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

9" International conference “NANOBIOPHYSICS: Fundamental and Applied Aspects”
NBP-2025 took place on October 6-9, 2025, in Kharkiv, Ukraine, in online format, being
organized by B. Verkin Institute for Low Temperature Physics and Engineering of the
National Academy of Sciences of Ukraine (ILTPE NASU) and the Institute of Physics of
the National Academy of Sciences of Ukraine (IP NASU). The “NanoBioPhysics” conference
series was jointly launched in 2009 by the ILTPE NASU and the IP NASU. Previous
conferences were held biennially in Kharkiv and Kyiv, alternating between the two cities.

Although the security conditions in 2025 did not permit face-to-face meetings, the
conference brought together more than 100 participants from 13 countries (Photo 1): Ukraine,
the Czech Republic, Estonia, Italy, France, Germany, Lithuania, Poland, the Slovak Republic,
Spain, Sweden, the UK, and the USA.

A total of 93 keynote, oral, and poster presentations were made. The Book of Abstracts of
the NBP-2025 contributions was published [1].
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Photo 1. Screenshot of the online Zoom session held on 06.10.2025, Participants of the 9th International
Conference “NANOBIOPHY SICS: Fundamental and Applied Aspects”, Kharkiv, Ukraine.

To discuss the urgent problems and new results achieved in the scientific field combining
biophysics and nanotechnology, the following sessions were organized:
¢ Nanobiohybrids formed by 1-D or 2-D nanomaterials with bioobjects;
¢ Biomolecules on nanoparticles and nanostructured surfaces;
o Physical aspects of biomolecular nanosystems;
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e Theoretical calculations and computer modeling of nanobiosystems;
o Applied aspects of nanobiophysics.

Given the online format, in addition to plenary lectures and oral talks, a special poster
session was organized, allowing participants to present their posters online, accompanied by
short five-minute explanations. Special attention was paid to the discussion of the works of
young scientists and postgraduate students.

Urgent subjects of basic nanobiophysical research, which touched upon a variety of
practically essential issues, were covered in several plenary lectures. Professor Freiberg A.
(Tartu, Republic of Estonia) lectured on strategies for capturing complete solar energy in
photosynthesis—a path toward bioinspired energy technologies capable of harnessing the full
breadth of solar radiation. Professor Wielgus-Kutrowska B. (Warsaw, Republic of Poland)
talked about the biophysics of green fluorescent protein employed in designing optimized
fluorescent tools for use in biotechnology and bioimaging. Professor Shestopalova A. V.
(Kharkiv, Ukraine) presented general facts and research findings on the evolution of SARS-
CoV-2 from 2021 to 2025, which form the basis for the development of potential antiviral
drugs against SARS.

Chairman of the NBP-2025 conference, corresponding member of the NAS of Ukraine,
Professor Karachevtsev V. A. (Kharkiv, Ukraine) had summarized the results of the
development of the new scientific field of nanobiophysics in the Department of molecular
biophysics of the ILTPE NASU, which he had headed for 25 years, in his overview
“Nanbiophysics at the B. Verkin Institute for Low Temperature Physics and Engineering of
the National Academy of Sciences of Ukraine: a historical review”. The key stages in the
emergence and advancement of the new field of nanobiophysics are outlined, along with
scientific achievements in this area, reflected in more than 100 publications in international
journals and two monographs. The scientific team of the Department had presented recent
results of the studies of interactions of biomolecules, biologically active compounds and
drugs with a wide range of nanomaterials — carbon-based nanotubes, fullerenes, graphene;
metal oxides; noble metal clusters; transition metal dichalcogenides, MoS: in particular
aimed at nanotechnological developments. Dr. Stepanian S. G. (who has headed the
Department of molecular biophysics since 2025) presented the results of computer modeling
and DFT quantum-chemical studies of the structures, stabilities, and spectral parameters of
ternary complexes of MoS, with the uracil nitrogen base and noble-metal clusters.
Dr. Kosevich M. V. presented a novel idea on the possibilities of participation of MoS;
mineral in prebiological chemical evolution, which was based on the results of mass
spectrometric detection of products from the chemical transformations of biomolecules at the
MoS: surface. Dr. Pashynska V. A. described the prospects for drug-delivery applications of
2D MoSz nanohybrids with anticancer drugs, which were characterized both experimentally
and theoretically. Dr. Kurnosov N. V. described MoS quantum dots exfoliated by applying
nucleotides. In a series of poster presentations, the results of the detailed study of
nanohybrides of 2D nanomaterials based on MoS> with various biomolecules and biologically
active compounds were presented: with native DNA by Dr. UsenkoE.L. and
Dr. Glamazda A. Yu., with Ceo fullerene by Dr. Shelkovsky V. S., with polyethylene glycol
organic polymer by Dr. Zobnina V. G., with amino acids and thiols by Boryak O. A., with
tegafur drug by Piddubnyi T.; interactions of DNA with porphyrin by Dr. Ryazanova O. A.
Among useful practical applications, a new area is the production of nanomaterials by
nanospinning, which was described in the talk of Professor Karachevtsev V. A.
“PMMA:PVP blended nanofibers loaded with antibiotic levofloxacin for antibacterial
application” and the poster of Dr. Plokhotnichenko A. M. “Fabrication and characterization
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of electrospun PMMA nanofibers loaded with levofloxacin or chloramphenicol”. Low-
temperature studies were presented in the poster of Dr. Ivanov A. Yu. (Kharkiv, Ukraine;
Wroclaw, Poland) “The distinctive features of the infrared vibrational spectra of
2'-deoxyadenosine and adenosine molecules isolated in Ar matrices”.

The achievements of the IP NASU Department of physics of biological systems, headed
by Professor Dovbeshko G. I. (Kyiv, Ukraine), were presented in the lectures of the scientists
of the Department and partners of their extended scientific cooperation. Dr. Gnatyuk O. P.
touched on the vital topic of the mechanical properties of the membrane of circulating
metastatic tumor cells as a diagnostic marker. Monastyrskyi G.P showed the results of high-
resolution SEM microscopy for studying liposomes and model circulating tumour cells
incubated with MoS; and WS; nanoparticles. Dr. Gubareni le. V. described the partial least
squares analysis of ATR-FTIR spectra for intraoperative characterization and rapid
biochemical profiling of brain tumors. Professor Borisova T. O. warned about the synergistic
threat to the nervous system from combined exposure to copper and particulate matter from
wood smoke. Dr. Boiko V. V. (Kyiv, Ukraine; Besancon, France) reported on interactions
between bovine serum albumin and persistent luminescent nanoparticles, as well as the
correlation between optical parameters and structural changes in the BSA protein on the
charged nanoparticle surface.

The theoretical session began with an invited lecture by Professor Perepelytsya S. M.
(Kyiv, Ukraine), devoted to theoretical studies of DNA and the elucidation of the role of
counterions in DNA-nanomaterials. Dr. Osokin Y.S. (Kyiv, Ukraine) reported on the
elucidation of the stability of Ag" ion complexes with nitrogenous bases of the DNA
molecule. Several reports enlighten novel trends in theoretical investigations attracting
opportunities provided by the artificial intelligence, machine learning, and neural networks:
“Accurate machine learning approach to protein-ligand docking” by Dr. Voitsitskyi T. V.
(Kyiv, Ukraine; London, UK); “FTIR spectroscopy based identification of spectral biomarkers
associates with biological age using machine learning” by Dr. Kot O. (Kyiv, Ukraine);
“A physically interpretable neural network model for determining the energy of biomolecules
based on their structure” by Dr. Terets A. D. (Kyiv, Ukraine).

The subjects of a number of presentations evidenced the breadth and diversity of
phenomena that involve processes at the nanoscale level. Dr. Krasnokutski S. A.
(Heidelberg, Germany) addressed an exciting topic, “From chaos to the first stored
information and origin of life,” in which he described experiments on the low-temperature
condensation of atomic gases in the interstellar medium on cosmic dust particles, resulting in
peptide formation, which may contribute to prebiotic chemistry. Professor Skorokhod O.
(Turin, Italy) discussed a possible mechanism of action of the antimalarial agent artemisinin
by disrupting the formation of hemozoin nanocrystals. Professor Berest V. P. (Kharkiv,
Ukraine) described mechanisms of microvesiculation in red blood cells and bacteria.
Dr. Tkachenko A. S. (Kharkiv, Ukraine) reported the investigations on the role of Mn3zOs
nanocrystal in the induction of eryptosis of red blood cells mediated by oxidative stress.

Some more talks enlightened studies aimed at elaboration of useful applications of
various inorganic nanomaterials. Professor Gluchowski P. (Wroclaw, Republic of Poland)
described the biological and mechanical properties of the composites containing graphene
flakes obtained from mineral graphite. Dr. Kujawa D. (Wroclaw, Republic of Poland) talked
about a rapid, green, and cost-effective synthesis of pH- and hydroxyl group sensitive carbon
dots for sensing applications. Professor Strzhemechny Y. M. (Fort Worth, USA) lectured
about surface and interface effects in the antibacterial activity of nano- and microscale oxides
of zinc and gallium. Dr. Brannon J. H. (Fort Worth, USA) discussed tuning the antibacterial

activity of ZnO microcrystals by modifying surface defects via Fe-doping. Dr. Sharma P.
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(Fort Worth, USA) talked about the application of NIR-reduced graphene quantum dots for
biosensing of neurotransmitters/hormones.

Nanotechnology-related studies conducted at the Institute for Scintillation Materials of
the STC “Institute for Single Crystals” (Kharkiv, Ukraine) were demonstrated by
Professor Lisetski L. N. in his presentation devoted to hybrid poly(n-isopropylacrylamide)
hydrogels physically cross-linked by acid-activated laponite®, by Dr. Vashchenko O. V. in
her presentation on the impact of substituents on thermal recyclization of 2-iminocoumarins,
and by Dr. Vashchenko P. V. in his presentation on supramolecular arrangement and
potential biomedical application of nematic liquid crystals doped with resorcinol.

A special event within the framework of NBP-2025 was the round table on the topic
“History of Biophysics in Kharkiv”, dedicated to the commemoration of outstanding scientists
who formed the scientific school of molecular biophysics in the second half of the 20th
century, which received recognition in Ukraine and abroad. Memories of them were shared by
their students and followers, as well as employees of biophysical departments in scientific
institutions, many of whom are graduates of the Department of Molecular and Medical
Biophysics at V. N. Karazin Kharkiv National University. Professor Berest V. P., head of the
Department of Molecular and Medical Biophysics of V. N. Karazin Kharkiv National
University, presented the history of the creation and development of the Department, and the
contribution of the Department to the training of specialists for academic and medical
institutions. Professor Shestopalova G. V., head of the Department of biological physics of
the O. Ya. Usikov Institute for Radiophysics and Electronics of the NAS of Ukraine, spoke
about the creative path of Professor Maleev V. Ya. — the founder of the Department.
Dr. Kosevich M. V., leading research fellow of the Department of molecular biophysics of
the IITPE NASU, shed light on the prominent role of the founder of the ILTPE, Academician
of the NAS of Ukraine Verkin B. I, in the initiation and development of physical research on
the physical properties of nucleic acids at the ILTPE. One more report was about the creative
path of Professor Blagoi Yu. P. — the founder of the Department of molecular biophysics of
ILTPE and its head until 2000. Professor Lysetsky L. M. highlighted the role of
Corresponding Member of the NAS of Ukraine, Professor Malyukin Y. V., in the
development of biophysical research at the Institute of Scintillation Materials of the NAS of
Ukraine. The names and creative contributions of many more coworkers from the named
biophysical teams who had advanced expertise in biophysics were memorialized in the
reports. Next, the roundtable participants shared their personal memories of the development
of biophysical research in the scientific and educational institutions of the city of Kharkiv and
their creative connections with specialists in this field across Ukraine.

In general, the conference's thematic sections were accompanied by lively discussion and
the renewal of existing and the establishment of new scientific contacts with colleagues from
Ukraine, the European Union, and the USA.

The next conference of the series is expected to be organized in autumn 2027 in Kyiv.

Conflict of interests: The authors declare that there is no conflict of interest.
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AxryajibHicTh. CyJacHa Bi3yanbHa JiarHOCTHKA MEPEAPAKOBUX Ta 3JIOSKICHUX Ypa)KeHb HIMHKH MaTKH
notpedye MiIBUIIEHHS 00 €KTHBHOCTI Ta TOYHOCTI IIISIXOM BUKOPUCTAaHHS (PI3UYHO OOTPYHTOBaHHX
ONITHKO-CIEKTpaIbHUX MeToZiB. DopMyBaHHS KUIBKICHOI CHEKTPAJIbHOI XapaKTEPUCTHUKH CTPYKTYPHHX
3MiH y 010TKaHWHI BiIKpUBa€ HOBI MOXKIIMBOCTI Tl AU(EPEHIIITHOT OI[IHKH CTa/ii maToJIorii Ta mo0yI0BU
IKaI MOP(O-CHEKTPATBHOTO CKPUHIHTY.

Merta po6oTm — po3poOHMTH METOA CHEKTpajbHOI Bi3yamizamii Ta aHamizy MoOp(o-ONTHYHHX 3MiH
010TKaHWHM IIMIHKKA MaTKH HA OCHOBI HOpMalli30BaHUX cnekTpaibHuX iHjekciB (NSI) 3 BukopucTanHsM
KOMITAKTHOTO ONTHYHOTO MOMAYJISA Ta BHU3HAYUTH KIIOYOBI KIJBbKICHI MOKA3HHUKH, YYTJIMBI 10 CTamii
OHKOIIPOIIECY.

Martepiann Tta meromu. J[is peecTpariii CHEKTPaJbHOTO BiAOWBAHHS BUKOPUCTAHO iarHOCTHYHHNA
MOJyJib 13 MOoHOXpoMHOI0 CMOS-kameporo Ta kinbueBoo LED-cucremoro ocsitinenns (450, 550, 630,
820 HM), momoBHEHOK TNOsIpU3amiitHuMu  QimepTpamu. OOpobOka NSI-mManm NpoBOAMIACE IIISIXOM
po3paxyskiB NSI-iHIeKCiB Ta iX CTATUCTHYHHUX MapaMeTpiB i 62 300pakeHp MUHKA MAaTKH Mali€HTOK
OCHOBHHX T'PYI MATOJNOTiH 3 HACTYITHOO MOP(}OIJIOTIYHOIO BepU]iKaIli€to.

PesyasTaTn. [Hgekc NSI 630/820 BusBHBCS HaiOUIBII YYTIMBHM [0 3MIiH TKaHWHHOI IIUTBHOCTI Ta
BacCKyJIsipH3allii, — WOro cepegHe 3Ha4eHHs 3poctano Bix 1,303 mpu 3amanenHi go 1,528 y BHmaaky
aneHokapruHoMHu. [TinBuieHHs acumeTpii Ta exciecy y nmpodinsax NSI_530/820 y pasi nepexosy Big CIN
JI0 KapIMHOMHU BKa3y€ Ha HMOBIpHE yTBOPEHHS IUISHOK 3 MiJBUIIEHOI ONTHYHOK HEOIHOPIJHICTIO.
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ONTHYHMX XapaKTEPUCTHUK, IO BiJoOpakae iX 3MIHM y MEXax MaToJIOTYHOTO MpOLEeCy.
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[Tomryk mocToBipHMX, 00’€KTHUBHUX Ta KUIBKICHO KOHTPOJIbOBAHMX METOJIIB BHUSBIICHHS
MATOJIOTIYHUX 3MIH CIMITENiI0 MUHKA MATKU 3 YpaxyBaHHIM HOTO CTPYKTypu Ta (YHKIII €
HaraJIbHOIO MOTPEeOOI0 CydacHOi oHKOT1HeKoorii. CTaHIapTHI MiIX0AU J1arHOCTUKH, 30KpeMa
KOJIBITOCKOIIiSl y BiIOUTOMY CBIiTJI, 0a3ylOThCs Ha Bi3yaJbHOMY CIOCTEPEKEHHI KOJIbOPOBUX
3MiH Ticist 0OpOOKH OLTOBOIO KUCIOTOIO Ta HOJOM, IPHU LIbOMY BUKOPHUCTOBYIOTH CY0’ €KTUBHY
JKapChKy OIIHKY JTOCIIPKYBaHUX 3MiH 0€3 KUIbKICHOI IPUB’S3KU J0 ONTHYHHUX MapaMeTpiB
O0loTKaHWH. Y KIIHIYHIA TPaKTUI TaKWW MAXiJ OOMEKEHHH SK HU3bKOK YYTIUBICTIO 0
paHHBOI cTanmii aTWmii, TaKk 1 BiJTBOPIOBAHICTIO JIarHOCTHYHHMX BUCHOBKIB [1, 2].
HeBu3HaueHiCTh y IHTEpIpETallii CIOCTEPIra€ThCsl OCOOJIMBO YacTO B yMOBax 3alajcHHS,
pyOIeBUX 3MiH 4H aTpodii, MPU IKUX 3MIHIOETHCS TEKCTypa CIITEeNII0 1 CTYIiHb MOTJIMHAHHS
cBitia [3]. 3anumaeThes BIAKPUTUM MUTAHHS KUTBKICHOT BepHQiKallii 30H MaToJI0Tii, 0COOIHBO
Ha eTaIli Mepexo/ay Mixk HOPMOIO, JIUCIIIA3i€l0 Ta mepeapakom [4].

bioncis sk 1HBa3MBHUI METOJA MIATBEPIKEHHS II1arHO3Y € OOMEXEHOI 3 TOYKHU 30DPY
MacOBOT'O 3aCTOCYBAaHHsI Ta He 3a0e3reuye Oe3MepepBHOTO Bi3yaIbHOTO KOHTPOIIO. IcHYrOUI
cydyacHi (IyOpecleHTHI, CIIEKTPOCKOIIYHI Ta MOJSIPU3alliifiHi METOJIM MAlOTh PE3yIbTYIOUuy
BUCOKY CHenu(i4HiCTh, MPOTE BHMAaramTh CKJIAJHOTO BapTICHOTO JIaOOPaTOPHOTO
ycTaTKyBaHHs [5, 6].

OpHi€l0 3 OCHOBHUX MpoOJieM Yy TPaKTUYHIH OHKOIIarHOCTUII € BiJICYTHICTb
CHEKTPAIbHOTO KOHTPOIIIO y MPUCTPOsIX Bizyanizaiii. [lepeBakHO BUKOPUCTOBYIOTHCS KaMepH
RGB-tuny 3 mmpoxocmyroBuM jpkepeniom Oioro csitia (LED, ramoreHoBa namma), siki
MalOTh HEBIJIOMY Ta HECTaOlIbHY CHEKTpallbHy XapakTepucTHKy. KomipHi O03HaKHM Takoro
300pakeHHSI, SIKI MOKYTh MaTH BAarOMHI BIUTUB Ha JIIaTHOCTUYHUI BUCHOBOK JIIKapsi, 3aJIekKaTh
HE BiJl ONTUYHOTO BIATYKY XapaKTEpPUCTUK O10TKaHWHU, a BiJ MapaMeTpiB CEHCOpa, TUHAMIKH
eKkcno3uiii Ta anroputMmiB 00poOkm curHaimy B kamepi [7]. Lle ctBoproe ¢izmuny
HEBU3HAYEHICTh y BIAOMTOMY CHUTHAJl 1 CKJIAIHICTh WOTO BUKOPUCTAHHS M KUTbKICHOTO
aHai3y, NPy bOMY OOMEXYIOUH MOXIIMBICTh peecTpallii c1abKo BUPaKEHUX CIEKTPaJIbHUX
MapKepiB, sIKI MOKYTh OYTH paHHIMH 1HIUKaTOpaMu MOP(HOPYHKIIOHATBHUX 3MiH (AuCIIIa3ii
4y rinepruiasii) [8].

Knacuyni onTuwyHi MiAXOJM, IO BUKOPUCTOBYIOTHCS B KOJBIIOCKOMIi, TaKOX He
BpPaxoBYIOTb CTPYKTYPHO-(YHKIIIOHAJbHY HEOAHOPIAHICTh TKAHMHHOIO BIATYKY B PI3HHUX
JUISHKAxX emitenito. Pa3oM 13 maTosoriyHUMHU 3MiHaMU, SIKi CYHIPOBO/DKYIOTCS JIOKAJIbHUMHU
3MiHaMHM y OTJIMHAHHI, pO3C1I0BaHHI Ta aH130TpoIIii 010TKaHUH, cpopMoBaHMii kameporo RGB-
CUTHAJI HE MA€ CIEKTPAJIbHOIO PO3LICIIJICHHS, K€ HEeOOXiHe [l BUABICHHS LUX 3MiH [9].
KpiM Toro, uepes aBTOEKCHO3MIIIIO, fKa BJIaCTMBAa CTAaHIApPTHUM KaMmepaMm, CHTHal BiJ
HOpPMaJIbHUX Ta MaTOJOTTYHUX AUISHOK YacTO BUSBIISETHCS HEKOPEKTHO HOPMaJli30BaHUM, 1110
BUKJIMKA€E MOXUOKH y CIIPUMHSATTI Ta BUKJIIOYAE MTOPIBHAHHS MIXK MalliEHTKaMu a00 M1 30HaMU
onHoro 00’exkty npocnimkeHHs [10]. Oxpemy mnpoOneMy CTaHOBUTHb 3YCHJUIS HiJABHIIUTH
TOYHICTb 332 PaXyHOK aBTOMaTH30BaHOi 00poOku RGB-300paxeHs MeTogaMu KOMIT I0TEPHOTO
30py. BiacyTHICTh (Pi3MUHOTO KOHTPOJIIO 32 YMOBAaMH OCBITJIEHHS, CIIEKTPOM JDKEpesia CBiTIa
Ta HOro moJsipu3ali€lo OOMEXye 3HAXOKEHHS YHI(QIKOBAaHMX O3HAK JJii HaBYaHHS
aNropuTMiB cerMenTaii ta kinacudikarii [11]. Y [12] Oyno noBeneHo, 110 CrieKTpaibHi 3MiHU
B niana3oHi 405—-870 HM 1oOpe KopenoTh 3 MOPGOIIOTIYHUMHU 3MIHaMU MPH JIEHKOIUIaKIi,
KOMJIOIIMTAapHUX ypaskeHHSX, Tinepruiasii Ta AUCIuIasii.

Tomy, BuHUKae noTpebda y po3poOii MeToay, KM J103BOJIMB OM PO3KJIACTU CUTHAN Ha
CHEKTpaJIbHI KOMIIOHEHTH 3 TOYHOIO MTPUB’A3KOIO0 /10 IEBHUX CIIEKTPAIBHUX CMYT, peai3yBaTu
HOpMaJTi3aIliio CUTHAITY 10 (IKCOBAaHOI OMOPHOI JOBKWHU XBHWJII Ta 3a0€3MEUNUTH KUIBKICHY
OLIIHKY TMapaMeTpiB OIOTKaHMH — SK OCHOBY [UIi THOJAJIbIIOI CTaTUCTUYHOI Ta
MopdomeTpuuHoi 00poOku. Hamu 3ampornoHoBaHO ONTHUKO-(Pi3MUHUNA METOJ CIIEKTPATHHOTO
KapTyBaHHs, 3 BHKOPHCTAHHSIM HOpPMaJli30BaHOro crekTpainbHoro injgekcy (NSI), mo
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dbopmatizye CIiBBIAHOMIEHHS IHTEHCUBHOCTEH Y BY3bKOCIIEKTPAJILHUX KaHaIaX Ha CTa01JIbHY
pedepeHTHY TOBXHHY XBWJIi. Mu mependadaeMo, 10 TaKWW MiAXiJ JO3BOJMB OW YCYHYTH
3QJICKHICTh CUTHAITY Bijl 30BHINTHIX YHHHUKIB (SICKpaBiCTh, (IIyKTYyallii JpKepena) 1 BUAUIUTH
peasbHi CHeKTpaibHI KOHTPACTH, 3yMOBJICHI MOP(HO-CTPYKTYPHOIO HEOAHOPIIHICTIO MITEIIO.

Metoro JOCHIUKEHHSI € PO3pOOJICHHSI Ta eKCIIEpUMEHTalIbHA anpoOarlisi CreKTpabHO-
CEJIEKTUBHOTO METOJAY Bi3yamizamii MMHKM MaTKu 3 BUKOPUCTAHHSM HOPMAali30BaHOTO
crnektpansHoro iHmekcy (NSI), mo 3abe3neuye KiIbKICHY PEECTpAIil0 JOKAJIbHUX 3MiH
BiOMTOrO curHainy. O4iKyeThes, [0 CIEKTpaabHa HEOTHOPIIHICTh, 3apeecTpoBana uepe3 NSI-
Maru, BigoOpakae Mop(OoOridyHI 3MIHM eIITeNil0, BJIACTUBI JUIsl aTWINi, Tinmepruiasii Ta
nepeapakoBux craHiB. Po3paxyHok cratuctumunux mapamerpiB NSI (cepenHe 3HadeHHS,
koe(imieHT Bapiarlii, acCUMETpis, €KCIIeC, EHTPOITisI) MOXe CPOpMyBaTU KpUTEpii BUSHAYCHHS
MOPOTOBUX 3HAa4eHb I JudepeHmiamii TKaHWH 3 PI3HUM CTYIIEHEM CTPYKTYpHHX
nepeTBOpeHb. I eKCIIepUMEHTAIbHOT peai3allii MPOIOHOBAHOTO METOY Y POOOTI OMKCAHO
PO3pOOJICHNH Ta TEXHIYHO peai30BaHU KOMIIAKTHUH CIIEKTPaIbHO-AIarHOCTUYHUN MOJIYJIb,
o 00’€THye MOHOXPOMHY Kamepy 3 KUIbIEBUM By3bKocekTpaabHuM LED-ocBiTICHHM 1
CHCTEMOIO MOJIIPU3AIHHOTO (DiTbTPyBaHHS.

MATEPIAJIM TA METOIHN

Onmuxo-eneKmpoHHuil Mooy

Jlia peanizamii CHEKTPalIbHOTO 30HAYBaHHS HaMu OyB CTBOpPEHHUH CIHeliali30BaHUN
OTITUKO-EJIEKTPOHHUN MOIyJb, o noegnye LED-ocBiTimioBau i3 (ikcOBaHUMHU TOBKHHAMU
XBWIb Ta 4opHO-Oiny CMOS-kamepy BHcOKoi uyTiauBocTi. OCBITIOBaY MICTUTh IIICTh Iap
CBITJIOZIIONIB BY3bKOTO CHEKTpaibHOTO mpodimto: 405, 450, 530, 630, 820 Ta 870 um. Sk
CTaOUIbHY peepeHTHY JOBKUHY XBUJII JIIs1 HOpMatizalii BiJOuToro cursainy oopano 820 HM,
0 PO3MINIYETHCA B 1H(QPAUYEepPBOHINA NUISAHIN, J€ PO3CIIOBaHHS MiHIMaJIbHE 1 TEpeBakae
ONTHUYHA peaKlis 10 MIMOMHHOI CTPYKTypu OioTkaHuHHM. [lo cKiaay OCBITIIIOBAJLHOTO
ajanrtepa J0JaHO CBITIOJ10/ O10ro CBITMA /Uil (OPMYBAHHS 1HTETPAIbLHOTO 300pakKeHHS 3
IIMPOKHUM CIIEKTPaIbHUM 1HTEPBAJIOM, 1110 3a0e31euye OpieHTalliio Ha TonorpadiuHiii KapTHHi,
MIPOCTOPOBE Y3TOKEHHS CIIEKTPAIBHUX JAaHUX 1 CTaOLIBHICTh €KCIO3UIN TSI MOHOXPOMHOT
KaMepu.

Peectparniis 300pakeHHs mnpoBojuiach kameporo Basler Ace (yopHo-Ounoro, 0e3 IU-
¢inbTpa), fKa Ja€ 3MOTy YHUKHYTH CIOTBOPEHb, IMOB’S3aHUX 13 BOYAOBAHOIO (UIbTPALIELO.
BaxnuBoOO CKIIaIOBOIO OMTHYHOI CUCTEMHU € BUKOPUCTAHHS CXPEIICHUX CTaHIB MOJIAPU3AIIii:
JiHIMHI NOJSApU3aTOPH BCTAHOBJIEHI Iepes JKepedaMy OCBITJICHHS Ta mepeja 00’€KTHBOM 1
OpIEHTOBaHI OpPTOTOHAJBHO, IO JO3BOJISIE CYTTEBO 3HU3UTH ITOBEPXHEBE J3epKajbHE
BiJIOMBaHHS Ta Bi3yalli3yBaTH JU(Yy3HO-BIIOUTY CKIIaI0BY CUTHAITY, Ka BKJIIOYa€ iH(GOpMaIlito
po MIKPOCTPYKTYpy OioTkanwHH. KepyBaHHs mocmigoBHHM BkiIoueHHSIM LED-kanamis
3IHCHIOETBCS 3a J1omoMoror KoHTposiepa Arduino Uno, 3amporpaMoBaHOro Ha MOKPOKOBY
3MiHY JDKepea 3 9aCOBOO 3aTPUMKOI0, sIKa CHHXPOHI30BaHa 13 IUKIOM 3UYUTYBAaHHS KaMepH.
[{ukn poOOTHM BKIJIIOYAE€ aKTUBAIIO KOXHOTO 13 IIECTH CBITJIOAIOAIB, May3y cralimizaril
CBITJIOBOTO TOTOKY, 1HIIIAIII0 3YMUTYBAaHHS KaJpy Ta BHMKHEHHS Iepes] MEepexooM [0
HACTYITHOTO KaHaly. AJTOpPUTM JI03BOJISIE OJEP’KYBAaTH TOBHUI Ha0ip CHEKTpalbHUX
300pakeHb MEHII, HDK 32 3 CEeKyHJH, 3 YITKOIO MIPUB’ I3KOK KOXKHOTO 300pakeHHs 110
BIMMOBIAHOT JOBXKHUHU XBHIIL.

Ha pucynky 1 nogano MoaenbHUNA BUTIIA] 310paHOT CUCTEMHU, 1110 BKJIFOYA€E OCBITIIOBAY Ta
ajanTep A Qikcanii Ha kamepy Basler.
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Puc. 1. Ilporotun cnekrpaipaoro moayist 3 CMOS-kameporo Basler Ace ta LED-ocBiTiroBauem.

Fig. 1. Prototype of spectral module with Basler Ace CMOS camera and LED illuminator.

[Tin6ip LED-kananiB y cucremi criekrpaiabHoro ocsitienus (405, 450, 530, 630, 820 ta
870 uM) 3/ifCHIOBABCSI HA OCHOBI NMPUHIIUITY CIIEKTPAIbHO-3aJIC)KHOTO 30HIyBAaHHS ONTHYHOT
BIAMOBiAI OIOTKAHWHM Ha pI3HUX TIUOWHAX, 3 YpaxyBaHHSAM XapaKTEPHOTO CHEKTPY
MOTJIMHAHHS Ta PO3CIIOBaHHS eMiTeTiaIbHUX 1 cyOemniTenialbHuX mapiB mMuiku MaTku. Koxkna
3 30HIYIOUYHX JJOBKUH XBUJIb BUKOHYE CBOIO ClielI(PiuHy iarHOCTUYHY 337auy, sKa 3yMOBIICHA
ONTUYHUMHU OCOOJIMBOCTAMHU B3aeMoIii cBiTiia 3 OloTkaHuHOO. Tak, nosxuHa xBwi 405 M
npu3HavYeHa a1 30y/KeHHs eHoreHHoi guryopecteniii monexya NADH ta nmopdipunis, mpu
[bOMY Ma€ BHCOKY MOBEPXHEBY UYTJIUBICTH 10 3MiH Y METabOIIYHO aKTHUBHOMY emiTelii,
3miHeHoMy Tipu auciniasii. Kanan 450 Hm 3a0e3nedye MPOHUKHEHHS Ha CEPEIHIO MIMOUHY Ta
Jla€ 3MOT'Y OLIIHIOBATH 3MiHU y MeTabosiYHOMY Mpo(iii TKaHUHH, 30KpeMa y Bmicti FAD 1 f3-
kapoTuHy. JosxuHa xBuiai 530 HM € IHIUKATOPOM ONTHYHOI IIUTBHOCTI Ta PO3CIIOBaHHS i
BiJloOpaxkae CTPYKTYpHI Ta (YHKLIOHAJIbHI BIAMIHHOCTI M)XK HOPMaJbHHUM 1 MAaTOJOTIYHO
3MIHEHMM ermiTesieM (BpaxOBYHOUM TIeMOTIO0iH-3aliekHe mornuHanHsg). Kanan 630 HM
JI03BOJISIE aHAJTI3yBaTH 3MIHM B MIKPOCYIMHHOMY pycii Ta KamUIsApHIA Mepexi, 0 THIIOBO
MPOSBISIOTHCA MPU 3alajJbHUX Ta HEOIUIACTUYHUX Ipolecax. [HppauepBonuil kanan 820 HM,
SKMH XapaKTepU3yeTbCsl MIHIMAJIbHUM THOMIMHAHHAM Yy OIOJOTiYHUX TKaHMHAX Ta
CTaOUIBHICTIO CUTHaNly, OyB O0OpaHuil sIK peepeHTHUI — sl HopMai3alii CleKTPaJbHUX
noka3HukiB 'y NSI|-mozeni, OCKiIbKM BiH MPAaKTUYHO HE pearye Ha 3MiHM B IOBEPXHEBUX
cTpykTypax [13-25].

Jani HaBeneHa tabmuns 1 3 onTHKO-(I3UYHO OOIpyHTOBaHUM omnucoM minbdopy LED-
KaHAJIIB MPU CIEKTPAIHHOMY 30HJYBaHHI €IMITENII0 MUHKA MAaTKH, sKa JOTOBHEHA JaHUMU
BIJIMOBIHOI CMEKTpPaJIbHOT BiAMOBiAI OiOTKAaHWH, OilOXIMIYHHMX MimieHed Ta Mopdo-
(GYHKIIOHATFHUX XapaKTEPUCTHK 13 JIarHOCTUYHUM 3HadeHHsSIM. OOTrpyHTYBaHHS BHOOPY
KO)KHOTO KaHaly O0a3yeTbcs Ha ONTHUKO-(PI3UYHIA B3a€EMOAIl BHUIIPOMIHIOBAHHS Pi3HOTO
CHEKTPAJIbHOTO J1ana3oHy 3 010JI0TTYHOI0 TKAHUHOIO Ta ypaxyBaHHSAM IITMOMHU MPOHUKHEHHS,
iX podisr0 MOTIMHAHHS/PO3CIIOBaHHS Ta 0COOIMBHUX MOJEKYISPHUX 3MiH IIPU MATOJIOTTYHUX
cranax [13-25].

VY nanomy nocnipkeHHI 10BXHUHU XBHIb 405 HM Ta 8§70 HM HE BUKOPUCTOBYBAIIUCS SIK
aKTHBHI KaHAJIM OCBITIIEHHS, OCKUIBKH 1X 3aCTOCYBAaHHS Tepen0adeHo Ha HACTYITHUX eTarax
JOCIITHUIBKOI poOOTH Ul PO3IIMPEHHS CHEKTPAIBHOTO aHaji3y Ta BUBUEHHS J0OJAaTKOBUX
6ioMapKepiB.
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Tabmuns 1. LED-kaHaiu criekTpanbHOro 30HIyBaHHS Ta X A1arHOCTHYHE 3HAYCHHS B T'HEKOJIOTTYHIN ONTHII.

Table 1. LED spectral sensing channels and their diagnostic value in gynecological optics.

JloBxmHa biodiznune Mimens / Mopdo-
XBUITI MPU3HAYCHHSA Ta CIIEKTpajibHa (yHKIIIOHATBH1 Jlxepena
(aM) MEXaHI3M Yy TIUBICTh 0COOIMBOCTI
IIepeBaxkHo
TIOBEPXHEBE
30H/IyBaHHS;
30ymKeHHS JLYB >
(ryopectentii BUSIBJICHHS 3MiH Yy [15-17
405 . NADH, nop}ipuau | KIITHHHOM '
NADH i > nopdip MY 21, 22]
. MeTaboui3Mi Ha
nopdipuHiB . :
paHHIX cTafisaxX
nucriasii [15, 17, 21,
22]
dnyopecrieHTHA Cepenns rimubuHa
Bigmosins FAD; MIPOHUKHEHHS,
MIIBUAIIIEHE 1arHOCTUKA 16, 17,
450 FABHIL FAD, B-kapotun A . [
MOTJIMHAHHS METa0OJIIHOTO 3CYBY 18, 22]
JUCTIIIACTUYHUM Ta CTPYKTYPHOI
emiTesnieM nerpanartii [16, 18]
BusiBnenns 3miH y
Bucoke . .
. KaIiJIIPHOMY PYCIIi;
PO3CIFOBaHHS, . 7
) OxcuremMorio0in/ nudepeHItiamis [14, 18,
530 reMOTJI001H- . .
JI€30KCUTEMOTJIO0IH | HOPMAJIbLHOTO ¢ 19, 23]
3aexHe o
N — aTUIOBOTO EMITENi0
[14, 18, 19, 23]
[Toka3zHuk
aHTIOTeHe3y Ta
OnTtumanbsHe
- Cynunn HEOBaCKyJspu3aIlii
630 . . MIPH HEOTUTA31sIX, [13, 18, 24]
CYIUHHO] reMoryiooiH .
. . YYTJIMBHH J10
apXITEKTOHIKH .
3anabHUX 3MiH [13,
18, 24]
['mubunne
. MPOHUKHEHHS,
MinimanbHe . . ..
820 BincytHicth KOHTPOJIb (POHOBO]
MTOTJIMHAHHS, . . i
(pede- o crierugigHIX IHTEHCUBHOCTI; [14, 20]
CTabOITBHICTh .
pPEHTHA) XpoModopiB o0paHo 5K
CUTHAITY N
HOpMaJi3aiiiiHa 6a3a
(NSI) [14, 20]
YUytnusuii 10
[Tornubnene ITITBHUX
MIPOHUKHEHHS, . . | cTpoManpHUX 30H,
. Komnaren, ¢ibpo3Hi
870 U epeHITianis TKAHME XapaKTepHUX IS [14, 20, 25]
bi6po3HUX XpoHiYHOTO (HhiOpo3y
CTPYKTYp a00 1HBa3UBHOI'O

pocrty [14, 20, 25]
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ITio6ip ma niocomosxka nayi€cHMoOK 011 in vivo 00CAi0HCeHHA

Jns  excnepuMeHTanbHOI anpolaiii CHeKTpaabHO-CEJICKTHBHOIO METONY ONTUYHOI
JIarHOCTHKW IMWWKKA MaTKH OyJi0o MPOBEACHO 1IN ViIVO JOCTIDKEHHS Ha JO0OpOBLIBHO
MOTO/DKEHUX MAIlIEHTKAX, SKi MPOXOIMIN NPOPUIAKTHYHUN (11arHOCTUYHUN) OTJISA] Y paMKax
KJIIHIYHOI KOJIBITIOCKOMi Ha 0a3l TiHEKOJOTiyHOTO BijjauieHHs YepHiBembKoi 001acHOT
KJIHIYHOT JTiKapHi miJ HarasaoM (axiBiiB kadenpu oHKOIOTIT Ta pagiosorii BykoBuHCEKOTO
JIepKaBHOTO MEIUYHOro yHiBepcuterTy. Kpurepii iX BKIIIOYEHHs mependadany HasBHICTb
MOP(}OJIOTIYHO MIATBEPPKEHUX 3MiH eMITeNiio0 (3a pe3yabTaTaMH IUTOJIOTII Ta TiCTOJOrii) y
MEXaxX TaKMX OCHOBHMX IIQTOJOTIYHUX TIpPYyI: XpOHIYHE Hecrneuu@piyHe 3amajieHHs,
mucractuyai  npouecu (CIN  I-II), o3Haku paHHBOI Heoriasii (BKIIOYAIOYH JIETKY
KapUMHOMOIHY aTHWIN0), a TaKOXX BCTAHOBJICHI (OPMU 3JIOSKICHUX YpaKEeHb —
TUTOCKOKITITHHHHAHN paK Ta aJIecHOKapIIMHOMA ITHHKH MAaTKHU. Y Cl JOCIIKEHHS TIPOBOIHITUCS 10
OyIb-sIKOTO BTPYYaHHs Ta 0OpOOIEHHS IMIMIKH MAaTKH.

[TamieHTKH 3 MOPQOIOTIYHO HEYMIKOPKEHUM ILEPBIKAIBHAM EIITeNi€M 1 HeraTHBHUMH
LUTOJIONTYHUMHU TeCTaMH OYyJIM BKIIIOUYEHI J0 KOHTPOJIbHOI IPYIIH, 110 JO3BOJIUIIO 3a0€3MeYUTH
00’€KTHBHE TJIO JJIsl 3ICTaBJICHHS ONTUYHHUX XAPAKTEPUCTHK 3 IMATOJOTIYHUMH CTaHAMHU. Y
[IJIOMY JI0 TOCIIKEHHSI OyJI0 BKJIFOYEHO 62 MallieHTKH, Y TOMY YHCIIL:

* 14 — i3 HOpMaTBbHUM UTOMOP(OJIOTIYHUM TIpodinem;

* 16 — i3 AlarHOCTOBaHMMU O3HAKAMU 3aMAIILHOTO MPOIIECY;

e 13 — i3 MUTOJIOTIYHO MIATBEPIPKEHUMH TIPOSBAMU JIUCILIA3IT;

* 11 — i3 o3HaKaMu MOYATKOBOI HEOMIa3ii, 0€3 IHBa3UBHOT'O POCTY;

* 8 — i3 03HAKaMHU 3JIOSKICHUX YPaXKEHb (TUIOCKOKIIITUHHOT KAPLIUHOMH Ta

a/ICHOKapLUHOMN ).

Jiist 3a06e3neuenns TornorpadigHoro nudepeHiiioBaHOro aHami3y MOBEpXHi MUHKNA MaTKU
JUISL KOXKHOTO 3pa3ka OyJj0 BU3HAYEHO 2—5 30H 3 BUPAXEHUMHU BIIMIHHOCTSIMHU B ONTHYHHUX
XapaKTepUCTHKaX 1 MOp(OJIOTiuHIA CTPYKTYypi, IO BIANOBIAAIM 30HAM CTPYKTYpPHOI
HEOJJHOPITHOCTI, SIKI XapaKTepHi JUIsl MEeBHOI HO30JI0Tii (CyAMHHI aHOMallii, 30HM €KTOIIii).
3a3HaueH1 AUISHKY OyJIM ONTHUYHO JIOKAJII30BaH1 Ta TPOCTOPOBO 130J1b0BAHI JJIs1 TIOJIAJIBIIIOTO
aHaJi3y, B pe3yapTari 4oro chopMoBaHo 156 AUISHOK CHEKTPaIbHOTO aHaII3Y 3 BiIOBITHUMHU
KapTaMd Ui TOJAJBIIOTO CTAaTHCTUYHOTO OlpamtoBaHHsA. [IpoBemeHHS JOCHTIKEHb
BiZiOyBasiocs B amMOyJaTOPHMX YMOBax, 3 JOTPUMaHHSIM CTaHJAPTHOIO MPOTOKONY: TMicCis
MONEepPEeAHbOI0 OUNIIEHHS TOBEPXHI IMIMMKK MATKH B1J M3y, 0€3 3aCTOCYBaHHS OApBHUKIB Ta
peareHTiB, 3a YMOBHU (ikcallil Mali€eHTKH y T1HEKOJOI1YHOMY Kpiclli 3 MOBHICTIO BHIUMOIO
30HOI0 3MiH Yy 300pakeHH1. J{oCiKeHHS He ePEeNIKO/1Kano 3BUYaiiHOMYy KOJIbIIOCKOMIIYHOMY
OTJIATy 1 HE 3MIHIOBAJIO MOPS0K POOOTH JIKaps.

Ananimuune oérpynmyeanna NSl-inoexcy
3 METOI0 KIJbKICHOT OIIIHKU CHEKTPAIbHUX XapaKTEPUCTHK ONTUYHOTO BIATYKY TKaHWUH
MIUAKA MaTKU Ha pI3HUX JOBXKHMHAaX XBWIb HaMud OyJ0 BBEAEHO HOPMai30BaHUN
cnekTpanbHui 1HAEKC (NSI), mo BUKOpPHCTOBYE HOpMaii3alilo (BiIHOIIEHHS) CUTHAILY Y
NEBHOMY CIEKTPAJIbHOMY Jiama3oHi 10 (ikcoBaHOi pedepeHTHOi MOBXHMHM XBWii. Takuii
MiJX1JT 103BOJIIE YCYHYTH BITUB (DOHOBUX €HEPreTUYHUX 3MiH, (DIyKTyaliil 1HTEHCUBHOCTI
JDKepenia, TeOMeTpii OCBITICHHsS TMOBepxHI OiloTKaHMHU. Sk Oyno 3a3HaueHO BHIIE,
HOpMaJi3alio MpoBOAWIN 3a (pikcoBaHOIO JOBXMHOKO XBwiIl 820 HM, a iHAekc NSI
PO3paxoByBaJIM OKPEMO Uil KOXKHOI JOBXHHU XBHJII, 10 BXOAMJIA JI0 aKTYaJbHOTO HabOpy
CIIEKTPATLHUX CMYT, a came A =450 (£10), 530 (£10), 630 (£10) am.
HopmanizoBanuii cnextpanbhuii ingekc (NSI), skuil € aHamITUYHUM HapamMeTpoMm i
[IMPOKO BUKOPUCTOBYETHCS ISl OMHUCY BiJIHOCHOTO CIIEKTPAIBHOTO KOHTPACTY MK JBOMA
JOBXXKUHaMHU XBUIIb [ 13-14, 26-27], onucyetsest popmyioro (1):
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125205 :
1 2

ne R(A;) — 3Ha4yeHHs KoedilieHTa CIIEKTPaIbHOTO BIIOUTTS 00’ €KTa, BU3HAYCHE Ha JIOBXKHHI

xBuwii Aq; R(A,) — 3HaueHHS Koe(dieHTa CHEKTPAIBLHOTrO BiIOMTTSI 00’€KTa, BU3HAYCHE HA

JIOBXKHUHI XBUII A .

CniBBinHomeHHs (1) iHTEPIPETYEThCS K OKPEMUH BUITAJOK CUMETPU30BAHO1 PI3HULIEBOT
byHKIIT, 10 103BOJIsI€ (OPMYBATH HOPMATI30BaHUM 1H/IEKC IHTCHCUBHOCTI, SIKUWA HEUYTJIUBUN
70 (POHOBUX IIYMIB Ta 3MiH apameTpiB ekcro3uuii. Takuii miaxia Brepiie OyB 3aCTOCOBaHUN
y IMCTAHIIHHOMY 30H]IyBaHHI IS OLIHKK BereTaiiiHoro mokpuBy (NDVI) [26] Ta mi3Hime
OyB azanToBaHUH JUI CHEKTPOCKOITii O10TKAaHUH 1 MEIUYHO] Bizyamizamii [27].

B onruko-6iodiznuynomy cenci NSI no3Bosnsie imeHTH(]IKYBAaTH 30HHM CHEKTpa 3
MaKCHMaJbHOI CTaTHCTUYHOK JUCIEPCIEI0 TapaMeTpiB, M0 Kopemre 3  Mopdo-
(GYHKLIOHATBHUMU 3MIHAMHM Yy OlOTKaHWHI. Y BHINAJKy HIMMKM MaTKU 3MiHA 1HAEKCY MIX,
Hanpukian, 530 ta 820 HM Bkazye Ha TpaHC(HOPMAIIO Y MIKPOCYIUHHOMY pYyCIi Ta BMICTI
FeMOXPOMHUX KOMIIOHEHTIB. AHaJOTI4HI iHJAEKCH Oynu arnpoOoBaHi s KapTorpadyBaHHS
3MOSIKICHUX 3MIiH y JIepMAaToJIorii, raCTpOEHTEepOJIorii, OPTaaIbMOIOrii, 30KpeMa MpH OIiHII
MEeJIaHOMH, JTUCILIa3ii emiTenito, inTpaenitenianbaux Heorutasii [28—30]. NSI € uyTauBumM 10
HaBiTh HE3HAYHHMX 3MiH y CIEKTPaJbHOMY IOTJIMHAHHI YM PO3CiIOBaHHI, II0 POOUTH HOTO
KJIFOYOBUM [1apaMETPOM Y HEIHBa3MBHUX ONTHYHHX METOJaX JiarHocTuky [15].

Tak, ast 00paHOi 30HU TOCTIKEHHS, 7S K01 R(A) — IHTEHCHBHICTB BiIOMTOTO CUTHAITY
y BiIMOBITHOMY KaHaJi (micist Kopekuii nonspusaiiitHoro ¢ony ta ¢onoBoro mymy), NSI s
KOHOI po00Y0i TOBKHHU XBUJII BU3HAYAETHCS SIK:

R(}\i)—RO\re )
NSI()\I) = m , }\ref = 820 HM, (2)

ne R(\i) — iHTeHCUBHICTh BiIOMBaHHS B akTHBHOMY KaHaii (450, 530 uu 630 um), R(820 HMm)
— iHTeHCHBHICTh y pedepentHomy kanami, NSI(A)E(—1,1) — Hopmasi3oBaHE 3HAYCHHSI
IHJEKCY CIEKTPaJIbHOI PI3HULI, YYTJIMBE /10 3MiH MOP(}OJIOrii Ta ONTUYHOI MIJIBHOCTI TKAHUHHU.

Amnani3 cnektpanbHux iHAekciB (NSI) 3 onTtuyHOi TOYKM 30py AO3BOJSIE BUIUIATH
JIarHOCTUYHO YYTJIMBI JOBXHHHU XBWIb, KOXKHA 3 SKUX BigoOpaxkae cnerudiyHi 3MiHH Y
TKaHUHHIA CTPYKTYpi Ta y ii OioxiMiyHOMY ckiani. Tak, iHaekc NSlsso BimoOpaxkae 3MiHH
a0copOLIHHO-PO3CIIOBAIbHUX BIACTUBOCTEH Yy CHHIM NUISHII CIEKTPY, 110 KOPENIOHTh 13
BMICTOM (i1aBonpoTeiHiB, 30kpeMa FAD, KOHIEHTpallisl sIKHX 3MIHIOEThCS IPH XPOHIYHOMY
3amajieHHl Ta Ha paHHIX eranax aucriasii. [Hnekc NSlszo dymiuBH 1O OKCUMETPUYHHMX
XapaKTePUCTUK TKAHUHU, TOMY 110 3€JIEHE CBITJIO MOTJIMHAETHCS 3aJI€KHO BiJl CITIBB1THOLICHHS
OKCUTE€MOTIJIOOIHY Ta JI€30KCUTeMOrjoOiHy; NpU JUCIUIACTUYHMX 3MIHAaX 1ed OayaHc
3CYBA€ThCs, 110 3YMOBIIIOE XapaKTEPHY CIEKTpalibHy BilmoBinb. HaiiBuily uyTnuBicTe 10
MIKpOCyTUHHHX TpaHchopmariii BimoOpaxae iHmekc NSleo, sKuii peectpye mocuieHe
HOTJIMHAHHS, TIOB’s13aHe 3 HEOAHT10T€HE30M Ta MOPYILIEHHIM CYIMHHOI apXiTEeKTOHIKH, SIKUH €
TUIOBUM sl iepeapakoBux 3MmiH emiteriro (CIN II-111).

3acTocyBaHHA JaHOro ¢opmaiizMmy jaae 3Mory noOynyBatu mpoctopoBi NSI-mamum mms
KOXKHOI 3 TphOX pOOOYMX JIOBKMH XBHJb Ta TPOBECTH PO3PAXYHOK iX CTaTUCTHYHHUX
XapaKTEPUCTHK, IO BUSBISIOTH CTYMiHb MOP(O-CTPYKTYpHOI jAe30praHizaimii emiTemnito y
KOXHIN 30H1 gociimxkeHHs. Ha BiamiHy Bif aOcomOTHUX 3Ha4eHb BimOuBaHHsA, NSI 30epirae
1HBapiaHTHICTh 70 €HEpreTHMYHHX (IyKTyalii y ajanTepi OCBITJIIEHHS Ta JIa€ MOPIBHIOBaHI
KUIBKICHI BEJIMYWHU, 10 MatOTh 010()i3nyHe TATPYHTS.

OnmuKo-anamomiuna mooeib mKaHUHU ma 63acmo36°130kK i3 napamempamnu NSI

Jis  KOopekTHOi iHTeprpeTauii CHEKTPaJIbHUX 1HAEKCIB, OTPUMaHUX Yy pe3yJbTaTi
30HIyBaHHs 010TKAaHWUHH, HEOOX1JTHUM €TaIoM € aHaJTITHIHE MOJICITIOBAHHS IMPOIIECIB ONITUYHOI
B3a€MO/Ii1 BUITPOMIHIOBAaHHS 3 MIKPOCTPYKTYPHOIO OpraHizaii€eio 6iotkanut. [Ipu nepexoai Biz
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MOP(QOJIOTIYHO 1HTAKTHOTO CTaHy (YMOBHO HOPMAJIBHOTO) JI0 MATOJOTIYHO 3MIHEHOTO —
30KpeMa MpH XPOHIYHOMY 3allajieHHi, AUCIIa3ii Ta ManirHizamii — BiAOyBa€ThCsI CHCTEMHA
3MiHa [apaMeTpiB, 10 BU3HAYAIOTh XapaKTEPUCTUKU BUIIPOMIHIOBAHHS Y CEPEIOBHIIIL: 3pOCTAE
Koe(ilieHT MOrMMHAHHA (|la) BHACIIIOK MiJBUINEHHS KOHIIEHTPALl €HI0TeHHIX XpOoMO(popiB
(remorno6iniB, NADH, ¢uaBiniB), 3poctae koedimieHT po3ciroBaHHS (Lls) Yepe3 YIIiIbHEHHS
KIIITHHHUX EJIEMEHTIB, 3MIHIOETHCS CTYIIIHBb aHi30Tpormii (g), 3yMOBIEHA Je30pTaHi3aIli€ro
dbiopusapaux crpykryp [13, 14, 15-16, 31].

[1i 3MiHM TPU3BOAATH IO TMEPETBOPEHHS CIEKTPAJIBHOrO BIATYKY TKAaHWHH B PI3HHX
ONTUYHUX Jiarna3oHax. 30KpeMa, Yy KOPOTKO- Ta CEpEeIHbOXBWIIBOBIH YacTHHI CIEKTpa
PEECTPYETHCS 3MEHIIEHHS BiIOMTOTO CUTHAILY, ITOB’3aHE 3 MEPEBAYKAIOYUM BIUTMBOM Lla, TOJII
SK y JOBFOXBWJIbOBIH 30HI MPOSIBISIETHCS BKIAM [is Ta TIMOMIMX CTPpOMadbHHX 3MiH. s
MaTeMaTHYHOTO BiZOOpaskeHHS IUX €(EeKTiB JOIUIFHIUM € BUKOPUCTAHHS HOPMalli30BaHOTO
cnekTpanbHoro inaekcy NSI(A), skuil MoxHa po3paxyBaTH SK BiAHOUICHHS IHTEHCHBHOCTI
BiJIOMTOT0 CUTHATY ITPH JOCTIKYBaHIH TOBKHMHI XBIJII O CHTHAJIA Ha peepeHTHOMY PiBHI (A
= 820 HM), 1110 HE MiANAIaE i1 BIUIMB OCHOBHUX XpoModopiB [26, 29].

AHaIITHYHO 1eH miaxix 6a3yeTbes Ha MOAM(IKOBaHIN eKCIIOHSHIIHHIN MOJIeIi 3aTyXaHHS
cBiTia B OloTkanuHi (3akoH byrepa—Jlambepra—bepa), y skiil BpaxoByeTbCcsi epeKTUBHUIL
KOoe(IIli€HT 3aracaHHs:

o) = 3+ 1) - () + (1~ 8W)) ©
ne Ma(A) — kxoedillleHT MOTIMHAHHS, Ps(A) — KoedilieHT po3citoBanHA, g(A) — dakTop
aHI30TpOITii.

BinnosigHo, HopMmainizoBanuii criekTpanbHuit iHAekc NSI(A) Bu3HauaeThes SIK:
NSI(?\) — exp(—pefr(A)-d)—exp(—pref(A)-d) (4)

exp(—pesr(A) d)+exp(—pres(A)-d)’

ne Uerr(A) — edekTuBHUI KOSPIIIEHT OCIIA0ICHHS BUIIPOMIHIOBAHHS B EMITEAILHOMY IIIapi
IpU JTOBXKUHI XBUII A; Urer(A) — pedepenTHuit koedilieHT ocaaOiaeHHs BUTPOMIHIOBAHHS, 110
BIJINIOBIA€ €TAJIOHHOMY (HOpMaJbHOMY) cTaHy TkaHMHM; d — e(deKTHBHa TOBIIMHA
eniteniaipHOro 1mapy [26, 27].

3rigHo popMynu (4) 3 METOIO OLIIHKYA KOHTPACTY ONTUYHOI BIANOBIII MK I0CITIIKYBAHOIO
JIOBXKMHOIO XBHJII Ta pedepeHTHoro cmyroro [30, 15] namu Oyno po3paxosani npodini NSI(A)
pu A =450, 530, 630 HM, siKi HaBeJIeH]1 y TaOIUIll 2 Ta MPOLTIOCTPOBaHi rpadikaMu Ha puc. 2.

Tabnums 2. Po3paxoBaHi 3HAYEHHST HOPMaTi30BaHOTO CeKTpaibHOro iHAekcey NSI(A) mist Tprox
MOP(}ONOTIUHMX CTaHIB TKAHWHU IMUHKA MAaTKH

Table 2. Calculated values of the normalized spectral index NSI(X) for three morphological states of cervical

tissue
A (HM) NS| — Hopma NS| — 3anmanenns NSI —lucnnasist
450 —0.58+0.03 —0.62+0.03 —0.71+£0.04
530 —0.38+0.02 —0.42+0.02 —0.50+0.03
630 —0.24+0.01 —0.31+0.02 -0.39+0.02

[Toxubka po3paxyHky NSI(A) oniHioBanzacs METOJOM MOIMKPEHHS MOXUOOK CIIEKTPATBHUX
koedimienTiB BinoUTTA R(A1)Ta R(A,)1 He mepeBuInyBaja KiJIbKOX BiJICOTKIB BiJ 3HaYEHHS
1HAEKCY JUIS BCIX JTOCTIIKYBaHUX MOP(OJIOTIYHUX CTaHIB.

OtpumaHni rpadikd HOPMaji30BaHOTO cHekTpaibHOro iHaekcy NSI(A) BimoOpaxaroTh
MOCIIZIOBHE 3HWKCHHsS 3HA4YeHb IHICKCY 13 MepexoJoM BiJ MOP(HOIOTriuHOT HOPMHU JI0
MaTOJIOTIYHO 3MIHEHHMX CTaHIB — 3alajeHHs Ta Auciuiasii. Y BChOMY CIEKTPATbHOMY
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niarmazoni 450—630 HM ¢ikcyroThes Bin’emHI 3HaueHHs NSI, 1m0 MoB’sA3aHO 3 HUKYOIO
IHTEHCUBHICTIO BiIOMUTOrO CUTHAITY OPIBHSAHO 3 iHPpauepBOHUM pedepeHTHUM KaHaioM (820
HM). Taka rmoBe/liHKa BiJIIOBIIa€ ONTHKO-(I3UIHUM edeKTaM B3aEMO/IIT: Y KOPOTKOXBUIHOBIH
30Hi1 (450—630 HM) IOTJIMHAHHS 1 PO3CIFOBAaHHS 010TKAHWHU € 3HAYHO BUIIUMH, OCOOIUBO MPU
CTPYKTYpHIW jAe30praHizarlii, 30UIbIICHIH KUTBKOCTI XpOMO(OpIB Ta 3HMIKEHOTO CTYICHS
anizorporii. Haiibinbime 3umxenns NSI crocrepiraetbesi Ha TOBXUHI XBHI 450 HM — 11€
BIJIMOBI/Ia€ 30HI (PJIABOMPOTETHOBOI UYTJIIMBOCTI, BKa3ye Ha METa0OJIYHUMA 3CyB TpH
JTUCIIACTUYHUX TpaHchopmarisx. Y yepBoHoMy niana3oni (630 HM) iHIEKC 3HAYHO CHAJaE,
110 BKa3y€ HA y4acTh CYyJIMHHOI CKJIaJIOBOI Ta 3pOCTaHHS ONTHYHOI MUIEHOCTI MIKPOCYIMHHOT
Mepexi.

—+— HopMa
—e-- 3ananeHHa
—a-- [lncnnazia
-0.34 . a ‘
=<
G H H
—0.7 |-

450 475 500 525 550 575 600 625
HoBxWHa XBWAI (HM)

Puc. 2. I'padik mpodimro NSI(X) mpu A =450, 530, 630 uM a7151 TPHOX MOPGOJIOTIUYHUX CTAHIB
TKAHWHH HIMAKA MATKH.

Fig. 2. Graph of NSI()) profile at L = 450, 530, 630 nm for three morphological states of cervical tissue.

3B'SI30K MDK aHaJITUYHUMU pO3paxXyHKaMH Ta HACTYIIHUM EKCIepPUMEHTAIbHUM
HiATBEP/KEHHAM € BRXIUBUM 3 TOYKM 30py NMPAKTHUUHOI IHHOCTI BBeAeHOro iHaekcy NSI.
AHajiTH4YHAa MOJENb, L0 BpaxoBye (yHAaMEHTaIbHI ONTHYHI MapamMeTpu OI0TKaHUH —
30KkpemMa Koe(illieHTH MOTrauHaHHS (W), PO3CitoBaHHS (lls) Ta MapaMeTp aHi3oTpomii g —
BUSIBMIIA BHUCOKY 4yTnuBicTh NSI| 10 3MiH y MIKpOCTpYKTYpi TKaHWHH. MOAETIOBaHHS
NOKa3ajo, II0 TPH BiTHOCHO HE3HAYHUX 3CYBaX y CHEKTPAIBHHUX 3aJISKHOCTIX Wa(A) Ta
3MiHeHiil aucmepcii ps(A) BHACHIZOK KIITHHHOI Ta MO3aKIITHHHOI MepeOyaoBH MpH
NaToJIOTIYHUX TMpolecax, crocrepiraeTbes 3MeHmenHs NSI(A) y Bcpomy mianmasoHi
aHaJII30BaHMX JOBXXUH XBUJIb. Lle 3HIKEeHHS OB’ A3aHe 3 MOp(o-(QyHKIIIOHATILHUMHU 3MIHAMH,
TAaKUMHU SIK T1JIBUIIIEHA BaCKYJISpU3aLlis, Aerpagallis MKKIITHHHOTO MAaTPUKCY Ta MOPYILIEHHS
MOIIIAPOBOT OpraHi3allii eniTem. 3a3Ha4uMo, 0 BHSBJICHA aHATITHYHA 9yTIMBicTh NSI He €
aOCTPaKTHOIO BJIACTUBICTIO MOJeNi, a Mae Oe3MOCepeaHIO BIAMOBIAHICTE y peallbHUX
TICTOJIOTIYHMUX 3MiHaX OloTKaHWH. TOMYy HAacCTyNIHHMM JIOTIYHUM €TaloM CTajlo MpPOBEICHHS
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eKCIIEPUMEHTAJIbHOT EPEBIPKH Ha 3pa3KaxX MIMWKK MAaTKU MALliEHTOK Y PI3HUX MOP(OIOTTUHUX
CTaHax.

PE3YJIBTATU TA OBT'OBOPEHHSA

Bizyanizauin NSl-man

Jns oneprkaHHs CHEKTpaibHUX 1HACKCIB BimOuBaHHs (NSI) 300pa’keHHs BiJl MAIiEHTOK
peecTpyBaIuCs B OTHAKOBUX KOHTPOJILOBAHUX EKCIIO3UIIIHHIX YMOBaX. [ eOMeTpist OCBITICHHS
Ta CIIOCTEPEXKEHHS 3aIMILIANIACS CTAJIOK — BIACTaHb 10 00’ €KTa, KyT OCBITJIEHHS Ta IapaMeTpH
ONTUYHOTO (POKYCYBaHHS HE 3MIHIOBAIUCH MPOTATOM YCi€l cepii JOCTiIKEHb.

CeiTnonionu i3 moBxuHaMu XBwiIb 450, 550, 630 ta 820 HM aKTUBYBAJIUCH IMITYJIBCHO Y
CHHXPOHI30BaHil MOCIIIOBHOCTI, Y3TO/DKEHIHN 13 TPUTEPHOIO CHCTEMOIO YIPaBIIIHHS KaMepH
Basler. [Ins kokHOoro kanana mig0upaiach iHAMBIAyaJbHA EKCHO3MINS 3 YypaxXyBaHHSIM
CHEKTPAIBbHOI MOTY)KHOCTI BUIIPOMIHIOBaYa Ta YyTJIMBOCTI ceHcopa. Kamepa mpamroBana y
¢bikcoBaHOMY pexKHMi 3 MOCTIMHUMU MTapaMeTpaMu MiACUIICHHS Ta IBUIKOCTI 3YUTYBaHHS, 1110
JIO3BOJIAJIO 3a0€3MEeYUTH OJHOPIIHICTh PEECTPALIMHOTO TIPOIIECY.

OO0pobka MyIbTUCHEKTPAILHOTO 300pa)KeHHsI 3IIHCHIOETHCS y TOCTIAOBHOCTI, IO
3abe3neuye oOyI0By HOpMaTi30BaHUX CHeKTpanbHuX iHaekciB (NSI) Ta moganemmii anami3
IPOCTOPOBO PO3MOJUIEHUMX ONTHUYHMX XapaKTepUCTUK TKaHMHU. Ha mnepmomy erami
3aBaHTAXYIOTbCS OKpeMi 300paxeHHs (y Tumi grayscale), orpuMani npu HOCHIITOBHOMY
CBITJIOJIIOTHOMY OCBITJICHHI Ha JoBxkuHaX XxBwib 450, 550, 630 ta 820 um. [IpoBoauThcs
Bi3yaJlbHa TEpeBipKa KOPEKTHOCTI CTPYKTypu mgaHuX. Jlami BHKOHYETHCS T'€OMETPHUYHE
CYMIIIIEHHS KaHaJliB JJIl YCYHEHHS MOJIMBHUX 3MIIIEHb, MICJIS YOTO 3/11iCHIOETbCS YCYHEHHS
MOBEPXHEBUX TMAPa3UTHUX BIAOIHMCKIB — TEPECBITIICHI IUISIHKH 1IEHTH(IKYIOTBCS Ta
JOKaJbHO 3MJIAIKYIOThCs. J[7s1 KOXKHOI JOBXKMHHM XBWJII PO3PAaXOBYETHCS BIJHOIIEHHS [0
IHTEHCUBHOCTI pedepeHTHOro KaHainy (820 HM) — dopmyroTbes 1HAEKCHI KapTH NSlaso/szo,
NSIsso/s20, NSIs30/s20. ITicist moOynoBH UX KapT BUAUISAETHCS AUISTHKA TKAHUHU IIMHKH MAaTKU
— SIK OCHOBHA 30Ha aHaji3y (30Ha iHTepecy). Ha ocHOBI oTpuMaHOi Macku ycl iHIEKCHI
300paXeHHSI OOMEXYIOThCSl JIOCHITHOIO OONacTio. 3aBepUIabHUM €TaroM € OOYMCICHHS
CTaTUCTUYHUX IapaMeTpiB sl KOKHOI 3 Tpbox NSI-kapT: cepenHe 3Ha4eHHS, KOE(ILIEHT
Bapiallii, aCUMEeTpisl, eKCLEC, a TAKOXK EHTPOIIS K TOKA3HUK JIOKAJIBHOI CKIIaTHOCTI CTPYKTYPH.
BuszHaunMo CTaTUCTHUYHI TapaMmeTpu sIK: cepefHe 3HaueHHs () — cepenHe apudpMeTuyHe
3HayeHb NSI y Mexax aHadi30BaHOI 30HM, IO XapaKTepU3ye IHTErpajibHUM piBEHb
CHEKTPaJIbHOTO KOHTpACTy TKaHUHU; KoediuieHT Bapialii (CV) — BIJHOLIEHHS CTaHJApPTHOTO
BIIXWJICHHSI IO CEPEAHBOrO, K BiJoOpaskae HOpMali30BaHy MPOCTOPOBY HEOTHOPITHICTH
ONTUYHUX BIACTUBOCTEH; acumerpis (Sk) — HoOpManmi3oBaHUN MOKa3HUK TPETHOTO
LEHTPAJIbHOTO MOMEHTY PO3MOJIiTY, 110 ONMucye (opMy Ta HampsM 3MilleHHs 3HayeHb NSI
BITHOCHO cepeHboro; ekciec (Ku) — Hopmai3oBaHMi MOKa3HUK YETBEPTOTO LIEHTPAIBHOTO
MOMEHTY, SIKHIl XapakTepu3ye KOHIEHTPAIII0 3HAYeHb HaBKOJIO CEPEIHBOrO Ta YyTIMBICTh 10
JIOKQJIbHUX ONTHYHO KOHTpacTHUX 3MiH; eHrtpomis (H) — iHdopmaniiiHo-cTaTucTHUHMIA
MOKa3HMUK, 0 BHU3HAYA€ThCS 3 IMOBIPHICHOrO po3moniry 3HaueHb NSI Ta BimoOpaxkae
MPOCTOPOBY CKJIAJHICTh 1 CTYMiHb CTPYKTYpPHOI OpraHizaimii CHEeKTPaJbHO-ONTHYHUX
HEOJHOPITHOCTEH y Mexkax JOCHiJKyBaHOi 30HH. Bka3zaHi XapakTepUCTHKH (OPMYIOTh
YHCIIOBHUH OTIHIC CIIEKTPAILHO-TIPOCTOPOBHX 3MiH ONTHYHOI T'YCTHHH B MEKaX MPOAHATi30BaHOT
30HH.

Ockinbku OKpeMi 300pakeHHs1 copMoBaHi y grayscale, HactymHi pe3ysibpraT mo0ya0BU
HOpMaJli30BaHMX  CHeKTpajdbHUX iHAekciB (NSI) wMum  mpeacraBuwim y  BUIVILI
TICEBIOKOIBLOPOBOTO 300paxkeHHs (y KOJIbOpoBii mikami NSI-3HaueHb «jety) s 4OTHPHOX
TUMIB TAIll€HTOK: eKTOMis NWIIHAPUYIHOTO emiTemiro (0e3 3amaneHHs), IepBiKalbHA
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iHTpaemiTenialibHa Heorwiasis | crTymeHs, 1HBa3sUBHUM IUJIOCKOKIITUHHUN pak Ta
ajieHoKapruuHoMa. JIJs  TO3HA4YeHHs  BiANOBIJHMX  Bi3yami30BaHUX  Mall  1HJIEKCY
BUKOPHUCTOBY€EThC TepMiH «NSI-manay, K 3araapHONPUNHATE TO3HAYEHHS HOPMaJi30BaHOTO
BioOpaskeHHs [26].

Ha pucynky 3 naBeneno npukiaa NSI-mMamn HOpMasnizoBaHOTO CEKTPaIbHOTO iHAEKCY NSI
JUIS TIALII€HTKY 3 €KTOIIEI0 HWITIHAPUYHOTO eriTenito (0e3 3amanenns). Jamni Oynu po3paxoBaHi
CTaTHCTUYHI MapaMeTpu Ui KoxkHoi 3 Tppox NSI-kapr, siki HaBeneHi y Tabm. 3.
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0.0
a) 0)
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B) r)

Puc. 3. NSI-manu it naumi€HTKU 3 €KTOIIEI HUIIHAPUYHOTO emiTenito (0e3 3amaneHHs): a) KOJBIOCKOIIUHEe
300paxeHHs, 6) NSluso/s20, B) NSIsso/s20, T) NSIe30/820.

Fig. 3. NSI maps for a patient with ectopia of the cylindrical epithelium (without inflammation): a) colposcopic
image, b) NSlaso/s20, ¢) NSIsso/s20, d) NSles0/s20.

Ta6nuust 3. Craructiuuti napamerpu NSI-kapT 1uis HamieHTKH 3 eKTOMIE0 MITIHAPHYHOTO eniteniro (6e3
3araIeHHs)

Table 3. Statistical parameters of NSI maps for a patient with ectopia of the cylindrical epithelium (without
inflammation)

Inpexc | Cepenne (W) BI;;ZE?E{\T/) ACI/EE/IE)TPI}I Excrec (Ku) EH”EE'(;HIH
NSlaso/s20 0,795 0,106 0,133 0,714 4,05
NSIss0/s20 0,791 0,085 0,107 2,977 4,00
NSle30/520 1,512 0,098 0,065 0,778 4,35

[IpoBenemo o1iHKy cTaTuCTUYHUX TapameTpiB NSI-kapT, 3a3HaunBIIH, 1TI0:
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e cepenHe 3HaueHHS M1 NSlezo/s20 cTaHOBUTH 1,51, MO CYTTEBO MEpPEBHINYE aHAIOTIYHI
MOKa3HHUKH 1HIIMX KaHauiB. Lle cBiAUMTH PO BUpa)KeHE BiIOMBAHHS YEPBOHOTO CBITIA —
CIIEKTPAJILHOT TUISHKH, YyTJIUBOI 10 3MiH Y CYIMHHIN MepexXi Ta IIJIbHOCTI TKaHUHH. Takui
npodinb € TUMOBUM MJIsi HIUIBHO OPTraHi30BaHOIO EMIiTeNil0, MOXIJIHWBO 3 €JIeMEHTaMH
rinepkepaTuHizarlii.

e KoedimieHT Bapiamii € HU3bKUM y Bcix kaHanmax (~0,09-0,13), mo Bka3dye Ha 3arajibHy
npocTopoBy oaHOpiAHICTh. [Ipore kanam 450/820 neMOHCTpye HA€ImIO MiABUIICHY
Bapia0eNpHICTh, 0 MOXKE OYyTH MOB’S3aHO 3 JIOKAIBHOIO JIECTPYKII€I0 a00 aKTHBHICTIO
bayopectienTHUX KoMnoHeHTIB NADH/FAD y noBepxHeBHX Iapax.

e acHMMETpisi MO3UTUBHA B YCIX BHUIIAJKaX, IO CBITYUTH PO 3¢yB po3noainy ND y Gik BUIIHX
3HAYCHb, 110 BiJIITOBIJIA€ MOSBI BI3yaJbHO SICKPABIIIMX 30H — OCEPEKIB 13 IMiIBUIICHOIO
ONITUYHOIO IIUTBHICTIO, XapaKTEPHUX IS TOYATKOBUX MATOJIOTTYHUX NEpeOy10B.

e eKcuec HauOumbmui y kanam 550/820 (~2,97), mo cBiIYUTH MPO 3arocTpeHuil mpodiib
pO3MOMIITy — HASBHICTh YITKO JIOKATI30BaHWX JIJISHOK 3 ONTUYHOK KOHTPACTHICTIO,
XapaKTEepHOIO JJIsi MPUKOPAOHHUX 3MiH MiK HOPMAJbHOIO Ta aTUIOBOI TKAHUHOKO. [HIT
KaHAJIM JIEMOHCTPYIOTh 3TJIaJPKEHI PO3MOALUIN, IO MPUTAMaHHI OUTBII PIBHOMIpHUM a00
T y3HUM 3MiHAM.

e eHTporis jnocsarae Makcumymy i NSleso/szo (~4,35), 1m0 BKa3ye Ha BHCOKY TEKCTYPHY
CKJIQ/IHICTh, BTpPATy BIOPSAKOBAHOCTI Ta 3POCTaHHS CHEKTPaTbHOI T'€TePOreHHOCTI —
XapakTepHy 03HAKy MOYaTKOBOI IMAaTOJIOTIYHOI 1epe0y0BHU eMiTeNifo.

TakuMm ynHOM, TiaBHILIEHE cepeaHe 3HaueHHs NSle30/s20, pa30M 13 BUCOKOIO EHTPOIIIEIO Ta
O3HaKaMH HECTaOUTPHOTO pO3MOALTY, BKa3ylOTh Ha HAasBHICTh MOP(OJIOTIYHUX 3MiH
0araTomapoBOro IJIOCKOTO emiTelNito (EKTOomi€r), Mo Oylno MHiATBEpHKEHO HACTYIMHUM
TICTOJIOTIYHUM JOCIIPKSHHSM TS JAaHOT TAI[i€HTKH.

3 METOI0 TPOBEJIEHHS  MOPIBHMIBHOTO  aHANI3y  CHEKTPaJbHO-CTATUCTHYHUX
XapaKTepUCTHK JOCTII)KyBaHMX MOP(QOJOTIYHUX CTaHIB TKAHWMHU HaMu Oyjo cpopmoBaHO
TaOJIUIIIO JUTsI KOHTPOJIBHOI IPYIU Malli€eHTOK (YMOBHA HOpMa), Y SIKiif IpUBE/IeH1 pO3paxoBaHi
OCHOBHI cTaTUCTU4HI napameTpu NSI-kapt (Tabdm. 4).

Tabmms 4. CraructuuHi mapamerpu NSI-kapT 111 KOHTPOJIBHOI TPYIIH Nami€eHTOK (YMOBHA HOpMa)

Table 4. Statistical parameters of NSI maps for the control group of patients (conditional normal)

Trexe Cepenne Koeoiuient Acumertpist Excuec EnTponis
() Bapiauii (CV) (Sk) (Ku) (H)
NSlsso/s20 0,812 0,082 0,060 0,550 4,12
NSIsso/s20 0,804 0,074 0,050 1,950 4,06
NSIs30/s20 1,495 0,086 0,040 0,650 4,27

Ha pucynky 4 HaBegeHo mnpuxian NSI-mam a1 mDamieHTKH 3 IEpBIKAIbHOIO
IHTpaemniTeaialbHOI0 Heorasiero | crynens.

Hageneni nami y Tabnumi 5 mpeacTaBisiOTh pO3paxoBaHi CTATUCTHYHI MapaMeTpu s
KOXHOT 3 TppoxX NSI-Man juis marieHTKH 3 nepBiKaIbHOI iHTpaemiTeNialbHO Heorutasieio |
CTYIEHS.

Byno BUKOHAHO OIIHKY TPHOX HOpMami3oBaHUX iHAEKCIB NSlaso/s20, NSIss0/s20 Ta NSIe30/820
3a OJepKAHUMHU CTaTHUCTUYHUMH XapaKTepUCTHKAMHM, L0 BiJ0OpakalOTh IMPOCTOPOBO-
CTPYKTYPHY OpTaHi3allifo Ta ONTHYHY HEOTHOPIAHICTH TOCTIKYBAHOT NUISTHKY TSI TTAlliEHTKH
3 LEPBIKAJIIHOIO IHTpaeHiTeNialIbHOIO HeorIasiero [ crynens:

e NSlIsso/s20 meMOHCTpye minBHIIEeHE cepenne 3HaueHHS (0,783), mo BiANOBiae aKTUBHIN
CYIMHHIN peakIlii, 3yMOBJICHIi HAsSBHICTIO OKCUTEMOTTIO0iIHY. 3HAaUHE TO3UTHUBHE 3HAYCHHS
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acumertpii (1,884) y nmoennanHi 3 BUCOKUM ekciiecoM (8,931) Bkasye Ha JIOKaJIbHI 30HH 3
IHTEHCUBHOIO BacKyJsipHOIO BignoBimmo. I[lomipra entpomis (3,834) cBimuuThH TPO
30epexKEeHHS 3arajibHOi TEKCTYPHOI BIIOPSIKOBAHOCTI TKAHUHH.

Puc. 4. NSI-mManm pans mamieHTKH 3 [OEPBIKAIBHOIO
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IHTpaeniTemianbHOI Heoruiasiero | crymess:

KOJIBITIOCKOITuHE 300paxkeHHs, 6) NSlaso/s20, B) NSIsso/s20, T) NSIes30/s20.
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Fig. 4. NSI maps for a patient with cervical intraepithelial neoplasia grade I: a) colposcopic image, b) NSlaso/szo,
€) NSlss0/s20, d) NSIe30/s20.

Tabmuus 5. Cratuctiuni napamerpu NSI-marm a7t namieHTKH 3 IEPBIKAIBHOIO iHTPACHITE T AIBHOIO

Heoruasiero [ crynens

Table 5. Statistical parameters of NSI maps for a patient with cervical intraepithelial neoplasia grade |

trerc | Cepenne () | KOCPIENT | AP pcee (Ku) | Barmporia (H)
NSlaso/s20 0,721 0,176 1,221 4,963 3,88
NSIsso0/s20 0,783 0,147 1,884 8,931 3,83
NSls30/s20 1,543 0,113 -0,733 1,115 3,82

e NSle30/220 XapakTepu3y€eThCs BUCOKUM cepeHiM 3HaueHHsM (1,543 ), 1110 TUIoBe /Ui TKAaHUH
13 MABUIIICHOIO BIIOMBHOIO 3/IaTHICTIO — WMOBIPHO, BHACIIOK 3pOTOBIHHS a00 MIUTHBHOL
apXiTeKTOHIKM MoBepXxHeBUX mmapiB. Huszpkuii koedinient Bapiamii (0,113) cBiguuth npo
piBHOMIpHICTh Takux 3MiH. Herarusua acumerpist (—0,733) 3a HasBHOCTI BHCOKOTO
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aOCOJIIOTHOTO CHUTHANy BiJloOpakae cTaOUIbHUN (DOHOBUM BIATYK aTHIOBOi TKAaHWHH.
[Tonmxenunit excruec (1,115) dbopmye po3TATHYTHII PO3MOALT 3HA4YEHb, TUIOBHUA IS
MOIIAPOBUX CTPYKTYpHUX 3MiH. EHTpomis (3,815) miaTBepakye 3araabHy BIIOPSIKOBaHICTb,
6e3 npidHoMacmTabHOT 1e30praHizaiii.

[TlincymoByroun, 3a3HauMMO, L0 3HaueHHS iHAeKkciB NSI Bka3yloTh Ha HasBHICTh
noMipHHX MOP(}OPYHKIIOHATBFHUX 3MIiH EMITENiI0 3 eIeMEeHTaMH CyIMHHOI IepedynoBH Ta
CTPYKTYPHOTO YIIUTbHEHHS TOBEPXHEBHX IapiB. XapakTep CHEKTPajIbHOI BiAMOBIII
BianoBigae panHiM mucractuaHuM mnpomecaM (CIN I-II), ski yckiagHeH1 JOKaTbHUM
(GOHOBMM 3amaJICHHsIM Ta O3HaKaMH TrinepkeparuHizamii. HaiOimpny MiarHOCTHYHY
iHpopMaTuBHICTh AeMOHCTpYeE iHIEKC NSlezo/s20 — K Mapkep MIUIBHOT apXiTEKTOHIKM Ta
MiJBUIICHOT ONTUYHOI IIIJILHOCTI, XapaKTEpHOI JJIsl aTUIOBUX MepelyoB OaraToniapoBOro
emiTerniro.

Ha puc. 5 wnaBeneno mnpukiaa NSI-mManm HOpMami3oBaHOTO CHEKTPAIBHOTO 1HAEKCY
NSle30/s20 A7l MALIEHTKH 3 aJCHOKAPIMHOMOIO IIMHKK MaTtku. HactymHum eramom OyB
PO3paxyHOK CTAaTHUCTUYHHX MapaMeTpiB s KOkHOI 3 Tpbox NSI-mam, siki HaBeneHi y
Tadmi 6.

Tabmuus 6. Cratuctiuni napamerpu NSI-KapT U1 HAaLi€HTKY 3 8I€HOKAPLIIUHOMOIO ITMHKN MaTKH

Table 6. Statistical parameters of NSI maps for a patient with cervical adenocarcinoma

Texe Cepenne Koedimient Acumerpis Excrec Entpormis
(L) Bapiauii (CV) (Sk) (Ku) (H)
NSlsso/s20 0,789 0,168 0,555 5,634 4,45
NSIss0/s20 0,771 0,177 0,583 6,561 4,50
NSlss0/520 1,527 0,119 0,555 0,272 4,44

Ouinka cratucTuyHuX napamerpiB NSI-xkapT mnpu ajneHokapUMHOMI IIMWKM MAaTKU
nokasasa:

* NSluso/s20 (CUHINA CHEKTpaJIbHUI KaHAJI) IEMOHCTpYye cepenaHe 3HadyeHHs | = 0,789, mio
BIJIMOBiIa€ MOMIPHOMY BIIOMTTIO CHHBOTO CBITJIa — TUIIOBOMY JI TiMEPILIACTHYHOTO
eMiTeNiIo 3 TUITHKaMU CIU30BOi arpodii; 3miHM curHamy € nomipaoto (6 = 0,133, CV =
0,168), mo BKa3zye Ha YaCTKOBY HEOJHOPIIHICTh MOBEPXHI, XapaKTepHY JUIs 3aJ03UCTHX
CTPYKTYp 13 perioHaIbHUMH HEKPOTUYHHMH BKJIOYCHHSMH, TIO3UTHBHA aCHUMETpis
(Sk=0,555) BimoOpaxkae JOMiHYBaHHS SICKpaBHX 30H, IIOB’A3aHMX 13 MYIHHO3HUMH
HAaKONMMYEHHsAMH, a miaBuieHuit excuec (Ku = 5,634) Bka3zye Ha CTpYKTypHO 130TpOIHI,
JokamizoBani enemenTd; eHtpomis (H = 4,45) cBimuuth npo ckiajaHy, ajge BIOPSAKOBAHY
TEKCTYPY.

o NSlIsso/s20 (3€71€HUI KaHAT) Ma€ JIEII0 HUKUIUH cepeaniii piBens (L = 0,771), mo BigoOpaxae
MiIBUINICHE TOTJIMHAHHS BHACIIIOK BacKyJsipHOi HacuaeHocTl. [Tokazuuku ¢ = 0,136 1 CV
= 0,177 cBiguaTh Mpo CYAMHHY HEOJHOPIAHICTH Ta MIKPOPETIOHM TiNOKCii. AcUMeTpis
(Sk=0,583) Bka3ye Ha nepeBaKaHHs IHTCHCUBHUX MIEPUBACKYJISIPHUX 30H, & BACOKHUIT €KCIIeC
(Ku =6,561) migrBeprKye iX MpOCTOPOBY JOKai30BaHicTh. HaiiBuIla eHTporis cepes ycix
kaHamiB (H = 4,50) migkpecioe CTpyKTYpHY CKJIaIHICTh MIKPOCYAMHHOI apXITEKTOHIKH.

o NSle30/220 (UepBOHUI KaHAT) IEMOHCTPY€E MaKCUMalbHE cepeane 3HaueHHs (| = 1,527), mo
XapakTepHe /I MyIIMHO3HOT'O HAaTOBHEHHSI, IIIJILHOI CTPOMU a0 mpotidepatib 13 BHCOKOIO
BiIOMBAJILHOIO 3/1aTHICTIO. AGCONMIOTHA BapiabenbHIcTh BUcOKa (6 = 0,182), mpore CV =
0,119 — mnaifHWKYMH cepell TPhOX IHIAEKCIB, MO CBIAYUTH MPO OTHOPIAHICTH HIUTEHOI
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cTpykTypu. Huspkuii excuec (Ku = 0,272) ta 3Hmkena nikoBicte NSI-po3noniny Bka3yoTh
Ha nourapoBy opranizauito. Entpomist (H = 4,44) niarBepmxye MopdoJIOTiuHy CKIaIHICTh
y MeKax CTaOlIbHOTO CHEKTPAILHOTO BiAOUTKY.
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Puc. 5. NSI-marmu 15 nari€eHTKY 3 aIcHOKAPIIMHOMOIO ITUIHKH MAaTKHU: a) KOJbIIOCKOMIYHE 300paKeHHs,
6) NSlaso/s20, B) NSIss0/s20, T) NSI630/s20.

Fig. 5. NSI maps for a patient with cervical adenocarcinoma: a) colposcopic image, b) NSlaso/s20, ¢) NSlIss0/s20,
d) NSlIs30/s20.

Takum 9MHOM, JUIS yCiX KaHATIB CIIOCTEPIra€Thes mo3utuBHa acumerpis (SK > 0,5), o
BioOpaskae nepeBakaHHs rineppedIeKTUBHUX 30H, XapaKTePHUX ISl CIIM30BUX CKYMTYEHb a00
3a103uCcTHX TOMiB. Bucoke 3HaueHHsS NSleso/s20 pa30M 13 HU3BKHM €KCIIECOM CBITYUTH TIPO
NepeBaKaHHs MYIIMHO3HOTO KOMIIOHEHTa 3 PIBHOMIPHOIO CTPYKTypOro. BuCOKi 3Ha4YeHHS
eHTpoIi B ycixX crekTpainbHux mianazoHax (H = 4,4-4,5) miaTBepKyloTh CKJIQJHY, aje
BIIOPSAJIKOBAaHY TKAaHWHHY apXiTeKTOHIKY. CyKymHICTb TIOKa3HUKIB Y3TOIKYETHCS 3
JIarHOCTHYHUM TIpodisieM TyOyisipHOi a00 MYIIMHO3HOI aJeHOKAPIIMHOMH ITUHKH MAaTKH 13
30epekeHOI0 BHYTPIIIHHOIO CTPYKTYPHOIO OpPTaHi3alli€lo.

Ha pucynky 6 HaBeneno npukiian NSI-mam HopMaii3oBaHOTO CIIEKTPaIbHOTO 1HIeKCy NSI
MIPY IHBa3UBHOMY TUIOCKOKIITHHHOMY PaKy IMUHKA MaTKU.

Po3paxyHOK CTaTUCTMYHUX MapaMeTpiB I KOXKHOI 3 TpboxX NSI-kapT HaBeIeHO Yy
Tabaumi 7.
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B) r)
Puc. 6. NSI-mManu 151 NalieHTKA 3 iHBa3MBHUM IUIOCKOKJIITHHHUM PaKkOM IIMHKH MaTKH: @) KOJIBIIOCKOIIYHE
306pa)KGHH5{, 6) NSlaso/s20, B) NSIsso/ 820, F) NSIs30/z20.

Fig. 6. NSI maps for a patient with invasive squamous cell carcinoma of the cervix: a) colposcopic image,
b) NSI450/820, C) NSIsso/szo, d) NSIs30/820.

Tabmuus 7. Cratuctiyni napamerpu NSI-kapT Ui MalieHTKH 3 IHBa3UBHUM TUIOCKOKITITHHHUM PAKOM MIMHKH
MaTK{

Table 7. Statistical parameters of NSI maps for a patient with invasive squamous cell carcinoma of the cervix

Koodimi N . 5 .
Innexc | Cepenne (W) Ba;iea%?tecH\i) CPEI\S/IE)TPM Excrec (Ku) H”EE(;HIH
NSlas0/s20 0,721 0,176 -1,243 2,964 4,16
NSTss0/520 0,827 0,104 -1,616 4,724 3,89
NSlIs30/820 1,427 0,117 1,477 2,697 4,01

Onrtuko-cratucTuyHa omiHka NSI-kapT Tpu 1HBa3MBHOMY IUIOCKOKIITHHHOMY paKy

IIMIKA MaTKH MOKa3alia HacTyITHe:

e NSlsso/s20, y KOpPOTKOXBUILOBOMY KaHail cepenHe 3HaueHHss ND (n = 0,721) cBiguuth npo
MPUTITYIICHe BiMOWBAHHS CHHBOTO CBITJA, IO XapaKTepHO I MOPYIIEHOI MOBEPXHEBOL
CTPYKTYpH Ta TOMIHOJICHOI JMeCTPyKIli emitemansHoro mapy. 3HadenHs CV = 0,176
BKa3yIOTh Ha HASIBHICTh BUPAKEHOI CTPYKTYPHOI MO3aiuHOCTI, TUTIOBOI 7151 MOP(OJIOTIYHO
HEOJHOPIHOT MyXJIMHHOI moBepxHi. Bix’emna acumerpis (Sk = —1,243) cBiguuth mpo
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JIOMIHYBaHHS TEMHHX [IJISHOK 3 HHU3bKOIO (DIyOPECIEHIIEI0 — MOXJIMBA HasSBHICTh
HEKPOTUYHUX a0o imemizoBaHuX 30H. Ekcrec (2,964) Omu3pkuil 10 HOPMAIBLHOTO
po3mnoairy, o Bianosigae GoHOBIH nepeOya0Bi TKAaHMHU 03 YiTKOi 30HaIbHOCTI. Bucoke
3navyenHs eHrporii (H = 4,16) miaTBep/pKye CKIaIHICTh TEKCTYPHOT KAPTUHH.

o NSlsso/s20, y 3€7I€HOMY CcrieKTpaibHOMY Aiana3oHi cepenne ND (u = 0,827) nerro Buie, 110
BioOpakae 3alUIIKOBY a00 MATOJOTIYHO TPaHCPOPMOBAHY BACKYJISPHY KOMITOHCHTY.
Pisko HeraruBHa acumetpis (Sk = -1,616) — o3HaKa BHPaKCHOI MPHCYTHOCTI
TINOIHTEHCUBHUX JUISHOK, SIKi MOXYTh BIJIIOBIIaTH 30HaM CTa3y, Jerpaaarii reMorio0iny
abo Hekposy. Excrec (4,724) nmiarBepuKye HasSBHICTD JIOKATi30BaHMX 30H 3 MATOJIOTIYHO
sHmwkeHuM ND, a entpomis (H = 3,89) nmemio 3HWKeHa, 1m0 BKa3zye Ha 3MCHIICHHS
TEKCTYPHOT KapTHHH.

e NSlss0/s20, y uepBoHOMY KaHaii cepenne 3aaueHHs ND (u = 1,427) 3Ha4HO TiABUIICHE —
TUTIOBHUI MPOSB rineppedIeKTUBHOI BIAMOBIAI MIUIEHOT 400 O1IKOBO HACHUEHOI MYXJIMHHOT
macu. 3HadeHHss CV = 0,117 cBiguuTh mpo MIKPO30HAIBHY T'€TEPOTCHHICTH, BIACTHBY
iHBa3uBHUM ejemeHTaM. llosutuBHa acumertpis (Sk = 1,477) Bka3dye Ha nepeBakaHHS
SCKpaBUX IUITHOK — (iOpo3Hi Ta KampuudikoBani BKIroueHHS. Excuec (2,697) mae
3TIAJKEHUM  PO3MOALI, [0 MIATBEPIKYE JAOMIHYBaHHS (DOHOBOrO YIIUIbHEHHs 0e3
BUpPaXEHOI CTpyKTypHOi cermenTaunii. Enrponist (H = 4,01) — noctatHbO BHCOKA, IO
BKa3ye€ Ha CKJIaJJHY MOP(O-ONTHYHY OYIOBY.

3ayBaxkumo, 1m0 aHani3z NSI-nmpodiniB ans 1aHOi HAIiEHTKH MPOIEMOHCTPYBAB TIIMOOKY
nepedy 0By TKaHWHH, KA € TUIIOBUM IPOSIBOM MaJlirHi3anii. 3HUKEHHS 1HIEKCIB Y CHHbOMY

Ta 3€JICHOMY Jlialta30HaX pa3oM i3 HETaTUBHOIO aCHMETPI€I0 BiT0Opakae MOPYIICHHS CyIMHHOT

CTPYKTYpU Ta HasSBHICTh OCEPEIKIB HEKpo3y. BHCOka eHTpomis y BCIX CIEKTpallbHUX

Jiarma3oHax MiATBEPKY€E CKIaaHy, MOP(OIOTIYHO TeTEePOreHHY apXiTEKTOHIKY, XapaKTepHy

JUISE 1HBA3UBHOTO IJIOCKOKIIITUHHOTO Paky 3 PO3BUHEHOI CTPOMAIBHOIO 1 HEKPOTHYHOIO

CKJIaJIOBUMH.

Y3acanvneni xapaxmepucmuku nopmanizosanux cnekmpanbHux inoeKcie

[Tonana Huxue Tabnauusg 8 MICTHTH Yy3arajbHEHI XapaKTEPUCTUKU HOPMalli30BaHUX
cnekTpaibHuX 1HAEKciB (NSI) ans TpboX M1arHOCTUYHO 1H(GOPMATUBHUX JIOBXKHH XBUJIb:
450/820 um, 550/820 M, 630/820 HM, €KCIIEPUMEHTAIBHO OJEPKAHUX MPOTITOM YOTHUPHOX
MICSIIIB JTOCHIPKEeHb. BkazaHl 3HAYeHHS MPEACTABIICHI y BUIIISIL cepedHne £ cmanoapmmue
8iOxuIeHHs 1 3TPYTIOBaHi 3a I’ AThMa KJIIHIYHUMU KaTeTOpisiMU MallleHTOK: KOHTPOJIbHA IpyTIa,
XpOHIYHE  3amajeHHs, IlepBikanbHa iHTpaemitemianbHa Heomwrtasis (CIN  I-111),
IUTOCKOKJIITUHHUHN PaK Ta aJleHOKapIIMHOMA.

Tabmuus 8. V3araneHeHi mapamerpu NSI-kapT 3a 4oTHpMa KIIIHIYHAME KaTErOpisiIMA Mali€HTOK

Table 8. Generalized parameters of NSI maps for four clinical categories of patients

I'pyma nartieHTiB NSI 450 820 p+o | NSI 550 820 p+c | NSI 630 820 y+c
Komrpomera ~  Tpyma| g 505, ¢ 032 0,708 + 0,030 1,270 0,115
(ymoBHa HopMma) (n=14)

e I 071250038 | 07250035 | 1303027
CIN I-111 (n=21) 0,755 £ 0,045 0,765 + 0,042 1,385 +0,138
(g eI PR 0,788 20,087 0,770 + 0,041 1,528 + 0,131
Anenokaprimaoma (n=3) 0,789 + 0,043 0,771 +£ 0,046 1,528 +£0,119
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[TopiBHSATBHUI aHAII3 TPUBEACHUX CICKTpaTbHUX NSI-1HAEKCIB IPOJEMOHCTPYBAB PIMY
JMHAMIKY 3MiH ONTHYHUX BIACTHBOCTEH TKAHWHU y 3AJIKHOCTI BiJ] CTYIIEHs maTouorii. [aaekc
NSluso/s20 BusiBUB 3poctanHss Big 0,712 npu xponiyHomy 3amanenHi ngo 0,789 mpu
a/ICHOKApIIMHOMI, IO BKa3ye Ha IIOCTYNOBY 3MiHY CTPYKTYpH IIOBEPXHEBOIO WIapy i3
3pOCTaHHSM ITOTIMHAHHS YU 3MEHILEHHSIM 3BOPOTHOI'O PO3CIIOBaHHS Y CHHbOMY Jiala3oHi. Y
3elIeHOMY CrieKTpasibHOMY Jiana3oHi (NSlsso/s20) 3HaYCHHSI IPAKTHYHO HE BiJPI3HSIOTHCS MiXK
rpynamu CIN [-II1, mmockokIiTHHHOTO paky Ta ajgeHokapuuHoM# (6au3bko 0,765-0,771), Tomi
SIK TIPH 3aIaJIeHH] CIIOCTEPIraeThes CyTTEBO HIpKYe 3HaYeHHs (0,725), 10 MOXKe CBITYUTH PO
BIUIMB BacKyJISIPHOTO KOMIIOHEHTA Ha MOIVIMHAHHS B MeKax i€l JoBxkMHM XBWIl. Haitbinbim
1H(OPMATUBHUM IIOJIO CTYIEHs MamirHizamii € iHaeke NSleso/s200 HOTO 3HAYEHHS 3pOCTAE Bij
1,303 mpwu 3ananenHi 10 1,528 mpu 3JI0KICHUX HOBOYTBOPEHHSX, IO BiJI0Opakae 3pOCTaHHS
CTPYKTYpPHOI TYCTHHM Ta 3MiH Yy TauOmmx mapax OioTkaHuH. HasBHICTH HEBEIMKHX
CTaHJApTHUX BIAXWIEHb B YCIX TIpymax BKazye Ha JIOCTaTHIO  CTaOlIbHICTh
BHYTPIIIHBOTPYIIOBUX 3HAY€HB, IO MOXXE OyTH KOPUCHHMM JJIsl BU3HAYEHHS MEX ONTHYHOT
nudepeHIiamii maToJoTii.

BiamiTHMO, 1110 KOKEH 13 CrieKTpaabHUX 1HACKCIB — NSlaso/s20, NSIsso/s20 Ta NSles0/s20 —
BiJIOOpakae xapakTep B3aeMOJil BUIIPOMIHIOBAHHS BiJIITOBIIHOI JIOBKWHU XBHJII 3 TIEBHUMH
CTPYKTYpHO-(DYHKIIIOHATPHIMH KOMIIOHCHTAaMHU OiOTKaHWHH. [HIEKC Yy CHHBOMY Jiama3oHi
(450 HM) € HAHOLIBII YYTJIMBUM JI0 3MiH y TOBEPXHEBOMY €MiTeNliaJIbHOMY IIapi, BKIIOYAIOUN
MOPYIICHHST IUTICHOCTI Ta rinepruiasiro. 3eneHuit kanan (550 HM) mepeBakHO (ikcye craH
MIKPOCYAMHHOTO pyclia, OCKUIBKHM y IIiif 00JacTi CIOCTepiraeThCs MaKCUMallbHAa ONTHYHA
YYTJIMBICTh 70O OKCUTEMOTJIOOIHY Ta 3MiH BacKyJIIpHOTO HAINOBHEHHS. [HAEKC y YepBOHOMY
niana3oHi (630 HM) iHGOpMATUBHUN 11010 MUOMIKMX 3MiH Y (iOpPO3HO-CTpPOMAIIbHINA YacTHHI
TKaHWHW, BKJIIOYAIOYM YIIUIHEHHS, MYIHHO3HY TpaHcopmariro Yu mpodidepariro
CHOJIYYHOTKaHMHHOTO MaTpukcy. OO0’ eqHaHHA iHPOpMALlii 3 TPOX CHEKTPAIbHUX KaHAIB Ja€
3MOry copMyBaTH KOMIUIEKCHY OaraTOBUMIPHY XapaKT€PUCTHKY CHEKTPaJbHOTO BIJITYKY
010TKaHMHH, 5IKa MOXKe OyTH IHTEPIIPETOBAaHA K Bi3yaJbHO, TaK 1 KUIbKICHO, 3 MEPCIIEKTUBOIO
qudepeniianii TUIB NaToJOrIi.

Tomy Hamu Oyna 3ailicHeHa cmnpoOa audepeHmialii CHeKTpaIbHO-MOP(OIOrTyHUX
1HJeKCIB 3a gianazoHamu 3HadeHb NSI-man. Ha ocHoBi cratuctuuynoro anamizy NSI-mam,
OTPUMAHUX 13 EKCIIEPUMEHTAJIbHUX 300pakeHb MAI[IEHTOK PI3HUX KIIHIYHUX Tpyn — BiA
MOpP(}OJIOTIYHO HE3MIHEHMX TKAHWH [0 BHIAJKIB IUIOCKOKIITMHHOTO Ta 3aJI03UCTOrO
(azmeHoMaTo3HOro) paky — Oyso copMoBaHO OOIPYHTOBAHY I'pajallito Jiana30HiB OCHOBHUX
Mop(ho-criekTpaabHUX Moka3HUKIB. L1 iHaekcu Oynu 06UnCIeH OKPEMO Ui KOXKHOTO 3 TPhOX
noka3HUKIB: NSlaso/s20, NSIsso/s20 Ta NSleso/s20. OTprMaHi 1HTEpBaIM 3HAYeHb MOKA3HHUKIB
MoJIaHl HUK4Ye y TaOJMIll 1 JEMOHCTPYIOTh IIPOTHO30BaHy 3MIHY B CIIEKTPAJIbHOMY BIIOUTKY
010TKaHMHM 3aJI€KHO BiJ] CTYIIEHS MaTOJOr14HOT TpaHchopMariii.

HaBenena tabnuus 9 € pezynbratoMm cuctemarusaiii Mopo-CrieKTpalbHUX MOKAa3HUKIB,
00paxoBaHUX JJIs1 HOPMAJTI30BaHUX CHEKTpanbHUX 1HIEKCIB NSlaso/s20, NSIsso/s20 Ta NSIeso/s20.
O06poOKky 371ficHEHO Ha OCHOBI 45 300pakeHb 3 BepU(iIKOBAHUM TiCTOJOTIYHUM J11aTHO30M, 110
BKJIIOYAIOTh BUMAAKK XpoHiyHoro 3amnajeHHs, CIN I-III, miocKOKIITHHHOrO paky Ta
afeHoKapiuHOMH. Takuii  0o0csar  BUOIPKM  JO3BOJSE  3a0€3MEUUTH  CTATUCTUYHY
OOIPYHTOBAHICTb 1 peNPE3eHTATUBHICTh OTPUMAHUX 3HAUEHb.

KoxeH 13 moka3HUKIB Bi1oOpa)xae OKpeMi BIACTHBOCTI ONTUKO-CTPYKTYpPHOI opraHizarii
TKaHUHHU. 30Kpema, 3pOCTaHHs cepeqHboro 3HadeHHsd NSI B koMOiHamii 3 MiJBUILEHOIO
BapialiiiHICTIO (CTaHIAPTHUM BIIXWUJICHHSIM) Ta €HTPOIIEI0 CUTHANy BKa3ye Ha 30UIbLICHHS
CHEKTPaIbHOI Ta MOP(OIOTIUHOI CKIAJHOCTI TKAHUHH, 1[0 BIACTHBE 3MiHEHUM Ta aTUIIOBUM
ninsakam. [TokazHukm acumeTpii Ta ekcriecy NSI-po3moiniB 103BOISAIOTE BUSBIISATH JTOKATbHI
MOPYIICHHS! IHTEHCUBHOCTI, SIKI MOKHA OB’ A3aTH 3 MIKPOCTPYKTYPHUMHU TpaHchopMarisimu,
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30KpeMa, SIK TpH MpostiepaTHBHUX Ta HEKPOTUYHUX 3MiHAX. 3a3HAUYMMO, 110 JaHa TaOIuIs
BUKOHYE pOJIb KUIBKICHOTO OpieHTHpY ais iHtepmnpetanii NSI-300paxenb, oTpuMaHUX i3
CIIEKTPAJBbHOI PEKOHCTPYKIIi, i MOke ciayryBatu 0a3oro aisi moOyJOBH CTaHAApPTU30BAHUX
mKan audepeHuiiHol OIIHKKM MOpP(OJIOTIYHUX TOPYIIEHh Ha OCHOBI CHEKTPalIbHOT
Bi3yautizarii.

Tabmuns 9. [lianazoHu craTucTHYHUX MOP(HO-CIEKTPaIbHUX TOKa3HUKIB

Table 9. Ranges of statistical morpho-spectral indicators

Cran NSI- Cepenne Koe(b} ul?{T Acumertpis | Ekcuec | Entpormist
Bapiarii
TKaHUHH KaHaJIn () (V) (Sk) (Ku) (H)
Hopwma NSliso/s20 | 0,63-0,72 | 0,06-0,7 -0,7...0,4 2,1-2,3 3,1-3,5

3anaineHHs | NSlaso/s20 | 0,68-0,76 | 0,08-0,13 -0,5...0,3 2,5-3,5 3,7-4,0
Hucrtnazigs | NSliso/s20 | 0,76-0,80 | 0,13-0,17 0,3-0,8 4,0-6,0 4,0-4,3
Kapumaoma | NSlaso/s20 >0,80 0,17-0,19 a60>(<)f31,0 >6,0 4.3-4,6
Hopma NSIsso/s20 | 0,66-0,70 | 0,04-0,50 -0,7...0,4 2,0-2,4 3,0-3,6
Bamanenns | NSlsso/s20 | 0,74-0,80 | 0,06-0,13 -0,5...0,3 2,5-3,5 3,7-4,0
Hucmnazis | NSlsso/s20 | 0,78-0,82 | 0,13-0,17 0,3-0,8 4,0-6,0 4,0-4,3
Kapumowa | NShwieo | >082 | 017-019 | 0% 1 >60 | 43-46
Hopma NSleso/s20 | 1,18-1,24 | 0,06-0,07 -0,5...0,4 2,0-2,4 3,0-3,5
3amaneHus NSIs30/520 1,30—1,42 0,08—0,13 -0,3 .. 0,3 2,5—3,5 3,7—4,0
Hucmnazigs | NSleso/s20 | 1,45-1,55 | 0,13-0,17 0,3-0,8 4,0-6,0 4,0-4,3

Kapuunoma | NSlaokzo | >1,55 | 0,17-0,19 a60>2f1’0 >60 | 43-4,6

Ha 3aBepuieHHs, NMpUBEIEMO OLIHKM KIIHIKO-IIarHOCTUYHOT e(EeKTUBHOCTI 3aIrpomo-
HOBAaHO! METOJWKHM CIEKTPaIbHOI 1HJAEKCHOI Bi3yaiizailii, sika 0a3yeThCsi HAa PETEILHOMY
napaneiabHOMy aHaji31 JaHUX BiJl KOXKHOI MalliEHTKH, Y AKX BUKOHAHO K MOP(HOMETPUUHY
iHTepnpetanito NSI-mamn, Tak 1 HmiATBEpI)KEHE TICTOJOTIYHE 3aKIIOYEHHS, OTpPUMaHE MICHs
CTaHAapTHOI O10TICiT 3 MOAATBIIMM NATOTICTOJIOTIYHUM AocHiKeHHIM. Leit miaxin BiamoBinae
BUMOTaM «30JIOTOTO CTAaHJAPTy» IEPEBIPKU TIarHOCTUYHUX METOJIB, 3TIHO 3 SIKUM YCl
pesynpratd  NSI-Bizyamizaiii CHIiBCTaBISUINCH 13 HE3AJIEKHO OTPUMAHMMH BHCHOBKaMU
natomoporora.

VY pe3ynbTaTi Takoro CIiBCTaBJIEHHS OyJI0 BCTaHOBIIEHO, IO 4yTiauBicTh NSI-anamizy
ctaHoBUTh 91,3%, mo0 O0OyMOBIEHO TPAaBWIBHUM BHSBIEHHSM 30H IATOJOTIYHOI
Tpancopmarii B ycix Bunajakax CIN II-III ta inBazuBHOro paky. Cneungiuaicts — 86,5 %,
10 MiATBEPAKYETHCA BIACYTHICTIO XUOHOMO3UTUBHUX PE3Y/IbTATIB Y NALIEHTOK 31 CTAOLJILHOIO
MIKPOCKOIMIYHOI0 KapTHHOIO XPOHIYHOro 3amajieHHs Oe3 arumii. 3arajibHa J1arHOCTUYHA
TOYHICTh MeTony — 89,2 %, mo po3paxoBaHa sSK 4acTKa BCIX BUMNAAKIB, y skux NSI-mamu
KOPEKTHO 1/1eHTU(]iKyBaiM HasBHICT a0O BIJCYTHICTh MAaTOJOTii y BIAMOBIIHOCTI 0
pedepentHoro metoay. Lli YMCIOBI MOKA3HUKH MMiATBEPHKEH] MOPIBHIHHAM 30HATBHUX NSI-
po3noainiB (Ha ocHOBI KapT NSlaso/s20, NSIsso/s20, NSle30/820) 13 BiITOBIIHUMHE T1CTOJIOTIYHUMHU
KapTaMl y MeKax BHIUIEHHX 30H IHTEpecy, a TaKOoX aHali30M MoOp(O-CTaTUCTUYHUX
napamMeTpiB y Mexkax 30H, 10 Oyiau mepeBipeHi maromopdodoriuno. s mpoBeneHOro
pedpepentHoro uuronoriyHoro (ITAIl-tect) merony AiarHOCTUKHM YycepeaHEH! MOKa3HUKU
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ctaHoBuiu: uytnuBicte 6070 %, crneuudiunicts 80-82 % Ta 3aranpHa TOuHICTH 73—78 %.
Bepudixkaris mpoBoaniack HE3aJICKHO Y CIIBIpPAIll 3 KJIIHIKO-TIATOJOTIYHAM M1IPO3JILIOM, 3
MOBHUM JIOTPUMAHHSM €THYHHX BUMOT Ta 3aTBEPKEHOTO TIPOTOKOITY.

BUCHOBKUA

[IpencraBiaeHi ONTHYHO OOIPYHTOBAHI pe3yiabTaTH EKCIIEPUMEHTAIBHOI ampoOarrii
PO3p0o0JIECHOT0 HaMHU METOJNY CIEKTPaJbHO-HOPMAJIi30BaHOI Bidyasizamii Ol0TKaHWH ITHHKU
MaTKH MPOAEMOHCTPYBAIN HOT0 e(heKTUBHICTH y Au(epeniialii maToJoriyHuX 3MiH Ha OCHOBI
KUIBKICHOTO aHajizy HopMaiizoBaHuXx iHaekciB NSI. byro:

1. Po3po0ieHo Ta TEXHIYHO pPeali30BaHO KOMIIAKTHHH CIEKTPaJbHO-AiarHOCTHYHUMA
MOAYJb, SIKHH iHTerpyBaB MoHOXpoMHY CMOS-kamepy Basler Ace 3 KiTbIIEBOIO CHCTEMOIO
By3bKocrekTpasibHoro LED-ocBitinenus (450, 550, 630, 820 uM) Ta moispu3amiiHuM
GbiIbTpyBaHHIM BXITHOTO 1 BUX1IHOTO cBiTNa. Taka koHbirypailis 3a0e3mneuye KOHTPOJIbOBaHY
MOCJIIOBHY CIIEKTPAJIbHY MiJCBITKY i3 MPOCTOPOBO PIBHOMIPHUM PO3IOAIJIOM OCBITIEHOCTI,
ONTUYHY CEJIEKTUBHICTb IPU peecTpallii CUrHaly BiOMBaHHA 1 3HWXKYE BIUIMB Napa3sUTHHUX
BIIOMMCKIB, IO BaXJMBO M QopMmyBaHHS ngocToBipHuX NSI-mam 1 moxambmoro
MOpP(HOMETPUYHOTO aHATI3Y.

2. BmpoBamkeHo (i3MYHO OOTPYHTOBAHUN METOJ CIEKTPAIBHOI OIIHKH CTaHy TKaHWH
MIMAKY MaTKd HAa OCHOBI HOPMali30BaHUX CHEKTpajbHUX iHJeKciB NSI, mo no3Boise 3
BHCOKOIO ONTHYHOIO YYTJIMBICTIO PEECTPYBATH 3MiHH y CHIEKTPAJIHHOMY BiATYKY O10TKaHUHH.
BcranoBieHo, 110 3 MiJBUILEHHSIM CTYIEHs MaToJOril BiJ 3alajJieHHs J0 1HBa3UBHOI'O PaKy
CIIOCTEPITaeThCs MOCIIIOBHE 3POCTaHHS CEpPEeNHIX 3HAYCHb HOPMAII30BAaHMX CIIEKTPAIBHUX
ingekciB (NSI), 30kpema, y yepBonomy miana3oni (NSlesso/s0: Big 1,30 £ 0,05 mo 1,53 £ 0,06),
o BigoOpakae 3pOCTaHHS ONTHYHOI IMIJIBHOCTI TKAHWHH, TIOB’S3aHOI 31 CTPOMAaJIbHUM
yIIUIbHEHHAM 1 (pi6po3Humu 3miHamu. CuHil 1 3eneHuil xaHamu (450-550 HM) mokazanu
3HIKEeHHsE NSI y rinoiHTeHCUBHUX AUISHKAaX, XapaKTEpPHUX JJIs HEKPOTU30BAaHUX 1 CIa0KO
BaCKYJISIPU30BaHUX 30H.

3. KinpkicHuit cratuctnyamnii  aHamiz NSI-xkapt miaTBepauB  iH(OPMATHBHICTH
MOKa3HMKIB aCUMETPii, Bapiallii, excuecy Ta entpomnii: st NSI550/820 acumerpis 3pocTae Bij
0,281 + 0,107 mo 0,582 + 0,093, ekcuec nepeBuirye 6 y pas3i AucCIUIa3ii Ta KaplUHOMH, a
3HWKEHHS EHTPOMIi KOpEeItoe 31 3MEHIIEHHSAM MOP()OJIOTIYHOI CKIaJHOCTI; HAa OCHOBI ITUX
naHux Oyno cdopmoBaHO OOIpYHTOBaHY TIpajallilo Jlama3oHiB OCHOBHUX MOpPQo-
CHEKTPAIbHUX XapaKTEePUCTUK JUIs MOJANIBIIOI AIarHOCTUYHOI iHTepIpeTaii.
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Background: Modern visual diagnostics of precancerous and malignant lesions of the cervix requires
increasing objectivity and accuracy through the use of physically based optical-spectral methods. Formation
of quantitative spectral characteristics of structural changes in biotissue opens up new opportunities for
differential assessment of the stage of pathology and construction of morpho-spectral screening scales.
Objectives: To develop a method for spectral visualization and analysis of morpho-optical changes in
cervical biotissue based on normalized spectral indices (NSI) using a compact optical module and to
determine key quantitative indicators sensitive to the stages of the oncological process.

Materials and Methods: To register spectral reflectance, a diagnostic module with a monochrome CMOS
camera and a ring LED lighting system (450, 550, 630, 820 nm), supplemented with polarization filters,
was used. NSI-map processing was carried out by calculating NSI-indexes and statistical parameters for 62
cervical images of patients of the main groups of pathologies with subsequent morphological verification.
Results: The NSI_630/820 index was the most sensitive to changes in tissue density and vascularization,
its average value increased from 1.303 in inflammation to 1.528 in the case of adenocarcinoma. The
increase in asymmetry and kurtosis in the NSI_530/820 profiles in the case of the transition from CIN to
carcinoma indicates the likely formation of areas with increased optical heterogeneity. A structured
classification of intervals of values of the main morpho-optical characteristics was formed, reflecting their
changes within the pathological process.

Conclusions: The method of spectral-normalized visualization based on NSI indices allowed to
quantitatively reflect morphological changes in the biotissue of the cervix. Indicators of changes in the
spectral structure of the reflected optical signal, which correlate with the type of pathology, were
established, and the effectiveness of the proposed approach for optical-physical differentiation of the stages
of malignancy was proven.

KEY WORDS: spectral visualization; NSI maps; normalized spectral index; optical-morphological
changes; cervix; asymmetry; kurtosis.
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Background: Recent studies on the lysate of Lactobacillus rhamnosus DV have demonstrated its
antimicrobial and fungicidal activities. Classical microbiological methods for evaluating postbiotics and
metabiotics are resource-intensive that need for new rapid and sensitive tests systems to assess their
antimicrobial and antifungal properties.

Objectives: The aim of this work was to study the effects of the Lactobacillus rhamnosus DV lysate on the
intensity of Photobacterium phosphoreum bioluminescence and to demonstrate the potential use of
bacterial bioluminescence to determine the bacteriostatic activity of this postbiotic substance.

Materials and methods: The cell lysates of lactic acid bacterial strain L. rhamnosus DV were investigated,
which were included in the Del-Immune V® dietary supplement produced by MirlmmunoPharm LLC
(Ukraine) in cooperation with Stellar Biotics, LLC (USA). The culture of P. phosphoreum IMV B-7071
was used in this study. Bioluminescence measurements were conducted using a digital photo-registration
method. Bioluminescence was analyzed using cross-platform open-source software ImageJ (NIH) in
brightness units in RGB color space.

Results: The bioluminescence intensity initially increased with population density during the first day, then
faded despite the continued growth of cell density in the bacterial suspensions. The addition of
Lactobacillus rhamnosus DV lysate significantly suppressed bioluminescence, reducing it to background
levels within 24 hours, with the effect varying by concentration. The peak luminescence in control samples
occurred at 18 hours, whereas in lysate-treated samples it shifted to 3-6 hours, depending on the lysate
concentration.

Conclusions: The lysate of Lactobacillus rhamnosus DV causes a significant decrease in the growth rate
of Photobacterium phosphoreum and strongly suppresses the intensity of their bioluminescence, the
magnitude of which depends on the concentration of the lysate. This finding supports the use of bacterial
luminescence as an effective way for evaluating the bacteriostatic activity of postbiotic substances against
pathogenic and opportunistic microorganisms.

KEY WORDS: postbiotics; bacterial lysate; bioluminescence; Lactobacillus rhamnosus; Pshotobacterium
phosphoreum.
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Currently, there is a large array of data on the beneficial properties of probiotics in the
regulation of metabolism [1]. At the same time, postbiotics and metabiotics are substances
containing inactivated microorganisms or their components, which are safe for use and have a
positive impact on human health [2, 3].

The term 'postbiotic’ is used to refer to a cell-free supernatant with bacterial final or
intermediate products of metabolism produced by living bacteria or formed in the process of
lysis of bacterial cells. The term 'metabiotics’ is often used to denote fragments of the cell wall
of probiotic microorganisms and DNA fragments remaining after the destruction of probiotic
cells [4,5]. Due to their properties, postbiotics and metabiotics provide a local effect on the
tissues of the intestinal epithelium and affect various organs and systems of the body. It is
important for postbiotic metabolites and structural cell’s fragments of metabiotic cells mimic
to display the therapeutic effect of probiotics, which allows avoiding the risks associated with
the introduction of live microorganisms into an organism especially with weakened immune
defenses.

Postbiotic supplements can be beneficial for irritable bowel syndrome, inflammatory bowel
and respiratory diseases [6]. Postbiotics and metabiotic substances, obtained by different
technology from probiotics during probiotic’s manufacturing process also demonstrate
antibacterial, anti-inflammatory, immunomodulatory, antiproliferative, and antioxidant activity
[6, 7]. Such postbiotics, like probiotic lysates, have significant advantages as safe substances
with high immunotherapeutic efficiency. In particular, they activate certain aspects of cellular
and humoral immunity [8].

Recent studies on the lysate of Lactobacillus rhamnosus DV have demonstrated its
antimicrobial and fungicidal activities [9]. This activity is attributed to antibacterial protein
compounds known as bacteriocins, which are produced by bacteria to combat other competitive
bacterial species. Bacteriocins play a crucial role in interspecific interactions and competition
among bacteria and hold significant potential in medicine and biotechnology [10]. However,
the use of classical microbiological methods to evaluate the bacteriostatic and antibacterial
properties of postbiotics is costly and requires specific resources and working time. Therefore,
the development of sensitive and rapid test systems for assessing the antimicrobial and
antifungal activities of postbiotics is a pressing need.

Photobacterium phosphoreum is a well-established model in ecotoxicology and biomedical
research, owing to its high sensitivity to diverse chemical and physical environmental stimuli
[11]. P. phosphoreum generates light through a flavin oxidation reaction catalyzed by bacterial
luciferase. In the presence of some toxic for human substances, the intensity of bioluminescence
changes. But first of all, the bioluminescent activity of P. phosphoreum serves as a sensitive
indicator of the presence of toxic substances specifically to this type of bacteria.

On the other hand, one can expect a corresponding reaction of P. phosphoreum to the
influence of postbiotic preparations that contain bacteriocins and other biologically active
compounds and demonstrate bacteriostatic and antibacterial activity. In this regard, the aim of
this work was to study the effects of the Lactobacillus rhamnosus DV lysate on the intensity of
P. phosphoreum bioluminescence to explore to demonstrate the potential use of bacterial
bioluminescence to determine the bacteriostatic or/and antibacterial activity of postbiotic
preparations.

MATERIALS AND METHODS
In this research the cell lysates of lactic acid bacterial strain L. rhamnosus DV were
investigated, which were included in the Del-Immune V® dietary supplement produced by
MirlmmunoPharm LLC (Ukraine) in cooperation with Stellar Biotics, LLC (USA). Content of
L. rhamnosus DV lysate lyophilized powder: protein 100 mg/g; DNA 118 mg/g; muramyl
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peptides 15.0 — 18.0 mg/g; pH of 1% suspension 6.5-7.5; moisture (%) no more 5.0. The dietary
supplement that contains the cell lysate of lactic acid bacterial strain L. rhamnosus DV is packed
in capsules and contains insoluble components. Its solutions at high concentrations form turbid
colloidal dispersions.

The culture of Photobacterium phosphoreum IMV B-7071 was used in this study. This
bacterial strain is in the depositary of the D. K. Zabolotny Institute of Microbiology and
Virology of the National Academy of Sciences NAS of Ukraine. The species identification of
the bacteria was confirmed by the sequencing of 16S rRNA gene region. The nucleotide
sequence was submitted to the GenBank nucleotide sequence database
(http://www.ncbi.nlm.nih.gov/genbank) under accession number KF656787.

The photobacteria were cultivated at room temperature of 21-23°C in the liquid nutrient
medium of the following composition (g/L): peptone (LLC “Pharmaktiv”’, Ukraine) — 5.02,
yeast extract (LLC “Pharmaktiv”’, Ukraine) — 1.0; NaCl — 30.0; NazHPO4 — 5.3; KH2PO4 X
2H,0 — 2.1; (NH4)2HPO4 — 0.5; MgSO4 x H2O — 0.1; glycerol — 3.0 mL/L, distilled water
—uptollL,pH7.0.

The cell concentration was measured using an optical method based on the light scattering
properties of bacterial suspensions. The optical density of the suspensions was measured using
KFK-2 photocolorimeter with 640 nm filter in glass cuvettes with an optical path length of 0.5
cm. Optical density value of D = 0.1 corresponded to a concentration of 107 cells/ml. In this
study the initial cell concentration in the nutrient medium, which corresponded to the initial lag
phase, for all samples was set to 107 cells/ml.

Aqueous solutions of L. rhamnosus DV lysate (lyophilized powder) were added to the
experimental bacterial samples during the lag phase to reach final concentrations of 0.1, 0.3,
1.0, 3.0, 10.0, and 30.0 mg/ml. Corresponding volumes of water were added to the control
samples. The final volume of each bacterial suspension in the plastic wells was 3 ml.

Bioluminescence measurements were conducted using a digital photo-registration method
with a Canon 700D camera, set at 1ISO 12000, an aperture of 5.6, and an exposure time of 2
seconds. Background (baseline) bioluminescence was measured without stirring the bacterial
suspension at 3, 6, 18, 24, and 30 hours after the experiment began. Bioluminescence
parameters were analyzed using ImageJ (NIH), a cross-platform, open-source software
designed for image processing and analysis in biological, medical, and other research fields.
Bioluminescence intensity was measured in brightness units in RGB color space. In 8-bit
imaging, the intensity of each RGB channel and the resulting grayscale average are represented
by integer values ranging from 0 to 255. We used the mean value of bioluminescence intensity
averaged over 3 channels and also used brightness values for individual color channels.

Statistical data analysis was performed using the Origin Pro software platform. Average
values and standard errors were calculated. The statistical significance of the difference in mean
values was assessed by two sample Kolmogorov-Smirnov test which compares not only means,
medians, or ranks, but also takes into account differences in the shape, skewness, or variance
of two distributions. The statistical sample size for each type of sample was n = 8.

RESULTS AND DISCUSSION
The results of the study on the time dynamics of P. phosphoreum bacterial suspensions
indicate the phase evolution of their bioluminescence. During the first day, the intensity of
bioluminescence increased in parallel with the growth of the bacterial population density. After
this period, the bioluminescence gradually faded, despite the continued increase in the
population density (Figs. 1 and 3). This is consistent with previously obtained data on the
temporal dynamics of P. phosphoreum bioluminescence over an extended period [12].
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The primary intensity of the light signal falls within the blue and green ranges, where the
principal spectral band of bacterial luminescence is located [12,14]. The contribution of the red
range typically remains at a background level, not exceeding 10-15 conventional RGB units.
Consequently, changes in the average bioluminescent signal intensity are mainly due to the
activity of bacterial luciferase. The addition of L. rhamnosus DV lysate significantly suppressed
the average intensity of bacterial luminescence over 24 hours, and after a day, the
bioluminescence was barely observed and subsequently faded to background levels (Fig. 1).

The effect of the lysate on P. phosphoreum bioluminescence depended on its concentration.
The greatest effect of the lysate was observed during the peak luminescence phase of the
photobacteria, which occurred after 18 hours of incubation in the control samples. Additionally,
the lysate not only significantly reduced luminescence intensity but also altered its temporal
dynamics. While in the control samples, the peak luminescence occurred at 18 hours, in samples
containing the lysate, the peak luminescence phase occurred at 3-6 hours, depending on the
concentration of the lysate (Fig. 1). At a lysate concentration of 0.1 mg/ml, maximum
luminescence was observed at 6 hours, whereas at higher concentrations, it was observed at 3
hours. At the highest concentrations of 10 and 30 mg/ml, the luminescence phases were almost
not observed due to nearly complete suppression of bacterial luminescence.

175 5 1 1 —il— Control
/ 2 =8 0.1mgml
3 =—h 03 mgml
4 =y = 1.0 mg/ml
5 3.0 mg/ml

6 10.0 mg/ml
7 30.0 mg/ml
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Average bioiluminescence brightness (a.u. RGB)

Time (hours)

Fig. 1. Temporal dynamics of the average intensity of bioluminescence of P. phosphoreum bacterial
suspensions in control groups and in the presence of L. rhamnosus DV bacterial lysate at different
concentrations. Notes: Solid and dashed lines represent spline approximation of the times dynamics.

The concentration dependence of the lysate's effect on the bioluminescence intensity of
P. phosphoreum is clearly illustrated in Fig. 2. According to the data presented in the figure,
the lysate significantly suppresses the bioluminescence intensity of photobacteria by 4-5 times
even at low concentrations. The concentration dependence of the lysate's effect on
photobacteria luminescence has an exponential character and is well linearized when the
concentration axis is logarithmically scaled (Fig. 2). This dependence is described by the
equation
| = 14.63-2.89In[C]. The model demonstrates the high biological activity of the lysate in
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suppressing bioluminescence, which, according to theoretical calculations, can be detected at
concentrations as low as 10°-10* mg/ml.
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Fig. 2. Dependence of the average bioluminescence intensity of P. phosphoreum on the concentration of L.
rhamnosus DV lysate during the peak luminescence phase of the control samples.

Notes: The solid line represents the logarithmic approximation of the concentration dependence. The inset
graph shows the result of the logarithmic linearization of the concentration dependence.
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Fig. 3. Effect of L. rhamnosus DV bacterial lysate at concentrations of 0.1 and 0.3 mg/ml on the density of P.
phosphoreum bacterial population after 24 and 30 hours of development.
Notes: con — kontposs; * — P<0.01 compared to control samples. The dashed line indicates the initial cell
concentration level in bacterial suspensions for all samples. In samples with higher concentrations of lysate, it is
not possible to measure cell concentration using optical methods based on light scattering due to the high turbidity
of the lysate at these concentrations.
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The high inhibitory activity of the lysate on the bioluminescence of P. phosphoreum raises
questions regarding the underlying mechanism of this phenomenon and its impact on cell
density. Is the reduction in bacterial bioluminescence intensity a result of inhibited population
growth, or does the lysate interfere with metabolic pathways associated with the bacterial
luciferase system?

Figure 3 presents the results of the study on the effect of L. rhamnosus DV lysate at
concentrations of 0.1 and 0.3 mg/ml on the density of the P. phosphoreum bacterial population
after 24 and 30 hours of development. The lysate at these low concentrations reduced bacterial
density by approximately 25%, indicating a bacteriostatic effect through the suppression of not
only metabolism but also bacterial reproduction. Nevertheless, the lysate suppressed
bioluminescence intensity by 75-80%, suggesting that the bacterial luciferase system is highly
susceptible to the lysate's inhibitory action, beyond its general bacteriostatic effect.

This sensitivity is likely related to the specific structural and functional organization of the
bioluminescent system in photobacteria. Bacterial bioluminescence is mediated by a reaction
catalyzed by luciferase (a flavin-dependent monooxygenase), which requires reduced flavin
mononucleotide (FMNH2), O, and a long-chain fatty aldehyde (RCHO). The reaction products
are oxidized flavin mononucleotide (FMN), the corresponding fatty acid (RCOOH), H20, and
visible light [13]. This process is controlled by the lux A, B, C, D, E operons. It was found that
the structural genes lux A, B encode luciferase, and lux C, D, E encode aldehyde synthesis.
This part of the complex is the same for all studied bacteria [14]. The role of luminescence in
microbial physiology remains poorly understood. However, its involvement in aquatic
organism protection, intercellular communication, and stress response mechanisms has been
widely discussed in the literature [15, 16]. Thus, the bioluminescence of photobacteria is a
highly energy-consuming process that sensitive to any changes in the energy supply to the cells.
This process is inhibited under adverse conditions caused by various environmental stressors
or toxic agents affecting this species. Based on this fact and literature data array, we assume the
main factor causing the suppression of bioluminescence and reproduction of P. phosphoreum
are bacteriocins together with other biologically active components contained in the lysate.

CONCLUSIONS

L. rhamnosus DV lysate causes a moderate decrease in the growth rate of P. phosphoreum
while strongly suppressing its bioluminescence intensity in a dose-dependent manner. The
effectiveness of the lysate follows an exponential pattern, suggesting threshold effects at
concentrations as low as 10°-10* mg/ml. These findings substantiate the feasibility of using
bioluminescence assays to evaluate the antimicrobial potential of postbiotic preparations.
Furthermore, they provide a foundation for novel applications of bioluminescent bacteria in
medicine and biotechnology, specifically for developing standardized methods to assess the
activity of biotechnological products against pathogenic and opportunistic microorganisms.
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Meta: Meroro 1iei po6otu Oyino BuBYMTH BIUTHB Jji3aty Lactobacillus rhamnosus DV Ha iHTEeHCHBHICTB
Giomrominecuenuii Photobacterium phosphoreum i mnpomemoHCTpyBaTH MOTEHLIAHY MOXJIHMBICTh
BUKOPUCTAHHS OakTepianbHOI OIOJIOMIHECHCHINT Ml BU3HAYCHHS OAKTEPIOCTATUYHOI aKTUBHOCTI
NOCTOIOTHYHMX MPEnaparis.

Marepiaan Ta Meroau: JloCiiKeHO KIITHHHI JIi3aTH [ITaMy MOJIOYHOKHCIHX Gakrtepiii L. rhamnosus
DV, mo Bxomats no ckiaxy xapgoBoi no6asku Del-Immune V® BupobruuTBa TOB «Miplmyno®@apm»
(Yxpaina) y cmiBnpami 3i Stellar Biotics, LLC (CILIA). V mpoMy IOCHIIKXECHHI BUKOPHCTAHO KYIBTYPY
P. phosphoreum IMV B-7071. BumiproBaHHs OiOJOMiHECHEHII TPOBOAMIA METOAOM IH(POBOL
(otopeectpamii. biomomiHecneHIiI0 aHaNI3yBamd 3a JOIIOMOTOI0 KpPOCIDIAT(HOPMHOTO MPOTPaMHOTO
3abe3neueHHs 3 BinkputuM kojoM Imagel (NIH) B omuHHIAX sickpaBocTi B KomipHOMY mipocTopi RGB.
PesyabTaTu: [HTEeHCHBHICTB O10JIIOMIHECIIEHITIT CITOYATKY 3pOCTaa 31 301IbIIEHHSM ILTEHOCTI MO JISIIiT
MPOTATOM TIEPILIOTo AHS, a MOTIM 3MEHIIYBaJlach, HE3BaYKAIOUH Ha ITOJIAJIbIIE 3POCTAHHS IITEHOCT] KITITHH
y OakTepialbHUX cycreH3isx. JlonaBaHHs J1i3aTy 3HAUHO MPUTHIYYBaJIO 010JIOMIHECIIEHIIII0, 3HIKYIOUH 11
J10 ()OHOBOTO PiBHSI YNPOAOBX 24 roanH, NpuuoMy e(eKT 3MIHIOBAaBCS 3aJIe)KHO Bix KoHNeHTpauii. [lik
JFOMiHECLICHIIIT B KOHTPOJIBHUX 3pa3Kax croctepiraBcs yepe3 18 roauH, Toi K y 3pa3kax, 00poOIeHuX
Ji3aTOM, BiH 3MIIIyBaBcs 10 3—6 TOIUH 3aJI€KHO BiJl KOHIICHTpALIIT J1i3aTy.

BucnoBku: Jlizar Lactobacillus rhamnosus DV Buxiukae 3HauHEe 3HM)KEHHS MIBUAKOCTI POCTY
Photobacterium phosphoreum Ta cunbHO mpUrHIYY€e IHTCHCUBHICTD IXHBOI G10IOMIHECICHITIT, BETHYHHA
SKOI 3aJIeKUTh Bil KOHIEHTpamii mizary. el ¢akT miaTBepIKye iel0 BUKOPUCTAHHS OakTepialbHOI
JIOMiHECHEHIIIT STk e()eKTUBHOTO CITOCO0Y OLIHKK O0aKTepiOCTATHYHOI AKTUBHOCTI MMOCTOIOTHYHUX PEIOBUH
NPOTH MATOTeHHUX Ta YMOBHO-IIATOT€HHUX MIKPOOPIaHi3MiB.

KJIIOUYOBI CJIOBA: noct6ioTnky; 6akTepianpHuii tizaT; 6ioaroMinectenis; Lactobacillus rhamnosus;
Photobacterium phosphoreum.
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PET'VJISITOPHA IS CHHTETHYHOT' O HEMPONIENITUIA ONIOITHOT J1i HA
BLIKOBUI TOMEOCTA3 B YMOBAX X0JIOJIOBOT'O CTPECY
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AxTyajbHicTh. HeliponenTuan omioinHOI NMpUpPOIM 34aTHI PETyIrOBATH META0OJIdHI MPOLECH 4epe3
AKTHUBAIIIO CTIENN(pITHAX OIMIOITHIX PEENTOPIB, 0COOINBO B yMOBax cTpecy. OHaK MEXaHi3MHU IX BILIHBY
Ha OUTKOBHIT 00MIH 32 YMOB XPOHIYHOTO X0J10/10BOTO cTpecy (XXC) 3anMnumarThCs MaTog0CiIPKEHUMH. 3
OISy Ha BOXKJIMBICTD MiATPUMaHHS OLTIKOBOI'O FOMEOCTa3y B €KCTPEMaJIbHUX YMOBAX, JOCIIIXKEHHS PO
HeWponenTHIiB y Kopekiii 0ikoBoro npodinto HaOyBae MPakTHYHOTO 3HAUEHHS JJIsi CTBOPEHHS HOBHX
miaxoiB 10 hapMaKoIOTiYHOI ajanTarii.

MeTa po0doOTH: TOCITIJUTH 3MiHHU [TOKa3HUKIB OLIKOBOrO OOMiHY B CHUPOBATIIl KPOBI MOPCHKMX CBUHOK ITiJT
BruiMBoM X XC, OL[IHUTH IPOTEKTOPHY [0 AajapriHy Ta BCTAHOBUTH POJIb OMIOIAHOT CHCTEMH B peryJisiii
IIUX TPOIICCIB.

Marepianu i MeToau. Y 10CHiUKeHHI BUKOPHCTOBYBAIN MOPCHKUX CBUHOK, IKUX YTPUMYBAJIN B yMOBaX
XXC. 3miHn 0iTKOBOrO OOMIHY OIIHFOBAJM 32 BMICTOM 3arajlbHOTO OiNlka, almbOyMiHy Ta TIOOYIiHIB Y
CHpOBATIIi KPOBi, 3aCTOCOBYIOUH CTaHIAPTHI OIOXIMIYHI METOJUKH. Y SKOCTI KOPUTYIOUOTO 3aco0y
BUKOPUCTOBYBAIIM CHHTETHYHHI aHAJIOT Jiei-eHKealiHy (mamaprid), skuii BBoamwH y 1031 100 MKr/kr
niamkipao 3a 30 xB 10 MonemoBaHHI X XC.

PesyabTaTu. Y TBapuH, Aki 3a3HaBau XXC, crocTepiraock CTaTUCTUYHO 3HAUYIIE 3HIKCHHS BMICTY
anbOyMiHy 1 30UIbLICHHS TJOOYIIHIB BIIHOCHO IHTaKTHHX 3HAY€Hb, LIO MPU3BOJMJIO JIO HOpPYLICHHS
aNbOYMIH-TI00YIIHOBOTO KOe(]illieHTa Ta CBIAYWIO MPO aucOanaHc OLTKOBOro mMerabonizmy. BeemeHHs
JANIapriHy CIPHsIO HOpMasi3allii anb0yMiH-TJI00YTIHOBOIO KOe(DIili€HTa NUISIXOM BIAHOBJICHHS BMICTY
rIo0y/IiHIB Ta albOyMiHY B KPOBI MiIAOCTITHUX TBapWH, IO CBIYUTH MPO CTaOiTi3aIliio O1TKOBOrO
romeocrasy i IpOTeKTOpHY Aito Aanapriny B ymoBax XXC. KpiMm Toro, BBeZIeHHs! JaiapriHy 3MEHIIYBaJIO
HaKONMYEHHS MasloHoBoro miampaeriny (MJZIA) B ymMoBax XOJOZOBOTO CTpecy, IEMOHCTPYIOUH
AQHTUOKCUJIAHTHUH Ta NUTONPOTEKTOpHHH edekT 1 3abesnedylodd MiATPUMKY CTPYKTYpHOI Ta
(hyHKIIOHATBHOI IITICHOCTI TKAaHWH.

BucHoBkH. Pe3ynbTaTé OOCHIZUKEHHS CBiI4aTh, IO JAJAPTiH € TIEPCHEKTUBHUM 3aco00M  JuIs
(hapMakoIOTIYHOT KOpEeKHii MeTa0oNiYyHUX MopymeHb, 3yMoBieHHX XXC, OCKUTBKM BiH 3MEHIIYE
HakonndeHHs M/IA, eMOHCTpYIOUM aHTHOKCHAAHTHUH Ta IIUTOIIPOTEKTOPHUH e(eKT, Ta MiAKPECIIOI0Th
BaXJIUBY POJb OMIOIAHOI HEHpOMeNnTHIHOI CHCTEMH B peryisimii OiakoBoro oOMiHY I miaTpumi
CTPYKTYPHOI LiJIICHOCTI TKAaHWH 32 JIii eKCTpeMalbHUX (aKTOPiB.

Sk umuryBatm: Moiceea HM, Mupnuit BI', AxaroBa IOC, T'opina OJI. PerymstopHa Iisi CHHTETHYHOTO
HeliporienTHaa omioigHoi aii Ha OINKOBMH rOMEocTa3 B yMOBax XOJIOJOBOrO crpecy. biogizuuHuii BicHUK.
2026;55:44-52. https://doi.org/10.26565/2075-3810-2026-55-04
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PerynsaropHa 1isi CHHTETHYHOT'O HeporienTuaa onioigHoi Aii Ha O1IKOBHI TOMEOCTa3. ..

KJIFOUYOBI CJIOBA: kpio0Gionorisi; HU3bKI TeMIIEpaTypH; TiHOTEPMisl; X0J0A0Ba aJlaNTallis; Aajlapril;
OMioiHI penenTopy; OINKOBUI 0OMiH; TOMOWTEPMHI TBapHHH, alIbOyMiHH; TTIO0YIIIHH; CTpEC.

Huspki TemmepaTypr HaBKOJHUIIIHBOTO CEPEAIOBUINA € OAHHM 13 HAHOUIBII MOTYKHHX
MPUPOJHUX CTPECOPIB, 3MaTHUX ICTOTHO MOMU(DiKyBaTH (DYHKIIIOHAIBHHA CTaH OPTaHi3MY.
XpOHIYHUI BIUIMB XOJIOAY, SIK (popMa TpHBajIoOro Ta MyJIbTH(AKTOPHOTO CTPECY, HIILIIOE
KacKkaJl  aJanTaliiHO-KOMIIEHCATOPHUX  pPEaKiliii, CHOpsIMOBAaHHUX Ha  MIATPUMAHHS
TEPMOTOMEOCTa3y, MPOTE 32 YMOB MPOJIOHTOBAHOI il MOXXE MPU3BOIAMTH JI0 CHUCTEMHHUX
MOpYIIEHb ToMeocTady. 30Kpema, XpoHiuHHH xosomoBuii crpec (XXC) acoritoerbes 3
JUCPETYISIIIEI0 €HEPTeTUYHOTrO0 MeTaboIi3My, OCIa0JIEHHSM aHTUOKCHJIAHTHOI CHCTEMH Ta
3HIKCHHAM (DYHKITIOHAIBHOI aKTUBHOCTI KIITHH [1-5]. OqHUM 13 HalOLIBII YYTAUBUX 110 il
CTpECOpiB KOMIIOHEHTIB TOMEOCTATUYHOI peryisuii € OuIKoBUH O0OMiH, IO IHTErpye
GYHKI[IOHATBHUNA CTaH MEYiHKH, IMyHHOI CHCTEMH Ta HEHPOCHIOKPHHHOI peryisiii [6—8].
Jani nonepenHix gocmimkers [9—15] cBimuars, mo xonomosuii ctpec (XC) cyTTeBO mopynrye
MeTaboui3M OiKiB, 610XIMIYHI MOKA3HUKU KPOBi, COPUYUHSIOUN 3HIKEHHS (DYHKI[IOHATBHOT
AKTUBHOCTI TeMAaTOLMTIB, PO3BUTOK OIIKOBO-CHEPreTHYHOrO JAe(DIIUTy Ta aKTHUBALIO
KOMITCHCATOPHUX aJIallTalliiHUX MEXaH13MiB.

VY 3B’S3Ky 3 MM TOCTa€ MOTpeda B MOIIYKY ePEeKTHBHHUX 3ac00iB (apMakooriyHOi
KOPEKI[ii 3a3HaueHUX NOpylIeHb. [lepCrneKTUBHUMU BBAXKAIOTHCS HEHUpONMENTHIM, 3[aTHI
OTIOCEPEIKOBAHO PETYIIOBATH METa00JIi3M Yepe3 BILTUB OMioiaHOo1 cuctemu. OmioiHa cuctema
€ Ba)XJIMBOIO JIAHKOIO €HJOTCHHHMX MEXaHI3MIB aJamnTallii A0 CTpecy, 30KkpemMa 0epe ydacTh y
peryisiii HeHpoeHTOKPUHHUX 1 MeTaOOIIYHIX MPOLECIB 3a Jii HU3bKUX TeMmepaTyp. Bimomo,
10 OMIOiMHI MeNTHAU 3alydeHl A0 (opMmyBaHHS aJanTalifHUX peakiiil y riOepHyrounx
TBapHH, 1€ BOHU MOJTYJIOIOTH OOMIH PEYOBHH 1 CIIPHUSIFOTH 3HIDKEHHIO €HEPTeTUYHUX BUTPAT,
10 JeTalbHIIlIe PO3IIISIIAETHCS Y HAIUX MonepeHix poboTax [4, 5]. Lle no3Bosnsie po3risaatu
iX SIK yHIBEpCaJlbH1 PEryJISITOPH BIANOBIAI Ha XOJOIOBUI BIUIUB.

3 orysiny Ha 1ie, IK MOJIEIbHI CIIOJIYKH JIOIIUIBHO BUKOPUCTOBYBAaTH CUHTETHYHI aHAJIOTH
€HJIOTeHHUX OMioiqHMUX nmenTuaiB. OJHUM 13 TaKUX € JajapriH — CHHTETUYHUI aHaJIor Jeii-
eHkedaniny, SKAi MpOosBIsS€ aHTUOKCHUIAHTHI, MPOTHU3aIalbHI Ta AaHTHATIONTOTUYHI e(eKTH,
HiATBEP/KEHI B €KCIIEPUMEHTAIbHUX Monensx crpecy [4, 5, 16]. IIpore mexaHi3mu iforo
BIUTMBY Ha OUIKOBUN 0OMIH 3a yMOB XXC 3anumaroThCs HEJOCTATHRO BUBYCHUMH. TaKUM
YUHOM, JOocTikeHHs BIUMBY XXC Ha MOKa3HMKH OLIKOBOro OOMiHY, a TakoX OIlIHKa
KOPUI'yIOUOTO MOTEHLIANy JalapriHy, € akTyaJbHUMH SIK 3 TOUYKU 30py (pyHAaMEHTaIbHOL
¢iziosorii amanTanii, Tak 1 A7 po3poOKU ePeKTHBHUX 3ac00iB (hapMaKOJIOTIYHOT KOpEeKIii
CTpec-1HAYKOBaHUX MOPYIIEHb OOMIHY pEYOBHH.

MATEPIAJIU TA METOAHN

JlocnmikeHHsT TIPOBEJICHO Ha CTATE€BO3PUIMX CaMIIX MOPCHKHMX CBHMHOK JiHIi Dunkin-
Hartley Bikom 5-6 wmicsamiB i3 cepennboro Baroro 600—800 r. TBapuHM YyTpUMYBAJIUCh Yy
CTaHJApTHUX yMOBax BiBapitlo [HcTUTyTy mpolGiem kpiobGionorii i kpiomeauuunu HAH
VYkpaiau. Bei Manimysiii 3 TBappHaAMU TPOBOIMIIMCH BIJIMTOBITHO JI0 TTPaBUII 1 peKOMEH a1l
European Convention for the Protection of Vertebrate Animals used for Experimental and other
Scientific Purposes/Council of Europe (Strasbourg, 1986) ta Komitery 3 6ioetuku [HCTHTYTY
npo6iem kpioGiosorii 1 kpiomenuuman HAH Ykpainu (mporokon Ne 5 Bix 22.11.2022 p.).

MopemoBanus XXC 3ailicHIOBaIM 3a MeETOAMKOIO [15], amanTtoBaHoO 10 YMOB
nabopatopii nuAxoM — MoaM(ikamii  TeMIepaTypHOro pexumy, 10  3abe3nedyusio
BIJITBOPIOBAHICTh CTPECOBOI BIJIMOBIAI MpHU 30€peKeHHI €TUYHHX CTaHJapTiB yTPUMAaHHS
TBapHH, AKHUX IO Yep3i yrpuMyBasu npu Ttemrneparypi 18 ta 4°C cnoyatky ynpoaoBxk OJHiel
TOJIMHH, a TOTIM yNpoaoBXk 5 110 — 12 roxun npu temneparypi 4°C 1 12 rogun npu 18°C.
CrpecoBe HaBaHTA)XEHHS MPUITMHSIIN HA 6-1 JIeHb 1 IPOBOIMIN 3a0ip KPOBI HMUISAXOM MYHKIT
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speMHOi BeHu. TemmepaTypa Tijla MOPChKHX CBUHOK ITICIIS IHIYKIIIT TITOTEpMIi BUMIPIOBAIACH
PEKTAIBHO 32 JIOTIOMOT'0I0 eJIEKTPOHHOT'O TEPMOMETPA, IIPU IIbOMY TEMIIEpaTypa 3HUKYBaJach
Ha 1-3°C Bixg moyarkoBux 38°C.

TBapunu Oynu moaUIeHI HAa TpU rpynu: 1) iIHTaKTHA rpyna (TBapUHU, SKUX HE ITiIaBaJIH
nii XXC 1 yrpumyBanu nipu temneparypi 18°C); 2) koHTposibHa rpyna (TBapuHHU, SKUM
BBOoAWH 0,5 M (i3ionoriyHOrO po3unHy i mkipy 3a 30 xB 1o moaemtoBanus XXC); 3) rpymna
TBApWH, SIKUM BBOAWJIM CHHTCTUYHHHA aHAJIOT Jiel-eHKe(]alliHy THPO3WH-2-aJIaHUI-TIIiIHH-
¢eninananin-nednm-apriiny gianerar («lamapriny, OO0 «®APMCHUHTE3», Ykpaina) y
no3i 100 mxr/kr mig mkipy 3a 30 xB g0 monemtoBaHHs XXC. KinbKicCHHIM CKJIal KOXKHOI
€KCIIEPUMEHTAJILHOI IPYIIU CTAaHOBUB 12 TBapHH.

Jns oninku BrumBy XXC 1 manapriny Ha O1IKOBUM OOMIH Y CHPOBATIII KPOBI MOPCHKHX
CBUHOK BH3HAYQIM KOHIIEHTPAII0 3arajipbHOro Oinka, anmp0yMiHy Ta TJIOOYIiHIB.
KonnenTpariito 3araipHOro 0inka B CHpOBATIli KpOBI BH3Ha4yald OlypeTOBUM METOJIOM IPHU
noBxuHi xBWwiIi 540 HM, a anbOymiHy — OpoMKpe3oi3eneHuM MeToaoM mpu 630 um [17].
KonnenTpariito rnoOyiiHiB pO3paxOBYBAIH K PI3HUIIO MK 3aralIbHUM O1JIKOM 1 alnbOyMiHOM;
CHIBBIIHOIICHHS anbOyMiH/TIIOOYmiH (A/[-KOedilieHT) BHU3HAYATM [UIAXOM JIUJICHHS
KOHIIEHTpallli ab0yMiHYy Ha KOHLEHTPALIiI0 MNI00YIiHIB. AHAJI3 TPOBOAMIIN 3 BAKOPUCTAHHSIM
crangapTHux HabopiB « TP-Apcenam» i «Alb-Apcenam» (TOB HBKII «®inicit-/liarHocTrkay,
YkpaiHa) 3rifHO 3 IHCTPYKIisIMU BUpOOHUKaA. Pe3ynbpTaTu BUpaxkanu B I/11.

Bwmict manonoBoro mianbaeriny (M/IA) y cupoBariii KpoBi MOPCHKHX CBUHOK BH3HAYAIIN
cnekTpodoToMeTpuuHo MeTooM TBA-peakTUBHUX MPOAYKTIB 3 BUMIPIOBAaHHSAM ONTHYHOT
ryctuHu mpu 532 um micis peakiii MJIA 3 2-Tio6apOiTypOBOIO KHCIOTORO, 10 € CTAHIAPTHOIO
METOJMKOIO /I OL[IHKU MPOAYKTIB JIMAHOI MepoKcUaalii B 610J0riuHUX 3pa3kax [16].

CrartuctuuHy oOpoOKYy OTpUMAHUX PE3YJIbTATIB MPOBOIMIHM 32 JOIMOMOTOK TPOTrpaMu
«Statgraphics plus for Windows 2.1» («Manugistics Inc.», CIIIA) 3a HemapamMeTpuyHUM
kputepieM Kpackena—Yomiica 3 HacTynHUM post-hoc aHani3oM 13 BUKOPUCTAaHHSAM KPUTEPIO
Manna-VYiTHi 3 nmonpaBkor bordeponi [18]. ExcriepuMeHTasbHI TaHi HaBelIeHI K MeJliaHa,
nepimii Ta TpeTii kBaptuiib [Me (Q1; Q3)]. BiaminnocTi BBaxkanu 3Hauymumu mpu p<0,05.

PE3YJIBbTATH 1 OGTOBOPEHHSI

3 pe3ynbTaTiB peCcTaBlIeHuX B Ta0. 1 BUIHO, 110 mija BIuMBoM X XC piBeHb 3arajibHOTO
Olka He 3MIHIOBaBCS BIJHOCHO TOKAa3HUKIB IHTAKTHOI Ipynu. BoaHouac cmocrtepiranocs
3HWKEHHS KOHLIEHTpauii anbOyMiHy Ha 37,5% MOpIBHSAHO 3 1HTAKTHOIO IPYIIO0, II0 MOXE
BKa3yBaTU HA NMPUTHIYEHHS MOTr0 CUHTE3y abo MiJBUIIEHE BUKOPHUCTAaHHS B yMOBaX CTpeECy.
[Tpu upoMy BMICT r1100YyIMiHIB 301TbIIMBCS Ha 78,6% B1THOCHO IHTAKTHUX 3HaY€Hb. 3MEHIICHHS
aTbO0yYMIHOBOI 1 30UIBIICHHS TIOOYITIHOBOI (pakiiiii mpu3Beno 10 AucOasaHCy OLTKOBOTO
CHIBBIHOIIEHHS B KpOBIi, IO MiJTBEP/UKYETHCSA CTAaTUCTHUYHO 3HAUYILUM 3HIDKEHHSIM A/l-
Koe(dimieHTa Ta CBIAYMTH MPO 3MIMIEHHS OLTKOBOrOo OOMiIHY B OIK TJIOOYiHOBOI dpakiii
(tabm. 1).

OcCHOBHI 3MiHHU, WO BIiAOYBaJWCHh IMICIA BBEACHHS AanapriHy 3a ymoB XXC, Oymu
10’ Bs3aH1 3 BIIHOBJIEHHSIM BMICTY allbOyMiHY /10 IHTAaKTHUX 3Ha4eHb (Tabi. 1) 1 cTaTuCTUYHO
3HAYYIIUM 3MEHILIEHHSIM KOHIIEHTpaIlii r1o0yniHiB Ha 54,7 % nopiBHsAHO 3 Tpynoio XXC ta Ha
19,0% mnopiBHAHO 3 iHTAaKTHUMH TBapuHamu. Kpim Toro cmocrtepiranock 3poctaHHs A/I-
KoeQillieHTa BHILE PIBHS, XapaKTEpHOro s IHTaKTHUX TBapuH (Tabn. 1). TobOro, micis
BBEJICHHS JlalapriHy cCIocTepirazack HopMaiiszallisi BMICTY aibOyMiHy 1 TIJIOOYIiHIB, IO
CBITUUTH MPO CTaOLII3aII0 OUIOKCHHTE3yI0401 (YHKIII MEeYIHKUA Ta MIATPUMKY 3arajbHOTro
METa0OJIYHOr0 CTaTyCy OpraHi3My.
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Tabmuus 1. [TokasHuku GiNKOBOro 0OMiHy B KPOBI TOMOHOTEPMHHX TBapHH, IiJIaHUX XPOHIYHOMY XOJIOZOBOMY
ctpecy (XXC) Ha (oHi BBeJIcHHS Aanaprina, n=12

Table 1. Indicators of protein metabolism in the blood of homeothermic animals subjected to chronic cold stress
(CCS) and dalargin administration, n=12

I'pyna 3aranbHUN AnbOyMiH, I/1 I'moGymnin, /1 A/T- MIA
OLIIOK, /11 Koe(illieHT HMOJIB/MII
Tarakt 57,0 36,0 21 1,7 4.4
(56,3; 57,8) (34,5; 36,0) (20,3; 23,0) (1,6; 1,82) (4,2; 4,5)
XXC 60,0 22,5 37,5 0,6 7,3
(59,3; 60,8) (17,6; 27,2)* (32,4; 37,8) (0,60; 0,82)# (7,0; 7,5)
XXC 47,0 30,0 17 1,8 4,8
+nanaprin | (45,3; 48,4)*™ (29,3; 30,8)** (16,6; 25,8)*™ | (1,19; 1,25)** | (4,72;4,81)
# — BiaMiHHOCTI crarucTrdHOo 3HauuMi (p<0,05) MOpIBHSHO 3 IHTAKTHOIO TpyNolo; ** — BigMIHHOCTI

cratucTiyHo 3Ha4nMi (p<0,05) nopiBusiHo 3 XXC.

# — statistically significant differences (p<0.05) compared with the intact group; ** — statistically
significant differences (p<0.05) compared with CCS.

3a ymoB XXC 3HWKEHHS TeMIepaTypu CepeloBUIIA MPU3BOIUTH O aKTUBALii
nepekucHoro okucHeHHs Jiniais (I10JI), oo nposBiseThes MigBUIIEHHIM KOHIeHTpaii MJIA
— OJIHOTO 3 KJIIOYOBHUX OIOXIMIYHMX MapKepiB OKCHIATHBHOTO CTpecy, SIKUM BimoOpakae
HA/IJTMIIKOBY TPOAYKII0 PEaKTUBHUX (DOPM KMCHIO Ta JIIMITHI YIIKOPKEHHS MEMOpaHHHX
ctpyktyp [19]. IIpoaykrtu I1OJI, Bxmtouno 3 MZIA, MOXXYTb B3a€MOISATH 13 OlIKaMM IUIa3MHU
Ta 1HAYKYBaTH 1X OKHCHIOBAJbHY MOJHM(IKAIlIO0, 0 MPU3BOIUTH 10 3MiHU iX CTPYKTYpH Ta
nopymieHHss  ¢yHkioHaneHoi  aktuBHOCTI  [19, 20]. IlocuieHHs  OKCHIATHBHO-
AHTUOKCHUJIAaHTHOTO JucOanaHcy Ta miABuIeHHs piBHA mpoaykrtiB [1OJI kopentorwTs 13
MOPYIIEHHSM aHTHOKCUIAHTHUX MEXaH13MiB 1 010XiMiYHOIO MOH(iKalli€to O1NKIB, 110 OEpyTh
y4acTh y MIATPUMAHHI TOMEOCTa3y, 1 Y3TOKYEThCA 13 CyJaCHUMH JaHUMH II0J0 MEXaHI3MIB
VIIKOKEHHSI OUIKIB 1 JTIMi/IiB 32 YMOB OKCHJIATUBHOTO HaBaHTa)keHHs [21].

VY namux gocnijkeHHsX B ymoBax XXC Bmict MJIA B KpoBI MOPCHKUX CBUHOK 3HAUYIIE
30inbITyBaBca Ha 66% BITHOCHO 1HTAaKTHUX 3HA4Y€Hb, 110 BimoOpaxkae aktuariro [1OJI Ta
PO3BUTOK OKCHIATHBHOTO CTpecy. Sk Bke Oylio CKa3aHO BHIIE, 3HW)KEHHS TeMIlepaTypu
HaBKOJIMIIHBOTO ~ CEPEJIOBHILA CYHNPOBOJUKYETbCS 3POCTAHHSAM E€HEPreTMYHUX MOoTped
OprasizMy, akTUBaII€}0 MITOXOH/IP1aJIbHOTO JUXAHHS Ta MOCUJIEHUM YTBOPEHHSM PEaKTUBHUX
GopM KHCHIO. YHACHiJIOK LbOrO IHTEHCU(]IKYIOTHCS BUIBHOPAAMKAIbHI IPOLECH, IO
MPU3BOAUTH JJO HAKONIMYEHHS B KPOBI BTOPUHHUX MPOAYKTIB JINIAHOI IEpOKCcHIallli, 30KpemMa
MJIA. BBenenHs aanapriny HiAJoCHiIHUM TBapuHam A0 MoxemoBaHHd XXC 3amoOirano
TaKUM 3MiHaM i Cripusiiio HopMadizaiii BMicty MJIA (tabim. 1).

VY3aranpHIOIOYM Pe3yNbTaTH JOCTIKEHHS MOXKHa CTBEp/KyBaTH, Mo XXC 3yMOBIIOE
MOPYILIEHHS O1IKOBOTO TOMEOCTAa3y, K1 MPOSIBISIFOTHCS HE CTUIBKU 3MIHOIO 3arajbHOr0 BMICTY
01JIKa, CKUTBKM PO3BUTKOM JHcOAIaHCYy MK HOro ocHoBHMMH (pakuismu. B ymoBax XXC
CIIOCTEPITrajoch CTAaTUCTUYHO 3HAUylle 3HI)KEHHS KOHILEHTpauii anbOyminy Tta A/l-
Koe]illieHTa, 10 € XapaKTepHUM JUIsl TUIIOBUX pPEaKLil OpraHi3aMy Ha INEPEOXOJIOKEHHS,
TaKUX SIK METa0OJIYHMI CTpec Ta JIaTeHTHe 3anajieHHs. OCKUIbKUA allbOyMiH HMPOAYKYETHCS
BUKJIIOYHO TeMaTOUTaMHU, TakKi 3MIHH pPO3IJIAJAIOTECS SK Mapkepu (yHKIIOHAJIBLHOTO
HaIpPY>KEHHsI Ta 3HWKEHHS O1IOKCHHTE3yr0401 QyHKIIT neuinku [22]. Ilpu boMy migBULIIEHHS
BMICTY TJI00Y/iHIB BiIoOpakae akTHUBALliI0 T'YMOPaJIbHOI JJAHKHM IMyHHO{ BiJIMOBI1/li, 3pOCTaHHS
dpaxiii iIMyHOTJIOOYIIHIB Ta 1HITNX OUTKIB TocTpoi dasu [22]. Takum urnHOM, 3HMIKEeHUN A/l -
koediieHT (<1,0) cBiIYUTH MPO PO3BUTOK CYOKIIIHIYHOTO 3aMabHOTO MPOIIECY Ta HOPYIICHHS



48
H. M. Moiceesa, B. I'. Mupnuii, 0. C. Axaroga, O. JI. 'opina

OUTOKCUHTETUYHOI 37aTHOCTI TMEYiHKH, IO B KOMIUIEKCI € paHHIM IHJIUKATOpOM ii
(GyHKILIOHATTLHOT HEOCTATHOCTI HABITh 32 BiICYyTHOCTI BUPAKEHUX KITIHIYHUX CUMITOMIB [23].

3actocyBanHs ganapriny B ymoBax XXC TpoIeMOHCTPYBAJIO WOro BHpPaKEHY
npoTekTopHy miro. Ilicins BBeaeHHs mpemapaTy crocTepiraizach HOpMaii3alisi BMICTY
apOyMiHY 1 II00YIIIHIB y CHPOBATIIl KPOB1 TBAPHUH, 1110 CIIPHUsLIIO 3MimeHHI0 A/I'-koedirienTa
B Oik (izionoriyHoi Hopmu. Takuii pe3yabTaT CBIIYUTH PO T€, L0 BBEACHHS JAJIapriHy Hepe
moaemoBanHaM XXC cripusie ctabdimizarii 617 IKOBOro ToMeocTasy.

OTpuMaHi pe3ylnbTaTh Y3rOJKYIOThCS 3 JITEPATYPHUMHU JTaHUMU MIOJI0 YYACTi OMiOiIiB Y
rernaTonpoTeKTOPHUX MEXaH13Max, a TAKOX 13 YABJICHHSAMH PO X MyJbTH(QYHKIIOHAIBbHY A0,
BKJTIOYAIOYU aHTHOKCUAAHTHY, IPOTH3AMaJIbHY Ta aHTHAIONTOTUYHY aKTUBHICTH [4, 5, 24, 25].
VY Hamiii nonepeaHii po6oTi [26] Oyno nmokazano, mo XXC y MOPCHKUX CBUHOK MPU3BOIAHTH
JI0 TIOPYIICHHSI a30THUCTOrO OOMiHY, IO TMPOSBISUIOCH IMIJBUINEHHSAM piBHS CEYOBHHHU Ta
3HIDKEHHSIM BMICTY KpEaTHHIHY B CHpPOBAaTIi KpoBi. Taki 3MIHM MOXYThb BioOpaxaTu
aKTUBAIl0 KaTaboni3My OUIKOBHX CTPYKTYyp. BBeaeHHs manmapriHy NpU3BOAMTH 0
CTaTUCTUYHO 3HAYYIIOr0 3HMXKEHHS PIBHS CEUOBHMHH, IO CBIAYUTH IPO HOro MeTabosivyHo-
NPOTEKTOPHY Jif0, CIPSMOBaHY Ha OOMeXeHHs OiUTKoBOro karabomismy. BomHodac BmicT
KpPEaTUHIHY 3alUINAETbCd HE3MIHHMM, L0 BKa3ye Ha CEJIEKTUBHUH XapakTep KOpeKIil
azoTucToro Meradomizmy B ymoBax XC. Y mocmimkenusx [27—-30] mokaszano, mo enkedaninu
Ta 1HOI OMIOIAM 3AaTHI 3HM)KYBAaTH HPOAYKIIO Ipo3anajibHUX LUTOKIHIB, CTabuIi3yBaTu
(GyHKIIII0O MITOXOHPIH 1 3MEHIIYBaTH PiBEHb NMEPOKCUIHOTO YIIKOKEHHS KJIITHH B YMOBax
3anajbHUX MPOIECIB Pi3HOrO TeHe3y. 3a3HaueHi eeKTH Peai3yroThCs 3a Y4acTIO OMiOiNHUX
peuentopiB [31], moO Y3TOMKyeTbcs 3 JaHUMH IMOAO JANAPTiHY, SKHHA TPOSIBISIE CBOI
(dapmakosoriuyHi epeKTH MepeBaXHO Yepe3 Il pelenTopHi MexaHi3Mu. Lle miarBep/pkeHo B
MOTIEPEHIX JOCTIDKEHHSAX 13 BUKOPUCTAHHSAM IHTIOITOpa OMIOIIHUX PElenTOpiB HAJTOKCOHY
[4, 5]. Onnak 3a3HauYeHi TOCTIHKEHHS IPOBOAMINCS B YMOBaX TOCTPOTO XOJOOBOTO CTPECY
Ta OyJM CHIpsSMOBaHI Ha OLIHKY IHIIMX IMOKa3HMKIB, 30KpeMa (PYHKIIIOHAIbHOI aKTUBHOCTI
KIITHH. Y 3B’S3KY 3 IIUM [IOCTAa€ MUTAHHSA 1110710 MEXaHI3MIB IPOTEKTOPHOI Jii Jajapriny came
3a ymoB XXC Ta (hopMyBaHHS MOro aHTHUCTPECOBHX 1 reMaTOTPONHUX €(EKTIB, 5IKI MOXKYTh
peasi3yBaTUCh SIK Ha piBHI FeNaToIMTIB, TaK 1 OyTH ONOCcepeIKOBAaHUMHU B3a€EMO/IIEI0 OII01IHOT
CUCTEMH 3 rinoTajiamo-TinogizapHo-aJIpeHanoBoo Biccto. Binomo, mo 3a ymos tpusasioro XC
AKTHUBHICTh €HJIOTEHHOI OMMIOIIHOI CHCTEMH 3MIHIOETHCS SIK Y IIEHTPAIbHIN HEPBOBIN cHucTEM,
Tak 1 B HepuepuyHUX TKaHWHAX, 10 CYTTEBO BIJIMBAE HA aJlaNTaliiiHl peakiii opraHizMy J10
nii cTpecoBoro 4yMHHUKA. ExcnepumeHTanbHi jnaHi B poOoti [33] cBiguaTh mpo Te, IO
OXOJIOJPKEHHSI MOJYJIOE pIBHI PI3HUX OMNIOIIHUX NEeNTHAIB, 30KpeMa [-eHaopdiny,
eHkedaiHiB Ta TUHOGOPQIHIB, y CTPYKTypax MO3KY Ta NepuPepUYHUX TKAHMHAX, 110 Mae
BaYUIMBE 3HAYEHHSI JJI1 KOOPAMHALIT HEMPOSHTOKPHUHHOI Ta MeTa0OoJIIYHOI BIJOBI/II 32 YMOB
XPOHIYHOTO BIUIMBY XOJIOAY. Pa3om 3 TUM OmMiOifHI MENTUIU peani3yloTh CBOI eeKTH uepe3
B3a€EMOJII0 3 OMIOITHUMHU pEleNnTOpaMH, MOIYJIIOIOYM BHYTPIIIHBOKIITHHHI CHUTHAJIbHI
KacKaJH, OB’ s13aHi 3 eHePreTUYHUM MeTa00Ji3MOM Ta CTPEC-PEaKIi€lo, y TOMY YUCI1 IUIIXOM
perymsii TOpMOHATBPHUX MEXaHI3MiB Ta OKHCHO-BIAHOBHOTO ctarycy [32]. Peamizamis nux
MeXaHi3MiB 3a0e3Iedye BIUIUB OII0iJHOT CHCTEMH Ha CHHTE3 1 CTabii3allito OUIKIB, CIIPUSIOUN
HiATPUMaHHIO OUTKOBOTO romeocta3dy B ymoBax TpuBasioro XC [33]. V monepenHiit Hamriit
po6orti [34] Oyno mokaszaHo, 110 3aCTOCYBaHHA Aajapriny nepen mojentoBanns X XC crpusiio
3HMKEHHIO KOHIEHTpallli JIENTUHY JI0 PIBHS, XapaKTEpHOrO JJIsi IHTAKTHUX TBapHH, TOJI SK
BMICT KOPTU30JIy 3aJIMIIABCS HE3MIHHUM 5K 32 yMOB XXC, Tak 1 micyis BBEACHHS Jalapriny.
BpaxoByroun BuIlleckazaHe, MOXHA MPUITYCTHTH, 10 JajapriH BIUIMBAE Ha TiMOTaIaMidHi
MeXaHi3Mu a00 nepudeprudHi CUTHAJIbHI IUIIXH, PEryJIbOBaHi rinoTajiaMmycoM (30Kkpema Ti, 110
3a0e3MeyyloTh eHepreTHYHUM MeTabo113M), OHAK HE YUHUTH CYTTEBOTO BIUIMBY Ha KIACUYHY
rinorajamo-TinogizapHo-aJpeHalIoBy BiCh, €PEKTH SKOI peasizyeTbecsl yepes Ail0 KOPTU30ITY.
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Lle y3ro/pKyeTbest 3 JaHUMHU TIPO T€, IO HEWPONENTUIN 3IHCHIOIOTh CBOi e()eKTH SIK dYepe3
[EHTpaJIbHI HEWPOEHIOKPUHHI MEXaHI3MU PerylisiLii, TaK 1 HUIIXOM 0e310CepeIHbOr0 BITHUBY
Ha miepudepuuHi TKaHWUHH. [IpH 1bOMY 3MiHM HEHTPaJbHHUX PETYJISATOPHUX MPOIECIB HE
00OB’SI3KOBO  CYNPOBO/KYIOTHCS ~ aKTHBAIIEI0  KIACUYHOI  rirmoTajiamo-rinodizapHo-
aJpEHAJIOBO1 OCi: PiBEeHb KOPTU30JIy MOXKE 3QJIUIIATUCS BIJIHOCHO CTaOlLIbHUM, TOJII SIK BMICT
IHIIUX TOPMOHIB, 30KpeMa JIENTHUHY, ICTOTHO 3MiHIO€ThCS. Lle cBimuuTh mpo (GopMyBaHHS
JIOKaJIbHOT HEHPOCHIOKPUHHOI afanTarllii Ta CeJIeKTUBHY MOAM(IKAIliI0 MEXaHi3MIB peasizarii
cTpec-BianoBiai [35, 36]. BogHouac B OKpeMHX JOCHIDKEHHSX ITOKa3aHO, IO OMiOigH1
MENTUIM MOXYTh CTaOUII3yBaTH CTPEC-YIIKOKEH1 OUTKH, 3MEHIIYIOYM PU3HK iX arperarii Ta
katabomiyaux Brpar [37]. IloegnanHs mnpsmMoi KIITHHHOI Aii Ta oOmMOCEepenIKOBaHHX
SHJIOKPUHHUX e(eKTIB 3abe3leuye aHTHCTPECOBUM 1 TeNaTONMPOTEKTOPHHM MOTEHIIiaT
HEeHponenTHIiB, MO0 OOIPYHTOBYE MEPCHEKTHBHICTH iX 3aCTOCYBaHHS B YMOBaX XOJIOJIOBOTO
cTpecy.

BUCHOBKUA

1. XpoHIYHUN XOJIOAOBUH CTPEC MPU3BOJUTH JI0 ICTOTHHX MOPYIIEHb OLIKOBOTO OOMiHY,
IO TPOSBISIOTHCA 3HIKEHHSIM KOHIIEHTpalii ansOyminy Ha 35%, cmiBBigHOmeHHs A/l-
KoedirmienTta Ha 66,7% Ta 3pOCTaHHAM BMICTY II100YIiHIB Ha 76,8% BIAHOCHO IHTAaKTHOI TPYIIH,
10 CBIYUTH PO 3MIIEHHS OLTKOBOTO OOMiHY B OiK I100YNMiHOBOT (hpaKiiii.

2. BBenenns namapriny B ymoBax XXC chopusie crabimizamii OUIKOBOTO roMeocTasy:
3MEHIIEHHIO KOoHLeHTpauii rmoOyniniB Ha 54,7 % mnopiBHaHo 3 rpynoo XXC, Ha 19,0%
MOPIBHSHO 3 IHTAKTHUMH TBapHHAMU Ta HOpMallizallii BMicTy ansOyminy i A/I'-koedimienTa.

3. Bcranosneno, mo B ymoBax XXC BMicT M/IA B KpoBi MOPCHKHX CBUHOK JOCTOBIPHO
30ibIIyBaBcs Ha 66% BITHOCHO 1HTaKTHUX 3HaueHb Ta Ha 52,1% % MOPIBHSAHO 3 TPYMOIO
BBEJICHHS Tpernapary. BBeneHHs nanapriny miJaociiIHUM TBapruHaM B yMmoBax XXC crpusiio
HopMauizauii piBHsI M/IA.
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Background: Opioid neuropeptides are capable of regulating metabolic processes through the activation
of specific opioid receptors, particularly under stress conditions. However, the mechanisms of their impact
on protein metabolism under chronic cold stress (CCS) remain insufficiently studied. Given the importance
of maintaining protein homeostasis under extreme conditions, investigating the role of neuropeptides in
correcting protein profiles is of practical significance for developing new approaches to pharmacological
adaptation.

Objective: To investigate changes in protein metabolism in the serum of guinea pigs under chronic cold
stress, assess the protective effects of dalargin, and determine the role of the opioid system in regulating
these processes.

Materials and Methods: The study involved guinea pigs exposed to CCS conditions. Changes in protein
metabolism were assessed by measuring total protein, albumin, and globulins in the serum using standard
biochemical methods. A synthetic leu-enkephalin analog (dalargin) was used as a corrective agent and
administered subcutaneously at a dose of 100 pg/kg 30 min before CCS induction.

Results. In animals exposed to CCS, a statistically significant decrease in albumin levels and an increase
in globulin levels were observed compared with intact values, which led to a disruption of the albumin-
globulin ratio and indicated an imbalance in protein metabolism. Administration of dalargin contributed to
normalization of the albumin—globulin ratio by restoring globulin and albumin levels in the blood of
experimental animals, indicating stabilization of protein homeostasis and a protective effect of dalargin
under conditions of CCS.

In addition, administration of dalargin reduced the accumulation of malondialdehyde (MDA) under
conditions of cold stress, demonstrating antioxidant and cytoprotective effects and ensuring the
maintenance of structural and functional integrity of tissues.

Conclusions. The study results suggest that dalargin is a promising agent for the pharmacological
correction of metabolic disturbances induced by chronic cold stress, as it reduces MDA accumulation,
exhibiting antioxidant and cytoprotective effects, and highlight the important role of the opioid
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neuropeptide system in the regulation of protein metabolism and maintenance of tissue structural integrity
under extreme environmental conditions.

KEY WORDS: cryobiology; low temperatures; hypothermia; cold adaptation; dalargin; opioid receptors;
protein metabolism; homeothermic animals, albumins; globulins; stress.
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Background: Research on semiconductor nanocrystals, known as quantum dots (QDs), and their
applications in biomedical research, bioimaging, and diagnostics is evolving rapidly. Although CdTe QDs
exhibit remarkable optical properties, their practical application is limited by their toxicity. As a result,
research is ongoing to reduce the toxicity of QDs by coating them with inert shells or by forming
complexes with biomolecules.

Objectives: Therefore, the aim of our study was to evaluate the genotoxic potential of the
bionanocomplex of CdTe QDs with human serum albumin (HSA) as a safe and promising tool for
fluorescence bioimaging in vivo, using D. melanogaster as a model.

Materials and Methods: CdTe QDs were obtained by chemical colloidal method in the aqueous phase
and conjugated with HSA to create CdTe QDs-HSA bionanocomplex. The toxicity and genotoxicity of
the QDs were evaluated in relevant tests on the D. melanogaster Oregon R strain. To visualize of QDs a
fluorescence microscopy was applied. The data were subjected to statistical analysis, with differences
deemed significant at p<0.05.

Results and Discussions: It was established that bionanocomplexes, similar to CdTe QDs, penetrated the
germline cells, and were transferred to the eggs and larvae, as confirmed by histological preparations. In
the muscles of the imago, rare CdTe QDs and their HSA conjugates were detected. The tested QDs types
did not cause toxicity in adults after a 3-day exposure period, nor did they decrease their reproductive
capacity or cause a genotoxic effect in the DLM test at the embryonic stage. Upon larval feeding, both
types of QDs exhibited a teratogenic effect. Unlike CdTe QDs, the bionanocomplex induced phenotypic
anomalies in imagos at a significantly lower frequency (2.3 times) and did not cause a reduction in their
eclosion compared to the control group (p>0.05).

Conclusion: It was demonstrated that neither HSA-CdTe QDs nor CdTe QDs exhibit genotoxic effects at
the embryonic stage. In contrast to CdTe QDs, the bionanocomplex does not cause reproductive toxicity,
has significantly lower teratogenic effect, and a toxic impact on the post-embryonic developmental stages.
These advantages suggest that HSA-CdTe QDs can be regarded as a relatively safe and promising tool for
fluorescence bioimaging in vitro and in vivo applications in model organisms. However, their use in vivo
in humans is not recommended.

KEY WORDS: HSA-CdTe QDs; bionanocomplex; CdTe QDs; Drosophila melanogaster; toxicity;

genotoxicity; fluorescent bioimaging.
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Cadmium telluride (CdTe) semiconductor quantum dots (QDs) are recognized for their
unique electronic and optical properties as well as their small size (2-8 nm). They exhibit
prolonged and intense fluorescence, excellent photostability, resistance to photobleaching,
and suitability for biofunctionalization [1]. These characteristics lead to their widespread
application in biological and biomedical research, diagnostics [2, 3] and chemical sensing [4].
Specifically, CdTe QDs have been successfully applied for fluorescence imaging of biological
objects [5], targeted tumor imaging [6], long-term bioimaging of cellular processes,
biosensing, multiplexed imaging [7] and detection [8], preventive oncology [9]. As
nanoparticles, CdTe QDs readily penetrate cells, their nuclei and accumulate within them.
They can bind to cellular macromolecules such as proteins and nucleic acids and modify their
functions leading to cytotoxic and genotoxic effects at the subcellular, cellular and organismal
levels [10, 11]. Specifically, in BALB/c mouse models CdTe QDs induced toxicity and
apoptosis of liver cells, spleen damage, and systemic effects [12]. They are also cytotoxic
towards mouse endothelial cells, erythrocytes, human and rat T- and B-lymphocytes as well
as human colon cancer cells (Colo 205) and breast cancer cells (MCF-7) [11]. Furthermore,
CdTe QDs induce cellular and organismal toxicity in D. melanogaster significantly affecting
its survival, development and reproduction [10]. Researchers explain the toxic effects of CdTe
QDs to the ability of cadmium ions to slowly release from the complex after entering cells,
which initiates the formation of reactive oxygen species (ROS). ROS, in turn, trigger a
cascade of biochemical and cellular processes, leading to significant morpho-functional
changes and, often, to the death of cells and the entire organism [12, 10]. Given these
concerns, research actively continues on developing alternative synthesis methods for CdTe
QDs, improving their biocompatibility, and reducing their toxicity by coating them with inert
shells or conjugating them with biocompatible polymers [1, 3, 11]. Among promising
approaches to reduce CdTe QD toxicity, the preparation of their complex with human serum
albumin (HSA) stands out as a biocompatible polymer and protective agent. The literature
reports data on the physicochemical and optical properties of the HSA-CdTe biocomplex [13,
14], as well as on the binding strength of CdTe quantum dots to albumin, which depends on
the stabilizer used [15]. Human serum albumin forms a protein corona around CdTe quantum
dots without altering the protein’s native structure, which indicates the biocompatibility of the
complex, while slowing complex degradation, limiting Cd*" ion release, and reducing toxicity
through decreased levels of reactive oxygen species [15-19]. So, a study [16] demonstrated
low toxicity, as well as high stability and prolonged fluorescence, when using this
bionanocomplex as a probe for osteosarcoma cell bioimaging. In another study [20] biogenic
HSA-CdTe QDs have shown antibacterial activity against both Gram-negative strains (E.
coli) and Gram-positive strains (E. faecalis), as well as pronounced cytotoxic effects against
human HeLa cells. Therefore, the aim of our study is to determine the genotoxic potential of
the HSA-CdTe QDs bionanocomplex as a potentially safe tool for fluorescence bioimaging,
using D. melanogaster as a model system. The research also focused on the capability CdTe
QDs and HSA-CdTe QDs to penetrate into germline cells and their transmission across
subsequent developmental stages.

MATERIALS AND METHODS

Preparation of CdTe quantum dots
Nanoparticles of CdTe were obtained in aqueous solution at room temperature following
the procedure described in [13, 21]. As a result, a colloidal solution of CdTe QDs at a
concentrationof 1.5-10% mol-L™ was obtained and stored in a vacuum desiccator at room
temperature and in the dark.
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Preparation of HSA-CdTe QDs bionanocomplex
A colloidal solution of CdTe QDs in defined amount was mixed with a prepared solution
of 3.0-10° mol-L"* human serum albumin (HSA, PJSC Biofarma, Ukraine) in a 1:1 ratio and
stirred for 2 min using the LD-265U ultrasonic unit. The experiments were started 10 minutes
after mixing. The obtained HSA-CdTe QDs bionanocomplex was used immediately.

Fly strain and maintenance
Laboratory low-mutagenic strain Oregon R (wild-type) of D. melanogaster [19] was used
in our research. The flies and larvae were cultured on a standard Drosophila nutrient medium
consisting of semolina, sugar, yeast, agar and maintained under standard conditions (at the
temperature 25°C+1°C, in dark) [23]. In all experiments an equivalent volume of 5 % glucose
was used as control. During the all experiments, the flies were maintained in the dark.

Toxicity analysis of QDs

For the assay, 1-2-day-old flies (50 males and 50 females (10 imagos per tube)
D. melanogaster were transferred to the test tubes containing filter paper discs saturated with
diluted colloidal solutions of CdTe QDs (treatment group-1) or HSA-CdTe QDs (treatment
group-2). Stock solutions of QDs were diluted with 5 % glucose at a volumetric ratio of
2:1000 (for CdTe QDs) and 4:1000 (for HSA-CdTe QDs). Solutions were re-applied drop
wise as the discs dried. Test tubes containing flies were kept for 3 days under standard
conditions. The percentage of surviving flies (PS«), was calculated as a ratio of the number of
individuals in experimental group to the number of individuals in the control group [24].

Treatment of D. melanogaster with CdTe QDs and HSA-CdTe QDs colloidal solutions
For toxicity assessment in larvae, the tested QDs samples were added to 40 ml of fresh,
cooled standard nutrient medium in volumes of 0.08 ml (for CdTe QDs) or 0.16 ml (for HSA-
CdTe QDs) for larval feeding. Thus, the concentration of quantum dots in the nutrient
medium was 3-10° mol/L.

Fly emergence assay and phenotypic analysis of offspring D. melanogaster

For the assay, 80 1-2-day-old flies (40 males and 40 females / group) were transferred to
each tube (5 males and 5 females / tube) containing standard food (control) and with CdTe
QDs (treatment group-1) or HSA-CdTe QDs (treatment group-2) in medium. The tubes were
stored under standard conditions throughout the experiment. The parental flies were removed
on the third day. The emerged flies in each group were counted. The percentage of fly
emergence (FEg) was calculated as the ratio of the number of imagos in experimental group
to the number of imagos in control. All of offspring were analyzed for phenotypic defects
using a stereomicroscope (Sigeta, China). Flies displaying phenotypic alterations were
isolated into separate tube containing standard medium and crossed with normal Oregon R
imagos. It was done to assess the inheritance and expression of abnormal trait in their
offspring.

Genotoxicity assessment
The genotoxicity (mutagenic potential) of CdTe QDs and CdTe QDs-HSA was
determined in Dominant Lethal Mutations (DLM) test [22]. Briefly, for DLM test, virgin 1-2-
day-old imagos were treated for 3 days with solutions of CdTe QDs or HSA-CdTe QDs
dropped on filter paper discs. In experimental variant 1 (typical), only males were treated and
then crossed with untreated virgin females. In experimental variant 2 (modified), both males
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and females were treated and then crossed with each other.
The frequency of dominant lethal mutations (DLM, %) was calculated as a ratio of the
total number of eggs with embryonic death to the total number of fertilized eggs [25].

Fluorescence microscopic analysis of histological preparations
Squash preparations of eggs and larvae obtained in two experimental variants as in DLM
test were prepared. Additionally, histological sections of imagos’ muscles were prepared as
described in the paper [26]. All samples were analyzed with an Axiolmager Al fluorescence
microscope (Carl Zeiss Microlmaging, Jena, Germany) and Axio CamMRm digital camera
(Carl Zeiss Microlmaging).

Statistical analysis

Statistical significance of the obtained data from control and treated groups was
determined using one-way ANOVA with multiple post-hoc comparisons with Tukey (Tukey's
Honestly Significant Difference) test. The samples were checked in terms of belonging to
normally distributed general populations according to Shapiro-Wilk’s test. The Dunnett’s
multiple comparison test was used to determine the significance of data obtained from the fly
emergence assay. The y? test was used to compare the frequencies of phenotypic changes in
the offspring. The results were presented as M+SE (mean + standard error of the mean value),
n — number of experiments. Differences between the respective control and the experiment
were considered statistically significant (ss) at p<0.05, and p values represented as non-
significant (ns) when p>0.05.

RESULTS AND DISCUSSION
A colloidal solution of CdTe QDs at a concentration 1.5-10° mol-L'? and their
bionanocomplex with HSA (hereafter, HSA-CdTe QDs) were used for these studies. We
analyzed CdTe QDs and HSA-CdTe QDs for toxicity and genotoxicity in adult
D. melanogaster and their offspring. We also assessed their ability to penetrate germline cells,
eggs, and larvae and transmitting to imago.

Toxicity test of CdTe QDs and HSA-CdTe QDs on the Drosophila model
The toxicity test of the colloidal solutions of CdTe QDs and HSA-CdTe QDs toward
D. melanogaster imagos (males and females) showed 100% fly survival in both treated
groups regardless of sex. During the 3-day exposure period all treated flies (with both CdTe
QDs and HSA-CdTe QDs) were actively moving, feeding and mating. The obtained results
are consistent with the data described in the article [10].

Fly emergence assay

According to Table 1, only Group 1, treated with CdTe QDs, exhibited reduced fly
emergence (53%) compared with the control. This reduction was statistically significant
(p<0.001) according to Dunnett’s test. Group 2 (treated with HSA-CdTe QDs) exhibited a fly
emergence rate to 96% compared to the control, which was not statistically significant
(p>0.05). Thus, following larval feeding, the HSA-CdTe QDs did not demonstrate toxic
effects on the development of D. melanogaster, unlike CdTe QDs. A highly significant
difference (p < 0.001) in fly emergence frequency was detected when comparing Group-1 and
Group 2 (Tab. 1). Presumably, the addition of HSA in the colloidal solution CdTe QDs
inhibits the spontaneous release of cadmium ions from HSA-CdTe QDs. This likely results in
a substantial reduction of its embryotoxic impact, thus exhibiting a protective effect.
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Table 1. Fly emergence of offspring Drosophila melanogaster Oregon R strain treated with CdTe QDs and

HSA-CdTe QDs and their phenotypic analysis
group-1 group-2
Indicators Control (treatment with CdTe | (treatment with
QDs) HSA-CdTe QDs)
Number of flies per tube,
(M<SD), 390+17 206+9 375+14
Total number of flies 1562 823 1500
Percentage of fly emergence 100 53 96
(FEw%)
p-values”
Control - <0.001 >0.05
Group-1 <0.001 - <0.001
Group-2 >0.05 <0.001 -
“Significance is ascribed as, "p>0.05 and **p<0.001.

Table 2. Phenotypic analysis of offspring Drosophila melanogaster Oregon R strain treated with CdTe QDs and
HSA-CdTe QDs

Abnormal phenotype Number of imagos
group-1 group-2
Control (treatment with (treatment with
CdTe QDs) HSA-CdTe QDs)
Abdominal pigmentaion 0 3 5
change
Wing defor_m_ltles 0 6 5
abnormalities
Disrupted b_ody 0 4 1
segmentation
Appearance of neoplasms 0 2 2
Imago in cocoon 0 1
Growth on the head 0 1
Acephaly 0 2
Total 0 16 13
Percentage
of fly phenotypic changes 0 1,94 0,87
(PCuw)
p-values™
Control - <0.001 <0.001
Group-1 <0.001 - <0.05
Group-2 <0.001 <0.05 -

“y2-test was used for statistical significance

Phenotypic analysis of offspring
The phenotypic analysis of progeny treated with CdTe QDs and HSA-CdTe QDs
revealed imagos exhibiting diverse phenotypic alterations (Table 2, fig. 1). Specifically,
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among 823 progeny from Groupl (Table 1, treatment with CdTe QDs), 16 imagos were found
with phenotypic changes, accounting for a frequency of 1.94 %. Most abnormalities were
related to wing deformities, similar to those described in the article [10]. Meanwhile, scattered
individuals were observed with changes in abdominal pigmentation, body segmentation,
neoplasms, and other morphological changes. In group 2 (treatment with HSA-CdTe QDs),
13 out of 1500 offspring (0.87 %) also displayed similar abnormalities. However, no such
phenotypic changes were detected in the 1562 offspring analyzed from the control group. A ¥
test indicated a highly statistically significant difference in the frequencies of phenotypic
abnormalities when comparing Group-1 and Group-2 to the control (¥%(2)=27.99, p<0.001).
Moreover, a comparative analysis highlighted a statistically significant difference in the
incident of phenotypic abnormalities between two studied groups (p<0.05). This suggests that
HSA-CdTe QDs bionanocomplex is less toxic to D. melanogaster development than CdTe
QDs, highlighting its diminished adverse effects. Notably, HSA-CdTe QDs induced
phenotypic abnormalities at a frequency 2.3 times lower than that caused by CdTe QDs. Flies
exhibiting abnormalities (from both groups) were analyzed for their survivability and fertility.
Each one was transferred into individual tube (without QDs) and crossed with untreated wild-
type imago of Oregon R strain. According to our observations, flies showing marked
phenotypic changes were not viable: they died and failed to produce offspring. Conversely,
individuals with slight abnormalities (mainly deformed wings) remained fertile and yielded
phenotypically normal progeny. Clearly, offspring do not inherit or exhibit the phenotypic
abnormalities induced in the parental generation by either CdTe QDs or HSA-CdTe QDs.
This suggests that the studied quantum dots primarily exert a modifying effect on the
morphogenetic processes in flies.

a

Figure 1. Phenotypic abnormalities in D. melanogaster offspring after exposure to CdTe QDs and HSA-CdTe
QDs. Images captured using a stereomicroscope: a, b — deformed wings (x112, x196); ¢ — altered wing length
(x112); d — malformed wing with a neoplasm (x112); e — growth on the head (x392); f — acephaly and
deformed wings (x112).

Therefore, the studied HSA-CdTe QDs, similar to CdTe QDs, exerts teratogenic effect in
D. melanogaster, becoming apparent during the critical period of ontogenesis —
organogenesis. Evidently, at the pupal stage, the cells of imaginal discs are highly susceptible
to the influence of the tested quantum dots due to their high mitotic and metabolic activities.
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Evaluation of the genotoxic potential of CdTe QDs and HSA-CdTe QDs in the
dominant lethal mutation test

To evaluate the genotoxic potential of CdTe QDs and HSA-CdTe QDs, the DLM test was
employed. This method is effective in detecting considerable chromosomal mutations caused
by various xenobiotics, leading to an arrest in development at the early (embryonic) stages
[19]. Our data (Fig. 2) indicate that overall DLMy frequency for the CdTe QD-treated groups
(3.083 + 0.073 and 3.089 + 0.073, respectively) did not significant vary from that of the
control group (2.96 + 0.076). The DLMy, frequency for the HSA-CdTe QD-treated groups
(2.75 £ 0.07 and 2.853 £ 0.068, respectively) also did not significantly vary from those of the
control group (2.96 £ 0.076). The ANOVA test indicated that the observed differences among
the mean values of all groups was not substantial enough to be statistically significant
(p=0.453; F=0.879). A pairwise comparison of the DLMy, frequency among all investigated
groups, conducted using Tukey’s test (at a=0.05), demonstrated no statistically significant
difference (p>0.05). Thus, regardless of which parental form consumed the studied QDs —
the male (in the typical DLM test variant) or both parents (in the modified variant) there was
not statistically significant impact on the elevation of the DLM frequency. Based on these
findings, we propose that neither HSA-CdTe QDs nor CdTe QDs exhibit genotoxic effects at
the submolecular level in the D. melanogaster model.
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Figure 2. The total frequency of dominant lethal mutations (DLM) Drosophila melanogaster Oregon R strain
under the influence of CdTe QDs and HSA-CdTe QDs in different experimental variants of test: Control,
TypVar — typical variant; ModVar — modifcal variant.

It is important to note that the number of laid and fertilized eggs was significantly reduced
in the CdTe QDs-treated group (p<0.05), by 24 % and 15 % respectively, compared to the
control. The findings suggest that CdTe QDs have a reproductively toxic effect on both females
and males. However, in the case of the bioconjugate-treated group, no statistically significant
difference (p>0.05) was detected in the number of laid and fertilized eggs compared to control

group.
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Fluorescence visualization of the intergenerational and inter-stage transmission of
CdTe QDs and HSA-CdTe QDs in Drosophila

To confirm this assumption, we examined the ability of these QDs to penetrate germline
cells, eggs, and be transmitted to later developmental stages. For this purpose, two
experimental variants were performed. The first experimental variant involved analyzing
preparations of unfertilized eggs from treated females. For the second variant, we analyzed
preparations of fertilized eggs and larvae obtained by crossing untreated females with treated
males. Fig. 3 demonstrates the cellular mass of homogenized eggs, larvae and imagos’
muscles, respectively, showing distributed fluorescence in all but control samples.

Our data indicate that both CdTe QDs and the HSA-CdTe QDs penetrate into germ cells
of males and females when ingested with food (Fig. 3). During fertilization, these QDs
transfer into eggs, and subsequently to larval cells as confirmed by their fluorescence.

a b C

Control with CdTe QDs with HSA—CdTe QDs

Figure 3. Homogenized eggs (a, b, ¢), larvae (d, e, f) and histological sections of imagos’ muscles (g, h, i) of D.
melanogaster, untreated (control) and treated with CdTe QDs and HSA-CdTe QDs. Fluorescence imaging was
performed using a TRITC filter (emission 570-580 nm, well-suited for visualization of dyes in the orange-red
region of the spectrum), with an exposure time of 50 ms at 400x magnification. The segment in the photos
corresponds to 50 um. Arrows indicate CdTe QDs (h) and HSA-CdTe QDs (i).
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It was observed that intact eggs do not fluoresce, indicating that the eggshell masks the
signal. Therefore, to effectively detect QDs in eggs, it is advisable to prepare crushed slides of
the samples. The images on Fig. 3 (h, i) also demonstrate that both types of QDs are present in
imagos’ muscles in trace amounts. The ability of the bionanocomplexes and QDs to remain in
the organism even after metamorphosis highlights their stability and potential for transmission
across developmental stages and generations. Thus, the HSA-CdTe QDs bionanocomplexes
can be used in biological and biomedical research as a safer tool for bioimaging in vitro and in
vivo applications in model organisms compared to CdTe QDs; however, their use in vivo in
humans is not recommended.

CONCLUSION

Using fluorescence microscopy, we established that both HSA-CdTe QDs and CdTe QDs
were able to penetrate germline cells of the model organism Drosophila melanogaster, were
transmitted to the progeny, and accumulated particularly in larval and adult muscle tissues,
where they were clearly detected in histological sections. This confirmed not only the
effective cellular uptake of both types of quantum dots (QDs), but also their stability and
persistence during development. Importantly, the Dominant Lethal Mutation test
demonstrated that neither HSA-CdTe QDs nor CdTe QDs induced genotoxic effects at the
embryonic stage, suggesting that their direct interaction with the genome did not cause
heritable chromosomal mutations at early development. This aspect is essential, as it indicates
that the observed biological effects are not related to DNA damage, but rather to other
mechanisms, likely involving interference with cellular differentiation and developmental
processes.

At the same time, feeding experiments revealed that both types of QDs exhibited a
teratogenic effect during larval development, leading to phenotypic abnormalities in the
offspring of D. melanogaster. The presence of such morphological changes indicates that
despite the absence of direct genotoxicity, the QDs are capable of disrupting normal
ontogenesis, most probably by affecting cell signaling, oxidative stress responses, or tissue-
specific development. However, the comparative analysis clearly showed that conjugation of
CdTe QDs with human serum albumin (HSA) significantly reduced their teratogenic
potential. Specifically, the frequency of phenotypic abnormalities in the case of HSA-CdTe
QDs was 2.3-fold lower (p<0.05) compared to CdTe QDs, indicating that the albumin coating
provides an additional protective effect by decreasing the overall toxicity of the nanoparticles.

Another important observation was that HSA-CdTe QDs did not reduce the number of
eclosed offspring in comparison to the control, while CdTe QDs led to a noticeable decline in
viability. This suggests that the bioconjugation with HSA not only reduces morphological
abnormalities but also helps maintain normal survival rate and reproductive outcomes. The
protective effect of HSA likely stems from its ability to improve biocompatibility, reduce
surface reactivity, and limit the release of toxic cadmium ions, thereby minimizing negative
biological consequences potentially mediated by a decrease in the generation of reactive
0Xygen species.

In summary, our results highlight the dual nature of CdTe QDs: while they are powerful
fluorescent probes with strong visualization capacity, their biological application is limited by
their inherent developmental toxicity. Conjugation with HSA substantially mitigates these risks,
resulting in improved safety without compromising imaging potential. Thus, HSA-CdTe QDs can
be considered a promising and relatively safe nanobiotechnological tool for in vitro fluorescence
bioimaging, offering an advantageous balance between effectiveness and biosafety. For in vivo
studies this complex can be used in model organisms, but it is not recommended for human use.
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AKTyanabHicTb. JlocikeHHsT HaMmiBIPOBITHUKOBUX HAHOKPHUCTANTIB, BiTOMUX AK kBaHTOBI Touku (KT),
Ta iX 3aCTOCYBaHHS B 010MEIMYHUX JOCITIKEHHIX, O10Bi3yaui3allii, JIarHOCTHIII CTPIMKO PO3BHUBAIOTHCS.
Xoua KT neMOHCTpPYIOTH UYyIOBI ONTHYHI BIACTHBOCTI, iX NPAaKTHYHE 3aCTOCYBAaHHSI OOMEXYETHCS
TOKCHYHICTIO. Y 3B’SI3Ky 3 MM TPHBAIOTh JOCIHIKEHHS, CHPSAMOBaHI Ha 3HMXeHHs TokcnuHocti KT
HIJISIXOM ITOKPHUTTS iIHEpTHUMH 000JI0HKaMH Y1 KOMIUIEKCOYTBOPEHHSIM 3 Oi0MOJIeKyIaMu.

Mera po6oru: Ha D. melanogaster sik Mopesni OLIHUTH F€HOTOKCHYHHN MOTEHLial 6i0HAHOKOMILIEKCY
KT CdTe 3 ansOyminom moguau (HSA) sk 0e3neyHOro Ta MNEpCHEKTUBHOTO 1HCTPYMEHTY IS
¢ryopecueHTHOI GioBi3yamnizawii in vivo.
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Marepiann i meromu. KT CdTe Oynu orpumani XiMIYHMM KOJOIZHMM METOJOM Yy BOAHIN (a3l Ta
koH’toroBaHi 3 HSA s orpumanas OioHanokommiekcy KT HSA-CdTe. ToxcuuHicTh i
reHoTokcuuHicth KT omiHioBamu y BiamoBigHux Tectax Ha moneni D. melanogaster (minis Oregon R).
BizyanizyBamn KT ¢uyopecuentHolo Mikpockomiero. OTpuMaHi JaHi aHali3yBald CTaTHCTHYHUMHU
METOAAaMH, BBXKAIOUX BiAMIHHOCTI 3Hauymumu npu p<0,05.

PesyabTaTH. Beranosieno, mo 6ioHaHokoMmiuieker, Tak camo gk i CdTe KT, nmporukanu y KIiTHHH
3apOJIKOBOI JIiHI{ MOAETHHOTO OPTaHi3My, MIEPEHOCWIINCS Y U W JTMYUHKH Ta YiTKO Bi3yalli3yBayncs Ha
TicToNOTIYHAX TpenapaTax. Y M’sBax iMmaro BusBsutncs mooanHoki CdTe KT i kom’toratm 3 HSA.
Hocmimkysani timu KT He BUKIMKAIM TOKCHYHOCTI y iMaro 3a 3-m000Boi1 eKcro3wmii i 3HIKEHHS iX
PEepPOIYKTUBHOI 3IaTHOCTI, a TaKO)XK T€HOTOKCHYHOTO e(dekTy Ha eMOpioHambHif cTamii pO3BUTKY Y
JJIM-tecTi. [Ipn nmnunHKOBOMY 3rofioByBaHHI, o0uaBa Tunu KT cnpuunusimm teparorennuid edexr. Ha
BigmiHy Bix CdTe KT, GioHaHOKOMIUIEKC 1HAYKYBaB ()eHOTHUIIOBI aHOMAaJIii y iMaro 3i 3HaYHO MEHILOIO
yacToToto (y 2,3 pa3u) Ta He CIIPUYHMHAB 3MEHIICHHS X BUJILOTY MOPIBHSIHO 3 KoHTpousieM (p>0,05).
BucnoBku. [loxazano, mo KT HSA-CdTe Ta CdTe He BUABIAIOTH TEHOTOKCHYHOI Aii Ha eMOpiOHANBHIH
cranii po3sutky. Ha Binminy Big KT CdTe, 6ioHaHOKOMIUIEKC HE YHHUTH PENPOAYKTHBHOI TOKCUYHOCTI,
Ma€ 3HaYHO MEHINy TepaTOTeHHY Ail0 i TOKCHYHUH BIUIMB HA MMOCTEMOpiOHAILHUN PO3BUTOK Mozemi. Lli
nepeBarn  yMOXIUBIOIOTE po3risigmatd KT HSA-CdTe sk BimHOCHO Oe3medHWil Ta IMepCreKTUBHHMA
IHCTpyMeHT [uisi (uryopectieHTHOI GioBizyaizamii in Vitr0 Ta asst BUKOpUCTaHHS iN VIVO Ha MOJENbHHUX
00’ektax. OHaK IXHE 3aCTOCYBaHHA iN VIVO y JIIOIWHH HE PEKOMEHIYEThCS.

KJIIOYOBI CJIOBA: KT HSA-CdTe QDs; 6ionanokomiuiekc; CdTe QDs; Drosophila melanogaster;
TOKCHYHICTB; TeHOTOKCHYHICTB; (pIryopeciieHTHa OioBi3yami3aris.
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Background: Obesity is accompanied by complex metabolic disorders that significantly affect skeletal
muscle physiology, including contractile activity and fatigue resistance. However, the mechanisms
linking obesity to altered muscle function remain insufficiently characterized.

Objectives: The present study aimed to evaluate the impact of obesity on the biomechanical parameters
of musculus soleus contraction in rats under fatigue conditions. In parallel, blood levels of creatinine,
creatine phosphokinase (CPK), and lactate dehydrogenase (LDH) were measured to assess the
relationship between metabolic alterations and neuromuscular dysfunction associated with obesity.
Materials and methods: Experiments were conducted on male white non-linear rats divided into control
and high-calorie diet groups. The musculus soleus contraction force was recorded using strain gauges
attached to the muscle tendons. Electrical stimulation of the L4-L5 efferents was performed with 2 ms
impulses at 1 Hz, generated through platinum electrodes controlled by an ADC-DAC system. Muscle
fatigue was induced by three stimulation series separated by 5 min rest intervals. The maximum
contraction force, time to decrease muscle contraction force by 25% and 50% of the initial level and
muscle force impulse were determined. Blood levels of creatinine, CPK, and LDH were measured by
commercial Kits.

Results: The findings have shown that obesity cause a significant suppression of the contractile activity
of rat musculus soleus. The concentrations of creatinine, CPK, and LDH in the blood of obese rats
increased, indicating impaired neuromuscular function and insufficient recovery during repeated
stimulation. These alterations reflect obesity-induced dysfunction in muscle energy metabolism and
contractile mechanisms.

Conclusions: Obesity causes pronounced suppression of the contractile activity of musculus soleus and
disrupts neuromuscular homeostasis, as evidenced by both biomechanical and biochemical markers. The
findings contribute to understanding the pathophysiological basis of muscle fatigue in obesity and may
support diagnostics of obesity-related muscular dysfunction.

KEY WORDS: musculus soleus; obesity; muscle fatigue; contractile activity; biomechanical parameters
of muscle contraction; biochemical blood indicators

One of the most important characteristics of the human muscular system is its ability to
maintain the level of effort generation, determined by the central nervous system (CNS), for a
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certain period of time. If the factors that induce contractions continue to reach the muscle with
constant intensity, and the level of force generated by the muscle gradually decreases, this
phenomenon is called muscle fatigue. Muscle fatigue is a protective mechanism of the body
against overload and the subsequent development of muscle pain [1]. Its degree is a key factor
in the development of adaptation and the improvement of the body’s functional and physical
capacities. During intense physical activity, the duration of the recovery period (active rest of
the muscle) is also an important parameter for maintaining optimal performance and the
normal physiological state of contracting muscles [2]. Interestingly, the effects of fatigue are
observed not only in the actively working muscle fibers but also in adjacent ones that have not
been pre-stimulated. The causes of this effect may include the diffusion of metabolites from
active to inactive muscle fibers; reduced effectiveness of neuromuscular transmission due to
compression of motor terminals and altered extracellular metabolite composition; and local
hypoxia caused by increased intramuscular pressure, which, in turn, alters the excitability and
contractile capacity of muscle fibers [3].

Several studies indicate the development of skeletal muscle dysfunction in obesity, such
as impaired insulin sensitivity [4]. It has been shown that rats with obesity exhibit
disturbances in muscle protein synthesis in response to chronic lipid infiltration [5]. In
addition, a decline in oxidative capacity and abnormal organization of muscle fibers has been
observed in the skeletal muscles of obese patients [6]. However, the specific features of
skeletal muscle contraction dynamics under conditions of obesity remain poorly studied.

Damage to the molecular structure of muscles during the development of obesity may be
one of the possible causes of their reduced contractility. Degenerative changes, including
partial loss of transverse striation and increased spacing between bundles of muscle fibers,
have been observed after the development of obesity [7]. According to the authors, such
structural changes may result from oxidative damage, as evidenced by elevated levels of
malondialdehyde and lactate dehydrogenase (LDH) in the systemic circulation.

It is known that obese individuals are characterized by a predominance of fast-twitch
(type I1) muscle fibers and a smaller proportion of slow-twitch (type I) muscle fibers [8].
Evidence suggests that a relative reduction in type I muscle fibers is associated with impaired
metabolic health, increased low-density lipoprotein levels, decreased insulin sensitivity, and
reduced arterial elasticity [9]. At the same time, type Il muscle fibers exhibit a reduced ability
to oxidize lipids, which is linked to lower whole-body lipid oxidation and increased lipid
accumulation [10]. Furthermore, the type Il muscle fiber phenotype is more closely associated
with elevated oxidative stress. Therefore, the lack of data on the effect of obesity on the slow
skeletal muscle (musculus soleus) contractile activity prompted us to conduct such studies.

Today, it is well established that there is no single, distinct mechanism responsible for the
development of the muscle fatigue phenomenon; rather, there exists a wide range of
mechanisms operating at different systemic levels [11, 12]. These include disturbances in the
functioning of the CNS, dysfunction of peripheral nerves and neuromuscular junctions, as
well as reversible physiological changes occurring directly within the actively working
skeletal muscles. Naturally, such large-scale physiological alterations are reflected in the
composition of blood, the body’s main transport medium.

Thus, the present study aimed to comprehensively evaluate the effect of obesity on the
biomechanical parameters of musculus soleus contraction in rats, including the maximum
contraction force, the muscle force impulse, and the time required for the reduction of
contraction force to 25% and 50% of the initial values, under conditions of fatigue
development. In parallel, we assessed key biochemical markers of muscle performance —
creatinine, creatine phosphokinase (CPK), and LDH — in the blood plasma of obese rats to
elucidate the relationship between metabolic disturbances and functional impairment of the
neuromuscular system.
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MATERIALS AND METHODS

Experiments on rats were conducted in compliance with international recommendations
for biomedical research involving animals, in accordance with the guidelines of the European
Convention for the Protection of Vertebrate Animals Used for Experimental Purposes. The
study was approved by the Bioethical Committee of Taras Shevchenko National University of
Kyiv (Protocol No. 5, dated 09.09.2020).

Experiments were carried out on male white non-linear rats with an initial weight of 135—
140 + 5 g. During the first week, the rats were provided with standard food and water ad
libitum. On the eighth day of the experiment, the animals were randomly divided into two
groups. The first group (Control, n = 20) received standard food and water, while the second
group (High-Calorie Diet, HCD; n = 20) was fed a high-calorie diet consisting of standard
food (60%), pork fat (10%), chicken eggs (10%), sucrose (9%), peanut butter (5%), milk
(5%), vegetable oil (1%), and water [13, 14]. The rats were sacrificed on the 70" day of the
experiment.

The body mass of the rats was recorded once a week, while food and water intake were
monitored daily in both groups. The body mass index (BMI) — defined as the ratio of body
mass (g) to the square of body length (cm?) — was calculated at the end of the experiment.

The concentration of insulin in the blood of rats was determined by an enzyme-linked
immunosorbent assay (ELISA) [14]. The concentration of glucose in the blood was measured
in animals that had been fasted for at least 2 h. Blood samples were collected from the caudal
vein using a catheter, and glucose levels were determined with a Glucophot-11 glucometer
(Ukraine). The concentration of glycosylated hemoglobin in the blood of experimental rats
was measured using standard kits manufactured by PLIVA-Lachema Diagnostika (Czech
Republic) [14].

The concentration of creatinine in rat blood was measured using the kinetic Jaffe method
[15] without deproteinization, for the quantitative determination of serum creatinine. The
concentration of CPK was determined by the immunoinhibition method with measurement in
the UV region of the spectrum, according to the International Federation of Clinical
Chemistry (IFCC) protocol [15]. The concentration of LDH was measured using an optimized
IFCC method [15].

The preparation for the experiment included intraperitoneal administration of nembutal
(40 mg/kg) for anesthesia. Standard preparation procedures also included cannulation for drug
administration and pressure monitoring, tracheotomy, and laminectomy at the level of the
lumbar spinal cord. The musculus soleus was dissected free from the surrounding tissues and
transected transversely at the distal part of its tendon. To prepare for controlled stimulation of
the efferent fibers in the L4-L5 segments, the ventral roots were severed at their exit points
from the spinal cord. During both surgery and the experimental procedure, heart rate and
electrocardiogram amplitude were continuously monitored. Anesthesia was maintained by
intraperitoneal injections of a ketamine/xylazine mixture every 30—40 min until the end of the
experiment. Body temperature was maintained at 37—38 °C using an infrared lamp [16, 17].

The muscle contraction force was measured using strain gauges attached to the tendons of
the examined muscle. Programmable signal generators of a specific waveform were used to
produce the stimulating signals [16]. Stimulation of the efferent fibers in the L4-L5 segments
was performed with electrical impulses of 2 ms duration and 1 Hz frequency, generated by a
pulse generator controlled by an ADC-DAC system (Analog to Digital Converter — Digital to
Analog Converter) and delivered through platinum electrodes.

To induce muscle fatigue, three series of electrical stimulations were applied, with a 5-
min rest interval between them. The current intensity at which the muscle began to contract
was considered the threshold, and subsequent stimulation was performed at 1.3-1.4 times the
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threshold value. The biomechanical parameters, namely the time required for the reduction of
musculus soleus contraction force by 25% and 50% from the initial level, as well as the
maximum contraction force, as markers of muscle damage [17], in both the Control and HCD
groups were recorded. The muscle force impulse, calculated as the total area under the force—
time curve, was determined using Origin 9.4 software (OriginLab Corp., USA) [17].

Data analysis, including statistical processing and graph plotting, was performed using
Origin 8.0 software (OriginLab Corp., USA). Differences were considered statistically
significant at p < 0.05. The statistical reliability of differences between groups was assessed
using Student’s t-test.

RESULTS AND DISCUSSION

The results of the preliminary metabolic assessment confirmed the successful induction
of obesity in rats maintained on a HCD. As shown in Table 1, animals from the HCD group
demonstrated a significant increase in body weight, BMI, and blood glucose levels compared
to the Control group (p < 0.05). Elevated concentrations of glycosylated hemoglobin and
insulin further indicated disturbances in carbohydrate metabolism and the onset of insulin
resistance. These findings are consistent with earlier reports describing the development of
chronic low-grade inflammation and metabolic dysregulation in adipose tissue during obesity
[18].

Such systemic alterations are known to profoundly influence skeletal muscle structure
and function. The disruption of metabolic homeostasis, accumulation of lipids, and chronic
inflammatory background can impair neuromuscular communication and contractile
performance. Therefore, in the next stage of the study, a detailed biomechanical analysis of
musculus soleus contraction dynamics was carried out to evaluate the effect of obesity on its
functional state. This approach made it possible to identify characteristic changes in the force
generation, fatigue development, and recovery capacity of skeletal muscle under conditions of
obesity-induced metabolic imbalance.

Table 1. The key indicators characterizing the disruption of the functioning of metabolic processes associated
with the development of obesity in rats

Indicators Control group HCD group
Feed consumption, g/day 28 £2 33 £ 2%
Water consumption, mL/day 38 +2 3242 %
Weight gain, % 108 + 6 160 + 8*
BMI, g/cm? 0.60£0.03 0.84 + 0.05*
Concentration of glucose, mM 4.5+0.4 7.1+0.5%
Concentratl_on of glycosylated 0.2120.03 0.8120.06*
hemoglobin, pmol f/g hem
Concentration of insulin, 0.13£0.01 0.2640.02*

rel.units/mg protein

*p < 0.05 — the difference is statistically significant compared to the Control group.

Figure 1 shows the mechanograms of musculus soleus contraction in the Control and
HCD groups, obtained during electrical stimulation at a frequency of 1 Hz in three
consecutive series, each separated by a 5-minute rest interval. The time required for a 25%
and 50% reduction in contraction force from the baseline level was 14 = 1 min and 25 + 1
min, respectively, during the first series of stimulation. In the second and third series, the
corresponding values decreased to 9.0 + 0.5 min and 19 £ 1 min, and 4.0 + 0.2 min and 11 £+ 1
min, respectively.
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These data indicate that, unlike the Control group, rats maintained on a high-calorie diet
exhibited a progressive decline in muscle endurance, as evidenced by the faster reduction in
contraction force across successive stimulation cycles (Fig. 2). It should be noted that the
control values remained stable throughout the experiment, confirming the reproducibility of
the stimulation protocol and the absence of fatigue accumulation under normal metabolic
conditions.

%)
[ -

. . . : . &, min
0 20 40 60 80
Fig. 1. The force of musculus soleus contraction (F, N) caused by electrical stimulation at a frequency of 1 Hz,

performed in three series with 5 min relaxation between each: a — Control group; b — HCD group. At; and At
— the time of reduction of the muscle force contraction by 25% and 50%, correspondingly, from the initial level.

series of electrical stimulation

Fig. 2. The time (t, min) of reduction of musculus soleus contraction force by 25% (b) and 50% (c) from the
initial level in obese rats caused by electrical stimulation at a frequency of 1 Hz, performed in three series (1, 2
and 3) with 5 min relaxation between each. *p < 0.05 — the difference is statistically significant compared to the
Control group (a).

The maximum contraction force generated by an active muscle reflects its ability to
perform rapid, untargeted movements and serves as an indicator of the overall functional state
of the muscular system [16]. As shown in Figure 3, the maximum contraction force of the
musculus soleus in the HCD group decreased to 82 + 5% during the first series of
contractions, while in the second and third series it dropped further to 63 + 3% and 38 + 2%,
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respectively, compared with the Control group. Such a progressive reduction in force
generation suggests a significant impairment of neuromuscular performance in obese rats. The
observed changes may result from disturbances in both neural regulation and myogenic
mechanisms contributing to the pathology under investigation [2, 19].

F

%

.

max?

100 -

80 -

60 -

40 -

20

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20
numbering of muscle contraction

Fig. 3. The maximum force of musculus soleus contraction (Fmax, presented as a percentage of the control levels
taken for 100%) in obese rats caused by electrical stimulation at a frequency of 1 Hz, performed in three series
(1, 2 and 3) with 5 min relaxation between each. 1-20 — the consecutive muscle contraction; *p < 0.05 — the
difference is statistically significant compared to the Control group.

The muscle force impulse, which represents the integrated mechanical work performed
by the muscle during a series of contractions, serves as an indicator of its overall functional
performance [16]. The obtained results show that this parameter decreased to 83 + 5%, 67 +
3%, and 49 + 2% in the first, second, and third series of contractions, respectively, compared
with the Control group (Fig. 4). This progressive decline may be associated with increased
intramuscular collagen deposition, the presence of non-functional muscle fibers, and
inflammatory processes that develop against the background of obesity [20, 21].

As can be seen, in contrast to the Control group, the biomechanical parameters of muscle
contraction in obese rats began to decline from the first minutes of activation (Figs. 1-4).
Thus, obesity leads to a pronounced dysfunction or desynchronization of these biomechanical
characteristics. As a result, the muscle, functioning as a dynamic system, is unable to
adequately respond to neuronal impulses originating from the CNS [19] and therefore cannot
maintain the target position or maximal force output throughout the stimulation cycle.

Changes in the chemical composition of blood during the development of fatigue
processes reflect the biochemical alterations occurring in skeletal muscle [22]. One of the
main biochemical indicators of muscle fatigue is the blood concentration of creatinine, the
amount of which depends on muscle mass and the level of its activity. In our study, we
observed an increase in creatinine concentration with the development of skeletal muscle
fatigue in the Control group after each of the three series of contractions (Fig. 5). The
difference in creatinine content between the first and third series was 10 £ 1%, reflecting the
physiological fatigue of the control muscles.
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Fig. 4. The muscle force impulse (S, presented as a percentage of the control values taken for 100%) caused by
electrical stimulation at a frequency of 1 Hz, performed in three series (1, 2 and 3) with 5 min relaxation between
each. *p < 0.05 — the difference is statistically significant compared to the Control group.

In contrast, the blood creatinine concentration in obese rats was significantly higher than
in the Control group across all series of the experiment. After the first and third stimulation
series, the levels increased by 38 + 2%, indicating a more pronounced metabolic response
(Fig. 5). It should be noted that the observed increase in blood creatinine levels in fatigued
rats was not associated with any nephrotoxic effects of the barbiturates used for anesthesia,
since in the Control group the rise in creatinine remained within the physiological range.

Another marker of muscle fatigue development is the content of CPK. When muscle
damage or intense activity occurs, this enzyme is released from muscle cells, leading to an
increase in its concentration in the blood. In our study, we observed a slight elevation in CPK
levels after the development of muscle fatigue in the Control group, which indicates the
presence of physiological muscle fatigue (Fig. 5). In contrast, the CPK concentration in obese
rats increased by 32 + 2% between the first and third series of contractions (Fig. 5),
suggesting a significant impairment of the neuromuscular system in these animals.

In our opinion, the elevated blood CPK fraction reflects a non-specific physiological
disruption of the myocyte membrane integrity, accompanied by the partial release of
intracellular enzymes into the extracellular space. This process is likely associated with
increased energy demands of the muscle to overcome the enhanced stiffness of active muscle
components.

The level of LDH is an important marker of tissue damage and cellular destruction, and
its concentration in the blood typically increases during intense muscular activity. In our
study, the LDH concentration increased following the development of muscle fatigue in the
Control group (Fig. 5), which is consistent with previous reports [23] describing similar
elevations during high physical activity or muscle injury.
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Fig. 5. The concentrations of creatinine, CPK and LDH in the blood plasma of rats after the musculus soleus
contraction caused by electrical stimulation at a frequency of 1 Hz, performed in three series (1, 2 and 3) with 5
min relaxation between each: a — Control group; b — HCD group. *p < 0.05 — the difference is statistically
significant compared to the Control group.
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In obese rats, the LDH content increased by 27 + 1% between the first and third series of
contractions (Fig. 5), indicating that the 5-minute rest interval was insufficient for the
restoration of muscle biomechanical parameters. Consequently, further stimulation resulted in
both impaired activation of motoneuron pools and a significant reduction in the energy
components of muscle contraction.

CONCLUSIONS

Thus, the effects of obesity on the dynamics of musculus soleus fatigue development and
associated blood biochemical parameters in rats were investigated. The results showed that
obesity causes a significant suppression of the contractile activity of the rat musculus soleus,
with the analyzed biomechanical parameters reduced by an average of 50 + 5%. Moreover, an
increase in the concentrations of the studied biochemical markers in the blood of obese rats by
an average of 32 &+ 3% indicates a marked impairment of neuromuscular function.

The obtained results provide new insights into the mechanisms of skeletal muscle
dysfunction under metabolic overload and may contribute to the diagnosis and prevention of
pathological conditions of the muscular system associated with obesity.
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Biomechanical and biochemical characteristics of musculus soleus contraction in obese rats

PO3UICHUMH S-XBHIMHHMMHM {HTEpPBAJIAMH BiANOYMHKY. BHU3HauaIM MakCUMallbHy CHITy CKOPOYEHHS, 4ac 3HIKEHHS
CHJIM CKOpOYeHHs M’si3a Ha 25% 1 50% Bix MOYAaTKOBOTO PIBHS Ta IMITyJIbc CHIM M si3a. PiBHI kpeatuniny, KOK i
JIAT y kpoBi BU3HAYAIN 32 BUKOPUCTaHHS KOMEPIIHHUX HAOOPIB.

PesyabTaTu. BCTaHOBNIEHO, 110 OXHPIHHS CHPHYMHSAE 3HAYHE MPUTHIYCHHS CKOPOTJIMBOI akTHBHOCTI Mmusculus
soleus mypis. ITinBuienns koHueHrpauiii kpearuHiny, KOK ta JIII y KpoBi TBapHH i3 OKHPIHHAM CBITYUTH MPO
MOpPYIIEHHsT HEPBOBO-M’5130B0i (pyHKINT Ta HEJOCTATHE BiIHOBJICHHS MiJ{ 9ac HMOBTOPHHMX CTHMYJIALii. Taki 3MiHH
BiZIOOpakaroTh PO3BUTOK MUC(HYHKIIT €HEPreTUIHOT0 METa00Ii3My Ta CKOPOTIMBUX MEXaHi3MiB M’sI31B IiJl BIUIUBOM
OKUPIHHS.

BuchHoBku. OXHUPiHHS TPHU3BOAUTH [0 BHPKCHOTO MPUTHIYEHHS CKOPOTIMBOI akTuBHOCTI musculus soleus i
MOPYIIEHHS HEPBOBO-M’SI30BOTO TOMEOCTa3y, IO IMIATBEPUKYEThCS OlOMEXaHIYHMMH Ta Oi0XiMIYHHUMHU
nokasHukamu. OTpHMaHi pe3yNIbTaTH HOTIHOIIOI0Th PO3YMIHHS aTo(]i3i0J0TIYHIX OCHOB PO3BUTKY M’ S30BOT BTOMH
IPH OKUPIHHI Ta MOXKYTh OYTH BHKOPHCTAHI JUIS IIarHOCTHKY O’KUPIHHA-aCOIIHOBAaHNX M’ SI30BUX IUCQYHKILIH.
KJIIOYOBI CJIOBA: musculus soleus; oxwupiHHs; M’s30Ba BTOMA; CKOPOTJIMBA aKTHBHICTH, OioMexaHiuHi
HapaMeTpy CKOPOYeHHs M s13a; 010XiMIUHI TOKA3HUKU KPOBI.
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Background: Lung cancer remains a dominant cause of cancer mortality, and impaired apoptosis mediated
by anti-apoptotic Bcl-2 family proteins contributes to persistence and treatment resistance. Phytochemicals
from Reevesia formosana display reported anti-NSCLC (Non-Small Cell Lung Cancer) activity, yet target-
level mechanisms remain incompletely defined.

Objectives: To prioritize Reevesia formosana phytochemicals as putative Bcl-2 (PDB ID: 6GLS8) inhibitors
and to derive mechanistic insight through multiscale computation.

Materials and methods: Six phytochemicals and the reference Tivantinib were docked to 6GL8, and the
top candidate (CPD1) was evaluated by 100 ns molecular dynamics simulations alongside Tivantinib.
MMGBSA binding free energies were computed from 125 snapshots spanning 20-100 ns. ADMET
properties were predicted using pkCSM. Frontier-orbital and global reactivity descriptors were obtained by
DFT.

Results: Docking ranked CPD1 highest (-10.15 kcal/mol) relative to Tivantinib (-8.83 kcal/mol), with
hydrogen bonding to Tyr108 and Arg129 and extensive pocket complementarity. MD trajectories indicated
a more confined CPD1-6GL8 complex (RMSD mainly 0.18-0.22 nm) than Tivantinib-6GL8 (0.21-
0.26 nm, occasional 0.27-0.28 nm), with comparable compactness (Rg of 1.44 nm) and bounded SASA.
Hydrogen-bond counts supported intermittent polar anchoring for CPD1 (0-3) and higher early sampling
for Tivantinib. MMGBSA favored CPD1 (ATOTAL -32.87 + 4.28 kcal/mol) over Tivantinib (-17.27 +2.81
kcal/mol), supported by stronger AVDWAALS (-40.76 vs -31.34 kcal/mol) and a smaller AG_SOLYV (20.28
vs 24.14 kcal/mol). ADMET prediction indicated high intestinal absorption with limited solubility,
restricted BBB/CNS permeability, fewer CYP inhibition flags, and no hepatotoxicity alert for CPD1, while
hERG |1 inhibition was flagged for both ligands. DFT showed similar EHOMO (eV) but a narrower AE
(eV) and higher o (eV) for CPD1 than for Tivantinib.

Conclusions: Integrated modeling prioritizes CPD1 as a Bcl-2-targeting scaffold for lung cancer-relevant
studies, supporting structure-guided optimization and experimental verification.

KEY WORDS: ADMET; anti-apoptosis; Bcl-2; MMGBSA; molecular modeling; Reevesia formosana.

Cancer was a leading cause of death globally in 2020, responsible for nearly 10 million
deaths, or about one in six total deaths, with major risk factors being lifestyle-related and
infections, disproportionately affecting low- and middle-income countries. Among of those,
lung cancer is a major global health issue, consistently the leading cause of cancer deaths
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worldwide, responsible for nearly 1.8 million deaths annually, driven primarily by tobacco but
also by air pollution, with disparities seen globally [1]. The primary cause of lung cancer is
smoking tobacco, responsible for 80-90% of cases, due to over 60 carcinogens in smoke, but
other major factors include secondhand smoke, radon gas, asbestos, air pollution, and genetic
predispositions, affecting both smokers and non-smokers [2]. Lung cancers are primarily
divided into two main groups: Non-Small Cell Lung Cancer (NSCLC), which is the most
common type (about 85%) and grows slower, and Small Cell Lung Cancer (SCLC), which is
more aggressive and makes up about 15% of cases, with a third, much rarer category being lung
carcinoid tumors [3]. In NSCLC, evasion of programmed cell death is frequently supported by
dysregulation of apoptosis-regulatory networks, including increased activity of anti-apoptotic
members of the Bcl-2 family, enabling survival of genetically compromised cells and
contributing to treatment resistance. Bcl-2 is a key anti-apoptotic protein that helps cancer cells,
including those in NSCLC, survive by preventing programmed cell death, often leading to
chemotherapy resistance [4, 5]. Accordingly, therapeutic inhibition of anti-apoptotic Bcl-2
family proteins may re-establish apoptotic signaling and mitigate resistance to standard
chemotherapy and radiotherapy in NSCLC.

Programmed cell death by apoptosis represents a tightly regulated biological pathway
defined by characteristic morphological and biochemical hallmarks, including cell shrinkage,
chromatin condensation, membrane blebbing, and caspase-driven proteolysis [6]. In many
cancers, impaired mitochondrial apoptosis is closely linked to dysregulation of the Bcl-2
family, a network of pro- and anti-apoptotic regulators that controls mitochondrial outer
membrane permeabilization and downstream caspase activation. Overexpression or functional
dominance of anti-apoptotic members such as Bcl-2 contributes to apoptosis evasion and
therapeutic resistance, supporting pharmacological blockade of Bcl-2 as a rational anticancer
strategy [7]. Consequently, the central role of Bcl-2-mediated apoptotic blockade in cancer
progression and drug resistance motivates the search for new, chemically diverse Bcl-2
inhibitors, for which natural products offer an especially rich and underexploited source of
apoptosis-modulating scaffolds [8].

Plant-derived compounds are crucial in drug discovery, providing complex scaffolds for
treatments like anticancer, highlighting their ongoing importance despite synthetic challenges,
as they offer unique structures and often lower toxicity than purely synthetic counterparts,
driving innovation in areas from oncology to neurology [9, 10]. Plant-derived compounds show
significant promise in treating NSCLC by inhibiting cancer cell growth, inducing death, and
modulating signaling pathways, often acting as adjuvants to enhance chemotherapy/targeted
therapy effectiveness and overcome drug resistance, highlighting their potential to improve
treatment outcomes and quality of life, though more clinical trials are needed [11, 12]. Building
on this therapeutic potential, computational modeling provides a rational and resource-efficient
framework to clarify how such phytochemicals engage molecular targets, prioritize candidates,
and generate mechanistic hypotheses prior to extensive experimental validation. The
mechanism of plant-derived compounds is unveiled computationally through a multi-stage
process that integrates various bioinformatics and cheminformatics methods. These approaches
streamline the traditional drug discovery pipeline, making it faster and more cost-effective than
solely experimental methods [11, 13]. Reevesia formosana Sprague is highly cytotoxic, with its
root, stem, and fruits containing potent anticancer compounds that showed significant activity
against various cancer cell lines, making it a standout among many Formosan plants studied for
their bioactivity. Previous study on this species led to the isolation of several phytochemicals
with anti NSCLC activity against the NCI-H460 cancer cell line [14]. Despite these advances,
the mechanistic underpinnings of their bioactivity, particularly within apoptosis-regulatory
pathways, remain underexplored. Therefore, the aim of this study was to prioritize selected
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phytochemicals from R. formosana as putative Bcl-2 (PDB ID: 6GLS8) inhibitors and to gain
mechanistic insight into their binding behavior using an integrated in silico approach, including
molecular docking, molecular dynamics simulations, MMGBSA, ADMET prediction, and
DFT-based electronic descriptors. The combined outputs support prioritization of these
phytochemicals for subsequent experimental validation and structure-guided optimization in
lung cancer-relevant models, while safety-related inferences remain provisional until
confirmation through dedicated in vitro and in vivo investigations.

MATERIALS AND METHODS

Structural preparation of selected ligands
These selected phytochemical, including reevesioside J (CPD1), epi-reevesioside K
(CPD2), reevesiterpenol C (CPD3), reevesiterpenol E (CPD4), strophanthidin (CPD5),
oleanolic acid (CPD6), have molecular formulas of C3oH440g, C30H38010, C15H2004, C16H160s,
Ca23H3206, C30Hag03, respectively, with molecular weights of 532.3036, 558.2465, 264.1362,
288.0998, 404.2199, 456.3603 g/mol. Tivantinib, possessing a molecular formula of
C23H19N30; and a molecular weight of 369.1477 g/mol, was chosen as the positive control

(Fig. 1).

g
Fig. 1. 3D structures of selected phytochemicals. (a) CPD1; (b) CPD2; (c) CPDS3; (d) CPD4; (e) CPD5; (f)
CPD6; (g) Tivantinib.

Molecular docking study

Three-dimensional geometries of the selected ligands were constructed with BIOVIA
Discovery Studio Visualizer and saved in PDB format. Polar hydrogen atoms were added,
Gasteiger partial charges were assigned, and all rotatable bonds were treated as flexible for the
docking procedure. The crystallographic structure of Bcl-2 (PDB ID: 6GL8) was retrieved from
the RCSB Protein Data Bank in PDB format [15]. Non-protein entities (co-crystallized ligand
and crystallographic waters) were removed to avoid bias in the binding site. The receptor was
checked for incomplete residues/atoms and corrected when needed. Polar hydrogens were
added, and Gasteiger partial charges were assigned to the receptor. The prepared receptor was
saved in PDBQT format for docking. Ligand-protein docking was performed in AutoDock
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Tools, using a grid with 60 points along each of the X, y, and z directions and a spacing of 0.375
A. The grid was centered on the binding pocket of 6GL8, defined by coordinates x = 9.866 A,
y =0.590 A, and z = 16.717 A. Conformational sampling employed the Lamarckian genetic
algorithm, which enabled identification of low-energy binding modes and energetically
favorable interaction patterns. For each ligand, the highest-ranked pose was subsequently
examined in Discovery Studio Client 2024 and compared with the docking configuration of
Tivantinib on the same Bcl-2 structure in order to assess similarities in binding mode and
interaction profile [16].

Molecular dynamics simulation

Molecular dynamics simulations of the highest-ranked docking pose of the ligand in
complex with the Bcl-2 protein (PDB 1D: 6GL8) were performed for 100 ns using GROMACS
2024.4 [17]. Prior to the production stage, the protein structure was refined in Swiss-PdbViewer
by reconstructing missing residues and atoms [17]. Force-field parameters compatible with the
simulation were generated for the ligand using SwissParam [18]. The refined complex was
inserted into a triclinic simulation box containing SPC water molecules and supplemented with
0.15 M NacCl to reproduce physiological ionic strength. Energy minimization was executed for
50,000 steps to reduce steric conflicts and stabilize electrostatic interactions. System
equilibration employed a two-phase protocol, consisting of a 200 ps NVT stage followed by a
200 ps NPT stage, both maintained at 300 K and 1 bar. Production simulations were conducted
in three independent replicas, each extending for 100 ns with a 2 fs integration timestep, and
trajectory frames were stored every 10 ps. Trajectory analysis with Grace quantified root mean
square deviation (RMSD), root mean square fluctuation (RMSF), radius of gyration (Rg),
number of hydrogen bonds (H-bonds), and solvent-accessible surface area (SASA). Structural
superimposition in UCSF Chimera 1.13.3 allowed assessment of conformational stability
across all simulated complexes [19]. To evaluate interaction persistence, ligand orientations at
0 ns and 100 ns were aligned within the binding site, and the continuity of hydrogen bonding,
van der Waals forces, and hydrophobic interactions throughout the 100 ns simulation was
examined to provide insight into the durability and dynamical behavior of the complex.

Binding free energy calculation using MMGBSA

Binding free energy estimation for the CPD1-6GL8 and Tivantinib-6GL8 complexes was
conducted with the gmx_MMPBSA workflow under the charmm36 force field. The polar term
of solvation was evaluated using a generalized Born implicit-solvent formulation, whereas the
non-polar contribution was derived from solvent-accessible surface area calculations.
Calculations were performed on an ensemble of snapshots obtained from the molecular
dynamics trajectories during the 20-100 ns window (80 ns total), comprising 125 evenly
distributed frames sampled at 80 ps intervals. This trajectory-averaged strategy allowed
quantitative comparison of the interaction energetics of the two ligands, thereby elucidating
differences in relative binding affinity and complex stability across the analyzed simulation
segment [20].

ADMET prediction
Assessment of ADMET attributes constitutes a fundamental component of preclinical
screening, enabling early recognition of pharmacokinetic limitations and safety liabilities,
reducing late-stage failure, and improving prioritization of candidates with favorable
therapeutic potential. In the present work, the pkCSM platform was employed to predict the
ADMET profiles of CPD1 and Tivantinib. pkCSM generates estimates using graph-based
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molecular signatures, thereby supporting a structured evaluation of absorption, distribution,
metabolism, excretion, and toxicity characteristics for the selected compounds [21].

Quantum DFT Analysis

Geometry optimisation of CPD1 and Tivantinib was executed in the ORCA quantum-
chemistry package (v6.1.0). Starting conformations were generated in Avogadro, whereas
molecular orbital inspection and associated electronic evaluations were performed in IboView
(v20211019) [22—-24]. Density functional theory calculations were carried out using the B3LYP
exchange-correlation functional in combination with the 6-31G(d,p) basis set to obtain
consistent electronic wavefunctions. Using the converged, fully optimised structures, quantum-
chemical descriptors were computed, including the energies of the highest occupied molecular
orbital (HOMO) and the lowest unoccupied molecular orbital (LUMO), the HOMO-LUMO
energy gap (AE), chemical potential (p), electronegativity (), global hardness (1), softness (o),
and electrophilicity index (o). These indices were interpreted under the Koopmans’ theorem
framework to delineate electronic characteristics and infer the chemical reactivity of the
investigated compounds [25, 26].

RESULTS AND DISCUSSION

Molecular docking analysis

Molecular docking assess how well potential drug molecules fit into a protein's binding
site, predicting their binding affinity and pose, crucial for drug discovery to find potent
inhibitors by ranking compounds based on scores and identifying key interactions with the
target protein, often followed by more detailed molecular dynamics simulations for stability
analysis. Before docking the ligands into 6GL8, protocol performance was assessed by re-
docking the co-crystallized ligand (Fig. 2). The re-docked conformation closely matched the
experimentally observed binding orientation, with an RMSD of 0.7540 A, supporting adequacy
of the docking parameters and search space definition. In docking validation, RMSD values
below 2 A are commonly regarded as indicative of acceptable pose reproduction and
methodological reliability [27]. After validation, docked conformations were ranked by
predicted binding score, where increasingly negative binding energies (kcal/mol) correspond to
more favorable predicted binding.

Fig. 2. The superimposition of the docked and native ligands within 6GL8 protein for validation of the molecular
docking protocol (violet = native, green = docked).

As summarized in Table 1, docking-derived binding energies and residue-level contact
patterns were evaluated for six phytochemical candidates (CPD1-CPD6) within a conserved
pocket characterized by recurrent participation of Phe104, Tyr108, Aspl111, Phell2, GIn118,
Leul37, Alal49, and Phel53. Tivantinib served as the reference ligand under the same docking
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protocol. Across all complexes, the interaction landscape reflected a combination of hydrogen
bonding and short-range contact complementarity within an aromatic-aliphatic cavity enriched
in Phe and Tyr side chains, with polar anchoring frequently involving Asp111 and GIn118.

Table 1. The interactions between the docked ligands and the protein 6GL8

Docked | Binding energy | Hydrogen Van der Waals Hydrophobic interaction
ligands (kcal/mol) bond force
CPD1 -10.15 Tyrl08, Asplll, Phell2, | PhelO4, Tyr108, Metl15,
Argl29 GIn118, Thr132, Leull9, Val133, Phel53
Glul36, Leul37,
Alal49
CPD2 -9.25 - Met115, GIn118, | Phel04, Tyr108, Leull9,
His120, Arg129, Vall133, Alal49, Phel53
Thrl132, Glul36,
Argl46
CPD3 -6.64 - Asplll, GInl118, | Phel04, Tyrl108, Phell2,
Leull9, Vall33, | Metl115, Leul37, Alal49
Glul52, Phel53
CPD4 -6.44 GInl118 Asplll, Glull4, | Phel0O4, Tyrl108, Phell2,
Phel52 Met115, Leull9, Val133,
Leul37, Alal49
CPD5 -6.87 GInl118 Tyrl08, Asplll, | Phel04, Phell2, Metl115,
Leull9, Argl29, Val133, Phel53
Alal49, Glul52
CPD6 -8.78 Asplll, Phel04, GIn118, | Phell2, Met115, Leull9,
Argl29 Thrl32, Glul36, | Argl29, Val133, Phel53
Leul37
Tivantinib -8.83 Alal49 Asplll, GInl18, Phel04, Tyr108, Phell2,
Leul37, Phel50, | Met115, Leull9, Vall133,
Glul52, Phel53 Alal49

Within the selected ligands, predicted affinities spanned -10.15 to -6.44 kcal/mol. CPD1

exhibited the most favorable binding energy (-10.15 kcal/mol) and engaged the full set of
canonical pocket residues (Phel04, Tyr108, Asplll, Phell2, GIn118, Leul37, Alal49,
Phel53). In addition, CPD1 formed two hydrogen bonds involving Tyr108 and Argl29,
consistent with a binding pose stabilized by both aromatic enclosure and directional polar
constraints (Fig. 3a). CPD2 ranked second by docking score (-9.25 kcal/mol) and maintained
contacts with key residues (Phe104, Tyr108, GIn118, Leul37, Alal49, Phel53), with additional
proximity to Argl146. However, no hydrogen bond was annotated for CPD2, suggesting that the
predicted stabilization may primarily arise from nonpolar packing and van der Waals
complementarity rather than explicit polar locking. The selected receptor 6GL8 is a co-crystal
structure of Bcl-2 bound to S55746, a selective BH3-mimetic that occupies the hydrophobic
groove of Bcl-2. In the reported binding mode, S55746 forms a single hydrogen bond to the
backbone carbonyl of Alal49 and is stabilized by extensive hydrophobic and van der Waals
interactions within the BH3 groove [15]. Based on the deposited 6GL8 coordinates, residues
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lining the S55746 pocket include Phel04, Tyr108, Asp111, Phell12, Met115, GIn118, Val133,
Glul36, Leul37, Gly145, Argl46, Alal49, Glul52, and Phel53, defining a conserved
aromatic-aliphatic cavity. Notably, CPD1 recapitulates multiple key groove contacts observed
for S55746, including Phel104, Tyr108, Aspl1l, Phell2, Met115, GIn118, Val133, Glul36,
Leul37, Alal49, and Phel53, supporting that CPD1 is positioned within the canonical BH3-
binding groove similarly to a crystallographically validated Bcl-2 inhibitor, while exhibiting an
alternative polar-anchoring pattern (Tyr108 and Arg129).

The reference compound Tivantinib yielded a binding energy of -8.83 kcal/mol, with
contacts mapped to the core pocket residues (Phel04, Tyrl08, Asplll, Phell2, GInl118,
Leul37, Alal49, Phel53) and a hydrogen bond assigned to Alal49. CPD6 displayed a closely
comparable affinity (-8.78 kcal/mol) and contacted Phe104, Asp111, Phel12, GIn118, Leul37,
and Phe153, while the hydrogen-bond network involved Asp111 and Arg129. Notably, Alal49
did not appear among the CPD6 contact residues, indicating a slightly shifted occupancy within
the pocket relative to Tivantinib, despite preservation of interactions around Asp111/GIn118
and the aromatic residues (Fig. 3b).
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Fig. 3. Molecular docking model and 2D interaction diagram of CPD1 (a), and Tivantinib (b) with 6GL8 protein.
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The remaining ligands showed more moderate predicted stabilization. CPD5 produced -
6.87 kcal/mol and included a hydrogen bond to GIn118, alongside contacts with Phel04,
Tyrl08, Asplll, Phell2, Alal49, and Phel53. CPD3 (-6.64 kcal/mol) and CPD4 (-6.44
kcal/mol) both retained the canonical pocket residue set, yet CPD3 lacked annotated hydrogen
bonding whereas CPD4 presented a single hydrogen bond to GIn118. Collectively, the dataset
indicates that higher affinity within this series coincided with retention of the core pocket
residues, supplemented in several cases by hydrogen-bond formation at Tyr108, Asplll,
GInl118, Alal49, or Argl29. On the basis of docking, CPD1 and CPD2 outperformed
Tivantinib, while CPD6 showed near-equivalent affinity. CPD1 was therefore advanced to
molecular dynamics as the top-ranked scaffold, with CPD2 and CPD6 reserved for subsequent
simulation-based validation.

Molecular dynamics simulations analysis

Molecular dynamics simulation represents a widely adopted approach in contemporary
drug discovery, enabling time-resolved, atomistic characterization of ligand-target recognition.
By propagating atomic trajectories under defined thermodynamic conditions, molecular
dynamics elucidates conformational flexibility, binding-mode stability, and interaction
energetics that inform mechanistic interpretation of molecular association. The resulting
ensembles provide access to protein dynamical behavior, including transient pocket formation
and allosteric communication, and delineate the influence of solvent structure and water-
mediated contacts on affinity and selectivity. These capabilities facilitate rational lead
optimization and can reduce reliance on extensive experimental iteration; however, integration
with experimental validation remains essential to ensure translational reliability of
computational predictions [28]. Integrating molecular docking with molecular dynamics
provides an efficient structure-based workflow: docking rapidly screens binding poses and
approximates affinity, whereas molecular dynamics evaluates time-dependent stability under
conformational flexibility and solvent effects. This combination reduces false positives and
improves lead optimization from initial hits to refined candidates [29]. Therefore, the evaluation
systematically investigated RMSD, RMSF, Rg, H-bonds, and SASA metrics to determine the
stability, flexibility, and solvent exposure of the CPD1-6GL8 and Tivantinib-6GL8 complexes
throughout the simulation. Consequently, the total energy and potential energy values for the
CPD1-6GL8 complex were found to be -227,502 kJ/mol and -282,584 kJ/mol, respectively. For
the Tivantinib-6GL8 complex, the total energy and potential energy values were measured at -
228,160 kJ/mol and -283,113 kJ/mol, respectively. The simulation system maintained
equilibrium at a temperature of 300 K.

Root mean square deviation (RMSD) provides a time-resolved measure of structural
departure from the starting reference after optimal superposition, and is routinely applied to
evaluate equilibration behavior and overall conformational stability during molecular dynamics
simulations [30]. Over the 100 ns trajectory, the CPD1-6GL8 complex exhibited an initial
accommodation within the first several nanoseconds and subsequently remained largely
confined, with RMSD values predominantly distributed around 0.18-0.22 nm (Fig. 4a). In
contrast, the Tivantinib-6GL8 complex showed a comparable early regime but transitioned
toward higher RMSD after approximately the first third of the simulation, fluctuating mainly
around 0.21-0.26 nm with sporadic excursions approaching 0.27-0.28 nm. The absence of
abrupt jumps suggests preservation of the folded framework in both systems; however, the
consistently lower RMSD envelope observed for CPD1 indicates tighter structural confinement
relative to the reference ligand under the simulated conditions.
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Fig. 4. Results of MD simulation for the bindings of CPD1 (blue) and Tivantinib (red) with 6GL8 protein. (a)
RMSD, (b) RMSF, (c) Rg, (d) H-bonds, and (e) SASA.

Root mean square fluctuation (RMSF) quantifies residue-wise mobility around the time-
averaged position, enabling localization of flexible segments and comparatively rigid
secondary-structure elements [31]. After recalculation of RMSF on a residue basis from the 100
ns trajectories, both complexes displayed the expected non-uniform fluctuation pattern across
6GL38, with the highest mobility localized at the N-terminal region and several additional local
maxima along the sequence (Fig. 4b). The largest fluctuation was observed at Gly7 in both
systems, reaching 0.249 nm for CPD1-6GL8 and 0.456 nm for Tivantinib-6GL8, indicating
markedly greater terminal mobility in the Tivantinib-bound complex. Beyond the N-terminus,
local fluctuation peaks were evident in the regions around residues 24-35, 48-50, and most
prominently 114-120, with Tivantinib generally producing higher RMSF values than CPD1. In
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particular, the 114-120 segment reached approximately 0.116-0.129 nm in the CPD1-6GL8
complex, whereas the corresponding values in the Tivantinib-6GL8 complex increased to about
0.147-0.193 nm. Across most of the remaining structured residues, RMSF values remained
relatively low, predominantly within 0.04-0.09 nm for both systems, consistent with
preservation of the overall protein fold during simulation. Collectively, the corrected residue-
wise RMSF analysis indicates that the Tivantinib-bound complex undergoes somewhat greater
local mobility than the CPD1-bound complex, whereas CPD1 maintains comparably lower
fluctuations over much of the 6GL8 structure, supporting slightly greater dynamic stabilization
under the simulated conditions. Because the crystallographic structure of 6GL8 contains
unresolved segments, residue numbering in the RMSF plot follows the native PDB indexing,
and missing regions are absent from the profile rather than analyzed as continuous residues.

The radius of gyration (Rg) reflects mass-weighted compactness of the protein assembly
and is commonly monitored to detect expansion or compaction events during simulation. As
shown in Figure 4c, both complexes maintained Rg within a narrow band centered near 1.44
nm, indicating sustained global compactness without signatures of unfolding. CPD1-6GL8
fluctuated approximately within 1.42—-1.47 nm, with a modest upward tendency after 65 ns
toward the 1.45-1.46 nm region. Tivantinib-6GL8 occupied a similar interval but exhibited a
clearer transient compaction during 75-85 ns, with minima approaching 1.41-1.42 nm. These
patterns indicate stable global architecture for 6GL8 in both ligand-bound states, with small
ligand-dependent shifts in compactness.

In molecular dynamics, the number of hydrogen bonds (H-bonds) indicates the strength,
stability, and structural integrity of interactions, showing how many temporary links form
between molecules over time; a higher count often means stronger binding/structure, while
tracking changes reveals dynamic processes like protein folding, binding/unbinding, or solvent
effects, influencing overall system stability and function [32]. Across the 100 ns simulation
(Fig. 4d), the CPD1-6GL8 complex exhibited H-bonds values primarily between 0 and 2,
interspersed with short-lived events reaching 3. The Tivantinib-6GL8 complex displayed a
broader distribution, commonly populating 1-2 and frequently sampling 3 during the early
segment of the trajectory, with an isolated spike reaching 4 near the late stage. Collectively, the
profiles indicate that polar contacts persisted intermittently in both systems; the reference ligand
showed a higher early-time propensity for multiple H-bonds, whereas CPD1 maintained
stability despite a lower upper bound for most of the trajectory.

Solvent-accessible surface area (SASA) reports the extent of solvent exposure and is
sensitive to changes in packing and conformational breathing motions. The SASA traces for both
complexes remained within a confined range throughout 100 ns, without sustained drift indicative
of progressive expansion or collapse (Fig. 4e). CPD1-6GL8 fluctuated approximately within 79—
90 nm? and showed a modest elevation during 60-85 ns relative to earlier frames, consistent with
slightly increased solvent exposure. Tivantinib-6GL8 spanned roughly 78-89 nm? and displayed
comparatively lower SASA during the same window, suggesting transiently reduced exposure
and marginally tighter packing. The broadly similar oscillatory behavior across both systems
supports stable solvent-exposed surface properties over the analyzed trajectory.

Collectively, the integrated molecular dynamics descriptors delineate the dynamic stability
and binding behavior of the CPD1-6GL8 and Tivantinib-6GL8 complexes, underscoring the
contribution of 6GL8 pocket dynamics to ligand accommodation. The CPD1-6GL8 system
exhibited a generally lower RMSD envelope with comparable compactness and controlled
residue-level mobility in the Gly7-Gly203 region, supporting a slightly more stable association
than the Tivantinib-6GL8 complex under identical conditions. These observations indicate that
CPD1 can sustain persistent binding within the 6GL8 site and merits prioritization as a
promising alternative scaffold for further investigation.
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MMGBSA calculation

MMGBSA (Molecular Mechanics/Generalized Born Surface Area) is a fast, efficient
computational method in drug discovery that estimates ligand-receptor binding free energy by
combining molecular mechanics with implicit solvation models, analyzing snapshots from
molecular dynamics) to score potential drug candidates, rank binding poses, and predict relative
affinities, helping to filter promising compounds by breaking down energy into gas-phase, polar
solvation, and nonpolar contributions. It's a powerful tool for virtual screening and lead
optimization, offering a good balance between accuracy and computational cost compared to
more rigorous methods [33]. Binding free energies of the CPD1-6GL8 and Tivantinib-6GL8
complexes were quantified using the MMGBSA scheme, where the binding term is defined as
AG bind = G_complex - (G _receptor + G_ligand). Although AG bind can be written in the
thermodynamic form AH - TAS, omission of configurational entropy yields an enthalpy-
weighted metric that remains informative for relative ranking when both ligands are evaluated
under the same trajectory sampling and energy model. Energy decomposition was used to
resolve the balance between gas-phase interactions (AG_GAS = AVDWAALS + AEEL) and
solvation contributions (AG_SOLV = AEGB + AESURF), enabling interpretation of the
dominant stabilization factors.

Table 2. Free energy of binding obtained using MMGBSA calculations

Energy Average (kcal/mol) Standard Deviation
Component  —=5516GL8 | Tivantinib- CPD1-6GLS Tivantinib-

6GLS 6GLS
AVDWAAALS -40.76 -31.34 3.62 278
AEEL -12.38 -10.07 8.53 6.05
AEGB 25.22 28.45 7.93 472
AESURF -4.93 431 0.51 0.29
AGGAS -53.15 “41.41 10.46 6.19
AGSOLV 20.28 24.14 755 457
ATOTAL -32.87 17.27 4.28 2.81

Consistent with the docking prioritization of CPD1 and the subsequent dynamics indicating
tighter structural confinement, MMGBSA analysis produced negative total binding free
energies for both complexes, with a pronounced advantage for CPD1. As detailed in Table 2,
the mean ATOTAL reached -32.87 + 4.28 kcal/mol for CPD1-6GL8, compared with -17.27 +
2.81 kcal/mol for Tivantinib-6GL38, corresponding to a 15.60 kcal/mol more favorable estimate
for CPD1. The larger dispersion for CPD1 suggests broader energetic sampling across the
trajectory, yet the mean difference remains substantial relative to the reported standard
deviations. The enhanced affinity of CPD1 is primarily explained by stronger gas-phase
interactions. The gas-phase term was AG_GAS = -53.15 + 10.46 kcal/mol for CPD1, whereas
Tivantinib yielded -41.41 + 6.19 kcal/mol. This gap is driven mainly by van der Waals
stabilization, with AVDWAALS = -40.76 + 3.62 kcal/mol for CPDI1 versus -31.34 + 2.78
kcal/mol for Tivantinib, indicating tighter short-range packing and shape complementarity in
the CPD1-bound state. This pattern aligns with the docking contact map that placed CPD1
deeply within an aromatic-aliphatic cavity enriched in Phe/Tyr side chains and reported
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extensive nonpolar contacts (Phe104, Tyr108, Met115, Leul19, Val133, Phel53) together with
proximity to canonical pocket residues. Electrostatic interactions contribute additional
stabilization in both systems and modestly favor CPD1 (AEEL = -12.38 + 8.53 kcal/mol) over
Tivantinib (-10.07 + 6.05 kcal/mol). The comparatively higher variability of AEEL relative to
AVDWAALS is compatible with time-dependent rearrangements of polar contacts during
dynamics, particularly given that hydrogen-bond occupancy was intermittent over the 100 ns
trajectories. Solvation effects oppose binding for both ligands, with AG_SOLV =20.28 = 7.55
kcal/mol for CPD1 and 24.14 + 4.57 kcal/mol for Tivantinib. The unfavorable solvation term
is dominated by the polar GB component (AEGB = 25.22 £+ 7.93 kcal/mol for CPD1; 28.45 +
4.72 kcal/mol for Tivantinib), whereas the nonpolar surface contribution provides a smaller
favorable offset (AESURF = -4.93 + 0.51 kcal/mol for CPD1; -4.31 + 0.29 kcal/mol for
Tivantinib). Therefore, beyond stronger gas-phase attraction, CPD1 also experiences a reduced
desolvation penalty, which further shifts ATOTAL toward more favorable values. This
solvation profile is congruent with the dynamics-derived picture of stable pocket
accommodation without sustained expansion of solvent exposure, as SASA remained within a
narrow range for both systems, supporting comparable global solvation environments while
permitting ligand-specific differences in local desolvation costs.

Taken together, the MMGBSA decomposition indicates that the superior binding estimate
for CPD1-6GL8 originates chiefly from more favorable van der Waals interactions and a lower
polar solvation penalty, with electrostatics contributing additional but secondary stabilization.
These energetic findings reinforce the docking outcome in which CPD1 achieved the best score
and maintained canonical pocket residue engagement, and they are compatible with the
molecular dynamics observations of a lower RMSD envelope and sustained complex stability
under the simulated conditions.

ADMET prediction analysis

ADMET prediction in drug design uses computational models to estimate a compound's
Absorption, Distribution, Metabolism, Excretion, and Toxicity early on, acting as a crucial filter
to identify drug-like molecules, reduce late-stage failures, cut costs, and speed up development
by predicting if a potential drug will work in the body and won't be harmful before expensive
experiments. Thus, in silico ADMET profiling was conducted to characterize the predicted
pharmacokinetic behavior and safety-relevant alerts of CPD1 in relation to the reference ligand
Tivantinib, with descriptors organized across absorption, distribution, metabolism, excretion,
and toxicity [34]. The resulting comparative profile supports prioritization decisions following
docking and molecular dynamics analyses by highlighting parameters that may influence
exposure, transporter liability, metabolic interaction potential, and toxicity risk. Predicted
ADMET descriptors for CPD1 and Tivantinib are summarized in Table 3.

Across absorption metrics, both ligands exhibit limited predicted aqueous solubility, with
water solubility values of -4.838 log mol/L for CPD1 and -4.405 log mol/L for Tivantinib,
indicating similarly constrained dissolution and a modest solubility advantage for Tivantinib.
In contrast, epithelial transport indices favor CPD1, as reflected by higher Caco-2 permeability
(1.42 vs 1.122 log Papp in 10° cm/s) and higher predicted human intestinal absorption
(98.498% vs 94.761% absorbed). Predicted skin permeability is comparable, with slightly more
permissive dermal permeation for Tivantinib (-3.221 log Kp) relative to CPD1 (-3.441 log Kp).
Transporter annotations indicate shared involvement with P-glycoprotein: both compounds are
predicted to be P-glycoprotein substrates and to inhibit P-glycoprotein | and P-glycoprotein II,
suggesting potential for efflux-related modulation of exposure and interaction risk in barrier
tissues [35].
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Table 3. Predicted ADMET properties of CPD1 and Tivantinib

ADMET properties Unit CPD1 Tivantinib

Water Solubility (Log mol/L) -4.838 -4.405
Caco2 permeability (Log Papp in 10-6 cm/s) 1.42 1.122

Intestinal absorption (Human) (% Absorbed) 98.498 94.761

Skin permeability (Log Kp) -3.441 -3.221
P-glycoprotein substrate Yes/No Yes Yes
P-glycoprotein I inhibitor Yes/No Yes Yes
P-glycoprotein Il inhibitor Yes/No Yes Yes

VDss (Log L/kg) 0.21 -0.243

Fraction unbound (human) (Fu) 0.234 0.046
BBB permeability (Log BB) -0.783 0.013

CNS permeability (Log PS) -3.253 -1.741
CYP2D6 substrate Yes/No No No
CYP3A4 substrate Yes/No Yes Yes
CYP1AZ2 inhibitor Yes/No No Yes
CYP2C19 inhibitor Yes/No No Yes
CYP2C9 inhibitor Yes/No No No
CYP2D6 inhibitor Yes/No No No
CYP3A4 inhibitor Yes/No No Yes

Total clearance (Log ml/min/kg) 0.361 0.458
Renal OCT2 substrate Yes/No No No
AMES toxicity Yes/No No No

Max. tolerated dose (human) (Log mg/kg/day) -1.139 0.578
hERG I inhibitor Yes/No No No
hERG Il inhibitor Yes/No Yes Yes

Oral rat acute toxicity (LD50) (mol/kg) 2.474 2.774
Oral rat chronic toxicity (LOAEL) | (Log mg/kg_bw/day) 1.496 2.22
Hepatotoxicity Yes/No No Yes

Skin sensation Yes/No No No

(Log ug/L) 0.291 0.462

Tetrahymena pyriformis toxicity

Minnow toxicity (Log mM) 0.505 0.65
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Distribution parameters differentiate systemic disposition and central exposure. The
predicted steady-state volume of distribution is higher for CPD1 (VDss = 0.21 log L/kg) than
for Tivantinib (-0.243 log L/kg), consistent with a greater modeled tendency toward tissue
distribution for CPD1. Plasma protein binding is predicted to be weaker for CPD1, as indicated
by a larger fraction unbound (Fu) (0.234) compared with Tivantinib (0.046), which may
increase free-drug availability in circulation under the model assumptions. Central penetration
estimates diverge: BBB permeability (log BB) is -0.783 for CPD1 and 0.013 for Tivantinib,
while CNS permeability (log PS) is -3.253 for CPD1 and -1.741 for Tivantinib. These values
imply more restricted brain and CNS exposure for CPD1 relative to Tivantinib within the same
prediction framework [36].

The metabolism profile indicates shared CYP substrate behavior with notable differences
in inhibitory potential. Neither compound is categorized as a CYP2D6 substrate. Both ligands
are predicted CYP3A4 substrates, consistent with CYP3A4-mediated metabolic involvement.
Inhibition flags separate the profiles: CPDL1 is predicted negative for CYP1A2, CYP2C19, and
CYP3A4 inhibition, whereas Tivantinib is predicted positive for CYP1AZ2 inhibitor, CYP2C19
inhibitor, and CYP3A4 inhibitor status. Both ligands are predicted negative for CYP2C9
inhibitor and CYP2D6 inhibitor status [37]. Overall, CPD1 presents fewer predicted CYP
inhibition liabilities than Tivantinib in the current output.

For excretion, predicted total clearance is lower for CPD1 (0.361 log ml/min/kg) than for
Tivantinib (0.458 log ml/min/kg), suggesting slower modeled elimination for CPD1. Renal
OCT2 substrate status is negative for both compounds, indicating no OCT2-associated
designation under the applied predictor.

Toxicity endpoints show a mixed set of shared and divergent alerts. Both ligands are
predicted AMES-negative and hERG I inhibitor-negative, while hERG 11 inhibition is flagged
for both, indicating a common cardiac electrophysiology concern that warrants attention in
subsequent validation. A clinically relevant separation appears for hepatotoxicity, predicted
negative for CPD1 and positive for Tivantinib. Skin sensitization is predicted negative for both.
Quantitative toxicity indices favor Tivantinib in the same predictive context: the maximum
tolerated dose (human) is -1.139 log mg/kg/day for CPD1 versus 0.578 for Tivantinib; oral rat
acute toxicity (LD50) is 2.474 mol/kg for CPD1 versus 2.774 mol/kg for Tivantinib; and oral
rat chronic toxicity (LOAEL) is 1.496 log mg/kg_bw/day for CPD1 versus 2.22 for Tivantinib.
Ecotoxicity-associated estimates are higher for Tivantinib than CPD1, including Tetrahymena
pyriformis toxicity (0.462 vs 0.291 log pug/L) and minnow toxicity (0.65 vs 0.505 log mM).

Collectively, the ADMET profile indicates that CPD1 combines high predicted intestinal
absorption and higher Caco-2 permeability with lower predicted solubility, shared P-
glycoprotein involvement, and reduced BBB/CNS penetration relative to Tivantinib. The
metabolic pattern suggests lower CYP inhibition propensity for CPD1, whereas Tivantinib
carries multiple inhibitory flags (CYP1A2, CYP2C19, CYP3A4). Safety-relevant predictions
highlight a hepatotoxicity alert for Tivantinib but not for CPD1, while hERG Il inhibition
remains a shared liability. These features complement the stronger interaction energetics
observed for CPD1 in MMGBSA analysis and support its prioritization, with solubility
constraints and cardiac-related alerts representing key aspects for further experimental
assessment.

DFT calculations
Density Functional Theory (DFT) calculations are used in drug design to find the most
stable, lowest-energy three-dimensional arrangement of atoms in a molecule, thereby
optimizing its geometric coordinates. This optimized structure is crucial because a drug's
efficacy and interaction with a biological target depend heavily on its precise shape and
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electronic properties. Quantum chemical analysis using DFT was performed after the classical
modeling stage to describe the electronic structure and reactivity-associated tendencies of
CPD1 in comparison with the reference ligand Tivantinib. The computed descriptors included
EHOMO (eV), ELUMO (eV), AE (eV), p (eV), x (eV), n (eV), 6 (eV-1), and © (eV), which
jointly summarize frontier-orbital energetics, resistance to charge redistribution, and
electrophilic character. In this context, EHOMO (eV) reflects electron-donation propensity,
whereas ELUMO (eV) indicates electron-acceptance capability; AE (¢V), defined as ELUMO
(eV) - EHOMO (eV), serves as an index of electronic stability versus chemical responsiveness.
DFT descriptors for CPD1 and Tivantinib are detailed in Table 4.

Table 4. DFT calculations for CPD1 and Tivantinib

Molecule | EHOMO | ELUMO AE n % n c ®
(eV) (eV) (eV) (eV) (eV) €Vv) | (VY | (V)
CPD1 -7.4261 | -3.7620 | 3.6641 | -55941 | 55941 | 1.8321 | 0.5458 | 8.5405
Tivantinib | -7.4231 2.9976 | 10.4207 | -2.2128 | 2.2128 | 5.2104 | 0.1919 | 0.4699
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Fig. 5. HOMO and LUMO surface diagrams of CPD1 (a) and Tivantinib (b).

The frontier-orbital energies indicate similar donor levels but strongly different acceptor
levels. EHOMO (eV) for CPD1 is -7.4261, closely matching Tivantinib (-7.4231), suggesting
comparable intrinsic electron-donating capability under the same calculation conditions. In
contrast, ELUMO (eV) differs markedly, with CPD1 presenting a low-lying acceptor orbital (-
3.7620) whereas Tivantinib exhibits a positive ELUMO (eV) (2.9976). As a direct
consequence, CPD1 displays a substantially smaller AE (eV) (3.6641) than Tivantinib
(10.4207). The reduced AE (eV) for CPD1 is consistent with increased electronic polarizability
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and greater readiness for charge transfer, while the wide gap for Tivantinib is compatible with
enhanced frontier-orbital stability and lower electronic responsiveness. Global reactivity
descriptors further distinguish the two ligands. CPD1 shows higher y (eV) (5.5941) than
Tivantinib (2.2128), indicating stronger electron-attracting character within this DFT dataset.
The corresponding p (eV) values follow the expected inverse relationship with y (eV), with
CPD1 exhibiting a more negative chemical potential (-5.5941) relative to Tivantinib (-2.2128),
implying a stronger thermodynamic tendency toward electron uptake. Electronic resistance to
deformation, quantified by 1 (eV), is lower for CPD1 (1.8321) than for Tivantinib (5.2104),
and the reciprocal descriptor ¢ (¢V-1) is therefore higher for CPD1 (0.5458) than for Tivantinib
(0.1919). This pairing supports greater softness and lower hardness for CPD1, consistent with
the smaller AE (eV) and the associated capacity for charge redistribution (Fig. 5).

The electrophilic character, measured by ® (eV), shows the most pronounced separation:
CPD1 has an electrophilicity index of 8.5405, whereas Tivantinib shows 0.4699. The markedly
higher o (eV) for CPDI1 indicates stronger electrophilic strength according to the computed
descriptors, in agreement with the combined pattern of higher y (eV) and lower 1 (eV).

Overall, the DFT profile characterizes CPD1 as electronically softer and more electrophilic
than Tivantinib, while maintaining a comparable donor orbital level as reflected by near-
identical EHOMO (eV) values.

Despite the value of in silico screening for identifying prioritized candidates, experimental
confirmation remains indispensable for establishing the robustness and translational relevance
of the present predictions. No laboratory validation was conducted because of limited access to
appropriate instrumentation and facilities. Subsequent work should therefore emphasize
systematic in vitro and in vivo evaluation of CPD1, including target-engagement assays and
biological model studies to delineate pharmacological efficacy alongside safety-relevant
endpoints. The absence of experimental datasets, together with the lack of dedicated assessment
of potential unintended covalent inhibition, constitutes a key limitation of the current
investigation. If CPD1 demonstrates favorable performance in preclinical testing, progression
toward clinically oriented studies may be justified. Overall, the current computational evidence
provides a mechanistic basis that can guide rational follow-up experiments and support
continued development toward therapeutic application.

CONCLUSIONS

This study integrated docking, molecular dynamics, MMGBSA, ADMET prediction, and
DFT descriptors to examine Reevesia formosana phytochemicals as potential lung cancer-
relevant inhibitors through interaction with the Bcl-2 protein (6GL8). CPD1 consistently
emerged as the leading scaffold, exhibiting the most favorable docking profile within the
conserved pocket, supported by hydrogen-bond anchoring and extensive short-range
complementarity with key residues. Molecular dynamics indicated a more confined and
persistent bound state for CPD1 relative to Tivantinib, consistent with sustained pocket
accommodation under solvated conditions. MMGBSA energy decomposition further supported
stronger association for CPD1, dominated by enhanced van der Waals stabilization with
supportive electrostatics and a comparatively reduced solvation penalty. ADMET profiling
suggested high oral absorption potential but limited aqueous solubility, shared P-glycoprotein
liability, restricted central exposure, and fewer predicted CYP inhibition alerts for CPD1 than
for Tivantinib; a hepatotoxicity alert was predicted for Tivantinib but not for CPD1, whereas a
shared hERG Il signal warrants caution. DFT analysis characterized CPD1 as electronically
softer and more electrophilic than the reference, consistent with greater charge-redistribution
propensity. Collectively, the convergent evidence prioritizes CPD1 for subsequent optimization
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and experimental validation, with emphasis on solubility improvement and cardiotoxicity-
focused risk assessment.
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AKTyanbHicTb. Pak JlereHiB 3ayiMIIacThCcs MPOBIIHOIO MPUIMHOI CMEPTHOCTI BiJl OHKOJOTIYHHX
3aXBOPIOBaHb, a MOPYIICHHS aroITo3y, O0CEPEAKOBaHE aHTHAIIONTOTHYHUMH Olkamu cimeiicTa Bcel-2,
CIpHUsie MEPCUCTEHIIT 3aXBOPIOBAHH Ta PE3UCTEHTHOCTI 10 JikyBaHHs. DitoxiMiuHi cioayku 3 Reevesia
formosana, sik oBiJOMIISIETBCS, BUSBIISFOTh IPOTHITYXJIMHHY aKTHBHICTB 100 HEAPIOHOKIIITHHHOTO PaKy
nereHiB (NSCLC), mpoTe MexaHi3Mu Jii Ha piBHI MillIeHel J0Ci He 10 KiHIIA 3’ sICOBaHi.

Merta: Bu3HaunTH npiopureTH QiroxiMidyHnx peuoBuH Reevesia formosana sik iiMoBipHUX iHri6iTOpiB BCl-
2 (PDB ID: 6GLS) Ta oTpuMaTi MEXaHICTHYHE PO3YMIiHHS 32 JJOMIOMOTO0 OaraToMacmTaOHUX 00YHCIICHb.
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Martepiaan ta Mmeroau: IlicTe BiTOXiIMIYHUX CIOTYK Ta €TaJOHHHU mpenapar Tivantinib 6ynu mignani
JOKiHTYy 1o Oinka 6GLS, a Haiikpamuii kaugunat (CPD1) Oymo oIliHeHO 3a JTOTIOMOTOI MOJICITIOBAHHS
METOZOM MOJIEKYJsipHOT nuHamiku TpuBamictio 100 He y mopiBusuHi 3 Tivantinib. Bimeni eneprii
3B's;3yBanHst MMGBSA Oynu o6uncieni Ha ocHoOBI 125 3HIMKIB, 3po0ieHux y npoMikky Big 20 no 100 Hc.
BnactuBocti ADMET 6ymno nependadeno 3a momomoroio pkCSM. Jleckpuntopu rpaHAYHIX opOiTaei Ta
riio0anbpHOI peakmiiHoi 31aTHOCTI Oynu oTpuMaHi 3a gomomororo DFT.

PesyasTaT: 3a pesymeraramu gokiary CPD1 mociB mepme wmicme (-10,15 kkan/monp) mOpiBHSIHO 3
Tivantinib (-8,83 kkai/Moib), 1eMOHCTpYIOUHM BogHEBi 3B’s13ku 3 Tyrl08 Ta Argl29, a TakoX BHUCOKHiA
CTYIiHb KOMITIEMEHTapHOCTI KumIeHb. Tpaekropii MD BkasyBanu Ha Oinbmt oOmesxeHmi komruieke CPD1-
6GL8 (RMSD mnepeBaxto 0,18-0,22 um) mopisusao 3 Tivantinib-6GL8 (0,21-0,26 M, inkomnu 0,27-0,28
HM), 3 MOPiBHAHHOIO KoMnakTHicTIO (Rg 1,44 HM) Ta oOMexeHOoro SASA. KinbKicTh BOJHEBUX 3B'S3KiB
HiATBEep/KyBajia nepepuBuacte nojsipHe 3akpiruieHHs ains CPD1 (0-3) ta Buiny paHHIO BUOIPKY s
Tivantinib. MMGBSA Binnasana nepesary CPD1 (ATOTAL -32,87 + 4,28 kkan/monb) Hag Tivantinib (-
17,27 + 2,81 xkan/monp), mo miaTBepKyBanocs cuibHimuM AVDWAALS (-40,76 mporn -31,34
KKaj/monb) Ta MeHuM AG _SOLV (20,28 npotu 24,14 xkan/moins). [Iporno3 ADMET BkazaB Ha BUCOKY
KHIIKOBY a0copO11it0 3 00MEKEHOI0 PO3YHHHICTIO, 0OMexeHy npoHukHicTs uepe3 [ EB/LITHC, menmie o3Hak
iari0yBanHs CYP Ta BincyTHICTH momepemkeHHs Ipo renaToTokcnuHicts st CPD1, Toxi sk iHTiOyBaHHS
hERG 11 6ymo BinznaueHo s 060x niraaaiB. DFT moka3zas monioauit EHOMO (eV), ane Byxxumii AE (eV)
ta Bumuit  (eV) mnsa CPD1, Hix s Tivantinib.

BucnoBku: [aTerpoBane MomemoBanHs Hagae npiopuret CPDI sk ckadonny, mo HamineHuit Ha Bel-2,
JUTA TOCIHIIKEHb, MOB’S3aHUX i3 PaKOM JICTEHIB, MIATPHIMYIOYH ONTHMI3allif0 HA OCHOBI CTPYKTYpH Ta
eKCIIepUMEHTAIbHY BepudiKallito.

KJIFOYOBI CJIOBA: ADMET; antuanonros; Bel-2; MMGBSA; monekyisipHe MoieTtoBaHHs; Reevesia
formosana.
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AxTyajbHicTh. HeKaHOHIUHI CTPYKTYpH, 110 YTBOPIOIOTHCS B MOJIEKYJIaX HYKJIETHOBUX KUCIIOT, 10 SIKHAX
BIJTHOCSITh, 30KpeMa, MyJbTUCHIpanbHi 3 ennanas 3WJs (three-way junction), kBaapymiekcu (G4s), €
PETYJIATOPHUMH €JIeMEHTaMH, sIKi BIUTMBAIOTh Ha (yHKIIOHyBaHHs reHoMy. [loOynoBa 3D mozeneit nux
CTPYKTYp 1 OUIKIB ITATOTCHIB € TEPIINM ETaloM y PO3YMiHHI iXHIX (YHKLIH. Y CTBOpEHi KOMIaHI€0
Google DeepMind pa3zom 3 EMBL 6a3i nanux AlphaFold Protein Structure Database, sika MicTUTh TIOHAK
241 MinpiOH CcTPYKTYp OinkiB, 3D moneni 6inkiB mupkoBipycy ceuHi tumy 3 (LIBC-3) € BiacyTHIME.
Meta podoTH: BH3HAYCHHS Ta CTPYKTYpHa XapakTepusaiis moteHIiitanx G4s i 3WJ B renomi [[BC-3,
nobynoBa 3D moneneit 6inkis [IBC-3.

Martepiann i merogu. 1138 i3omarie 1IBC-3 3 moBHmM reHomoMm 3 GenBank BukopucTano mis
(inoreHeTHYHOTO aHaNi3y 3a JornoMororo mnakety nporpam MEGAI12. [lns noOynoBu rpadikiB eHTporii
BUKOpHCTaHO mnaket nporpam BioEdit; momyky MmotuBiB G4S Ta Bu3HaueHHs iX G-paxyHKiB — mporpamy
QGRS Mapper; nomyky 100%-01 iJeHTHYHOCTI HYKJICOTHIHHUX IIOCIiIOBHOCTEH — mporpamy BLAST.
3D mopeni 6ikiB Ta G4s M0OYIOBaHO 3a JOMMOMOTOI0 MITYYHOTO iHTeekTy AlphaFold 3.

PesyabraTu. B renomi [IBC-3 inentudikoBano 4 xoHcepBaTHBHI JockoHani G4s, siki yTBOPEHO TphOMa
TeTpajaMu Ta MiATBEpKEHO 4depe3 noOynoBy ixHix 3D mopneneil. Busznaueni nociizoBHocti G4s €
KOHCEPBAaTHBHUMH MOTHBaMHU, OCKUTBKH uncio i3oiaTiB [IBC-3 B GenBank 3 G4s y reHOMi CTaHOBHUTH
moHax 1000. B skocTi KOHTPOIIO KOPEKTHOCTI MoOyMOBH IMX MOAeield BUKOpHCTOBYBamm 3D mopeni
G4s, yTBOPEHHS OJJHOTO 3 SIKHX €KCIIEpUMEHTAJIbHO BH3HAYEHO B TeHOMi Bipycy rematuty b. 3D mozeni
perurika3u Ta Oinka Karncuay MoOyZoBaHO JUIA IBOX €BONIOLIMHO HaWBigmaneHimux izomariB [IBC-3, sxi
BHU3HAYCHO 3 (pLIIOTEHETHIHHX JICPEB Ha OCHOBI TE€HIB Cap Ta ep, BCTAaHOBJICHO ixHi ocobmmBocti. 3WJS B
reromi [{IBC-3 He BHUSIBIICHO.

BucHoBku. Otpumano 3D mopeni perutikasu, Oijka KamncHAy IUPKOBIPYCY CBHHI THIY 3, a TaKOX
YOTHPbOX KOHCEPBATUBHUX CTPYKTYpHHUX MOTHBIB G4S, ki yTBopeHO Tpboma G-TeTpajaMu. 301bIIeHHS
JOBXHMHHM (parmeHTiB, siki (uiaHKytoTh G4S, He mepeuiko/pkae iXHbOMY (OJIIHTY, IO CBIJUUTH IIPO
3Hauymiicte 1ux G-Oaratux MoTuBiB y xutreBoMy mukii LIBC-3. IcuyBanHs G4s 3 TphOX TeTpaj B
reromi LIBC-3 na BinmiHy Bin aBotetpamaux G4s Bipycy rematuty b y ckimazai He TiTbKM anTaMepiB, a i
MOJICKYJT 301IBIIEHOT TOBXKHMHHU i ATBEpAXKeHO 3a gonomorow AlphaFold 3.
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KJIFOYOBI CJIOBA: anbrepHaTHBHA CTpyKTypa; Oioindopmaruka; AlphaFold 3; nupkoBipyc cBuHei
tuny 3; G-kBaapymiekc (G4); ctpykrypa 6inka; 3D mozess.

G-kBagpyruiekcu (G4S) — e HEKaHOHIYHI BTOPUHHI CTPYKTYPH, SIKi YTBOPIOIOTHCS Y
30ara4eHuX ryaHiiHOM IOCIIiIOBHOCTSX MOJICKYJI HYKJIETHOBUX KHCJIOT MUISIXOM BHYTPIIITHIX
a0 MDKMOJIEKYJSIpHUX B3aeMOAiH. G-KBaApyIIeKCH CKIAAAIOThCA 3 JBOX abo Oiiblie
maHapaux G-TeTpan, yTBOPEHHMX YOTHpPMa TyaHiJiHaMH dYepe3 XYICTUHIBCHKI BOJHEBI
3B"s13ku. CtalinbHicTh G4S BH3HAYCHO CTEKiHr-B3aemomieto G-TeTpan, a TaKoXK HasSBHICTIO
MOHO- 200 OIBaJICHTHMX KaTiOHIB 3a (hi310JIOTIYHMX YMOB, SIKI MOXKYTh OYTH pO3TalllOBaHUMHU
K MiXK, Tak 1 Bcepenuni G-terpan [1]. G4S € peryiasTOpHUMH €leMEHTaMH Ta BiAIrparoTh
MIEBHY pOJb y TAaKUX BAXKJIUBUX OI1OJOTIYHHX MpoOIecax, SK TPAHCIALISA, TPAHCKPHIIIIS,
peruTikanisi, MyrareHes, pekoMmOiHaris ta penapamis JJHK, a Takox B opranizamii reaomy [2,
3].

VrBopenns G4S crnocrepiraloTb |y BUNAIKy HHU3KA HEHpPOJEreHEepaTUBHUX Ta
OHKOJIOT'TYHHMX 3aXBOPIOBAHb JIIOJUHM, 10 J03BOJIsLE po3risaatu G-KBaJIpyIuleKCu HE TUIBKU
SIK HOBI IIJThOB1 MIIIIEH] JIJIS JTIKAPCHKHUX 3ac00iB, a 1 SIK, HAMPUKIIAA, CKIAJ0BI MOTCHIIMHUX
MPOTUNYXJIMHHUX TipenapaTiB [4—6]. HasBHicTh G-30arayeHnxX MOTHBIB, L0 € CXUIBHUMHU J0
yrBopeHHs1 G4S, abo icHyBaHHs G-KBaapyIUIeKCiB MPOAEMOHCTPOBAHO ISl HU3KH OPTaHi3MiB,
y TOMY YHCHi, BipyciB — 30yIHUKIB 1H(EKIIHHIUX 3aXBOPIOBAHb CLIbCHKOTOCTIOAAPCHKUX
TBapuH [7], 30kpeMa, cBuHel. Tak, mokaszaHo, mo HeraTuBHUI JaHIor reHoMHoi PHK Bipycy
PENpOayKTUBHO-PECIIPATOPHOrO CUHAPOMY CBHHEH MICTMTh KOHCEPBAaTUBHUI HapaneabHUN
G4, sixuii Biirpae KJIF0OYOBY poJib y perutikaiiii Bipycy [8]. JIBi mociioBHOCTI 3 OTEHITIAIOM
yrBopeHHs1 G4S BH3HAuYeHO 3a pe3yibTaraMu Oi0iH(QOPMATUYHOrO aHaNi3y y TeHax Oiika
mmmB S Ta HecTpyKTypHOro Oinka NSPS, HEoOXimHOTO IS TPOIECy peruTiKaiii Bipycy
emizieMiyHol Jiapei CBUHEH. 3a J0MOMOrol0 CIEKTPOCKOMII KPYroBOro AUXpOi3My Ta
¢urroopeciieHIii maTBepIKEHO MOXKIUBICTE GosaiHry G-kBaapyriekcis [9].

KoncepBatuHy G-30araueHy HOCHiJIOBHICTb, sika yTBOproe G4, ineHTH(]IKOBaHO y TeHi
HecTpykTypHoro 6Oinka E165R Bipycy adhpuxancekoi uymu cBunei (AUYC). [Topsn 3 HU3KOI0O
IHIIMX HeCTpYyKTypHUX OinkiB Bipycy AUC E165R Binmirpae meBHy poiib sIK (pepMeHT
MeTabomi3My HYKJIETHOBHX KHUCIOT y mporeci perrikamii matoreHa [10]. Hassricts G-
KBaJPYIUIEKCIB y 3a3Hau€HMX BUIE BIPYCIB BIJKpPHUBA€ MEPCHEKTHBH PO3BUTKY CTpaTerii
CTBOPEHHSl JIIKAPCHKMX TMpenapariB HOBOTO THIy 3 YpaxyBaHHSIM OCOOJMBOCTEH
MOJIEKYJISIPHO-T€HETUYHOI CTPYKTYPH MaTOr€HIB.

[upkosipyc cuneit tumy 3 (IIBC-3) — oamn i3 Bimomux wortuprox TumiB L[BC,
HajexuTh 10 poay Circovirus cimeiictea Circoviridae. Bnepme IIBC-3 6yno netekToBaHo y
2016 p. y TppOX CBHHEH 3 MMATOJIOTIEI0 CEePIlsl Ta MyIbTHCHCTEMHNM 3anajieHHsM [11]. [IBC-3
HOIIUPEHUH Y MOMYJISILisX CBUHEH B ycboMy cBiTi [12], B YkpaiHi Bipyc Briepiiie BHSBICHO y
2021 p. [13]. LIBC-3 acomiiioBaHuii 3 TOCTPUM JAEPMATUTOM CBUHEH, CHHAPOMOM HedpomarTii,
PENpOaYKTUBHOIO HEAOCTATHICTIO Ta, OTXKE, € 3arpo30l0 JUIs PO3BUTKY Ta OJaromnoisyyds
cBuHapchKkoi ramysi [14-17]. OcHoBuumu pesepByapamu [[BC-3 € cBuHi Ta auki kabaHw,
NpoTe MOKJIMBOIO € MDXKBHJIOBA TpaHcMicis Bipycy [18].

I'enom 1IBC-3 mnpencraBneHuid OJHOJIAHIIOTOBOIO KibIleBOO Mosekynoro JIHK
noBxuHO0 2000 HyKJI€OTHIIB (H.) Ta MICTUTB TpH BiAKpHTI pamku 3unTyBanHd ORFs. ORF1
ta ORF2, sKi Opi€HTOBaHO Yy MPOTWIICKHHX HaNMpsSIMKax, KOAYIOTh peIlIikazy Ta OLIOK
Karcuay Bipycy BianmoBigHo. ®DyHkimis Oinka, mo Tpancmoerbes 3 ORF3, 3amumaerbces
He3 sicoBaHoo. [H@opmariiss 1010 yTBOPEHHS HEKAaHOHIYHMX CTPYKTYp Yy TeHOMI
IUPKOBIPYCIB CBUHEH € BelbMU OOMEX)eHOw. Bimomo, mo Ha 5'-kiHIII MiXreHHOi 001acTi
JIOKAJI30BaHO IIMWIBKOBY CTPYKTYPY 3 JIOBKHHOIO TETi 9 H., sIka € BHCOKOKOHCEPBATHBHOIO
st [IBC He3BakarouM Ha BHSIBICHI HE3HAYHI BIJIMIHHOCTI Y TOCIIJOBHOCTI TETIi.
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BBaxkaroTh, 1m0 1151 mmwibka iHimioe pertikamiro [IBC [19]. Indopmartis 1mo10 MOXKIMBOCTI
yrBopeHHs1 G4S y reHOMi UpKOBipyciB cBUHeH, y Tomy umciai LIBC-3, y miteparypi Ha 1ei
4ac € BIJICYTHBOIO.

Komnaniss Google DeepMind Technologies Limited (Jlonnon, Benmka bpurawnis)
HEIIOIaBHO BMITYCTHJIA CBOIO HOBY Bepciro mozeni mryunoro inrenexry (IIII) AlphaFold 3
[20], sixka mepenbavae 3D cTpykTypy OiKiB 3 aMiHOKHUCIOTHOI MOCIIIIOBHOCTI 3 TIOPIBHSHOIO
JUTSL EKCTIEPUMEHTAIIbHUX MEeTOTiB TOUHICTIO (0,1-2 HM 17151 pi3HUX (hparMeHTiB OiIKa).

Hry4ynnii intenekt AlphaFold 3 € emunuM cepen umciaeHHuX Oi10iHPOPMATHUHUX
METO/IiB, 32 PO3POOKY SKOTO Yepe3 HaJA3BHYAHO BHCOKY TOYHICTh NEpe0adeHHs! CTPYKTYpH
OionostimepiB #oro aBropam JI. Xaccabicy i JI. JIxammepy (oouasa — Google DeepMind
Technologies Ltd) «3a mnepenbadenHs OILIKOBHX CTPYKTyp», a Takok JI. Beiikepy
(yaiBepcuter Bammurrony B CieTii) «3a OOYHCIIOBANBHUN TU3aiiH OUIKIBY IMPHCYIKEHO
HobGeniBcbky mpemiro 3 ximii 2024 poky. Google DeepMind ta €Bponeiicbkuii IHCTUTYT
6ioindopmaruku pazom 3 EMBL cTBopunu 6a3y nanux AlphaFold Protein Structure Database
(https://alphafold.ebi.ac.uk), Bumyck sikoi (ctamom Ha jucrtomax 2025 poky) y BiLIbHOMY
JOCTYIi MIiCTUTh TOHAJ] 241 MUIBHOHY CTPYKTyp OLnKiB, sKi mependadeHo Ha TMifcTaBi
aMIHOKHCJIOTHOI TIOCTIIOBHOCTI, IO BelIEe N0 NPUCKOPEHHS HAayKOBUX JAOCTIKEeHb. 3D
Mojeni perrikasu Ta Ounka karmcuay LIBC-3 y 3a3Haveniii 6a3i naHUX Ha TENEpINIHIA yac €
BiJICYTHIMHU.

TouHicTh TependadeHHS CTPYKTypH OuTka 3a mgomoMororo mepmoi Bepcii — III
AlphaFold — cranosuna 60%. ITpu po3pobui apyroi Bepcii — III AlphaFold 2 — 6yi0
3MIHEHO NpPHUHIMUN ii poOOTH. 3rOPTKOBY HEHPOHHY MEPEKY 3aMiHWIM Ha apXiTEeKTypy
TpaHcopmepa. B sgKocTi BHXIIHMX JaHMX KOPUCTYBad OTPHUMYBaB Oe3MOCEpPEIHBO
koopauHatu aromiB. Lli Mmoxudikarii 3ade3neunim TOYHICTh NIepe0aueHHs] CTPYKTYpH OilTKa
90%. Sk pe3ynbrar, nepeabdadeHHs TPUBUMIPHOT CTPYKTYypH Oijika 3a nonomororo AlphaFold
2 cTasio MOXKJIMBHUM 3 TOuHICTIO 0,1 HM, IIO € 31CTaBJICHUM 3 TAKOIO PEHTTEHOCTPYKTYPHOTO
aHaumizy.

Poseutok AlphaFold we 3ynuuuBcs Ha npyriit Bepcii, i y TpaBi 2024 poky Google
DeepMind mpexacrasuna AlphaFold 3 i3 3HauHO po3mMpeHUMH MOXIHUBOCTIMHU. Kpim
nepenOadeHHss TpuUBUMIpHOi  cTpykTypw, AlphaFold 3 BMie oIiHIOBaTH BHECOK
HNOCTTPAHCIALINHNX ~MoAudikaiii B KoHpopMmalilo OelKOBOI MOJIEKYJIH, a TaKOX
nepeadavaTH B3a€EMO/I1I0 OUTKIB 3 IHIIUMHU O17TKaMU, HYKJICTHOBUMHU KUCJIOTaMu, ioHamu [21].

B naniit poboti moOynoBano 3D Moneni OUIKIB Kalcuay Ta peIlika3u €BOJIOLIHHO
HaWBIJIANEHIIINX 130JITIB IMPKOBIPYCY CBUHI THUILY 3, a TaKOX MPOBEACHO 1€HTU(IKALIIO,
XapakTepu3allilo KOHCEPBAaTUBHUX MOTEHIIHHUX TOCKOHAINX G-KBaJpYIJIEKCIB 3 TPHOX
teTpaxa B renomi [[BC-3.

MATEPIAJIA I METOAN

Hyxneoruani Ta amiHokucinoTHi mocaigoBHocTi 1138 i3omsarie [IBC-3 3 moBHHM
FeHOMOM cTaHoM Ha Jjucronan 2025 p. 3 pi3HMX reorpadiuHuX pETIOHIB CBITY Ta
PI3HOMaHITHOTO O10JIOTIYHOrO Martepiaiy BiJ] CBUHEH Ta TUKUX KabaHIB (JEereHiB, poTOBOI
piIuHU, CUpPOBATKH, (ekasiid, abopTOBaHMX TUIOAIB, JiM(pu) oTpumano y ¢opmarax *.gb ta
*.fasta uepe3 momryk 3a KIHOYOBHUM CIIOBOM «porcine circovirus type 3 AND complete
genome» (inenTtudikatop Takcony 1868221) B 6a3i manux GenBank HarionansHOro nentpy
6iorexHonoriunoi iHpopmanii (CLHA). Ilomyk 100 %-0i iZeHTUYHOCTI HYKJICOTHIHUX
nociitoBHOCTe G-0araTux MOTHBIB 130JISTIB BipyCy 3/AiHCHIOBAIH 32 JOMTOMOTOI0 MIPOTPaMu
BLAST nucleotide (https://blast.ncbi.nlm.nih.gov/).

MHoXHHE BUPIBHIOBaHHS, (DUIOTCHETHYHHUIA aHAI3 TPOBEICHO 3a JOTIOMOTOK0 IMaKETy
nporpam Molecular Evolutionary Genetics Analysis MEGA12 (Bepcis 12.0.9) [22].
[Tonepenupo 1138 mykneorunuux nociinoBHocteit [[BC-3 3 moBHUM reHOMOM pO3IITHIN Ha
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6 rpym: 5 rpyn no 200 i3omaTiB Ta rpymy 3 138 130514TiB, IS SKUX BU3HAYAIW MATPHIIO
NOMAPHUX BIJCTaHEH Ta TMPOBOAWIM MHOXMHHE BHUpiBHIOBaHHA. [lOTiM 3 KOXHOTO 3 6
noOynoBaHUX (DUIOTCHETHYHHUX JIEPEB BUOMpATW MO 6 CBOJIOIIHHO HaWBIIIAICHIIITNX
i3omsarie [IBC-3, sxi chopmyBamu gepeBo 3 36 13074TiB JUIS BHU3HAYCHHS JIBOX
HaWBimaneHimux i30y4tiB B Haoopi 3 1138 13omatiB [IBC-3. dinoreHeTnyHi BiIHOMICHHS
BU3HAYEHO 3 BUKOPUCTAHHIM P-IUCTAHLIHN, aqanTuBHOrO OyTcTpen-anamizy (500 BUmagKoBux
BHOIPOK /IS OIIIHKH JOCTOBIPHOCTI JiepeBa), Mojeni HykieoTuaHux 3amin Jukes — Cantor ta
METOy MaKCUMaJIbHOT MPpaBAonoAi0HOCTI a00 MpHETHAHHS CYCITiB.

Jis  MaHIIyJ rOBaHHS 3 HYKJICOTHIHHMH Ta aMIHOKHCIOTHHUMH TIOCHIIOBHOCTSIMH,
MyTaIliifHOTO aHani3y OUIKiB BipyciB, m0OyA0BHU TpadikiB eHTporii [IleHHOHa 15t BU3SHAYCHHS
HECHHOHIMIYHUX Ta CHHOHIMIYHHMX 3aMiH, TOOYJ0BH MaTpHIll BIIMIHHOCTEH MMOCTIAOBHOCTEH
JUIsS. PO3paxyHKy LIBHIKOCTI MyTalliii BUKOpUCTOBYBaiu mporpamy BioEdit (Bepcis 7.2.5)
[23].

Jiss BH3HAYeHHS KUIBKOCTI CTOI-KOJOHIB 3acTocoByBayim mporpamy HyPhy [24].
BusHaueHHs MIBUAKOCTI MyTalliid 3/11HCHIOBANN 3TiAHO 3 [25].

O1iHKy BIUTUBY MPUPOJHOTO BiAOOPY HA T€HU IUISXOM BU3HAYCHHS BiJHOIIECHHS 4aCTOT
HecuHoHiMiuHMX (ON) 10 cuHoHiMiunmx (dS) 3amin Ha HykmeotumHuii caiit dN/dS
npoBoawiu 3 Bukopucranusm meroxy SLAC (single likelihood ancestor counting) na cepsepi
Datamonkey (www.datamonkey.orqg).

Jnis momyky MOTHBIB BHYTpilmHbOMOJNEKysipHux G-kBanpymiekcie B JIHK LIBC-3,
Bipycy renaruty b (i3omsat V01460), a Takox a5 BuzHaueHHss G-paxyHKy (mapamerpa, sKui
xapaktepusye cTabinbHICTh (G-KBaApPYIUIEKCY Yy BIIHOCHUX OJWHUIIIX) BUKOPUCTAHO
nporpamy  ans  aHamizy — kBaapymiekciB QGRS Mapper Ha  BeG-cepBepi
(https://bioinformatics.ramapo.edu/QGRS/analyze.php) [26, 27]. Iomyk G4 npoBoauu st
130ty PP067099 3a HacTynmHuX mapameTpiB: MakcuMallbHa JOBXKHHa G-KBajpyIuiekcy —
45 H., miHiManpHHA po3mip G-terpamm — 3, metns — Bin 1 go 20 H. [na momryky
noteHliiHux aockoHamux G4s 3acrocoBaHo mnporpamy QGRS Mapper uepe3 Halikparii
MOKAa3HUKHM TOPIBHAHO 3 IHIIUMH MpPOrpaMaMHd B 4YacTHHI TIOMHJIKOBO Ta MPaBHUIBHO
3HaWJICHNX, IOMMJIKOBO Ta MPAaBUIbHO He3HaiiieHux G4s mpu TecTyBaHHI HAa OJHOMY i TOMYy
xe G-morusi [28].

3D mogzeni 6inkiB Ta G4s (3 10-20 iomamu K*) mo6GymoBaHo 3a JOIOMOIOK MITYYHOTO
intenekry AlphaFold 3 [20]. dns oninku HamidHOCTI nepeabaueHHs mojaeni B AlphaFold 3
Bukoprcrano nmapamerp PLDDT (predicted local distance difference test), 3nauenHs sikoro
JUIsL BUCOKOTO PIBHSI JOCTOBIPHOCTI MOJEJI Ma€ cTaHOBUTH MoHax 90 3a mkanoro Big 0 1o
100. 3nauenns pLDDT Big 70 mo 90 BigmoBinae cepeaIHLOMY PiBHIO HAJIiHHOCTI MOJENi, a
70>pLDDT>50 — mu3proMy piBHIO. J[j1st aHAITI3y BTOPHHHOI CTPYKTYPH OUIKIB, BH3SHAYCHHS
KUJIBKOCTI BOJHEBUX 3B’S3KiB, O-cIipaieil, [(-IucTiB, [-IMOBOpPOTIB BHKOPHCTOBYBAIU
nporpamu  Phyre2.2 [29] Ta RasWin Molecular Graphycs (Bepcis 2.7.5.2;
www.openrasmol.org). Busnauenust 3WJ-cTpyKTyp NpOBOIMIN 32 METOAOM, IO 3a3HAYEHO B
po6orti [30].

PE3YJIbTATH 1 OGTOBOPEHHSI
I'enom IIBC-3 micTuTh /1Bi OCHOBHI BiIKpHTi pamku 3untTyBaHHs ORF-ORF1, ORF2, —
a takok ORF3. ORF1 (momoxxenns 216-1106 na xinmpuesiit JJHK i3omsty pedepenTHOTO
mramy NC_031753) konye perunika3zy, ORF2, sika HanpaBieHa NPOTHIIEKHO 1O BiTHOLICHHIO
no ORF1 (monoxenns 1336-1980), — Oinok kamcuay, ORF3 — 6imokx momkuHon 231
aMIHOKHCJIOTHHUH 3aIMIIOK (a.3.), PYHKIIiS SIKOTO 3aJUIIAETHCS HEB1OMOIO.
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KoncepBaruBHi G-kBaapymiexkcu y renomi IIBC-3

Ha nepmomy erami 3a nonomoroto nporpamu QGRS Mapper 3naiineno 4 norenuiitai G-
KBaJIPYIUIEKCH, SIKi YTBOPEHO TpboMma G-TeTpajaMu, B TEHOMI BHITaJJKOBO BUOPAHOTO 130JI5TY
I[IBC-3 PP067099 3 noBanM renomoM, G-paxyHOK sSikux cTaHOBHB Bif 58 mo 72 (Tabx. 1).
[Totim 3a momomoroto mporpamu BLAST nucleotide wepe3 momyk G-6aratoro MOTHBY B
no3unii 1164-1178 izomary PP067099 BcranoBneno, mo 1 (G-Oarara MOCHIIOBHICTH €
BHUCOKOKOHCEPBATMBHUM MOTHBOM: YHCJIO TIOBHOTeHOMHUX i30JiTiB [IBC-3 3 M MoTHBOM
cranoBuTh 1138. Tpu inmi G-0arati MOTHBH € TaKOK BHCOKOKOHCEPBATUBHUMH JJISI TCHOMY
[IBC-3, OCKUJIbKH YHCIIO TTOBHOTEHOMHUX 130JIATIB BIpyCy 3 IIMMU MOTHBaMHu € Oubie 1000
JUI KO)KHOTO MOTHBY.

Tabmms 1. KorcepBatuBHI MOTHBY MOTeHIIHHNX G-KBaapyIIiekciB B reHoMi i3oiaTie [IBC-3 3 moBHIM
reaomMoM (G-0ararti ¢pparMeHTH mociigoBHOCTeH miakpecieHo). [Tapamerp pLDDT xapakrepu3sye sKicTh
nependauenns 3D mozeni B AlphaFold 3 3a mikanoro Bix 0 go 100. TTo3uwii HaBeaeHo s i30Ty PP067099
IBC-3. N - uucino i3omsarie [IBC-3 B GenBank 3i 100% piBHeM igenTHuHOCTI MOTHBY G4

Table 1. Conserved motifs of putative G-quadruplexes in the genome of PCV-3 isolates with complete genomes
(G-rich sequence fragments are underlined). The pLDDT parameter characterizes the quality of the 3D model
prediction in AlphaFold 3 on a scale from 0 to 100. The positions are shown for the PP067099 PCV-3 isolate.

N is the number of PCV-3 isolates in GenBank with 100% identity to the G4 motif

G-
[Mo3wumis, Motus G-kBaapymiekcy paxy- pLDDT N
H. HOK
645680, |5-GGGTTTGCGTGATTTTTGCG
rearep |GGGTGATGGGGTTGGG-3 59 | 90 >pLDDT >70 | 1172
802833, |5-GGGCCTTGGTGGGATGGTTA
rearep |[TAATGGGGAGGG-3 63 | 70>pLDDT >50 | 1117

893-930, |5-GGGACAGGTACCCTCTGAG
rearep |GGTTCCTGTTAAGGGTGGG-3' 58 | 70 >pLDDT >50 | 1011

1164-1178,
mpomoTop [5-GGGTGGGTGGGTGGG-3! 72 pLDDT > 90 1138
reHa cap

Ha npyromy erari a1 BU3HaYeHHs €BOJIIOLIMHO HalBiganeHImuX 13055TiB cepen 1138
1305atiB LIBC-3 3 moBHUM reHOMOM MOOYA0BaHO (iIOreHeTHYHI IepeBa Ha OCHOBI I'eHa cap,
mo koaye Outok kamcumy (Puc. 1), rena rep, mo koaye perutikasy (Puc. 2), Ta Ha OCHOBI
130514atiB LIBC-3 3 moBHUM reHOMOM (pe3y/bTaT He MOKa3aHo).

Hns nposeaenns 3D MopentoBaHHS CTPYKTypu OUIKIB Ta MOJANBIIOTO  iX
OioindopmaTruHOro aHamizy BuOpaHo i3omsatu MTO075517 ta MG 372488, siki Hanexath 10
PI3HUX KJaJ Ta € EBOJIIOIIWHO HaWBIAJAJICHIIMMH 3a pe3yiabTaTaMu (PiIOTeHETHIHOTO
aHai3y Ha OCHOBI reHa Cap. 3 aHami3y 3a3Hau€HUX BHIIE (PLIOTCHETUYHHX JIEPEB BUILIMBAE,
[0 E€BOJIIOIIHHO HaWBIAMANEHIMUMHU 1301sTaMu 3a reHoM rep € i3omstu MH491030 Ta

MZ851986.
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MT075517 PCV3 PCV3 255 18 39

PQ468879 PCV3 PCV3 10438

71 60— PP179065 PCV3 PCV3-China-NMG-B22-1

s MK814114 PCV3/CN/Nanning186/2013

MH603537 PCV3 KSU-KS-2017-PCV3-11
— OR758914 PCV3 PCV3/CH/Guangxi-1

L OR758971 PCV3/CH/Guangxi-58

[ OR474121 PCV3 PCV3/CHIGX/N100/2023

— MKB820624 PCV3/wild boar/Germany/d43F

- _68|_69‘—‘: MZ995498 PCV3-YY 264-2020

78 MNG98819 PCV3 K-2018-1
459477: KY996338 PCV3/KU-1602

485"#—': MK178297 PCV3-CN-HLJ11-2018

MZ615691 PCV3/CN-NMG/91

61 ‘l:mg MN788123 PCV3/CN/LN/LN11/2018
5 MN788143 PCV3/CN/NM/NM8/2017

MW167066 PCV3 isolate 40

MG 372488 PCV3/CN/Hunan/2/2006

82

58

Puc. 1. ®inoreHeTH4HI BiTHOMICHHS MiX 36 €BOIIOIIHHO HaHBIIIAJCHIIIMMH i301TaMK (SKi BU3HAYCHO 3a
pesynpratamu  ¢iroreHeTnaHoro aHamizy 1138 izomsarie LIBC-3 3 mHOBHHUM TE€HOMOM; i30JIATH, IO
MEepEeKPUBAIOTHCS, HE II0Ka3aHO) Ha OCHOBI TeHa Cap, 1o kojaye Oinok kancuiay. HaBeaeHo 3HaueHHs
oyrcrpen-ananizy (500 mOBTOPIB) [T OIIHKH JOCTOBIPHOCTI JepeBa, a Takok HoMepH i3051TiB B GenBank.
CkopoyeHe aepeBO MOOY/IOBaHO 3 BHUKOPUCTAHHSM pP-AUCTaHLiM, METOAY NPHUEIHAHHS CYCIOIB LUISIXOM
00'eJHaHHS T1JIOK 3 HU3bKOIO JIOCTOBIPHICTIO.

Fig. 1. Phylogenetic relationships between the 36 evolutionarily most distant isolates (determined from a
phylogenetic analysis of 1138 PCV-3 isolates with complete genome; overlapping isolates not shown) based
on the cap gene encoding the capsid protein. Bootstrap values (500 replicates) for assessing the reliability of
the tree are shown, as well as the isolate numbers in GenBank. Condensed tree was constructed by p-
distances, the neighbor joining method by merging low-confidence branches.

Ha tpetbomy erani Bukopucrano AlphaFold 3 s moOynosu 3D Monenel moTeHLinHUX
G4s B renomi [BC-3. B sKocTi KOHTpOJK KOPEKTHOCTI NOOYIOBM IMX MoOAenei
BukopuctoByBaiu 3D mozneni G4S, yTBOPEHHs OTHOTO 3 SIKUX €KCIEPUMEHTAIbHO BU3HAUEHO
B nperenomuiii PHK (nrPHK) Bipycy rematuty b (BI'B) B po6ori [30]. IIrPHK — me
npomibckna MPHK, mo yrBoproerscs mpu perutikanii BI'B Ta cnyxuts marpunero s
3BOPOTHOT TPAHCKPHMIIII 1 TpaHCIALIT BIpYCHUX OLJIKIB.

B renomi BI'b aBTOopamu po6otu [31] 3naiineno 8 norenuiitnux G4s 3 neriero g0 10 H.,
Ui SIKUX 3HaueHHS G-paxyHKy BapitoBasio Bix 15 mo 20. Y mpoMy JOCITIDKEHHI aBTOpH
3ocepeaumucs Ha PHK-G-kBanpymiekci, po3ramoBaHoMy B nosioxkeHHi 1884—1902 (nmo3uiito
HaBegieHo s 3oty V01460) nrPHK BI'B, i ekcriepiMeHTaIbHO MiATBEPIUIN HOTO POJb Y
CTUMYJIFOBaHHI TpaHCIALIl. 3a JOMOMOro0 HU3KH 0i0(i3MUHUX (CIEKTPOCKOMIi KPyroBOro
TUXpOi3My, TUIaBJIEHHS OJITOHYKJIEOTHJIHUX JYIUIeKCiB), iMmyHoJjoriyaux (IPA) Ta
MoJIeKyIsipHO-TeHeTHUHUX (KinbkicHa [1JIP) aBTopu mokasanu, mo 3a3HaueHuid G4 Bimirpae
KUTTEBO BaXUIUBY POJIb Y peryJsiii Tpancsmii BipycHoi MPHK.
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Puc. 2. ®inoreHernuHi BigHOWIEHHS MK 36 eBoONiHHO HaiBinpaneHimumu i3omaramu [[BC-3 (ski
BU3HAYEHO 3a pe3ysbraTaMu ¢inoreHeTndroro anamizy 1138 izomsaris IIBC-3 3 mOBHUM reHOMOM; 130JIATH,
10 TMEepPEeKPUBAIOTHCS, HE IOKAa3aHO) Ha OCHOBI TeHa Iep, Wm0 Koaye perurikasy. HaBemeHo 3HaueHHs
oyrcrpen-ananizy (500 mOBTOPIB) [T OIIHKH JOCTOBIPHOCTI JepeBa, a Takok HoMepH i3051TiB B GenBank.
CxopoueHe jaepeBo NOOYZOBaHO 3 BHKOPHUCTaHHSM pP-IAMCTaHLIM, METOAYy NPHENHAHHSA CYCINiB LUIIXOM
00'eTHAHHS TITOK 3 HU3BKOI MOCTOBipHiCTIO. CTPLIKHM BKa3ylOTh Ha YTBOPEHHS O-CIipaii B IEHTAICNTHII
(To3umii 22—26 aMiHOKUCIIOTHUX 3aIUIIKIB) perutikaszu i301aTyMZ851986 (a) mopiBHSAHO 3 ii BiACYTHICTIO B
permrikasi izosty MH491030 (6).

Fig. 2. Phylogenetic relationships between 36 most distant isolates of PCV-3 (determined from a
phylogenetic analysis of 1138 PCV-3 isolates with complete genome; overlapping isolates not shown) based
on the rep gene encoding the replicase. Bootstrap values (500 replicates) for assessing the reliability of the
tree are indicated, as well as the isolate numbers in GenBank. Condensed tree was constructed by p-distances,
the neighbor joining method by merging low-confidence branches. Arrows indicate the formation of a-helix
in the pentapeptide (22-26 positions of amino acid residues) in the replicase of MZ851986 isolate (a) in
comparison with its absence in the replicase of MH491030 isolate (b).

3 8-Mu 3Haiinenux B podori [31] G4s, mo yrBopeHo aBoma G-tetpanamu, 3D moneni G4s
HaMHU MOOYTOBAHO TUIBKHU JJISI TPHOX, MOCTIJOBHOCTI AKUX HaBefeHo B Tabm. 2 (momemni muist
JIBOX 3 HUX HaBezieHo Ha Puc. 3a — Puc. 3r). [[ns iHIIMX MOTHBIB, B TOMY YHUCII, i /11 MOTUBY
B mo3umii 2987-3009, nobymoBano 3D mMopeni aymiiekciB abo antamepiB (OJHOHHTKOBHX
OJIITOHYKJICOTH1IB), @ He (G-KBaJPYIUIEKCIB (pe3yabTaT HE MOKa3zaHo). BiAcyTHICTh TpeThoi
terpaau B G4s BI'b Bene 10 MeHI cTaOUIbHUX CTPYKTYp MOPIBHSIHO 3 TpuTeTpagHumu G4s,

ane yrBopeHHs G4s B HU3II BUMAJIKIB € 1€ MOXKJIUBHM.
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Tabmuns 2. KoncepBatuBHi MOoTHBHY noteHniiHux G-kBanpymiekciB B PHK Bipycy renaruty b (G-6arari
(dbparMeHTH mociioBHOCTEH migkpecieno). [locmigosHocTi HaBeneHo ais 13051ty V01460 BI'b. G4 8 PHK BI'b
B mosumii 1884-1902 excriepumenTaibHoO iepeBipeno B po6ori [31], G4 B IHK BI'B* B mosumii 1202-1220 — B

po6ori [32]

Table 2. Conserved motifs of putative G-quadruplexes in hepatitis B virus RNA (G-rich sequence fragments are
underlined). Sequences are given for an V01460 HBV isolate. RNA G4 at position 1884-1902 and DNA G4 at
position 1202—-1220 were experimentally tested in [31] and [32] respectively.

[To3wuis, MotuB G-KBaapyIUIeKCy G-paxy- pLDDT
H. HOK
1202-1220 [5-GGCUGGGGCUUGGUCAUGG-3' 20 pLDDT > 90
reH P
5-GGCTGGGGCTTGGTCATGG-3' (*) 20 90 > pLDDT > 70
1774-1795 |5-GGAGGCUGUAGGCAUAAAUUGG-3 14 90 > pLDDT > 70
red C
1884-1902 (5-GGGUGGCUUUGGGGCAUGG-3' 18 90 > pLDDT > 70
red C
2987-3009 |5'-GGAGCUGGAGCAUUCGGGCUGGG-3' 18 -
TeH S

3 "aBegennx Ha Puc. 3 3D mozeneit G4s tinbku G4 B monoxkendi 1202-1220 PHK BI'B,
skuil Mae HanBuinuii napamerp pLDDT (pLDDT > 90, Puc. 3a ta Puc. 30), yrBopeHo nBoma
nockonanumu tetpagamu (G13-G7-G2-G19 ta G15-G6-G1-G18). G4 B miii ke mo3wuilii B
JJHK BI'Bb (icHyBaHHS $KOro €KCHEpPUMEHTalIbHO MiATBEpAXKeHO B podoti [31]) €
HEJOCKOHAIUM, OCKUIBKA YTBOPEHO OJIHI€I0 JockoHanow TeTpanow (G1l-G7-G13-G19) Ta
OJTHIEIO HEJTOCKOHANIOI0 cTpyKTyporo (G2-G6-G18), xapakrepusyerbes nopisasiao 3 PHK G4
menimM mapamerpom pLDDT (90 > pLDDT > 70). 3 nopiBusiaas 3D mozeneii G4s B PHK
(Puc. 3a Ta Puc. 36) ta JIJHK (Puc. 3r ta Puc. 3x) BI'b B no3uuii 1202—-1220 BuruuBae, 1o
BOHM TaKOXX BIJIPI3HAIOTHCA CITKOIO BOJHEBUX 3B’s3KiB. 30kpeMa, 1 G18 B PHK BusHaueno
Tpu BogHeBux 3B s3kU (G1 N7 ... HN2 G18 (Ha sikmii Bka3ye crpinka Ha Puc. 36), G1 Oe ...
HN> G18, G18 N1H... Os G1) ta koopauHauiiiauii 38’130k 3 ionom K* G18 Og ...K+, B T0ii
yac sk 118 G18 8 PHK — Tinbku xoopauHaniiinuii 38’130k 3 ionom K* (dG18 O¢ ... K*, na
SKMI BKa3ye cTpijka Ha Puc. 3n).

3 TEOpeTHYHO BU3HAYECHUX Ha MEPIIOMY €Talli YOTHPhOX KOHCEpBAaTHBHUX G-MOTHBIB B
reromHi JIHK [IBC-3 mnst Bcix moOynoBano 3D monem G4S, siki mictate Tpu G-terpaau
(Puc. 4, Puc. 5).

JloaaTKoBO B SIKOCT1 KOHTPOI0 KopekTHocTi 3D mozeneit G4s [IBC-3 namu noOy0BaHo
3D mogens G-6Gararoro motuBy B mpomotopi rena hTERT (human telomerase reverse
transcriptase) (pesynbrar He mokaszano). lleit pparmeHT HoBXkHHOI 68 H. MicTUTh Tpu G4s 3
TPHOX TETPaJ, YTBOPECHHS SIKUX €KCIEPUMEHTAIBHO MiATBEPKEHO 32 TOTIOMOTOI0 METOIIB
KpPYroBOro JAMXpOi3My, TepMiuHOi JeHarypauii, SAMP, po3scitoBaHHS pPEHTI€HIBCHKOIO
BUNpPOMiHIOBaHHS [33].

OctaHHI JOCATHEHHS B pO3poO0Il EKCIIePUMEHTAIbHUX METOJIB (KplOEIeKTPOHHOT
Mikpockomii, SIMP, peHTreHCTpyKTYpHOro aHajizy Toulo) Ta oOpoOIll JaHUX J103BOJIMIIN
OXapakTepU3yBaTH CTPYKTYpU B HYKJIETHOBUX KHMCJIOTaX 3 BUCOKOIO PO3IUIBHOIO 3[aTHICTIO
(0,3-0,8 um). Tak, 3a nonmomororw FRET-anani3zy BH3HA4Y€HO KpUCTaliuyHy CTPpyKTypy 3WJ
(PDB: 4KZ2) 3 pozainbHoro 3naTHicTio 0,3 HM, sKy 3HaineHo B PHK nakyBajgpHOrO MoTOpY
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6akrepiodara phi29, mo 3ueruiennii 3 nakyBanusm JIHK [34]. B po6orax [35] Ta [36] 3a
noromoroto mMoaudikaiii AMP Buznadeno icuyBanus ctpykrypu 3WJ B renomi BUI (PDB:
7lva).

Panime aBTopamu B po6oti [30] mpoBeneHO OIIHKY sKOCTI mependadeHHs 3D mopeni
6iomomimMepiB 3a gonomororo AlphaFold 3 depe3 mopiBHSHHS 3 IIMMHU E€KCIIEPUMEHTAIBLHO
BU3HAYEHUMH CTPYKTYPaMH 3 aTOMapHOIO po3/ALIbHOI0 31aTHICcTO. [lokaszano, mo 3D moneni
BropunHux 3WJ-ctpyktyp B renomi BIJI Ta PHK Oakrepiodara phi29, sxi nependaueno 3a
noromoroto AlphaFold 3, matoTe mpuOIM3HO TaKy X TOYHICTH, sIK 1 3WIS, CTpYKTypy SKHX
BU3HAYCHO 3a JIOTIOMOTOI0 EKCIIEPHUMEHTAILHUX METOJIB Ta KOOPJMHATH 3aHECEHO B 0a3y
nannx PDB.

G4 PHK
1202 - 1220

0

Hydrogen Bond
|G1|N7—G18| N2

G4 PHK
1884 - 1902

Hydrogen Bond
G18|N7—G13|
N2

Metal Coordination

:|DG 18|06 —B|
pIDDT > 90 90 >pIDDT > 70 70 > pIDDT > 50 K1|K

Puc. 3. 3D momeni G-6aratux ¢parmentis 8 PHK (a-r) ta JJHK (r-r) Bipycy rematuty b 3 morenmiamom
yrBopenHsi G-kBanpymiekciB asoma G-terpanamu. Ilosuuito HaBeneno s i3omsty V01460 BI'b. a, 6 —
pLDDT > 90, nozuris 1202-1220; B, r — 90 > pLDDT > 70; mo3umis 1884-1902; r, r — nonoxenns 1202—
1220. Crpinkamu nokasaHo BojHeBi 3B’s3ku (6 — G1 N7 ... HN> G18, r — G18 N7 ... HN2 G13) Ta
KOOpIUHAIHHUIT 3B°5130K 3 ioHOM K™ (1 — dG18 O ... K¥).

Fig. 3. 3D models of G-rich fragments in hepatitis B virus RNA (a—d) and DNA (e—f) with the potential for G-
quadruplex formation by two G-tetrads. Positions are indicated for V01460 HBV isolate. a, b — pLDDT > 90,
1202-1220; ¢, d — 90 > pLDDT > 70; b — 1884-1902 position; e, f —1202-1220 position. The arrows
indicate hydrogen bonds (b — G1 N7 ... HN, G18, d — G18 N7 ... HN2 G13) and the coordination bond with
K*ion (f—dG18 Os ... K*).
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pIDDT > 90 90 >pIDDT >70 70 >pIDDT > 50 pIDDT < 50

Puc. 4. 3D wmogeni xoHcepBatMBHHX G-KBaJIpyIUleKciB, sKi yTBOpeHO Tpboma G-TeTpagamu, B
onmuonanmrorosin JIHK i3omsarie LIBC-3 mis ¢parmenta noexwHOr 15 H. B momoxeHHi 1164-1178
npoMoTopa rexa cap (a), goBxuHow 36 H. B nonoxkenHi 645-680 (0), noBxuHO0O 32 H. B mojoxeHHi 802—
833 (B), nomxuHoro 38 H. B monoxenni 893-930 (r) rewa, mo koxye perutikasy, 3 10 ionamu K*. (a) —
pLDDT > 90, (6, B) 90 > pLDDT > 70, (r) — 70 > pLDDT > 50.

Fig. 4. 3D models of conservative G-quadruplexes, which are formed by three G-tetrads, in single-stranded
DNA of of PCV-3 solates for a fragment with length of 15 nt at 1164-1179 position of gene cap promoter (a),
fragment with length of 36 nt of the gene encoding the replicase at 645-680 position (b), fragment with
length of 32 nt at 802-833 position (c), fragment with length of 38 nt at 893-930 position (d) with 10 K* ions
(@) — pLDDT > 90, (b, ¢) 90 > pLDDT > 70, (d) — 70 > pLDDT > 50

B po6oti [37] npomoTopHy 007acTh BU3HAUMIIH SIK 00JIACTh, siKa JioKaizoBaHa Ha 500 H.
BUIIIE caiiTy crapTy TpaHckpuniii. Bei mpomoropu OesnocepeHbO paHHIX T'eHIB Bipycy
IIPOCTOr0 Tepreca Mepuioro THUILY MICTATh KOHCEPBAaTHBHI IMOCIIJOBHOCTI, $IKI MOXYTb
yrBoptoBatn G4s [38], mo mnigkpeciaroe MOXIUBY poib G4s B TpaHCKpHILIHHOMY Ta
TPAHCISIIIHHOMY DPETYJIIOBaHHI BIPYCHHX T€HIB, a TaKOXX B TOINIKO/PKEHHI Ta BITHOBJICHHI
nposipycnoi JJHK [2].

3 dYoTupboX BU3HAYeHWX moTeHMiHNX G4s B Tenomi [[BC-3 G-xBagpyruiekc B
nojoxenHi 1164—1178 3Haxoautbes B obOjacTi mpoMoTopy reHa cap, a iHmi Tpu G4s —
BcepeanHi reHa rep. [lns mopiBHsSHHS, 3 Tphox moTeHnidHux G4s B reHomi BI'B G-
KBaJPYyIUIEKC B MOJ0keHHI 1776-1797 € nokanizoBanuM B o0iacTi npoMotopy reHa X. [Himi
nmBa G4s 3HaxoAsAThCs BcepeauHi reHis P ta C.

Jns miaTBepkeHHs cTpyktypu G4s, B TOMY YHCI, 3 BUCOKOIO PO3JITIBHOIO 3JJaTHICTIO
3a momomoroo SIMP, kpioenekrpornoi Mmikpockomii [39], AOCHiAHUKH, SK MPaBUIIO,
BUKOPUCTOBYIOTH antamepu JoBxkuHOI0 12—46 H. [30, 33, 40, 41]. IIpoTe B reHOMi NaTOTeHIB
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G4s in vivo Ta in Vitro, sIKIo BOHH € TePMOAMHAMIYHO BUTiJHUMH, MAlOTh ICHYBaTH B CKJIa i
MaKpOMOJIEKYJI, @ HE TUIbKH anTaMepiB. 3 METO0 MepeBipKH 1€l Te3n Hamu moOymoBaHo 3D
MOJIeJTi MOCTIAOBHOCTEH anTaMepiB, siKi MICTATh G-MOTHBHU 301sbIIeHOT JOBXHHN Ha 10—20 H.
(mo 5-10 u. 3 5'- Ta 3'-kinus) sk g G-Oaratux ¢parmentiB B renomi BI'b (Tab:x. 2), tak i
s takux [[BC-3 (Ta6m. 1).

pIDDT >90 90> pIDDT >70 70> pIDDT >50  pIDDT <50

' 5-GGGtGGGtGGGtGGG-I

Puc. 5. 3D wmopneni koHcepBaruBHUX G-KBajpyruiekciB, siki yTBOpeHO Tpboma G-TeTpajgamu, B
onuonanirorosiit JIHK i3omsaris IBC-3 mns ¢pparmenrta nosxuHoo 15 H. B monoxenni 1164—1178 3 8 Na*
(a, 6) Ta momxuHor 57 H. B mojoxeHHi 1144-1200 3 20 ionamu Na® (B; cTpiiku Bka3yioTb Ha G4) B
npoMoTopi rena cap. (a, 8) — pLDDT > 90, (B) — 90 > pLDDT > 70. (r) — mortu G4. Ilynkrupom
MOKa3aHO BOJHEBI 3B’SI3KM MK KOMIUIEMEHTAPHUMH HYKJICOTHJIAMH B TETPaJi Ta CTEKIHT B3a€MOII0 MiX
HYKJICOTHAAMH TApaleIbHUX TETpaja B pisHuX mionmHax (a, 6). Ha BcTaBmi — cxema KOHCEPBaTHBHOTO
BHYTPIIIHLOMOJIEKYJISIPHOTO aHTHIIapaliesibHOro G-KBaJpyIuieKkcy, 110 YTBOPEHO CTEKIHTI B3a€MOIIEI0 TPhOX
G-terpan, momkumHor 15 H. y mo3mmii 1164—1178 JHK I[IBC-3 Ta cTabini30BaHO IICHTPaIbHUM
COJIbBATOBAaHUM MOHOBaJIeHTHHM KatioHoM (K* > Na* > Li*). G-kBapreT, sKuil MICTUTh YOTHPH KOTUIAHAPHHX
TyaHi/IiH{, CTaOUTI30BaHO BOJAHEBUMHU 3B’ SI3KAMH.

Fig. 5. 3D models of conservative G-quadruplexes formed by three G-tetrads in single-stranded DNA of
PCV-3 isolates for a fragment with length of 15 nt at 1164-1178 position with 8 Na* (a, b) and fragment with
length of 57 nt at 1144—1200 position with 20 Na* ions (c; arrows point to G4) in the gene cap promoter. (a,
b) — pLDDT > 90, (c) — 90 > pLDDT > 70. (d) — G4 motif. The dotted line shows hydrogen bonds
between complementary nucleotides in the tetrad and stacking interaction between nucleotides of parallel
tetrads in the different planes (a, b). Inset — a scheme of a conservative intramolecular antiparallel G-
quadruplex formed by stacking interaction of three G-tetrads with length of 15 nt at 1164—1178 position of
the PCV-3 DNA and stabilized by a central solvated monovalent cation (K* > Na* > Li*). The G-quartet that
contains four coplanar guanidines is stabilized by hydrogen bonds.
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3D monenroBaHHS TPbOX anTamepiB 301IbINeHOI MOoBXUHU Ha 10-20 H., sKi MICTAThH
norenniini G4s B PHK BI'B, mokasano BincytHicte G4s y TeopeTHdHO Bu3HAueHUX G-
Oaratux (parmeHTax (ITOCHIIIOBHOCTI SKHUX HaBelIeHO B Taour. 2).

Huns G4s B renomuiit IHK [IBC-3 curyamis € inmoro. He3Bakaroun Ha 30UTBIICHHS
JIOBXKUHH alrTaMepiB CTPYKTypa TpboX Bu3HadeHUX G4s (MOCHITOBHOCTI SKMX HaBEICHO B
Tabmn. 1) 36epiraerbesa. Ha Puc. 5B naBeneno 3D mozens ans ¢pparmenrta T0BXUHOWO 57 H. (B
nostoxeHH1 1144—1200 H.), skuit MicTuTh G-O0araTuii MOTHB JIOBXKUHOIO 15 H. (B MOJIOKCHHI
1164-1178). 3D wmogmemi aBOX IHIIMX BU3HAYeHHX moTeHIidHUX G4s B remomi I[BC-3
30uTbmeHo1 noBxuau Ha 20 H. (o 10 H. 3 5'- Ta 3'-KiHIM) HE HABEACHO.

3anpornoHoBaHe Ta anmpoOOBaHe HAMH JOCTIIKEHHS HE KOPOTKuX (G-OaraTwx MOTHUBIB, a
anTaMepiB 301IbIICHOT JOBXKHHHU Y3TO/DKYEThCS 3 HABEJCHUMHU HIDKYE BUCHOBKAMHU B POOOTI
[2].

Jis  KOpPOTKMX HYKJICOTUIHUX TMOCTIAOBHOCTeM 3 TMoOTeHuianoM yTrBopeHHS G4s
OTPUMAHO CTPYKTYpH 3 BHCOKOIO PO3IUIBHOIO 3[aTHICTIO 3a JIOTIOMOTOI0 Judpakiii
peHTreHiBcbkux mpomeniB [42], SIMP-cnekrpockomii [43], KpioeaeKTpOHHOI MiKpPOCKOIIil
[38]. Tlpore crTpykTypa Takux amnramMepiB YacTO BIIPI3HAETHCA BiM TXHBOI HATUBHOI
KoH(popMalii yepe3 HU3KY YHHHUKIB, B TOMY YHCIi, Yepe3 BIUIMB OTOUYIOYMX HYKJICOTHIB.
BaxnuBoro nepesaroto AlphaFold 3 naa 3a3HaYeHUME METOAAMU € MOXKJIMBICTh OTPUMYBATH
TPUBUMIPHI MOJIENI JJi1 HYKJIECTHOBUX KUCIOT JOBXHUHOIO J10 5 T.H. 3 PO3AUIBHOIO 3/IaTHICTIO,
sSIKa € TIOPIBHAHOIO 3 TAKOIO EKCIIEPUMEHTAIEHUX METO/IIB.

bepyun o yBaru HaBejeHE BHIIEC, HAMU OTprUMaHO 3D Mojenb pparMeHTa JOBXKHHOIO
129 ., sxuii mictuth aBa G4s, ski 3HAXOIAThCA Ha Bifctani monan 100 H. (Tabn. 1, B
nosnoxeHsx 802—833 ta 893-930). [Ipote HaziinicTs 3D Mozemi s 1ux 18ox G4S B 11bOMY
BUMIAJIKY € HIDKYOI0 OpiBHIHO 3 MoHOMepHUME G4S: 70 > pLDDT > 50 Ta 50 > pLDDT muis
KO3KHOTO 3 180X G4S BigmosigHo (3D Mozens He HABEAECHO).

Kpim toro, nmpoBesieHo morryk BHyTpimHsoMonekymsipaux 3WJ (three-way junctions) B
MPHK 13051ty MT075518 LIBC-3 4epe3 nobynoBy 3D moaeneii 3a nonomororo AlphaFold 3.

Crpykrypa 3WJ € MynbTUCHIpaJIbHUM 3’ €IHAHHSAM, SIKE YTBOPEHO TpbOMa 3’ €IHAHUMU Y
Toulll 3B’s3yBaHHs nymiekcamu. Ilomepeanbo mocnigoBHicTe MPHK OGyno moaineHo Ha
dbparmMeHTH, O He MepeKpUBatOThCs, JoBXHHOI 300 H., 31 3cyBoM Ha 150 H. Ha BinmMiHy Bij
cnymasipycy Benukoi poraroi xynoou (CB BPX), ais sikoro aBropamu 3HaiiieHO 11 Habopy
3 37 13onsaTiB CB BPX koncepBatuBHuii MmotuB 3WJ nosxunoro 73 H. 31 100 %-um piBHEM
noaiouocri [36], B MPHK IIBC-3 ctpykrypy 3WJ He 3HaiineHo.

3D moaedi oiakis [IBC-3

TpuBuMipHa CTPYKTypa HaJa€ BaXIUBY 1H(GOPMAIIO JIsI PO3YMIHHS O10JOTIYHUX
¢yukiii 6inkiB. Google DeepMind namae 6e3kormroBuuit moctyn go AlphaFold 3 s
HEKOMEPIIHHUX J0ocikeHsb yepes miardgopmy AlphaFold Server, 1o mo3Bonuino otpumaru
HaBeJleH1 B po0OTi pe3yibTaTH.

Hns 3D wmopnemoBaHHS CTpYKTypu OinkiB BuOpano mapu i3omsariB MH491030 i
MZ851986 ta MT075517 1 MG372488 11BC-3, ski € €BOJIOIIHHO HaWBIITANICHIIIMMHA 32
pe3ynbTaTaMu (iI0reHETUYHOTO aHajli3y Ha OCHOBI I'eHa Cap, 1o Koaye Outok karcuny (Puc.
1), Ta Ha OCHOBI TeHa I'ep, mo koaye perikasy (Puc. 2).

®epMeHT perutikaza Rep Mictuth 296 aMiHOKUCIOTHUX 3aJIUIIKIB (a.3.), @ OLJI0K Karncuay
Cap — 214 a.3. 3 nobynoBanux 3D mozeneii OinKiB €BONIONIITHO HAWBIAANCHIIIUX 130ISTIB
[IBC-3 3a rep Tta cap renamu (Puc. 6) BctaHOBIE€HO iXHI OCOOJIMBOCTI, a caMe KiIbKICTh O-
coipaneii, P-muctiB, [B-moBopoTiB Ta BoaHeBux 3B’sa3kiB (Tabn. 3). Bcei mepenbaueni
CTPYKTYpH XapakTepu3yioTbcs BOymoBanuMu B AlphaFold 3 mokasnmkamu 1j1st omiHKH
nocrosipHocti 3D mozgeni — pLDDT, pTM Ta ipTM.
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L2
da : KOMILIEKC
4 OlIOK 4+ pemuiikasa
KANCH/LY

penikasa

MH491030 w : ‘t
o

pLDDT=>9%0 90>pLDDT=>70 70>pLDDT > 50 pLDDT>90 90>pLDDT=>70 70>pLDDT > 50

MH491030

OlIOK Kancuay

’1;‘> > i)(‘ll.lih‘:l 3a

Oirox kancmay MT075517 NC_031753 MH491030

pLDDT>9%0 90>pLDDT>70 70>pLDDT > 50 pLDDT=>9%0 90=pLDDT>70 70>pLDDT > 50

Puc. 6. 3D monens pemmikasu goBxuHOW0 296 a.3. mis i3omary MH491030 (a), 6inka Karncuay JOBXKUHOMO
214 a.3. i3omary MT075517 (B), komiutekcy Ginok Kamcuay — perutikasa 3 25 iomamu Na* qist i3omsry
MH491030 (), a-cmipaii Ta B-nuctiB perutikasu i3oiaty MH491030 (r). Ha BcraBui — 3D mopnens Oinka
kancuay pedepenrroro mramy NC_031753.

Fig. 6. 3D model replicase with length of 296 aa for MH491030 isolate (a), capsid protein with length of 214
aa of MT075517 isolate (c), capsid protein — replicase complex with 25 Na* ions for MH491030 isolate (b),
a-helix and PB-sheets of the replicase of MH491030 isolate (d). Inset — 3D model capsid protein of
NC_031753 reference strain.

[Tapamerp pLDDT Bu3Hauae AOCTOBIPHICTH JIOKAJIBHOI CTPYKTYpPH, OILIHIOIOYH,
HacKUIbKK 00pe 3D Mozenb y3rosKyBaTUMEThCS 3 €KCIIEPUMEHTAIBHOI0 CTPYKTYpoto. s
OiKkiB 1eit mapamerp € ananoriyauM mapamerpy IDDT-Co, ane mMae Oinblly AUCKPETHICTS,
OCKUTBKA MOK€ 3MIHIOBATHCS JUIsI KOXXKHOTO aToMa, a He [UIi KOXHOTO 3aJIHIIKY.
[TepenbauyBaHa CTpYKTypa MOPIBHIOETHCS 3 CIPABKHBOIO CTPYKTYpOro 3 6a3u nanux PDB 3a
nornomororo Tecty IDDT, skumii BU3HaUae TOYHICTH JOMEHY 0e3 HeOOXITHOCTI cerMeHTarlii
JAHLIOTOBUX CTPYKTYp. BincTani o6uncmooThes abo Mixk yciMa Bakkumu atoMamu (1IDDT),
a6o nume Mk aromamu Ca 1t BUMiproBaHHs TO4HOCTI ocToBa (IDDT-Ca).

Jlis mepeBakHOT YaCTMHM KOXKHOTO 3 TPhOX JOMEHIB perutikasu i3oiirie IBC-3, ski
MicTaTh B-nmuctu Ta o-cmipam (Puc. 6a, Ta6a. 3), 3nauenns PLDDT nepeBumye 90, a st
HE3HAYHO{ YaCTHHHU JIOMEHIB Ta HEYNOPSIKOBAHOI CTPYKTYpH perutika3zu — B iHTepBaini Bix 70
no 90. Orpumani 3HaueHHs PLDDT Bka3yoThb Ha BHCOKY JOCTOBIPHICTH 1 TOYHE
nependadenss 3D moneni perunikasu [IBC-3. NC_031753 — pedepentnuii mram [44].

binok xkamcuay eBomromiitHO HavBigganeHimmx i3o07saTiB [IBC-3 mictuts [-muctw,
3HayeHHd PLDDT nns mepeBakHoro umcna sikux nepeBuirye 90, a HeymopsikoBaHa
CTPYKTypa XapakTepuszyeThcsi 3HaueHHaMU PLDDT Bix paxynky menmie 50 1o He Ouibiie 70
(Puc. 6B).
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Ta6muus 3. [Tapamerpu 6inkiB Rep ta Cap eBomouiitHo HaiBignaneHimux i3onsatiB MH491030 1 MZ851986 ta
MTO075517 i MG372488 3 1138 i3onsriB IIBC-3 3 mOBHUM reHOMOM 3TiTHO 3 (DiJIOTCHETHYHUMH BiTHOIICHHIMH
JUIsl TOBHOBMMIPHUX T'€HIB 'eP, sIKMH KOAye perutikasy, Ta cap, sikuil koaye 6inok karcuny. NC_031753 —
pedepentHuii mtam [44]

Table 3. Parameters of Rep and Cap proteins of the evolutionarily most distant MH491030 and MZ851986,
MTO7551 and MG372488 isolates from 1138 of PCV-3 isolates with a complete genome according to
phylogenetic relationships for the full-length rep gene which encodes the replicase and cap gene which encodes
the capsid protein. NC_031753 — reference strain [44]

Yucno Yucno Yucio Yucio

Binok 30T a-crrparne, B-mucTiB, B-oBOPOTIB, | BOJHEBHX
% % % 3B’A3KIB

MH491030 21 26 32 188

Permikasa |~ y17851986 23 27 31 189
NC 031753 12 16 32 190

MTOQ75517 0 43 22 129

Kancumanid | \15375488 15 35 19 124
NC 031753 1 16 22 126

[Tapametpu pPTM Ta ipTM moka3yrOTh OILIHKY MepeadavYeHoi MaTpHIili MOACTIOBAHHS
(pTM; predicted template modeling) ta omiaky mnepenbadeHoro inTepdeiicy Marpuii
moaemoBanus (IpTM; interface predicted template modeling). O6uaBi 11 OLIHKK BHBOASTHCS
3 MoKa3HMKa MaTpulll MoxaeitoBanHs (TM), sika BU3Ha4ae TOUHICTh BCi€l cTpykTypu [45, 46].
Paxynok pTM Bumre 0,5 o3Hauae, 1m0 3aranbHuil nepeadaueHuit GonaiHr Mae OyTH MOIIOHUM
JI0 CIpaBXHBOI CTpyKTypu. [lapamerp IpTM BuMiproe TOYHICTH MepeadaYeHOro BiTHOCHOTO
MOJIO’KEHHS CyOOIMHUIb BCEPEIUHI KOMILIEKCY.

Paxynokx pTM mns 3D moneneit permikasu Ta 6inka xkancuay LIBC-3 (Puc. 6) ctanoBuTh
0,7, 1m0 3a70BOJIHSE YMOBI JIOCTOBIPHOCTI JaHHX Mojeiei. IPTM moka3ye TOYHICTB
nepeadaueHoro BiIHOCHOTO TOJOXEHHS BCEPEIUHI KOMIUIEKCY, 1 TOMY L€l MOKa3HUK s
3a3HAYCHHX BHIIE MOJIEJICH HE BU3HAUCHO.

Permikaza IBC — 1e BipycHuil O110K, HEOOXiAHMNA IS peruTiKallii OJHOJIAHIFOTOBOI
kibieBoi JIHK Bipycy, mo mpaioe 3a MeXaHi3MOM KUIbIlSl, 110 KOTHTHCS, 1 B3a€MOJIIE 3
IHIIMMU BIpyCHHMH OiKamMu, TakuUMH siK karncuauuii 0imok Cap [47]. Pemmikasza (Rep) ta
outok karmcuay (Cap) B3aeMopitoTh, mpuuomy Rep Oesmocepenubo 3B'si3yerbes 3 Cap,
YTBOPIOIOUM KOMIUIEKCH, IKi BIUIMBAIOTh Ha PEIUIIKAIlI0, CKJIaJaHHS Ta MaTOreHe3 Bipycy,
4acTo 3a y4acTio (akTopiB xaszsiHa. IPTM koMruiekcy OiTOK Kamcuay — periikasa 3a 25
ionie Na* ms isomsiry MH491030 (Puc. 6) cranosuts 0,11, a pTM — 0,39.

B poGoti [48] po3rnsHyTO TOUHICTE mepen0dadeHHs TPUBHUMIPHUX CTPYKTYp 3a
normomororo AlphaFold 3 uepe3 mopiBHsiHHS TporHO3iB 3D Mopenel 3 eKcrmepuMeHTAIbHO
BU3HAUEHUMU CTPYKTypaMu anrtamepiB y 0a3i ganux OuikiB PDB, a Takox 31 cTpykTypamu
anTamepiB, siki He BKJIOYeHO 10 PDB Ta oxapakrepuzoBaHo iHmumu metogamu. [lokasaHo,
mo AlphaFold 3 edexktuBHO MOmentoBaB HM3KY anTaMmepiB, IJIs SIKUX € CTPYKTypa B 0asi
nanux PDB, Bxmrouaroun G4s. [[ns anramepiB, 1moAo SKUX BiACyTHI BimomocTi B PDB,
nporro3u AlphaFold 3 xapakrepusyBanucs MEHIIOW JOCTOBIPHICTIO, TPOTE JEMOHCTPYBAIU
JocTaTHE 30IraHHs 3 EKCIIePUMEHTAIbHUMHU JaHUMH, TOYHO MPOTHO3YIOYM KOH(OpMAII0
G4s.

CrtpykrypHe mnopiBHsaHHA 3D mopnenelt OinkiB ABOX €BONIOIIIHO BiJAaTCHUX 130JSTIB
[IBC-3 moxkazano, 1o iXHs HpOCTOPOBAa OpraHizaiis BIAPI3HSAETHCS KUIBKICTIO BOJHEBUX
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3B’SI3KiB, O-cCIipaied, [-1ucTiB, P-TMOBOPOTIB (CTPYKTYp, IO MPEACTABISAIOTH COOOI0
noBepHeny Ha 180° mernro) (Tabn. 3). Busnauena pi3HHMIS MOxe OyTH IOB’S3aHOIO 3
3aMiHAMU aMiHOKHMCJIOTHUX 3QJIMIIKIB PI3HUX KJIACIB.

MyTauiiinuii Ta eBoJloniliHMil aHai3 0isikiB Ta renis LIBC-3

3a momomororo aHanizy rpadikiB eHTpomnii [lleHHOHa — 3aNM€XHOCTI MipU MIHJIHBOCTI
aMIHOKHMCJIOTHUX 3aJHUIIKIB B 3aJaHOMY IIOJOKEHHI BiJl IXHBOI MO3WII — BHUSABJICHO
nosiiMopHi caifTu 1ys OiNIka Karcuay Ta perulika3u eBOIOINHO BignaneHux i3omsatiB [[BC-
3. PapukanpHi Ta KOHCEpBATHBHI 3aMiHM BHSBJIEHO NIl 000X OLIKIB, SIKI TPAHCIIOIOTHCS 3
BIIKpUTUX paMoK 3untyBanHs L[BC-3.

Hamu inentudikoBano 20 Ta 21 aMiHOKUCIOTHHN BapiaOEeIbHUA CAMT I €BOJIFOIIAHO
Bignanenux i3omsaTiB [IBC-3 (Puc. 7). BimHocHa KinbKicTh BapiaOelpbHUX CaWTIB s
periika3u Ta Oilka Karcuay, 110 TPaHCIIOITHCS 3 BIIKpUTUX pamok 3uuTyBanHs ORF1 Ta
ORF2, cranoBuna: Rep — 6,7 % (20/296), Cap — 9,8 % (21/214).

3rigHo 3 KJIacu4yHOIO MIKanow riapodobHocti Kaiita-Jynmittina [49], sKky mIMpOKO
3aCTOCOBYIOTh JUIS aHAJNI3y CTPYKTYpH OUIKIB, O TiAPOPOOHUX aMIHOKHCIIOT HAJICKATh
130J1e1MH, BaJiH, TeHIUH, (eHLIaIaHiH, IUCTEIH, METIOHIH, allaHiH (TI0 MOPAIKY 3MEHIIICHHS
rigpodoOHOCTI). Pemnira aMiHOKUCIIOT HANIEKATh J0 YHCIIa TiApO(UTEHUX.

[Ipu mopiBHAHHI aMIHOKHCIOTHUX TOCIIIOBHOCTEH perurika3u 1ux ABox i3oystiB [[BC-3
(Tab6u. 4) BusiBiieHo 19 pi3HHX 3aMiH, 3 AKuX 2 KOHCepBaTuBHI 3aMinn E—D y mo3umisx 77 Ta
260. Haiibinpny KinbKiCTh 3aMiH (5) BCTAaHOBIIEHO 32 Y4acTio TiapodiibHOTO cepiny (S), aABi
13 IKUX € 3aMiHaMu Ha riapodoOHi 3anmumky anaHiny (A) ta i3onernuny (I). Yotupu 3aminn
BUSABIIEHO AJis rigpodinbHoro apriHiny (R), ogna i3 skux € 3amiHOIO Ha rigpodoOHuU
3ayuiiok Bainy (V).

3a3HauyeHi BHILE aMIHOKUCIOTHI 3aMiHU BeIyTh JI0 3pOCTaHHs TiApodoOHOCTI 1 3MIHU
MOBEPXHEBUX BIIACTHBOCTEW OinKiB. Hampukian, 3amiHa aMiHOKHCIOTHOTO 3Ky Q—P (B
nooxeHHi 125 ma 13omatiB MG372488 1 MTO075517, Tabn. 5) Bene o0 3HMKCHHS
MOJIIPHOCTI OLIKa.

OCKITBKM HAWYacCTIIIO MOJIEKYJISPHO-TEHETUYHOIO TOJIEI0 B XOJiI MOJEKYISpHOI
€BOJIIOLII] MaTOTeHIB € MyTallil, HAaMU IPOBEJAEHO MyTallIiHUN aHalll3 TeHIB peIulikasu rep ta
Oinka karncuny cap, 5'-nHerpancnboBaHoi obnacti (HTO, nmo3umii 1-222), mixkreHHOi 061acTi
(mo3urii 1114-1342) mosuoreHomuux i3onsatie [[BC-3, a takox renmomuoi JHK Bipycy,
PO3paxoBaHO MBUAKICTH MyTariil (Tabm. 6).

Hns  Oinka xkancuay 13onatiB [IBC-3  BusBneno 20 3amiH, 13 gkux 9 €
HEKOHcepBaTUBHUMH. Tpu ogHakoBi koHcepBaTHBHI 3aMiHU (R—K) BU3HaueHO y Mmo3uIlisX
27, 82, 148. Haitbunpury KiIbKICTh 3aMiH (6) BHUSBIIEHO 3a Y4acTiO T1IpO(UIbHUX 3aJIHUIIKIB
nizuny (K) ta aprininy (R) (Ta6m. 5).

Bcranosneno, mo HaiiBunry mBuakicts mytamiii mae 5'-HTO xinenesoi JJHK 1IBC-3, a
HaliMEHIIy — T'eH 'ep, 0 J03BOJISIE PO3TIIAAaTH HOTo SK MOTEHIIIHUI MapKep JUTs AeTeKIIil
BC-3 musixom TJIP.

Jlist BCTaHOBIEHHS HAmNpsMy MPHUPOAHOTO BimOOpy, IO JAi€ Ha TeHu Ta (parMeHTH
reaomy [[BC-3, Bu3HAueHO BiJHOIIEHHS YacTOT HeCHHOHIMiuHux 3amin (AN) o
cuHoHimMiuHuX (dS) Ha HykiaeoTuanuii caitt AN/AS ans renis rep ta cap, 5-HTO, mixkrennoi
obmacti moBHoreHoMHuX i30isTiB [IBC-3. 3a muM mapaMeTpoM BCTaHOBIICHO, IO TiIBKA
nociinoBHicts 5'-HTO mnepebyBae mijg THCKOM mo3uTHBHOro Binbopy (Tabn. 6), mo
Y3TOJIKYETHCS 3 BCTAHOBIICHOIO JIJIs 111€1 001aCT1 HAWBUIIOIO IIIBUIKICTIO MYTAIIii.

3 aHamizy 3apsA/PKEHUX aMIHOKHUCIOTHMX 3aluIIKiB B mapi i3omsaris MH491030 —
MZ851986 BurummBae, mo B perwtikasi i30Ty MH491030 € 5 mo3uTHBHO 3apsKEHUX a.3., 2
HEraTHBHO 3aps/UKeHUX a.3. Pemtikasa izomaty MZ851986 MicTUTh 3 MO3UTUBHO 3apsPKEHUX
a.3., 2 HEraTMBHO 3apsPKEHUX a.3., & TAaKOXK | MOIApHUM a.3., AKUH MO3UTUBHO 3apSKCHUI.
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AHati3 3aMiH aMIHOKHCJIOT, BUXOJISTYU 3 IXHBOI MOJISPHOCTI, MTOKA3ye, IO PeIuTiKasza i30Ty
MH491030 xapaktepu3yeTbcst 301TBIICHOI0 MOJISIPHICTIO (4 a.3.) MOPIBHSIHO 3 TaKOK 130JIATY
MZ851986 (3 a.3., o1uH 3 SKKX, a caMe, TICTUJIMH, HECe TTO3UTUBHHM 3apsi).

a
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Puc. 7. I'padix enrpomnii lllenHOHa [T peruTika3y JOBXKHHOI 296 a.3. SBOJIOIIIHO HAWBIIIaICHIITHX
BomariB MH491030 ta MZ851986 (a) Ta mia Oinka Kamcuay AOBXHHOK 214 a.3. eBOIIOIIIHO
HaWBinpaneHimmx i3omsaTiB MTO075517 ta MG372488 (6). Mipy MIiHIMBOCTI KOXKHOTO caiTy
OTPUMAHO Ha TiJACTaBi MHOXXWHHOTO BHpPIBHIOBAaHHS AaMiHOKHCIIOTHUX IIOCIIIJJOBHOCTEH OLIKIB
HaBeJeHUX Buie i30iaTiB [[BC-3.

Fig. 7. Shannon entropy plot for the replicase with a length of 296 aa of the evolutionarily most distant
isolates MH491030 and MZ851986 (a) and the capsid protein with a length of 214 aa of the
evolutionarily most distant isolates MT075517 and MG372488 (b). The measure of variability of
every site was obtained based on multiple alignment of the amino acid sequences of the proteins of the
above mentioned PCV-3 isolates.
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Tabnuis 4. AMIHOKUCIIOTHI 3aMiHM TS PEIUTIKa3U €BOIIONIMHO HAMBIAIAICHIIINX 130JI4TIB
MH491030—MZ851986 1IBC-3 3 sokamizarii€ero y a-cripaisx (o), f-nmucrax (), HeymopsaKOBaHUX
ninstakax (-). [lo3utiro HaBegeHo BiAmoBiAHO 10 Tpadika enTpomnii lllenHona na Puc. 7 a. Ilinkpecnero
3apsKeHi, KypCHBOM BHAICHO MOJISIPHI aMiHOKHCIIOTH. BuaisieHo mo3utiii, 3aMiHa 3aJIUIIKIB B AKHUX BEJE 110
YTBOPEHHS (-CIIipai B IeHTanenTuAi (mo3utii 3 22 mo 26 a.3.) perutikasu izomsaty MZ851986

Table 4. Amino acid substitutions for the replicase of the evolutionarily most distant isolates
MH491030—MZz851986 of PCV-3 with localization in a-helixes, B-sheets, disordered fragments. The position is
indicated according to Shannon entropy plot in Fig. 7 a. Charged amino acids are underlined, polar amino acids
are shown by italic. Positions are highlighted, the substitution of residues in which leads to the formation of
a-helix in the pentapeptide (22—26 aa position) in the replicase of MZ851986 isolate

[To3wurris 1 2 9 12 19 22 26
3amiHa V—-R R—pe- | R—»S |F—»L |P—-Q | W—-L | VL
aMIHOKHUCIIOTH | - — - aemis | -—- |[poP|-—- |-—a |-—a
[To3wuris 44 45 58 63 67 77 122
3amiHa K—R S—»G |N-»S |S—»I |R—»P |E—D | A->S
aAMIHOKHCIIOTH | - — - i e e e e B i I s el B e
[To3wuris 155 163 187 260 286 291 -
3amiHa P—A Y->H |Q—K |E—»D |K—D | VM -
aMIHOKHUCIIOTH | -— - B—PB |B—=P|—- |-——- |-—-

3amina tpintodany (W), apoMaTHYHOI TeTEPOLUKIIYHOT aMiHOKHUCIIOTH, Ta BaliHy (V),
anipatuyHOl aMiHOKMCIOTH, Ha jeduuH (L), amipaTuyHy aMiHOKHCIOTY, B TEHTaNenTHl
(mo3uwiii 22 a.3. Ta 26 a.3.; Tabn. 4) Bene 10 YTBOPEHHS O-CHipaji B IEHTANENTH Il PeIliKa3su
i3omaty MZ851986 (moswmitii 3 22 mo 26 a.3.; Puc. 2a) Ha Biaminy Bix izomsaty MH491030
(Puc. 26). Yepe3 HasgBHICTh Y BTOPHMHHIM CTPYKTypl o-coipajiedl Ta B-JHCTIB perJiikasa
130Ty MZ851986, sik, mopeui, i KamcuaHi OiNKH, MOXKE BITHOCHUTHCSA 10 OUIKIB «o+f»
knacy. Perrikazsy MH491030 gepe3 HasiBHICTH y BTOPHHHIH CTPYKTYpi TUTBKH [-THCTIB
(Tabn. 4) moxHa BigHecTH 10 OiKiB «P»-kiacy (Tabm. 4).

3a OyIp-SKUX CTPYKTYPHHUX MEPEXO/iB BiIOYBAETHCSA 3MIHA 3araJibHOiI €HEprii CUCTEMH,
Ha SIKy, SIK BIJOMO, BIUIMBAIOTh EHTAJBMIMHMUN Ta EHTPOMiMHUN (HaKTOpH, BHECOK SKHX €
pi3HUM Tipu (OpPMYBaHHI TUX UM IHIIMX €JIEMEHTIB BTOPMHHOI CTPYKTypu Ouika. B anmbda-
CHipasiX aMiHOKHCIIOTHI 3JIMIIKH YTBOPIOIOTH OiNbllle BHYTPIIIHBOMOJIEKYJIIPHUX 3B SI3KIB,
HiK y Oerta-mucrax [50]. ExTpomist mpu yTBOpeHHI anbda-cripaneid 3HWKYEThCS OLIBIIO0
MipoI0, HIXK IIPU YTBOPEHHI OeTa-CTPYKTYpH, 110 Ma€ CIOPUATH MEPEXoy 3 ajbda-cripali 10
Oera-nucra. Yepes Oy KUIBKICTh 3B’A3KIB MDK 3alMIIKAMHU €HTAJbIIS MPH YTBOPEHHI
anb(a-cripasiell 3HIKY€EThCSl OUIBIIO Miporo, HUK Ipu (GOopMyBaHHI OeTa-JIHCTIB, IO Mae
CIIPUSITH TIEPEXOy 3 OeTa-IucTa 10 anbga-cripai.

Bapto 3a3HaunTH, 110 MOJOXKEHHS €BOJIIOLINHO HaiBiananeHimmx izonsatie L[BC-3, y
ToMy guci, i3omatiB MZ851986 ta MG372488, Ha (iloreHeTHIHOMY JepeBi BH3HAYCHO
HaMM KOPEKTHO 3a JIOIIOMOT'0I0 METOy MPUEIHAHHS CYCIIB, 10 MIATBEPAXKEHO MOJIOKEHHIM
3oty MG372488 Ha paepeBi, ske BH3HAYECHO Ui MOBHOreHOMHHUX i30iATiB [[BC-3 3a
JIONIOMOT'O0 METOJTy MaKCUMaJIbHOT npaBaonoaioHocTi [51].

Kancumauit 6110k 3oty MG372488 Mae 7 MO3UTHBHO 3apsAHKCHUX aMiHOKHUCIIOTHUX
3aJMILKIB, | HEraTHUBHO 3aps/PKEHUI Ta 6 MOJISIPHUX HE3apsHKEHUX 3aJIUILIKIB, B TOH 4ac sk
outok kamncuny i3omary MTO075517 mae 4 mnO3UTUBHO 3aps/KEHUX 1 4 TOJISPHUX
He3apsHKEHUX 3aJIUILKIB.
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TaOmnums 5. AMIHOKUCIIOTHI 3aMiHM IS OiIKa KarCUAy CBOJIOIIIMHO HABIAAICHIIINX 130JITiB
MG372488—MT075517 IIBC-3 3 sokamizarii€ero y a-cripaisx (o), f-nmucrax (), HeymopsaKOBaHUX
ninsakax (-). [losuiito HaBeneHO BiAmOBiAHO 10 Tpadika enTpomnii [llenHona va Puc. 7 6. Ilizkpeciaeno
3apsKeHi, KypCUBOM BHAUICHO MOJISIPHI aMiHOKHCIIOTH

Table 5. Amino acid substitutions for the capsid protein of the evolutionarily most distant isolates
MG372488—MT075517 of PCV-3 with localization in a-helixes, B-sheets, disordered fragments. The position
is shown according to Shannon entropy plot in Fig. 7 b. Charged amino acids are underlined, polar amino acids

are shown by italic

TTo3wniis 5 7 9 24 27 82 95
3amiHa P—A | Y>F K—R |A—»V |R—->K R—K L—S
aAMIHOKHUCIIOTH | - — - | - — - -—-la—>p |- —- B—oPB | B—-
[To3uris 98 100 102 125 132 147 148
3amiHa K—Q | K—>T L-T | Q—P G—R L—P R—K
aMiHOKUCIOTH |- — B | -—>p | -—»P| -—>- |-—- o— - o— -
[To3utis 149 150 175 176 179 202 -
3amiHa S—P | L-oI R—T | F—>Y V->T D—G -
aMIHOKHCIIOTH | 00 — - |00 — B |-—- |- — - o— - - -

Tabnums 6. [1IBUaKicTs MyTamii Ta BiTHOIICHHS YaCTOT HECHHOHIMIYHUX 3aMiH 10 CHHOHIMIYHHX Ha
nykneotuanuii caiit AN/AS s rewis i pparmentis reromy 1IBC-3

Table 6. Mutation rate and frequencies ratio of nonsynonymous substitutions to synonymous ones per
nucleotide site dN/dS for PCV-3 genes and genome fragments

['en/¢pparmeHT reHomy rep cap 5-HTO | Mixrenna | ['eHomHa
00J1acTh JIHK
HIBuakicTe MyTariid, % 0,003 0,009 0,032 0,025 0,021
dN/dS 0,309 | 0,628 3,230 0,927 -

IMpumitka. dN/dS >1 Bka3ye Ha no3uTuBHUIA BinGip, AN/AS <1 — ouwnmryrouwmii BiaGip.
Note. dN/dS >1 indicates positive selection, dN/dS <1 indicates purifying selection.

3 HaBeIEHOTO BUIIE BUILIMBAE, 110 KAIICUIHMI OIJI0K €BOIIOIIMHO BiAdaleHNX 130JI4TIiB
[IBC-3 Biapi3HIETHCS PO3MOJAUIOM 3apsay, TMOJSPHICTIO 3aJMINKIB, MO BeAe A0 PI3HOL
3/IaTHOCT1 YTBOPIOBATH BOJHEBI 3B’SI3KU Ta, SIK HACIIJIOK, 10 PI3HOIO YUCla o-cripaneit ta -
muctiB. Perumikaza 1ux i3omsaTiB [[BC-3 € 3HaYHO KOHCEPBATHUBHINIOW CTPYKTYPOIO
MOPIBHSHO 3 KAlCUJHUM OUIKOM uepe3 MaibKe IJeHTHUYHI 3HAYCHHS HaBEICHUX BHIIE
napaMmeTpis.

BUCHOBKHA

3a pomomororo  6ioiHGOPMATHUYHMX METOMIB  ineHTH(]ikoBaHO moOTeHHiHHI G-
KBaJIPYIJIEKCH B T€HOMI LIUPKOBIPYCY CBUHI TPETHOTO TUITY, @ TAKOK BU3HAYEHO OCOOIMBOCTI
CTPYKTYpPHOI oprasi3aiiii OiJIKiB, 10 TPAHCIIOIOTHCS 3 IBOX BIIKPUTUX PAMOK 3UUTYBaHHS, —
pEIuTiKa3u Ta KarcHuIHOTO OiKa.

[IpoBeneHO MOPIBHSHHSA IBOX €BOJIOLINHO HalBigganeHimux i30matiB [IBC-3 Ha ocHOBI
noOynoBanux 3a gonomoror AlphaFold 3 3D mopeneit Ta myraniiiHoro axami3y O1JIKIB,
eBOJIIOLIITHOTO aHami3y reHiB. 3D mMozeni perutikasu, OijKa Kancuay HUPKOBIPYCY CBUHI THITY
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3, a TakoX YOTUPHOX KOHCEPBATUBHUX CTPYKTYPHHUX MOTUBIB — (G4S, — siKi yTBOpEHO
Tpboma G-TeTpajaMu, MarOTh, SIK BUIUIMBaE 3 nokasHukiB AlphaFold 3 [20], mopiBHsHY 10
eKCIIEPUMEHTAIbHUX METOiB TouHIcTh (0,1-2 HM 17151 pi3HUX (parMeHTiB O1IKa, 30KpemMa).

OTtpumMaHi pe3yabTaTH MOKa3ykoTh, o 3D mMoxeni perikasu aBox i3o0miaTiB LIBC-3, ski
nepeOyBarOTh HA MAaKCUMAJIbHIA €BOIONIMHIA JUCTaHIlli, HE3HAYHO BIAPIZHAIOTHCS YUCIOM
a-cripaneld, B-mucTiB, B-TIOBOPOTIB Ta BOJHEBUX 3B’SA3KiB Ha BiaMiHy Bin 3D moneneit
KalCHJIHOTO OlTKa TaKWX 130JIATiB, MJIs SKUX BHUSBJIICHO 3HAYHO OUIBIIY PISHUINO MIiX
3a3HAYCHMMHU BHUIIE MapaMeTpamMu. MyTaliiHUi Ta EBOJIOLINHMIA aHaNi3M perulika3u 1
KarncWJIHOro OiJKa Ta TeHIB, IO iX KOAYITbh, BiamaneHux izomaTiB [[BC-3 BkasyroTh Ha
3HaYyHO OuTbIIy BapiabenbHICTh TeHa Cap Ta OiIblle YMCIO BapiadeNbHUX CaANTIB JUIs
KalCWJIHOTO OUIKa TIOPIBHAHO 3 TEeHOM [EP Ta perUIika3ow BiANOBIAHO. 3a3HaveHi
MOJICKYJISIPHO-TeHETHYHI BIJIMIHHOCTI TeHIB Ta OinkiB aBox i3oisrie LIBC-3 Bemyts 10
BIIMIHHOCTEW TPUBUMIPHUX CTPYKTYp IXHIX OIJIKIB.

Haticrabinpaimmii G4 3 9otuphox Bu3HaueHUX B reHomi LIBC-3, skuit yTBOpeHO TproMa
G-teTpanamu, JIOKaJIi30BaHO Yy MPOMOTOPI reHa Cap. 30UIbLICHHS TOBXHHHA (PparMeHTiB, sKi
¢mankyroTh 1eit G4, He mepemKopKae Horo GoNIIHTY, MO CBIAYUTH PO HOro 3HAYYIIICTh Y
xurTeBoMy 1ukimi LIBC-3. IcuyBanus G4s 3 TpboX TeTpaj B FeHOMI HUPKOBIPYCY Ha BIIMIHY
Big asorerpaanux G4s Bipycy rematuty b y ckiami He TUTbKM anTamepiB, a ¥ MOJEKYI
301IBIICHOT TOBKHUHY I ATBEpKEHO 3a gormomororo AlphaFold 3.
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Background: Non-canonical structures formed in nucleic acid molecules, which include, in particular,
multihelical connections 3WJs (three-way junctions), quadruplexes (G4s), are regulatory elements that
affect the functioning of the genome. Building 3D models of these structures and pathogen proteins is the
first step in understanding their functions. AlphaFold Protein Structure Database was created by Google
DeepMind together with EMBL and it contains more than 241 million protein structures. 3D models of
porcine circovirus type 3 (PCV-3) proteins have not been identified in this database.

The objective was to identify and characterize potential G4s and 3WJs in the PCV-3 genome, to build 3D
models of PCV-3 proteins.

Materials and Methods: 1138 PCV-3 isolates with complete genomes from GenBank were applied for
phylogenetic analysis by MEGA12 software. The BioEdit software was used to construct entropy plots;
the QGRS Mapper program was used to search for G4s motifs and determination of their G-scores; the
BLAST software was used to search for 100% nucleotide sequence identity. 3D models of proteins and
G4s were designed by AlphaFold 3 artificial intelligence.

Results: 4 conserved perfect G4s were identified in the PCV-3 genome, which are formed by three
tetrads and confirmed by designing their 3D models. The determined G4s sequences are conservative
structural motifs, since the number of PCV-3 isolates in GenBank with G4s in the genome is over 1000.
3D models of G4s the formation of one of which was experimentally determined in the genome of the
hepatitis B virus were used as a control of the correctness of these models design. 3D models of the
replicase and capsid protein were designed for the two evolutionarily most distant PCV-3 isolates, which
were determined from phylogenetic trees based on the cap and rep genes, and the features of their
structures were established. 3WJs were not identified in the PCV-3 genome.

Conclusions: 3D models of the replicase, capsid protein of porcine circovirus type 3 as well as four
conservative G4s, which are formed by three G-tetrads, were obtained. Increasing the length of the
fragments flanking G4s does not prevent their folding, which indicates the importance of these G-rich
motifs in the PCV-3 life cycle. The existence of G4s with three tetrads in PCV-3 genome, in contrast to
two-tetrad G4s in HBV, in the composition of not only aptamers, but also in molecules of increased
length was confirmed by AlphaFold 3.

KEY WORDS: alternative structure; bioinformatics; AlphaFold 3; porcine circovirus type 3; G-
quadruplex (G4); protein structure; 3D model.
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Background: The accuracy of segmentation of vertebrae in X-ray images is critical for clinical decisions
as the manual method is laborious. The use of deep learning is complicated by low contrast, noise, and
patient position artifacts. These negative factors make a single neural network unreliable. Thus, to improve
the accuracy and efficiency of segmentation, regardless of the quality of X-ray images, there is a need for
an ensemble of neural networks that compensates for the individual shortcomings of the models by
aggregating their results.

Obijectives: Increasing the accuracy and efficiency of segmentation of a spinal region consisting of four
vertebrae (Th8, Th9, Th10, Th11) in X-ray images by using an ensemble of pre-trained neural networks.
Materials and methods: Two datasets were used for the experiments: the first set with 183 images was
distributed in the ratio of 70% / 10% / 20% for training, validation, and testing, in turn, the second set of
58 images was used exclusively for the final assessment of the generalization ability of the ensemble on
new data. In the process of research, segmentation accuracy with and without augmentation was first
compared, after which the 10 best from the initial 20 neural networks were selected for further use, and five
ensemble algorithms were used for mask aggregation.

Results: For the ensemble of pre-trained neural networks, the best result was shown by soft voting.
Comparing the obtained result with the results presented by Koniukhov et al. (2024), the improvement was
3.06%. This indicator clearly confirms the effectiveness of using pre-trained networks for segmentation of
the spine area.

Conclusions: Soft voting for an ensemble of pre-trained neural networks demonstrated the greatest
improvement in segmentation accuracy compared to other methods. Aggregating knowledge from 10
models successfully eliminated the limitations of individual models. The use of an ensemble of pre-trained
neural networks improved segmentation accuracy for both the test data from the first dataset and the data
from the second dataset. Such results confirm the feasibility of applying the proposed ensemble-based
approach to chest X-ray radiographs for vertebrae segmentation in medical imaging tasks.

KEY WORDS: image segmentation; deep learning; ensemble learning; medical imaging; neural networks;
spinal diseases.

Spinal diseases are a common problem in our time. Such diseases as: osteochondrosis,
spondylosis, spondylarthrosis, deforming arthrosis, scoliosis, kyphosis, lordosis and others are
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a global problem and lead to significant pain for a patient. For example, low back pain alone
affected 619 million people in 2020 and by 2050, 843 million are predicted [1]. Timely
diagnosis of diseases is a key necessity for building effective treatment. The use of medical
imaging methods is an integral part of the diagnostic process. Medical imaging can also be used
to monitor and plan treatment. There are a significant number of medical imaging methods:
radiography, computed tomography (CT), magnetic resonance imaging (MRI), ultrasound
diagnostics. X-ray images are the cheapest and most accessible, as well as a powerful tool for
obtaining a primary diagnosis [2]. Although radiography is often underestimated in comparison
with such methods as MRI or CT, using X-ray images doctors obtain the necessary information
[3].

Manual radiograph analysis is too often subject to variability. For example, a study [4]
supports this idea, based on high inter- and intra-operator error in calculating the Cobb angle.
Such subjectivity can negatively affect the choice of treatment tactics and disease monitoring.
To solve this problem, it is recommended to use automatic methods, which are considered more
reliable [5]. Similar problems are also observed when performing other tasks associated with
the manual method.

Deep learning methods can be used to solve problems associated with manual methods. It
is deep learning models that have taken image segmentation to a new level compared to
traditional methods [6]. Every year, deep learning methods demonstrate better results, as not
only their quality improves, but also the number of publicly available data sets for training
increases, which significantly accelerates research in this area [7]. The use of deep learning
methods has made it possible to significantly increase the accuracy and efficiency of image
analysis and successfully perform the following tasks: classification of chest X-ray images [8];
detection of COVID-19 [9]; recognition of periodontitis and dental caries on X-ray images [10];
detection of wrist fractures on X-ray images [11]; detection and classification of knee
osteoarthritis [12]; detection of grain defects on X-ray images [13]; detection of anomalies on
shoulder X-ray images [14]; detection of vertebral fractures on X-ray images [15]. The listed
works are a small tip of the iceberg in the use of deep learning methods. It is obvious that when
any new high-performance methods appear, scientists always try to apply the corresponding
methods in their applied problems. Such improvements include not only deep learning methods
but also various ensemble approaches or multi-stage methods. Using a multi-stage deep
learning method, it is possible to first find a region of the spine and then isolate the necessary
vertebrae that are in this section [16]. Using ensemble methods, it is possible to aggregate the
predictions of several models, reducing the impact of random errors of individual models on
the final mask [17]. Architectures such as U-Net [18] can use powerful backbones (e.g.
ResNet50, SEResNext50, EfficientNetB0) to extract high-level features. Thus, we have the
opportunity to use the weights of a model that has already been pre-trained on a large dataset.
This approach allows the model to quickly identify both low-level and medium-level features
that are relevant to natural and medical images. In our previous work [19], using an ensemble
approach for spine segmentation, we were able to obtain a Dice-Segrensen coefficient (DSC) of
81.79% for an independent dataset. In order to increase the reliability of the results, this study
proposes to use an ensemble of pre-trained neural networks and some other improvements.

MATERIALS AND METHODS

Datasets, preprocessing, and evaluation metrics
Open-source chest X-ray images of human patients were used for training, validation, and
testing. The first dataset [20] consists of 183 radiographic images, which were split into 70%
for training, 10% for validation, and 20% for testing. Using the second resource [21], an
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additional test dataset of 58 images was created. The thoracic vertebrae Th8, Th9, Th10, and
Th11 were selected as the target anatomical structures for the segmentation task. All images
were resized to the same size of 512x512 pixels and converted to grayscale. Segmentation
masks for all images in both datasets were created by O. M. Morgun.

No additional methods were used at the preprocessing stage, which allowed us to preserve
the original data structure.

Seven metrics were used to evaluate the performance: Intersection over Union (loU), DSC,
recall, specificity, precision, F1-score, pixel accuracy (PA). The corresponding formulas are
given below:

IoU = TP (1)
T TPYFP+EN’

loU is a metric used to evaluate the overlap between a predicted and a ground truth.

DSC = 2P (2)
" 2TP+FP+FN'

DSC is a standard metric used to evaluate the similarity between a predicted mask and a
corresponding ground truth mask by measuring the amount overlap between them.

Recall = e (3)
SO = TP Y EN

Recall represents an ability of a model to correctly identify all relevant cases.

TN

TN + FP’ )

Specificity =

Specificity measures a proportion of true negative cases that are correctly identified by a model.

Precision = —% )
recision = TP + Fp’

Precision shows a proportion of positive identifications that were actually correct.

_ 2+ Precision - Recall

F1= . 6
Precision + Recall (6)
F1-score is a harmonic mean of precision and recall.
TP+ TN
PA (7)

“TP+TN+FP+FN’

Pixel accuracy calculates a ratio of all correctly classified pixels to the total number of pixels,
where TP is true positive, FP is false positive, FN is false negative, and TN is true negative.
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Computational complexity
The computational efficiency of the ensemble was evaluated on a workstation running
Windows 11 Pro and equipped with an Intel Core i7-10700, NVIDIA GeForce RTX 4060 Ti
(16GB VRAM), and 32 GB of RAM. To measure the inference time, we calculated the average
duration of a single forward pass for a 512x512 image through the entire ensemble of 10
models. Memory consumption was also monitored at the prediction stage.

Stage 1: Comparative analysis of augmentation robustness

The first stage of the research compared two approaches — with and without augmentation.
U-Net was used as the basic neural network architecture. Both options were trained on the same
datasets and with the same hyperparameters. The main goal was to demonstrate the benefits of
fine-tuning the augmentation parameters, which can potentially improve the overall
performance of the model. For each approach, the model was trained 50 times, after which the
average values of the corresponding metrics were calculated.

All input images were resized to a uniform size of 256x256 pixels. The training process
was performed using a batch size of 4, the Adam optimizer, a learning rate of 1x10, and a
binary cross-entropy loss function. To prevent overfitting an early stopping mechanism with
patience=10 and validation DSC monitoring were used, while the best model weights were
kept. Each model was trained for a maximum of 100 epochs.

Augmentation parameters included random image rotation from —10° to 10°, scaling from
0.8 to 1.2, shift from +£10% of the image size, and brightness change from —20 to +20 units. In
addition, pixel intensities could be multiplied by a factor of 0.7 to 1.3, Gaussian blurring with
o in the range of 0.0-0.4 was applied, and with a probability of 30% the image remained
unchanged.

Stage 2: Statistical selection of ensemble candidate architectures

In the second stage, the U-Net model was trained using twenty different backbones: None,
ResNet34, ResNet50, ResNet152, SEResNet34, SEResNet50, SEResNet152, ResNeXt50,
SEResNeXt50,  DenseNet121, InceptionV3,  InceptionResNetV2,  MobileNetV2,
EfficientNetBO, EfficientNetB1, EfficientNetB2, EfficientNetB3, EfficientNetB4,
EfficientNetB5, EfficientNetB6. For each backbone, the training process was repeated 10 times,
which allowed us to average the results, reduce the influence of random factors, and assess the
stability of performance indicators. After a successful training process, the top 10 best models
were selected based on their performance on the validation subset of the first dataset. The
selection criterion was the DSC > 91.5% on the first dataset. These ten models will subsequently
be used in the third stage. At this stage all input images were resized to a same size of 256x256
pixels. During training a batch size of 4 was used and the maximum number of epochs was 300.
ImageNet was used as pre-trained weights for the encoder, which provided better initial
generalizability of the model. The optimization process was carried out using the Adam
optimizer with a learning rate of 1x10#, and binary cross-entropy was chosen as the loss
function. To prevent overtraining, an early stopping mechanism was used, which monitored the
value of the validation DSC metric in max mode with the patience=25 parameter. If there was
no improvement in the metric within the specified number of epochs, training was stopped and
the model restored the best weights. The augmentation parameters were used from the first
stage.

Stage 3: Final training of base ensemble models
At this stage, the ensemble of neural networks was trained. Ten models from the second
stage were selected, with the following backbones: SEResNet50, SEResNetl52,
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SEResNeXt50, DenseNet121, InceptionV3, EfficientNetB1, EfficientNetB2, EfficientNetB3,
EfficientNetB4, EfficientNetB6. Almost all the parameters specified for the second stage were
used for training, except for the following — all images were resized to the same size of 512x512
pixels, and the training rate was also changed to 1x10~>.

Stage 4: Comparative ensemble combination and validation

At the final stage, a comparison of five ensemble methods was conducted: the max voting
method, the min voting method, the soft voting method, the shape averaging method, and the
union ensemble method. In all methods where a threshold T was used, we set T=0.5. All of
these methods were applied to the ensemble defined in the third point, with the aim of
identifying the most effective mask aggregation method. For the mathematical description of
the ensemble methods, let P«(i,j) be the probability of pixel (i,j) belonging to the target class,
as predicted by the k-th model, where M is the total number of models in the ensemble.

Max voting. In this method, the final ensemble decision is based on the maximum
probability predicted across all models for each specific pixel. The ensemble E,, ., (i, j) result
is defined as:

Pmax(i»j) = ker{qe.l.?(M} Pk(i'j)- (8)
Emax(1,)) = {O, otherwise ' )

Min voting. In this method, the ensemble predicts the target class only if even the
minimum probability across all models exceeds the binarization threshold. Then the resulting
ensemble probability P,,;,, (i,j) and the binary prediction E,,;,, (i, j) are defined as:

Prin(i,)) = keﬁli{lm} P.(i,). (10)
.~ (1, if Ppin(i,j) >T
Emin (i) = {0, otherwise ' (11)

Soft voting. This method is based on calculating the arithmetic mean of the prediction
values from all ensemble models for each pixel, followed by binarization of the obtained
average. The average probability value P(i,j) and the final binary prediction Eg,.(i,j) are
determined by the following formulas:

_ 1%
PGj) =27 ) Peli)). (12)
k=1

1, if p(l,j) >T
0, otherwise

Buoge(i)) = { (13)

Union ensemble. This method is based on the logical addition (OR) operation. This means
that a pixel is considered part of the target object if it has been classified as such by at least one
model in the ensemble. Let S, be a binary mask obtained from the k-th ensemble model. The
final combined mask E,,,;on IS determined through the set union operation:
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M
Evnion = U Sk - (14)
k=1

Shape averaging. This method is based on aggregating the geometric properties of the
masks by transforming them into signed distance fields. For each binary mask S, a signed
distance matrix Dy, is calculated as the difference between the distance transform of the mask
and its inverted mask. The individual matrices are then accumulated into a global distance
matrix D through an element-wise summation of al ensemble models. The final binary
ensemble prediction E,p,y. is obtained by selecting pixels where the total accumulated distance
value is positive. For each mask, a matrix of signed distances D;, is calculated:

Dy (i,j) = DT(Sx) — DT (=S), (15)

where DT is a distance transformation function that calculates the distances from pixel (i, j) to
the nearest boundary of the object. The value D, (i, j) is positive for pixels inside the object and
negative for background pixels.

The aggregated distance matrix D is calculated as the sum of individual transformations:

HESWADE (16)
k=1

The final binary ensemble mask Esy 4. (i, j) is obtained by selecting pixels with a positive total
distance value:

1, if D(i,j) > 0
0, otherwise

Eshape (i:j) = { (17)

RESULTS AND DISCUSSION

To illustrate the X-ray data used to train and test the models, example X-ray images and
corresponding masks are shown in Figure 1. The top row shows an example image from the
first set and the bottom row shows an image from the second set.

We acknowledge that the segmentation masks were created by a single author. Although
this ensured consistency in the annotation style across images, it introduces potential annotation
bias and does not allow for analysis of interobserver variability. This limitation will be
addressed in future work by involving multiple independent radiologists.

At the beginning of the research, it was proposed to consider the impact of data
augmentation on its generalization ability. Augmentation parameters were selected in such a
way as to simulate natural variations in biomedical images as accurately as possible.

The results are shown in Table 1 demonstrating the improvement of the DSC for the variant
that used data augmentation. The DSC increased by 2.53% and the loU by 3.85%. The
noticeable increase in efficiency confirms the fact that the correct setting of the augmentation
parameters can be used as a factor to counteract overfitting and as a general factor to increase
the generalization ability. In the future, all stages will be performed using the described set of
data augmentation parameters.
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Fig. 1. Examples of chest X-ray radiographs of human patients and their corresponding ground truth
segmentation masks of thoracic vertebrae, illustrating differences in image quality between the datasets. The

top row shows a sample from dataset 1 [20], while the bottom row shows a sample from dataset 2 [21].

Table 1. Comparison of U-Net with VGG16 backbone performance metrics (%): data augmentation vs. no
augmentation (dataset 1)

Type loU DSC Recall | Specificity | Precision F1 PA
With

| 8661 | 9257 | 9056 99.81 9504 | 9257 | 99.46
augmentatlon
Without | o) 76 | 9004 | 91.90 99.48 89.11 | 90.04 | 99.19
augmentation

The number and quality of models in the ensemble play a key role. To improve the
generalization ability, it is necessary to include backbones of different architectures in the
ensemble. At the second stage a comparison of the efficiency of U-Net using different
backbones was performed. The results shown in Tables 2, 3 made it possible to determine the
optimal backbones for performing the task. The poor results obtained for the backbones:
ResNet34, ResNet50, ResNet152, SEResNet, ResNeXt50 may indicate insufficient relevance
for performing a specific task. Such a result could also be influenced by a too sharp decrease in
spatial resolution in the initial layers. Comparing the results of SEResNet and ResNet, one can
see a huge difference in efficiency. Such a result is most likely due to the use of attention
mechanisms in SEResNet. The comparative analysis of 20 backbones allowed for the selection
of the optimal top ten architectures that demonstrated the highest accuracy on the first dataset,
with DSC scores exceeding 91.5% (Table 2). These selected models were then evaluated using
the second dataset to test their generalization ability. A performance drop averaging 7.61% was
observed on the second dataset due to lower image quality (Table 3). This is expressed in lower
contrast or higher noise levels.
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Table 2. Comparison of U-Net segmentation performance metrics (%) across different backbone architectures
(dataset 1)

Backbone loU DSC Recall | Specificity | Precision | F1 PA
None 84.85 | 91.53 | 89.46 99.78 94.15 | 91.53 | 99.38
ResNet34 8.34 14.79 73.82 57.07 18.68 14.79 | 57.69
ResNet50 729 | 12,95 | 65.99 65.34 7.55 37.79 | 65.36
ResNet152 6.37 | 11.13 | 62.63 57.79 6.84 38.93 | 57.98
SEResNet34 8.43 | 13.85 | 39.46 79.67 14.61 | 41.30 | 78.17

SEResNet50 87.19 | 92.93 91.70 99.78 94.61 92.93 | 99.47

SEResNet152 87.36 | 93.07 | 91.58 99.80 95.00 93.07 | 99.49

ResNeXt50 9.16 | 15.59 81.18 51.53 19.60 15.86 | 52.62

SEResNeXt50 86.77 | 92.69 | 90.61 99.81 95.31 92.69 | 99.46

DenseNet121 86.60 | 92.60 91.30 99.77 94.22 92.60 | 99.44

InceptionV3 86.55 | 92.56 | 90.28 99.82 95.45 92.56 | 99.46

InceptionResNetV2 | 84.63 | 91.49 89.31 99.78 94.24 91.49 | 99.38

MobileNetV2 73.37 | 83.95 77.68 99.76 93.13 83.95 | 98.93

EfficientNetBO 83.27 | 90.53 | 88.27 99.75 93.52 90.53 | 99.31

EfficientNetB1 85.81 | 92.09 90.36 99.77 94.24 92.09 | 99.42

EfficientNetB2 85.46 | 91.86 | 90.24 99.76 93.97 91.86 | 99.39

EfficientNetB3 85.99 | 92.21 89.67 99.83 95.40 92.21 | 99.44

EfficientNetB4 84.98 | 91.58 89.57 99.77 94.03 91.58 | 99.38

EfficientNetB5 84.57 | 91.27 89.89 99.72 93.29 91.27 | 99.35

EfficientNetB6 85.53 | 91.91 89.68 99.79 94.58 91.91 | 99.40

Table 3. Comparison of U-Net segmentation performance metrics (%) across different backbone architectures

(dataset 2)
Backbone loU DSC Recall | Specificity | Precision | F1 PA
None 70.39 | 81.50 81.13 99.42 82.72 | 81.50 | 98.80
ResNet34 7.27 | 12.98 73.11 56.28 17.53 13.32 | 56.83
ResNet50 7.22 | 12.84 67.68 64.96 7.98 34.20 | 65.04
ResNet152 5.16 9.18 59.54 58.23 5.44 39.95 | 58.29
SEResNet34 4.66 7.95 29.30 79.73 8.43 53.17 | 78.08

SEResNet50 73.61 | 83.76 83.27 99.50 85.13 | 83.76 | 98.95

SEResNet152 73.96 | 84.02 83.51 99.51 85.65 84.02 | 98.96

ResNeXt50 8.09 | 13.86 81.14 50.97 18.60 14.72 | 51.98

SEResNeXt50 73.45 | 83.65 81.45 99.58 87.18 83.65 | 98.97

DenseNet121 73.58 | 83.82 84.08 99.45 84.27 83.82 | 98.93

InceptionV3 72.65 | 83.14 82.72 99.46 84.31 83.14 | 98.89

InceptionResNetV2 | 70.90 | 81.31 80.72 99.45 83.55 82.26 | 98.80

MobileNetV2 57.07 | 69.39 61.55 99.74 90.54 69.73 | 98.50

EfficientNetBO 70.05 | 80.81 80.06 99.44 82.87 82.19 | 98.79

EfficientNetB1 72.82 | 83.31 82.75 99.48 84.72 83.31 | 98.90

EfficientNetB2 73.23 | 8351 83.30 99.47 84.61 83.51 | 98.92

EfficientNetB3 73.37 | 83.57 83.65 99.46 84.05 83.57 | 98.92

EfficientNetB4 72.92 | 83.28 83.43 99.46 84.36 83.28 | 98.91

EfficientNetB5 72.45 | 82.97 83.70 99.39 83.31 82.97 | 98.85

EfficientNetB6 73.24 | 83.49 83.04 99.48 84.78 83.49 | 98.91
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Tables 4 and 5 show the training results of the 10 best backbones. The key differences in
the training process in the second and third stages were the number of training sessions for each
model and the size of the images, as well as the change in the training speed. If in the second
stage training was performed 10 times for each model to select the best models, then in the third
stage, training was performed only once. Another significant change was the use of different
image sizes, in the second stage images of 256x256 pixels were used and in the third 512x512
pixels. This difference is due to the need to perform statistical analysis in the second stage,
since it was necessary to train the model 10 times. Reducing the size made it possible to reduce
the number of calculations and memory consumption.

Based on the results presented in Tables 4 and 5, statistical indicators (min, max, mean)
were calculated. These data are given in Tables 6 and 7, respectively. Analysis of the obtained
results showed that there is a gap in the generalization ability of the models between the two
datasets. The difference in the average DSC between the first and second datasets was 9.66%.
Whereas, when comparing 20 models, a DSC of 7.61% was obtained. Comparison of the results
obtained at the third stage with the results of the second stage also demonstrates positive
dynamics: the maximum value increased by 1.99% for the first set and by 0.5% for the second.
In general, all backbone architectures at the third stage demonstrated high efficiency indicators,
both for the first set and for the second. Final training was carried out for 10 U-Net models,
each of which used a unique backbone architecture. The main goal was to create a diversified
ensemble,  because = models  with  different  backbones may focus on
different features of X-ray images.

Table 4. Comparison of segmentation performance metrics (%) for top 10 models (dataset 1)

Backbone loU DSC Recall | Specificity | Precision F1 PA
SEResNet50 | 90.83 | 95.06 95.74 99.77 94.71 95.06 | 99.62
SEResNet152 | 88.47 | 93.69 93.72 99.75 93.98 93.69 | 99.52
SEResNeXt50 | 87.52 | 93.17 93.71 99.70 93.18 93.17 | 99.47
DenseNet121 | 87.54 | 93.08 93.78 99.71 92.84 93.08 | 99.47
InceptionvV3 | 89.10 | 94.04 94.42 99.75 94.03 94.04 | 99.55
EfficientNetB1 | 87.26 | 92.89 93.04 99.72 93.38 92.89 | 99.47
EfficientNetB2 | 87.70 | 93.08 92.05 99.78 94.49 93.08 | 99.48
EfficientNetB3 | 86.64 | 92.53 91.79 99.75 93.79 92.53 | 99.45
EfficientNetB4 | 87.52 | 93.04 91.82 99.79 94.76 93.04 | 99.48
EfficientNetB6 | 85.93 | 92.10 92.20 99.69 92.55 92.10 | 99.41

Table 5. Comparison of segmentation performance metrics (%) for top 10 models (dataset 2)

Backbone loU DSC Recall | Specificity | Precision F1 PA
SEResNet50 | 73.13 | 83.55 87.37 99.28 80.74 83.55 | 98.89
SEResNet152 | 73.03 | 83.45 85.96 99.33 81.68 83.45 | 98.88
SEResNeXt50 | 72.16 | 82.89 86.14 99.28 80.72 82.89 | 98.84
DenseNet121 | 73.67 | 83.85 86.29 99.36 82.23 83.85 | 98.93
InceptionvV3 | 73.13 | 83.31 84.85 99.38 83.12 83.31 | 98.92
EfficientNetB1 | 73.40 | 83.68 86.03 99.36 82.04 83.68 | 98.92
EfficientNetB2 | 74.12 | 84.19 85.09 99.45 84.34 84.19 | 98.98
EfficientNetB3 | 72.78 | 83.30 82.86 99.49 84.48 83.30 | 98.93
EfficientNetB4 | 74.82 | 84.51 85.07 99.47 84.58 84.51 | 98.99
EfficientNetB6 | 72.60 | 83.33 84.68 99.41 82.94 83.33 | 98.92
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Table 6. Statistical summary of segmentation performance metrics (%) for top 10 models (dataset 1)

Statistic loU DSC Recall | Specificity | Precision F1 PA
Min 85.93 92.10 91.79 99.69 92.55 92.10 99.41
Max 90.83 95.06 95.74 99.79 94.76 95.06 99.62

Mean 87.85 93.27 93.23 99.74 93.77 93.27 99.49

Table 7. Statistical summary of segmentation performance metrics (%) for top 10 models (dataset 2)

Statistic loU DSC Recall | Specificity | Precision F1 PA
Min 72.16 82.89 82.86 99.28 80.72 82.89 98.84
Max 74.82 84.51 87.37 99.49 84.58 84.51 98.99

Mean 73.28 83.61 85.44 99.38 82.69 83.61 98.92

At the final stage, the effectiveness of various aggregation methods for creating an
ensemble was assessed. The goal was to determine the optimal strategy for combining
individual predictions to achieve maximum accuracy. Analysis of Tables 8 and 9 demonstrates
that the soft voting method provides the highest efficiency, although the shape averaging
method is a close second. The success of the soft voting method is associated with effective
error smoothing and its ability to compensate for uncertainty at the boundaries of objects.
Having achieved a DSC of 94.21% for the first set and 84.85% for the second set, the soft voting
method demonstrates that it is the optimal ensemble technique, since it is the one that best uses
the diversification of features extracted by different backbones.

Table 8. Comparison of segmentation performance metrics (%) across different ensemble methods (dataset 1)

Ensemble loU DSC Recall | Specificity | Precision F1 PA
method
Min 85.31 | 91.77 86.31 99.95 08.68 91.77 | 99.43
voting
Max 82.48 | 90.24 08.15 99.23 83.87 90.24 | 99.19
voting
Soft 89.42 | 9421 93.20 99.83 95.73 9421 | 9957
voting
Shape 89.33 | 94.17 93.32 09.82 05.44 9417 | 99.57
averaging
Union

8261 | 90.30 08.15 09.23 84.00 90.30 | 99.19
ensemble

Analysis of the ensemble's operational performance revealed that the average inference
time per single X-ray image for the entire 10-model ensemble is 226 ms. While this is slower
than a single model (which averages 22-26 ms), the speed of the ensemble remains effective
for clinical diagnostic tasks where real-time processing is not strictly necessary. The peak GPU

memory usage during the inference of the most complex backbone did not exceed 6 GB of
VRAM.
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Table 9. Comparison of segmentation performance metrics (%) across different ensemble methods (dataset 2)

Ensemble

method loU DSC Recall | Specificity | Precision F1 PA
Min 7138 | 82.07 76.22 99.74 01.21 | 8207 | 9897
voting
Max 66.95 | 79.39 90.41 08.74 71.20 7939 | 98.46
voting
Soft 75.15 | 84.85 85.93 99.46 8438 | 84.85 | 99.01
voting
Shape 7478 | 84.66 85.55 99.46 84.44 | 84.66 | 99.00
averaging
Union | 6751 | 7985 | 90.24 98.80 7204 | 7985 | 9851
ensemble

To better position our contribution within the current state-of-the-art, we compared our
results with several recent studies on spine segmentation across different imaging modalities.
Qadri et al. (2022) [22] utilized stacked sparse autoencoders for patch-based classification in
CT images (SVseg), achieving DSC of 87.39%; in comparison, our ensemble approach on X-
ray images demonstrated performance with DSC of 84.85%. Similarly, Lu et al. (2023) [23]
proposed a two-stage localization and segmentation framework (XUnet) for CT scans. Their
method requires a separate localization step to handle the complexity of lumbar vertebrae. In
contrast, our method achieved high accuracy by leveraging the diversity of 10 pre-trained
models without the need for a separate localization network. Furthermore, van der Graaf et al.
(2024) [24] emphasized the effectiveness of nnU-Net for 3D volumetric data. Our study
confirms that an ensemble with soft voting and shape averaging is equally robust for 2D X-ray
radiography. Our method effectively compensates for lower contrast and overlapping
structures, providing competitive anatomical consistency relative to these recent state-of-the-
art frameworks.

CONCLUSIONS

Correctly setting the data augmentation parameters provided an increase in the DSC by
2.53% compared to the option without data augmentation. Ensemble deep learning methods
represent an effective approach to enhance the accuracy of X-ray image segmentation. The
results suggest that ensembles leveraging models with diverse architectures or backbones can
effectively combine the strengths of individual models, potentially reducing the impact of
specific errors. In this study, an ensemble of the 10 best-performing models was found to be an
effective compromise for improving segmentation accuracy.

A comparison of the main ensemble mask aggregation methods has shown that for
segmentation tasks with high requirements (as in the case of X-ray images), the use of the soft
voting method with threshold 0.5 is the most efficient option. While the shape averaging method
showed slightly different morphological results, it remains a valid alternative. The comparison
with previous work [19] showed an improvement in the DSC from 81.79% to 84.85% for the
second dataset. This 3.06% increase highlights the benefits of using pre-trained backbones in
biomedical segmentation tasks.

The obtained results may be useful for improving computer-aided analysis of chest X-ray
images. It may also support more accurate vertebrae segmentation in medical imaging
workflows, contributing to the development of decision-support tools for clinical diagnostics.
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AxryaibHicTb. TouHicTh cermenTanii XpeOIliB Ha pEHTI€HIBCHKHUX 3HIMKaX € KPUTUYHOIO /ISl KITHIYHHUX
pillieHb, OCKUIBKU PYYHHI METOJI € TPYAOMICTKHM. BUKOpHCTaHHS rTMOOKOro HaBYaHHS YCKIIaHEHE Yepes3
HU3BKUH KOHTpAcCT, IIyM Ta apTeakTu mojoxeHHs marieHrta. Lli HeratwBHI (akTopu poONATH OIHY
HEWpOHHY Mepexy HeHaiiiHO0. TaKuM YHHOM, JUIsl TOKPAICHHS TOYHOCTI Ta €)eKTUBHOCTI CerMeHTallii,
HE3aJIE)KHO BiJl SIKOCTI PEHTTEHIBCHKUX 3HIMKIB, BUHHUKAE MOTpeda B aHCaMOIi HEHPOHHUX MEpexX, SKUH
HIBEIIOE 1HAWBIAYaIbHI HEIOMIKM MOIEJICH IIIXOM arperartii iXHiX pe3yiIbTaTiB.

Meta po60TH — TiIBUIICHHS TOYHOCTI Ta e(PESKTUBHOCTI CETMEHTAIII] TIISTHKH Xpe0Ta, SKa CKIaTa€eThCs
i3 gotupprox xpediiB (Th8, Th9, Thl0, Thll), Ha peHTreHIBCPKUX 3HIMKaX 3aBISKH BHUKOPHUCTAHHIO
aHcaMOITIO TIOTIepEeJHbO HABUSHUX HEMPOHHUX MEPEK.

Martepianu i metoau. [l mpoBeieHHS eKCIIEPUMEHTIB 0yJI0 BUKOPUCTAHO JBa HAOOPH JaHUX: MEepIIui
HaOip 31 183 300pakeHHsiMu Oyio posmoaiieHo y cmiBBigHomreHHi 70% / 10% / 20% a1 HaBYaHHS,
BaJIialil Ta TeCTyBaHHs, B CBOIO Yepry JIpyruil HaOip i3 58 300pakeHb 3aCTOCOBYBABCSl BUKJIIOUHO LIS
(hiHaNBbHOT OIIHKHM TeHepasli3allifiHOl 3JaTHOCTI aHCAMOJII0O HAa HOBHUX MaHHUX. Y MPOIECi JOCIIIKECHHS
CIOYaTKy MOPIBHIOBAJIM TOYHICTH CErMEHTAlli 3 ayrMeHTauliero Ta 0e3, micis 4oro 3 moyatkoBux 20
Mozerneit Oymo BimiOpaHo 10 Halkpamux I HOANBIIOT0 BHKOPHCTAHHA, a JUIsl arperarii Macok Oyio
BUKOPHCTAHO 11’ ITh aHCAMOJIEBUX aJITOPUTMIB.

PesyabTaTu. [y aHcamMOII0 TONIepeIHHO HABYCHNX HEHPOHHMX MEpeX HaWKpallui pe3ysbTaT ITOKa3aB
METOJl M’SKOTO TrojocyBaHHS. [IOpIBHSHHS OTPMMAHOTO pPE3yJabTaTy 3 JaHWMH, HaBEJCHUMH Yy Tpaii
Konroxosa B. /1. Ta in. (2024), mpoxemoHcTpyBano nokpameHHs Ha 3.06%. Takuii moka3HUK 0JHO3HAYHO
MiATBEPIKYE €(PEeKTHBHICTP BUKOPHCTAHHS IIONEPEIHBRO HABYCHWX MEPEX I CeTMEHTalii MUITHKA
xpebTa.

BucHoBku. MeToq M’SKOTO TOJIOCYBaHHS JJIsI aHCAMOJIO MOTEPEIHHO HABYCHHX HEUPOHHUX MEPEK
MIPOIEMOHCTPYBAB HalOIbIIe MOKPAIIEHHS TOYHOCTI CerMeHTamii B MOPIBHSAHHI 3 IHIIMMH METOIAaMHU.
ArperyBaHHA 3HaHb 13 10 Mozenel yCIIIHO HiBEIIOBAIO HEAOMIKH BUKOPHUCTAHHS KOKHOI 3 HUX OKPEMO.
BukopucranHsi aHCaMOJIIO MONIEPEIHbO HABYEHUX HEHMPOHHUX MEPEX MOKPAIIUIO TOYHICTh CerMeHTallii
K U1 TECTOBMX JIaHUX IepIioro Habopy, Tak 1 Juig apyroro Habopy nanux. Taki pesynbraTtu
MiATBEP/KYIOTh JOIUIBHICTh 3aCTOCYBaHHsI 3allpOIIOHOBAHOTO aHCAaMOJIEBOTO MiIXO/AYy Ul CEerMEHTAaIil
XpeOIiB Ha PEHTIeHIBCHKUX 300paKeHHAX OpraHiB IPyJHOI KIITKH B MEANYHHUX 3a/1a4ax.

KJIFOUYOBI CJIOBA: cermenTarisi 300pakeHb; IIMO0Ke HaBUaHHs; aHCaMOJIeBe HABYaHHS; MeTUYHA Bi3yasi3allis;
HEHPOHHI Mepexi; 3aXBOPIOBaHHs XpeoTa.
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BIO®I3UYHUN TUXKJIEHD 2026. BIOPI3UKA B YKPAIHI:
EHEPTIS I BOJIA JIOJEM B HAYIII I OCBITI B YMOBAX BIVMHHA

Bxxe apyruit pik mocmine B YkpaiHi npoimoB biodiznyHMN THXIEHb, TOJOBHUM
OpraHizaTopoM SIKOr0 BUCTYITHIIO YKpaiHceke 6iodisnune ToBapucTtBo (YBDT) [1]. Ls momis
€ YaCTHHOIO TIJI00ANbHOI iHIIIaTHBH AMEpPUKAHCHKOTO 010()i3MYHOTO TOBAapHCTBA, SKa
nepeabavae TPOBENCHHS IMOPIYHMX OEpe3HEeBHX MIDKHAPOJAHMX HAyKOBHX Ta HayKOBO-
HOIYJIIPHUX 3aXO/IiB.

VYyacte VYkpaiHcbkoro 0i0()i3WYHOrO TOBAapUCTBA Yy TMpOBEACHHI BcecBITHROTO
biogisuunoro tmxus (Biophysics Week 2026 [2]) mana Ha MeTi HOMyJaspu3aiiio Iiel
CTPaTETIYHO BAKIMBOI MDKIUCIUIUTIHAPHOI Tally3i, aHaI3 Cy4acHOTO CTaHy Ta BHKJIHUKIB B
OCBITHIH 1 HAYKOBIH cepax, a TaKOK KOHCOJIIALIII0 JOCITITHUKIB JJIs1 BUPIIIEHHS aKTyaJIbHUX
3aBJIaHb, 110 IMOCTAJIH MEepe]] YKPATHCHKOIO HAYKOIO B YMOBAaX BiifHH.

VY 2025-my poui iHimiaTopoM mpoBeneHHs mopiuHoro biodizuunoro TwxHSA B YKpaiHi
BucTynuian XapkiBcbke BimaineHHs YB®T 1 XapkiBcbkuil HaIllOHAIBHUM YHIBEPCUTET IMEHI
B. H. Kapasina.

VY notounomy 2026-my porti 1151 Toais BigOyJacs y maciradax BCiei KpaiHm.

AKTUBHY poOJb B Opradizamii Ta TNpPOBEIEHHI 3aXO/diB B paMKax IbOTOPIYHOTO
biodiznunoro TtwxkHs Bimirpamum KwuiBckke, XapkiBcbke, JIbBIBChbKEe Ta 3akapriaTchke
Bignuienas YBOT.

o inximiatuBn YB®T mnpuenHanucs mpoBiJIHI 3aKJIagd BHINOI OCBITH Ta akKaJaeMidHi
ycranoBu HarionanbHoi akagemii HayK YKpaiHu, 30Kpema:

*  KuiBcekuii HarlioHaIbHMM yHIBepcuTeT iMeHi Tapaca IlleBuenka,;

*  XapkiBChKUil HarlioHanbHUH yHiBepcuteT iMeHi B. H. Kapasina,

*  JIpBIBCHKHMIA HallIOHAJILHUN yHIBepcUTET iMeHI [Bana dpaHka;

*  VYXropoJChKuil HalllOHATbHUN YHIBEPCUTET;

e Irctutyt Gioximii im. O. B. Iammanina HamionaneHo1 akaneMii Hayk YKpaiHu,

* IuctutyT Teopernunoi ¢izuku iMm. M. M. boromo6oBa HanionansHOi akaznemii Hayk
Vkpainy;

* IHctutyT Mikpobiosorii i1 Bipycosnorii im. 1. K. 3a6onotHoro Harionansnoi akanemii
HayK YKpaiHu;

e Incrutyt dizuku HamionaneHoi akagemii Hayk YKpaiHu;

e  Irctutyt dizionorii im. O. O. boromonsi HamionansHo1 akagemii Hayk YKkpainu,

Ax uuryBatu: Maptuniok BC. biodiznunmii Tmxaens 2026. biodisuka B YkpaiHi: eHepris i Boss
momelt B Haymi 1 oOCBiTI B ymoBax BiitHM. biodizmunmit  BicHmk. 2026;55:130-35.
https://doi.org/10.26565/2075-3810-2026-55-10

In cites: Martynyuk VS. Biophysics Week 2026. Biophysics in Ukraine: human energy and willpower
in science and education during the wartime. Biophysical Bulletin. 2026;55:130-35.
https://doi.org/10.26565/2075-3810-2026-55-10 (in Ukrainian)
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 [HCTUTYT  eKCHepUMEHTalbHOI  maTojorii,  OHKojorii 1  pamiobiomorii
iM. P. €. Kasenpkoro HarmionansHoi akaneMii Hayk YKpainu;

e dizuko-TexHIYHUN I1HCTUTYT HU3bKHX Temmepatyp iMm. b. 1. Bepkina HarionanbHoi
akazieMii HayK YKpaiHuy;

*  [HCTUTYT CUMHTHIALIAHUX MaTepianiB HanionanbHoT akagemii Hayk YKpaiHu.

CumBorivHo, mo 25 6epe3ns Biakputts biogiznunoro Tuaxus 2026 BinOynocs B HHI]
«IHcTuTyT Glomorii Ta menuiuan» KHY imeni Tapaca IlleBuenka, came tam, ae y 1993 pomi
criBpobiTHUKaMH Kadenpu 6io¢hi3zuku Oyi10 3acHOBaHO YKpaiHChKe 010()i3nIHE TOBAPHCTBO.

IIpe3unent YbOT, npodecop kadenpu 6iodizuku ta Helipobdionorii Biktop MapTuHiok
pazom 3 gupektopoM IHcTuTyTy Oilosiorii Ta Memuiman KHY imeni Tapaca IlleBuenka
npodecopom [Imutpom JlykamioBUM TNpUBITaTHM HAyKOBY CHIJIBHOTY 3 LI€I0 TIOMIIEIO,
BiIMITHBIIIH, IO BCYIIEped BCIM OOCTaBWHAM, IOB'SI3aHUM 3 BIHOIO B YKpaiHi, BUKIaaadi i
HAYKOBI IPOIOBXYIOTh IPOBOJUTH JOCTIKEHHS, MPALIOBATH 31 CTYICHTaMH 1 acIipaHTaMu
1 TOTyBaTH HOBE MTOKOJIIHHS BUCOKOKBaJTi(hiKOBAaHHX CIICIaTICTIB.

3riiHO 3 TPOrpaMor0 3axoJiB B 1€l JAeHb JyHalIu croraau mnpodecopa Mukonu
MipomHru4eHKa Ipo YacH, KOJIM HapOAMJIAch i7iest CTBOPEHHS YKpaiHCHKOTO 0iodizmuHOro
TOBApUCTBA, 1 4K I1g i7es Oyia BTiIeHa 3aBSKH 3yCHIUISIM BUKIaAa4iB kadeapu 6iodizuku Ha
qoJIi 3 akajgemikoMm HarrionanpHOI akanemii Hayk Ykpaian Muxaiinom Lly6oro.

Axanemik HamionanbsHoi akaznemii Hayk Ykpainu, Jlaypeart Jlep:xaBnoi [Ipemii Ykpainu B
raimy3i Hayku i TexHiku mpogecop Cepriit Kocrepin 03HailoMUB yuyaCHHKIB 310paHHs 3 pOOOTOI0
MiKIUCIMITIIHAPHOTO 3arajbHO-aKaJIeMIYHOTO HayKOBOT'O CEMiHapy B Tajy3i NPUPOIHUYUX
HayK «AKTyaJIbHI MUTaHHS (I3MKO-XIMIYHOI Ta MAaTEMaTUYHOI OI10JIOTii», SKWI IIOMICSYHO
BinOyBaeThes B [HCTHTYTI GioxiMmii iM. O. B. Ilannaaina HamionansHoi akagemii Hayk YKpaiHu.
lonoBHa MeTa cemiHapy IMoJIATae B OOTOBOPEHHI CYYacHHX JOCIIHKCHb Ha CTUKY O10JIO0Tii,
¢bizukm, ximii Ta MatemaTHKu: BiA (izuko-ximii, O6iodizuku Ta Oi0IHPOPMATHKH [0
MaTEeMaTUYHOTO MOJIEIIIOBAHHS Ta INTYYHOTO 1HTENEKTy B Oiojorii Ta meaunmHi. Y poOoTi
cemiHapy OepyTh yuacTh He TiJIbKU MPOBIIHI HAYKOBII1, ajie i acmipadTu i cTyaeHTH. [Ipodecop
Cepriii Kocrepin 3ampocwB BCiX OaXalouWx BHCTYNUTH 3 JIONOBIISIMH Ha I[bOMY
MDKIMCHUTUTIHAPHOMY CEMiHapi.

Bine-npesunentr YB®T, npodecop fpocnas lllyba, moainuBcs 3 HNpUCYTHIMH CBOIM
JIOCBIZIOM TpUBAJOro Tepe0yBaHHS B JiaBaX AMEPHUKAaHCHKOTO 010()i3WYHOTO TOBApHUCTBA,
HiIKPECIMBIIM  BaXIJIUBICTh TPUCYTHOCTI YKpaiHChKOrO 010()i3MYHOTO TOBapHCTBA Y
MDKHapOHOMY IPOCTOPI HAYKOBUX TOBAPHCTB.

Bine-npesunenr YBO®T, mpodecop, 3aBimyBau kadenpu Oiodisuku Ta HeipoOiomorii
IncTuTyTty Giomnorii Ta mequnman KHY imeni Tapaca [lleBuenka Onexcanap XKoaoc moaiiuBcst
CBOIMH po3aymMaMu mpo 010¢i3uKy sK (QyHAaMEHTaIbHY MDKAWCIMIUTIHAPHY HAyKy, fKa
00'eHy€ pa3oM (paxiBIliB K MPUPOJHUYMX, TaK 1 TYMaHITAPHUX HaYK.

JlokTop  (i3UKO-MaTeMaTMYHUX HAyK, JAUPEKTop IHCTUTYTYy TeopernuHoi (i3uku
iM. M. M. Boromo6oBa Cepriit [lepenenuiis gonosis mpo poboty KuiBcekoro BimaiieHass YbDT
1 3HAUHMIA BHECOK Yy 110 TisTBHICTD HOTO OYLIbHHKA, JOKTOpa (hi3UKO-MaTeMaTHuHUX HayK Cepris
Bonkosa. B [actuTyTi Teopernunoi ¢izuku im. M. M. boromo6oBa 10CiKyIOTh 0COOTUBOCTI
CTPYKTYpPHOI OopraHizauii 6i0JIOrYHUX MOJIEKYJI, IOPIYHO MPOBOIATH PI3HOMAHITHI MIXXHAPOIHI
3aX0JM 13 3aTy4eHHSIM MOJoAuX BYeHUX. Y 2026 pomi [HCTUTYT OyB TOJOBHUM OpraHizaTopoM
APS Satellite Symposium & Workshop "Applied Problems of Theoretical and Computational
Biophysics".

[Tpodecop Irop Kouan, npesuaent YBDT nonepenHix KafeHIii, 30ceperB CBOIO yBary Ha
BYXJIMBOCTI PO3IIMPEHHS MIKXHAPOJHUX KOHTAKTIiB B pamkax AisuibHOcTI YB®DT, 30Kpema, 3
HAyKOBUMH YCTAHOBaMH 1 yHiBepcuteTamu Pecrry6miku [Tombii.
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Kanaunar 6ionoriunux HayK, JOUEHT KadeIpy TBEPAOTUIHLHOT €JIEKTPOHIKH Y KTOPOACHKOTO
HalllOHAJILHOTO yHiBepcuTeTy Mapisi CyXoBisi JOTIOBiIa TIPO HAYKOBI 300YTKH Y KTOPOJICHKOTO
BignuieHHss YB®T, BinMmiTUBIIM BaKIMBUN BHECOK meprioro mpesuneHra YbOT Muxaiina
®enoposuua [llyOn y cTaHOBICHHI 1 MOJAIBINY MISUTBHICTD I[HOTO PETIOHAILHOTO BiIUIUICHHS
HAayKOBOI'O TOBAapUCTBA.

Bine-npesunent YBOT, npodecop, 3aBiayBad kadeapu MOIEKYISIPHOT 1| MEANYHOI 010(i3uKn
daxynpreTy pamiodizuku, OlI0MEAUYHOT EIEKTPOHIKH Ta KOMITIOTEPHUX CHUCTEM XapKiBCHKOTO
HaroHaIpHOTO yHiBepcutery iMeHi B. H. Kapasina Bomogumup Bepect akiieHTyBaB yBary Ha
BarOMOMY BHECKY XapKIBCbKOIO BUUIUIEHHS Y JABUIBHICT YKpaiHCBKOro 010(hi3NYHOro
TOBapuCTBa. BiH BinMiTUB, 110 Yy XapKOBI HAyKOBII i BUKJIA/adi TPALIOIOTh B YK€ CKIJIQJHUX
YMOBaX, MOB'A3aHUX 3 OJIN3bKICTIO OOHOBUX M.

Ocrannim BuctymuB Ilpesunent YBOT, npodecop Biktop MapTuHIOK, SKWil MOIUTHBCS
crioraJilaMmu 1npo cBoro podoty y cknanai Kpumcskoro Bigainennss Yb®T, sike y 3B'3Ky 3 aHEKCI€O
Kpumy mnpunmamno cBoe icHyBanHsS y 2014 poui. Bin HaragaB, 1o HeBelIMKa KOMaHIA
KpumMcekoro BigmijieHHs Oyna TOJOBHUM OPraHi3aTOpOM MEPIOANYHUX MIKAUCIUILTIHAPHUX
MDKHApOAHUX KoH(epeHIii, Takux sk «Kocmoc 1 6ioctepa», «bionoriyHo akTHBHI PEYOBHHU.
OyHaMeHTalIbHI 1 MPUKIIaIHI aCTIEKTH BUKOPUCTAHH, «AJTaNTalliifHi CTpaTerii >)KUBUX CUCTEM.
[Ticns 2014 poky Oinmbimicts uneniB Kpumcbkoro BimniuneHHs nepeixana 10 Kuesa 1 Ha neif gac
npairroe B KuiBcbkomy HatioHanbHOMY yHiBepcuTeTi iMeHi Tapaca IlleBuenka. Bikrop Maptustiok
3aKJIMKaB BiTHOBUTH TPAAWIIii MPOBEICHHS MI>KHAPOIHUX HAYKOBUX KOH(EPEHIIiH i1 parmopom
VYkpaiHcbKoro 6i0¢i3MYHOrO TOBAPUCTBA.

3ycTpid B IIeH AeHB 3aBEPIIIIIACS IUCKYCIEIO TTPO CyYaCHUH cTaH 010(hi3MIHUX JTOCTIIKCHb B
YkpaiHi 1 CBITI, fIKi € KIIIOYEM J0 BHUPIMICHHS CKIAIHUX MDKIUCHUIUIIHAPHUX MUTaHb CY4YacHOI
MEIUIIHH, 010TEXHOJIOTIi, MOJICKYJIIPHOI 010J10Tii Ta 0araThoX IHIIMX CyMIKHUX TaiTy3el 3HaHb.
Boanouac 3 num BigMideHO, 110 B YKpaiHi BUHHKIIA MEBHA KPU30BAa CHUTYAIlsl 3 MiATOTOBKOIO
mMonomux (axiBmiB B chepi 0iodisukm, sKa TOB'S3aHA 3 MAAIHHAM IHTEpECy MOJIOII JI0
(byHIaMeHTaIbHUX MIPUPOTHUYMX HayK. Taka cuTyarlis notpelye Bij Hayl<01301 CNUTBHOTH O1IbIIT
aKTHBHOI POOOTH 3 TOMYJISIPH3allil Cy4aCHHMX 3HaHb CEpel IIKOJSIPIB 1 CTYyAEHTIB. Y IbOMY
KOHTEKCTI YKpaiHCcbke 010(i3UYHE TOBAPUCTBO MA€ MPOAOBKUTH aKTUBHO MpaltoBaTy 3 Maioro
aKasieMi€ro HayK YKpaiHu.

Jpyruii nenb biodizmunoro tuxkHs, 26 Oepe3Hsi, OyB NPHUCBSIYCHUIN ISUTBHOCTI
Xapkiscekoro BimtiieHHs YB®T, romoa skoro, 3aBimgyBad kaeapr MOJIEKYISIPHOL 1 METMYHOL
Oiodizuku XapKiBCRKOTO HallioHanpHOro yHiBepcuTery imeHi B. H. Kapazina, mpodecop
bepecr B. I1., po3mouas 3acigaHHs 3 IPUBITAHHS yCIM MPUCYTHIM KOJIETaM.

3 TUICHapHUMH JTOTIOBISIMU BHUCTYIIMJIM HAYKOBIIl [HCTHTYTY CHMHTHIISAIIMHUX MaTepiajiB
(ICMA) HAH Vxkpainu. Yn.-kop. HAH Ykpainu, npodecop €dimona C. JI., y cBoiil qonosiai
«HanoctpykrypoBaHi 1iathopMu B TEPAHOCTHII PO3MTOBLIa IPpo po3podky y ICMA HOBHUX BUIIB
HAHOYACTUHOK, JIOCHIMKEHHS X OIONOTIYHOI aKTMBHOCTI Ta BIOPOBA/DKEHHS B TMPAKTHUKY.
[Tpodecop JIucenpkuii JI. H. y3araibHUB METOOJIOTIIO Ta pe3yIbTaTH 010 I3NIHUX JTOCIIHKEHb
y ICMA 3 BUKOPUCTaHHAM YSBJIEHb IIPO  CYNpPaMOJICKYJSIPHE YMOPSIKYBAaHHA Yy
PIAKOKPUCTATIIYHUX CUCTEMAX.

B maHi BUCBITJICHHS TaKOrO HAarajJbHOTO ACTEKTY 3yCTpidi SK HE3JIAMHICTh HAyKOBIIB Ta
OCBITSIH B YMOBax BiifHH, 3aBilyBauka Bimauty Olosoriunoi ¢izuku [HCTUTYTY pamiodizuku Ta
enektponiku imM. O. 5. YceukoBa HAH Vikpainu, npodecop lecronanosa I'. B., momnosina npo
3HAYHI MOIIKOKEHHS MPHUMIIIEHh CBOET YCTAHOBH BHACHIIOK OOMOBHX il Ta TEPOIYHY MpaIlro
CMiBPOOITHUKIB 10 30€PEKEHHIO HAYKOBOT'O MOTEHITIANTY.

CmiBpoOiTHHK Bimmaity, K. ¢.-M.H. JlyxomensHMKOB €.B. po3moBiB MNpo pe3ynbTaTh
BUKOHAHMX B TaKUX TSHKKUX YMOBAxX JIOCTI/DKEHb B3a€MOJIN JraHIiB 3 HAHOYACTHHKAMH Ta
O1IKaMH Ta BIUTMBY HAa HUX 10HI3YI0YOTO BUTIPOMIHIOBAHHSL.
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[TpoBinHuil HayKOBHUil CIIIBPOOITHHUK BIIALTY MOJEKYISIpHOI 0i0izuku Di3UKO-TEXHIYHOTO
iHctuTyTy HH3bKkuX Temmepatyp (PTIHT) im. B.I1 Bepkina HAH Vkpainm, a.¢.-m. H.
[TammHcbka B. A. o6roBopuia iner0 «M'SKOi CHJIM» HEKOBAIGHTHHUX B3a€MOJIi y O10J0TiYHO
3HAYYIIMX MDKMOJIEKYJIIPHUX B3a€MOAIAX JIKAPCHKHUX CIIOIYK.

BenbMmu akTyanabHUMU JUIS Cy4acHOI CUTYalli BUSBMIIMCS TEMATUKH JOCTIPKEHb KOJIUIIHIX
BUITyCKHUKIB Kadeapu Oiodiznku XapKiBCHKOTO HAIIOHAIBHOTO YHIBEPCHTETY, SIKI Hapasi
HPaLOOTh Y NepeJOBUX 3aKOpAOHHUX JabopaTopisx. PhD fkosenko C. (Associate Professor of
Department of Neuroscience of West Virginia University) JOTOBIB PO yHiKaJIbHI JOCSTHEHHS Y
ramy3i 610)i3MKH CEeHCOMOTOPHHX 1HTepQEHCiB MOANHA-MAIIMHA ISl eJeKTPUYHUX MPOTE3iB Ta
PO3pOOKH Ha TX OCHOBI MPOTOTHITIB TpoTe3iB KiHMiBOK. PhD I'purierko B. (Associate Professor of
School of Medicine of West Virginia University) po3mnoBiia Hpo AOCTIDKEHHS y Traiysi
JMCTAHIIHHOT OIIHKY HEWPOM'I30BOTO 3/10POB'SI aCTPOHABTIB Y KOCMIYHUX MICisIX.

[IpoBimHuii HaykoBUil CHIBpOOITHUK BiAAiuTy MonekyisipHoi Oiodizuku DTIHT im.
b. I. Bepkina HAH VYxpainu, 1. ¢.-m. H. KoceBrd M. B. y cBoiii nonosini «IIpodeciiina peamizartis
HaykoBoro crynens «Jlokrop ®inocodiin» miaHMIa HU3KY TUTaHb, MOB'I3aHUX 3 BUKIUKaMH, SKi
CTaBJISITh HAYKOBIISIM Ta OCBITSIHAM YMOBH BiffHU Ta TUCTAHIIITHOTO HABYaHHS MOPSIZ 3 PO3BUTKOM
TEXHOJIOT1{ IITYYHOTO 1HTENEKTY.

VY 3aKimiouHii 9acTHHI 3aciiaHHs BimOynacs rapsda Ta IUTiHA JTUCKYCis 3 TOCTPUX NHTaHb
CBOTOJICHH, 1110 MPOJTYHAIIN Y AOMOBI/ISIX KOJIET.

Tperiii nens Biodiznunoro TuxkHs, 27 6epe3ns, OyB BigBeneHut KuiBcbkoMy BifUTIICHHIO
YBO®T. ITicns npusitansHux ciiB [pesnnenta YBOT Bikropa MapTtuHioka ciioBo Juis MIeHapHOL
JIOTIOBiNI B3sB akazeMmik HamioHampHOT akanmemii Hayk YKpainw, jaypeat Jlep»aBHOi mpemii
VYKpaiHu B raty3i HayKH 1 TEXHIKH, 3aCTYITHUK JUPEKTOPA 3 HAYKOBOI pOOOTH Ta 3aBiyBad BIILTY
[acTuTyTY GioXimii iM. O. B. Iammanina HAH Ykpainu, mpodecop Cepriit Koctepin. Bin gomosis
npo OararonapaMeTpUYHHUIA METO/T aHaJIi3y MEXaHOKIHETUKHU Ta eHEPreTHUKH MPOLIECY CKOPOUECHHS
Ta pernakcaiii TJaJeHbKUX M'S31B Ha TPHKJIAl PI3HOMAHITHUX MOJENeH 3 BHKOPHCTaHHS
010JIOT1YHO aKTMBHUX PEYOBHH, 3 OCOOJIMBHUM aKIIEHTOM Ha MEXaHi3MHU Jii KaJleKcapeHiB.

Onena ['pomMo30Ba, TOKTOp OiONOTIYHMX HAYK, CTApIIMK HAyKOBHH CITiBpOOITHHK Bimmimy
IPOMUCIIOBHX MIiKpoopraHismiB IHcTutyTy mikpo6iosnorii Ta Bipycosorii imM. /. K. 3abonotHoro
HAH Vkpaian o3HalioMHiIa yYacHUKIB 3i0paHHS 3 Cy4YacHHNMH JAHUMH TIpO BIUTHB
€JIEKTPOMATHITHUX TIOJIIB HA MIKPOOPTaHi3MH, aKIEHTYBaBIIM yBary Ha BaXKJIWBICTH 1 CIaOKy
BUBYCHICTb II1€1 IPOOIEMH.

CniBpo6itHuku [HeTHTYTY O10XiMiT iM. O. B. ITannanina HAH Ykpainy, 1oktop 610J0r4HIX
Hayk Opiii JlanunoBud i HaykoBHi criBpoOiTHUK Mapist Py iauipka nornoinu mpo 6iodiznyaHi Ta
010XiMIYH1 3aKOHOMIPHOCT1 YTBOPEHHsI Ta (PYHKITIOHYBaHHS OKCHTY @30Ty B MITOXOHIPISIX Ta POJIb
ionis K* y perymsiiii mporo mporiecy.

Mormnoni BueHi kadeapu 6iodizuku ta Heipobionorii [HcTuTyTy G1omorii Ta menuiuan KHY
imeni Tapaca LlleBuenka [lapist punb i Poman Crpartiituyk npeacTaBuin JaHi 3 MOJETIOBAHHS
B3a€MO/IiT 610JTOTIYHO aKTUBHMX CHIONYK 3 ioHHIME TRPV-kanamamu in silico, a Takox pe3ynbTaTu
EKCIIepUMEHTAIBHOI BepudiKallii OTpUMaHUX TEOPETHYHUX JIAHUX.

Iactutyr dizuku HAH VYkpainn na biodizmunomy TKHI TpeACTaBIsUTd MOJIOII BYEHI
I'puropiii Monactupcekuii 1 Tapac Boiuummpbkuii, ski JOMOBUIM yKpaiHCBKIM Oiodi3udHii
CIUTBHOTI TIPO IOCIipKeHHs Y Bimain (i3uku 010J0TYHUX CUCTEM, KUK OYOJIIOE Mpodecopka
lanmuna JloBGemko. 3okpema, akieHTH Oynu 3poOieHi Ha BUKOPHUCTAHHI CyYaCHHMX IITYYHO-
IHTEJIEKTYaTbHUX CHCTEM 1 CKaHYIOUOi €JIEeKTPOHHOI MIKPOCKOITIT ISl BU3HAYEHHSI CTPYKTYPHHUX
0COOIMBOCTEH 610MOJIEKYJT 1 KITITHH.

Yerepruii 1eHb biopiznunoro TxkHs, 28 6Gepe3Hsi, MpoUIoB i mpanopoM JIbBIBCHKOTO
1 3akapnatcekoro BifinieHs YBbODT.
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I'onosa JIbBiBchkoro BigauteHHs YB®T, mpodecop, 3aBimyBau kadenpu Oiodizuku Ta
6ioinpopMaTuku OiosmoriyHOro (GakynbTeTy JIBBIBCHKOTO HAIIOHATHHOTO YHIBEPCHUTETY IMEHI
IBana ®panka Anzapiii babcbkuit MOMOBIB MPO iCTOPit0 CTBOpPEHHS Kadeapu, BUIATHY POJb Y
3aCHYBaHHI SIKOi BiJirpaB BUAATHUI HayKOBeIlb, mpodecop Mupon Jlepkau.

Houent kadenpu SApuna [lanaii mpoindopmyBana MpUCYTHIX Mpo ycmixu kadeapu y
3aTydeHH] MOJIO/II 10 HAYKOBHX JIOCIIKEHb, IIOYMHAIOYH II1e 31 IIKOJIU. 30KpeMa, CITiBpOOITHUKH
Kadeqpu 3amouaTKyBaJIM CIUIBHY poOoTy 3 Manoro akanemiero Hayk Ykpainu. Ha xadempi
CTyJICHTH OepyTh aKTHBHY y4acTh y MDKHAPOJHUX MPOrpaMax CTaKyBaHHs y IPOBITHIX HAYKOBUX
[IEHTPaXx CBITY.

Mapra bypa mifBena miICcyMKd HayKOBO-IOCIHIIHOI poOOTH Kadeapu MPOTATOM OCTaHHIX
JECATUIITh 1 HaBeNa IUIaHW poOOTH Ha HailOnmmkde MailOyTHe, 3ampocuBiun wieHiB YBDT no
OLTBII TICHOI CITIBIPALI 3 JIbBIBCHKUMH HAyKOBISIMH.

3akapnaTchbKe BIJUIUICHHS MIATOTYBAJIO JOMOBIJI 3 1CTOpil PO3BUTKY 010()i3MUHOI HAyKH B
VYikropoJcbkoMy HarioHanbHOMY yHiBepcuteTi. [Ipodecop IBan Illadpanpom i gomeHT Mapist
Cyx0Bist po3noBUTH PO (Bi3HYHI MPOLECH Y O10CTPYKTYpax, 10 X 1HILIIOE eNEKTPOHHUH yaap.

Morsoni BUEeHI YHIBEPCHUTETY pO3IOBUIM NMPO HAYKOBH BHECOK y PO3BUTOK O10(hi3UKH,
pazniobiosorii Ta enekTpodi3ioyorii MPOBIJHUX BYEHHUX, SKI IMPALfOBAIA y Y KIOPOJICHKOMY
HAIllOHAJTbHOMY YHIBEPCHUTETI — JIOKTOpIB OlosoriuHux Hayk, npodecopiB Mupona Kiepms,
Owmenbsna I'oiiau, Mukonu bemnsimi.

OcraHHIO JIOTIOBih 3pO0MIIa KaHAUIAT OIOJOTIYHMX HaykK, chiBpoOiTHHIE KapmaTtcekoro
Oiocdepnoro 3amoBinHuka bormana Mockanmiok, sika po3mnoBina mpo (GotodiodizuyHi acmeKkTu
010JIOTIYHOT aKTHBHOCTI TICOPAJICHIB 1 KCAaHTOTOKCHHIB, SIKi MPOIYKYIOTBCS arpeCHBHUM
POCIMHHMM 1HBa3iiiHuM BusioM bopioBrkom CoCHOBCBHKOTO.

[pesunent Ykpaincekoro OiogizuuHoro ToBaprctBa npodecop Bikrop MapTuHiok minous
MiJICYMKA POOOTH pEriOHANBHUX BIIUIEHh B paMkax biodi3M4HOro THXKHS Ta OKpPECIUB
CTpaTeriuHi MPIOPUTETH JISTTHHOCTI TOBApPHUCTBA HAa HAHOMMKYy HepcrieKTuBy. B mepry gepry
aKTHUBHICTh Y KpaiHCHKOro 010(hi3MYHOr0 TOBApUCTBA Mae OyTH HaIpaBJieHa Ha pOOOTY 3 MOJIOJUIO
1 pO3IIMPEHHST MDXKHAPOTHOTO CITiBPOOITHUIITBA.

IMporpamy (https://ubpht.knu.ua/Files/2026_BW_Program.pdf) [3] i 36ipuuk Matepiasis
«biodizuunoro Tmwxusa 2026 (https://ubpht.knu.ua/Files/2026_BiophysWeek.pdf [4]) moxua
TIOIMBUTHCH Ha caiiTi YkpaiHchkoro 6iogismunoro toBapuctsa (https://ubpht.knu.ua) [1].

Kondutikt inTepeciB: ABTOp MOBiIOMIISIE TIPO BiACYTHICTH KOH(DIIKTY iHTEpECiB.
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BIO®I3UYHUI TWKXJIEHD 2026. BIO®I3UKA B YKPATHIi
EHEPI'IS I BOJISA JIFOJAEW B HAYII I OCBITI B YMOBAX BIMHUA
B. C. MapTuHiok

Kuiscokuii nayionanwnuii ynisepcumem imeni Tapaca [lleguenka, gyin. Borooumupcora, 64/13, m. Kuis, 01601,

Ykpaina
e-mail: vittorio.martini.office@gmail.com

¥ 6epesni 2026 poky B YkpaiHi Bapyre BinOyBcs biodizndanuiil THxKIeH — IIOPIYHUI MIXXHAPOIHUN 3aX1]1
y paMKax riio0aibHOI iHIiaTHBH AMepHKaHChKOro Oiodiznynoro ToBapuctsa. L{poro poky mouist Hadyna
3aralpHOHAIliOHANIEHOTO MacmTa0y 3a ydacti KwiBcbkoro, XapkiBcekoro, JIpBiBCBKOTO —Ta
3akapmaTchKOTro BimmineHs YKpaiHcbkoro Oiodizuunoro TtoBapuctBa (YB®DT), a Takoxk mpoBiIHUX
yHiBepcuTeTiB i HaykoBuX yctaHoB HAH Ykpainu. Ypomosxk 9oTHpsOX IHIB (25-28 Oepe3Hs) HayKOBIIi
Ta MOJIOAI BYEHI IMPEICTaBWJIM MAOMNOBiAI 3 IIMPOKOTO KOJAa TEM: Bil MOJNEKYISApHOI Oiodizmku Ta
HAHOTEXHOJIOTIH 10 HeHpOHHUX iHTepdeiiciB, 6i0iHGOPMATHKH 1 3aCTOCYBaHHS IITYYHOTO IHTEJEKTY B
GiomeaumHi. OcoOIMBHIA aKIIEHT OyJI0 3p00JIeHO Ha HE3JIaMHOCTI HAYKOBOI CITITPHOTH B YMOBaX BiiHH,
nomyJisipu3arii 010(pi3uKu cepei MOJIO I Ta PO3IIUPEHHI MIXXHAPOHOTO CIiBPOOiTHUIITBA. CTpaTeriuHUMU
npioputeramu YB®T Bu3HaueHO pOOOTY 3 MOJIOIII0, 30KpeMa uepe3 Maiy akaaemito HayK YKpaiHuTa
3MILHEHHS] MDKHAPOIHUX HAYKOBHX 3B'S3KIB.

KJIIOUYOBI CJIOBA: biodizuunnit  tmwxkaens 2026, VYkpaincbke 0io¢i3uuHe TOBapHCTBO,
MDKIMCHUILTIHAPHI IOCHI/PKEHHS, HAyKa B yMOBAaX BiliHH, ITOITYJISIpU3allis HAYKH.

BIOPHYSICS WEEK 2026. BIOPHYSICS IN UKRAINE: HUMAN ENERGY AND WILLPOWER
IN SCIENCE AND EDUCATION DURING THE WARTIME
V. S. Martynyuk
Taras Shevchenko National University of Kyiv, 64/13, Volodymyrska Street, City of Kyiv, 01601, Ukraine
e-mail: vittorio.martini.office@gmail.com

In March 2026, Ukraine hosted the second annual Biophysics Week — an international event held as part
of the global initiative of the American Biophysical Society. This year, the event took on a nationwide
scale, with the active participation of the Kyiv, Kharkiv, Lviv, and Zakarpattia branches of the Ukrainian
Biophysical Society (UBS), along with leading universities and research institutions of the National
Academy of Sciences of Ukraine. Over four days (March 25-28), scientists and young researchers
presented reports spanning a broad range of topics, including molecular biophysics, nanotechnology, neural
interfaces, bioinformatics, and artificial intelligence applications in biomedicine. Special emphasis was
placed on the resilience of the scientific community under wartime conditions, the promotion of biophysics
among young people, and the expansion of international collaboration. The strategic priorities of the UBS
were defined as engaging youth — in particular through the Junior Academy of Sciences of Ukraine — and
strengthening international scientific ties.

KEY WORDS: Biophysics Week 2026; Ukrainian Biophysical Society; interdisciplinary research; science
under war conditions, science outreach.


https://orcid.org/0000-0002-5311-3565
https://orcid.org/0000-0002-5311-3565

IIPABUHJIA JTVTA ABTOPIB

B penakuito nomaetbes enekrponHuid BapianT crarti (MS Word 2007 i Buie) ykpaiHCbKOK0 ab0 aHIJIIHCHKOK MOBOO
yepe3 caiit xypraiy http://periodicals.karazin.ua/biophysvisnyk 3 HampaBieHHsIM YCTaHOBHU i €KCIIEPTHUM BHCHOBKOM
y BUTIIAI BiICKaHOBaHUX (DaiiiB.

Tekcr HaOupaeThess Ha apkymiax (opmary A4 depe3 oauH iHTepBasl. BukopucroByerbes mpudt Times New Roman
12 pt, BupiBHIOBaHHS TeKCTy 10 upuHi. [Tons cnpasa i 3miBa 1o 2,5 cM, 3Bepxy — 3,5 cM, 3HM3y — 2 cM. MaremaTiyHi
Ta XiMiYHI CHMBOJIM BBOJISATBCS IO TEKCTy CTarTi 3a mgormomororo pemaktopa MathType a6o Microsoft Equation.
PucyHku 3 po3ainbHO0 31atHicTiO He MeHme Hik 300 dpi y dopmari *.jpg, *.jpeg, *.png BCTABIAIOTHCS 10 TEKCTY B
MeXax IUIONIl CTOPIHKH, BKa3aHOI BHIIE. PHCYHKHM cCiliJ po3MillyBaTH B MeKax TaOJiMIi 3 MPO30PHUMHU 30BHIIIHIMU
TPaHUIIMU Y TIEPIIOMY PSIKY, MiJIHAC Ta KOMEHTapi 10 pUCYHKY — Y ApyroMy psiaky Taomumi. ['padiku OyayroTses y
NPOTpaMHUX TaKeTaxX, IMpHU3HAuYeHHWX Uil oOpoOkM 1 Bisyamizamii HaykoBux manux: Origin, Mathcad Tomo.
Bukopucranns ogicaoro makery MS Excel mis noOdynoBu rpadikiB He momyckaerbes. Ludpu i miamucu Ha ocax ta
Haanucax moBuHHI Maty mpudt 10 pt. [ligmucw min pucyHkamu npykyioThes mpudpTtom 10 pt. @opmymm, Tabmumi 1
PUCYHKH HYMEpYIOTBCS TIOCHIJOBHO apaOChKumu Iudpamu, Hanpukian, (1); Tadm. 1; Puc. 1. fxmo crartsa HanmcaHa
YKpaiHCHKOIO MOBOIO, MIAMICH JI0 PUCYHKIB 1 TaOIUIb AyOIIOI0THCS aHTITIHCHKOIO0 MOBOIO.

Ha mepmriii cTopiHIli 3BepXy Ha MEpIIOMY PSAAKY B JTiBOMY BepxHbOMY KyTi HaBoauThcst YK (kypcus, 11 pt). Ilicna
MPOMYCKY ONHOTO psAKa, PO3MIIIYeThCS Ha3Ba CTATTi (BENWKI JITEpH, NPAMUN HAmBXUpHUH mmpudt, 12 pt,
BUPIBHIOBaHHS 1O IEHTpy). Ilicns mpomycky OJHOTO psjKa HaOWpPAalOThCs iHINIaNM, Mpi3BUIIA aBTOPIB (NpsSMHNA
HamiBKApHUN pudT, 12 pt, BUPIBHIOBAHHS 110 IIeHTPY). Ha HacTynmHOMY psAKY PO3MIIIYIOTHCS MTOBHI Ha3BHU i ampecu
YCTaHOB, Ji¢ BHUKOHYyBaJach poboTa, agpeca eJIeKTPOHHOI IOINTH aBTOpa — KOHTakTHOi ocobu (kypcus, 10 pt,
BHUPIBHIOBaHHS IO IEHTPY). I10TiM BMIIy€ETHCS JaTa HAIXOMKCHHS CTAaTTi A0 PEAKIll: YUCIIO — IU(paMH, MiCAIb —
npornucoM, pik — nudpamu (wpudT npsimuii, 10 pt, BUpiBHIOBaHHS 10 1eHTPY). Ha HacTynmHOMY psAKY BMIILYETHCS
Jlata IMPUUHSTTS CTAaTTi 10 APYKY (3aIIOBHIOETHCS PENIKOJIETIEIO).

[Ticnst mporrycky 0JTHOTO psiZika BMILIYIOThCs J1Ba pedepaTr (YKpaiHCHKOIO Ta aHIIIHCHKOI0 MOoBaMH). Pedepar MoBoio
cTarTi po3mimyeThes epmmM. [lepen apyrum pedeparom 3 HOBOTO psiJIKa MUIIETHCS HA3BU CTaTi (BEIMKUMHU JITEPaMH,
mpudT npsamui, 10 pt, HamiBXUPHUN, BUPIBHIOBAHHS IO LEHTPY), iHINiaTH Ta NPI3BUIIA aBTOPIB (MIPUPT IpsIMHI
10 pt, HamiB)KUpHUI, BUPIBHIOBAHHS IO IICHTPY), Ha3BU OpraHizamiil Ta ix aapecw (KypcuB 9 pt., BUPiBHIOBAHHS IO
neHTpy). Pedepar moBuHEeH OyTH CTPYKTYpOBaHMM Ta MICTHTH HACTYIHI YaCTWHHU 3 3arojOBKaMU: AKTyaJbHICTb,
Merta podotu, Matepiaiu i metoau, Pe3yabTaTtu, BUCHOBKH, 5IKi TIOYNHAIOTHCSA 3 HOBOTO psanka. Ciosa “Pedepar” i
“Abstract” He MUIIYTHCA. 3arOJOBKHA CTPYKTYPHHX YacTWH NHINYTHCS HAMIBXUPHUM MIpA(TOM, MICIS 3aroioBKa
cTaBuThesl Kpamka. Tekct pedepary ckianae He meHme 1800 Ta He Oinbimie 2000 GpoHETHYHHX CHMBOJIB, TOOTO 0Oe3
HNPOMDKKIB MK croBamu; npsmuii mpudt 10 pt. Pedepatu apyroro MOBOIO TakoX MOBHHEH MaTh OOCAT HE MEHIIE
1800 ta ne Oinbmie 2000 doHeTHyHUX cUMBOIIB. Ha HacTynmHOMy psiiKy BMIILYIOTBCS 5-8 KIIFOUOBHX CIIB, SIKi
PO3IIIAIOTBECSA MK CO00K0 Kpamkoro 3 komoro (10 pt — meprumii pedepar, 9 pt — apyruii pedepar). 3 moyarky psijaka
BEJIMKUMH JIiTepaMu, WpUQT HamiBXUPHUHM, MHIIEThCs 3arojoBok 3 nBokpankor “KJIIOUYOBI CJIOBA:”. Tekctu
pedepartiB 1 KIIOUOBI CJIOBa MalOTh IIMPHHY Ha 1 cM MeHIIy, HiXX OCHOBHHWI TekcT (mo 0,5 cM 3 KOXHOTrO OOKY).
PedepaTtn po3nisioThCS OJHAM ITyCTHM PSIIKOM.

OCHOBHH# TEKCT CTATTI HABOJMTHCS ITICIIS MPOIYCKY OAHOTO psiaka mpudprom Times New Roman (Cyr), 12 pt. A63amm
MMOYMHAIOTECA 3 4epBoHOTO psanka (0,75 cm). PekoMeHayeTbcst po3OMTTS CTATTI HAa Taki pO3AiUIN: BCTYM (HA3Ba PO3ALITY
we mumerses), MATEPIAJIM I METO/IM (06GoB’s3K0BO [isi eKcriepuMeHTanbaux pobit), PE3YJIBTATH M
OBI'OBOPEHHS, BUCHOBKM. [l TeopeTHYHUX POOIT mependadaeThesi OUIBII BUIbHE PO3TAIlyBaHHS MaTepiany,
Hanpukian, 3amicte po3aity MATEPIAJIM I METOJAU pexomenayiothest po3aimn IOCTAHOBKA 3AJIAYI,
MOJEJIb T1a i1. Po3ainu He HyMepyIOThCs, JIITEpH BEJIUKI, HAITIBXXUPHI, BUPIBHIOBaHHS 110 LeHTpy. [Ipu HeoOXigHOCTI
PO3IUIN NOAUISIOTECS Ha Migpo3ainu. Ha3Bu migpo3ainiB MUIIYTHCS 3 BENUKOL JIITEPH 1 BUIUIIOTHCS HAIIBKUPHUM
mpudTOoM, BUPIBHIOBaHHA NO IEHTPY. Po3minu abo migpo3aiii po3AisioThCS OAHUM IycTHM psakom. Ilicns HazB
pPO3IUIIB 1 MiIPO3ALTIB Kpamka He CTaBHThCS. Y KIHII TEKCTY CTATTI MICJs HPOITYCKY OAHOTO psAKa y Ppo3niii
MOASKA 3azHavaeThcst Ha3zBa (QOHAY, SKAH (QiHAHCYBaB poOOTY, i HOMep TpaHTy. [IoTiM pO3MINIyeThCS PO3ILT
KOH®JIIKT IHTEPECIB, y sikoMy aBTOpH JeKJIapylOTh HasSBHICTh (piHAHCOBHX a0O iHIIMX KOHQJIIKTIB iHTEpeciB,
SIKi MOTJIM BIUTMHYTH Ha PE3YNIbTaTH, IHTEPIPETAIiF0 Ta BUCHOBKH IOCTiKCHHS. SIKI0 HeMae KOHQIIIKTY iHTepeciB,
Tak i HOTPiOHO 3aABUTH: K ABTOPH MOBIIOMIISIOTE PO BiJICYTHICT KOHQUIIIKTY iHTEpeciB». [1oTiM po3MimnyeTbes po3zin
Authors’ ORCID ID, y sikoMy aBTOpH BKa3ykoTh aapecu cBoix nmpodiais ORCID.

JlitepaTypHi IOCHJIaHHS HyMEpPYIOTbCS B MOPSAAKY LUTYBAaHHS B TEKCTi, HOMEp IMOCWJIAHHS NHUIIETHCS Yy KBaIpaTHHX
nyxkax. He nomyckaroThesl MOCHIAHHA Ha HEOMyOJiKOoBaHI pOOOTH, MiIPYYHWKH Ta HaBYaJIbHI MOciOHMKH. CHHCOK
nitepatypu (mpudt 10 pt.) po3mimryeThCsl 33 OCHOBHUM TEKCTOM CTatrTi, BUAUIAeThCs sk po3ain REFERENCES i
0(OpMITIOETCSI 3TiTHO 3 MDKHApOJHHUM CTHIeM O(GOpPMIICHHs CIMCKY HayKoBuX myOmikamiin Vancouver. Ilpuknanu
odopmiiennst 6i0niorpadivHUX MOCHIaHb MOXHA IOJUBHTHCH Ha CalTi XypHal1y y po3ain «KepiBHHUITBO st
aBTopiB»: https://periodicals.karazin.ua/biophysvisnyk/about/submissions.

Pykonucu odopmiieHi He y BiIlIOBIIHOCTI 10 HaBeIeHUX NPABUJ He PO3IJISAATUMYThCs!


http://periodicals.karazin.ua/biophysvisnyk
https://periodicals.karazin.ua/biophysvisnyk/about/submissions

INSTRUCTIONS FOR AUTHORS

Electronic files of the contributions (created in MS Word 2007 and later versions) written in English or Ukrainian,
scans of the expert inference directive and directive from the author’s institution should be sent to the Editorial
Office online via the website http://periodicals.karazin.ua/biophysvisnyk.

A manuscript should be typed in single spacing on A4 paper. Use the MS Word with following options: 12 points
Times New Roman font, text justified. Left and right margins should be 2.5 cm, the upper margin should be 3.5 cm,
and bottom one should be 2 cm. Mathematical and chemical symbols, equations, and formulae should be inserted in
the text by computer means (MathType or Microsoft Equation). Figures should be computer-generated in software
packages intended for processing and visualization of scientific data: Origin, Mathcad, etc. The use of the MS Office
Excel is not permitted. Use computer printed symbols for axes labeling. Insert prepared images into an MS Word
file as files in *.jpg, *.jpeg, *.png format within the area of the page specified above. Images must have a resolution
of at least 300 dpi. We recommend the following layout: images are placed in the first row of the table with
transparent outer borders, legends and comments to figures are placed in the second raw of the table. The font size
of figure legends should be 10 points. Formulag, tables, figures should be numbered consecutively using Arabic
numerals, e.g. (1), Table 1, Fig 1. If the article is written in Ukrainian, captions to figures and tables are duplicated
in English.

Insert UDC in the first line on the left of a first page (11 pt, Italic). Leave one line blank. Place the title of the paper
in capital letters (12 pt, bold, centered) on the next line. After one blank line type initials and surnames of the
authors (12 pt, bold, centered). On the next line type the authors' affiliation and postal addresses of the institution
where the actual work was done, including an e-mail address of the corresponding author (10 pt, Italic, centered).
Then, place the date of the paper submission: day — in numbers, month — in words, year — in numbers (straight
font, 10 pt, centered). Then, place the date of the paper submission (to be filled by editor).

After one blank line place two abstracts of the paper (written in Ukrainian and English). The first abstract should be
written in the language of the manuscript. On the next line provide the second abstract (capital letters, straight font,
10 pt, bold, centered). Above the second abstract place the titles of the paper in the second language (capital letters,
straight font, 10 pt, bold, centered), then — initials and surnames of the authors (straight font, 10 pt, bold, centered),
and finally — the authors' affiliation names and addresses (9 pt, Italic, centered), every time starting from a new
line. The abstract should be structured and consist of the following parts with headings: Background, Objectives,
Materials and Methods, Results, Conclusions, each placed on a new line. The words “Pedepar” and "Abstract"
should be omitted. The headers of structural parts are written in bold letters, putting a dot after the header. The two
abstracts of the paper should contain not less than 1,800 and not more than 2,000 phonetic symbols (i.e., without
taking into account the spacing between words); straight font, 10 pt. On the next line type 5-8 key words, separated
by a semicolon (10 pt — first abstract, 9 pt — second and third abstracts). Next, the header "KEY WORDS:"
should be typed in bold capital letters at the beginning of the line. The texts of the abstracts and key words should be
indented 0.5 cm from the left and right margins. The abstracts should be separated by a blank line.

Then, leave one blank line before starting to type the text of the paper with following options: Times New Roman
font, 12 pt, text justified. The first line of each paragraph should be indented 0.75 cm from the left margin. Each
manuscript should contain the following elements: an introduction (heading of this section should be omitted),
MATERIALS AND METHODS (obligatory for experimental studies), RESULTS AND DISCUSSION,
CONCLUSIONS. For theoretical less specified text organization is envisaged, e.g., instead of section
MATERIALS AND METHODS, the sections PROBLEM FORMULATION or MODEL are recommended, etc.
The sections are not numbered, capital letters, bold, centered. Sections may be subdivided into subsections, if
necessary. Subsection Headings are centered and should be bold and capitalized. Leave one blank line after each
section or subsection. A dot should be omitted after headings of sections and subsections. Names of the foundations
and grant numbers should be included in the section ACKNOWLEDGMENTS at the end of the text after one
blank line. The next section should be CONFLICT OF INTEREST in which you should declare financial or any
other conflict of interest. If there is no conflict of interest, you can state: “The authors declare that there is no
conflict of interest.” The next section should be Authors” ORCID ID in which you should include ORCID internet
addresses of all authors.

References to the literature should be cited in the text consecutively by Arabic numerals in square brackets. The
citation of unpublished papers, textbooks and tutorials are prohibited. List of references (10 pt) should be given at
the end of the manuscript as a separate section REFERENCES, formatted according to the Vancouver style for
scientific publications.

The examples for reference formats are given on the journal's website in the "Author Guidelines":
https://periodicals.karazin.ua/biophysvisnyk/about/submissions.

Manuscripts that do not meet the requirement mentioned above will not be considered for publication!


http://periodicals.karazin.ua/biophysvisnyk
https://periodicals.karazin.ua/biophysvisnyk/about/submissions

HaykoBe BunaHHs

“b1o(}13UYHUNA BICHUK’

Bum. 55

301pHUK HAYKOBUX Ipallb

VYKp. Ta aHTJI. MOBaMH.

Kowmm’rotepue Bepcranns  K.(.-M.H. ['opobuenko O. O.

[Minnucano no apyky 22.06.2026. dopmat 60x84 1/8.
[Mamip odcernuit. Jpyk uudpouii.
YM. apyk. apk. 8,21. O6i.-suz. apk. 10,26. Haxmazg 50 mp.

61022, Xapkis, maiinan Coooau, 4
XapkiBCbKHI HallloHaNIbHKH yHIBepcuTeT imeHi B. H. Kapasina

HanpykoBano: XapkiBcbkuii HallioHanbHMH yHiBepcutet iMeHi B. H. Kapazina
61022, Xapkis, maiigan CBoOosu, 4, Ten. +38-057-705-24-32
CeinmonrBo cy0’ekra BumapHnuoi cripasu JIK Ne 3367 Big 13.01.09



	Зміст
	ЗМ(СТ
	EDITORIAL
	МЕТОДИ БІОФІЗИЧНИХ ДОСЛІДЖЕНЬ
	БІОФІЗИКА СКЛАДНИХ СИСТЕМ

	ДІЯ ФІЗИЧНИХ ФАКТОРІВ НА БІОЛОГІЧНІ ОБ'ЄКТИ
	MАТЕРІАЛИ ДЛЯ БІОМЕДИЧНОГО ЗАСТОСУВАННЯ
	МЕДИЧНА ФІЗИКА
	МОЛЕКУЛЯРНА БІОФІЗИКА

	БІОМЕДИЧНА ІНЖЕНЕРІЯ
	ХРОНІКА

	CONTENTS
	EDITORIAL
	METHODS OF BIOPHYSICAL INVESTIGATIONS
	BIOPHYSICS OF COMPLEX SYSTEMS

	ACTION OF PHYSICAL AGENTS ON BIOLOGICAL OBJECTS
	MATERIALS FOR BIOMEDICAL APPLICATIONS
	MEDICAL PHYSICS

	MOLECULAR BIOPHYSICS
	BIOMEDICAL ENGINEERING
	CHRONICLE


	Мартинюк
	1. Ukrainian Biophysical Society. Main page [Internet]. Ubpht.knu.ua. 2026 [cited 2026 Apr 15]. Available from: https://ubpht.knu.ua
	2. Biophysics Week | The Biophysical Society [Internet]. Biophysics.org. 2026 [cited 2026 Apr 15]. Available from: https://www.biophysics.org/biophysics-week#/
	3. The program of the scientific events of Ukrainian Biophysical Society [Internet]. [cited 2026 Apr 15]. Available from: https://ubpht.knu.ua/Files/2026_BW_Program.pdf
	4. Biophysics Weak 2026. Biophysics in Ukraine: Human energy and willpower in science and education during the wartime [Internet]. 2026 [cited 2026 Apr 15]. Available from: https://ubpht.knu.ua/Files/2026_BiophysWeek.pdf
	Victor Martynyuk https://orcid.org/0000-0002-5311-3565


