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Background: An increase in metabolic rate interconnected with oxidative imbalance are major features of
tumor process. Higher ROS (reactive oxygen species) levels make tumor cells more sensitive to oxidative
stress compared to normal cells. Therefore, generating additional ROS can lead to cancer cell death. Redox
cycling is a crucial process responsible for the production of ROS by various clinical and experimental
anticancer agents. Among these compounds are quinones and ascorbic acid, which exhibits a synergistic
antitumor effect. Elevated glutathione levels and glutathione-dependent antioxidant enzymes play a key
role in protecting cancer cells from intracellular oxidative stress. Nanoparticles with glutathione depletion
properties can act as smart chemodynamic agents, disrupting the cellular antioxidant defense system. In
this work, inorganic nanoparticles based on rare earth elements are used as catalytic amplifiers of one-
electron transfer with the formation of organic and oxygen radicals in the redox cycles of ascorbic acid and
vitamin K3.

Obijectives: The thiol oxidation was studied in the presence of nanoparticles in combination with redox
cyclers.

Materials and methods: As an indicator of the pro-oxidant efficiency of nanoparticles (CeO, (2 nm,
20 pg/ml) or GAYVO4EU®* (2 nm, 20 pg/ml)) combined with organic compounds (ascorbic acid (100 or
200 uM) and vitamin K3 (4 uM)) changes in the level of thiols (glutathione (200 uM), L-cysteine (200 uM)
or dithiothreitol (500 uM)) in the model system were used.

Results: It was shown that GdYVO4:Eu®* and CeO, nanoparticles enhances oxidation of thiols under an
influence of the redox active molecule as well as their combination. The efficiency of bare nanoceria as
well as in redox cyclers combinations was higher compared to respective orthovanadate nanoparticles
combinations (including time dynamics) that was especially pronounced in the dithiothreitol oxidation
system.

Conclusions: The data obtained indicate the ability of nanoceria to significantly enhance the oxidation of
thiols induced by redox cyclers revealing the perspective of this approach in solving the problem of
increased thiol level in tumor cells.

KEY WORDS: CeO; nanoparticles; GdYVO.:Eu** nanoparticles; thiols; ascorbic acid; tumor cells.

In tumor cells increase in metabolic rate, cellular signaling processes, and activity of
antioxidant enzymes caused by ROS (reactive oxygen species) have been reported. Higher ROS

Citation: Kavok NS, Dudetskaya GV, Seminko VV, Maksimchuk PO, Klochkov VK, Kot YH,
Nikitchenko YuV, Sedyh OO. Influence of redox cyclers on thiol oxidation in the presence of
nanoparticles. Biophysical Bulletin. 2025;53:7-17. https://doi.org/10.26565/2075-3810-2025-53-01

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

© Kavok N. S., Dudetskaya G. V., Seminko V. V., Maksimchuk P. O., Klochkov V. K., Kot Y. H.,
Nikitchenko Yu. V., Sedyh O. O., 2025.


https://doi.org/10.26565/2075-3810-2025-53-01
mailto:gdudetska@gmail.com
https://doi.org/10.26565/2075-3810-2025-53-01
http://creativecommons.org/licenses/by/4.0/
https://orcid.org/0000-0002-2429-2832
https://orcid.org/0000-0003-2863-4788
https://orcid.org/0000-0002-3958-9161
https://orcid.org/0000-0001-5448-1274
https://orcid.org/0000-0002-8080-1195
https://orcid.org/0000-0003-2591-4098
https://orcid.org/0009-0001-9075-1179
https://orcid.org/0009-0004-2136-5209

N. S. Kavok, G. V. Dudetskaya, V. V. Seminko, P. O. Maksimchuk, V. K. Klochkov,
Y. H. Kot, Yu. V. Nikitchenko, O. O. Sedyh

level in tumor cells makes them more ROS-sensitive than normal cells. So, additional ROS
generation can cause cancer cell death with negligible effect on non-tumor cells [1]. Although
ROS-generating agents have been found to be effective in many cases, low clinical response
and resistance to those agents were also reported. Elevation of certain transcription factors,
antioxidants and survival signals as a result of redox adaptation probably explains the drug
resistant phenotype [2, 3].

Elevated levels of glutathione (GSH), a major intracellular redox buffer, and GSH-
dependent antioxidant enzymes play a central role in protection of cancer cells against
intracellular oxidative stress [4]. This fact can be one of the most sufficient obstacles for cancer
treatment. High levels of GSH have been found in various tumor types being up to several-fold
more than in surrounding tissues. The overexpression of GSH in tumors indicates enhanced cell
proliferation, decreased levels of apoptosis, increased resistance to chemotherapeutic drugs and
radiation therapy.

Development of effective therapeutic agents, which are selective and able to overcome
drug resistance, requires reconsideration of the concepts of intrinsic oxidative stress in cancer
cells and their redox adaptation [2].

Redox cycling is an important chemical mechanism underlying formation of ROS by
numerous clinical and experimental anticancer agents containing quinone pharmacophores
(including anthracyclines, geldanamycin, and menadione) [5]. The redox cycling induced
toxicity of quinones (Q) was largely investigated. The molecular mechanism is believed to be
that the semiquinone radical is generated by spontaneous or enzyme-catalyzed reduction of Q
in the cell. The semiquinone radical is oxidized by oxygen with formation of parent Q and
superoxide radical. NAD(P)H and GSH systems are implicated in the process. So, enzymatic
or non-enzymatic reduction of menadione converts it from pro-drug to drug compound with
antitumor activity [1]. However, the systemic toxicity of menadione, a short half-life and low
concentration (only 7.4 uM in plasma) make it difficult to use as a monotherapy. Its use in
various combinations (with vitamin C (AA), orthovanadates (OV, GdYVO4:Eu®* NPs)) is
considered more promising [6]. A recent study has shown the potent anticancer activity of
menadione and ascorbate combination due to induced redox cycling [7].

Nanoparticles (NPs), with GSH depletion properties can serve as a smart chemodynamic
agent disrupting the cellular antioxidant defense system. Drug development based on
multifunctional redox catalysts that selectively enhance oxidative stress in cancer cells through
GSH depletion, ROS formation, and thiol oxidation in crucial redox target proteins including
transcription factors has been initiated. Prooxidant and antioxidant redox effects as a function
of cellular redox status and GSH availability, provide a therapeutic window based on cancer
cell redox dysregulation with elevated peroxide and decreased GSH cellular levels.

It has been shown that artificial enzymes mimic the activity of peroxidases, oxidases,
superoxide dismutase, and hydrolases, while limited data are available regarding reductase
mimetics [8]. It has been suggested that NPs with oxidoreductase activity can function as redox
cycling activators or mediators and catalysts facilitating interactions and electron transfer
between organic compounds. Since these processes can involve thiol compounds or reducing
equivalents, this fact leads to their consumption and a decrease in the overall reductive activity
in the system and an increase in prooxidant potential.

Prooxidant effect of GSH depletion by orthovanadate NPs has been demonstrated
previously [9]. It was also found that cerium dioxide NPs exhibit GSH and cysteine oxidation
activities [10, 11]. The antitumor activity of nanoceria and orthovanadate NPs is also known
[12, 13]. However, the mechanism of these effects remains poorly understood.
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In the present study, thiol oxidation system was used to evaluate the combined prooxidant
efficacy of vitamin K3 and AA in the presence of extra-small (2 nm) orthovanadate and cerium
dioxide NPs.

MATERIALS AND METHODS

Reagents: vitamin C (Thermo Fisher Scientific, USA), glutathione (AppliChem GmbH,
Germany), L-cysteine (Sigma-Aldrich, USA), dithiothreitol (Merck KGaA, Germany); Tris-
buffer (AppliChem GmbH, Germany), vitamin K3 (MSB, Darnytsia, Ukraine), 55 -dithio-
bis(2-nitrobenzoic) acid (Sigma-Aldrich, USA).

Colloidal solutions of CeO, and GdYVO4:Eu®* NPs were obtained and characterized as
described previously [14, 15]. Transmission electron microscope (TEM) images of each sample
were collected using a TEM 125K (Selmi) transmission electron microscope (100 kV).
According to the TEM, solid phase of colloidal solution consists of GdYVO4:Eu®* spherical
NPs with average sizes of 2 nm and CeO2, NPs with average sizes of 2 nm.

Dynamic light scattering was used to reveal the hydrodynamic diameter of the NPs (CeO>
(9 nm) and GAYVO4:Eu®" (26.8 nm)) using a ZetaPALS analyzer (Brookhaven, NY) equipped
with He—Ne laser (658 nm). Measurements of zeta potential were conducted using a
ZetaPAls/bi-masanalyzer (Brookhaven Instruments Corp., USA), operating in phase analysis
light scattering mode. The experiments were performed at a scattering angle of 90° and A =
659 nm, at a temperature of 25 °C. The zeta potential was obtained through measurement of the
electrophoretic mobility of the particles which was converted to apparent zeta-potentials using
the Helmholtz-Smoluchowski relationship. For each test, at least ten records were obtained and
averaged. Notably, the zeta potential was found to be negative.

Oxidative potential (OP) is most common measure of the ability to oxidize target
molecules. These molecules include low molecular weight natural antioxidants such as AA,
monothiols (GSH, L-cysteine), dithiols (dithiothreitol (DTT)) [16, 17]. Our studies assessed the
oxidation of mono- and dithiols both under the influence of NPs (cerium dioxide and
orthovanadates) and their combinations with redox cyclers [5, 18]. The oxidation of GSH, L -
cysteine and DTT was monitored by spectroscopic techniques using Specord 200
spectrophotometer (Analytik Jena, Germany). Suspensions of NPs (CeO2 (2 nm, 20 ug/ml) or
GdYVO4Eu®* (2 nm, 20 pg/ml) in 10 mM Tris HCI buffer combined with organic compounds
(AA (100 or 200 uM), vitamin K3 (Q) (4 uM)) changes in the level of thiols (GSH (200 uM),
L-cysteine (200 uM) or DTT (500 uM)) in the model system were used. The pH dependence
(pH 6.7, 7.4, 7.8) and time dynamics of the process within 24 hours were studied. The rate of
thiol oxidation was evaluated by measuring the disappearance of —SH groups. Free —-SH groups
were determined according to [19]. Incubation at 37 °C was initiated by the addition of the thiol
compounds. Aliquots of the reaction mixture (100 pL) were checked for the amount of —SH
groups using absorbance at 412 nm at different times after addition of 5°5 -dithio-bis(2-
nitrobenzoic) acid (DTNB) color reagent. Adding DTNB to the mixtures yielded a yellow
product (forms 2-nitro-5-thiobenzoic acid (TNB)), which is stable in the final solution for at
least 2 hours at room temperature. TNB content was determined by spectroscopic techniques
using Specord 200 spectrophotometer from absorbance at 412 nm with solution of thiols
without NPs used as a control. The level of thiols was expressed as relative change (as a
reference the absorbance value at 0 hours was taken). For statistical analysis Origin software
was used. Deviations were analyzed by Shapiro-Wilk test. Subsequent analysis included one-
way ANOVA with Dunn-Sidak post-hoc test or Kruskal-Wallis ANOVA with Mann-Whitney
post-hoc test. The values were expressed as mean = SEM from 3 to 5 independent experiments
performed in duplicate, and the results were considered statistically significant at p < 0.05.
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RESULTS AND DISCUSSION

Low molecular weight thiols are present in high concentrations in most cells. Modification
of cysteinyl residues can impart or regulate molecular functions important to cellular processes
including signal transduction. In addition, in connection with the mentioned above thiol-
dependent mechanism of tumor resistance, prooxidant effect of NPs in relation to thiols should
be studied. There are evidences that redox action of nanoceria induces the formation of disulfide
bridges in thiol-containing biomolecules [11].

We have shown that reduced GSH is the most resistant to oxidation by NPs of all the thiols
studied in this work. With CeO2 NPs as well as combining CeO, NPs with recyclers, significant
decrease in the level of reduced GSH was noted. However, the drop in its level occurs only at
sufficiently long incubation (24 hours) and only in a neutral and slightly alkaline environment
(Fig. 1). Unlike nanoceria, orthovanadate NPs revealed such properties only at pH 7.8 when
combining with AA.

During the oxidation of L-cysteine, much more pronounced and early effect of nanoceria
was observed (Fig. 2).

In contrast to GSH oxidation, the opposite pH dependence along with different dynamics
was observed during L-cysteine oxidation in the presence of CeO2 NPs. Thus, already within 6
hours of incubation, the process was accelerated with the most pronounced effect at slightly
acidic pH values with 0.238 £ 0.046 r.u, 0.317 + 0.044 r.u., and 0.363 £+ 0.076 r.u. (relative to
the value at t = 0 hours) for pH 6.7, 7.4, and 7.8, respectively.

Under neutral conditions, at pH 7.4, a significant drop in the —SH groups of L-cysteine
occurred after only 6 hours of incubation with nanoceria. However, in contrast to the process
of GSH oxidation, the addition of AA inhibited the pro-oxidant effect of nanoceria at the initial
stage of the experiment, which was especially noticeable with increasing concentration of AA.
By 24 hours of incubation, the effect of all combinations of redox compounds with nanoceria
was observed leading to almost complete oxidation of the thiol groups of L-cysteine. The effect
of orthovanadate NPs on this indicator did not differ from the appropriate time control and did
not change the effects of redox compounds. The most striking prooxidant effect of nanoceria
on thiols when interacting with redox cyclers was found in a system containing DTT (Fig. 3).

As can be seen from the Fig. 3, the dynamics of DTT oxidation by nanoceria and
orthovanadates differ. Delay of prooxidant effect by 24 hours for combinations of
orthovanadate NPs with Q compared to the same effect for combination of nanoceria with Q
was observed.

So, for all studied thiols the oxidation activity of nanoceria predominates, while
orthovanadate NPs and their combinations were rather neutral. It also should be noted that in
the absence of NPs additive effect of redox molecules was most clearly manifested for DTT
oxidation, in Cys-based system it was weaker and absent in GSH-based system.

Extra-small CeO: (2 nm) NPs are not only capable of exhibiting a prooxidant effect to GSH
even at neutral pH, which is consistent with previously obtained results [10], but also enhance
the oxidation of other thiols. In contrast to nanoceria, extra-small GdYVO4:Eu®" (2nm) NPs did
not exhibit a similar effect, neither to GSH (in accordance to our previous results [10]), nor to
other studied thiols. However, in some cases, orthovanadate NPs exhibited prooxidant effect
when combined with redox cyclers. At the same time, the effect of nanoceria and its
combinations with redox compounds was more pronounced. This is especially true for
combinations with the both — AA and vitamin K3 (a combination that has attracted the
increased attention of oncology specialists for quite a long time and have shown high antitumor
efficacy both in vitro and in vivo [20-22].



11
Influence of redox cyclers on thiol oxidation in the presence of nanoparticles

12 — EZS pH6.7 t=0
= T
1.0 - - S - =
B " T 55
T e —
08 |=—
-
= —
=
= 06 |-
4
E -
&' 04 =

02 |—

0'() L) Ll | Ll L) T L) { ] Ll 2 J Ll T T Ll L)
° = = < (= o < < < < < <
£ 3 o X T < < < < < <
5 o Q = oy + + + +
: s ° g 3 SO

&) 8 3 =
s (@)
1.2 — Q
B BN pH 7.4 =0
1.0 =
F
L T % * -|—- * *
* $
0.8 |— * — 3
P L 5[ T * L T
o L &
E # * T
= 06 |- 2 B 4 T
2
2 B $
é 04 = —

02 =

()'() L) L) Ll T Ll L] Ll L) Ll T L) Ll ] L}
= [ = 5"

: 8 3 S % = 3 4 5 3
5 C P = + + 5
8 = 3 (e} a = é é‘/
Q 5 o ) >
o (@) -~
2 o
o

1.2 —

L B2 pH7.8 t=0

1.0

L =% T # * ,,
s

08 | ) # # i # i

ps & .

€ = * T ¥ 4 S5 "
= 06 # * S $ #
':::x - & z & $
£ 04 == & T :Ii’g

02 =

()0 L} L) L} L} Ll L L) T T L) Al Ll L} T L)
T § 3 2 8 3 2 3 F i i

o 8 ~ s >
E (@)

Fig. 1. Oxidation of GSH under an influence of CeO and GdYVO4:Eu®* (OV) NPs within 24 hours at 37 °C and pH
6.7, 7.4, and 7.8 in the presence of 100 uM AA and vitamin K3 (Q) in different combinations.

Note:

* — significant differences compared to initial control t = 0, p < 0.05;

# — significant differences compared to appropriate 24 hours control, p < 0.05;

$ —significant differences compared to appropriate compound control, p < 0.05;

& — significant differences between CeO, NPs-based and GdYVO4:Eu®* (OV) NPs-based combination, p < 0.05.
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Fig. 2. Dynamics of oxidation of L-cysteine at 37 °C at pH 7.4 under the influence of CeO; and GdYVO4:Eu®*" (OV)
NPs at pH 7.4 in the presence of 100 or 200 uM AA and vitamin K3 (Q) in different combinations.

Note:

* —significant differences compared to initial control t =0, p < 0.05;

# — significant differences compared to appropriate time control, p < 0.05;

$ — significant differences compared to appropriate compound control, p < 0.05;
& — significant differences between CeO, NPs-based and GdYVO4:Eu* (OV) NPs-based combinations, p <0.05.
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Fig. 3. Dynamics of oxidation of DTT under the influence of CeO, and GdYVO4Eu** (OV) NPs at pH 7.4 in the
presence of 100 uM AA and vitamin K3 (Q) in different combinations.

Note:

* — significant differences compared to initial control t = 0, p < 0.05;

# — significant differences compared to appropriate time control, p < 0.05;

$ —significant differences compared to appropriate compound control, p < 0.05;

& — significant differences between CeO, NPs-based and GdYVO4:Eu®* (OV) NPs-based combinations, p < 0.05.
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It can be assumed that the oxidation of thiols (as well as other low-molecular antioxidants)
due to the oxidase activity of nanoceria can represent one of the specific and leading
mechanisms in the disruption of the functioning of antioxidant systems of tumor cells. The
increase in the oxidase-like activity of nanoceria with pH decrease, should enhance the
prooxidant effect of nanoceria, on tumor cells (also evidenced by a number of studies [23, 24]),
which being combined with redox cyclers, can contribute to decrease in the effectiveness of
protective systems (based on low-molecular antioxidants) and thiol-dependent signaling
systems of tumors stimulating the destruction of tumor cells.

At the same time, the results obtained in the work did not allow us to draw an unambiguous
conclusion about an involvement of pH-dependent oxidase-like activity of nanoceria in the
direct oxidation of natural monothiols. Indeed, an increase in the prooxidant properties of NPs
(first of all, of nanoceria) with pH decrease enhanced by the presence of redox cyclers is well
known. However, in the thiol-containing model system, the pH dependence is not so
straightforward. On the one hand, the literature data on higher stability of GSH in more acidic
environment are verified. We have shown an increase in GSH oxidation with pH increase only
during prolonged incubation (24 hours), which indicates high thiol stability. However, in the
cysteine-containing system, faster thiol oxidation (within 6 hours) and opposite pH dependence
of CeO2 NPs prooxidant effect (with slight increase for weakly-acidic pH) was detected.
Differences in the results obtained for different thiols can be explained both by steric effects
and possible difference in the values of the dissociation constants of sulfhydryl groups: pKa =
8.36 for L-cysteine, and 9.2 for GSH. In addition, although there are data on the oxidase activity
of vanadium NPs in relation to GSH [25], as well as on the binding and oxidation of sulthydryl
groups on the surface of nanoceria [11], these thiols are not convenient substrates for the
oxidase-like reaction of the NPs. At the same time, easily autooxidizable substances such as
AA or polyphenols capable of forming mono- and bidentate bonds on the surface of NPs [26]
can be oxidized via the oxidase-like mechanism not only at acidic ~ pH 5, but also at slightly
acidic and neutral pH [27, 28] that can indirectly trigger the response of the thiol disulfide
system in cells.

CONCLUSIONS

Thus, the results obtained are consistent with our earlier data on the ability of nanoceria to

oxidize low molecular weight antioxidants, including AA, NADPH, and GSH [10]. In this

work, a more detailed analysis of the prooxidant effect of cerium dioxide NPs in comparison
with orthovanadate NPs in relation to mono- and dithiols was carried out. The pro-oxidant effect
of nanoceria was detected for all the studied thiols; GSH demonstrated the highest stability, and
for DTT the combined pro-oxidant effect of nanoceria with redox cyclers was most pronounced.

A study of L-cysteine oxidation confirmed higher prooxidant activity of nanoceria and
nanoceria-based combinations with redox cyclers in comparison with orthovanadate-based

ones. In addition, a slight increase of CeO2 NPs prooxidant effect in weakly-acidic pH was
detected. In this system the combination of nanoceria with Q demonstrated the highest
effectiveness. Though the presence of AA in the system reduced the cysteine oxidation
efficiency of nanoceria on the early stages of the process, but an increase of pro-oxidant effect
was found for all CeO»-based combinations for 24 hours of incubation. Prooxidant effects of
orthovanadate NPs in combination with redox cyclers are delayed and observed only at the late
stages of the experiment.

Although in the current model we were not able to show a pronounced pH-dependent
enhancement of the oxidative effect of nanoceria, with respect to thiols, it is not excluded that
NPs and their combinations with redox cyclers can influence GSH pathways in cancer cells
involving other cytotoxicity mechanisms, which require further investigation.
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EKCIIEPUMEHTATLHUMH TPOTUITYXJIMHHUME areHtamMu. Cepell MUX CIOJYK — XIHOHW Ta acKopOiHOBa
KHCIIOTa, SKa BUSBISAE CHHEPTIYHWA TPOTHIMYyXJWHHUK edexr. I[limBuimeHi piBHI TiIyTaTioHy Ta
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TIIyTaTiOH3aJICKHI aHTHOKCHAAHTHI (DepMEHTH BiIIrpaloTh KIIOYOBY POJb y 3aXHCTI PaKOBUX KIIITHH Bif
BHYTPIITHBOKIIITHHHOTO OKHCHOTO CTpecy. HaHOoYacTWHKHM 31 BIACTUBOCTSAMH BHCHA)KCHHS TIYTaTiOHY
MOXYTb JISITH SIK 1HTEJIEKTyaJbHI XiMIOAWHAMIYHI areHTH, SIKi MOPYIIYIOTh CUCTEMY aHTHOKCHIAHTHOTO
3aXMCTY KITHH. Y JaHidi poOOTi HeopraHiyHi HaHOYACTUHKM HA OCHOBI PIJIKO3EMENBbHUX EJIEMEHTIB
BUKOPHCTOBYIOTHCS SIK KaTaTITUYHI i JICUIIIOBaYl OJJHOCIEKTPOHHOTO IIEPEHOCY 3 YTBOPEHHSM OpTraHIuHMX
1 KHCHEBHX PaJUKaJiB B OKHNCHO-BITHOBHHX LIUKJIAX aCKOPOIHOBOT KHCIIOTH Ta BiTaminy K3.

Merta po6oTu. BuBunt AHAMIKY OKHCHEHHS TiOJIIB y IPUCYTHOCTI HAHOYACTHHOK Yy ITO€THAHHI 3 PEIOKC-
AKTMBHUMH MOJICKYJIaMHU.

Marepiann Ta Meroam. Sk iHIUKaTOp MPOOKCUIAHTHOI edekTiBHOCTI HaHOYacTHHOK (CeO2 (2 HM, 20
Mkr/mi) a60 GdYVO4EU®* (2 M, 20 MKI/M1)) y TIO€IHAHHI 3 OpPraHiYHMMH CIOIyKaMu (acKopOiHOBa
kuciora (100 a6o 200 MxM) Ta Bitamin K3 (4 MkM)) BUKOPHCTOBYBaIM 3MiHH PiBHSI TiOJIB (TJIyTaTiOHY
(200 MxM), L-uucreiny (200 MmxM) abo guriorpeitony (500 MkM)) y MoJenbHil cucTemi.

Pe3yabTaTn. IlokazaHo, 110 HAHOYACTUHKHU GdYVO4EU®* ta CeO, miACHIIOIOTh OKUCHEHHS TiONIB i
BIUTMBOM KOXHOT pEIOKC-aKTHBHOI MOJICKYJIH, a TAKOXK 1X KoMOiHaIii. E(yekTHBHICTE HAaHOIIEPiIO, a TAKOXK
KOMOIHAIif peJOKC-aKTUBHUX MOJIEKYJ, Oyja BHIIOIO TIOPIBHSHO 3 BIAMOBIAHUMH KOMOiHAIlisIMH
HAaHOYACTHHOK OPTOBaHANATy (BKIIOYAIOYHM YaCOBY IWHAMIKY), IO OyJIO OCOONHMBO BHPAKEHO B CHCTEMI
OKHCHEHHS TUTIOTPEITOIy.

BucaoBku. OTprMaHi 1aHi CBiTYaTh PO 3AATHICTH HAHOLIEPIIO CYTTEBO MOCHITIOBATH OKMCHEHHS TiOJIB,
IHIyKOBaHE pEJIOKC-aKTHBHUMH MOJIEKYJaMH, IO PO3KPHBAE MEPCHEKTUBHICTh LBOTO MIAXOAY Y
BUPIIIEHHI POOJIEMH i JBUIIEHOTO PiBHS TIOJIB y MYXJIMHHUX KIIITHHAX.

KJIOYOBI CJOBA: nanouactunku CeOz; nanouactuaku GdY VO4:EUs*; Tionu; ackop6iHOBa KMCIOTa; TyXJIHHHI
KIIITUHU.
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Background: Cryopreservation is a multistep process, which includes stages affecting biological material
mechanically, osmotically and toxically. The use of cryopreservation of biological materials is cost-
effective and affording long-term storage at cryogenic temperatures. It also guarantees the stability of the
genetic component of cells and reduced contamination of the biological material.

Objectives: The objective of the research is to evaluate the effects of cryoprotective agents (CPAS)
(dimethyl sulfoxide (DMSO), dextran (D40), hydroxyethyl starch, polyethylene glycols (PEG1500 and
PEG400), and fetal bovine serum) and their combinations on the interconnection between the osmotic
tolerance of testicular interstitial cells (ICs) and cryoprotection.

Materials and Methods: The osmotic tolerance limit (OTL) of ICs and the toxic effect of the CPA were
investigated in the phosphate buffer saline based media of different osmolarities: isosmotic (300 mOsm),
hypo-osmotic (225 mOsm), hyperosmotic (600 mOsm). Similar osmotic conditions can develop during
cryopreservation of cells in the temperature interval from +4 to -30 °C.

Results: The indicators of cell survival after incubation in the media differed depending on osmolarities of
incubation media. They were compared with the indicators obtained after cooling ICs to -30 °C followed
by warming and CPA removal. We have shown that the non-toxic additive D40 increased the OTL of ICs
in hypo-osmotic medium and decreased negative effects of DMSO on the cells. These effects were
accompanied by high indicators of ICs survival obtained after cooling ICs to -30 °C with 100 mg/ml D40
and 0.7 M DMSO.

Conclusions: These results unveil the mechanisms of cryoprotection of 0.7DMSO+D40 and partially
explain the superiority of 0.7DMSO+D40 media shown in our previous works compared with other
investigated media. Understanding the mechanisms of cryodamage and cryoprotection of 0.7DMSO+D40
paves a way toward the development of new serum-/xeno-free cryoprotective compositions and
improvement of cryopreservation protocols for cell suspensions that include many types of cells. Further
studies are required to reveal the effects of DMSO on membranes and intracellular metabolic processes.
KEY WORDS: osmotic tolerance; toxicity; dimethyl sulfoxide; dextran; hydroxyethyl starch;
polyethylene glycol; mechanisms of cryoprotection.
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Preservation of living cells is a central technology that brings cell-based products to market
on-demand. The use of cryopreservation of biological materials is cost-effective and affording
long-term storage at cryogenic temperatures. It also guarantees the stability of genetic content
of cells and reduced contamination of the biological material [1]. Our previous works were
devoted to the development of serum-/xeno-free cryoprotective compositions for testicular
interstitial cells (ICs) and to investigation of the mechanisms of their cryoprotective effects [2].
The biological material of ICs is an example of a cellular suspension, which includes different
types of cells: Leydig cells and cells of the immune system. Such cellular suspensions can be
used for the creation of germplasm banks, for preservation of endangered species, breeds and
lines, as well as in reproductive technologies [3—7]. The use of cryoprotective media that
include combinations of cryoprotective agents (CPAS) was shown to be relevant for cellular
suspensions consisting of different types of cells [8]. Moreover, the development of serum-
I/xeno-free cryoprotective compositions may help to avoid problems connected with the use of
serum such as transmission of infections to the biological material and instability of
composition of cryoprotective media from batch-to-batch [9-11]. We have shown that a serum-
free medium that included 0.7 M DMSO and 100 mg/ml dextran (M.m. 40 kDa)
(0.7DMSO+D40) had an exceptional property for preservation of ICs. Some indicators of ICs
survival were even higher than in the best serum-containing media that was supplemented with
1.4 M DMSO and 10% fetal bovine serum (FBS). If D40 was replaced by other polymeric
compounds, such as hydroxyethyl starch (HES), polyethylene glycol (PEG),
polyvinylpyrrolidone, the cryopreservation of IC was less effective (with HES) or non-effective
(with PEG). 0.7DMSO+D40 was able to suppress intracellular crystallization, salt eutectic
crystallization/melting and recrystallization [12]. The medium promoted amorphous phase
formation and changed the shape and size of water crystals in a way that increased IC survival
[2, 13]. However, the osmotic effects of the cryoprotective additives and their cytotoxicity were
less explored.

Cryopreservation is a multistage process, which includes isolation of cells, addition of
cryoprotective media, cooling, storage, warming, removal of cryoprotective media, and
recovery of biological material. Any of the mentioned stages can contribute to a loss of cells.
Addition of CPAs before cooling and their removal after warming can cause damaging cell
volume excursions [14]. CPA addition as well as extracellular crystallization result in the
formation of a hyperosmotic environment that causes cell shrinkage. The shrinkage itself can
be damaging as it leads to membrane deformations, stresses, loss of integrity, increased
permeability to extracellular ions, distorted interaction of the membrane and cytoskeleton [15,
16], and cell surface loss [14, 17-19]. On warming and CPA removal cells can swell. The
swelling can cause membrane rupture, especially, if cooling was accompanied by the influx of
normally extracellular ions into the cells and/or the membrane surface reduction [18, 20, 21].
Of note, the processes generally occur in the temperature interval from positive temperature to
about -30 °C and this is the temperature interval where main bulk water crystallization/melting
takes place [13]. The safety range of cell volume excursions is known as the OTL [14]. The
plasma membrane damage is a stochastic phenomenon affecting a variable number of cells but
allowing others to survive the expansion [22]. The osmotic injury is difficult to separate from
the cytotoxic influence of CPA, which includes physical and chemical interaction of CPA with
membranes, cytoskeleton and other cellular components. DMSO, for example, can interact with
the membrane phospholipids and reduce membrane thickness [23], or promote the formation
of pores [24]. Obviously, such DMSO effects will affect the OTL of the cells.

We supposed that, if the above-mentioned cryoprotective compositions differed by the type
of additives, which resulted in different cryopreservation outcomes, they would also influence
the osmotic tolerance of cells in hypo- and hyperosmotic conditions and their ability to
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withstand different concentration of DMSO. If so, the cells’ ability to survive during
cryopreservation with the cryoprotective media could be partially explained by the stabilizing
effect of the additives on the membrane integrity and their effect on DMSO cytotoxicity. Thus,
we have investigated indicators of cell survival in hypo- and hyperosmotic conditions, showed
the effect of additive on the indicators, and matched the data with the survival of cells after
cooling to -30 °C. The chosen indicators of cells survival are the general cell survival, which
reflected the number of cells whose membranes did not rapture, and the preservation of
metabolic activity that, in addition, helped indicate the integrity of internal cellular processes
and cellular structures after interaction with components (DMSO and polymers) of investigated
solution. The objective of the research is to evaluate the effects of DMSO, polymers and serum
on the interconnection between the OTL of ICs and cryoprotection.

MATERIALS AND METHODS
Testicular interstitial cell isolation

Interstitial cells were isolated from male Wistar rats. These animals were kept in the animal
house of the Institute for Problems of Cryobiology and Cryomedicine of the National Academy
of Sciences of Ukraine (Kharkiv). The experimental protocols followed the Guide for Care and
Use of Laboratory Animals. They were approved by the Committee for Ethics in Animal
Experimentation of the Institute for Problems of Cryobiology and Cryomedicine. The isolation
was generally done as described [25]. Briefly, mature male rats were killed by cervical
dislocation. Then, their bodies were sterilized by immersion in 75% ethanol for 5 min. Their
testes were isolated and decapsulated. Blood vessels were trimmed. The content of the testes
was placed in 15-mL centrifuge tubes with 4 ml of 0.2 mg/mL collagenase (type 1) (Sigma-
Aldrich, USA) and 0.1 mg/mL DNase | (Sigma-Aldrich, USA) in DMEM F12 (Biowest,
France) for 15 min. The tubes were transferred to a thermostatic shaking water bath for 10 min
(90 cycles/min, 34 °C). After that, 10 ml of pure precooled (+4 °C) PBS (300 mOsm) were
added to each tube. Thus, the seminiferous tubule mass was obtained. It was filtered through a
doubled 100-um nylon mesh. The seminiferous tubules were discarded whereas the filtrates
were centrifuged at 325 g for 3 min. The supernatants were discarded when the pellets were
collected and resuspended in 10 mL PBS. The sedimentation operation was repeated. The
concentration of ICs was adjusted to 4x107 cells/mL by PBS. If ICs were supposed to be cooled,
DMEM F12 was added to the pellet instead of PBS after the last centrifugation and cell
concentration adjustment was done with DMEM F12.

Osmotic tolerance limit measurements

The effects of DMSO, D40, HES, PEG1500, PEG400, FBS on the OTL of ICs were
measured in the phosphate buffer saline (PBS) of different osmolarities: 225 (hypo-osmotic
PBS), 300 (isosmotic PBS), 600 mOsm (hyperosmotic PBS). The PBSs were additionally
supplemented with 0.7 M DMSO and/or one of the above-mentioned polymers (D40, HES,
PEG1500, PEG400). Alternatively, the PBSs were added with 1.4 M DMSO and/or 10% (v/v)
FBS. The stock solutions of DMSO, polymers and FBS in PBS were prepared in a way that, on
mixing with 1C suspension (1:1), gave their mentioned final concentrations and osmolarities.
Therefore, the final concentration of cells supposed to be incubated also dropped to 2x107
cells/mL. The cells were then incubated for 40 min at 4 °C. The incubation media were replaced
with isosmotic PBS by gradual dilution: five aliquots of PBS (200 pL) were added every 30
seconds to 1 ml of ICs, followed by addition of two 500 puL- and three 1 mL-aliquots. The cells
were centrifuged at 325 g for 3 min and the supernatant was discarded. 5 mL of PBS was added
and the procedure of sedimentation and supernatant removal was repeated again. After the last
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centrifugation, the pellet was diluted with DMEM F12 to 1 ml. Finally, the indicators of cell
survival: general cell survival and preservation of metabolic activity of cells were assessed.

Cooling/warming

The cryopreservation media were prepared similarly to the incubation media for the OTL
measurements, however, DMEM F12 medium was used instead of PBSs as a basic solution.
ICs were added to the cryopreservation media (1:1) in 1.8-mL cryocontainers (Nunk, Denmark)
to reach the final concentration just before cooling. The final volume of cell suspension, thus,
came to 1 mL and the concentration of ICs was 2x107 cells/mL. The cryocontainers were placed
into the programmable freezer and cooled to -30 °C at a rate of 1 °C/min. A copper-constantan
thermocouple was used to detect the temperature in the control sample. Once the final
temperature was reached, the samples were kept at the set temperature of -30 °C in the freezer
chamber for 7 minutes to reach the required final temperature. When the final temperature was
reached, the cryocontainers were transferred to a water bath at 37 °C and warmed. The samples
were kept in a water bath until the crystalline phase disappeared. The cryopreservation media
were replaced with isosmotic PBS by gradual dilution as described above for the OTL
measurements. The indicators of cell survival were measured.

General cell survival and preservation of metabolic activity measurements

A hemocytometer chamber was used for counting of ICs. The general cell survival was
determined as a ratio of the number of all cells in a sample after incubation (or cryopreservation)
to the number of cells before incubation (or cryopreservation) multiplied by 100%.

IC metabolic activity was determined after incubation or cryopreservation as described [2].
Briefly, 50 pL of 3-(4.5-dimethylthiazol-2-yl)-2.5-diphenyl tetrazolium bromide (MTT)
(Sigma-Aldrich, USA) solution in PBS (5 mg/mL) was added to 500 pL of the IC suspension
after incubation or cryopreservation. After that, the cells were incubated for 2 h at 35 °C. Then,
ICs were sedimented at 325 g for 3 min. The supernatant was discarded. 450 pL of DMSO was
added to the stained pellet and the samples were stirred. The samples were centrifuged after 5
minutes. The optical density of the supernatants was measured at 530 nm. The samples
containing no cells were used as a reference. Metabolic activity preservation was expressed as
the ratio of the optical density of a sample after incubation or cryopreservation to the optical
density of a sample before incubation or cryopreservation multiplied by 100%.

Fluorescence measurements

For the spectrofluorometric analysis, ICs after incubation or cryopreservation with DMSO,
followed by its removal, were placed in DMEM F12. The number of cells was adjusted to 2x10°
cell/ml by diluting the cells with DMEM F12. A 50 pL-aliquot of probe O10 (synthesized in
the Institute for Single Crystals, National Academy of Science, Kharkiv, Ukraine — [26]) stock
solution in acetonitrile was added to 1 mL of ICs. The final probe concentration was 5x10° M.
Then, the samples were incubated with the probe at 20 °C (room temperature) for 40 minutes
before fluorescence measurements with spectrometer “PerkinElmer FL8500”. Probe O10
emission was measured in the range of 340-550 nm, with an increment of 0.1 nm, the emission
scan speed of 240 nm/min, the excitation wavelength of 330 nm, the excitation and emission
slits of 5 nm.

The membrane location of fluorescent probe O10: the area of glycerol backbones of
phospholipids closer to the center of the lipid bilayer, the area of carbonyl groups of
phospholipids and the area of hydrocarbon chains of phospholipids near the area of the carbonyl
groups of phospholipids of the lipid membrane [27]. In the excited electronic state, the initial
form of the probe (or so-called “normal” form: N"-form) converts into photoproduct - tautomer
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form (T"-form) [28, 29]. The phototautomer has a long-wavelength fluorescence band, while
the initial form of the probe emits in significantly shorter wavelengths [30]. The amount of the
formed phototautomeric form depends on the physico-chemical properties of the probe
microenvironment [28, 29]. Probe O10 has two-band fluorescence, hence, the ratiometric
measurements are possible: T"-form fluorescence intensity-to-N"-form fluorescence intensity
ratio can be used as a parameter. For instance, the I1+/In+ ratio increases when the polarity and/or
hydrogen-bonding ability of the probe microenvironment decreases.

The fluorescence intensity in arbitrary units versus emission wavelength, were processed
with Origin 2018 (OriginLab Corporation, Northampton, MA 01060, USA) and normalized
with respect to native cells in pure DMEM F12. The fluorescence intensities of T"- and N”*-form
were detected at 480 and 390 nm, respectively, and used for the calculation of the actual values
of the Ir+/In~ ratio. The changes in the actual values of I+/In~ were normalized to the samples
without DMSO containing native cells.

Statistical analysis
Data were represented as a median, 25th percentile, 75th percentile, maximum and
minimum. The minimal number of repetitions for each measurement was six. The data were
ranked before the Newman—Keuls was used to reveal the differences between several groups
and p < 0.05 was considered significant. The Dunnett’s test was used to compare the samples
having additives with samples incubated in pure PBS.

RESULTS AND DISCUSSIAN

Incubation in isotonic conditions

Incubation of ICs with D40, HES or FBS did not result in the significant cell loss (Fig. 1A)
comparatively to PBS samples. Incubation with D40 or FBS also did not change the percentage
of metabolically active cells in the samples (Fig. 1B), while in samples incubated with HES we
observed significantly lower metabolic activity contrary to PBS variant. However, 0.7 and 1.4
M DMSO as well as their combinations with other additives lowered the indicators
significantly. Interestingly, the presence of PEG400 in the media containing 0.7 M DMSO
further decreased indicators of cell survival. Apart from PEG400, PEG1500 was less damaging
to IC but its use with DMSO in 0.7DMSO+PEG1500 essentially decreased the metabolic
activity of the samples (Fig. 1B) when the general cell survival was elevated compared with the
sample containing DMSO only (Fig. 1A). 0.7DMSO+D40 and 0.7DMSO+HES had the same
indicators of metabolic activity as the sample with 0.7 M DMSO but their indicators of general
cell survival tended to be even higher (Fig. 1A and B).

Incubation in hypotonic conditions

Incubation in hypotonic PBS (225 mOsm) negatively affected both indicators of cell
survival compared with correspondent solutions based on 300 mOsm PBS (Fig. 2A, Fig. 2B).
The indicators of cell survival did not decrease in pure 300 mOsm PBS but 225 mOsm PBS
lowered general cell survival and metabolic activity by about 65 and 50 % respectively. One
exception is the PBS solution supplemented with PEG1500 where a slight increase was
observed. However, D40 as well as PEG1500 significantly increased the metabolic activity in
the samples compared with pure PBS (225 mOsm) (Fig. 2B). Typically, DMSO lowered the
general cell survival (Fig. 2A) but addition of any polymer or FBS positively changed the
indicators (Fig. 2A, Fig. 2B). Interestingly, the general cell survival in 0.7DMSO+D40 was
even higher than in pure PBS (225 mOsm) (Fig. 2A). The metabolic activity of all 0.7 M DMSO
containing media with/without polymers was comparable to pure PBS (except the significant
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reduction in 0.7DMSO+PEG400), while the use of 1.4 M DMSO led to considerable inhibition
of metabolic activity.
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Figure 1. Indicators of IC survival after incubation in 300 mOsm PBS supplemented with DMSO and/or
polymers or FBS: (A) general cell survival; (B) preservation of metabolic activity.

* — the indicators of cell survival were statistically different from pure PBS (300 mOsm) (p < 0.05);

# — the indicators of cell survival were statistically different from polymer- and serum-free PBS having the
same DMSO concentration (p < 0.05).

Hypertonic conditions

The media based on 600 mOsm PBS also lowered indicators of general cell survival and
their metabolic activity in most samples compared to the media based on isosmotic PBS (300
mOsm) by 40 and 20 % respectively (Fig. 3A, Fig. 3B). Polymers in the medium lowered either
one or another indicator of cell survival (or both), except D40. 0.7DMSO alone had no effect
neither on cell survival nor on metabolic activity (Fig.3A, Fig.3B) as well as its combination
with D40, but 1.4 DMSO reduced both indicators significantly (Fig.3A, Fig.3B) compared to
pure PBS (600 mOsm). PEG400 and FBS did not improve the outcome of incubation with
DMSO, although FBS alone did not decrease the indicators of IC survival. It should be
mentioned that PEG400 had the most prominent negative effect if both indexes are analyzed in
hypertonic conditions.
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Figure 2. Indicators of IC survival after incubation in 225 mOsm PBS supplemented with DMSO and/or
polymers or FBS: (A) general cell survival; (B) preservation of metabolic activity.

* — the indicators of cell survival were statistically different from pure PBS (225 mOsm) (p < 0.05);

# — the indicators of cell survival were statistically different from polymer- and serum-free PBS having the same
DMSO concentration (p < 0.05);
+ — the indicators of cell survival were statistically higher than the same indicators of 300 mOsm PBS having
identical concentrations and compositions of additives (p < 0.05).

Cooling/warming

The combinations of D40 or HES with 0.7 M DMSO significantly increased the general
survival of ICs after cooling/warming (Fig. 4A). The increase also correlated with high
metabolic activity in the samples (Fig. 4B). 0.7DMSO+D40 had best cryoprotective properties
towards ICs. The use of FBS had a moderate impact on the survival of ICs: it did not increase
the number of the surviving cell when combined with 1.4 M DMSO but significantly elevated
the metabolic activity of the samples compared with the sample having 1.4 M DMSO alone
(Fig. 4B). The use of 0.7DMSO+PEG1500 and 0.7DMSO+PEG1500 did not bring any
advantage compared to the media supplemented by 0.7 M DMSO only.
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Figure 3. Indicators of IC survival after incubation in 600 mOsm PBS supplemented with DMSO and/or
polymers or FBS: (A) general cell survival; (B) preservation of metabolic activity.

* — the indicators of cell survival were statistically different from pure PBS (600 mOsm) (p < 0.05);

# — the indicators of cell survival were statistically different from polymer- and serum-free PBS having the same
DMSO concentration (p < 0.05).

Taking into account that DMSO is membrane permeable and able to change membrane
physical-chemical properties [31], on the next stage of the study we estimated the influence of
0.7 M and 1.4 M DMSO on the state of phospholipid bilayer of ICs, using a fluorescent probe
010 (Fig. 5. A and B). Low-intensive short-wavelength band belongs to the N*-form of the
probe, while high-intensive long-wavelength band is attributed to emission of its T -form. It
was found that, on comparison to the sample without additives, no considerable changes in the
T"-form fluorescence intensity-to-N"-form fluorescence intensity ratio (i.e., I+/In+ ratio) were
observed at lower concentration of DMSO in both cases - after incubation and after
cryopreservation: the It+/In~ ratio was 0.98 (0.81; 0.99) and 1.01 (0.95; 1.07), respectively. On
the contrary, at higher concentration of DMSO (1.4 M) a noticeable increase in I+/In= ratio
(p <0.05) was observed: 1.12 (1.12; 1.12) after incubation and 1.08 (1.06; 1.10) after
cryopreservation.
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Figure 4. Indicators of IC survival after cooling/warming cycle to -30 °C with DMSO and/or polymers, or FBS:
(A) general cell survival; (B) preservation of metabolic activity.

* — the indicators of cell survival were statistically different from 0.7DMSO+D40 (p < 0.05);

# — the indicators of cell survival were statistically different from the polymer- or serum-free media having the
same concentration of DMSO.

Cryopreservation of cell suspensions involves multiple steps, including cell isolation, the
addition of cryopreservation media, equilibration with the media, cooling, storage, warming,
removal of CPAs, and transferring the cells into new media for subsequent use. Certain stages
expose cells to osmotic stress. For instance, during cooling, water crystallization creates
hyperosmotic conditions around the cells, leading to water loss and cell shrinkage, which
reduces cell volume. This shrinkage, combined with the toxic effects of highly concentrated
solutes, can significantly lower the survival rate of the cells. Conversely, during warming, cells
may experience the opposite effect, with changes in volume in the other direction.

The components of cryopreservation media can be conditionally subdivided into
membrane permeable and impermeable. Permeable solutes such as DMSO when added can
cause temporal cell shrinkage followed by restoration of cell volume to the initial one and, in
some cases, by swelling [20, 21]. CPA removal can cause opposite changes: cell swelling
followed by volume restoration. Elevated concentrations of conditionally impermeable solutes,
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for example, Na*, K*, CI, may lead to a persistent cell volume loss provided the membrane
remains impermeable in such hypertonic media or the hypertonicity does not result in opening
ion channels which can lead to the equilibration of ion concentration across the membrane.
However, if the latter happens, the excessive concentration of the solutes in the cells may cause
cell swelling and/or membrane damage when the cells are transferred back into isosmotic
conditions, for example, during cryopreservation on warming and/or CPA removal. This effect
is known as the post-hypertonic lysis and may contribute to cell loss.

70000 =

—\y/0 additives
== «0.7 M DMSO
1.4 M DMSO

60000 =

50000 =

9 40000 =
c
)
30000 =
20000
10000
0 L L L L]
350 400 450 500 550
Wavelength, nm
A
- Native cells
400004 == =0.7 M DMSO
1.4 M DMSO
30000 +
2
c
D 20000 +
10000 o
o L L L L]
350 400 450 500 550
Wavelength, nm
B

Figure 5. Representative fluorescence spectra of probe O10 in cell-containing
DMEM F12: (A) after incubation, followed by DMSO removal; (B) after
cryopreservation, followed by DMSO removal. For better comparison, the
spectra of the probe in the cells in the additive-free medium are presented on the
graphs. To show the differences in the fluorescence intensities of the
phototautomer forms, the spectra are normalized to the fluorescence intensity of
the normal form of the sample with no additives.
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Excessive shrinkage or swelling can cause damage to the cellular membrane and cell loss.
Under the same deviation of osmolarity from the isosmolar condition, cell membranes are more
sensitive to swelling which typically occurs in hypotonic media [32, 33]. This finding can be
explained based on the theory of elasticity: stretching an oblong extended object (in our case
the membrane in a hypotonic solution) is more difficult than bending it (or deforming the
membrane on cell squeezing in a hypertonic solution) [17]. The stress provoked by hypotonicity
can be accommodated by membrane rupture and cell death. In our experimentations, lowering
osmolarity by 25 % (from 300 to 225 mOsm) resulted in a more dramatic decrease in the
indicators of cell survival than increasing osmolarity by 100 % (from 300 to 600 mQOsm).
Similar observations were obtained [34]. Membrane stretching and bending may cause lateral
separation of membrane lipids, which is carefully reviewed [17, 35, 36]. This effect is
responsible for the increased permeability of the membrane and sensitivity to cooling/warming.

DMSO is common penetrating CPA able to form multiple interaction with water
molecules, thus decreasing the amount of ice that can be formed on cooling at any given
temperature, mitigating “solution effect”, preventing excessive cell dehydration during
formation of extracellular ice, increasing the amount of amorphous phase and making lipid
phase transitions in cell membranes less cooperative [2, 12, 13, 31, 37]. These effects of DMSO
promote the survival of many types of cells. However, it is known to be toxic for cells. Taking
into account that polarity of DMSO is lower than that of water (dielectric permittivity of DMSO
is 46.68 and DP of water is 81) and hydrogen-bonding ability of DMSO molecule is lower than
that of water molecule (DMSO molecule has no proton-donating ability), one can suggest that
the observed changes in the microenvironment of probe O10 at higher concentration of DMSO
(1.4 M) may be caused by the solvation of the membrane with DMSO in the regions, where the
probe locate: in the area of glycerol backbones of phospholipids closer to the center of the lipid
bilayer, the area of carbonyl groups of phospholipids and the area of hydrocarbon chains of
phospholipids near the area of the carbonyl groups of phospholipids of the lipid membrane [27].
The mentioned solvation of the membrane at 1.4 M DMSO correlated with decreased IC
survival. This membrane effect of DMSO persisted even after DMSO removal.

DMSO can affect metabolic processes occurring in cells. It can cause membrane thinning
and transmembrane pore formation [38—41]. In addition, it is osmotically active and may also
cause unwanted cell excursions. The CPA decreased the indicators of IC survival. Apart from
DMSO, D40, FBS and, to a lesser extent, HES did not lower the survival of ICs. In isosmotic
conditions, PEG1500 and, especially, PEG400 showed damaging effects to ICs, supposedly,
because of their additional osmotic activity and toxicity [42].

In our previous work [2], we have tested a number of common polymeric substances
(common extracellular CPAS) for their ability to replace serum (or its components) in DMSO
based cryoprotective solutions and found that the medium containing 0.7 M DMSO and 100
mg/ml D40 had an exceptional capability to preserve ICs. Other polymeric additives to the
DMSO based media were less effective (HES) or non-effective (PEG1500 and PEG400). The
indicators of IC survival in the medium supplemented with D40 were not inferior to the best
serum-containing media with 1.4 M DMSO and 10% FBS. What’s more, the D40 based media
(also designated as 0.7DMSO+D40) did not contain components of serum. This is one more
advantage of this medium because serum or its components can cause transmitting infection to
biological material and lead to instability of composition of cryoprotective media from batch-
to-batch [9-11]. The medium supplemented with D40 also had lower concentration of DMSO
compared to its serum-containing counterpart, which, considering DMSO toxicity, is another
advantage of the medium. Herein we have shown that D40, HES and PEG1500 mitigated the
negative effect of DMSO on the general cell survival, probably due to their ability to prevent
excessive cell volume fluctuations on cooling/warming. Although the metabolic activity of the
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samples with 0.7 M DMSO, 0.7DMS0O+D40 and 0.7DMSO+HES was the same, the indicator
in 0.7DMSO+PEG1500 and 0.7DMSO+P400 was considerably lower. These indicate
additional toxic effects of DMSO on cell components in the PEG-containing media.

0.7DMSO+D40 could suppress eutectic crystallization, promote the amorphous phase
formation, inhibit intracellular crystallization, and change ice morphology in a way that
promoted ICs survival. All the studied effects occur at a very wide temperature interval [2, 12,
13]. However, the contribution of osmotic effects of the tested cryoprotective solution
developing on crystallization of water as well as their toxic effects were generally unexplored.
Herein, we hypothesized that the additives could attenuate osmotic effects of the solution and
DMSO toxicity. To verify this assumption, we investigated how the osmotic tolerance of ICs
changed depending on the presence of DMSO, polymers and/or FBS. Additionally, we
compared the data with cell survival obtained after cooling of the samples to -30 °C (the
temperature interval from positive temperature to about -30 °C where osmotic and toxic effects
of solutes are especially damaging [12, 37]) followed by warming and CPA removal.

DMSO presence exacerbated membrane damage caused by hypo- and hyperosmolarity.
Absolute values of indicators of IC survival were generally lower in 1.4 M DMSO than in 0.7
M DMSO. However, in hypotonic media D40 was able to increase the OTL of ICs. Of note,
PEG1500 was able to do this either. The extracellular CPAs can interact with the surface of
cells preventing the membrane from excessive stretching [43]. Dextran in particular blocks
membrane pores, thus, preventing cell death [44].

The polymers and FBS in the combined media 0.7DMSO+D40, 0.7DMSO+HES,
0.7DMSO+PEG1500, 1.4ADMSO+FBS did not decrease the survival of ICs in hypotonic media
compared to the media with the same DMSO concentrations without polymers and FBS.
Moreover, the general survival of ICs in 0.7DMSO+D40 and 1.4DMSO+FBS tended to be
higher than in 0.7 and 1.4 M DMSO, respectively. This means that D40 and FBS can attenuate
the negative influence of DMSO on cell survival in hypo-osmotic conditions.

In hypertonic media, D40 and FBS, neither increase, nor decrease the OTL of ICs. All other
additives caused lower indicators of cell survival (either general cell survival or metabolic
activity preservation, or both). In hypertonic conditions, the use of 0.7 M DMSO did not lower
metabolic activity. Furthermore, 0.7 M DMSO did not reduce any indicators of cell survival
when used in combination with D40

The incubation of cells in hypo- or hyperosmotic conditions with DMSO or polymers, or
FBS, is, to some extent, simulation of the events taking place during cryopreservation described
at the beginning of Discussion. It is obvious, even if a substance can promote the survival of
cells in hypo- or hyperosmotic solutions, it does not directly mean that it possesses adequate
cryoprotective properties towards the cell. In our experimentation, for example, ICs can
withstand hypo-osmotic conditions when PEG1500 was added to the solution. However, the
additive was not able to promote amorphous phase formation or inhibit intracellular
crystallization and recrystallization as effectively as 0.7DMSO+D40 [13]. PEG1500 was shown
to be toxic towards ICs [42]. In the current research, in order to display the correlation between
the survival of ICs in aniosmotic conditions and after cryopreservation clearer, ICs were cooled
in cryoprotective media based on DMEM F12 only to -30 °C. The temperature interval (from
positive temperature to -30 °C), where crystallization/melting of bulk water occurs, is
responsible for most osmotic and toxic effects of cryoprotective media [14, 45, 46]. The
cooling/warming to -30 °C has shown that 0.7DMSO-+D40 was the most effective in terms of
IC survival. Other combined media were less effective (0.7DMSO+HES, 1.4ADMSO+FBS) or
non-effective (0.7DMSO+PEG1500, 0.7DMSO+PEG400). Thus, D40 increases the survival of
ICs, at least partially, at the expense of lowering osmotic effects of concentrated media and
toxic DMSO effects. In our previous work serum-containing medium 1.4DMSO+FBS also
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showed high cryoprotective properties, however, cooling to -30 °C resulted in moderate
indicators of cell survival compared to other studied compositions. Apparently, this result
related to high DMSO concentration in this composition, which could suppress salt eutectic,
promote the amorphous phase formation, but could alter the membrane of I1Cs. This emphasizes
the importance of finding approaches that lower DMSO concentration to the minimum required
for effective cryopreservation. Cooling to -30 °C is not suitable for long-term preservation of
cell samples as it does not prevent other physical transformations in the samples and in the
present work was used to reveal the described effects associated with osmolarity changes.
Lower temperatures are typically needed for cryopreservation of ICs and other cell suspension

12].

CONCLUSION

In the present research, we have shown that at 1.4M DMSO, the decrease in ICs survival
correlated with the detected increase in the lipid membrane solvation with this solvent. The
non-toxic additive D40 increased the osmotic tolerance limit of ICs in the hypo-osmotic
medium and decreased the negative effects of DMSO on the cells. These effects were
accompanied by high indicators of ICs survival obtained after cooling ICs to -30 °C with
0.7DMSO+D40. These results unveil the mechanisms of cryoprotection of 0.7DMSO+D40 and
partially explain the superiority of 0.7DMSO+D40 media shown in our previous works
compared with other investigated media. Understanding the mechanisms of cryodamage and
cryoprotection of 0.7DMSO+D40 paves a way toward the development of new serum-/xeno-
free cryoprotective compositions and improvement of cryopreservation protocols for cell
suspensions that include many types of cells. Further studies are required to reveal the effects
of DMSO on membranes and intracellular metabolic processes. The effects of other procedures
of cryopreservation such as cooling/warming rates or controlled nucleation on the survival of
ICs in 0.7DMSO+D40 has yet to be investigated.
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AxryaibHicTbs. KpiozbepexeHHs: — 11e 6araToKpoKOBHUH Tpoliec, KUl BKITIOYAE €TaIlH, 0 MEXaHIuHO,
OCMOTHYHO Ta TOKCHYHO BIUIMBAIOTh Ha Oionoriyamii Martepian. BukopucranHA Kpio30OepexeHHsS
010JTOTIYHIX MaTepialiB € eKOHOMIYHO BUTITHIM Ta 3a0e3Iedye JOBrOTprBaie 30epiraHHs 3a KpioreHHIX
TemriepaTyp. BoHO Takok rapaHtye cTaOLIBHICTh F€HETHYHOTO KOMIIOHEHTY KIITHH Ta 3HUXKYE PU3UK
KOHTaMiHaIlii 6i0J0riyHOro Marepiany.

Mera po6oTu. MeTOH MOCTIMKCHHS € BHBYCHHS BIUIUBY KPIOMPOTEKTOPIB (IUMETUICYIb(OKCHT
(DMSO), nekcrpan (D40), rinpokcierunkpoxmaib, nomierwinenriikoni (PEG1500 ta PEG400) Tta
(derampHa OMua cHUpoOBaTKa) 1 iX KOMOIHAIiii Ha B3a€EMO3B’SI30K MK OCMOTHYHOK) TOJICPAHTHICTIO
inTepcTuiianbHUX KIiTHH segka (IK) Ta kpiozaxmcTom.

Martepiaan i meroau. [Topir ocmotuanoi TotepantHOCT (OTL) IK Ta TOKCHYHMIT BIUIHB KPiOTIPOTEKTOPIiB
JOCTIKYBAIA B CEPEIOBHIIAX HA OCHOBI (ochaTHOTO Oy(epHOro po3dWHY 3 Pi3HOIO OCMOJSPHICTIO:
i3oocMotruHui (300 MOcM), TimoocmotiuawMiA (225 MOcMm) Ta rimepocmotuaruit (600 MOcwm). TTomiGHi
OCMOTHYHI YMOBH MOXYTh PO3BHBATHCS IIiJ] 9ac Kpio30epeKeHHA KIITHH y TEMIIEPaTypHOMY Mdiara3oHi
Bix +4 o -30 °C.

PesyabTaTu. [Toka3sHUKY BIDKMBAaHHSI KIIITHH ITiCIIs iHKYOallii B CepeIoBHIIIaX 3aJIe)Kall Bil OCMOJISIPHOCTI
cepezioBuIn iHKyOarii. BOHH MOPIBHIOBANIKCS 3 MOKA3HMKAMHU, OTPUMAHMMHU TMicis oxonomkenHs 1K
10 -30 °C 3 HACTYIIHUM HArpiBaHHJIM Ta BHUAAJCHHSIM KPiONPOTEKTOpiB. MU moka3aju, 10 HETOKCHYHA
no6aska D40 migsuniysana OTL IK y rimoocMOTHYHOMY CepelloBHIL Ta 3MEHIIyBajla HeTaTUBHUN BILIHB
DMSO Ha xnitunu. Lli edexrn cynpoBoaKyBaiucs BACOKMMH NOKa3HUKaMu BkuBaHHs 1K, orpumanumu
micist oxosomkennst 1K o -30 °C y cepenosumi 3 100 mr/mi D40 1 0,7 M DMSO.

BucnoBku. 1i pe3yiapTaTi po3KpHBarOTh MEXaHi3MHU Kpio3axucty cepenosuma 0.7DMSO+D40 i vacTkoBO
MOSICHIOIOTh TIepeBary IbOro Cepe/IOBHINa, sKa Oyia MpoJeMOHCTPOBaHAa B HAIIMX IOTEpeAHIX podoTax
MOPIBHAHO 3 IHIIUMHU IOCTIDKCHHMHU CepeloBHIIaMH. Po3yMiHHS MeXaHI3MIB KPiOMONIKO/DKEHHS Ta
kpiozaxucty 0.7DMSO+D40 BimkpuBae HUISX OO PO3POOKH HOBUX KPIOMPOTEKTOPHHUX KOMITO3HIIIH,
BUIBHUX BiJl CHPOBAaTKM Ta KCEHOTCHHUX KOMITOHEHTIB, a TAKOX MTOKPAIIECHHS TPOTOKOJIB KPio30epekeHHs
JUTSL KITITHHHAX CYCIICH31M, 1110 BKIIOYAI0Th Oarato TUIIB KITUH. [loganbiii JOCTiKeHHS HEOOXIaHI IIst
BuBueHHs edextiB DMSO Ha MeMOpaHu Ta BHYTPIIIHBOKIIITHHHI METa0OIIuHI IPOLECH.

KJIIOYOBI CJIOBA: ocMOTHYHAa  TOJEPAHTHICTh;  TOKCHYHICTh;  JUMETHICYNB(GOKCHI;  JEKCTPaH;
T1IAPOKCICTHIIKPOXMaJIb; MOJETUIICHIIIKOJIb, MEXaH13MHU KP103axXHUCTY.
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AKTyaJbHiCTh. Y Cy4acHIi MeIUIMHI aKTUBHO 3aCTOCOBYIOTHCS Pi3HI TEXHIUHI 3aCO0M Ta pO3pOOKH y
BUMJIAAl 1HBa3MBHOI BHyTpimHbocynuHHOi (BJIOK) Ta HeiHBa3MBHOI TpaHCKYTaHHOI METOJAUK
OMPOMIHCHHS KPOBi, Y TOMY YHCJI, 3 3aCTOCYBaHHSIM HU3bKOIHTCHCHUBHOI'O JIA3€PHOTO BUIIPOMIHIOBAHHS
(HUUIB) pisnux miama3oHiB. He3Bakaroun Ha TMO3WTHBHI KJIiHIYHI pe3yNbTaTH TAKOTO BIUIHBY, (i3HKO-
MOJIEKYJISIpHI MEXaHI3MH 3aJIMIIAIOTBCA HEe A0 KiHIA 3°scoBaHuMMHU. YibrpadioneroBuid (YP) i
tepareproBuit (TI'1) miama3oHW €IEKTPOMArHITHOTO BHIIPOMIHIOBAaHHSA BITHOCSTH A0 OiOTCHHHX, TOMY
BCTAHOBJICHHS 1X e(eKTiB Ha piBHI KIITHH KpPOBI JO3BOJIMTH MOTHBOBAHO PEKOMEHAYBATH iX MO
BUKOPUCTAHHS y MEAWYHIH Ta OIOTEXHOJOTIYHIA MPAKTHUII MICIsA pO3pOOJICHHS BiONOBITHUX METOIUK
BILTUBY.

Merta po6orm — pocnimkeHHs OioreHHoi aktuBHOCTi HIJIB ymbpTpadioneroBoro Ta TeparepmoBoro
Jliarra3o0HiB Ha CTPYKTYPHO-(DYHKIIIOHANEHUH CTaH EPUTPOIUTIB KPOBI MIYPIB in Vitro.

Marepianu i MmeToau. Merogamu MikpoenekTpodopesy, crekTpodoToMeTpii Ta KUCIOTHUX €pUTpOrpam
JIOCJIIJDKEHO, BIMOBITHO, N3€Ta-TOTEHIa]l €PUTPOLHUTIB, BMICT NEPBUHHUX MNPOJYKTIB IEPEKHCHOTO
oxucnenns nimigis (ITOJT) B epurpomaci (koH'foratu )upHUX KUCIOT (hocdouriniiiB MeMOpaH epUTPOLIUTIB
— nienogi (IK), tpienosi (TK) i terpaenosi (TEK), okconienosi (O/IK)), pe3ucTeHTHICTb €pUTPOLUTIB 10
Jiii KUCIIOTHOTO T'eMOJIITHKA MICisl MOMEPEeIHbOro JiazepHoro onpomineHHs B Y@ ta Tl giamazoHax.
JlazepHe ompomiHeHHs 3pa3kiB B Y@ [miama3oHi 3iHCHIOBAM IMITYJIGCHUM a30THHM JIa3epOM
(A = 0,337 mxm), orrpominenHs B TT'1 giamazoni — 6e3mepepBHUM CO»-nmazepom (A = 118,8 mxm).
PesyasraTn. Brumms HIJIB YO ta TI'm HH3BKOI MOTYXHOCTI JO3U OMPOMIHEHHS CIPHYHHIOE (i3UKO-
XIMiYHI 3MiHH B TUTa3MaTHYHIH MeMOpaHi epUTpouuTiB. BcTaHOBICHO HeMiHEHHE 0303aIeKHE 3SHIKCHHS
CJIEKTPOKIHETHYHOTO TMOTEHI[ialy KIITHHHOI TIOBEpXHI Ta IiJBHIIEHHS T'eMOJITHYHOI YyTIHBOCTI
SPUTPOIMTIB HA TIi aKTUBAIIi] MPOIECIB IEPEKUCHOTO OKHUCICHHS JIIITIAIB B EPUTPOIUTAPHUX MEMOpaHax.
BucnoBku. 3a ymoB BiuBy HIJIB cTHMYyIIOIOTBCS MPOIECH BUIBHO-PAJUKAIBHOTO TEPEOKHCIICHHS
JinmigiB MeMOpaH epuTpoluTiB. Buseiena Bupaxena O6ioreHna aktuBHicTh HIJIB Y® nianasony Ha piBHI
MeMmOpaH eputponuTiB. OTpuMaHi AaHi MOXYThb OYTH BHKOPHCTaHI Ui DO3MIMPEHHS CIEKTPY
3acrocyBanHg HIJIB Y® nianmazony B Metogukax BJIOK.

KJIFOYOBI CJIOBA: HHU3bKO-iIHTCHCHBHE JIa3epHE BHUIIPOMIHIOBAHHS, YNbTPadiosieTOBHI Miama3oH;
TepareprioBuii Jiama3oH; A3€Ta-TIOTEHIiA €PUTPOLIUTIB; TMEPEKUCHE OKUCICHHS JIMiAiB; KHUCIOTHUH

reMoJII3.
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Bioctumymioroua 1t HU3BKOIHTEHCHBHOTO Ja3epHoro BurpomiHioBanHs (HLJIB)
IIMPOKOI0 YaCTOTHOTO [iala3oHy 3 PI3HUMU IOKa3HUKaMH IOTY)KHOCTI JI03U aKTHBHO
JOCIIJKYETBCS Ta MPEICTaBIeHA B HAYKOBHX JIITEpaTypHUX JKepenax [1—4], npore edexTu
HIJIB y OiunmbmocTi BHUIMAAKIB JUCKYCiHHI, OCKUIBKHM OCTAaTOYHI MEXaHI3MH BIUIMBY
BUIIPOMIHIOBAHHS i JIOCI 3aJIMINAIOTHCS HE BUSBJICHI. B HayKOBii MepioauIli MpeacTaBIeHUI
Ta 0OrOBOPIOETHCS MIUPOKUNA CIIEKTP BIACTUBOCTEH JIa3€pHOr0 BUIPOMIHIOBAHHS MEJUYHOTO
CIIPSIMYyBaHHsS: MPOTH3aNalbHA Ta CTHMYJIOIO4Ya 1o pereHepaiii kmitun i HIJIB [5-6],
BTUICHHS (i3i0TepaneBTUYHUX METOMIB 3 3aCTOCYBAaHHSIM HU3BKOIHTEHCHBHOTO Jazepa [7],
Ja3epoTeparis 3 METOI IOCUJICHHsI KMCHEBOIO MOCTA4aHHA 3a paxyHOK nepdysii kposi [8].
OpnHak, He AMBJISTYMCH HA YHCENIbHI HAYKOBI 3BIiTH MPO JOCIIKEHHS IN VItro Ha TBapuHaX Ta
BUNAQJKM MPAKTUYHOTO 3aCTOCYBaHHs, IO MIATBEPIKYIOTh MO3UTUBHUN pe3yibTar,
Ja3epoTeparis Bce II€ 3aJUINAETHCS HEIOKA30BHM METOJOM MEAWYHOTO BTPYYaHHS.
He3Bakatoun Ha HEBU3HAYEHICTh MEXaHI3MIB BIUIMBY KOTE€PEHTHOI'O BHUIIPOMIHIOBAHHS Ha
01000'eKTH, y KITIHIYHIA TPAKTUI[ YCHIIIHO 3aCTOCOBYIOTh BHYTPIIIHBOCYIWHHE JIa3epHE
onpomineHHs kpoBi (BJIOK), B Tomy umcii, y BUIIISAII 1HBa3UBHOI BHYTPIIIHLOCYAUHHOI [9,
10] Ta HeiHBa3WBHOI TpPaHCKyTaHHOI MeTOAWK omnpomiHeHHs [11, 12]. Bkaszani metomuku
3aCTOCOBYIOTHCSL JJISl JIIKYBaHHS 3aXBOPIOBAaHb PI3HOI €TIOJNOrIl Ta MaloTh IMO3UTHUBHUN
KIiHIYHUI pe3ynbTar [13]. PesynpratvBHE BUpINICHHS MEAMYHUX NPOOJIEM 3IIHCHIOETHCS,
MEPEBAKHO, 3 3aCTOCYBAHHSM 1H(pPAYEepPBOHOIO Ta ONMKHBOTO 1H(PPAYEPBOHOTO Jiama3zoHIB
HUUIB. B cydacHMX JOCHIIDKEHHSX BCTaHOBJIEHO, IO OiojoriuHa eQeKTHUBHICTH
HU3bKOIHTEHCUBHOI'O JIA3€PHOT0 BUIIPOMIHIOBAHHS CYTTEBO 3aJICKUTh BiJl 103U Ta MOTYKHOCTI
BUIIPOMIHIOBaHHA 1 Ma€ HemiHiiHWN XapakTtep [14]. 3 MeTO BHBUYEHHS MOJEKYISPHUX
MeXaHi3MiB OIOr€HHOTO BILUTUBY JIa3€pHOTO BUIIPOMIHIOBAHHS OCTAHHIM YacOM CYTTEBO
po3mmpuBea aianazoH uyactor HIJIB, skuit BUKOPUCTOBYETbCS B MEAMKO-010JIOTTUHUX
exkcepuMeHTax. JlocmimkyeTbcst OioreHHa akTHBHICTH yibTpadiosneroBoro (Y®) i
teparepuoBoro (TI'n) mianazonis HIJIB. Ilpaktuune 3actocyBaHHS Y@ BUNPOMIHIOBAaHHS
IOB’s13aHE 3 NEBHMMM NpoOjJeMaMu Ta BHMKIIMKAE psj 3anuTaHb. Hampukiaa, HEoOXigHO
BpaxoByBaTH, 110 Y® ONpPOMIHEHHS MOKE€ BUKJIMKATH SIK KOPUCHI (TepaneBTHUYHI), TaK 1
mKiuBi (mo0iyHi) edekTH, Taki K KaHIIEPOTEHHU, MPOSB SIKOTO 3aJeKUTh BiJl YaCTOTHUX
XapaKTEepUCTUK BUTIpoMiHIOBaHHS [ 15, 16]. [loOpe nocnimkeni 6akTepuiinaHi B1acTUBocTi Y D
BUIIPOMIHIOBaHHS JIOBI'M Yac 3aCTOCYBAJIUCS B MEIWYHIN MPaKTHUIl 3 METOK Ae3uH(peKiii
MOBEPXHI BIIKPUTOI paHHU, MPOTE 3 BIIAKPUTTSAM aHTHUOIOTUKIB 3a3HAJM 3MEHILEHHS IOMUTY.
OpnHak, 31 3pOCTaHHAM JIIKapChKoi CTIHKOCTI 30yHUKIB iH(peKkLiil 10 aHTuOioTuKoTepanii Y
ONPOMIHEHHSI 3HOBY CTa€ albTEPHATUBHUM METOJOM JIIKYBaHHS 1H(EKIiH, 110 J03BOJISE
nepeadaunTH NepceKTUBH po3BUTKY Y D-na3epHoi anTub10THKOTEparii. [IutanHs 6i0reHHoro
BIUIMBY Tl 1a3epHOr0 BUIPOMIHIOBAaHHS Ha0Y/lIO aKTyaJlbHOCTI OCOOJIMBO 3a OCTaHHI JBa
necaTuiiTTa. Pesymbratu mocmimkenHs Oionmoriynoi edextuBHocTi HIJIB TT'mi miamazony
IpeJCTaBjlIeHl B Marepianax 3BITy MacmtabHoro €Bpomeiicbkoro IlpoexTy mocmixeHHs
B3aemonii BumpoMiHtoBanHs Tl HUJIB 3 Giomoriuammu cucremamu (2004) Ta iHIIMX
HaykoBUX kepenax [17, 18]. OcobmuBo akTyasnbHa mpobiieMa ChOTOICHHS — 3aCTOCYBAHHS
TT'11 BUIIPOMIHIOBAHHS JUTS TIAarHOCTUKK OHKOJIOTIYHUX 3axBoproBanb [19, 20]. Teparepiosa
CIEKTPOCKOIIS 1 Bi3yami3allisi MPOJEMOHCTPYBAIM IOTEHLIa] PO3IMi3HABaHHS THUIIIB KJIITHH.
OnyOmikoBaHi JaHi, SKi MATBEP/PKYIOTH YCIIIIHY TEparepLoBy Bi3yati3allilo MaTOJOTIYHUX
TKaHUH 1 MOKa3yIOTh BUpa3Hy audepeHIialiio MK MyXJIMHHIMH 1 310pOBUMHU TKaHuHamu [20,
21]. TIpote 3aMIIAETHCS BIAKPUTUM IHUTAHHS MPO HEOE3NEKy 3aCTOCYBAHHS TEPareproBOro
BUIIPOMIHIOBAHHS, y 3B’SI3Ky 3 4MM OloreHHa akTUBHICTH TI'1 BUNpoMiHIOBaHHS MOTpedye
MOJAJIBIIOTO PETELHOTO AOCIIHKEHHS.
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Amnaniz omyOmikoBaHux poOiT [22, 23] monmo BmiuBy HIJIB mokasye, mo came B
MeMOpaHHOMY anapari KJIITHHU pO3BUBAIOTHCS MEPBUHHI (i3MKO-XIMIYHI peakilii, sSKi B Til 4n
IHIIIA Mipl BU3HAYaIOTh BIATYK KJIITHHU W OpraHi3My B IUJIOMY Ha BIUIUB (DaKTOpIB
30BHINIHBOTO cepenoBuiia. [lnasmMaTinuHi MEMOpaHU €PUTPOIUTIB € 3pYyYHOI0 Oi10JIOTTYHOIO
MOJICILTIO ISl TOCII/DKEHHST MEMOPaHO-MOIYJIOI0UOl J10303JICKHOT i1 HU3bKOIHTECHBHOTO
OTIPOMIHEHHS Pi3HUX YAaCTOTHHUX Jiana3zoHiB. MeTor poOOTH Oyio JociiKeHHsS Oi0reHHOi
aktuBHOocTi HIJIB Y® Ta TIm pgianma3oHiB Ha piBHI CTPYKTYpPHO-(YHKIIOHATBHUX
BJIACTHBOCTEH MEeMOpaH EPUTPOIMTIB KPOBI IIYPIB in Vitro, BUSBICHHS €EKTIB ONIPOMiHESHHS
3a MOKa3HUKAMH €JICKTPOPOPETUIHOT PYXIMBOCTI, PiBHS IEPBUHHHUX MPOIYKTIB EPEKUCHOTO
OKHCIICHHS JIIiJIIB Ta PE3UCTEHTHOCTI KJIITHH JI0 BIUIMBY KUCIOTHOTO Fe€MOJITHKA.

MATEPIAJIM 1 METOIA

B ekcnepumenTi Oynu BHUKOpUCTaHI 6-MicsiuHi Oe3mopoani Oimi mrypi-camii 3
no4yaTtkoBoro mMacoro 200-250 T, siki yrpuMyBaJIMCs HAa CTaHIAPTHIN Ai€Ti BiBapil0 B yMOBax
BUIBHOTO JIOCTYITY J10 BOAU. B mocnikyBaHUX rpymnax Oyjio He MEHIIEe TPhOX TBAPUH, BCHOTO
OyJ10 1’ SITh TaKUX TrpyI. JloCiKeHHS 31IHCHIOBAITUCS 3T1THO 3 HAIlIOHATEHUMU «3arajJbHUMU
€TUYHUMHU TPUHIUIIAMHU MPOBEICHHS EKCIEPUMEHTIB Ha TBapuHaX», yxBaieHuMu llepuimm
HamionanpHuM KOHrpecom 3 0Oioetuku [24], 1m0 Y3rO/PKYIHOTBCS 3 MOJOXKCHHSIMHU
«EBpOMNENChKOT KOHBEHIT MPO 3aXHCT XpeOSTHUX TBapHH, SKi BUKOPUCTOBYIOTHCS IS
CKCIIEPUMEHTAIbHUX Ta 1HIINX HAyKOBUX Iiiyiei» [25].

3 MEeTOI0 BCTAHOBJICHHS OCOOJMBOCTEH peakilii YepBOHUX KIITHH KPOBI IIypiB Ha IO
fga3epHoro BunpomiHooBaHHs Y® Tta Tl giamasoniB  in VItro  mociimKyBaaucs
€JIEKTPOKIHETUYHI BIACTUBOCTI MEMOpAHHOI MOBEPXHI E€PUTPOLUTIB IIypiB, 3MIHU DPIBHS
NEPBUHHUX MPOAYKTIB mnepekucHoro okucnenns miminie (IIOJI) Tta pesucreHTHICTH
€PUTPOLIUTIB JI0 Jii KUCIOTHOTO TeMOJITHKA.

[Ipenapar cycneHsii BIAMUTHUX EPUTPOLMTIB OTPUMYBAJIM 3a 3arajbHO MNPUWHATOIO
meroaukoro. IlepBunHi npoayktu ITOJI — 1me koH'foratu >KHpHHUX KHUCIOT (hocdoimiaib
MemOpaH eputpouuti: aAieHoB1 ([IK), Tpienosi (TK) 1 rerpaenosi (TEK), okconienosi (OK)
BU3HAYAIM B EPUTPOMAci micis iX eKCTpakmii B  cyMimi  renTaH/i3ompomnaHol
CIEeKTPO(OTOMETPUUYHHUM METOJIOM Ha BIAMOBIMHUX JOBXKMHAX xBUJb 233 HM (IK), 268 um
(TK), 276 am (OK), 287 um (TEK). Po3paxyHok KOHIIEHTpaIliii KOH IOTaTiB 3/1iCHIOBAIIN 3a
3akoHOM byrepa-JlamGepra-bepa 3 ypaxyBaHHSM BiANOBIHUX KOE(DILIEHTIB MOJSPHOI
excruHKLIT & (mrs JIK, TK ta OJIK: £0=2,2%10° cM*M™?, £0=4,34x10°>cm™ M ta g=2,7x10°
cmM71, Bimmosigno). KoHIEHTpalito KOH’IOraTiB TNpEACTABISIM B HMONh Ha | M
eputrpomacu (ans K, OJIK, TK); xoedimienT monspuoi ekctunkiii ans TEK He Bu3HaueHui,
TOMY iX piBeHb BH3HAYAIH B OJMHUIISIX ONTHYHOI IIIIBHOCTI HA 1 M epuTpomacu [26, 27].

BenuunHy ~— a3eta-moTeHUiany — €pUTPOLMTIB  OLIHIOBAJIM 33 MOKa3HUKOM
eeKTpodOpEeTUUHOI pyXJUBOCTI KITHH B po3unHi 5 MM tpuc-HCl Oydepa, pH 7.4 3
NOCTIHHUM 3HA4YeHHAM CHJIM CTpyMy 4 MA B enekTpodopeTnyHiii kamepi. Po3paxyHku
BEIIMYMHU J[3€Ta-TIOTEHIIANTy 3M1MCHIOBaKM 3a (opmynor ['enpmronbiia-CMOTyX0OBCHKOTO
[28]. LLlinbHICTH MOBEPXHEBOTO 3apsily EPUTPOIIUTIB BU3HAYAIN 32 METOIOM [29].

Pe3ucTeHTHICTh €pUTPOIUTIB 0 /i1 KUCIOTHOTO TEMOJITHKA JOCIIKYBAIH 32 METOJAOM
[30] Bu3Ha4YeHHS TEMOJITUYHOI AKTHBHOCTI EPUTPOLMUTIB 3a JOMOMOIOI arperoMerpa-
dopmomerpa AKK-01. Benmuuny LAG-nepion Bu3HAYa M SK BiUTIK iHTEpBAIY Yacy ITiCIs
JI0JJTaBaHHSA TEMOJITUKY JI0 MOMEHTY pO3TOpTaHHs TreMoii3y. BincoTok mporemosnizoBaHUX
EPUTPOIIUTIB B TIEBHUHA MOMEHT Yacy 00UHCITIOBAIIH 32 (POPMYIIOI0:

D1—D;
oD, = —1—2i
%D, AD

ne Di — nmoka3HuK ONTUYHOT HIUTBHOCTI B TaHUH MOMEHT dacy; AD — BennuuHa, 1110 JOpiBHIOE

PI3HHII MK MTOYaTKOBUM 3HAYEHHSIM ONTHYHOI MIUTBHOCTI 1 3HAYEHHSIM ONTHYHOI HIITFHOCTI
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Micysl 3aKiHYCHHS TeMOoJi3y. 3HadeHHs tgA OOYMCIIIOBAIM HA JIHIMHIA TUISHIN 3aJI€KHOCTI
%D; (t), o 3a hi3MYHUM 3MICTOM BiAIMOBIgA€ MBUAKOCTI TeMOIi3y epuTporuTiB [31].

JlazepHe ompomiHEeHHs 3pa3KiB B  yiIbTpadiojieTOBOMY JAiama3oHi 3IHCHIOBAIN
iMImynbcHUM a30THUM JazepoM (A = 0,337 MKM), cepeaHs MOTYKHICTh BHUIIPOMIHIOBAHHS
5MBT, IIIBHICTH TOTYXHOCTI BHIpOMiHIOBaHHA 2,8 MBT/cM?,  ompoMiHGHHS B
cyOMinmimMeTpoBoMy jiama3oHi — OesmepepBauM COz-nmazepom (A = 118,8 mxm), cepemus
IOTYKHICTh BUIIPOMiHIOBaHHs 20 MBT, IIiIBHICTH MOTYKHOCTI BUIIpOMiHIOBaHHS 9,5 MBT/cM?.
ExcriosuiiiiHa 103a 32 yMOB ONPOMiHEHHs a30THUM Ja3epoM cTaHoBuaa: D1ye=0,109 Tx/cm?,
Doyve=0,327 I[)K/CMZ, Dsve=0,546 I[}K/CMZ. 3a ymoB onpomideHHs1 CO2-1a3epoM eKCIO3UIliHA
no3a 6yna Ditry=0,624 Jx/cm?, Darry=1,871 Jdx/cm?, D3try=3,119 Jx/cm?. ToBmmHa mapy
OTIPOMIHIOBAHOI CYCHEH31i €pUTPOLMTIB CTAaHOBWJIA | MM, 4Yac OmNpoOMiHEHHS 3paskiB 10
XBUJIHH.

CraTHCTUYHUI aHaJli3 OTPUMAaHUX PE3YJIbTATIB 3A1MCHEHO 3 BUKOPUCTAHHSM CTaHIaPTHUX
nakeriB nporpam Excel (Bepcis 7), po3paxoBaHi cepelHi 3HA4YCHHS i CTaHAApTHA MOXHOKa
CEpPEHBOTO ISl JOCIIKYBAaHUX 3Pa3KiB KIIITHH, Pe3yJIbTaTH OMPAIlbOBaHi 3 BUKOPUCTAHHIM
merony Cteiogenrta [32]. PesynmpTaté ekcriepuMEHTaIbHHUX AOCHIHKEHb Ha rpadikax Ta B
Tabymusax 1, 2 mpencTaBlieHl SK CepeaHE + OBIPYMU IHTEpBAI IS CEPETHBOTO (X + Ax;
P=95%).

PE3YJIbTATHU I OBI'OBOPEHHSA

JlocmiKeHHsT eNeKTPUYHUX BIACTUBOCTEH MEMOpaHHOI MOBEPXHI KIITHH METOJ0M
MiKpoenaeKTpodope3y IMIHPOKO 3aCTOCOBYEThCS B HaykoBii mpaktumi [29, 33, 34].
EnexTpokiHeTHYHUI MOTEHIiaN TUIa3MaTUYHAX MEMOpaH €pUTPOLHUTIB € BAXKIMBUM (Di3HKO-
XIMIYHUM TOKKYUKOM JUIsI OLIIHKK TaKUX TapaMmeTpiB O10J0TIYHOT aKTUBHOCTI KIITHH, 5K
CTIAKICT, JO /il 30BHINIHIX YWHHUKIB [34], wimiTuHHMIA TomeocTa3 [33], akTuBaIis
(iHaxkTHBaIis) KIiTHH [29] Ta iHIIe. 3 MeTor AocHiKeHHsS 6ioreHHOi akTUBHOCTI Y@ Ta TI'ng
Jllana3oH1B BU3HAYAIM 1030BY 3AJI€KHICTh TOBEPXHEBUX €JIEKTPUYHUX BIACTUBOCTEN MeMOpaH
epuTpouuTis 3a yMoB BituBy HIJIB. ExcriepuMeHTabHO METOAOM MiKkpoenekTpodopesy [28]
BU3HAUAIM €JNeKTPO(OpPEeTUYHY PYXJIMBICTh EpPUTPOLMUTIB KpPOBI HIYpiB Ta OOYMCIIOBAIU
3HAYeHHS A3€Ta-NOTEHIaTy 1 IIIbHICTh PO3NOIUTY TOBEPXHEBOTO 3apsay KIITHH.

Ha pucynky 1 mpencraBneHi pe3yiabTaTH JOCHIIKEHb 10303aJI€KHOT 3MIHU BEITUYUHU
J3€Ta-MOTEHIiaJly ONPOMIHEHMX epUTPoUUTIB. CHoOCTepiraeTbcs TEHJEHIS 3HUKCHHS
€JIEKTPOKIHETUYHOIO MOTEHIIIATy JTOCHIKYBAHUX KIIITUH 31 3pOCTaHHSIM €KCIO3UILIHHOI 103U
onpomiHeHHs A Y® ta TI'y gianazonis. [Ipu Y® onpoMiHEHH1 CYTTEBO 3MIHIOETHCS 3apsiy
MeMOpaHHoOT TToBepXHi B iHTepBani 103 10 0,327 JIk/cM%, BCTAaHOBJIEHO 3MEHIIEHHS BETHUIHHHA
n3era-rnoteHmiany Ha 33% BIIHOCHO KOHTPOJBHOTO 3pa3ka. Toji sk 32 yMOB MaKCUMaIbHOT
eKCIIo3HIiiHOI 1031 onpoMineHHs (0,546 JI/cM?) 3MeHIIEHHs BETHYNHN J3eTa-TIOTEHIiaNy
Bi10yBaeThcs Ha 39% y MOPIBHSAHHI 3 HEOMPOMIHEHUM KOHTpOJIeM. 32 yMOB oripoMiHeHHs 111
Ja3epoM BCTAaHOBJIEHO 3MEHIICHHS JIOCIIKYBaHO1 BETMUMHH Ha 47% Npy MakCUMalbHIN 1031
onpominens (3,119 JIx/cM?) TIOpiBHAHO 3 HEONPOMIHEHHM KOHTPOJEM, MPH IHOMY Ha
NEepUIMX eTarnax ONPOMIHEHHS TakoX, K 1 g Y®-miana3oHy, 3MiHM OiUTbII 3HAYHI Y
MOPIBHSHHI 3 MAaKCHMAJIBHOIO J103010. Pe3ynbTaTl peictaBieHi B Tabmuill 1 y3rouKyroThCs 3
3arajlbHUM YsBJICHHSA IIOJ0 MeXaHi3My (OPMYBaHHS €JIEKTPOKIHETUYHOTO MOTEHIiaTy
MeMOpaH Ta JOTIYHO MiATBEP/KYIOTh, [0 MEPUIONPUYMHA 3MIHU EJNEKTPOKIHETUYHUX
BJIACTUBOCTEH — 3MiHa Mepepo3NO/IiTy 3aps/IiB Ha MEMOpaHHIi MOBEPXHI OMIPOMIHEHHUX KIIITHH.
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Puc. 1. [lo3o03anexkHa 3MiHa BEJMYMHH J3€Ta-MOTEHLIATY MEMOPAHHOI MOBEPXHi SPUTPOLUTIB 32 YMOB BIUTHBY
Jla3epHOro BUNpoMiHioBaHHs Aiana3oHiB Y@ (A), A = 0,337 mkm 1a TT'nx (B), A = 118,8 Mkm.

Fig. 1. Dose-dependent change in the value of the zeta potential of the membrane surface of erythrocytes under the
conditions of exposure to UV (A) (A =0.337 um) and THz (b) (A = 118.8 um) laser radiation.

Tabmums 1. HIimeHICTh TOBEPXHEBOTO 3apsiIy OMPOMiHEHHX JiazepoM eputpouutis B YO ta Tl giamazonax
X+ Ax;n=5)

Table 1. Surface charge density of laser-irradiated erythrocytes in the UV and THz ranges (X + Ax; n = 5)

N | Tl
5, 10°Kn-m?
Koutponb 1,13+0,04 1,04+0,02

D; (0,109 ix/cm?) | 0,99+0,08 0,82+0,08
D, (0,327 Jix/cm?) | 0,74+0,09 0,69+0,10
D3 (0,546 Jlx/cm?) | 0,69+0,07 0,56+0,05

Binomo, mo enektpodopeTHdHa PyXJIMBICTh KIITHH Ta ILIUIBHICTH 3apsily IMOBEPXHI
BU3HAYA€THCS (HOCPOMIMITHUM CKIaJI0M KIITHUHHOI MeMOpaHU Ta (i3UKO-XIMIYHMM CTaHOM
minigoMy [35]. BriuB pi3u4HUX YMHHHUKIB HA MEMOpPaHU €pUTPOLIUTIB MOXKE CIPUYUHIOBATH
nepedynoBu JinigHoro Gimapy [36], 3MiHu GocoiniAHOro CKIaxy Ta iX KUPHOKHUCIOTHUX
3aymmiKiB [37]. Y 3B’s3Ky 3 MM JOIUTHBHO OYyJI0 MOCHiIUTA akTUBHICTH mporeciB [1OJI ta
BU3HAUUTU pIBEHb TeHepalii NEepBUHHUX TNPOAYKTIB IEPEOKUCICHHS KXUPHOKHCIOTHUX
3aJIMILKIB 13 PI3HOIO KUIBKICTIO MOJABIHHUX 3B’s3KIB y (ocdomimizax MeMOpaH epuTpOIMTIB
micast onpominenHs HIJIB V@ rta TI'm miama3oHiB. fIk BHAHO 3 PUCYHKY 2, OJIHOPa3oBe
OTPOMIHEHHS CycreH3ii epuTpouuTiB Y@ nazepoM 3a yMOB pI3HHX EKCIIO3HMINHHHX 103
(D1=0,109 Ix/em?; D2=0,327 JIx/cm?; D3=0,546 }1>I</CM2) crpuuuHIoe 3HWKeHHs piBHA JIK
nicns Y@ onpominenns B no3ax 0,109 x/cm? (5a 17 %) ta 0,327 Tx/cM? (Ha 50 %), micas
ONPOMiHEHHS B MaKCHMambHili 1031 0,546 J[k/cM? He BHABIEHO JOCTOBIPHHX 3MiH
konneHTpaii JIK. Pisens TK, OJIK ta TEK ctae HI>k4UM KOHTPOJIBHOTO 3HaUEHHS Ticist Y O
ONPOMIHEHHsSI B YCiX JociikyBaHux ao3ax (Puc. 2, Puc. 3), nmpore no3oBa 3alleXHICTh €
HeliHiHO. MakcuManbHe 3MEHIIEeHHS OCIIPKyBaHUX MOKa3HUKIB BCTAHOBJICHO B 3pa3Kax
onpoMineHux B 1031 D2=0,327 Tx/em?: Ha 56% st TK, Ha 57% ms OJIK, Ha 52% mus TEK
MOPIBHSHO 3 HEOIIPOMIHEHUM KOHTPOJIEM.
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Puc. 2. B HIJIB Y® (A=0,337 mxm) (A) Ta TI'n (A = 118,8 mxm) (B) niamazoHiB Ha piBeHb NMEPBUHHUX
npoxykriB [1OJI (K, TK, OJIK) B no3ax onpominenus: 1 — koHTpons; 2 — D1; 3 — Dy; 4 — Da.

Fig. 2. Influence of LLL UV (A=0.337 um) (A) and THz (A = 118.8 um) (B) ranges on the level of primary
products of POL (DC, TC, ODK) in doses: 1 — control; 2 — D1; 3— D; 4 — Ds.

3a ymoB BBy TI'n HIJIB BusiBneHo n0303aeKHE MOHOTOHHE 301bIICHHS TeHeparlii
npoaykTiB [1OJI y mopiBHAHHI 3 HEONpOMiHEHMM KOHTpoisieM. JlazepHe BUIPOMIHIOBAHHS
JAHOTO Jiana3oHy cTuMytoe nepBuHHI Janku [1OJI, cmocTepiraeTbest TEHASHIIS 3pOCTaHHS
KOHIIEHTpAIlli KOH FOTaTiB 31 30UIBIIEHHSIM €KCIIO3HINIMHOT JT03H, ajle eKCIIEPUMEHTAaIbHI JaHl
MalOTh CTATUCTHYHY 3HAYYIIICTh JIMIIe A MakcumanbHoi go3u 3,119 II)K/CMZ, 3
3aCTOCYBaHHSAM SKOi OyJIO 3apeecTpOBAaHO IMIJBUINEHHS KOHIEHTpAIi IS yCiX MPOAYKTIB
[TOJI, mo BuMiproBamucs, nmpudinu3Ho Ha 30 %. AHaIOTI4YHI 3aJIEKHOCTI CIOCTEPITaIUCh 1 1S
TEK, sik BUIHO 3 pe3yJbTaTiB €KCIICPUMEHTATBHUX JOCITIKEHB MPEICTABIICHUX HA PUCYHKY 3.
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Puc. 3. Brutus HIJIB YO (A = 0,337 mxm) Ta TT'n (A = 118,8 Mkm) niama3oHiB Ha piBeHb EPBUHHUX ITPOIYKTIB
ITOJI 15t >xUpHUX KUCIIOT 3 YoTUpMa Ta Oinbie rmoasiiiHuMH 3B's13kamu (TEK).

Fig. 3. The effect of LLL UV (A = 0.337 um) and THz (A = 118.8 um) ranges on the level of primary LPO
products for fatty acids with four or more double bonds (TEC).

EnexTpuyHa akTUBHICTh €PUTPOLIMTIB BU3HAYAETHCS (DI3MUHUM CTAHOM JIIIAHOTO Oimapy
[38], koHbOpMaIITHUM CTAaHOM MEeMOpaHHUX 1HTETpabHUX O1IKIB [39], OLTKIB IIUTOCKENETY
Ta iX B3a€MOJII€10, MPUMEMOpPaHHUM 10HHUM OTO4YeHHsM [40], 1110, B CBOIO Yepry, B KOMILIEKCI
3a0e3rneyye B’S3KOETACTHUHI BIACTUBOCTI epUTpoLMTapHOi MeMOpanu. Ciifl MpUnycTUTH, 1110
BUSIBJICHI 3MIHH €JIEKTPOKIHETUYHOTO MOTEHIIaJly epUTPOLIMTIB KPOBI IIypiB 32 YMOB BIUIUBY
JA3epHOTO BUIIPOMIHIOBAHHS CIPUYMHEHI, TEpII 3a BCE, 3MIHOK B’A3KOEIACTHYHHX
BJIACTUBOCTEH KIITUHHUX MeMOpaH. JloCHi/pkeHHS CTIMKOCTI IUIa3MaTHYHUX MeMOpaH
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EPUTPOIUTIB 0 [ii KUCIOTHOTO TEMOJITHKY ITCIsl iX J1a3epHOr0 ONMPOMIHEHHS J03BOJISIE
BIICBHUTHUCS B BAXKJIMBOCTI TAKOTO MPHUITYIIICHHS.

Ha pucynky 4 Ta B Tabuuii 2 mpeacTaBlIeH] Pe3yJIbTaTH AOCTiHKeHb CTIHKOCTI MeMOpaH
EPUTPOLIUTIB 10 Ail KUCIOTHOTO TeMOITHKA Ticisa onpoMiHeHHs kiituH HIJIB Y@ Ta TI'1
Jiara3oHiB. BCTaHOBIEHO 3HWKEHHS CTIHKOCTI €PUTPOIUTAPHUX MEMOpaH Ta JOCTOBIpHE
3MEHIIEHHs BEeJMYMHH Nar-nepioxy Ha 22% npu Y® onpominenni B nozax 0,327 Jlx/cm? Ta
0,546 I[)K/CMZ. Pazom 3 THM, pO3paxyHKOBI J1aHi, sIKi BioOpaXeHO B TaOIMIN 2, CBIIYATh MPO
Te, M0 Jla3epHE BUIIPOMIHIOBAHHS HE BIUIMBAE HA MIBUAKICTH KHCIOTHOTO T'€MOJI3Y
EPUTPOIIUTIB B JOCTIPKYBaHOMY 1HTEpBami 103 Y@ BUIPOMIHIOBAaHHS, HE BHSBICHO
JOCTOBIPHUX 3MiH IIOTO IMapaMeTpy B ONPOMIHEHUX 3pa3Kax.
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Puc. 4. J{o3zoBi edpextn HIJIB YO (A = 0,337 mrm) (A) ta TI'n (A = 118,8 mxm) (B) miama3oHiB Ha
PE3UCTEHTHICTh MEMOpPaH EPUTPOIMTIB [0 il KUCIOTHOTO FEMOJIITHKA B JI03aX OMPOMIHEHHs: | — KOHTPOJIb;
2—D1; 3—D2;4—D3.

Fig. 4. Dose effects of LLLV UV (A= 0.337 um) (A) and THz (A = 118.8 pm) (B) ranges on the resistance of
erythrocyte membranes to acid hemolysis in doses: 1 — control; 2 — Ds; 3 — D2; 4 — Ds.

3a pe3yabTaTaMi €KCHEPUMEHTANbHUX JOCIII)KEHb HE BHUSBIECHO OI0M€HHOI aKTMBHOCTI
Ja3epHoro BurnpomiHioBaHHS TI'Il Alama3oHy HpH ONpPOMIHEHHI CYCIEH31i €pUTPOLMTIB.
BincyTHi JOCTOBipHI 3MiHM CTIHKOCTI €pUTPOLMTAPHOI MEMOpaHU 1O i KHCIOTHOTO
reMOJIITHKA, PO 110 CB1IYaTh eKCHepI/IMeHTaJ'II)H]i JlaH1 pUCYHKY 4.

Tabmug 2. Po3paxyHKOBI mapaMeTpu KHCIOTHOTO TeMOJTi3y EPUTPOIIMTIB IIyPiB 32 YMOB BILTUBY JIa3€PHOTO
BunpominoBanusa Y@ — miamazony (X + Ax; n = 5)

Table 2. Calculated parameters of acid hemolysis of rat erythrocytes under the conditions of exposure to UV
laser radiation (X + Ax; n=5)

YMOBHU €KCIEPUMEHTY [IBnkicTs Temomizy (tgAx107%) LAG-nepion (d,cek)
Kontposnb 3,3+0,1 77,9£1,0
D1 (0,109 JTx/cm?) 3,6+0,1 76,5+1,3
D2 (0,327 Jlx/cM?) 2,98+0,16 61,4+1,7
D3 (0,546 JTx/cm?) 3,42+0,17 60,4+1,6
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3 ormsay Ha OTpUMaHI EKCIIEPUMEHTAJIbHI Pe3yNbTaTH JOCHIIKEHHS, a TAKOX aHali3
CBITOBOI JIITEpaTypH, MOXHa IPUIIYCTUTH, 110 BCTAHOBJIEHE 3HMKEHHS A3€Ta-NOTEHLialy
EpUTPOLUTIB IPU ONMPOMIHEHHI B 000X peXHMMax CBIAUUTH MPO MEPEPO3MOALT 3apsIKEHUX
rpyI KIITHHHOI MOBEPXHi, CTUMYJIbOBAHHH JIa3€PHUM BUIIPOMiHIOBaHHSIM. be3 3MiHM 10HHOTO
CepeIoBUINA B €KCIIEPUMEHTI 3aps]] OBEPXHI KIITUH MOKE 3MIHIOBATHCS BUKJIIOUHO 3aBJSKU
MOJICKYJIIDHUM IepeOyoBaM y caMiid KIITHHI. Y CBITOBIM JiTepaTypi ONHCaHI BUIAIKU
3HIKEHHS J13€Ta-TI0TeHIIaTy MeMOpaHH epUTPOIIMTIB 32 AOCOIIOTHO PI3HUX YMOB, HATIPUKIIA],
npu mapasuTapHiii iHdekuii [41], mpu 30epiraHHi epuTporUTiB [42], TPU PO3BUTKY
NaTOJIOTIYHHUX CTaHIB OpraHi3My JroaAuHU [43] a0 mijx BIUIMBOM CTAaTMYHOT'O MAarHITHOTO TOJIS
pi3HOi MAar”iTHOI I1HTEHCHBHOCTI Ha EPUTPOLIMTH 3J0pOBHUX Jrojaen [44]. ABropamu
HA3UBAIOTHCSI MOKIIMBI IPUYMHU 3MIHH A3€Ta-NMOTEHINIaTy, HE TIOB'13aH1 3 KUIBKICTIO 3aJIMIIKIB
claloBOi KHUCIIOTH Ha KIITUHHINA TMOBEpXHI, SKi POOISATH OCHOBHHUN BHECOK Yy BEIMYUHY
MOTEHIIIANY, K BBaXaeTbes [41, 43, 44]. Jlo TakuX MPUYHH BiTHOCITHCS 3MiHA KIIACTepU3aIlii
abo peMojIeNIIoOBaHHsI MeMOpaHHUX O1UJIKIB €PUTPOIUTIB, ITiIBUIICHA 3IaTHICTh MEMOpPAHH JI0
nedopmarii [45], nmarepanbHi OUTOK-OLIKOBI B3a€EMOJil, CTPYKTYpHI Ta MEXaHiuHI 3MiHH
[UTOIJIa3MaTUYHOI MeMOpaHHU Ta BJIACTUBOCTEH KIITHUH 3a paxyHOK Moaudikauii jimigomy
eputpouutiB [46]. B3aemomii MiX CycCiTHIMA MOJICKYJIaMH MOKYTh 3MIiHFOBATH TIEPEP O3ITOILI
OUIKIB Ta HEUTpPAJi3yBaTH €Ki TOBEPXHEBI1 3aps/Iu.

3miHa Jimigomy 3a ymoB BrumBy HIJIB Moske 3nilicHroBaTtHcs 3a mexaHizmom [1OJI.
CrnpaBzi, pe3ynbTaTd JOCHIHPKEHHS, MPOJIEMOHCTPOBaHI Yy 1il poOOTI Ha pucyHkax 2 1 3,
BKa3ylOTh Ha IMIJBUIIECHHS pIBHA NEPBUHHUX NPOAYKTIB JIMONEPEOKUCICHHS IICIIs
OTPOMIHEHHSI €PUTPOLIUTIB B MaKCHUMalbHINA 1031 y aiamazoni TI'm. JluHamika yTBOpEHHS
nepBuHHUX TpoaykTiB [IOJI mig miero HUIB Y® piama3zoHy mokasye iX 3HIDKEHHS, IO
HEJIHIAHO 3aJIeXKUTh BiJl OTJIMHEHOT 103H. AJle, BpaXOBYIOUYH 3aMKHEHICTh CUCTEMH 1HKYyOaii
KJIITUH, 3HWKEHHSI 0a30BOT0 pIBHS NMEPBUHHMX MPOAYKTIB (MOPIBHSAHO 3 KOHTPOJIEM) MOXKE
OyTH TOB'3aHe 3 YTBOPEHHSM LHUX IHTepMeniaTiB OuIbIl mpocyHyTux mnpoayktiB I1OJI,
HAIpPUKIIaJ, BTOPUHHUX, TUITY MAJIOHOBOTO anbjeriny ado ocHo lludda, koHneHTparis skux
y IIbOMY JIOCITIJPKEHH1 HE BUMiproBasiacs, Ha skaib. J{esskumu aBTopaMu 0yJ10 MOKa3aHo, 10 Mij
nietro HIJIB pi3Hux giana3oHiB 3HIKYETbCS caTypallisi KUCHIO B €pUTPOLUTAX, 1€30KCUTeHAITIs
epUTpOLINTA BiI0OYBAETHCS 32 paXyHOK (hoToaucomialii KUCHIO 3 reMorno0iny [47, 48, 49]. i
CIIOCTEPEIKEHHS JI03BOJISIOTh MPUITYCTUTH, 10 y pa3l JIa3epHO-1HIYKOBAHOI JE€30KCUTeHaIll
€pUTPOLUTIB BIIbHUN KHUCEHB, LII0 YTBOPIOEThCA B pe3ybTaTi (OTOIMCOLIALLIT, J1€ IK OKUCHUK
1 IPU3BOIUTSH JI0 OKUCHOTO TIOMIKO/PKEHHS €PUTPOLIUTIB.

TakuM 4YMHOM, aKTUBAIlisl BUIbHO-paJUKaJIbHUX TMpoleciB 3a ymoB BiummBy HIJIB
JOCTIP)KYBaHUX J1ala3oHiB MoKe OyTH OJHIEI 3 MPUYMH TNepedyloBU €pUTPOLUTAPHOT
MeMOpaHHU Ta 3HWKEHHS J3eTa-moTeHuiany KiiTHH. [Ipu iboMmy onpomineHHs B Y@ niana3oHi
BUKJIMKA€ OUTBII CYTTEBI 3MIHU JIOCIIIIKYBaHUX MapaMeTpiB NopiBHAHO 3 TI 11, ane 3a51exHICTh
BiJl 103U HE € JiHIHHOI0 1 MOTpedye N0AATKOBHUX JOCTIIKEHB ISl yTOUHEHHS MEXaHi3MiB.

Jocniaaukamu 0ys10 moka3aHo, 1o Aisl pi3HUX (HAaKTOPiB HA EPUTPOLIMTH TBAPHUH 1 JIIOJAUHU
In vivo abo in vitro — GakTepianbHUX TOKCHHIB [41], 30epiranns [42] Ta 6aratbox iHmmmx [50]
NPU3BOAUTH JIO 3MIHM acUMETpii JiMiAHOrO Oilmapy, 30KpemMa, Ha MOBEPXHIO 30BHIIIHBOTO
MOHOIIIAPY €KCIMOHYEThCS (pocdaTuauiicepit 13 BHYTPIIIHBOKIITUHHOIO MEMOPaHHOTO LIapy.
Ile Moke BUKJIMKATH HACHIJIKHM, a caMme: arperauito KIiTHH, 3MiHY iXHbO1 (opMH, iHILiallio
epunTo3y. 3 iHmOro OOKy, CHJIbHA arperaiis crocrepiraiacs i 4epe3 3HIKEHUH J3eTa-
MOTEHIIIaJ KJIITUH KpoBi. Ha 3pa3kax 3pijiux epuTpoLuUTIB, arperaTi SKUX MaJld BEJUKY IOy
MOBEPXHI, 110 OXOIUTIOE JEKUIbKa KIITHH, (PPaKIIOHOBAHUX 3a LIUIBHICTIO, OYJIO BHSBIECHO
3HIKEHHS BEJIMYMHU J[3€Ta-NOTEHLIady Yy MOPIBHSIHHI 3 MOJOAUMH eputpouutamu [51].
Eputporpamu kuciaotHoro remonizy kiitue micns aii HUUIB, npencraBneni B naHiit po6ori,
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nokazanu (Puc. 4 1 Tab:. 2), 1m0 CTIHKICTh KIIITUH 3HIKYETHCS, IPUYOMY J10303JICIKHO, TUTBKH
micyisg onpoMiHeHHs B Y@ niama3oHi. 3apeecTpoBaHi pi3HI BEIWYMHU ONTHYHOI LIUIBHOCTI
3pa3KiB reMoJ1izariB onpomineHux epurpouutis Y® HIJIB y gocmimkyBanux mosax (Puc. 4)
MOXYTh BKa3yBaTH Ha (pOpMyBaHHS B 3arajJbHOMY ITYJIi €PUTPOLMUTIB CyOMOMYJIsmii KIITHH
MEHII CTIHKOI /10 IeMoi3y, fKa XapaKTepU3YeEThbCs BITHOCHUM 3HIKEHHSM KOHIIEHTpAlii
reMor00iHy BCcepeIuHI KITITHH MIiCs X OMPOMiHEHHS BHACIIJOK YaCTKOBOTO BUXO/1Y MOJIEKYIT
B CEpEeIOBHILE 1€ 10 3aCTOCYBAHHS I'eMONITHKY. TakuM YMHOM, 3HaYHA YacTUHA KIITHH MiJ
niero HUIB Y@ nianazony HaOyBae OiibIll KPUXKOiI MeMOpaHHM 1, IIBUALIE 32 BCE, KIITHHU
3MEHIIYIOTBCSI B 00'€Mi, 110 MOKE CBITYUTH MPO EPUNTO3 YACTHHHU z[ocniz[x(yBaHo'l' TTOMYJISAIIT
eputponutis, onpominennx HIJIB Y® B mozax 0,327 Jx/em? i 0,546 Jlx/cm?. MoxmuBo,
SBHILA, SIKI CIIOCTEPIraloThCs B JAHUX JIOCIHIHKCHHSIX: 3HWKEHHs 3eTa-MOTeHLiala mopsia 31
3HIDKEHHSAM CTIMKOCTI KIITHH Ta aktuBamieto mporneciB [1OJI, cBiguaTh Ha KOPUCTH 3MiHU
acuMeTpii epuUTPOIUTApPHUX MEeMOpaH 3a paxyHOK IMEpPEepO3INOALTy KOMIIOHEHTIB JiIMiJHOTO
Oimapy, y TOMY YHCJIi 1 32 paXyHOK ITOSIBH B 30BHIITHBOMY JIiIIiTHOMY MOHOMIapi hocdomimiis
BHYTpilIHbOro 1mapy. [l{o mpu3BoauTh 10 anmonTUYHUX 3MiH B eputpouutax min aiero HUJIB
YO niamazony.

BUCHOBKHA

3a ymoB BrmuuBy HIJIB BcTaHOBieHO [10303aleKHE 3HMKEHHS €JIEKTPOKIHETUYHOIO
NOTEHIlially TUTa3MaTUYHOT MEMOpaHU EpUTPOLMTIB Tpu ompoMiHeHHI B Y@ Tta Tl
Jianma3zoHax, 3aJeKHICTh HE € JIHIMHO0 ISl BCIX AOCTIIKYBAaHUX YacTOT BUIIPOMIHIOBAHHS.

AKTHBaIis BUTbHO-paauKambHuUX mporecis mig xiero HUJIB Y® ta T giamazoHiB Moxe
OyTH OJHI€I0 3 NPUYMH MepeOydOBH EPUTPOLUTAPHOI MeMOpaHM Ta 3HUKEHHS [3eTa-
MOTEHIlially KJIITHH 32 TaKUX YMOB ONpPOMiHEHHs. BcTaHOBIEHA 3aleKHICTh BiJ JIO3M HE €
JHIMHOIO JUIS AOCHIPKYBAaHUX YacTOT 1 MOTpedye MOJabIIOro BUBYEHHS 3 METOIO 3’ ICYBaHHS
MeXaH13MiB Jii.

EputporpamMmu KHCIOTHOIO TeMOMi3y BHSBMIM J0303AJI€KHE 3HIKEHHS CTIMKOCTI
EpPUTPOIUTAPHUX MEeMOpaH 110 Jii remMoJiTuka micis ix onpomineHHs HIJIB B Y@ nianasosi,
ompomineHHs B 103ax 0,327 Jlx/cm? i 0,546 JIx/cm? BUKnuKae GOpMyBaHHS B 3aralbHOMY Myl
EPUTPOIUTIB CyOMOMmyJsAilii KIITUH MEHII CTIMKUX JO0 TeMOJI3y 3a PaxyHOK IMiABUIIECHOL
KPUXKOCTI MeMOpaHH.

OTtpumaHi 1aHi MOXYTh OyTH BUKOPUCTaH1 JUIsl PO3LIMPEHHS crieKTpy 3acTocyBaHHs HIJIB
YO nianazony B meroankax BJIOK.
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Background: In modern medicine, various technical means and developments are actively used in invasive
intravascular (IVL) and non-invasive transcutaneous blood irradiation methods, including low-intensity
laser radiation (LLLR) of various ranges. Despite the positive clinical results of such exposure, the physical
and molecular mechanisms remain incompletely understood. Ultraviolet (UV) and terahertz (THz) ranges
of electromagnetic radiation are classified as biogenic; therefore, establishing their effects at the level of
blood cells will allow them to be recommended for use in medical and biotechnological practice after the
development of appropriate exposure methods.

The objective was to study the biogenic activity of ultraviolet (UV) and terahertz (THz) ranges of LLLR
on the structural and functional state of red blood cells of rats in vitro.

Materials and methods: Using methods of microelectrophoresis, spectrophotometry and chemical
erythrograms, the following was studied: zeta potential of red blood cells; the content of the primary
products of lipid peroxidation in the red blood cells (fatty acid conjugates of membrane of red blood cells
phospholipids — diene (DK), triene (TK), and tetraene (TTK), oxodiene (ODK); resistance of erythrocytes
to the action of an acid hemolytic after previous laser irradiation in the UV and THz ranges. Laser irradiation
of the samples in the UV range was carried out by a nitrogen pulsed laser (A = 0.337 pum), with the average
radiation power 5 mW; irradiation in the THz range with a continuous CO; laser (A = 118.8 um), the average
radiation power is 20 mW. When the samples were irradiated, the density of radiation power W did not
exceed 7 W/m?2. The exposure dose under nitrogen laser irradiation was D1yy=0.109 J/cm?, Doyy=0.327
Jicm?, Dauv=0.546 J/cm?. Under CO; laser irradiation, the exposure dose was Ditn,=0.624 J/icm?,
D27r=1.871 J/lcm?, D3th,=3.119 J/cm?. The thickness of irradiated red blood cell suspension layer was 1
mm.

Results: The effect of low-dose LLLR UV and THz radiation causes physicochemical changes in the
plasma membrane of erythrocytes. A nonlinear dose-dependent decrease in the electrokinetic potential of
the cell surface and an increase in the hemolytic sensitivity of erythrocytes against the background of
activation of lipid peroxidation processes in erythrocyte membranes have been established.

Conclusions: Under the influence of LLLR, the free-radical peroxidation of lipids of erythrocyte
membranes is stimulated. Pronounced biogenic activity of UV of LLLR was detected at the level of
erythrocyte membranes. The obtained data can be used to expand the spectrum of application of LLLR of
the UV range in I\VL techniques.

KEY WORDS: low-level laser radiation (LLLR); terahertz (THz) radiation; ultraviolet radiation; red blood cells; zeta-
potential of erythrocytes; lipid peroxidation; acid hemolysis.
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Background: Microscopy is a key tool in biophysical research for visualizing living cells' morphology,
structure, and dynamic processes. Depending on the specific research goals, various optical and electron
microscopy techniques can be applied, each offering unique benefits. Determining the structural features
of the cytoskeleton, nucleus, and membrane of circulating tumor cells in the model Lewis lung carcinoma
(LLC) is an important biophysical and biological task, as it will allow identifying targets for antitumor and
antimetastatic therapy, as well as investigating the mechanisms of action of antitumor drugs. However,
comprehensive multimodal imaging of such cells — particularly under non-adherent conditions — remains
limited in the literature due to the difficulty of working with such models.

Obijectives: This study aimed to visualize Lewis lung carcinoma (LLC) cells cultured under de-adhesive
conditions using various microscopy techniques for their characterization and to examine the cancer cells'
structure and functionality. The goal was to evaluate each method's individual capabilities and combined
strengths in revealing cellular morphology, internal structure, and nanoparticle interactions.

Materials and Methods: LLC cells were obtained from the National Bank of Cell Lines and Tumor Strains
of the IEPOR (NAS of Ukraine) and cultured in RPMI-1640 medium under conditions of de-adhesive
growth. Imaging was performed using inverted optical microscopy (Euromex Oxion), fluorescence and
confocal microscopy (Carl Zeiss LSM 510) with F-actin (Alexa Fluor 488-phalloidin) and nuclear (Hoechst
33342) staining, and label-free Coherent Anti-Stokes Raman Scattering (CARS) microscopy (Leica TCS
SP8). Scanning electron microscopy (TESCAN MIRA3 LMU) was used for high-resolution surface
imaging. 2D-MoS: nanoparticles, as well as 2D-MoS: and doxorubicin simultaneously, were applied to
investigate nanoparticle-mediated labeling and cellular uptake.

Results: A comparative analysis of multiple imaging modalities — including optical, fluorescence,
confocal, CARS, and SEM — was applied to Lewis lung carcinoma (LLC) cells. Fluorescence microscopy
with specific fluorophores made it possible to analyze the size and properties of actin fibers and showed
that nuclei occupy most of the deadhesive cells. Electron microscopy revealed numerous filopodia on the
cell surface. CARS showed the presence of lipid droplets in the cells.
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Conclusions: Each microscopy method provided complementary insights into cell morphology,
cytoskeletal organization, lipid content, and surface ultrastructure. Nanoparticles demonstrated high utility
as dual imaging and therapeutic agents. This work represents the first detailed SEM study of non-adherent
LLC cells and highlights the potential of integrated multimodal imaging for studying circulating tumor cell
models.

KEY WORDS: model circulating tumour cells LLC; SEM; CARS; confocal microscopy; nanoparticles.

Microscopy imaging techniques are widely utilized for studying dynamic cellular behavior
in biophysics, enabling precise and real-time analysis of a broad range of cellular and tissue
parameters. It allows for the observation of intercellular interactions, the behavior of individual
cells, cytoskeletal dynamics, the activity of cellular organelles and molecules, and the
measurement of cell proliferation over time. Various imaging modalities can be applied,
including phase-contrast microscopy [1], fluorescence and confocal microscopy [1],
multiphoton microscopy [2, 3], stimulated emission depletion microscopy (STED) [4],
scanning electron microscopy (SEM) [5], and transmission electron microscopy (TEM) [6, 7].

Inverted microscopes are frequently employed in research to analyze and study tissues and
cells, particularly living cells. Since many cellular processes can be directly visualized under
the microscope, different imaging techniques are required depending on the experimental
needs. Some experiments, such as chemotaxis assays or tube formation analysis, do not require
staining and can be readily visualized using optical microscopy (e.g., phase contrast). However,
due to the optical transparency of tissues to visible light and the necessity for sufficient contrast,
various staining markers are often employed. Although optical microscopy exhibits low
phototoxicity [8], it can still influence cellular behavior and must be minimized. For instance,
light exposure should occur only during image acquisition, and the intensity of illumination can
be reduced by employing highly sensitive cameras.

Fluorescence microscopy, which utilizes various fluorophores, enables the detection of
more structural details and molecular interactions [9]. When applying fluorescence-based
techniques, such as confocal microscopy, it is particularly critical to minimize cellular stress
caused by excitation light. Phototoxic effects and photobleaching occur rapidly in live cells and
can significantly alter experimental outcomes [10]. Stimulated emission depletion microscopy
provides a clear view of a cell's cytoskeleton.

Multiphoton microscopy offers several advantages for live-cell imaging. The use of longer
excitation wavelengths substantially reduces photobleaching compared to single-photon
confocal imaging, thus enhancing cell viability during prolonged observation periods. This
technique also enables three-dimensional (3D) fluorescent imaging of live cells at depths of
several hundred micrometers in thick, highly scattering samples [11].

Coherent anti-Stokes Raman scattering (CARS) microscopy has been increasingly utilized
by cell biologists to study the dynamics of living cells with chemical specificity in a non-
invasive, label-free manner [12-15]. Most CARS-based studies in cell biology have focused on
lipid dynamics [12, 16], as CARS signals strongly from the C-H bond stretching vibrations in
lipids. In fluorescence microscopy, achieving stable lipid-specific labeling remains challenging
due to the interference of labeling processes with lipid function and localization. Consequently,
in live-cell studies, performing rapid experiments on lipids and lipid droplets while maintaining
quantitative accuracy is extremely difficult [17]. CARS microscopy has thus proven to be an
excellent technique for investigating lipid dynamics in living cells with high chemical
specificity.

The electron beam within a transmission electron microscope (TEM) poses significant
challenges for biological specimens due to its high energy. To penetrate the sample and exit
from the opposite side, the beam must possess sufficient energy, which can lead to local
temperatures exceeding 100 °C where it strikes the specimen. Although scanning electron
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microscopes (SEMs) employ lower-energy electron beams, they can still cause damage to
biological samples. Additionally, the vacuum environment inside the microscope promotes
water evaporation from biological samples, further complicating imaging. Therefore, careful
sample preparation is crucial. SEM is particularly well-suited for analyzing cell morphology,
proliferation, metabolism, and expression profiles.

Fluorescence confocal microscopy is widely employed for the investigation of Lewis lung
carcinoma (LLC) cells. Depending on the specific objectives of the study, various fluorescent
dyes are utilized. Green fluorescent protein (GFP) is commonly used for monitoring cell
division, migration, and intercellular interactions [18]. Carboxyfluorescein succinimidyl ester
(CFSE) is frequently applied in immunological assays to assess lymphocyte proliferation and
migration [19]. The red fluorescent protein Katushka [20] has been used in LLC studies;
however, its variable expression levels within cell cultures present technical challenges when
attempting to image cells with both high and low fluorescence intensities in the same field of
view. Hoechst 33342 is routinely used for nuclear staining, cell cycle analysis, and apoptosis
evaluation [21]. For cytoskeletal studies, phalloidin conjugates are applied, including far-red
Alexa Fluor 633 phalloidin, which specifically stains the actin cytoskeleton [22], as well as
Alexa Fluor 488 (green) and Alexa Fluor 546 (orange) phalloidin for precise visualization of
filamentous actin (F-actin) structures [23].

The radiobiological response of Lewis lung carcinoma cells treated with gold nanoparticles
was examined in [24], where scanning electron microscopy was employed for visualization.
Samples were polymerized, and ultrathin sections (approximately 100 nm) were obtained using
a diamond knife. These sections were stained with uranyl acetate and lead citrate, and imaged
using a FEI Nova NanoSEM 230 in scanning transmission electron microscopy (STEM) mode
at 15 kV in bright field vacuum conditions.

In this work, we present integrated data from optical and electron microscopy of circulating
tumor cells (CTCs), which serve as a model for circulating metastatic cells. We assess the
capabilities of each imaging modality independently and in combination. Using confocal
microscopy with Alexa Fluor 488-conjugated phalloidin and Hoechst 33342, we aimed to
analyze potential cytoskeletal reorganization and distinctive features in F-actin architecture in
non-adherent LLC cells compared to their adhesive counterparts, as previously reported in [14].
The application of two-dimensional molybdenum disulfide (2D-MoS:) nanoparticles as a
substitute for conventional fluorescent dyes in confocal microscopy represents a promising
alternative and warrants further investigation. Model deadhesive LLC cells have not been
studied previously, and both electron images of deadhesive cells and confocal images
characterizing actin fibers in such cells are absent in literature.

MATERIALS AND METHODS

Cell culture

Lewis lung carcinoma cells (LLC) were obtained from the National Bank of Cell Lines and
Tumor Strains of the IEPOR (R. E. Kavetsky Institute of Experimental Pathology, Oncology,
and Radiology) of the National Academy of Sciences of Ukraine [25]. Cells were maintained
under standard in vitro conditions at 37 °C in a humidified atmosphere containing 5% COe..
Cultures were grown in RPMI 1640 medium (Sigma-Aldrich) supplemented with 10% fetal
calf serum (FCS), 2 mM L-glutamine, and 40 pg/mL gentamicin to prevent bacterial
contamination. For experimental procedures, LLC cells were seeded at a density of 0.3 x 10°
cells per 60 mm Petri dish. To investigate de-adhesive growth conditions, Petri dishes were left
pre-coated with poly-2-hydroxyethyl methacrylate (poly-HEMA) solution. Poly-HEMA
coating prevents cell attachment by forming a hydrophilic, non-adhesive surface, thus allowing
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the study of de-adhesive cell behavior and morphology [14]. After seeding, cells were incubated
for three days without changing the medium to maintain stable experimental conditions and to
allow for natural progression of growth and morphological adaptation.

Method of preparation-of 2D-MoS: is dispersant-free liquid exfoliation of solvent-free
mechanochemically delaminated bulk MoS; developed at the L. V. Pisarzhevsky Institute of
Physical Chemistry of the National Academy of Sciences of Ukraine by Dr. Oleg Posudievsky
[26]. The initial concentration of the nanoparticle suspension was 0.15 mg/mL.

To investigate the biological effects of 2D-MoS: on tumor cells, 225 pL of the nanoparticle
suspension was added to 1275 pL of cell culture medium in which Lewis lung carcinoma cells
were maintained. Cells were cultured in 35 mm Petri dishes for 24 hours under standard
incubation conditions (37 °C, 5% CO., humidified atmosphere). This dilution yielded a final
concentration of 2D-MoS: nanoparticles of 0.021 mg/mL in the culture medium.

In a separate experimental group, doxorubicin (DOX) was added to the medium containing
nanoparticles at 0.05 mg/mL concentration. The amount of doxorubicin added was standardized
at 100 pL per 10,000 cells, based on initial seeding density. This setup allowed the evaluation
of combined MoS: and DOX influence on the cells.

For control experiments, LLC cells were incubated under identical conditions, using the
same culture medium and time frame, but without the addition of nanoparticles or doxorubicin.
These controls were used to assess baseline cellular morphology, viability, and fluorescence
without external agents.

Optical Microscopy
Optical imaging of the LLC cells was performed using an inverted microscope, Euromex
Oxion Inverso (model OX.2453-PLPHF, Euromex Microscopen, The Netherlands). Imaging
was conducted at 400x total magnification using phase contrast mode to enhance visualization
of cellular morphology under live, unstained conditions. Optical observations provided
preliminary assessments of cell proliferation patterns, morphology, and behavior under
different substrate adhesion conditions.

Scanning Electron Microscopy (SEM)

High-resolution morphological characterization of the LLC cells was carried out using a
TESCAN MIRA LMU scanning electron microscope equipped with a Schottky field emission
cathode. Secondary electron imaging mode was employed to optimize surface topography
visualization. A contrast-optimized acceleration voltage of 10.0kV was applied, with an
imaging field of view set at 50 um, yielding a final total magnification of approximately 3,790x.
Samples were fixed, dehydrated through graded ethanol series, dried, and sputter-coated with a
thin gold layer (~20 nm) before SEM analysis to ensure electrical conductivity and prevent
charging artifacts.

Sample Preparation for Scanning Electron Microscopy

Preparation of biological samples for scanning electron microscopy (SEM) requires a series
of critical and meticulous steps to preserve cellular morphology and prevent artifacts. In this
study, Lewis Lung Carcinoma (LLC) cells were cultured for 48 hours in Petri dishes pre-coated
with poly (2-hydroxyethyl methacrylate) (poly-HEMA), a polymer that prevents cell adhesion
to the substrate, thereby promoting a suspension-like growth state.

Following incubation, the cell suspension was gently harvested by low-speed
centrifugation (1000 rpm for 5 minutes) to minimize mechanical stress and aggregation. The
cell pellet was immediately fixed in a solution containing 4% paraformaldehyde and 2.5%
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glutaraldehyde in phosphate-buffered saline (PBS), ensuring stabilization of cellular structures
at the ultrastructural level.

Subsequent triple washing with PBS and two additional washes with distilled water were
performed to thoroughly remove residual salts, a crucial step to prevent salt crystallization
artifacts during the drying process. Fixed cell suspensions were then deposited onto polished
silicon wafers, chosen for their smooth, conductive surface and chemical inertness. Samples
were air-dried in a laminar flow hood to gently remove moisture while preserving cell
morphology. To ensure adequate charge dissipation during SEM imaging, a conductive gold
layer approximately 20 nm thick was applied to the sample surface by magnetron sputtering.

Coherent Anti-Stokes Raman Scattering (CARS) and Second Harmonic Generation (SHG)
Microscopy

CARS and SHG imaging were performed using a Leica TCS SP8 CARS microscope (Leica
Microsystems, Germany). This multimodal system allows simultaneous acquisition of
vibrational (CARS) and structural (SHG) signals without the need for exogenous labeling.
Imaging was conducted with constant excitation parameters: pump and Stokes beam powers at
the sample were maintained at 1 W, with the system output power measured at 870 mW. The
spectral acquisition was tuned to optimize sensitivity for lipid structures, exploiting the high C-
H vibrational contrast in the cellular environment. This approach enabled non-invasive
visualization of lipid-rich compartments such as membranes and lipid droplets, critical for
understanding cell morphology and metabolism under various conditions.

Confocal Laser Scanning Microscopy

Confocal fluorescence imaging of the LLC cells was conducted using an LSM 510 confocal
laser scanning microscope (Carl Zeiss, Germany). Fluorescence detection utilized FSet10wf
and FW1-2: FSet20wf filter sets optimized for capturing emission from common fluorophores
under UV lamp and laser excitation. All images were acquired using an LD Plan-Neofluar
40x/0.6 Korr objective lens, ensuring high-resolution imaging with minimal spherical
aberration. Confocal microscopy allowed three-dimensional reconstruction of cellular
structures, and provided complementary information on intracellular organization, particularly
under de-adhesive conditions where cytoskeletal rearrangements and lipid droplet formation
are prominent.

RESULT AND DISCUTION

SEM Imaging

For detailed morphological analysis of LLC cells, secondary electron imaging was
performed using a field-emission scanning electron microscope under optimized conditions.
The use of secondary electrons enabled high-resolution visualization of surface features with
enhanced topographical contrast. Notably, due to the presence of a robust cytoskeletal network,
the LLC cells displayed sufficient mechanical stability to withstand electron beam exposure
without notable structural collapse.

The Fig. 1. shows representative SEM images with subsequent magnification of the same
spot.

Dense clusters of spherical cells without signs of spreading or flattening are observed in
the centre and upper right regions of the image. Cells have maintained their rounded
morphology, characteristic of suspension growth, with clearly defined and textured surface
features. Groupings of cells into small colonies are apparent, likely due to residual intercellular
contacts or aggregation following centrifugation.
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Fig. 1. Representative SEM images of LLC cells cultured under de-adhesive conditions:

a) Low magnification (1260X, scale bar = 20 um, field of view 150 pm) showing dispersed spherical cells and
small aggregates on the polished silicon wafer substrate;

b) Intermediate magnification (3790X, scale bar = 10 um, field of view 50 pm) revealing detailed cell contours
and extracellular filamentous material;

¢) High magnification (9480X, scale bar = 5 um, field of view 20 um) displaying individual cells with rugged
membrane surfaces featuring microprotrusions and vesicular structures, suggestive of active surface remodelling.

The cell surfaces appear heterogeneous, exhibiting numerous microvilli, blebs, and
micropseudopodia, indicative of active membrane processes. These features may reflect
apoptotic changes or stress responses induced by the non-adhesive culture environment. The
SEM analysis of LLC cells, cultured under non-adhesive conditions and fixed in suspension,
confirms the preservation of their spherical morphology and the presence of dynamic surface
structures. This model system provides valuable insights for simulating the behavior of CTCs
and investigating adhesion-independent morphological adaptations.

CARS and SHG Imaging

CARS and SHG images of de-adhesive LLC cell cultures are presented in Figure 2. For
CARS imaging of the cell, forward-detected signals (F-CARS) were collected to enhance
signal-to-noise ratio and achieve high-resolution vibrational contrast.

During CARS acquisition, the frequency difference between the pump (w,) and Stokes (ws)
beams was tuned to specific Raman-active vibrational modes. The first setting targeted
1650 cm™, corresponding to the Raman shift associated with the C=C [27], which matches the
Raman shift of symmetric stretching vibration CH: (by the way, the strongest vibration belongs
to asymmetric CH> near 2930 cm™ in CARS and 2937 cm™ in Raman spectra [14, 28]),
predominantly originating from lipid-rich cellular compartments such as membranes and lipid
droplets.

Figure 2 displays representative F-CARS and SHG images acquired at these vibrational
frequencies. The 1650 cm ™! imaging (Fig. 2a) emphasizes regions rich in unsaturated lipids and
proteins [27], providing insight into the biochemical organization of the cells. Imaging at
2850 cm™ (Fig. 2c¢) highlights the distribution of saturated lipid structures [28], which are
critical for membrane integrity and cellular energy storage. Additionally, SHG signals were
simultaneously collected to visualize non-centrosymmetric structures, such as collagen fibers
or ordered membrane regions, without the need for exogenous labeling as well non-resonance
background.
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The combination of F-CARS and SHG imaging thus offers a powerful, label-free approach
to assess both the molecular composition and structural organization of LLC cells under de-
adhesive conditions

00:90:00.000

CO00-00 000

00:00:00.000

d
C
Fig. 2. F-CARS (a) and SHG (b) images at 1650 cm; F-CARS (c) and SHG (d) images at 2850 cm™ of de-
adhesive LLC. Scale bar = 10 pm.

F-CARS imaging revealed distinct vibrational contrast between content-rich and content-
poor regions within de-adhesive LLC cells. Content-rich cellular poles, comprising the cell
membrane along with associated lipid droplets, exhibited a strong CARS signal due to the high
density of CH: groups and unsaturated lipid components. In contrast, content-poor poles,
consisting primarily of the cell membrane with minimal internal lipid accumulation, produced
a significantly weaker CARS signal. This variation in CARS intensity provides valuable
biochemical information about intracellular heterogeneity and lipid distribution under non-
adherent growth conditions.
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Optical Imaging

Living mammalian cells are nearly as translucent as ice cubes submerged in water.
Consequently, to render them visible under standard brightfield or fluorescence microscopy,
cells must be either stained or genetically modified to absorb, emit, or scatter light effectively.
Staining enables the differentiation of cells and the visualization of specific intracellular
structures. Among various staining techniques, immunofluorescence represents the gold
standard, wherein specific antibodies conjugated with fluorescent dyes bind to target proteins
within the cell. This method provides enhanced contrast and allows simultaneous detection and
localization of multiple proteins through the use of differently colored fluorophores.

To study the cytoskeletal structure and the organization of filamentous actin (F-actin) and
the nucleus in LLC cells, the dyes Alexa Fluor 488-conjugated phalloidin and Hoechst 33342
were used, respectively. An image of cells stained with Alexa Fluor 488-conjugated phalloidin
obtained using an inverted microscope is shown in Figure 3a, while the corresponding confocal
image of the same sample is presented in Figure 4a. LLC cells stained with Hoechst 33342 are
shown in Figures 3b and 4b.

a b c
Fig. 3. Inverted microscope images of F-actin staining LLC cells, cell nuclei stained by Hoechst 33342.2. Scale
bar =20 pm.

Fluorescence microscopy was employed to gain more detailed information on intracellular
structures and molecular dynamics. A standard set of three fluorescence filter cubes — targeting
blue (DAPI channel, ~460 nm emission), green (FITC channel, ~520 nm emission), and red
(Texas Red or TRITC channel, ~620 nm emission) — was utilized to visualize different cellular
components selectively. The blue filter typically highlights nuclei stained with DAPI or similar
dyes, the green filter reveals cytoskeletal structures or membrane components labeled with
FITC, and the red filter is commonly used to detect actin filaments or lipid structures stained
with TRITC or analogous fluorophores.

In our experiment, it is clearly observed that the cells exhibit a de-adhesive phenotype, as
indicated by their rounded morphology. A heterogeneous distribution of F-actin within the cell
is also well visualized (Fig. 3a), along with distinct chromatin organization features within the
nucleus (Fig. 3c). However, in the case of our specific optical system, image quality was
reduced during digital conversion, primarily due to the limited performance of the CCD camera
used. Confocal fluorescence microscopy was employed to visualize cytoskeletal organization
and nuclear morphology in de-adhesive LLC cells. Representative confocal images are
presented in Figure 4. The green fluorescence channel was selectively enhanced to emphasize
the staining of filamentous actin (F-actin) using Alexa Fluor 488-conjugated phalloidin
(Fig. 4a). Simultaneously, cell nuclei were counterstained with Hoechst 33342, a DNA-specific
dye that emits in the blue channel (Fig. 4b).

In de-adhesive LLC cells, F-actin fibers formed prominent perinuclear structures, tightly
encircling the nuclei. This arrangement is similar to that observed in cells grown under adhesive
conditions [14]; however, in de-adhesive cells, the F-actin fibers exhibited reduced diameter
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and shortened length. These observations suggest that cytoskeletal remodeling occurs in
response to the absence of adhesion forces, leading to a more compact and mechanically
adapted cytoskeletal architecture. The combined use of F-actin and nuclear staining thus
provided detailed insights into the structural adaptations of LLC cells under de-adhesive culture
conditions (Fig. 4c).

Fig. 4. Confocal images of F-actin staining (a) in LLC cells under de-adhesive growth, cell nuclei stained by
Hoechst 33342.2 (b) and (c) image from both channels. Scale bar = 5 um.

This multicolor imaging approach provided complementary datasets that enabled precise
analysis of both the general morphology and the specific intracellular organization of LLC cells.

However, it is important to acknowledge that such invasive preparative techniques can
significantly alter cellular behavior, thereby compromising the in vivo relevance of in vitro live-
cell observations. The chemical or photonic stress introduced during sample staining and
preparation can lead to artifacts that obscure native physiological states.

Nanoparticles can be effectively employed as contrast agents for enhancing fluorescence
signals during confocal microscopy imaging of cells. In this study, an aqueous suspension of
two-dimensional molybdenum disulfide (2D-MoS:) nanoparticles was used to investigate their
interaction with LLC cells and to assess their potential as imaging enhancers.

Figure 5 presents representative confocal images of three experimental groups: control
LLC cells (Fig. 5a), LLC cells incubated with MoS. nanoparticles (Fig. 5b), and LLC cells
treated with a doxorubicin and MoS: nanoparticle (Fig. 5¢).

For fluorescence excitation, lasers of different wavelengths were employed to selectively
stimulate various components: 543 nm laser (T1, 60% intensity) was used for excitation of the
red fluorescence channel, 488 nm laser (T2, 50% intensity) was used for excitation of the green
fluorescence channel, 405 nm laser (T3, 30% intensity) was used for excitation of the blue
fluorescence channel.

Beam splitters FW1-1 (FSet10wf) and FW1-2 (FSet20wf) were applied according to the
corresponding fluorescence sets. Additionally, ultraviolet (UV) excitation was performed in
transmission mode without emission filters to detect the autofluorescence of cells and
nanoparticles.

Visualization of LLC cells (Fig. 6 a, d), LLC cells incubated with 2D-MoS. nanoparticles
(Fig. 6 b, e) was also performed under widefield illumination conditions. Figure 6 presents
images acquired using both halogen lamp excitation in transmission mode and ultraviolet (UV)
lamp excitation with selective optical filtering with FSet10 wf and FSet20 wf filters.

The application of 2D-MoS. nanoparticles with the anticancer drug doxorubicin resulted
in extensive fluorescence labeling of LLC cells, as demonstrated in Figure 5¢ and Figure 6 c, f.
Confocal imaging revealed uniform staining of the entire cell body within the green
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fluorescence range, accompanied by pronounced luminescence signals in both the green and
red spectral regions.

Fig. 5. Confocal images of LLC cells (a), LLC cells with 2D-MoS; nanoparticles (b), LLC cells with 2D-
MoS; nanoparticles with doxorubicine (c). excitation: Laz 543 nm (a, c), 488 nm (a, b, ¢), 405 nm (a),
transmission mode (b, ¢). Scale bar = 20 pum.

d e

Fig. 6. Confocal images of LLC cells (a), LLC cells with 2D-MoS; nanoparticles (b), LLC cells with 2D-
MoS; nanoparticles with doxorubicine (c) with a halogen lamp excitation, transmittance mode; and LLC cells
(d), LLC cells with 2D-MoS; nanoparticles (e), LLC cells with 2D-MoS, nanoparticles with doxorubicine (f)
with UV lamp excitation with FSet10 wf and FSet20 wf filters. Scale bar = 20 pm.

Our results indicate that 2D nanoparticles can be effectively utilized as multifunctional
markers for the visualization of cellular structures (Fig. 5 b, 6 b, e). Specifically, they facilitate
the detection of critical cellular events such as apoptosis, necrosis, and intracellular
redistribution of therapeutic agents like DOX. Importantly, MoS. nanoparticles alone did not
exhibit cytotoxic effects on LLC cancer cells; instead, a modest increase in proliferative activity
was observed, suggesting a degree of cellular tolerance to the nanomaterial.

We supposed that the MoS: particles may break down and easy split in aggressive
environment of tumor cells during long-term incubation (1 days) and convert to nanometer-
sized MoS: nanoparticles (referred to as "dots") successfully entered the cells (Fig. 5b),
localizing predominantly within the cytoplasm and often accumulating in close proximity to
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the nucleus. In cells treated with the 2D-MoS. and DOX, the nanoparticles, together with the
doxorubicin, appeared to permeate the intracellular space extensively, covering both
perinuclear and cytoplasmic regions and effect of staining became better.

Moreover, cells seeded onto nanostructured gold surfaces and treated with DOX and 2D-
MoS:-exhibited enhanced fluorescence intensity under ultraviolet excitation when using a red
emission filter. This effect is likely due to the plasmonic properties of the gold substrate, which
can amplify local electromagnetic fields and thereby increase the fluorescence signal of nearby
molecules.

Overall, our findings suggest that 2D-MoS. nanoparticles, particularly when combined
with nanostructured gold surfaces, hold promise as potent contrast enhancers in confocal
microscopy and as luminescent markers operating effectively in both green and red spectral
regions.

CONCLUSION

In this study, we demonstrated that two-dimensional molybdenum disulfide (2D-MoS:)
nanoparticles can serve as effective markers for cell structure visualization and for enhancing
image contrast in fluorescence microscopy. The use of 2D-MoS: nanoparticles enabled strong
and broad fluorescence signals in the green and red spectral ranges without the need for
additional staining, offering a less invasive alternative for live-cell imaging.

Scanning electron microscopy (SEM) was shown to be a powerful technique for detailed
morphological characterization of Lewis lung carcinoma (LLC) cells. SEM provided high-
resolution imaging of cell surfaces and membrane features, revealing abundant filopodia
structures on their surfaces. However, it requires a specific and carefully controlled sample
preparation protocol, including fixation, dehydration, and conductive coating, to prevent
sample damage and charging under the electron beam.

The advantages of Coherent Anti-Stokes Raman Scattering (CARS) microscopy were also
highlighted in this work. CARS offers a non-invasive, label-free approach to study live cells
with chemical specificity. CARS microscopy confirmed the presence of lipid droplets within
the cytoplasm. By tuning the frequency difference between the pump and Stokes beams, it was
possible to selectively visualize different cellular components. Imaging at 1650 cm™ targeted
the cis C=C stretch vibrations characteristic of unsaturated lipids and the Amide I band
associated with protein structures, while imaging at 2850 cm™ highlighted symmetric CH>
stretch vibrations, predominantly from lipid-rich domains. The ability of CARS to distinguish
between lipid and protein content without external markers underscores its potential for
studying cellular dynamics with minimal perturbation.

Overall, the combination of advanced microscopy techniques, including SEM, CARS,
confocal fluorescence microscopy, and nanoparticle-assisted imaging, provides a
comprehensive toolkit for investigating the morphology, molecular composition, and dynamic
behavior of cancer cells under different culture conditions. Undoubtedly, high-resolution
visualization of such cells provides deeper insights into the biophysical and biochemical
mechanisms underpinning metastatic dissemination.
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3

AKTyanabHicTh. MiKpOCKOTIiS € KJIFOUOBUM IHCTPYMEHTOM Y 0i0(i3MIHIX TOCTIIHKEHHAX I Bizyasizarii
MopoJorii, CTPYKTypH Ta AWHAMIYHHUX IIPOIECIiB Y KUBUX KIITHHAX. 3aJIEKHO BiJ] KOHKPETHHX 3a7a4
3aCTOCOBYIOTH Pi3HI METOJU ONTHYHOI Ta €NEKTPOHHOI MIKPOCKOIIii, KOKEH 3 SKHX Ma€ CBOI IepeBary.
BmsnauenHs ocobiauBocTel OyI0BH IUTOCKENETA, SIpa, MEMOPaHU NUPKYIIOIYNX MyXIMHHUX KIITHH Ha
Moeni kapruHoMu JereHi JIproica (LLC) € BaxxmBoro 6i0¢i3ndHO0 Ta 6i0JOTIYHOO 3a7a49et0, OCKITIbKU
JIO3BOJINTH BCTAHOBUTH MIILICHI JUISt IPOTHITYXJIMHHOI Ta aHTUMETACTaTUYHOI Tepartii, a TaKOX JIOCHiTUTH
MEeXaHi3MH i POTHITYXJIMHHUX TpernapariB. OHaK KOMIUIEKCHE MYJIbTUMOAIbHE 300paKeHHs TaKHX
KJIITHH, 0COOJIMBO B yMOBaXx BiJICYTHOCTI aAre3ii, 3aJIMIIaeThesl 0OOMEKEHUM Y JTepaTypi yepe3 CKIaaHICTh
POOOTH 3 TAKUMH MOJICIISIMH.

Meta. Meroro po6otu Oyiio orpuMaru 300pakeHHs KIITHH KapiiHoMu JiereHi JIbroica (LLC), BupomeHnx
B JI€aJIT€3MBHUX YMOBax, 3a JIOIIOMOTOIO0 PI3HMX METOAIB MiKpocKkomii. 3aBlaHHAM OyJIO OLIHUTH
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MOXJIMBOCTI KOXKHOTO METOJy OKpeMO Ta Yy IIO€AHaHHI JUIs Bidyanizauii KITHHHOI Mopdodorii,
BHYTPIIIHBOKIITUHHOI CTPYKTYPH Ta B3a€EMO/Ii1 3 HAHOUYACTHHKAMHU.

Marepiann ta meroan. Knituan LLC Oynu orpumani 3 HamioHanpHOro 0aHKy KIITHMHHHX JIiHIH Ta
mramiB nyxiuH IEIIOP HAH VYkpainm Ta kyneruByBanmmcs y cepenoBuiti RPMI-1640 B ymoBax
Jleaire3uBHOTO pOCTy. Bisyamizarito mpoBOAWIM 3a JOTOMOTOI0 iHBEPCHOTO ONTHYHOTO MIiKPOCKOIIa
(Euromex Oxion), ¢pmyopecrieHTHOI Ta KoH(poKampHOI Mikpockorii (Carl Zeiss LSM 510) 3 hapOyBanHsIM
F-aktuny (Alexa Fluor 488-danoininom) i xritnaaux saep (Hoechst 33342), Ge3amiTkoBOT MikpocKoITii
KOTEpPEHTHOTO aHTHUCTOKcoBoro poscitoBaHHs (Leica TCS SP8), a Takox CkaHyIoO4Oi €IeKTPOHHOI
mikpockomii (TESCAN MIRA3 LMU). 2D-MoS: HanodacTHHKH, a Takox 2D-MoS: i moxcopyOimma
OJTHOYacHO, OynHM 3acTOCOBaHI UIA JOCHIIKEHHS OIIOCEPEIKOBAaHOTO MAapKyBaHHS HAaHOYAaCTHHKAMH
KJIITHH Ta MOTJIMHAHHS KIITHHAMM.

PesyabTar. ¥V 1ild CTAaTTI mpeacTaBIEHO MOPIBHSUIBHUN aHaji3 PI3HUX METONIB Bizyajizauii KyJIbTyp
KJIiTHH KapiuHoMu sereHi JIptoica (LLC), Bimouatoun ontuyHi, diayopecuenTHi, kondokanbhi, KAPC i
CEM wmikpockoniuHi TexHiku. ®DiyopecneHTHa Mikpockomis 31 cneuudiyHMMU OapBHUKaMHU jaaja
MOXIIMBICTb 3p0OUTH aHali3 po3MipiB i Mopdoiorii F-akTHHOBHX BOJIOKOH 1 IoKa3asa, 1o sAapa 3aiMaroTh
OiMBIIy YacCTHHY AeaAre3WBHUX KINTHH. ENEeKTpoHHAa MIKpOCKOMIS BHSBWIA YHCICHHI (imomonii Ha
noBepxHi K1iTHH. KAPC BHABHB HasBHICT JIITiTHUX IPOIUICTIB B KIIITHHAX.

BucnoBku. KoxkeH i3 MeromiB Mikpockomii 3a0e3meunB YHIKadbHI Ta JOMOBHIOIOYI OJHA OIHY
XapaKTepUCTHKH KIITHHHOT MopdoIorii, opraHi3amii ITMTOCKeNIeTa, BMICTY IIMigiB Ta CTPYKTYpH
MeMOpanu. HanouacTHHKY mokazany e()eKTUBHICTD SK MOJBiIHI areHTH — MapKepH Ta HOCII Ipemaparis.
Buepme mpencraBneHo moxmamae SEM-mocmimkeHHs neanresumBHHX KiuitmH LLC, mo aeMoHCTpye
MOTEHIIa]l MyJbTUMOAAIBHOI Bi3yaizalil Juis aHali3y MOJEIbHUX [UPKYITIOI0YHX TyXJIUHHUX KIIITHH.
KJIFOUYOBI CJIOBA: monensai mupkymoroui myxauaHi Knituan LLC; CEM; KAPC; xoH(bokampHa MiKPOCKOITis;
HaHOYaCTHHKU.
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AkTyanbHicTh. [Tonryk MOTeHIIIHHUX TepaeBTHIHNX 3ac00iB MPOTH HAHOUTBII MOMIMPEHUX KOPOHABIPYCIB, SIKi
HECYTh 3arpo3y JKUTTIO JIIOAWHHM 1 TBAPUH, € aKTYaJIbHUM IMUTAHHIM Cy4acHOI OioMeTMINHH.

Meta po6oru nossirana B omuinti in Silico smarnocti Ceo Qynepeny B3aemonisntu 3 memOpanauM 6imkom ACE2,
3ano0iraloyn yTBOPEHHIO KOMIUIEKCY «kopoHaBipyc-ACE2» i mojmayibmoMy HOTro NMPOHHKHEHHIO BCEPEAMHY
KIITHHU-TOCTIONAPSI, a TaKoX e(pEeKTHBHOCTI NPOTHKOPOHABIPYCHOI il HUX BYIJELUEBMX HAHOYACTHHOK Y
cucTemax in vitro.

Metoau. /Iy nocnmizpkeHHsT CTpyKTypHOi opranizanii 6inka ACE2 moaunu Bukopucranu jani Protein Data
Bank, mis moGymoBu mMemopanun — Web-pecypc CHARMM-GUI, a mis Ceo (ynepeHy — OHIAiH cepBep
SwissParam. Iotentiiini kuieni 38°s3yBanns wist Ceo Gynepeny y crpykrypi ACE2 Bu3HAYMIH 32 IOTIOMOTOO
nporpamuoro nakery Caver. J{ns mocmimkenns B3aemonii Ceo dynepeny ta ACE2 BuKOpHCTanM airoputm
CHUCTEMHOTO MOJIEKYIIpHOTO NoKiHTYy (sdock+). Po3paxynku 3 monekymspHOi auHamiku (M/]) BukoHamm y
nporpamHoMy mnakeri Gromacs 2020. B ekcrmepumeHTtax in Vitr0 BHKOPHCTaNIM IIMTOTOKCHUKOJIOTIYHI Ta
Bipyconoriuni Metomu. CTaTUCTHYHY OOpOOKY pe3ylbTaTiB BUMIPIOBaHb MPOBOJWIN 33 BHUKOPHCTAHHS
nporpamu Statistica 13.3.

PesyabTaTu. BeTaHoBWIM TpH MOTEHLINHNX CaWTH 3B’A3yBaHHS MiX >KOJIOOKOM IENTHAA3HOTO AOMEHY Oijka
ACE2 i Cgo pymepenom. PesynpraTti MonekynsipHoro Aokinry Ta M/l cBiguaTs, mo Ceo ymepeH yTBOpIOE aBa
crabinbHux Komrutekcn 3 ACE2 OinkoM, OJOKYHOYM TaKMM YHHOM HOro IIOTEHIIHHY B3a€EMOAI0 3
KOpOHaBipycaMH. 3a pe3yjbTaTaMu in vitro gocmimkens BurumBae, mo Cgo GbynepeHr 3a MaKCUMaIbHO
JIOITyCTUMOI KOHIEeHTparii 37,5 MKI/MI Aif0Th Ha KOPOHABIpYCH CBHMHEH (0-KOPOHABIpPYC) 1 BEIHMKOi poraroi
xynobu (B-koponaBipyc) Ha paHHiMl cramii pemikamii (1 rom) y 4yTnMBHX KIITHHHHX CHCTEMaX, CYTTE€BO
3HIDKYIOUH X iHpeKmiiHy akTuBHICTh Ha BenuuuHy 2,00 1g T ds0/mi 1 >2,28 1g TIs0/Mi1, BiMOBiAHO.

SAx nmuryBatm: I'ypmau BB, Kapaymy BP, KnectoBa 3C, bepecr BII, Ilpmnyuskuit IOL
[porukoponasipycHa aktuBHICTE Ceo (ynepeny: in silico ta in vitro ckpuninr. Biophysical Bulletin.
2025;53:60-71. https://doi.org/10.26565/2075-3810-2025-53-05
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[IporukopoHnaBipycHa aktuBHicTh Ceo Pyniepeny: in silico Ta in vitro ckpuHiar

BucnoBku. ITokazano, mo Ceo (ynepen yTBoproe jBa crabutbHHX KoMmIuiekcH 3 Oinmkom ACE2, npurHivyroun
Horo G yHKIIOHAIBHY aKTHBHICTB 1 OJIOKYIOUHM MOTEHLIHHY B3a€EMOJIit0 3 KOpoHaBipycamu. Beranosineno, mo Ceo
(ynepeHr TPOSBIAIOTh NPOTHBIPYCHY aKTHBHICTH IIOJO KOPOHABipyCiB JBOX TPyl Ha IOYATKOBiM craii
iH(IKyBaHHS P B3a€EMOJIT 3 YyTJIMBUMH KJII THHAMU-TOCIIOAAPSL.

KJIFOYOBI CJIOBA: Cg (ynepeH; KOpOHaBIpYCH TBapHH; MOJEKYJIPHHUHA TOKIHT; MOJIEKYJIsIpHA AWHAMIKa,
TPOTHBIPYCHA aKTUBHICTS iN Vitro.

[Mangemis COVID-19, cnpuunnena koponaBipycom SARS-CoV-2, sikuil BiTHOCHTBCS /10
Ti€l )X TpynH BipyciB, mo i goope Bimomi nmaroreHn SARS i MERS — 30ynHuku aTumoBoi
THEBMOHIT 1 OIM3bKOCXigHOT TUXOoMaHkH [1, 2]. 3aBOsKM yHIKaJIbHOMY MEXaHi3My BipyCHOI
peruTiKarii KOpoHaBIpyCH MalOTh BUCOKY TEHJICHIIIIO 10 PeKOMOIHAIlIT Ta Y4aCTOTH MyTaIlii, 1110
NOTEHLIHHO 30UTbIIYE MOXIIMBICT iX aJamnTalii 10 HOBHX TOCIIOJNApIB Ta €KOJIOTIYHUX HIll.
Cnanaxu SARS, MERS, a notim i COVID-19 ctumyntoBanu AOCHIHKEHHS iX 30yIHHKIB, 32
pe3yibTaTaMu SIKAX OyJIO BUSIBICHO BEJHMKY KUIBKICTH BiAMOBIJHUX AaHTHUBIPYCHUX MillICHEH,
TaKuX SK BIpyCHI MpoTeas3u, MoJiMepasd Ta BHYTPIIIHI OUTKM KOpOHaBipyciB. BBaxamu, 110
Bif9acTi 1 KeIMXOIMOMIOHI emiTemanbHi KIITHHHU, SKi BKPHBAIOTH HOCOBY IOPOKHUHY, €
OCHOBHHMMH MillIeHsIMU noTparuisHHs Bipycy SARS-CoV-2 B opranizm mogaunau. Lli kimituHy, SK
1 HU3Ka 1HIINX, MICTATh BUCOKHIA piBeHb OUTKiB ACE2 (aHT10TeH3MH-TICPETBOPIOOYH (pepMeHT
2; peuenTopHuid Oinok, sSKud KomayeTbcs TeHoM ACE2), sxi cropusitoTb 3B’S3yBaHHIO
koponaBipycy SARS-CoV-2 3 nosepxueto wiitu [3, 4]. bitkopuii mmn Ha nmoBepxai SARS-
CoV-2 31aTeH TakoX MPHUKPITUIFOBATHCS A0 OUTKa-perenTopa sAK KIITHH JIETeHI JIFOJWHH, TaK 1
IHIIUX YyTIMBUX JIO Bipycy KiiTuH, 30kpema ACE2, i, TaKuM 4WHOM, NIPOHHUKAE BCEPEAUHY
oprany. Biarak, npoGiema iHaKTHBallli KOPOHABIpyCy MOTpeOye NETaIbHOTO BUBYECHHS HOTO
CTPYKTYPHOI Oprasizarii — CKJIaJJOBUX YaCTHUH, OCOOJIMBO THX, SIKi OEPYTh y4acTh Y B3a€MOIi
3 KIIITHHAMU-MIIIEHSIMH PI3HUX OpraHiB Jrofel (y 3B'A3yBaHHI Ta MPOHUKHEHHI) Ta MEXaHi3Max
PO3MHOXKEHHS BIpyCY B KJIITHHI-MIILIEHI.

KoponasipycHa iH¢ekis Benukoi poratoi xynoou (BPX) — xBopo0a, sika eTionoriyHo
3ymoBJieHa Jieto kopoHaBipycy BPX (Bovine coronavirus, BCoV), skuii, sk 1 Bipyc SARS-
CoV-2, HaJIE)KUTh bi () rpynu B-kopoHaBipyciB (Betacoronavirus,
subgenus Embecovirus lineage A). BCOV — 1ie mHeBMOCHTEpaJIbHUIA Bipyc, SIKUi iHIKYE
BEPXHI 1 HWKHI JUXalbHI IUISIXM Ta KUIIKIBHUK 1 BUIUIAETHCA 3 (QeKalisiMU Ta CEKpeTamu
BEPXHIX JUXaJdbHUX LUIIXIB [5]. 3axBoproBaHicTh y TensaT crtaHoBUTH 40-100%, a
netanbHicTh — 15-20% npu indikyBanHi [6].

KoponaBipycu cBuHEH € ONHMMH 3 HaWOLIBII PYWHIBHUX IMMATOTE€HIB, 1[0 HETaTUBHO
BIUIMBAIOTh Ha PO3BUTOK CBHHAPCTBA y BChOMY CBITi. Jl0 HUX BIAHOCHTBCS, 30KpeMa Bipyc
TpaHcMicuBHOro ractpoentepury cBuHeir (TI'C; TGEV, subgenus Tegacovirus), 1o
HaJIGKUTh JI0 Tpynu a-kopoHaBipyciB (Alphacoronavirus). CmepTHICTH mopocsTt a0 2-
THXKHEBOTO BiKy csrae 100% [7].

3a BuHATKOM (inoreHesy koponasipyciB TI'C 1 BPX, enuHoio Bigomoro
XapaKTepUCTHKOIO, 110 BiAPI3HSE iX MK CO000, € YHIKaIbHUI HECTPYKTYpHUU mporeiH 1
(nspl), pi3Huii 32 po3mMipoM i OCTIIOBHICTIO. ' OMOJIOTis TeHOMY IIMX KOPOHABIPYCiB CKJIaJa€
65m3bK0 54% [8]. Biarak, mouyk 1 CTBOpEHHSI HOBUX €(DeKTUBHHUX IMPOTUBIPYCHUX 3aC001B SIK
JUIS JIIOJIMHHU, TaK 1 TBApUH, MalOTh 0a3yBaTHUCs HAa MOJENSIX KOPOHABIPYCIB, 110 HAJIEXATh J10
PI3HUX TPYIL.

CyuacHi HaHOOIOTEXHOJIOTii MOXYTh OYTH BHKOPHCTaHI JUIsl BHpIIIEHHS OaraTbox
KIIHIYHUX Mpo0JieM, 30KpeMa THX, 0 BUHUKIM BHacaigok manaemii COVID-19 [9, 10].
Came TomMy Oiocymicumii [11] Ta Giomoctymuuit [12] Ceo (pynepeH BUKIUKaE HEaOHIKY
3aliKaBJICHICTh 1I0JI0 3aCTOCYBAHHS MPH KOPOHABIPYCHUX 1H(EKIIAX 3aBISKH MpUTAMaHHII
«cnerdiuHiit» npoTuBipycHiil aktuBHOCTI [13—17]. Tak, BcTaHOBIIEHO, 110 €EeKTHUBHA 1032
Ceo ynepenin (250-1000 mxr/mut) mono Bipycy rpuny tumny A y 20 pa3iB Oyna MeHILOIO,
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HDK BiOMOTro KJiHIgYHOTO npenapary puManTtaauH [18.]. Kommiekce Ceo/momiBiHLTTIPPOITiIOH
(IIBIT) nposinsae axktuBHicTh sik npotu JHK, tak i PHK-BipyciB, 30kpema mpoTu Bipycy
npocrtoro reprecy (HSV-1). Ilicna o6pobku Bipycy rpumy tumy A kommuiekcom Ceo/IIBIT
Mopdodoris Bipycy 3MiHIOBaacs: Oylia IpUCYTHS BeJMKa KIIbKICTh BipiOHIB 3 MOPYIICHHIMA
ninigHoi o6osonku [18]. ABropu [19] mpumyckaroTh, 10 iHakTHBAaIlig Bipycy Jlenre-2 npu
3aCcTOCYBaHHI KapOokcu]ynepeHy Bi0yBaeThCs Ha cTafdii abcopOiii Bipycy, BHACTIIOK HOTO
rigpodo6HOi B3aeMoxii 3 JimigHOW 000JOHKOK Bipycy. Ha miaTBepkeHHS UM
eKCrepuMeHTaIbHUM (akTam y poboTti [20] in silico mpoaeMoHCTpOBaHO, 1110 BOAOPO3YHHHI
Ce0 (pysiepeHr yTBOPIOIOTH IMMOPH B 00OJIOHIII KOPOHABIPYCY, PYHHYIOUH 11 MIJIICHICTD, 1 TAKUM
YMHOM 3/1aTHI1 BUKJIMKATH MMOPYIICHHS BiNOBITHUX CTAJiil UKy HOT0 perutikaiii.

ITokazano, mo ximMiyHO MoamdikoBaHa MoseKkyina Ceo CTEPUYHO OJIOKYE TiMOPIILHUAN
kaHan nporeasu BipyciB HIV-1 ta HIV-2 [21, 22], € epexTuBHUM iHTIOITOPOM MONIIMEpasn
NS5B Tta mporeazu NS3/4A Bipycy rematuty C [23]. Hapemri, y MonenbHiii poboTi [24]
npogeMoHcTpoBana 3aatHicTh Ceo  (dynmepeny OnokyBatm OinkoBi wmimeni 3CLpro
(ximoTpuncuH-niofi6na nporeaza) i RdRp (PHK-3anexna PHK-monimepasza) xopoHaBipycy
SARS-CoV-2 i TakuM YMHOM MPUTHIYYBaTH HOTO (Q)YHKIIOHAJIEHY aKTUBHICTb.

Biarak, meroro 1ii€i poboTH OyJI0 MPOBEACHHS KOMIUICKCHUX MoxaenbHux (in silico
CKPUHIHT) Ta eKCHepHUMEHTadbHUX (iN VILr0 CKpHHIHT) JOCHiKeHb BOaOpo3unHHUX Ceo
dbynepeHiB K MOTCHUIMHUX NPOQPUIAKTUYHUX/TEPANeBTHUHUX 3aCc00iB MPOTH HAMOLIBII
NOLIMPEHNX KOPOHABIPYCIiB, IO MOXXYTb HECTH 3arpo3y KHUTTIO JIIOJUHH 1 TBapuH. Sk
amaToreHHi Ui JIIOJMHU JOCTiAHI Mozenai s in VItr0 OIiHIOBaHHS MPOTHBIPYCHOT
aktuBHOCTI Bomopo3unHHUX Ceo (ynepeniB Buxopucrano nBi rpymu Bipycie TI'C (a-
kopoHasipyc) i BPX (B-koponasipyc).

MATEPIAJIM TA METO/IN

Jns nocnimxenns B3aemonii Ceo ynepeny Ta ACE2 Bukopucranu BOynoBanuii y QXP
(mBuakuii momryk (Quick eXPlore)) anroputM cHCTEMHOTO MOJIEKYIApHOTO MOKIHTY (sdock+)
[25, 26].

MJI (MonekynsipHa AMHaAMIKa) pPO3pPaxyHKH BUKOHAIM y MporpaMHoMy maketi (Gromacs
2020 [27] ta cunoBomy mosri Charmm36 [28]. M1 ckitafanacs 3 HACTYITHHUX €TaIliB: IiIr0TOBKa
JOCHIJKYBaHOI cucTeMH Ta TeHepyBaHHs Tomnojorii Ceo (hynepeHy 3a BUKOPUCTaHHS OHJIAWH
cepBepy SwissParam [29]. Jlns mocnigykeHHsI CTPYKTYpHOi oprasizaiii MemMOpaHHOro Oiika
ACE2 monunn Bukopuctanu HasBHI naHi Protein Data Bank (RCSB PDB) [30], a ans
nobymnoBu Memopanu — Web-pecypc CHARMM-GUI [31]. TToTeHtiiiHi KHIeHi 3B’ sI3yBaHHS
i Ceo ¢ynepeny y crtpykrypi ACE2 Bu3Haumim 3a jJomomoro «cavity computational
algorithmy» y nporpamuomy naketi Caver [32]. Jlani mpoBoauIM MiHIMI3AI[iIO €HEPrii CUCTEMH,
a motiMm — aBa eranu ekBimiOpanii: (1) NVT (constant Number of particles, Volume, and
Temperature) 1 (2) NPT (constant Number of particles, Pressure, and Temperature) ymnpomoBx
20 He. [ocmipkyBaHuil KOMIUIEKC MPOTOHYBAIM BiAMOBITHO 0 iMIuIeMeHTOBaHOi y Gromacs
2020 ¢ynkmii “ingh”. ITicas Toro sk AB1 B3aEMOiI041 cUCTEMU Oynu 00’ €aHaHI, IX TTIOMICTHIIN
y KBajpaTHuUM Ookc 1 3amoBHWiAM Mosekynamu Boxu (TIP3P). Jns imitamii KIITHHHOTO
cepenoBuma y 6okc goxamu iomm Na'/Cl™ (ix kxonuenrpamis y Ookci ckmamama 0,15 M).
OcnoBuuit erann M/] cumyssiuii Tpusas 200 He.

Hnst otpumannst BogHoro po3unHy Ceo pysepeniB (Ceo®BP) 6yB 3acTocoBanmii MeTox,
3acHOBaHMH Ha mepeBeZieHHI Moyekyln Ceo 3 TONyolly y BOJY 3a YMOB YJBTPa3BYKOBOI
00po6ku [33]. Onepxanuit Ceo®@BP 3a makcumanbHoi kKoHIeHTparii 150 MKr/Mi € THIIOBHM
KOJIOiJOM, IO MICTUTh SK TooAMHOKI Monekynu Ceo, Tak 1 ix HaHoarperatu [34],
3aJIMIIA€THCS BUCOKOCTA0UIBbHUM yIpooBXk 18 micsiis npu +4 °C.

Jlns  mocmiKeHb KOPOHABIpYCIB Ta BHU3HAUEHHS CIIONYK, 3JaTHUX 3HUXKYBATH IX
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iH(eKIiiHY aKTUBHICTh, BAXKJIMBUMH € YMOBH 3a0e3leueHHs BUMOT 0ioOe3neku. Tomy aiis
JOCITIIKeHb OyJ10 00paHo mpencTaBHUKIB poauHu COronoviridae qBox rpy: a-KOpoHaBIipycC
TI'C 1 B-xoponaBipyc BPX (10 rpymu [-KopoHaBIpyCiB TaKOXX BIIHOCHUTHCS 1 30yIHUK
COVID-19). i Bipycu TBapuH € anaTOreHHUMU IS JTFOAWHA MOACITEHUMHU 00’ €KTaMH 1 TOMY
CJIyTyBaJld HAHONTHUMAJIBHIIIUM BapiaHTOM JUIsl HPOBEIEHHS NEPBUHHUX JOCIIIKEHb 3
BUSIBJICHHS TPOTHKOpoHaBipycHol il Ceo ¢ynepeHy 3a ymoB INn Vitro y mabopatopii 3
ymoBaMu 0Oio0e3neku piBHa BSL-2, nHasBHOi B JlepkaBHOMY HayKOBO-KOHTPOJIHHOMY
IHCTUTYTI OGioTexHoor i1 1 mramiB Mikpooprasizmis (JJHKIBIIIM).

Jlinii xyneryp kimitnH BHK-21 (kaiTHHH HEPKH 3070THCTOTO XOM siuka) Ta HB (kmiTuHn
HUpKH BiBIi) Oynu oxepxkani 3 kpiocxoBuma Harmionansnoro Ilentpy Ilrtamis
MikpoopranizmiB JIHKIBIIIM (36epiranns y mocyauHax [roapa B aTmocdepi asory,
—196 °C). Sk noxuBHi cepenoBuma BukopucroByBaiu DMEM (Dulbecco's Modified Eagle
Medium, Gibko) ta 10% po3uun eTaapHOi cupoBaTku KpoBi BPX.

KynbTypu KITHH y mHOCiBHiH 1031 2x10° KIiTMH/MI BHPOIIYBaIH y 96-TyHKOBUX
IUIOCKOJIOHHUX KYJbTYypaJbHUX IUIaHIIETaxX 3a Temmeparypu +37 °C B atmocdepi 5% COs.
Uepes 24 rox, xomu MOHOIAp KIITHH OyB c(OpMOBaHU, MPOBOAMIHM 3aMiHY IMOKHBHOTO
CepeloBHIlla Ha MIATpUMYIOUe O€3CHpOBATKOBE CEpEIOBHINE 1 MPOBOIWIM HEOOX1THI
EKCIIEPUMEHTH.

Yepes 24, 48, 72, 96, 120 1 144 ronun MOHOIIAp KIITUH JOCTIKYBAJIA B IHBEPTOBAHOMY
mikpockoni DM IL LED (Leica Microsystems GmbH, ®PH) Ha HassBHICTh HTUTOTOKCUYHOT Jii
Ceo dynepeHiB (3a1exHO BiJl iX KOHIEHTpalil y Aiana3oHi (3,6—150) MKr/mi) 3a mopyieHHIM
imicHocTi 1 MOp(oIorii KIITHHHOTO MOHOWIAapy (AereHepamii KIITHH PI3HOTO CTYIEHS),
MOSIBOI0  BOTHHUII JETEHEPOBAaHUX KIITHH (BaKyousisalii, 3epHHCTOCTi, IiJABHILEHOI
PO3IIACTaHOCTI KIIITHH), BU3HAYMBINM TAKHM YMHOM 3HAYEHHS MaKCHMAIBHO JIOIYCTUMOL
kouneHTrparii (MJIK) HaHOCTIONYKH 151 TECTOBAHUX CHUCTEM N Vitro.

VY psiau nTyHOK KyJbTYpaJIbHOTO IUIAHIIETY (10 4 JIYHKH Ha PO3BEAEHHS) 3 MOHOILIAPOM
kyneTyp kiitTuH BHK-21 ta HB BHOcunm 3 1 mo 8 necsTukpaTHI pO3BEICHHS BIPYCHOI
cycrensii B 00’emi 150 Mk Ha nyHKy. ITicns excnosuuii BipyciB (TI'C adbo BPX) ynponosx
1, 2,4 1 6 ToAMH 3 KyJIbTYp KJIITHH BUJQJISIM HAaHECEHY BIPYCHY CYCIIEH3110 1 BHOCHJIM T10
150 Mk CeoBP® 3a 3nauenns MJIK ai1st K0xHOT 3 JOCIIIKYBaHHX CUCTEM iN Vitro.

[IporuBipycHy aktuBHICTE Ceo (ynepeHiB y cuctemax in Vitro BU3HaYanu 3a aHANi3OM
nuTonatnyHux egekrtiB 3a Aii kopoHaBipyciB TI'C 1 BPX. Kourponem nis BuUBYEHHS
IIUTONATOT€HHOI JIii KOPOHABIPYCIB CIYTyBajJM JIyHKH 3 KynbTyporo kiitTuH (BHK-21 1 HB)
0e3 BHeceHHs Bipycy 1 Ceo (ynepeny. Kpim Toro, mpoBoawiaM mapaneibHi KOHTPOJ 3
BBEJICHHSM KOPOHABIPYCIB y KYJbTYpU KIITHH JUIi TOPIBHSHHSA TUTPY iX iHGeKuiiHo1
aktuBHOCTI. IluTomarorenny nito koponaBipyciB TI'C 1 BPX Ta 3a mpucyrHocti Ceo
¢bynepeHiB owiHOBanu yepes 24, 48, 96 Ta 144 ronuH micns iHQIKyBaHHS KIITHHHUX KYJIbTYp
BHK-21 1 HB. 3a3naunmo, 1110 TpUBaJIICTh €KCIEPUMEHTY 0OMEKEHa THM, 1110 33 TAKOTO Yacy
nii  KOpOHaBipycCiB BimOyBamacs JEeCTPYKIis MOHOIIAPY KIITHH Yy JOCHIJKYBaHHX
cucremax in vitro.

Cratuctuuny oOpoOKy pe3ynbTaTiB BHMIPIOBaHb IMPOBOAMIM METOAAMHU BapialiitHol
cratuctukn (ANOVA) 3 BukopucranHsM mnporpamu Statistica 13.3. Ilpu anamisi
eKCHEpUMEHTAIbHUX JaHUX Yy PI3HUX Tpynax BUKOPUCTOBYBANM t-KpUTEpiil, micias 4oro
BUKOHYBAIM MHOXHHHHW TOPIBHSUIBHUH TecT JlaHHeTa Juis TMOpIBHSHHS BCiX JaHHUX 3
KOHTPOJbHUMHU. [IpumymieHHs mnpo Te, IO eKCIepUMEHTalbHI JaHl BiANOBIAAIOTH
HOPMaJIbHOMY PO3MOJUTY Ta MalOTh 1J€HTUYHI CTaHAApPTHI BIAXWICHHS Oylu MepeBipeHi 3a
nonomoroto tectiB lamipo-Yinka ta baptierra, BianosigHo. [ToBToproBaHiCTh BUMIpIOBaHb
CKJIa/Iajia HEe MEHIIe TPbOX pa3iB. 3HaUEHHS WMOBIPHOCTI CIIPaBEAIUBOCTI HYIbOBOI IIIOTE3U
p<0,05 BBa)kaM JOCTaTHIMU JJIs1 BACHOBKY PO CTaTUCTUYHY 3HAUYIIICTh BIIMIHHOCTEH.
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PE3YJIbTATH TA OBI'OBOPEHHS#

In silico docniocenns

[Ipunyckaerscsi, 1m0  OJIOKyBaHHs/iHTiIOyBaHHS  (YHKIIOHAJBHOI  aKTUBHOCTI
JOCITI/PKYBaHMX KOPOHABIPYCiB MOXKE peasli3oBYBaTHCS 4epe3 TaKUi MOJEKYISIpHUN
Mexanizm il Bomopo3unHHHX Ceo (ynepeniB: Ceso ¢ynepeH 0e3rnocepeHbO B3aEMOIIE 3
IIOBEPXHEBUM NPOTEIHOM KIITHH Tocronapsi, 3okpema ACE2, i, TakuMm uymHOM, 3amoOirae
YTBOPEHHIO KOMILIEKCY «kopoHaBipyc-ACE2» 1 iioro moganbIioMy NPOHUKHEHHIO B KIIITHHY.
Buxonsun 3 Takoro mpHITyHIEHHS, MPOBEICHO IU3aiiH CTPYKTYpHOI oOprasizamii
peuentopHoro Oinka ACE2, a TakoXX ONTHMAaJbHO MOXJIMBUX KOMIUIEKCiB Mik Ceo
dynepenom ta ACE2, omiHeHO iX CTaOUIBHICTh B IMITOBAHOMY KJIITHHHOMY CEPEIOBHUII Ta
BHECOK KOXKHOI aMIiHOKHCIOTH y 3B’si3yBaHHi Mik Ceo (yrepeHOM 1 TpoTeiHOM 3a
BUKOPHUCTaHHA MeTo1iB M/ 1 MOJNEKYJISIPHOTO AOKIHTY.

Cmpykmypha opzanizayisn peyenmopnozo oinka ACE2. TlpoananizyBasiiu aaHi Protein
Data Bank (RCSB PDB), mns mociipkeHHsT CTPYKTYPHOT opraHizailii MeMOpaHHOro Oijika
ACE2 o6panmu PDB crpykrypy 6ml17 (The 2019-nCoV RBD/ACE2-BOAT1 complex) [35].
CriouaTKy BCl MOJIEKYJIM BOJAW Ta NMPUPOAHI Jiiranau Oynu BujaneHi 31 ctpykrypu ACE2.
[loriM, mepen NOBEPXHEBUM aHANI30M TPOTEiHY-MIIIEHI Ta BHUSBICHHAM HOTEHIIIMHUX
KulleHb 3B’ s13yBaHHA Uil Ceo (ysepeHy 3a BUKOpUCTaHHS mporpamHoro makery Caver, 10
OUIKy JOAamy yci BIACYTHI aTOMH TiIPOT€HY Ta MPOBEIN KOPEKI[iI0 MPOTOHYBAHHS aMiJiB Ta
OIYHMX JAHIIOTIB BIAMOBIAHO A0 KIITUHHOTO piBHA pH=7. [lam mnpoBenu eHEpreTHYHY
MiHIMI3aIlil0 JOCITIKYBAHOI CTPYKTYpH. SIK pe3ysbTaT, BCTAHOBHJIN TPU MOTEHIIHHUX CailTh
3B’s3yBaHHS MikK koso0koMm PD (nmentumasuuii qomen) i Ceo pysiepeHoM, mpeacTaBieHi Ha
puc. 1.

VYci caifTi 3B’s13yBaHHS XapaKT€PHU3YIOThCS MPUCYTHICTIO Y CTPYKTYpl aMiHOKHUCIIOT, SIKi
3/1aTH1 YTBOPIOBATH MII[HI CTEKIHT a60 KaTi0H-Tt B33€MOI[11 13 Ce0 yniepeHoM.

Puc. 1. 306pa>1<eHH$1 BOYZOBaHOTO 61J‘IKa ACE2 y meMmOpaHy 3 BUIUIEHUMH CTPYKTYPHHMH €JIEeMEHTaMH Ta
NOTeHUiHNMH caiitamu 3B’s3yBaHHs (1, 2 1 3) mst Ceo dynepeny. Ceo QysepeH 1mokasaHo cipuM, OJaKUTHHUM i
3eIeHNM KoJjbopamu; MeMmOpana — cipum, BOAT1 crpykrypa — sxoBtuM i PD — ¢ioneroBum Koibopowm,
BIATIOBITHO.

Fig. 1. Image of the membrane-embedded ACE2 protein with highlighted structural elements and potential
binding sites (1, 2 and 3) for Ceo fullerene. Cgo fullerene is shown in gray, blue, and green colors; membrane in
gray, BOATL structure in yellow, and peptidase domain in purple, respectively.
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B3aemooia Ceso ¢pynepeny 3 oinkom ACE2. ]Ins MOJCKYJISIPHOTO JOKIHTY BHKOPHCTAIN
xopcTky wmonekyny ACE2 Tta rHyuky wmonekynmy Ceo. MakcumanbHa KIUIBKICTH KPOKIB
po3paxyHnky cknanana 300. Haiikpami tpu «Ceo-ACE2» KOMIUIEKCH, BUXOIYH 3 BHYTPIIIHIX
ckopuHr-QyHKIIH QXP (KOHTaKTHa MOBEPXHS Ta ONTUMAIbHA BIICTaHb MIX KIFOUOBUMHU
aminokuciotamu ACE2 1 Ceo hynepenom), BimiOpany Juisi MOJATBIINX JOCIIIKEHb.

3riiHO pe3yabTaTiB MOJEKYJISPHOTO NOKIHTY y Bcix Bumaakax Ceo (ynepeH miabHO
3allOBHIOE CalTH 3B’A3yBaHHA 1 YTPUMYEThCS TaM 3a PaxyHOK pPI3HOMAHITHHUX CTEKIHT
B3aemoniit (puc. 2A, C, E i 3B). Tak, caiitr 38’s3yBanns 1 (puc. 2A) xapakTepusyeTbCs
yTBOpeHHAM cTekinr B3aemonuiii 3 Phe 504, His 505, Phe 274, Tyr 127, Trp 271 Ta katioH-1t
B3aemoii 3 Arg 273. Kpim Toro, mae Miciie ctepuyHa B3aemois 3 Asn 149.

[Toxibny kapTHHY criocTepiranu y caidti 3B s3yBanHs 2 (puc. 2C): Ceo dysiepeH yTBOPIOE
crekinr 3 Trp 349 ta His 401. 3a3Haunmo, 1110 cTabLIBHICT TAKOI'0 KOMIUIEKCY MOTEHIIIHHO €
MEHILOI0 3a MonepeAHii BapiaHT, ockuUIbkH TYT Ceo (yJepeH 3aTHCHYTHH apoMaTHUYHUMU
aMIHOKHCJIOTaMH JIMIIE 3 OJHOTO OOKY, IIO MOXE CHPUYMHHUTH HOTO BHTICHEHHS 13 CailTy
3B’SI3yBaHHS.

Hapemrri, caiit 38’ si3yBanHs 3 (puc. 2E) Biapi3HA€TbCA BiJ IBOX MOMEPEIHIX THM, IO TYT
Ceo (ynepen € HaiiOL1b11 3araubdaeHum (puc. 3B). Ceo QyrnepeH yTBOpIoe CTEKIHT B3aeMOIT 3
Trp 203, Tyr 510, Tyr 202 Ta kartion-n - 3 Arg 514 i Lys 562.

BaxnuBo 3a3HaunTH, 110 y BCiX po3mIsHyTHX Bumaakax Ceo (ysepeH € 3aTHUCHYTUM
BCEPEAMHI KOXKHOTO 13 CalTIB 3B’S3yBaHHS, IO MOXE CTAaTH, K HMPUYUHOIO ITOJATBIIOTO
3armubnenHss Ceo ¢ynepeHy y el caT (mOKpalleHHs 3B’S3yBaHHS), TaK 1 MPUYUHOIO
BumtoBxyBanHsd Ceo (ylepeHy 3 TOro uYM IHOIOTO CaTy 3B s3yBaHHS (pyHHYBaHHS
KOMILIEKCY).

Omninky crabinpHOCTI/KOHPOPMAIHHUX 3MiH OTpUMaHuX KomruiekciB «Ceo-ACE2»
npoBenu 3 BUKOpUCTaHHAM MeTtony MJI. Sk OGaummo, xkommiekcu «Cgo-ACE2»
xapakTepu3yloThes 3HadeHHasM RMSD (Root-mean-square deviation) B mexax 6 A (puc. 3).
[X pyXnmBicTh MOBHICTIO KOpemIoe 3 pyXiuBicTIO Hesp’szaHoro ACE2, BUHATKOM € JMIIE
KOMIUIEKC 2, NIe Ha nesakux eramax MJ[ crocTepiraioThCsi 3HAYHI BIIXWJICHHS BiJ 1HIIHAX
ctpyktyp (puc. 3A). Ilono Ceo dynepeny, Bennunna RMSD s xommiekciB 1 ta 3 €
OJIHAKOBOIO, a JIJISl KOMILIEKCY 2 — 3HAa4YHO OuTbImoro (puc. 3B).

3aranoMm migyac npoBeaeHHs MJl 3adikcyBanu Taki KIIOYOBI 3MiHM y KOXXHOMY 3
MNOTEHLIWHUX CalTIB 3B’ SI3yBaHHS:

1) mns xommuekcy 1 (puc. 2B) cmocrepiranu 3anypeHHss Ceo ¢ysnepeHy y cailT
3B’SI3yBaHHS. 3aB/SIKM 1IbOMY BiH € 3aTUCHYTHI B aMIHOKHCJIIOTHOMY CEPEIOBHII Ta YTBOPIOE
Taki KJIr040Bi B3aemMoil: crekinr — 3 Phe 504, His 505, Phe 274, Tyr 127, Trp 271 ta xaTioH-
n — 3 Arg 273. Kpim Toro, BinOyBaeTbcs crepudne HaOmmkeHHs Asn 149 ta Gln 145, 3
SKMMHU ICHYE TEOpeTHYHa MOXJIIUBICTb YTBOPUTHU MIIHI cTepuyHi B3aemoaii. OTpumaHuit
«Ce0-ACE2» xommiekc 1 € cTabiTbHIM yIIPOJOBXK YCi€l TpaeKTOpii AMHAMIKH;

2) nans caifty 3B’s3yBaHHA 2 (puc. 2D) cnocrepiranu pyiinyBaHHsS «Ceo-ACE2»
Komruiekcy, ockimbku Ceo (ynaepeH BTpadae KirouoBi B3aemomii 3 Trp 349 Tta His 401 i
3HAYHO 3MilIyeThes Yy 60po3Hi PD, micist yoro QikcyroThesi cTekiHr B3aemomii Mixk Trp 349,
His 345 ta Met 62. Otxe, «Cso-ACE2» xomIuiekc 2 € HecTablIbHNAM;

3) ans kommiekcy 3 (puc. 2E), sk 1 ansg xommiekcy 1, cnocrepiranu 3ariau6nenss Ceo
bynepeHy y caiiT 3B’s13yBaHHS, BHACTIIOK YOr0 BTpadaeThes B3aemosis 3 Arg 514 i Tyr 5109.
Ane npu upomy Ceo (dynepeH 3HaAXOAUTHCA TIIHMOIIE Yy CaiTi 3B’S3yBaHHS Ta 3 ycix OOKiB
MIITHO 3aTUCHYTHH HABKOJIUIITHIMHA aMIHOKHCIIOTAMH.

TakuM YMHOM, BIAMOBIAHO A0 PE3YNIbTaTiB MOJEKYJIspHOro MOKiHry i MJI moxxHa
3pobuTn BUCHOBOK, 0 Ceo (ynepeH 3aaTHmiA yTBOproBaTH CcTabinbHI Komruieken 3 ACE2
npoteinom («Ceo-ACE2» xommuieken 1 1 3), a BiATak — MpUTHIYYBAaTH HOro (yHKIIOHATBHY
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AKTUBHICTb, 1[0 BaXJIMBO JJIs OsokyBaHHsS B3aemogii ACE2 3 S-TnikonpoTeiHOM «KOpPOHW!Y
SARS-CoV-2.

L\

Puc. 2. Pesynbratn MonekynspHoro aokinry (A, C, E) ta M (B, D, F): A, B — 1-ii caiit 38’s3yBanns; C, D —

2-ii caiit 3B’s13yBaHHs; E, F — 3-ii caifr 38’ s3yBanHsA. Y Beix Bunaakax ACE2 — sxoprtuit komip, Ceo Qyneper —
cipuif Kourip.

Fig. 2. Results of molecular docking (A, C, E) and molecular dynamics (B, D, F): A, B — binding site 1; C, D
— binding site 2; E, F — binding site 3. In all cases, ACE2 is yellow, Cgo fullerene is gray.
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Puc. 3. 3nayennss RMSD pyxmuBocti 0inka ACE2 B mexax yrBopeHux «Ce-ACE2» xommekciB (A) Ta Ceo
tdynepeny (B): ne3p’si3anuit ACE2 — uepBonuii koJip, caiiT 38’s13yBaHHs | — KOBTHUI KOJIIp, CAUT 3B’ sI3yBaHHS
2 — 3ereHui Koip i caliT 3B’ A3yBaHHS 3 — CHHIH KoTip.

Fig. 3. RMSD values of ACE2 protein mobility within the "Cg-ACE2" complexes formed (A) and single Ceo
fullerene (B): unbound ACE2 — red color, binding site 1 — yellow color, binding site 2 — green color and
binding site 3 — blue color.

BaxnBo 3a3HauuTH, 10 caMe€ BUKOPHCTaHHs IMporpamMHoro mnakery Caver 3 BelIMKOIo
Ha/IIHHICTIO 3/1aTHE BUIUINTH MOTEHUINHI KUIIEH] JUIs 3B'sI3yBaHHs 3 PI3HUMH Jiranaamu [32].
VY HamoMy BUNQJAKy KOKHA Taka KHIIEHs (cailTh 3B’s3yBaHHs 1, 2 1 3) BKIIIOYae 3HA4YHY
YaCTUHY aMIHOKHCIOT, SKI MICTSATh AapOMaTHYHy CKJIaJ0BYy, IO € KPUTUYHUM JUIs
3B’s13yBaHHs 13 Ceo (QynepeHoMm. Kpim Toro, pyx 1i€i yacCTUHM MpPOTEiHY € BaXJIMBUM JUIS
3B’A3yBaHHs, Hanpukias, i3 SARS-CoV-2 cnaiik nporeinom [36].

In vitro docridscenns

JocnimxenHs BIuBY BoJopo3dMHHUX Ceo (yJepeHiB Ha pI3HI IITaMH KOPOHaBIPYCIB
(Mozeni, 1aHi 3 IKUX MOXKHA €KCTPAIOJIOBATH J0 YMOB MaHAEMIYHUX IITaMiB KOPOHaBIpyCiB
JIOJIMHU) € aKTyaJIbHUM caMe 4epe3 LIMPKYJIIOBaHHS Ha 1€l MOMEHT y CBITI pI3HUX LITamiB
KOpoHaBipycy moaunu, 30ynauka COVID-19, axuil mBHUIKO MYTYE 1 MPEICTaBIsEe 3arpo3y
IpU 3MiHI CBOIX BJIAaCTHUBOCTEH HaBiTh JJI IMyHHHX [0 MEpIIMX IITaMiB KOpPOHaBipycy
moneit. Tomy Mum 3ocepenmnucs Ha N Vitr0 TectyBaHHI iHTiOyBaHHS iHQEKIIHHUX
BJacTUBOCTeN (pertikauii) kopoHaBipyciB nBox rpym, 30yauukie TI'C 1 BPX, 3a mii
Boopo3unHHUX Ceo (hynepeHis.

Cnouatky Oyn0 mpoTecTOBaHO IMUPOKUK mianma3oH KoHueHTpamnin Ceo®BP  mis
Bu3HaueHHs BenmunHM MJIK mis mocmimpkyBaHux cucrteMm Iin Vitro. BcranoBneno, mio
BennunHa MJIK y kynetypi ximitun BHK-21 1 HB ckmana 37,50+0,03 mxr/mu. Tect Ha
IUTOTOKCUYHICTh 3aCBI1UMB, 110 BOJ0po3unHHI Ceo (pynepeHn He BILTMBAIU HA MOP(OJIOTiI0
JOCTIPKYBaHUX KIIITHH, OTPUMAaHMX 3 PI3HUX BU/IIB TBAPHH, 3a L€ KOHIEHTPALIIi.
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3a3HaunMo, MO0 BU3HaueHHA BenuunHu MJIK y KyabTypl KJIITHH, K TMOKa3HHKA
UTOTOKCUYHOCTI TPOTUBIPYCHOI CIIOJIYKH, € BaXKJIMBHM, OCKUIBKH JIa€ MOKJIMBICTh
3’dCyBaTH, UM HE IepeBaka€ TOKCUYHUI e(eKT IOCHiKyBaHOI CHOJYKM Ha KIITHHHU il
AHTHUBIPYCHY aKTHUBHICTh, TOOTO, UM MOXIIMBO BUKOPHCTOBYBATH IIIO CIIOJIIYKY Y TOJAJBIIOMY
SIK JTIKAPCHKHUM MPOTUBIPYCHMI 3aciO.

BaxxnuBo 3ayBakuTH, IO 3TiTHO 3 MONepenHiMu pesyiabratamu [37, 38] BogopO3UHHHI
Ceo ¢ynepeHu y KOHIEHTpamisx a0 24 Ta 144 MKI/Ma HE BUSBISIN JKOAHUX TOKCHYHHX
e(eKTiB Hi y Me3eHXIMaJIbHUX CTOBOYPOBUX KIIITUHAX JIFOJUHHM, Hi Y KJIITHHAX eMOpiOHATBHOT
Hupku moauan (HEK293).

3acrocyBanns Ceo®BP y xynbrypi kinitun BHK-21 3a BcranoBnenoro 3nauenns MJIK
yepe3 1 rox micas iHMIKyBaHHS KIITHHHOTO MOHOIIapy kopoHaBipycom TT'C, aganToBaHOTO
no xmituH BHK-21, 3uHmkyBamo tuTp #Horo iH(peKUiHHOI aKTUBHOCTI Ha BEIHYUHY
2,00+0,02 Ig T ds0/mu1.

3acrocyBannsa Ceo®@BP y xyneTypi kinitua HB 3a BcranoBienoro 3nadenns M/IK uepes
1 ron micnsa iHdikyBanHs kopoHaBipycom BPX, amantoBanoro mo kmitun HB, 3umxkyBamo
TUTP WOTO 1HPEKIIHHOT aKTUBHOCTI Ha Benmuuny >2,28+0,02 |g T [Is0/mu1.

Hapewri, npu 3actrocyBanHi Ceo®BP y kynbprypax xmitun BHK-21 1 HB 3a
BcTaHoBieHoro 3HaueHHs MJIK monman | rox micnis iHQiKyBaHHS BiAOBIAHUX KITITHHHUX
MoHottapiB kopoHnapipycamu TI'C 1 BPX, BinqnoBiaHoO, 10CTOBIPHOTO MPOTUBIPYCHOTO e(heKTy
HE BHSIBIICHO.

Opepxani pe3ynbTaTd J00pe Y3roJuKyloTbes 3 aanuMu [20], 1e moka3aHo W10
3acrocyBanHs Ceo®BP 3a BimmosimHoro 3uauenns MJIK B cucremi in OVO JeMOHCTpYE
MPOTUBIPYCHY AKTHUBHICTh IIOAO KOPOHABIpYCYy 1H(MEKIIHHOrO0 OpOHXITYy Kyped Ha paHHIX
CTaifX B3aeMOIi 3 UyTIuBUMH KinitTuHamu (1—4 ron).

BUCHOBKHA

3a pe3ynabTaTaMd HPOBEAEHOTO MOJEKYIspHOro nokiHry ta MJI BuminuBae, mo Ceo
dynepeH yTBOpro€e MpUHAWMHI J1Ba cTabuTbHUX Komiuieken 3 ACE2 nporeiHoM, IpUTHITYIOUYH
TaKUM YUHOM HOro (yHKIIOHaJIbHY AKTUBHICTh 1 OJIOKYIOUM MOTEHIIIIHY B3a€MOJil0 3
KOPOHABIpyCaMH.

3a pesynprataMy MpPOBEACHHX IN VItr0 JocCiiIKeHb BUILIMBAE, 110 Bonopo3uuHHi Ceo
bynepeHu ni0Th Ha KOpoHaBipycu ABoX rpyrm, 30yaHukiB TI'C 1 BPX, Ha panHniil cramii
permikanii (1 ron) y uyriauBuX KITHHHUX cuctemax, BHK-21 1 HB, cyTTeBO 3HIKYyIOUM iX
iHQeKiiHy akTHBHICTh: Ha BenuuuHy 2,00 1g T dso/mn 1 >2,28 Ig TL{ds0/Mi, BiamoBiaHO.
Ile BKa3ye Ha MEPCHEKTUBY BUKOPUCTAHHS BOJOpO3UMHHUX Ceo QyNepeHiB sIK MOTEHLIHHUX
MIPOTUKOPOHABIPYCHUX HAHOAreHTIB, 3AaTHUX 1HTIOyBaTH perutikaiito JJHK- 1 PHK-BmicHux
BIpYCiB Ha MOYATKOBIM cTanii iH(IKyBaHHSA NpU B3AEMOAIl 3 YYTIMBUMHU KJIITHHAMH-
rocrojapsi.
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Objective of the work was to evaluate in silico the ability of Cgo fullerene to interact with the membrane
protein ACEZ2, thereby preventing the formation of the "coronavirus-ACE2" complex and its further
penetration into the host cell, as well as the effectiveness of the anticoronavirus action of these carbon
nanoparticles in in vitro systems.

Methods: The Protein Data Bank was used to study the structural organization of the human ACE2
membrane protein. The CHARMM-GUI and SwissParam web resources were used to construct the
membrane and Ceo fullerene, respectively. Potential binding pockets for Ceo fullerene in the ACE2
structure were determined using the Caver software package. The system molecular docking algorithm
(sdock+) was used to study the interaction between Ceo fullerene and ACE2. Molecular dynamics (MD)
calculations were performed using the Gromacs 2020 software package. Cytotoxicological and
virological methods were used in in vitro experiments. Statistical processing of experimental results was
carried out using the Statistica 13.3 program.

Results: It was found three potential binding sites between the groove of the peptidase domain of the
ACE?2 protein and Cgo fullerene. According to the results of molecular docking and MD, it follows that
Ceo fullerene forms two stable complexes with the ACE2 protein, thus blocking its potential interaction
with coronaviruses. According to the results of in vitro studies, it follows that Ceo fullerenes at a
maximum allowable concentration of 37.5 pg/ml act on the coronaviruses of swine (a-coronavirus) and
cattle (B-coronavirus) at the early stage of replication (1 h) in sensitive cellular systems, significantly
reducing their infectious activity by 2.00 TCIDs¢/ml and >2,28 TCIDso/ml, respectively.

Conclusions: Cgo fullerene has been shown to form two stable complexes with the membrane protein
ACEZ2, thereby inhibiting its functional activity and blocking potential interaction with coronaviruses. It
was established that the Ceo fullerenes show antiviral activity against coronaviruses of two groups at the
initial stage of infection when interacting with sensitive host cells.

KEY WORDS: Ceo fullerene; animal coronaviruses; molecular docking; molecular dynamics; antiviral activity in
vitro.
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AKTyajdbHicThb. BiTHOBICHHS CKOPOTIMBOI aKTHUBHOCTI CKEJIETHUX M SI3iB IICIIA HEHPOTEHHOI aTpodil €
CKJIAIHAM 1 TpHBaJIUM IpoliecoM. Binrak, momryk e(eKkTHBHHX TeparneBTUYHHX 3aco0iB Ui HOro
NPUCKOPEHHSI € BKpail aKTyalbHHM 3aBJAHHSAM CydYacHOI OioMenuuuHH. ATpOoQis CKeIeTHUX M s3iB
CYIPOBOXKYETHCS 3MEHIICHHSM M SI30BOi MacH, BTOMJIIOBAHICTIO Ta 3HIKEHHAM CKOPOTINBOI 31aTHOCTI,
II0 TIOB’SI3aHO 3 aKTHUBALIEK0 OKCHIATHBHOTO CTPECY, 3amaJICHHSAM 1 KaTaOONiYHUMHU peakiisMH.

JleHepBallis 3amyckae CKJIaJqHi CHIHalbHI Kackaaum 3a yuactio Ca?'ra (akTopiB TpaHCKpHILi, sIKi
CHPUSIOTh PO3Many OUIKIB ¥ MOpYyImIeHHI0 (QYHKIIOHAIEHOCTI MiomUTiB. MiTOXOHApiambHa TUCOYHKIIS,
MiTodarist Ta HOpyIIeHHs OKUCHOTO (ocdopuiitoBaHHS NMOTIMOIIOIOTE JIeTeHEPATHBHI IPOLIECH Y M SI30BUX
BoJiokHax. KpiM atpoii M’s131B, CHIOCTEPIraeThesi peMO/ISNIIOBAHHSI OTOYYIOUMX TKaHUH, 30KpeMa (idpo3 i
JICBaCKYJISIpU3allisi, 110 YCKIaAHIOE pereHepamio. OgHUM i3 KIOY0BUX (akTopiB iHiriamii arpodii e
OKHCIIIOBAILHUI CTpeC, TOMY Cy4acHI TepaneBTHUYHI MiJIXOJU CIPSMOBaHI Ha HOro HeWTpaiizauiio 3a
JIOTIOMOT'0}0 aHTHOKCHAAHTIB, CTOBOYPOBHUX KIIITHH Ta IO3AKJIITHHHUX BE3UKYII.

Merta po6oTu — nociimxerss aii Ceo QynepeHis, 1m0 BOJIOAIFOTh aHTHOKCHIAHTHUMH BJIACTUBOCTSIMH, Ha
MEXaHOKIHETHKY CKOpOYEHHsI M. gastrocnemius mypiB ympomaosxk 30 mi6 micis HeliporeHHOi atpodii,
BUKJIMKaHOT ITOIIKOKEHHSIM CiZIHUYHOTO HEepBa.

Martepianan Ta metonu. [Ipy aHANI31 MIOTHYHOT BiIIIOBI i 3 BAKOPHUCTAHHAM TEH30METPil OI[IHIOBAIN TaKi
MEXaHOKIHETHYHI MapaMeTpu SK PiBEHb MaKCHMaJIbHOI CHJIM CKOPOYEHHS M’si3a, 4ac JOCSITHEHHs HOTro
MaKCHUMAJIbHOI CHIT CKOPOYCHHS Ta 4ac YTPUMAaHHS MaKCHMaJbHOI CHJIM CKOPOYEHHs M. gastrocnemius.
JlonaTkoBO MPOBOIMIIM TICTOIOTTYHI AOCIIKEHHS M. gastrocnemius.
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Ceo (hyniepeH cripusie BiTHOBJICHHIO CKOPOTJIMBOT aKTUBHOCTI MuUsculus gastrocnemius. ..

PesyabtaTu. [lokazaHo, 1110 y TpaBMOBaHHX TBapHH, SIKi IEPOPaAIbHO MIOAECHHO BXKMBAJIW BOJHUN PO3YMH
Ceo dynepeny (Ceo®@BP) y mo3i 1 MI/Kr ynpomoBX eKCHEPUMEHTY, Majia MiClie TO3UTHUBHA JHHAMIiKa
JOCTIDKYBAaHUX MEXaHOKIHeTHYHHX MapaMeTpiB CKOpOYeHHs M. gastrocnemius na piBHi 29-39+3%
MOPIBHSTHO 3 TPYIIO0 TBApUH, siKi He BxkuBaiu Ceo®BP, 1o miaTBeppKky€eThes ricTOIOTTYHAM aHATi30M X
M’s13iB Ha 30 100y micis iHimiamii MONTKOHKEHHS CiIHUYHOTO HEPBA.

BucnoBku. OpepxaHi pe3yibTaTH CBig4aTh MpO IepcreKTHUBHICTE BuKopucTtaHHI Ceo®@BP misa
BiTHOBJICHHS CKOPOTJIMBOI aKTUBHOCTI CKEJIETHUX M SI31B MICIIST HEUPOTEHHOI aTpodii.

KJFOYOBI CJIOBA: Cg oymepen; m. gastrocnemius; weiiporeHHa arpodis; MeXaHOKIHETHUHI
mapaMeTpH M SI30BOT0 CKOPOYCHHS; TICTOJIOTIYHIHA aHAai3.

Hetiporenna arpodis — HaiiBax4uid THI M's30BOi aTpodii — Moke OyTH CIpUYMHEHA
TpaBMOIO a00 3aXBOPIOBaHHSIM HEPBA, IO 3'€IHYETHCS 3 M'A30M, 1 BUHHKAE, SK MPABHUIIO,
panToBo, aHX (izionoriuHa atpodis, a BITHOBICHHS 11 HACIIIKIB MOTpeOye 3HAYHOTO Yyacy [1].
[MomkomkenHs: cimHuaHoro Hepsa (N. ischiadicus) iHIIilOE MOJICKYISPHI MPOLECH, SIKi
BUKIIMKAIOTh TpaHcgopmalliro M's130B0i quchyHKIIIT B arpodiunuii cTaH [2].

ATpodisi CKeNeTHUX M'SI3iB XapaKTEPH3YEThCS 3MEHIIEHHSM M'S30BOI MacH Ta IUIOIII
MOMEPEYHOr0 Iepepizy M’s3a, BHACIIJOK YOro BiJOYBAa€ThCS MIABUIIEHHS BTOMIIOBAHOCTI
M’s513a, 3HWKEHHS CHJIM IOT0 CKOPOYCHHS 1, BIAMOBIAHO, 3MaTHOCTI 0 (DI3MYHUX HABAHTAXKCHB
[3]. Ha choroani nocmikeHo AeKiabka NaTodi3ioNoriyHuX MpOIeciB, 3alydyeHuX 10 aTpodii
CKEJIETHUX M'A31B, BKIIOYHO 3 OKHCIIOBAJIBHUM CTPECOM 1 3alaJeHHSM, SIKi aKTHBYIOTh
cuctemMu YOiKBITHH-TIpoTeacoM, aytodarii mizocom i mTOR [3, 4]. JlenepBaiisi iHili0€
TUICHOTPOITHI €()eKTH y CKEJIETHUX M's3aX, a MOJICKYJISIPHI MEXaHi3MH, IO JIe)KaTh B OCHOBI
HEHWPOTeHHOI M's130B01 aTpodii, MarOTh CIUJIbHI PUCH 3 IHIIUMH IPHYUHAMH M'130BOi aTpoddii,
BKJTIOYHO 3 aKTHBaLi€l0 YMHHKKIB TpaHckpuii FOXO Ta BiAMOBIAHOIO IHAYKII€IO YOIKBITHH-
MPOTEeacoMajIbHOI Ta JII30COMaIbHOT Aerpaaarii [2].

[Ticns momkomkeHas N. ischiadicus m's3 mepebyBae y po3ciabiieHOMY CTaHi, IO
MiBHIIYe BHYTpilIHbOKIiTHHHI piBHi Ca?*, MOB'A3aHi 3 TAKUMH KIITHHHUMM CHTHAJTBHAMU
nusixamu sik AMPK, ¢cGMP, PLC-B, CREB i kansuuneBpuH [5]. Kpim Toro, dhepmenTH, siki
O0epyTh ydacTb Yy LMKII TpI/IKap6OHOBI/IX KUCJOT 1 OKI/ICJ‘II—OBaJIBHOMy ¢dochoputroBanHi,
aKTHBYIOThCA HanxomkeHHsaM Ca®* y MiToXon/pii mix gac ckopoueHHs M's3iB. TTomkomKkeH s

ischiadicus crnipuunnsie mitodarito Ta atpodir0 CKEIETHHX M'A3iB 3aBASKH ITiBHIICHIH
YYTIMBOCTI 710 iHAyKoBaHOro Ca* BiKPUTTS MOpH Mepexoay MPOHUKHOCTI Y MiTOXOHAIPIsX,
1[0 TIEPEIIKO/KAE HOPMATbHOMY CHHTE3y Oifika B MionuTax [5].

Brpata pyxoBoi iHHepBauii iHIIIIO€ KIITHHHI CHUTHAJIbHI HUIAXH Y JEHEPBOBaHMX
Mio(iOpuiax, CHPUUMHSIOYM JIOKaNi30BaHMW IpokaTaboyiyHuid ctaH. binbmiicts ¢opm
M’5130B01 aTpodii CynpoOBOIKYIOTHCS 3HAUHUM HIABUILEHHSM PO3Maay M’ 130BUX OLJIKIB, 1110, B
CBOIO 4epry, MPU3BOAHUTH 0 3POCTaHHS M S30BOI1 KOPCTKOCTI [6]. HaBKomuIHI TKaHWHH,
OKpIM CKEJIETHUX M'sI31B, TAKOX MiJIAIOTHCS PEMOJICTIOBAHHIO, BKIIOYHO 3 MPOTPECYIOUOI0
JIeBaCKYJISIpU3alli€l0 Ta aKTUBaliero (PiOpOaAUNOreHHUX TMONEPEeIHUKIB, $AKi CHPUSAIOTH
HAaKONMUYEHHIO (h1OpO3HO-)KUPOBOI TKAHMHU Ta 30UIBIIEHHIO PIBHS M A30BOi JKOPCTKOCTI.
Hapemiri, ¢yHKIIOHaJIbHE BIiAHOBJIEHHS M’s3a YCKJIAIHSIOTbCA HE3JATHICTIO PYXOBHX
HEPBOBHUX BOJIOKOH, fIKI pPEreHepyloThb, HIBUAKO BCTyHaTH B KOHTaKT 31 creuupiyHuMHU
pyxoBumH nuisixamu. Lle Bukiinkae mifBuineHe (iOpo30yTBOPEHHS Yy JOMOMIKHUI cUCTeMI
M’si3a Ta MOPYIIEHHs] TOYHICHOTO TIO3UIIIOHYBaHHs cyTi00iB [7].

OKuCIIOBaIbHUM CTPEC € OAHUM 3 KIFOUOBUX (PAKTOPIB, SIKUH 1HILIIOE aTPO(Dit0 CKENETHUX
M's31B [8, 9]. BiH aKTUBYETBCS HA paHHIX CTaAiIsAX M's30BOi arpodii Ta MOXKe PEeryIHoBaTHUCS
pi3HUMHM YMHHUKaMH. OKUCIIOBAJIbHUM CTpec, 3a3BHuail, BU3HAYAIOTh SIK JUCOATaHC MiX
MPOJYKYBaHHSM OKCHJAHTIB 1 aHTHOKCHIAHTIB Ta XapaKTEPU3YIOTh YTBOPEHHSIM TOKCHYHHX
BUIBHUX PajJMKalliB, 0cOOMMBO akTUBHUX (Gopm kucHio (ADPK). Hapasi ctpaterii jgiKyBaHHs
aTpodii ckeleTHUX M'A31B CHPSIMOBaHI caMe Ha «O0opoTbOy» 3 OKHCIIOBAJILHUM CTPECOM 1
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3/1e01TBIIOTO BKIIFOYAIOTh 3aCTOCYBAaHHS aHTHOKCUJAHTHUX IPErapariB, CTOBOYPOBUX KIITHH
1 TO3aKTITHHHUX BE3UKYJ [8].

SIK mepcreKTHBHI aHTUOKCUJAHTH PO3TIISLAAI0Th OJHY 3 aJOTPOIMHHUX BHIO3MIH BYIJICLIO
— Ceo pynepenu [10, 11]. La Bugo3mina HaBeaena mig Ne 3 — y tabmmmi 1 nmocunanns [11].
Monekyni Ceo mpuUTamMaHHa BHCOKA BiJHOBIIOBAJIIbHA 3/IaTHICTh, 3aBISKU SKIH BOHA Ji€ Y
OioJIoTiYHMX cucTeMax sk eekTuBHUN yioBmoBady ADK. Y nonepennix ekcnepumeHTax 0ysio
MOKa3aHo, IIO0 3acTocyBaHHA BOJOPO3uMHHHUX Ceo (ynepeHiB 3a HHU3BKHUX 03 CIPHSE
BIIHOBJICHHIO JTMHAMIKH M’SI30BOTO CKOpPOYEHHS Ta (hi310JIOTIYHOIO CTaHy OpraHi3My Iicis
ilmeMiyHOro TOMKO/MKeHHs [12], mexaniunoi TpaBmu [13] Ta arpodii, BUKIHMKaHOT
axiyutoTeHOTOMI€HO [14], ckenmeTHUX M'A31B IIypiB. TakuM YMHOM, METOIO Ii€i podoTu Oyio
nocrigut BB Ceo (pyliepeHiB-aHTHOKCHIAHTIB HA BITHOBIICHHS CKOPOTIMBOI aKTHBHOCTI
m. gastrocnemius mypiB MUISXOM OLIHKH MEXaHOKIHETUYHUX MapaMeTpiB CKOPOUYCHHS M’s3a
Ta HOTO TICTOJIOTIYHOTO aHaJI3y Micis HeHporeHHoi arpodii, BUKIMKaHOT TOIIKOHKEHHSM N.
ischiadicus.

MATEPIAJIM I METON

Jnst orpumanss Bognoro pozunny Ceo dynepeny (Ceo®@BP) BuKopucToBYBaiu MeTo I, 10
0a3yeTbcs Ha nepeHeceHH1 Mosekyn Ceo 3 TOIYOJy y BOAY 32 yIbTpa3ByKoBoi 00poOku (8 I'1,
8 romun) [15]. Orpumanuit Ceo®BP y makcumanpHiit koHuentpaiii 0,15 mr/mia 30epirae
cTabunpHICT ympojoBxk 12—-18 wicsauiB 3a temmepatypu +4-25°C. BiH € TUlOBUM
HAHOKOJIO1/IOM, III0 MiCTUTh SIK OKpemi Moiekyiu Ceo, Tak 1 iX HaHoarperatu [16].

ExcniepuMeHnTH mpoBOIMIM Ha HIypax-camipax JiHii Wistar BikoM Big 1 mo 2 micsimiB
(mampukinmi pociiny) Baroro 110-1704+5 1. IlpoTokon mociimkeHHS OyB 3aTBEpIKEHUI
koMmiciero 3 mutanb Oioetuku HHI[ «luctutyr O6iomorii Ta memunuuu» KuiBcbkoro
HalllOHAJBLHOTO yHIBepcHuTeTy iMeHi Tapaca IllleBuenka 3rinmHo 3 npaBuiaMu «EBpONEHCHKOL
KOHBEHIIIT PO 3aXUCT XpeOETHUX TBAPHH, 110 BUKOPUCTOBYIOTHCSI B €KCIIEPUMEHTAILHUX Ta
IHIIUX HAYKOBUX IUISIX» 1 HOPM O10MEIMYHOI €TUKH 3TiHO 13 3akoHOM YKpainu Ne3447-1V
21.02.2006 p., m. KuiB, «IIpo 3axucT TBapuH BiJ MOPCTOKOTO IOBOJDKEHHS» IIiJ] 4Yac
MIPOBEICHHS MEANKO-010JI0TIYHUX JAOCTIHKEHb.

TBapuH BUMAJKOBUM YUHOM PO3MOIUISUIM HA Taki MiJIOCTIHI TPYyMH: KOHTPOIb (n=7);
rpyna «rpaBma» (n=7; mepepizanns N. ischiadicus); rpyma «rpaBma+Ceo» (n=7; miogeHHe
nepopainbsHe 3actocyBaHHs Ceo®@BP y 1031 1 Mr/kr Macu Tina TBapyHHM Micys iHiLiallii TpPaBMH).

3a3naunmo, 1o BuOip BumeBkazaHoi n03u Ceo®BP r1pyHTYeThCS Ha ii BHCOKIH
e eKTHBHOCTI 3a Tepartii pi3HUX M'I30BHX MaTouorii in vivo [12—14]. Kpim Toro, 3araipHa 103a
30 MI/Kr B eKCHEpHMEHTI 3HauHO HMK4a 3a 3HadeHHs LDsp, sike cranoBmio 600 mr/kr y
BUIAJIKY IEPOPATILHOTO BBEACHHS 1typaM [17] 1 ToMy € 6e31medHoro A 010TeCTyBaHHS.

AHecTe3110 TBapHyH 3/11HCHIOBAJIM BHYTPIIIHbOYEPEBHUM BBeJCHHAM 3omeTriny (40 Mr/kr).

M. gastrocnemius i n. ischiadicus BumiisM 3 OTOYYIOYMX TKaHWH. BuiiieHuit HepB
nepepizani Ha 10 MM TPOKCHMAJBHINIE B PO3TATY)KEHHS BEIUKOTOMUIKOBOTO 1
MaJIOTOMIJIKOBOTO HepBiB [18] 1 3akpimuoBaniu Ha OIMOISIPHOMY TUIATHHOBOMY JIPOTSHOMY
€JIEKTPOJIl JUISl TOJAIBINOI €JIEKTPUIHOI CTUMYIIAIT, a CYXOXKWIIS M’si3a i €IHYBaJU 0
TEeH30MeTpU4HOi ycTaHoBKM [19]. Kpai mikipy HaBKOJIO PO3THHY MiJMIMBAIN J0 apMaTypu
BepcTaTa, yTBOPIOIOYM BAHHOUKY 3 M SI30M 1 HEPBOM, SIKY 3aITOBHIOBAJIM Ba3eJIIHOBHM MaCIIOM.

JlocmiKeHHsT HACTYITHUX MEXaHOKIHETUYHUX TapaMeTpiB CKOPOUYCHHs M. gastrocnemius
JUIS Tpym TBapuH «TpaBMa» 1 «rpaBma+Ceo» [12—14] mpoBoawmu Ha 30-Ty 100y micis
nepepi3aHHs HepBa:

- piBeHb MAaKCUMAJIbHOT CHIJTH CKOPOUYCHHS M’ 5132 (Fmax) SIK MOKa3HUK 3arajibHOT AUCHYHKITIT
M's130BO1 cHcTeMHU. 3MiHA LIBOTO TapaMeTpa Moxke OyTH TOB'Si3aHAa SIK 3 TOPYIICHHSIMH Yy
HEHWPOHHIN KOMIIOHEHTI, TaK 1 MIOTUYHUMH CKJIJ0BHMH JTOCTIKYBaHOI MATOJIOTT;
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- 4ac JIOCATHEHHS MaKCUMAJIbHOT CHJIH CKOPOYEHHS M’s13a (tmax): MakCHMalibHA TeHEepaIlist
CHIIM, Ha SKy 3JaTeH AaKTHUBHUH M'S3, € B@XKJIMBUM IIOKAa3HUKOM JUIS IIBUAKUX 1
HElJIECIIPIMOBaHUX PyXiB. BeauurHa HOro 3MiHU MOPIBHSIHO 3 KOHTPOJIEM BKa3ye Ha PiBEHb
¢izionoriynoi  nucyHKLIi HEPBOBO-M'SI30BOTO IMpemapaTy IMiJ dYac peaji3amii HUAM
MaKCHMaJbHUX CHUJIOBUX 3aBJaHb;

- Yac yTPUMaHHS MaKCHUMalbHOI CHJIM CKOpPOYeHHsS M’si3a (thold max) SK TOKa3HHK
aJIalTUBHOCTI M'SI30BO1 CUCTEMU /10 HOBHUX CTaHIB, BUKJIMKAHUX MATOJOTIYHUM BILTUBOM.

BaxmBo 3a3HauuTH, IO TakKi JOCHIIKEHHS 0a3yloTbCs HAa EKCHEPUMEHTAIbHO
BCTaHOBJIeHOMY (akTi, mo 10 30 ai6 mportecu arpodivyHoi JereHepailii B M's31 IPaKTUIHO HE
BinOyBatoThes [20].

s peectparii enekTpodi3ioIOTIYHUX CUTHAIIB BUKOPHUCTOBYBAIU 12-TH pO3psaHUit
aHayoro-1uQpoBuii Ta udppo-ananorosuit nepersoprosad (ALTT-LIATL, NI USB-6009, USA).
Buxiani imnynscu LIAIT popmyBanucs reneparopom immynbciB (DS2A, Digitimer, USA), saxi
3MIHCHIOBAJIN CTUMYJISIIIIIO HEPBIB (EJEKTPUYHI IMITYIIBCH TPUBATICTIO 2 MC, yacToToro 50 I’y i
Hanpyrowo 7 B). Tensomerpuuni curHamu depe3 miacuiaroBad (Brownlee model 440, USA)
nonaBanu Ha ALIT i peectpyBanu 3 wactororo 10 kIm.

MexaHOKIHETHKY CKOpPOYEHHsI M. gastrocnemius miaaociiiHuX IypiB BUBYAIH 3a PI3HUX
CIICKTPOCTUMYIISIIH, a came: cmumynayis | — CKOPOUYSHHS, BUKIIUKAHI 5 ¢ CTUMYJISIIHHUMEA
nynamu 4yactotoro 50 I'm, 3aranbHoro TpuBamictio 200 ¢ Ta cmumynayis 2 — CKOPOYEHHS,
BUKJIMKaHI 5 ¢ CTUMYJISIIIHHUMU TTystaMu 3 pi3HuUM gacoM (1, 2 1 3 ¢, BIATOBIAHO) TOCATHEHHS
MakcuManbHOi yactoTu 50 I'm, 3aransHor0 TpuBaiicTio 200 c.

3pa3zku M. gastrocnemius dikcyBamu y 10% Qopmanini 1 3amuBanu y mapadin.
Burotos:isuiu 3pi3u TOBUIMHOO 5 MKM 1 3a0apBIIIOBAIM iX T€MATOKCUIIHOM Ta MIKPOPYKCUHOM
3a Ban-T'i3on0M. Lludposi mikpodoTtorpadii 3pa3kiB OTpUMyBai 3a JOMOMOTOI0 MiKpOCKOTIIa,
CyMIIIIEHOT0 3 KoMIT toTepoM (Mikpockon Olympus BX41 i nudposa potokamepa Olympus C-
5050 Zoom), Ta IpOBOAMIIM iX TICTOJIOTIYHUM aHaMI3.

CraTucTHYHUN aHaNi3 pe3yibTaTiB MPOBOJWIN, BUKOPUCTOBYIOUH IUCIEPCIHHMI aHaTi3
ANOVA vy mporpami Statistica 8.0. KoxkHa 3 olepkaHUX €KCIEpUMEHTAIbHUX KpPUBHUX
CKOpOYEHHsT M. gastrocnemius € pesynbraToM ycepemHeHHs 10 aHAIOTIYHUX BHMIPIOBaHb
(M+SE). [Insg OIIHKH JOCTOBIPHOCTI BHSBJCHUX 3MiH 3aCTOCOBYBAIHM JBO(DAKTOPHHIA
nucnepciitnuii ananiz ANOVA 3 post-hoc tecrom 3a Boudepponi. 3Hadenus p<0,05
BBAYKAJIMCS JOCTATHIMU JJI BUCHOBKY PO 3HAUYIIICTh BIZIMIHHOCTEH MIXK TpyTIaMHu.

PE3YJIBTATU TA OBI'OBOPEHHSA

Biomexanixa ckopouenna m. gastrocnemius

MexaHOKIHETHKY CKOpPOYEHHsI M. gastrocnemius miaaociiiHuX HIypiB BUBYAIH 3a PI3HUX
enextpoctumydsiiid (Puc. 1). Lle HeoOXiaHO AJIs OIIHKKM MaKCUMaIbHOT CHJIM CKOPOUYEHHS M.
gastrocnemius (cmumyasyia 1, Puc. 2), 4acy JOCSATHEHHS MaKCUMAIIbHOI CHIIM CKOPOYEHHS M.
gastrocnemius (cmumynsyis 2, Puc. 3) Ta 1i yrpumanas (cmumynayis 2, Puc. 4) Ha Tmi
HelporeHHoi aTpodii.

Sk BuaHO 3 Puc. 2, MakcuManbHa cuia M. gastrocnemius y KOHTPOJI 3MEHIIYEThCS 10
piBHs 88—70+6% ans 1-50 mocnioBHOTo CKOpoueHHs M’s13a. Y rpymi «rpaBmay (30 aib micns
nepepizanns N. ischiadicus) BinOyBaeTbcst 3HMIKEHHS CHIOBOI BIAMOBIAI M. gastrocnemius ua
26-35+2% nuia 1-50 mociiJOBHOTO CKOPOYEHHS M’si3a MOPIBHSAHO 3 KOHTpojeM. Hapemri, y
rpymi «tpaBMa+Ceso» (30 1i6 micms mepepizanns N. ischiadicus ta 3a sBukopucranus Ceo®BP)
piBeHb CHJIOBOi BiAmoBimi M. gastrocnemius 3pic Ha 20-25+3% mis 1-50 mocmigoBHOTO
CKOPOUYEHHSI M’s13a TIOPIBHIHO 3 TPYIOI0 «TPaBMay, CYTTEBO HAOIM3MBIIMCH 0 KOHTPOIBHUX
3HaYeHb.
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Cwuna ckopoveHHA musculus gastrocnemius

Puc. 1. Cuna ckopodeHHs: M. gastrocnemius mrypa 3a pi3HUX €JIeKTPOCTUMYIIALM (cmumynsayisn 1 i
cmumynayis 2); TpaBMa ta TpaBMa+Ceo — CHJIa CKOPOUYEHHs M. gastrocnemius uepes 30 ai6 mics
nepepizanns N. ischiadicus ta 3a Beenenns Ceo®@BP y monennii 1031 1 MI/kr, BiAnOBiAHO; thold max
— 4Yac yTpUMaHHS MaKCHMaJbHOI CHJIM CKOPOYEHHS M’si3a, Fmax — piBeHb MakCUMaJbHOI CHITU
CKOPOYEHHS M’513a, tmax — Y4ac JOCATHEHHS MAaKCUMAJIbHOI CHJIM CKOPOYEHHS M’si3a; KOHTPOJb —
HaTUBHUH M'sI3.

Fig. 1. Rat m. gastrocnemius contraction force under different electrical stimulations (stimulation 1
and stimulation 2); injury and injury+Ceo — contraction force of the m. gastrocnemius 30 days after
n. ischiadicus transection and with administration of CgoFAS at a daily dose of 1 mg/kg, respectively;
thold max — time of holding the maximum muscle contraction force, Frnax — level of maximum muscle
contraction force, tmax — time of reaching the maximum muscle contraction force; control — native
muscle.

3a3HauyuMoO, MO Il Pe3yJbTaTH J00pE Y3TOKYIOThCS 3 AaHUMHU [21] m010 BIUIMBY
€K30reHHUX aHTUOKCHIAHTIB Ceo (QylepeHiB Ha PpO3BUTOK BTOMIIIOBAJIBHUX HPOIECIB
CKEJIETHUX M’5131B, BUKJIMKAHUX X JOBTOTPUBAIOI0 Oe3pesiakCcaliifHOI0 CTUMYIIAIIIETO.

Yac [JOCATHEHHS MaKCHMalbHOI CHJIM CKOpOYEHHs M. gastrocnemius € ofHuMm 3
HalBaXJIMBIIIUX MEXaHOKIHETUYHHUX MapaMeTpiB CKOPOYEHHsSI M’s3a, SKUU BIAMOBIIAE 3a
TOUHICTh TO3MIIOHYBAHHS CYrI06iB. Moro 36inplieHHs BKasye Ha piBeHb (iziomoriunoi
auCYHKIT HEPBOBO-M'130BOT0 MpEMapary Iij yac peasisaiiii HuM epepeHTHUX CUTHaITIB [22].
Amnauti3 nporo napametpy (Puc. 3) mokasas iforo cyrTee 30ib1IeHHs HaBiTh yepe3 30 116 micis
nepepizannas N. ischiadicus go 2380+26 mc, 3655+38 mc i 5240455 mc 3a 1, 21 3 ¢
HApOCTAI0YOr0 CTUMYJIIIMHOTO CUTHaNY, BiAMOBIAHO (y KoHTpom — 1050+12 mc, 2060422
Mc 1 3070428 mc, BianmoriaHo). Bukopucranus Ceo®@BP cyTTeBO 3MeHIIMIIO el mapamerp 10
1450£25 mc, 2450430 mc 1 3270432 Mc, BIAMOBITHO, 1, TAKUM YHHOM, TIO3UTUBHUN e(DEKT CKIIaB
39-41+3% MOPIBHSIHO 3 TPYIIOI0 «TPAaBMay.
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Puc. 2. MakcumanbHa cuia ckopoueHHs: M. gastrocnemius (Fmax) 1ypa 3a BUKOPUCTAHHS Crumyisiyil

1: TpaBma Ta TpaBma+Ceo— CHIIa CKOpOYEHHs M. gastrocnemius depes 30 i micas mepepizanust N.
ischiadicus Ta 3a BBenenuss Ceo®@BP y moaeHHiil 1031 1 Mr/kr, BiANMOBIIHO; KOHTPOJIb — HATHBHUIMA
m'a3; 1150 — nepue i 50 nocnigosHe ckopoueHHs M’s3a; *p<0,05 11010 KOHTPOJILHOT rpynu; “p<0,05
IIOJI0 TPYIIH «TPaBMay.

Fig. 2. Maximum contraction force of the rat m. gastrocnemius (Fmax) using stimulation 1: injury and
injury+Cg — contraction force of the m. gastrocnemius 30 days after n. ischiadicus transection and
with administration of CeoFAS at a daily dose of 1 mg/kg, respectively; control — native muscle; 1 and
50 — the first and 50" consecutive contraction of the muscle; *p<0.05 relative to the control group;
#p<0.05 relative to the "injury" group.
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Puc. 3. Yac JOCSTHEHHS MaKkCHMMAJbHOI CHJIM CKOpPOYeHHs M. gastrocnemius (tmax) miypa 3a
BUKOPHUCTaHHS cmumynsyii 2: TpaBMa Ta TpaBMa+Ceo — CHJIa CKOPOYEHHS M. gastrocnemius uepes
30 ni6 micns mepepizadHs N. ischiadicus ta 3a Beemenust Ceo®BP y monenniii mo3i 1 mr/kr,
BiJIMTOBiHO; KOHTPOJb — HATUBHUH M's13; 1, 2 1 3 — TpUBAIICTh HAPOCTAIOUOTO CTUMYJISAILIHHOTO
curnany: 1,2 i3 c, Bianosigso, *p<0,05 mono koHTponsHOI rpymu; *p<0,05 Mmoo rpymu «TpaBMay.

Fig. 3. Time to reach maximum contraction force of the rat m. gastrocnemius (tmax) using stimulation
2: injury and injury+Cge — contraction force of the m. gastrocnemius 30 days after n. ischiadicus
transection and with administration of CeoFAS at a daily dose of 1 mg/kg, respectively; control —
native muscle; 1, 2 and 3 — duration of the increasing stimulation signal: 1, 2 and 3 s, respectively,
*p<0.05 relative to the control group; #p<0.05 relative to the "injury" group.
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Yac yTpuMaHHS MaKCUMAaJbHOI CHJIM CKOPOYEHHS M’si3a (JOCATHYTOTO CTalliOHapHOTO
CTaHY) € IIOKa3HUKOM HOT0 aJalITUBHOCTI JI0 HOBHUX CTaHiB, 3MIHCHUX MATOJIOTIYHUM BILTHBOM.
CBiT4EeHHSM LBOTO € HAasABHICTh (IYKTyallilHUX KOJMBaHb Ha (a3ax yTpUMaHHSA
CTaIllOHAPHOTO CTaHy ab0 WOro 3HMKEHHS MijJ YaC MAaKCUMaJbHOI CTHMYJIALII BHACIIJIOK
3aJIMIIKOBUX ATOJOTIYHUX CTaHiB y M'SI30Bil CHCTEMI MiIOCIIIHUX TBapuH [23, 24].

Yac yTpuMaHHS MaKCHMAJIbHOI CHJIM CKOpPOYEHHs M. gastrocnemius 3MeHIIUBCS [0
3080£35 mc, 1730420 mc Ta 87012 mc 3a 1, 2 1 3 ¢ HaApOCTAIOYOTO CTUMYJIISALIMHOTO CUTHAITY,
B1moB1IHO (Y KOHTpoai — 3930+44 mc, 2950435 mc ta 1970+£20 mc, BignoBigHo) (Puc. 4).
Bukopucranus Ceo®BP 36unbmmo neit napamerp mo 3720+40 mc, 2890+35 mc ta 1810420
MC, BIJIIIOBIJHO, 1, TAKUM YHUHOM, MO3UTUBHUN eekT ckiaB 17-52+3% mopiBHIHO 3 TPYINOI0
«TpaBMay.
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Puc. 4. Yac yrpuMaHHs MakCHMaJbHOI CHIIM CKOpOYEHHS M. gastrocnemius (thod max) Hiypa 3a
BUKOPUCTaHHS cmumyaayii 2: TpaBMa Ta TpaBMa+Cego — CHIIa CKOPOUYSHHs M. gastrocnemius uepes
30 ni6 micns mepepizanHs N. ischiadicus ta 3a Beemenust Ceo®BP y monenniii m1o3i 1 mr/kr,
BiJITIOBIZTHO; KOHTPOJb — HATUBHUHA M's3; 1, 2 1 3 — TpHBANICTh HAPOCTAFOUOTO CTUMYIISIIHHOTO
curany: 1,2 i3 c, BignmosigHo, *p<0,05 momo koHTponsHOi rpymw; “p<0,05 Moo rpymH «TpaBMay.
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Fig. 4. Time of holding the maximum muscle contraction of the rat m. gastrocnemius (thoid max) Using
stimulation 2: injury and injury+Cso — contraction force of the m. gastrocnemius 30 days after n.
ischiadicus transection and with administration of CeoFAS at a daily dose of 1 mg/kg, respectively;
control — native muscle; 1, 2 and 3 — duration of the increasing stimulation signal: 1, 2 and 3 s,
respectively, *p<0.05 relative to the control group; #p<0.05 relative to the "injury" group.

OTxe, IOCHTIKEHHS CKOPOTJIMBOI aKTUBHOCTI M. gastrocnemius miypiB Ha Tii
HeliporeHHoi arpo¢ii 3a mepopanbHOro mojeHHoro BeedeHHS Ceo®BP y no3i 1 Mmr/kr
YOPOJOBK EKCIIEPUMEHTY BHUSBHJIO TMO3UTHBHY JIWHAMIKY BHIICONMUCAHUX O10MEXaHIYHUX
napaMeTpiB CKOpOYEHHsS M’s3a, a came Ha piBHI 29-39+3%. Moxna npunyctuth, mo Ceo
dbynepeHy 37aTHI BIUIMBAaTH HA aKTUBHICTh €HJOI€HHUX aHTHOKCHJAHTIB, MEPEIIKOKAI0UH
BUHUKHEHHIO JUC(YHKIIT B M'A31 HIypiB 1 HOKPAIIYIOUYM HOrO CKOPOTIUBY aKTHBHICTH MiCIIs
HeliporeHHoi arpodii, [0 BIAKPUBAE MEPCIEKTHUBY iX MPAKTUYHOTO BUKOPHUCTAHHS Y
OGioMeUIUHI.

TI'icmonoziunuit ananiz
INcromorivyni TOCITIKEHHS 3aCBITYHIIM, 110 M’S130B1 BOJIOKHA M. gastrocnemius mrypis
KOHTPOJIBHOI TPYIIU MalOTh YITKY MONEPEYHY MOCMYTOBaHICTh, 0€3 Oy/b-IKUX BIAXUJICHb BiJ
HOpMalbHOI OynoBu (Puc. 5A).
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VY mypiB rpynu «TpaBma» yepe3 30 1106 crocrepiraloTbes 3HaUHI AECTPYKTUBHI 3MIHU
M’S30BHX BOJIOKOH Y M. gastrocnemius (Puc. 5b). Yactuna M’s130BHX BOJIOKOH (hparMeHTOBaHa,
yacTUHAa € 3BHUBHCTUMH. llomepeuHa MOCMYroBaHICTh HediTKa. M’s30B1 BOJIOKHA TOHIII
MOPIBHSHO 3 KOHTPOJBHOIO TPYIOK, HEOJAHAKOBOI TOBIIMHH, CcCIIOcTepiraerbesi ¢idpos.
301UTBIIYETHCS KUTBKICTH aMOP(PHOT PpEYOBUHU CIOIYYHOI TKAHUHHU.

Y mypiB rpynu «rpaBma+Ceo» depe3 30 a0 TakoX CHOCTEPIraloThes AECTPYKTHBHI
3MIiHH M’SI30BUX BOJIOKOH y M. gastrocnemius (Puc. 5B): uwactuHa M’S30BHX BOJIOKOH
HOPMAaJIbHOI TOBIIMHU, @ YaCTWHA TOHKIi; HE yCi M’S30Bi BOJIOKHA MAaIOTh YITKY MONEPEUHY
IIOCMYTOBAHICTh; Ha AESKUX TUITHKAX Ma€ MiCIle PO3POCTaHHS KOJIAareHOBHUX BOJIOKOH. [Ipore
TiCTOJIOTIYHI 3MiHM y Li{ IPyIi TBAPHH MEHII BUPAXKEHI, HIXK Y IPYyIi TBAPUH 3 TPABMOIO, SIKi
He orpumyBain Ceo®BP.

Puc. 5. M’s130Bi BoslokHa M. gastrocnemius mrypa: A) KoHTpoJIb; b) uepes 30 ni6 micast tpasmu; B)
gepes 30 mi6 micna TpaBmm mpu 3actocyBaHHI Ceo®BP. 3abapmieHHS reMaTOKCHIIIHOM Ta
nikpopykcuHoM 3a Ban-lI'izonom. Macmtad — 30 Mkm. CrpinkaMu moka3aHo: | — He3MiHeHi
M’s130Bi BOJIOKHA; 2 — 3BHUBHUCTI M’s30Bi BOJIOKHA; 3 — (pparMeHTOBaHi M’s30Bi BOJIOKHA; 4 —
KOJIAare€HOB1 CHOJIyYHOTKaHWHHI BOJIOKHA; 5 — aMop(QHa peuyoBHHA CIIOJIyYHOT TKAHUHH.

Fig. 5. Muscle fibers of the rat m. gastrocnemius: A) control; B) 30 days after injury; C) 30 days
after injury with the usage of CeoFAS. Staining with hematoxylin and picrofuchsin according to Van
Gieson. Scale bar — 30 um. Arrows indicate: 1 — unchanged muscle fibers; 2 — sinuous muscle
fibers; 3 — fragmented muscle fibers; 4 — collagen connective tissue fibers; 5 — amorphous
connective tissue substance.

BUCHOBKHA

Takum 9YMHOM, y IPOBEIEHHUX TECTAaX BOTO JOCITIHKEHHS Ma€ MiClle TO3UTHBHA IUHAMIKA
MEXaHOKIHETUYHHX TTapaMeTpiB CKOPOUEHHs M. gastrocnemius urypis (Ha piBHi 29—39+3%) Ha
T HeliporeHHoi arpodii 3a mepopanbHOro MoaeHHOTO BBeneHHs Ceo®@BP y mo3i 1 mr/kr
YIPOJOBXK EKCHEPUMEHTY, L0 MiATBEPKYEThCS TICTOJIOTIYHUM aHAII30M IMX M’a3iB Ha 30
no0y Ticis iHImiamii TMOIIKO/PKEHHS CIAHMYHOTO HepBa. Binrak, e MOXe CIyTryBaTH
HIATPYHTAM JUIS NPOBEJCHHS MOAAIBIIUX JOKIIHIYHUX BUIPOOyBaHb aHTHOKCHUIAHTIB Ceo
dynepeHiB, 3MaTHUX 3MEHIITYBaTH/KOPETYBaTH MATOJIOTIYHI CTaHHW M'SI30BOi CHUCTEMHU, IO
BUHUKAIOTH 3a aTpodii CKeNeTHUX M'A31B YHACIIIOK iX HEBUKOPUCTAHHSI.

MHOJAKA
JocmikeHHs BUKOHAHO 3a (iHAaHCOBOI MATPUMKH MiHICTEpPCTBA OCBITH 1 HAYKH Y KpaiHU
[Tema Ne24BI1018-02, 2024-2026].
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Background: Recovery of functional activity of skeletal muscles after neurogenic atrophy is a complex
and long-term process. Therefore, the search for effective therapeutic means for its acceleration is an
extremely urgent task in modern biomedicine. Skeletal muscle atrophy is characterized by a reduction in
muscle mass, increased fatigue, and decreased contractile strength, driven by oxidative stress,
inflammation, and activation of catabolic reactions. Denervation triggers complex signaling cascades

involving Ca?* and transcription factors that promote protein degradation and impair myocyte function.

Mitochondrial dysfunction, mitophagy, and disrupted oxidative phosphorylation exacerbate degenerative
changes in muscle fibers. In addition to muscle loss, surrounding tissues undergo remodeling, including
fibrosis and devascularization, which further hinder regeneration. Oxidative stress is a key initiator of
muscle atrophy, and current therapeutic strategies focus on its mitigation through antioxidants, stem cells,
and extracellular vesicles.

Objective of the work was to study of the Ce fullerenes with antioxidant properties on the mechanokinetics
of rat m. gastrocnemius contraction for 30 days after neurogenic atrophy caused by sciatic nerve damage.
Methods: When analyzing the miotic response using tensometry, such mechanokinetic parameters as the
level of maximum muscle contraction force, the time to reach its maximum contraction force and the time
of holding the maximum force of m. gastrocnemius contraction were evaluated. Additionally, histological
studies of m. gastrocnemius were performed.

Results: It was shown that in injured animals that received daily oral administration of Ceo fullerene
aqueous solution (CeoFAS) at a dose of 1 mg/kg throughout the experiment, there was the positive dynamics
in the studied mechanokinetic parameters of m. gastrocnemius contraction at the level of 29-39+3%
compared to the group of animals that did not use CeoFAS, which was confirmed by histological analysis
of these muscles on the 30" day after the initiation of sciatic nerve damage.

Conclusions: The results obtained indicate the prospects of using CeFAS to recovering the functional
activity of skeletal muscles after neurogenic atrophy.

KEYWORDS: Ceo fullerene; m. gastrocnemius; neurogenic atrophy; mechanokinetic parameters of muscle
contraction; histological analysis.


http://dx.doi.org/10.4066/biomedicalresearch.29-18-1055
https://doi.org/10.1016/j.heliyon.2022.e12449
https://doi.org/10.1016/s0306-4522(96)00431-9
https://doi.org/10.1016/s0306-4522(96)00431-9
https://doi.org/10.1186/1743-0003-10-60
file:///C:/Users/Prylut/Downloads/prylut@ukr.net
https://orcid.org/0000-0001-7254-1533
https://orcid.org/0009-0000-9620-4689
https://orcid.org/0000-0002-9881-5536
https://orcid.org/0000-0003-0202-8042
https://orcid.org/0000-0002-0611-2797
https://orcid.org/0000-0001-7779-154X
https://orcid.org/0000-0002-9847-4137

82
ISSN 2075-3810 (Print), ISSN 2075-3829 (Online)

BIO®I3MYHUN BICHUK, 2025, Bum. 53 BIOPHYSICAL BULLETIN, 2025, Iss. 53

OI'OJIOLLIEHHA

9-ra MIZKHAPOJHA KOH®EPEHLIA
«HAHOBIO®PI3UKA: PYHIAMEHTAJIbHI TA ITPUKJIAJHI ACIIEKTH»

6-9 :xoBTHs 2025 poky y ®Pi3UKO0-TeXHIYHOMY IHCTHTYTi HU3bKHUX TeMIlepaTyp iMeHi
B.1. Bepkina HAH Ykpainu B M. Xapkosi npoxoautume 9-ra MizkHapoaHa KoH(epeH-
uist «Hanooiodizuka: pynaamenralibHi Ta npukiaaaHi acnekrn» (NBP-2025).

Opeanizamopu 3ax00y: ®i3UKO-TEXHIYHUHN THCTUTYT HU3bKUX Temmeparyp iM. b.1. Bepki-
Ha HAH VYkpaiau ta [nctutyr dizuku HAH Ykpainn.

Mema xkoHgpepenyii — TpeICTaBICHHS Ta 00rOBOPEHHS HOBHX JOCATHEHD Ta MEPCIICKTHB
PO3BUTKY Y Tajy3i, 10 MoeaHye 010i3UKy Ta HAHOTEXHOJIOTI1, 32 HACTYITHUMU HapPSIMKaMHU:

- Hano6ioribpuam, chopmonani 1-D abo 2-D HanoMaTepianamu 3 610MOJICKYTaMH

- bioMosniekynu Ha HaHOYACTUHKAX Ta HAHOCTPYKTYPOBAHUX IMMOBEPXHAX

- @i3U4HI BJACTUBOCTI OIMOJIEKYIIIPHUX HAHOCHUCTEM

- TeopeTnuHi po3paxyHKH Ta KOMIT IOTEPHE MOJIEIIOBaHHS HAHOO10CHCTEM

- [Ipuknaani acnekTd HaHOO10(13UKH

- Kpyramii crin «Ictopis 6i0¢dizuku B XapKoBi»

Dopmam KoHghepenyii: OHNANH a00 3MINIAHUN y 3aJIe)KHOCTI BiJ] 0€3IIEKOBOI CUTYAIIii.

Konmaxmu: e-mail: nbp2025@ilt.kharkov.ua

HeranpHy iH(OpMAaIito cTOCOBHO KOH(EpeHIii MOXKHa 3HATH Ha OQiIiifHOMY CcaiTi
NBP-2025 3a mocunannsim: http://www.ilt.kharkov.ua/nbp2025.

9" INTERNATIONAL CONFERENCE
“NANOBIOPHYSICS: FUNDAMENTAL AND APPLIED ASPECTS”

6-9 October 2025 the 9% International Conference “NANOBIOPHYSICS:
Fundamental and Applied Aspects” (NBP-2025) will be held at B. Verkin Institute for
Low Temperature Physics and Engineering of the NAS of Ukraine, Kharkiv, Ukraine.

A series of the NBP international conference is organized on biennial basis by combined
efforts of the B. Verkin Institute for Low Temperature Physics and Engineering of the NAS of
Ukraine and the Institute of Physics of the NAS of Ukraine

NANOBIOPHYSICS conference series is devoted to discussion of urgent problems in a
new scientific field combining biophysics and nanotechnology as well as its progress and
prospects, which will be discussed during the following sessions:

1. Nanobiohybrids of 1-D or 2-D nanomaterials with biomolecules

2. Biomolecules on nanoparticles and nanostructured surfaces

3. Physical properties of biomolecular nanosystems

4. Theoretical calculations and computer modeling of nanobiosystems

5. Applied aspects of nanobiophysics

6. Round table “History of Biophysics in Kharkiv”

Conference format: online or mixed depending on security situation

Contacts: e-mail: nbp2025@ilt.kharkov.ua

Registration, abstracts submission and information updates will be available at the
Conference site: http://www.ilt.kharkov.ua/nbp2025

3a ingpopmayicro Dizuko-mexHiuHo2o iHcmumymy Hu3bkux memnepamyp imeri b.I. Bepkina
HAH Vkpainu
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ITPABHIIA JUIA ABTOPIB

B penakuiro momaeTses enekrponHuit Bapiant crarti (MS Word 2007 i Buie) ykpaiHChKOI0 ab0 aHTJTIHCHKOK MOBOO
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y BHUTIISAI BiICKAHOBAaHUX (hailiiB.

TekcT HaOMpaeTbes Ha apkymax gopmaty A4 depes3 ogmH iHTepBal. BukopuctoByerhes mpudTt Times New Roman
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YKpaTHCBKOIO0 MOBOIO, MiJNUCH A0 PHUCYHKIB 1 TAOIHIb TyOIIOIOTHCS aHTIIHCHKOI0 MOBOIO.
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JlaTa MPUHHATTS CTAaTTi 10 APYKY (3aIIOBHIOETHCS PENIKOJIETIEO).

[Ticns mpormycky O0JHOTO psiika BMILIYIOThCS J1Ba pedepaTr (YKpaiHCHKOIO Ta aHIJIiHChKO MoBaMu). Pedepar MoBoro
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“Abstract” He THMIIYThCS. 3aroJIOBKH CTPYKTYPHHX YaCTHH IHIIYTHCS HAMIBXKHUPHUM IMIPH(TOM, IICISA 3arojoBKa
cTaBuThCsl Kparka. Tekct pedepary ckianae He MeHme 1800 ta ne Ouibme 2000 poHETUUHHX CHMBOJIB, TOOTO 0e3
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OCHOBHUH TEKCT CTATTI HABOAUTHCS MICIS MPOIyYCKy oaHoro psaka mpudrom Times New Roman (Cyr), 12 pt. A63auu
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we mumetscs), MATEPIAJIM I METOJM (0GoB’i3Kk0BO uisi eKcrepuMeHTanbHuX pobit), PE3YJIBTATH W
OBI'OBOPEHHS, BUCHOBKMU. [ns1 TeopeTHUHUX poOiT mependavdaeThest OB BiIbHE PO3TANIyBaHHS MaTepiay,
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