexkax 3—4 A. 3aramom, mig wac MJI cumynsanii ¢ikcysanu Taki
KITIOYOBi KOH(OpMaIiiiHi 3MiHK: y kuimeHi 38’ s3yBanas Ceo Gynepen 3MimyeTbes Ha 3.1 A Ta
TATHE 32 c000r0 ASNn 142 (iforo 3MileHHs] CTAaHOBUTH 4 A). Bracainok Taxoro 3mimenas Gln
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189 BHUTHCKAEThCA 3i CBOro HaTHMBHOTO monoxkeHHs Ceo dyaepeHoM Ha Biactanb 2.1 A Ta
YTBOPIOE TT-KaTioH B3aemoito 3 Arg 40. Il{omo B3aemoii 3 katamituunorw miagoro (His 41 i
Cys 145) ta Phe 181, Ceo (ynaepeH yTBOpIO€ 3 HHMH CTEKIHI B3a€MOJIII0, SAK 1 IICIA
MOJICKYJISIPHOTO JIOKiHTY. Aje, mo mikaBo, Ceo (ynepeH 3MiHIOE HATHBHY OpPIEHTAIIIO
KaTaJIITUYHOT JTia/I, BHACIIIOK YOTO i1 IITICHICTh MOPYIIYETHCS, 1110, 0€3 CYMHIBY, HETATUBHO
BIUTMBaTUME Ha (yHKUioHYBaHHs 3CLPro Ginka.

Ha nHacTynmHOMYy eTarri 0yJ10 OIIHEHO €HEPrito 3B’ sI3yBaHHS OKpeMux aMiHOKHCIOT 3CLpro
oinka i3 Ceo GynepeHoM. 3okpema, eHeprist 38’ s3yBanus st His 41 1 Cys 145 € Ha#tOi1b111010 1
CTaHOBUTH -2.6 1 -2.2 kJIx/momnb, BinnosinHo. Enepretuka 3B’si3yBaHHs Ceo dynepeHy 3
aminokuciotamu 3CLpro 6inka € Takoro: mist Met 49 — -5.1 x/[x/mons, Met 165 — -7.1
k/Ix/Moib, Leu 50 — -4.3 kJIxx/moib, Gly 143 — -3.9 x]JIx/Moins, Asp 187 — -3.7 kJIx/MoJIb,
GIn 189 — -4.7 xI>)x/M0b.

Ha migcraBi pe3ynbraTiB MOJIEKYJISIPHOTO JOKIHTY Ta MOJEKYJISAPHOI TUHAMIKA MOKHA
3poOuTH BHCHOBOK, 10 ¢ynepeH Ceo 31aTHUIA (opMyBaTH CTIHKHI KOMIUIEKC i3 TPOTEiHOM
3CLpro SARS-CoV-2, mo mNOTEHLIMHO MOXE TMPU3BOAWTH JO TPUTHIYEHHS HOTro
(GYHKITIOHATbHOT aKTHBHOCTI Ta OJIOKYBaHHS peILIiKallii Bipycy.

Juszaitn komnaekcy «Coo pynepen—RARp 6inox»

Pe3ynbraT MOJEKYyISpPHOro JOKIHTY CBIIUMTH Mpo 37aTHICTh Ceo (ynepeHy iHriOyBaru
kanan cuate3y PHK RdARp 6inka: Ceo ¢ysepeH MHIIbHO 3alOBHIOE KHINEHIO 3B’SI3yBaHHS 1
YTBOPIOE Taki B3aeMoii — m-ctekinr 3 Arg 570, Lys 578, Tyr 690 ta crepuuni B3aemoii 3 Asn
497, Leu 577 (Puc. 2).

Puc. 2. Kumens 38’s3yBants Ceo Qynepeny (cipuit komip) i3 RARp Oinkom (xoBTHit Komip): A — pe3yibTar
MOJIEKYJISIpHOTO JIOKiHTY; B — pesynsrar M/I.

Fig. 2. Binding pocket of Cgo fullerene (gray color) with RdRp protein (yellow color): Left — molecular docking
result; Right — MD result.

Bignosigno mo pesymnpratie MJI npu 3B’s3yBanHi Ceo (ynepeny 3 RARp Ginkom He
BiZIOyBa€eThCS 3HAUHUX KOH(popMaliifHux 3MmiH: aminokucnoTu Ile 590, Tyr 690, Leu 577, Gln



105
MonemtoBanns B3aemosii Ceo dysnepeny 3 6imkoBumu MimensmMu SARS-CoV-2

574 npakTHYHO HE 3MIHIOIOTH CBOTO MOJIOXKEHHS Y MPOCTOPi (iX 3MIlllEHHS HE MEPEBUIIYIOTh
0.3 A), a smimenns Lys 578, Arg 570 ne nepesuiyiots 1 A,

Enepreruka 38 s3yBanns Ceo (ynepeny 3 aminokucioramu RARp 6inka € takoro: s Ile
49 — -5.2 xJI>x/moinb, Asn 497 — -2.2 kJIx/momnb, Leu 557 — -6.1 k/{x/monb, Lys 578 — -5.1
k/Ix/Monb, Ala 581 — -4.1 kJx/Monb, Ile 590 — -2.1 kJIx/mMomb, Gly 591 — -2.3 kJ[»/MO1b.

TakuM YUHOM, pE3yJIbTATH MOJICKYJISIPHOTO JOKIHTY Ta MOJEKYJISIPHO-IUHAMIYHOTO
MOJICIIIOBAaHHS CBIT4aTh Mpo Te, mo (ynepen Ceo MOke popMyBaTH CTAOUIHPHUN KOMIUICKC 13
oinkom RARp SARS-CoV-2, mo moTeHmidHO 37aTHE MPHUIHIYYBaTH HOTO KaTali3aTOpHY
AKTUBHICTP NUISXOM OJIOKYBaHHs KaHally cuHTe3y BipycHoi PHK.

BUCHOBKHA

Otpumani pesynbratu IN SilicO aHamizy MeTosamMu MOJEKYJISIPHOTO JOKIHTY Ta
MOJIEKYJISIpHOT JUHaAMiKu cBiguath, 1o d¢ynepen Ceso 3maTHUN QopMyBaTH CTaOLIBHI
komruiekcu 3 Oimkamu 3CLpro ta RARp koponasipycy SARS-CoV-2, 1m0 npus3BOIMTH 10
NPUTHIYeHHS 1XHbO1 (DYHKIIOHAIBHOT aKTUBHOCTI H, BIAMOBIIHO, pEILTIKAI[IHHUX IMPOIIECiB
KopoHaBipycy. lle migkpecitoe TOTEHIIHHI IepeBarun BOJOPO3YMHHHX, OIOCYMICHUX 1
BITHOCHO O€3MEYHUX Yy HU3BKUX J03ax MNoxigHux ¢ynepeHiB Ceo SK MNEPCHEKTUBHUX
TepaneBTHYHUX HaHoareHTiB nmpotu SARS-CoV-2.
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Background: The discovery of effective therapeutics against the dangerous disease caused by SARS-CoV-
2 is an important direction of biomedical research. Molecular docking and molecular dynamics methods
are key tools of modern pharmaceutical science, providing rapid search and optimization of antiviral
compounds, allowing to predict their effectiveness and adapt therapy to new strains of SARS-CoV-2.
Fullerene Ce attracts considerable attention as a promising nanomaterial in the fight against SARS-CoV-2
due to its ability to form stable complexes with key viral proteins, such as the main protease (3CLpro) and
RNA-dependent RNA polymerase (RdRp). Molecular modeling and biophysical studies have shown that
Ceo can penetrate the lipid envelope of the virus and block the functional activity of its proteins, which
opens up opportunities for the creation of new antiviral drugs. Given the constant mutations of SARS-CoV-
2 and the limitations of existing therapeutics, the study of Ceo fullerene as a potential inhibitor is a relevant
direction of nanotechnology for the development of innovative strategies for the treatment of COVID-19.
Aim of the work was to assess in silico the ability of Ceo fullerene to interact with the protein targets
3CLpro (3-Chymotrypsin-Like protease) and RdRp (RNA-dependent RNA polymerase) of the SARS-
CoV-2 coronavirus and, thus, to specifically block them, inhibiting the functional activity of SARS-CoV-
2.

Methods: Structural data of the 3CLpro and RdRp proteins of the SARS-CoV-2 coronavirus were obtained
from the Protein Data Bank, and the geometry of Cg fullerene was generated using the online server
SwissParam. Interactions between Ceg fullerene and the studied proteins were modeled using the system
molecular docking algorithm (sdock+). Potential binding sites were determined using the Caver software
package. Molecular dynamics calculations were performed in the Gromacs 2020 software environment.
Energy minimization of potential Ceo fullerene — protein complexes was performed using the g_mmpbsa
software.

Results: Putative mechanism of binding of Ceo fullerene to the protein targets 3CLpro and RdRp of the
SARS-CoV-2 coronavirus was established. Molecular docking and molecular dynamics data demonstrate
that Ceo fullerene forms stable complexes with these proteins, which can lead to inhibition of their functional
activity.

Conclusions: It is shown that Ceo fullerene is able to form stable complexes with the 3CLpro and RdRp
proteins of SARS-CoV-2, which potentially reduces their activity and, accordingly, can affect the overall
activity of the coronavirus.

KEY WORDS: Ceo fullerene; SARS-CoV-2 coronavirus; 3CLpro and RdRp proteins, molecular docking, molecular
dynamics.


prylut@ukr.net
https://orcid.org/0000-0002-0844-1586
https://orcid.org/0009-0007-9979-0020
https://orcid.org/0000-0003-0771-7808
https://orcid.org/0000-0001-7779-154X
https://orcid.org/0000-0002-9847-4137

108
ISSN 2075-3810 (Print), ISSN 2075-3829 (Online)

BIO®I3MYHUI BICHHUK, 2025, Bun. 54 BIOPHYSICAL BULLETIN, 2025, Iss. 54
CHRONICLE

https://doi.org/10.26565/2075-3810-2025-54-08

VK 577.3

THXKJIEHDb BIO®I3UKH B YKPATHI: OHJIAVH 3YCTPIU XAPKIBCBKOI'O
BIJIAIVIEHHSA YKPATHCBKOTI'O BIO®I3UYHOI'O TOBAPUCTBA

24 oepe3ns 2025 poky B paMKax IIOpIYHOrO Bxke JnecAToro «TwkHa O610(i3ukm»
opraHizoBaHoro AmepukaHChbkHM biodizuunum ToBapuctBoM [1] y XapkiBcbkomy
HalioHajabHOMY YHiBepcutety imeHi B. H. Kapasina BinOynacs momis «biodizuunuii THXKICHB
B YKpaiHi: JOCBIiJ yepe3 KOpaoHm» [2], sika 00’e€qHama JOCHIAHUKIB, CTYJCHTIB Ta (axiBIliB
337151 OOTOBOPEHHSI CydyaCHUX JIOCSTHEHb y ramysi 0iodizuku. 3axia craB miatopmoro s
00MiHY TOCBiIOM, 3100yTKaMH Ta MOTJISIIAMH MK YKpaiHCbKUMU Oi0(i3ukamu, sIKi MPao0Th
K B YKpaiHi, TaK 1 32 KOPJJOHOM, a TaKOXX CIIPHUSAB HAJIaro)KCHHIO CIiBIIpalli, 0OrOBOPEHHIO
nepeoBUX JOCITIKEHb 1 MPOCYBaHHIO pouti 6i0(i3uKH y BUpiIEHH] IT00aTbHUX HAYKOBUX Ta
OCBITHIX BUKIIUKIB.

VY mporpami 3axoay Oysi0 TPEICTaBICHO JOIMOBIII BUITYCKHUKIB Kadeapu Oiodi3uku
Kapa3iHChbKOro yHIBEPCHTETY KUTbKOX TOKOJIHB (Puc. 1), siki 0XOIUTIOBAIN HAMPi3HOMAHITHIIIT
temu. Ha mowarky 3axomy 3 BITaJbHHUMH CIIOBAaMH BHCTYIWIHM 3aBilyBad Kadenpu
MOJIEKYJISIpHOT 1 MenuyHoi 0610(i3uKku XapKiBCHbKOTO HAI[lOHAJTBHOTO YHIBEPCUTETY iMEHi
B. H. Kapa3zina nokrop (hizuko-mareMaTHuHuX Hayk, nmpodecop bepect Bomoaumup Ilerpouu
ta ["'o;moBa Ykpaincekoro 6iogizununoro Topapuctsa [3], moxrop 6ionoriuaux Hayk, mpodecop,
npodecop kapenpu Oiodizuku Ta HeipooOiomorii HHI[ «IHcTuTyT O6i0j0Tii Ta METUIIMHUY
KuiBcbkoro HarioHanbHOro yHiBepcutery iMeHi Tapaca IlleBuenka Maprtuniok Biktop
CemenoBuu. [TounHaroun 3yctpiu [4] npodecop Bepect Bonoaumup IlerpoBuy 3a3Ha4uB, 1o
MIPOBEICHHS TAKUX 3aXOJIIB JOIOMAarae HajlaroJKEHHIO 3aB’s13KiB Y KpaiHChbKOTO 0610()13UyHOTO
ToBapuctBa 3 Kkojeramu B Cnomydenux IllTarax, mo3BoJsie MiATPUMATH YKPaiHCHKY
610(pi3UYHY CHUIBHOTY, PO3MOBICTH MPO MOXKIKUBOCTI PO3BUTKY, MOOYJOBH Kap'epy BUEHOTO,
nejarora, AOCTIIHUKA a00 MIANPHUEMIIS Ha MPUKIAAl BUMYCKHHUKIB Kadeapu Oiodizuku, ska
icnye B Kapasincpkomy yHiBepcuteTi Bxke Maixke 50 poki. [Ipodecop Maprtuniok BikTop
CeMeHOBHUY MPUBITAB YYACHHUKIB 3 MOJI€I0, BII3HAUUB, 110 Oiodi3nyHa Hayka iCHye B YKpaiHi
JTaBHO 1 € OTHUM 3 (PyH/IaMEHTIB 010JI0TTYHOI HAYKH, TOPKHYBCSI IUTAHHS TPOOJIEM 1 BUKIIMKIB,
AK1 CTOATH Mepe]l CydaCHUMU CTyJ€HTaMH y BUBUEHHI 010()13UKH, 3a3HAYMB, 110 TOMPH BAXKKI
YMOB1 BIffHM € TOTEHLIand Il PO3BUTKY O10(i3MKH, Y TOMY YHCII B paMKax 3axo[iB
VYkpaincekoro 610()i3M4HOTO TOBAPHUCTBA.

3 JONOBIJSIMUA BUCTYNWIM JOKTOp (hi3MKo-MaTeMaTMYHUX Hayk, npodecop Illectonanosa
['anna BikropiBHa, 3aBigyBauka BifIry Oionoriynoi ¢isuku IHcTUTYTY pamiodizuku Ta
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Puc. 1. Yuacauku Zoom 3yctpiui «bioisnunuii TkaeHs B YKpaiHi: 10OCBijJ yepe3 KOPIOHM» B paMKax
necsitoro «TwmxHA 06i0Qi3uKM», OpraHi3oBaHOr0O AMeEpHUKaHCHKUM biodi3nuyHMM TOBapucTBOM Ha 0asi
XapkiBChKOTO HallloHaJIbHOTO yHiBepcureTy iMeHi B. H. Kapasina.

Fig. 1. Participants of the Zoom meeting “Biophysical Week in Ukraine: Experience Across Borders™ as part
of the tenth “Biophysics Week” event organized by the American Biophysical Society at V. N. Karazin Kharkiv
National University.
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[Tpodecop IllecTomanora ["'anna BikTopiBHa po3noBisia mpo iCTOpiro Biaalay 010710Ti4HOT
¢i3uku [HCTUTYTY paniodi3uKu Ta eNeKTPOHIKK AKanemii HayK YKpaiHu, PO BHITYCKHUKIB
Kadeapu KiTbKOX IMOKOMIHB, sKI MPAIOI0Th B IIBOMY BIIJIUI, MPO iX HayKOBi 3700yTKH 1
JOCSATHEHHS, 3rajiaja Mpo BHJATHI KoM (i3uku 1 Oioyorii B XapkoBi, IO CTBOPWIH
MOXJIMBOCTI JUIsl TPOBEACHHS OI1OJOTIYHMUX JOCTIDKEHh 3 BUKOPHCTAHHAM (I3MYHHUX 1
pamio¢piznyaux wmetoxiB [5]. Po3noBimi mpo cBili HayKkoBHH LUISX Ta TEMi BUBYCHHS
MDKMOJICKYJIIPHUX B3a€MOJIIH JTIKAPCHKUX CIOJYK 3 010MOJIEKYyJIaMH Ta CYIyTHIMU areHTaMu
Ha [UIAXY HANpaBJIEHOTO MOIIYKY HOBHUX JIKiB Ta €()EKTUBHUX CXEM JIIKYBaHHS NMPHCBITHIIA
CBOIO JIOTOBIAb JOKTOP (hi3.-Mmat. Hayk [lammuceka Biaga AnaromniiBua [6]. ¥V momosiai «Life
in biophysics across Europe: from protein folding to amyloid diseases» [7] Dr. Sci. Jlroqmuia
Mopo3zoBa-Poir po3noBiza Ipo CBO€ HayKOBE JKHUTTS y 010(hi3uIll, TOCTIIHKEHHS MEXaHI3MiB
camoacorianii OifKiB B aMuIoinHI ojiromepu Ta (GpiOpHUIH, TUTOTOKCHYHOCTI HEMPABHIBHO
3TOPHYTUX OUIKOBHX KOMIUJIEKCIB, MOXIIHMBOCTI BHUKOPHCTAaHHS AaMUIOIIB $SK HOBHX
HaHoMarepiasiB y HaHoOlotexHomorisx. Joment lefikina Hanis BanepiiBaa po3nosisia mpo
MOJICKYJISIPHE MOJIEIIOBaHHS K CMOCIO MOLIYyKYy CTaOUIbHUX TayTOMEpiB Ta HaNKpaioro
pO3YMHHUKA Ui XiMidHOro cuHTe3y [8], 3a3Haumna BaxauBicTh Olodizuku s
dapmanesTrynoi ramysi. Ph.D. Bamepis I'puileHKO NpHUCBATHIA CBOIO JOMOBiIL TeMi
OioTexHoJIOTiH 1 TOMY, SIKY poJIb HaBYaHHSA Ha Kadeapi 6iodizuku Kapa3iHCbKOTro yHIBEpCUTETY
sirpasio B ii HaykoBiii kap’epi [9]. Axamemik HAAH Ykpainu besyrnuit Mukona JIMurpoBuy
PO3MOBIB PO CBiil HAYKOBUI NIISIX, poOOTY Ha KEPIBHUX IOCAIaX B Ypsi, BiI3HAYNB BOKIUBY
pOJIb MaTeMaTHYHUX METOJIB y CTBOpPEeHHI O0i0(i3WyHMX Mojenel, 30KpemMa CTBOpPEHHI
3arajibHOi TEOopil KpIOMOIIKOKEHS 1 KPio3axXUCTy SHULEKIITHHH eMOpioHiB ccaBmiB. Tewi
CKJIaaHO1 OyIOBH HAWMPOCTINIMX OpraHi3MiB Oyina mpucBsdeHa gomnoBiap Ph.D. Tamunun
[Tpokomuyk, B siKiii BOHa pO3MOBija PO CBOIO HAYKOBY poOOTY 3 BUBYCHHS OJHOKIITHHHUX.
I[Ipo cBiit mwisAx 10 crpykrypHoi Oionorii posnosina Ph.D. ¥Onis €pmak [10], Hagana cBoi
Mopajayd MO0 KypCiB Ta JITHIX HIKUI, A0 SKUX MOXHa JOJYyYUTHCH MOJIOJMM BYECHHUM 1
OTPUMATH HATXHEHHs JUIsl CBOE€l MOJAIbLIOi poOOTH abo HaB4aHHA. JlomoBink Ha Temy
«[Topymieni neitponni oouncienus» 3poous Ph.D. Cepriii SIkoBenko [11], B sikiii BiH 3a3Ha4nB
BA)XJIUBICTh BUBYEHHS TOTO, SIK BIIOYEThCS KOHTPOJIb PYXY JIFOJUHOIO, 110 MOB'SI3aHO HE TUIBKU
3 M'si3aMH, HEPBOBOIO CHCTEMOIO, a 1€ JOAATKOBO 3 MEXaHIYHOIO CUCTEMOIO; TIPO MOKIIHMBOCTI
BUKOPUCTaHHS MaTEMAaTHUYHOI'O MOJICNIOBAHHSA JUISI CUMYJIALIT IbOTO PyXy Ta 3aCTOCYBaHHS
bOTO B MEIMYHIN J0MOMO31 JIIOJSM 3 MOPYIIEHHSIMH PYXOBOIO amapary, iX peadumirtauii Ta
npu nporte3yBanHi. [I-p ¢i3.-mat. Hayk KoceBnu Mapuna BanumiBHa po3noBina npo ycmimHi
HAyKoOBl1 Kap’epu npyroro Bumycky 1981 poky Ha TOoM uac kadeapu MOJEKYJISpHOI Ta
npuKiIaaHoi 610¢13UKH, Ta MPO CTBOPEHHs kypHaly «biodi3uunuil BicHUK» 1 HOro poib y
nommpeHHi 6io¢iznunux 3Hank [12]. Haiimosoama yqacHuIs 3ycTpidi, BUYCKHHI Kadeapu
MOJIEKYIISIpHOI 1 Mean4Hoi 0iodisuku Kapasincekoro yniBepcutery Ph.D. ITonina ITicknosa
MOJITMIIACh CBOIM HAYKOBUM LUIIXOM. Y aomnoBiai: «Bix marictpa 610(i3uku 10 JOKTOPKHU
¢inocodii kpi3k opraHiuHi JIOMIHECIICHTHI CIIOJTYKH Ta HaHOYAaCTUHKW» [13], BOHa po3moBina
PO BUKJIMKHA 1 MOKJIMBOCTI Ha HayKOBOMY MIISXY CY4acHOro Moiojgoro Haykosis. Ph.D.
Onekcanapa CosioBiioBa po3noBiia Mpo CBOIO HAYKOBY Kap €py, TOCIIIKEHHS TeMIIepaTypHUX
nepexo/iiB OUIKIB Ta MeMOpaH, 3aHYpeHHs Yy METOAM (DapMaKOKIHETUKH, CTPYKTYPHOI 610J10r1i,
PO 3aCTOCYBAaHHS METOJIIB CeAMMEHTalii Ta Mac-CHeKTPOMETpii JUIsi BUBUEHHS 1HTAKTHUX
oinkiB. Ph.D. Anzpiit TapacoB po3moBiB Npo CBiit HAYKOBHH IUIAX MMICIIs 3aKiHUCHHS Kadeapu
6i0¢i3uxu Kapa3iHChbKOro yHIBEpCUTETY 1 BIIACHI HOCIIIKEHHS KIITUHHOTO CUTHAJIHTY.

[Tin gac 3ycTpiuli Oynau poO3IJSHYTI MpoOJieMH BHUBYEHHS OUIKOBOTO (oiauHry Ta
MiC(OJIIUHTY, HAHOCTPYKTYPOBaHMX IIaT(HOpM JUIs aipecHOi JOCTaBKH JIKapChKUX 3ac00iB,
MeMOpaHHOi 010(i3UKH, HEMPOHAYKH Ta OIOMEIUYHUX 3aCTOCYBAaHb 1HTEP(ENCIB «It0AMHA-
MallliHay. YYacHUKHM Opaiu aKkTUBHY y4YacThb B IHTEPAKTHBHUX OOTOBOPEHHSX, AUTHIINCS



111
Twxaens 6i0¢hi3uku B YKpaiHi: OHJIaiH 3ycTpid XapKiBCHKOTO BiJIIJICHHS. . .

CBOIMH HAYKOBHMH ITPOEKTAMU Ta 1JISIMH JTsl MDKHApOAHOI criiBripaiti. OHnaitH-hopmat moii
(Puc.1) paB 3MOry BHIYCKHMKAM IOAUIMTHCA TNPOQECIHHUM JIOCBIZIOM, HAayKOBUMH
JOCSTHEHHSIMH Ta BUKIIUKAMH, 3 SIKUMH CTHKA€ThCS cydacHa Oiodizuka. ['oioBa YkpaiHChKOTO
6i0(¢hi3MYHOTrO TOBApPHCTBA MiACyMYyBaB 310paHi iei o0 eheKTUBHOI MiSITBHOCTI TOBAPUCTBA
Ta aKTMBHOI Mi>kHApoaHOI criBmpaiti [4].

OpHi€r0 3 KITIOUYOBUX YaCTUH MOJI1 CTaja MaHelbHa JUCKYCis Mpo MaiOyTHe 6i0(hi3uKu B
VYkpaiHi, mijg yac skoi 0coOJMBY yBary Oyio NPUIUICHO MIKIUCIUILTIHAPHOCTI, TI100abHIN
MOOITPHOCTI Ta MIATPUMII MOJIOAMX JOCTIAHHKIB. 3axiJ 3MIIHUB 3B’SI3KH BCEpEAUHI
010(13MYHOI CIUIPHOTH Ta HAJUXHYB CTYJCHTIB JOJYY4aTHUCS O HAYKOBOI MISIIBHOCTI B IIiH
rarysi.

Mu mupo Basuni Biophysical Society [1] 3a miarpuMky 1€l iHiiaTHBH Ta CIOIiBAEMOCS
Ha MMO/IaJIbIIY CIHIBIPAITIO 334715 IOy sipu3alii 610(pi3uKu y CBITI.
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