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Bipyc rpunmy tuny A (IAV), Maiwouud BHCOKMN MaHJIEMIYHUNA TMOTEHLIAT Ta
MyTalliiiHy Henepen0auyBaHICTh, € CEPUO3HOI CBITOBOIO MPOOJIEeMOI0 chep OXOpOHHU
37I0pOB’sl Ta €KOHOMIKM. BakuumHaris sk Halkpamuii cnoci®é mpodiTakTHKU Hapas3i HE
csira€ TOCTaTHIX PIBHIB OXOIICHHS JIsl CTBOPEHHS HAJIIMHOTO 3aXUCTY 0Ci0, 0 HaJlekKaTh
1o rpyn pusuky. Illo % crocyerbcs HasBHHX Ha CydacHOMY (apMalleBTUYHOMY PHHKY
NPOTUTPUIIO3HKUX TMIpenapariB, TO BOHU HACMpaBAl OOMEXEHI Juiie 10 1HT101TOpiB
Heripaminigazu ta PHK-3anexxnoi PHK momimepasu (RdRp). Kpim Toro BoHum MarTh
By3bKE TEpANEBTUYHE BIKHO, IO 3MEHIIyEe iX e(EeKTUBHICTh IS TOCHITATI30BaHUX
NAIIEHTIB 3 TSKKOIO (OPMOIO 1H(EKIIIT a0 YCKIIaIHEHHIMH.

BinkpuTTd BHCOKO aKTHUBHOI aHTHPETPOBIPYCHOI Tepallii 3a paxyHOK KOMOiHaIli
[penapariB 3 PI3HUMU MIMIEHSIMU [1i 3MIHUJIO CBITOBE YSBJIEHHS MPO MPOTUBIPYCHY
Tepamito 3aragoM. Jlyisg JikyBaHHSL BIPYCIB TpHUIy TakoX Oyl0 MPOAEMOHCTPOBAHO
CUHEPTreTUYHUIN e(eKT MoeqHaHHS 1HT10ITOPIB HEMpaMiHiIa3u Ta MOJIMEpasu, 110, KPiM
TOrO, 3HAYHO 3HI)KYE MOIIMPEHHS PE3UCTEHTHUX wTamiB. [IpoTe uisi MOBHOLIHHOTO
BIIPOBAJKEHHS TAKOTO IIJIXOAYy HEOOX1JHA BEJMKA KUIbKICTh MpEerapariB, HAIIJICHUX Ha
PI3HI eTanu >KUTTEBOTO IIUKITY, a CaM€ Ha pPO3II3HaBaHHS KIITUHHHUX PEEenTOpiB, 3JIUTTS
MeMOpaH, CUHTe3 OLIKIB, 30MpaHHs BipiOHIB Ta MO3aKIITHHHUI BIpYyC SIK OKpEMHMI eTar, a
HE TUIbKU Ha PEIUTIKAIII0 Ta BUX1J 3 KJIITUHH.

BinnoBigHo, MeToro naHoi poOoTH OyB CKPHMHIHT HOBHX MPOTHUBIPYCHUX arcHTIB,
HaMpaBJIeHUX Ha pi3Hi etanu penpoxaykuii mramy HIN1 Bipycy rpuny tuny A. s nporo
Oy70 BHKOPUCTaHO MiHI 010J10TeKy 13 17 CHUHTETHUYHUX OpPraHIYHUX CIIONYK, a TaKOXK

MPOAHAI30BaHO TMOTEHIIAl KUTbKOX TPyH HAHOCTPYKTYp. YCi areHTH OyiM OIliHeHI 3i



CTOPOHM O€3MEYHOCTI IXHBOI'O 3aCTOCYBaHHS, €)EKTUBHOCTI Y MPUTHIYEHH] PENpOIyKIIii
BIpyCy I'pHIly Ta MOTEHUIHHOTO MeXaHi3My Aii. AHani3 OyB IPOBEAECHUN 3 BUKOPUCTAHHIM
KJIACHYHUX BIPYCOJOTIYHUX METOIB, a TAKOXK PALY PO3PaXyHKOBUX €KCIIEPUMEHTIB, 1110
BKJTFOUAJIM TMPOTHO3YBaHHA NapaMmeTpiB papmakonnHamiku 1 papmakokinetukun (ADMET)
Ta CUMYJISIIIII0 MOJIEKYJISIPHOI TUHAMIKH JIITaH-PEHEITOPHUX KOMILJIEKCIB.

VYei nmochimkyBaHi B poOOTI OpraHiyHl CHOMYKHM Oyiau CTBOPEHI Ha OCHOBI
NOMYJISAPHUX Yy MeAWYHIA Ximii ckedoiaiB 3 100pe BUBUYCHMMH BIIACTUBOCTAMH Ta
JOCTYITHUMH CHOCOOaMU CHHTE3y, MPOTE caMa CTPYKTypa MOJEKYJI € OpPUTIHAIBHOIO.
Haiibinpir  yHIKadbHOIO TPYNor CHONMyk Oynu  ¢uiyopoBMicHl  [-N-OGeH30Tia30111
[IIKO3UAM, OCKUIbKM N-IIKO3WJIbOBAaHI MOX1JIHI OE€H30Tia30ily 3yCTpidaloThCs BKpau
piako. 3aBISKU CTPYKTYpPHIA MNOAIOHOCTI MPEACTaBHUKIB JaHOi IpynH (KOAOBI HAa3BU
peuoBuH: 10S-52, 10S-53, 10S-54 Tta 10S-55) 40 mnOypuHOBUX HYKJIEO3UIIB, iX
MPOTUBIpYyCHA aKTUBHICTH OyJia OIfiHeHa 3a BIuBoM Ha perutikarito IAV HIN1 B kynbTypi
kiitudn MDCK. Jlume ogna cronyka (10S-54) mpoaeMoHCTpyBaja He3HaYHE MPUTHIYCHHS
BIPYCHOI PENpPOAYKIIiT in Vitro, a TaKOX MPOSIBUJIA NESIKUN PIBEHb CHOPITHEHOCTI A0 Kerl-
3B’ s13ytouoi auisiHkd (CBD) cyboaunuii PB2 RdRp. BpaxoByroun napamerpu ADMET Ta
MposiBJieHy OloyoriuHy akTuBHICTh, 10S-54, gk mnpeacTaBHUK —yHIKaJIbHHX [3-N-
OCH30Tia30M11 TIKO3WIB, € BapTUM YBard 3 TOYKH 30PY PO3POOKH MPOTUTPUTIOZHUX
areHTiB, 3 YypaxyBaHHAM TOMAJbIINX MOAUQIKAI MOJEKYTH I TOKpAIICHHS
e(DEeKTUBHOCTI.

Hactynna rpyma pJociikyBaHUX OpraHiyHUX CHOJIYK Oyrna mpejcTaBieHa
rajoreHoBMicHUMH [1,2,6]tiagiazuHo-[2,3a]0en3umigazomamu: 2618, 1792, 1752, 1790,
1634, 1870, 1796 Tta 1782. 3Baxkaouu Ha CTPYKTYpHY MOAIOHICTh A0 MYPUHOBHUX
HYKJICO3U 1B, IPOTUBIPYCHA AaKTUBHICTh JAHUX PEYOBUH Oyla OLIHEHA 31 CTOPOHU BIUIMBY
Ha perutikauio IAV HINI. Cepen 8 npencraBHUKIB, jiuile 4 IposBUIM €PEKT HA nepedir
iH(eKIiT B KIITUHAX, BOAHOYAC, OUTBIIICTh Maimu (Iyop Y CKJIaal TaJIOT€HOMETHIHHOL
rpynmu Ta —COO-CH,-CH; y mnonoxkenHi 4 reTeponukiy. MakcuMallbHI 3HaYeHHS
AHTUBIPYCHOI aKTHUBHOCTI csArainu Omu3bko 75%, 1 TPOSBIEHUN BIUIUB TaKOXK
CYNPOBO)KYBAaBCA 3HIKEHHSIM 1H(EKIIHHOCTI BIpyCHOro moromcTBa. [Ipu mopiBHSHHI

HaIiBMaKCUMaJIbHOT ITUTOTOKCHYHOI KoHIIeHTpallli (CCso) akTUBHUX CIIOJIYK Ta pedepeHc-



npenapary o3eJibTaMmiBipy, Oyiao BiaMideHo, mo [1,2,6]TiagiazuHo-[2,3a]0eH31uM11a30/11 €
3arajJoM y KuUlbKa pa3iB  Oulbll TOKCMYHUMHU. lLle Takok MIATBEPHKYETHCS
nporuno3oBanuMu napamerpamu ADMET. IIpoTte 3a OIIHKOIO 1HJIEKCIB CEJIEKTUBHOCTI
(SI), cmomyku 1870 Ta 1796 mposiBuiIM MOCTaTHIN piBeHb €(EKTHBHOCTI, MO0 MaTu
MOTEHITIAT JUIS TONANBIINX JOCHKeHb. B CHMYIAIIHHOMY €KCIIEpUMEHTI OyIio
IPOJEMOHCTPOBAHO, 10 MMOBIPHOIO MilIeHHIO A1l cronyk gaHoi rpynmu € CBD PB2
RdRp.

[lle omHy rpymy aHaJIOriB HYKJICO3UIIB CepeA MOCHIPKYBAHMX CHUHTETUYHUX
OpraHIYHUX CIOJYK MNpeAcTaBUiu (IyOpOoBMICHI MOXiAHI TeTparigpoTtiopeny (10S-45,
10S-46, 10S-48 Ta 10S-49). Cepen nux 10S-46 ta 10S-48 € TiOHYKII€O3UAAMU 3
TETpariiponipuMinH-2,4-110HOM y CKJaal. 3a pe3ynbraTaMy JOCTII)KEHHsI BIUIMBY Ha
perutikanito AV, yci cmomyku, kpim 10S-49, mpurHiuyBanu periikamio Bipycy 3
MakcuMmanbHuMu 3HaueHHAMH 70-78% inriOyBanns. Cepen Hux 10S-48 BusBHiIach
HANOUIBII CceNeKTUBHOW. Takok BapTo 3a3HauuTH, Mo 10S-45 ta 10S-46 Oynu HanmaHi y
BUIVISIZII CTEpeoMepiB, 10 TMosicHioe Buiy edexktuBHicTh 10S-48. 3 Touku 30py
IIUTOTOKCUYHOCTI Ta TMPOTHO30BAaHMX TMapamMeTpiB (apMaKOKIHETUKH, YyCl aKTHBHI
NpeJCTaBHUKM JAaHOi TPyNu Mald 3aJ0BUIbHI XapakTepUCTUKU. 3a pe3ylbTaTaMu
cumyssuli  MonekyisipHoi guHamikd 10S-48 ta 10S-46 mpoaeMOHCTpyBajiud BUCOKY
cnopigHeHicte 70 CBD PB2 RdRp Bipycy rpumy, Hatomictb, 10S-45 mokuHyna cailT
B3aemofii. TakuM YMHOM, BH3HAUCHI B paMKaxX JaHOI pOOOTH aHAJIOTH HYKJICO3HUIIB
MaloTh 3HAYHUHN TTOTEHITIAIL.

OcTaHHIM MpeJACTaBHUKOM MiHI Oi0MIOTEKM OpraHiyHuX Croayk OyB 0ic(5-
mudyopomeTuii-2-(Terpariaponipan-2-in)-2H-1,2,3-tpiazon-4-un)-cynepon adbo 10S-47.
Jlana cnoiyka MOpOJEMOHCTpYBaJla MOMIPHMM LMTOTOKCHMYHUN BIUIMB Ha KIITHUHU,
npuiitHITHU ADMET-tipodinbe Ta BUCOKMN NpOTUTpUNO3HUN edekT 3 mikoM y 76,3%
AKTUBHOCTI. 3BayKal04yM Ha Te, 1110 TP1a30JI-BMICHI CIIOJYKH BUCTYNAIOTh B POJII 1HT10ITOPIB
BIpYyCHUX TIOJIIMEpPA3, MUIAXOM CHUMYISIIIIHHOTO €KCIEpUMEHTY Oylio TMepeBIpEHO
MoxuBicTh 10S-47 mo B3aemonii 3 CBD PB2 RdRp. Pesynasratu po3paxyHKOBOTO

JIOCIIIDKEHHSI BKa3ylOThb Ha HU3bKY WMOBIPHICTH TakKoi B3a€MOIi, a OTXKE Ha IHIIUH



MmexaHi3M 1ii. [lpunyckaerbcsi, mo 10S-47 moke MaTu TOTEHIal 0 B3aeEMOII 3
HeCTpYKTypHUM OinkoMm [AV — NSI.

[lincymoBytouH, B pe3yJbTaTi MOLIYKY CEpel] CUHTETUYHHX OpPTraHIYHUX PEYOBHH,
Oyno ineHTH(IKOBAaHO 9 aKTUBHUX AareHTiB Ta BigiOpaHO S5 CHOJMYK-XITiB: JBa
[1,2,6]tiagia3zuno[2,3-a]0er3umigazomn 1870 1 1796; 10S-47 Tta [1Ba MOXITHUX
terparinporiopeny 10S-45 Tta 10S-46. Cepen ocTaHHIX TakoX 1JIeHTU(]IKOBAHO
TioHykieo3ua-nia 10S-48 sk HaWOLIBII NEPCHIEKTUBHUN KaHAWAAT JUIS TOAATBIINX
JTOKJIIHIYHUX BUIPOOyBaHb. KpiMm Toro, BIepie mokazaHo moteHiian B-N-OeH30Tia30511i1
[JIIKO3U/I1B BIUTUBATH Ha BIPYCHY peILIIKaLIilo.

pyra yactuHa poOoTu Oyjia MpHCBSYEHA MOUIYKY MPOTHUBIPYCHUX areHTIB cepel
HAaHOCTPYKTYp, & caMe MOJIriApaToBaHuX ¢ynepeHiB ((ynaepeHoniB), HaHouacTuHOK (HY)
cpibia Ta moxiMepHUX CPiOTIOBMICHUX KOMITO3HUTIB.

B pamkax ganoi po6otu 6yno mociimkeno cymim dynaeperoniB C,(OH)so 3 MacoBum
criBBigHOIIEHHAM >86% kimacuaHuX Ce Ta Cr9 Ta ~14% Cres6 1 Css6 Ha pi3HI eTanu
penpoaykiii [AV HINI. ®ynepeHonn NpoIeMOHCTPYBaId BUCOKY €(QEKTUBHICTh Y
npoTUIii BIPYCHIM ajacopOIlii, perurikaiii, 30MpaHHl 1 BHUXOJI BIPIOHIB 3 KJITUHH Ta
IHaKTUBAIli MO3aKmMTUHHOTO IAV, BKIIOYHO 3 HOBOCHHTE30BAHUM ITOKOJIHHSM.
AHTHUBIpyCHa aKTUBHICTh cyMimn csraga 100% 3anexHo BiJ KOHLUEHTpaulli Ta CXeMHU
3acTocyBaHHsA. MexaHi3M iXHbOI i1 MOke OyTH OOyMOBJIEHUIN B3a€EMOJIEI0 3 JIMIAHUMHU
MeMOpaHamu Bipycy Ta KIiTHHU. OCTaHHE MIATBEPKYETHCS MOP(DOIOTIYHUMHU 3MiHAMU
kmtiH MDCK  mig dYac BU3HAYeHHS IHMTOTOKCHYHOCTI. Ha KopucTh B3aemomii
dynepenonie 3 o0onoHKOI [AV CBimuuTh iXHS BIPYMIIUAHA AKTHBHICTh, a TaKOX
npoBefeHa cuMyisiis moJekyssipHoi auHaMiku Ceo(OH)s 3 (parmenTom nimigHOro
oimapy IAV HINI, mia yac saxoi crnocrepiranach jaedopmaiiisi octaHHboro. KpiMm Toro,
Oyno mepeBipeHo 3naatHICTh ¢ynepenony Ce 10 B3aemonii 3 RdRp IAV. Ilig wac
CUMYJISILIMHOTO €KCIEPUMEHTY BIH OJOKYBaB JIISHKY, IO Oepe yyacTh y B3a€MOZIl MeTil
S'-nmpomotopy PHK 3 RdRp. Ile moxe OyTH 111e OAHUM MEXaHI3MOM BILIUBY (PyJIEpEHOIB
Ha TIPOIIeC PEMPOAYKIIii Bipycy.

Takox B pamkax maHoi poOOTH OynO MPOIEMOHCTPOBAHO AKTHUBHICTH CYMIII

dynepeHoniB BIAHOCHO KIiHIYHUX BipyciB rpumy — [AV HIN1 pdm09 1 IBV minii



BikTopis, Ta npoBeAeHe A0CTIHKEHHs TocTpoi TokcnyHOoCTI Ha Mumax BALB/C. Ocranne
BKa3ye Ha O€3MEeuHICTh OAHOPA30BOi J03M, a/PKE KOJHA TBapHHA HE MPOSBUIA O3HAK
1HTOKCHKaIlli. BpaxoByrouu 111 1aHi, HU3bKY IIATOTOKCUYHICTh T4 KOMIUIEKCHY 10 Ha Pi3HI
eTanu PenpomayKiii BipyCy, cymim (yaepeHoTiB Mae AyKe BUCOKWW MOTEHINAN s
3aCTOCYBaHHS y SIKOCTI MPOTUTPUTIO3HUX areHTIB.

Hacrtynna rpyna nanoctpykryp Oyna npencrasiena HY cpibna pizHoro niamerpy, a
came Agl0 (6umpmicts 8-10 aM), Ag20 (10-20 M) Ta Ag50 (40-50 uM™M). [Tpu gocmimkeHHi
OlosoriyHuX BiactuBocTed, AaHi HY mpomeMoHCTpyBaiu BiICYTHICTh IIUTOTOKCUYHOCTI
ta npotuBipycHuid BB Ha [AV HINI 3a nmpodinaktuuHoro cxeMoro BHEcCeHHs (3a 24
roi 70 mouarky iH(ekIli). [HTeHCUBHICTh MPOSBY aHTUBIPYCHOrO €(eKTy KopestoBaja 3
po3mipom HY, amxe HaiOuibin aktuBHUMU Oynu AglO ta Ag20, B TOM yac SIK BIUIMB
Ag50 me mepeBunyBaB 7% npurHideHHs. [I[pomeMoHCTpOBaHI 3aJI€KHICTD BiJl pO3Mipy Ta
npoLTaKTHIHHIA €(EeKT KOPETIOIOTh 3 ICHYIOUYMMU JIITEPAaTypPHUMH JaHUMHU, K1 BKa3yIOTh
Ha MOXKJIMBICTh aKTHUBAIIi1l T€HIB, 1HIyKoBaHUX iHTepheporoMm, HY cpibna.

OctanHs rpyna AOCTiHDKEHUX HAHOCTPYKTYp Oyna mpeacTaBieHa CpiOIOBMICHUMHU
HAHOKOMITO3UTAMH y BUIJISIIL TJTIBOK HA OCHOBI MOJIENIEKTPOIITHOIO KOMILJIEKCY XITO3aH-
Na-kapookcumeruiientono3a. OcoOnuBICTIO JaHuX 3pa3kiB € oTpumanHs HY cpibna
METOJIOM 3€JIEHOTO CHHTE3Y 3 BUKOPHUCTAHHSM MPUPOTHUX €KCTPAKTIB. 3aJ€KHO Bif] THUITY
eKkcTpakTy, Oyno orpumano HY piznoro posmipy Bia 11 no 44 um. JlaHi kKoMIo3uTH Ta ix
OKpeMi KOMIIOHEHTH OyJu JTOCHIKEeH] 3 TOYKU 30py 1X BIUIMBY Ha MO3aKJIITHHHHUH Bipyc.
PesynbraTti eKcnepuMeHTY JEMOHCTPYIOTh, IO TIIBKH CpIOJIOBMICHHI KOMIIO3UT,
OTPUMaHUM 3 BUKOPUCTAHHSIM €KCTPAKTY 3€JIEHOTO Yar0, IPOSBUB BIpYTIIUAHUIN e(heKT Ha
[IAV HINI. Kpim Toro, crocrepirajiv moBHY BTpaTy 1H(EKIIHHOCTI BIpyCy, HaBIiTh MPHU
MOBTOPHOMY BHKOPUCTaHHI KOMIO3UTY. BpaxoByrouu BiACYTHICTh IIUTOKCHUYHOCTI,
nposiBIEHUN €(EeKT BIIKPUBAE MOTEHIIA JOCIIKEHOTO CPiOJTOBMICHOTO HAHOKOMITO3UTY
JUTSI TIPAKTUYHOTO 3aCTOCYBAHHSI.

Takum dYuHOM, B pe3ynbTaTi TMOMIYKY CEpell HAHOCTPYKTYp, OyJIo BHepiie
BCTAHOBJICHO KOMIUIEKCHUI TIPOTUBIPYCHUH e(EeKT cyMmiIni moirigparoBaHux (yaepeHiB
Ha PI3HI €Talu JKUTTEBOTO IUKITY Bipycy rputy. [IponemonctpoBano 3narnicte HY cpibna

miamerpoM <20 HM 10 aKTHBAIlli MEXaHI3MIB BPOKEHOTO KJIITHHHOTO iMyHITeTy. Ta



BIiepiie nokasaHo edextuBHictb HY cpibna y ckiazni KOMIO3UTIB HA OCHOBI XITO3aHYy Ta
Na-kapOOKCUMETHIIIENIONO03U, CHHTE30BaHNX 3 BUKOPUCTAHHSIM POCITUHHUX €KCTPAKTIB, y
3HMKEHH1 1HQEKIIHHOCTI MO3akJIITUHHOTO Bipycy. Cepen HaHOCTPYKTYp BiiOpaHO
KaHIUJAaTH 3 TEpPCIEKTUBOIO BIPOBAIKEHHA iX s 3aCTOCYBaHHS B  SIKOCTI
ne3nHPIKyoYnX Ta MpoQiIakKTUYHUX 3ac00IB, a caMe y SKOCTI 1HTpaHa3aJIbHUX CIPEIB,
IHT IS, TOKPUTTS Jutst MenuuHuX Macok abo HEPA ¢inbTpiB Ta rigporeneBux mnos’ 30K

Ha OCHOBI X1TO3aHY JIs Ae31H(EKIlT Ta MPUCKOPEHHS 3arO€HHS IMOIIKOKEHb IIKIPH.

KuarouoBi cioBa: Bipycu, rpur, iH(EKIlis, aHTUBIPyCHA aKTUBHICTh, BIPYJIIHIHA
AKTUBHICTh, IIMTOTOKCUYHICTh, KJITUHHI KYJBTYpH, TOKCHYHICTh, HAHOYACTHUHKH,

ByIJICLIEB1 HAHOMAaTepialiv, (TOPOBaH1 CIOJIYKH, MULIIA4a MOJIEb, MOJIEKYISIPHUIN JTOKIHT.



ABSTRACT

Zaremba P.Yu. Structural and functional analysis of new antiviral agents targeting
influenza A virus. — Qualification scientific work in the form of a manuscript.

The thesis for the degree of Doctor of Philosophy in specialty 091 “Biology and
Biochemistry”. — D.K. Zabolotny Institute of Microbiology and Virology of the NAS of
Ukraine, Kyiv, 2026.

Influenza A virus (IAV), with its high pandemic potential and mutational
unpredictability, is a serious global health and economic problem. Vaccination as the best
method of prevention does not currently reach sufficient coverage levels to provide
reliable protection for individuals at risk. As for the anti-influenza drugs currently
available on the pharmaceutical market, they are actually limited to neuraminidase and
RNA-dependent RNA polymerase (RdRp) inhibitors. In addition, they have a narrow
therapeutic window, which reduces their effectiveness for hospitalized patients with severe
infection or complications.

The discovery of highly active antiretroviral therapy through a combination of drugs
with different targets of action has changed the world's understanding of antiviral therapy
in general. For the treatment of influenza viruses, a synergistic effect of a combination of
neuraminidase and polymerase inhibitors has also been demonstrated, which, in addition,
significantly reduces the spread of resistant strains. However, for the full implementation
of such an approach, a large number of drugs are needed, targeting different stages of the
life cycle, namely, recognition of cellular receptors, membrane fusion, protein synthesis,
virion assembly, and extracellular virus as a separate stage, and not only replication and
budding from the cell.

Accordingly, the aim of this work was the search for new antiviral agents aimed at
different stages of IAV HIN1 reproduction. For this purpose, a mini-library of 17 synthetic
organic compounds was used, and the potential of several groups of nanostructures was
analyzed. All agents were evaluated in terms of their safety of use, effectiveness in
inhibiting influenza virus reproduction and potential mechanism of action. The analysis

was carried out using classical virological methods, as well as a number of computational



experiments, including prediction of pharmacodynamics and pharmacokinetics parameters
(ADMET) and molecular dynamics simulation of ligand-receptor complexes.

All studied organic compounds were created on the basis of popular medicinal
chemistry scaffolds with well-studied properties and accessible synthesis methods,
however, the molecular structure itself was original. The most unique group of compounds
were fluorine-containing B-N-benzothiazolyl glycosides, since N-glycosylated
benzothiazole derivatives are extremely rare. Due to the structural similarity of
representatives of this group (code names of substances: 10S-52, 10S-53, 10S-54 and
10S-55) to purine nucleosides, their antiviral activity was assessed by the effect on [AV
HINT1 replication in MDCK cell culture. Only one compound (10S-54) demonstrated a
slight inhibition of viral reproduction in vitro, and also showed some level of aftinity for
the cap-binding domain (CBD) of the PB2 RdRp. Considering the ADMET parameters
and the demonstrated biological activity, 10S-54, as a representative of unique [B-N-
benzothiazolyl glycosides, is worthy of attention from the point of view of developing
anti-influenza agents, taking into account further modifications of the molecule to improve
efficacy.

The next group of studied organic compounds was represented by halogen-
containing [1,2,6]thiadiazino-[2,3a]benzimidazoles: 2618, 1792, 1752, 1790, 1634, 1870,
1796 and 1782. Given the structural similarity to purine nucleosides, the antiviral activity
of these substances was evaluated as the effect on IAV HINI replication. Among the 8
representatives, only 4 showed an effect on the course of infection in cells, while most had
fluorine in the halomethyl group and -COO-CH,-CH3 in position 4 of the heterocycle. The
maximum values of antiviral activity reached about 75%, and the effect was also
accompanied by a decrease in the infectivity of viral progeny. When comparing the half-
maximal cytotoxic concentration (CCs) of the active compounds and the reference drug
oseltamivir, it was noted that [1,2,6]thiadiazino-[2,3a]benzimidazoles are generally several
times more toxic. This is also confirmed by the predicted ADMET parameters. However,
according to the assessment of selectivity indices (SI), compounds 1870 and 1796 showed

a sufficient level of efficacy to have the potential for further studies. In a simulation



experiment, it was demonstrated that the probable target of action of the compounds of
this group is CBD PB2 RdRp.

Another group of nucleoside analogues among the studied synthetic organic
compounds was represented by fluorine-containing derivatives of tetrahydrothiophene
(10S-45, 10S-46, 10S-48 and 10S-49). Among them, 10S-46 and 10S-48 are
thionucleosides with tetrahydropyrimidine-2,4-dione in the composition. According to the
results of the study of the effect on 1AV replication, all compounds, except 10S-49,
suppressed the reproduction of the virus with maximum values of 70-78% inhibition.
Among them, 10S-48 turned out to be the most selective. It is also worth noting that
10S-45 and 10S-46 were provided in the form of stereomers, which explains the higher
efficiency of 10S-48. In terms of cytotoxicity and predicted pharmacokinetic parameters,
all active representatives of this group had satisfactory characteristics. According to the
results of molecular dynamics simulations, 10S-48 and 10S-46 demonstrated high affinity
for the CBD of the PB2, while 10S-45 left the interaction site. Thus, the nucleoside
analogs identified in this work have significant potential.

The last representative of the mini library of organic compounds was bis(5-
difluoromethyl-2-(tetrahydropyran-2-yl)-2H-1,2,3-triazol-4-yl)-sulfone or 10S-47. This
compound demonstrated a moderate cytotoxic effect on cells, an acceptable ADMET
profile and a high anti-influenza effect with a peak of 76.3% inhibition. Given that
triazole-containing compounds act as inhibitors of viral polymerases, the possibility of
10S-47 interacting with the CBD of RdRp PB2 was tested by a simulation experiment.
The results of the computational study indicate a low probability of such an interaction,
and therefore a different mechanism of action. It is assumed that 10S-47 may have the
potential to interact with the non-structural protein of IAV — NSI1.

In summary, as a result of the search among synthetic organic substances, 9 active
agents were identified and 5 hit compounds were selected: two [1,2,6]thiadiazino[2,3-
a]benzimidazoles 1870 and 1796; 10S-47 and two tetrahydrothiophene derivatives 10S-45
and 10S-46. Among the latter, thionucleoside-lead 10S-48 was also identified as the most
promising candidate for further preclinical testing. In addition, the potential of [B-N-

benzothiazolyl glycosides to affect viral replication was shown for the first time.



The second part of the research was devoted to the search for antiviral agents among
nanostructures, namely polyhydrated fullerenes (fullerenols), silver nanoparticles (NPs)
and polymeric silver-containing composites.

In the framework of this work, a mixture of fullerenols C,(OH)4 with a mass ratio
of >86% classical Ce and C7o and =14% Cr6-36 and C-ss was studied at different stages of
[AV HINI reproduction. Fullerenols demonstrated high efficiency in counteracting viral
adsorption, replication, assembly and budding of virions from the cell as well as
inactivation of extracellular IAV, including the newly synthesized progeny. The activity of
the mixture reached 100% depending on the concentration and application scheme. The
mechanism of their action may be due to the interaction with the lipid membranes of the
virus and the cell. The latter is confirmed by the morphological changes of MDCK cells
during the determination of cytotoxicity. In favor of the interaction of fullerenols with the
IAV envelope, their virucidal activity is evidenced, and a molecular dynamics simulation
of Ceo(OH)4 with a fragment of the IAV HINTI lipid bilayer was also performed, during
which the deformation of the latter was observed. In addition, the ability of fullerenol Cgo
to interact with the IAV RdRp was tested. During the simulation experiment, it blocked the
site involved in the interaction of the 5'-promoter RNA loop with RdRp. This may be
another mechanism of the effect of fullerenols on the process of virus reproduction.

Also within the framework of this work, the activity of the fullerenol mixture was
demonstrated against clinical influenza viruses — AV HIN1pdm09 and IBV Victoria, and
an acute toxicity study was conducted on BALB/C mice. The latter indicates the safety of
a single dose, since no animal showed signs of intoxication. Given these data, low
cytotoxicity and complex effect on various stages of virus reproduction, the fullerenol
mixture has a very high potential for use as anti-influenza agents.

The next group of nanostructures was represented by silver NPs of different
diameters, namely Agl10 (mostly 8-10 nm), Ag20 (10-20 nm) and Ag50 (40-50 nm). When
studying the biological properties, these NPs demonstrated the absence of cytotoxicity and
antiviral effect on AV HINI1 according to the prophylactic administration scheme (24 h
before the onset of infection). The intensity of the manifestation of the antiviral effect

correlated with the size of the NPs, since the most efficient were Agl0 and Ag20, while
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the activity of Ag50 did not exceed 7%. The demonstrated size dependence and
prophylactic effect correlate with existing literature data indicating the possibility of
activation of interferon-induced genes by silver NPs.

The last group of studied nanostructures was represented by silver-containing
nanocomposites in the form of films based on the polyelectrolyte complex chitosan-Na-
carboxymethylcellulose. A special feature of these samples is the production of silver NPs
by the method of green synthesis using natural extracts. Depending on the type of extract,
NPs of different sizes from 11 to 44 nm were obtained. These composites and their
individual components were studied from the point of view of their effect on the
extracellular virus. The experimental results demonstrate that only the silver-containing
composite obtained using green tea extract exhibited virucidal effect on IAV HINI. In
addition, a complete loss of virus infectivity was observed, even with repeated use of the
composite. Given the lack of cytotoxicity, the effect demonstrated opens up the potential
of the studied silver-containing nanocomposite for practical application.

Thus, as a result of the research among nanostructures, the complex antiviral effect
of a mixture of polyhydrated fullerenes on different stages of the influenza virus life cycle
was established for the first time. The ability of silver NPs with a diameter of <20 nm to
activate the mechanisms of innate cellular immunity was demonstrated. And for the first
time, the effectiveness of silver NPs in composites based on chitosan and Na-
carboxymethylcellulose synthesized using plant extracts, in reducing the infectivity of the
extracellular virus was shown. Among the nanostructures, candidates were selected with
the prospect of introducing them for use as disinfectants and prophylactic agents, namely
as intranasal sprays, inhalations, coatings for medical masks or HEPA filters and chitosan-

based hydrogel dressings for disinfection and accelerated healing of skin lesions.
Key words: viruses, influenza, infection, antiviral activity, virucidal activity,

cytotoxicity, cell cultures, toxicity, nanoparticles, carbon nanomaterials, fluorinated

compounds, mouse model, molecular docking.

11



CIUCOK IMYBJIKAIIM 3A TEMOIO TUCEPTAIII
HaykoBi cTarTi 32 0CHOBHOIO TEMOK HAYKOBOI po00TH

(* — 0coOHCTHH BHECOK 3100YBAYKH)

1. Demchenko, V., Zaremba, P., Rybalchenko, N., Zahorodnia, S., Artiukh, L.,
Rybalchenko, T., Demchenko, O., Sytnyk, 1., Zeng, D., Kobylinskyi, S., Goncharenko, L.,

and Iurzhenko, M. (2025). Structural peculiarities of the silver-containing nanocomposites

based on carboxymethyl cellulose-chitosan polyelectrolyte complexes and their
antimicrobial and antiviral applications. Scientific reports, 15(1), 35087.

https://doi.org/10.1038/s41598-025-18932-9. (*BUKOHAHO MAOCHIKEHHS MPOTUBIPYCHOI

AKTUBHOCTI BIIHOCHO BIpyCy TpUIly TUIly A, MPOAHAII30BaHO PE3YyIbTATU Ta IMIATOTOBAHO
ix 0 myOumikariii)

2. Guzyr, O. 1., Potikha, L. M., Shishkina, S. V., Fetyukhin, V. N., Shermolovich, Y.
G., Bas, J. P, Kulyk, I. B., Zaremba, P. Y., and Zahorodnia, S. D. (2025). Synthesis,

structure, and antiviral activity 4(6)-B-d-glucopyranosylamino-2-R-1,3-benzothiazoles.
Carbohydrate research, 558, 109700. https://doi.org/10.1016/j.carres.2025.109700.

(*BUKOHAHO JOCHIIIKCHHS IIMTOTOKCHYHOCTI Ta MPOTHUBIPYCHOI AKTHUBHOCTI BIJIHOCHO
BIpyCy TpUITy TUITY A, IPOaHaI30BaHO PE3yIbTATH Ta MIATOTOBAHO iX /10 MyOiKallii)

3. Zaremba, P., Zaremba, A., Siry, S., and Zahorodnia, S. (2024). Antiviral activity

of low-molecular-weight fluorinated compounds against influenza A (HIN1) virus.
Mikrobiolohichnyi Zhurnal, 86(2), 51-64. https://doi.org/10.15407/microbiolj86.02.051.

(*BUKOHAHO BCI EKCIEPUMEHTANbHI JOCHIKEHHS Ta iX aHali3, MPOBEJACHO aHali3

PE3YABTATIB CUMYJISIIHHUX €KCIIEPUMEHTIB, M1JTOTOBAHO PYKOIIHC JI0 MyOTiKallii)

4. Zaremba, P., Zaremba, A., Naumenko, K., Yelipashev M., and Zahorodnia, S.

(2023). In vitro and in silico studies of the antiviral activity of polyhydrated fullerenes
against  influenza A  (HIN1)  wvirus.  Scientific = Reports, 13,  10879.
https://doi.org/10.1038/s41598-023-38128-3.  (*BUKOHAHO  BCi  EKCIIEpUMEHTAaJIbHI

JOCIIJKEHHS Ta 1X aHaJll3, IPOBEIEHO aHaIl3 pe3yJIbTaTiB CUMYJIALIIMHIX €KCIIEPUMEHTIB,

MiATOTOBAHO PYKOIHC JI0 MyOTiKarlii)

12


https://doi.org/10.1038/s41598-023-38128-3
https://doi.org/10.15407/microbiolj86.02.051
https://doi.org/10.1016/j.carres.2025.109700
https://doi.org/10.1038/s41598-025-18932-9

HaykogBi nparii, siki 3acBiguyioTh anpoo0ariiro MmaTepia/iB guceprarii

5. Zaremba P., Zaremba A., and Zahorodnia S. Biocompatible polyhydroxylated
fullerenes demonstrate complex anti-influenza activity. 13th International Conference
"Nanotechnologies and Nanomaterials" NANO-2025, 20-23 August 2025, Bukovel,
Ukraine, P.251

6. 3apemba I1.1O., Hmwxkeneup A.IlL., 3apemba A.A., 3aroponnst C.[l. InakruByrouya

Jis moiriaparoBaHux (ynaepeHiB Ha JimigHy oOonoHky BipyciB. XVI 3'i3n ToBapuctsa
MikpoOionoriB  Ykpainu iM. C.M. BuHnorpaacekoro, 2-6 uepBHs 2025, TepHomiib,
VYkpaina, C.278

7. Zaremba P., Zaremba A., Zahorodnia S., and Shalimov O. Dependence of anti-

influenza activity of [1,2,6]thiadiazino[2,3-a]benzimidazoles on the composition of the
halogenomethyl group. The V Scientific Conference "Youth and Modern Problems of
Microbiology and Virology, 19-20 November 2024, Kyiv, Ukraine, P.49

8. Nyzhenets A., Zaremba P., and Zahorodnia S. Virucidal activity of fullerenols

against influenza A virus, Modern Problems of Biology, Biotechnology and Biomedicine,
3-4 July 2024, Odesa, Ukraine, P.32

9. Zaremba P., Baranova G., and Zahorodnia S. Toxicity of polyhydrated fullerenes
with anti-influenza activity in both in vitro and in vivo systems, Modern aspects of
microbiology, virology and biotechnology in wartime and post-war period, 15-16
November 2023, Kyiv, Ukraine, P.276-277

10. Zaremba P., Demchenko V., and Zahorodnia S. Virucidal activity of polymer
silver-containing nanocomposites obtained by the green synthesis, X International
Conference ,,Bioresources and Viruses®, 11-13 September 2023, Kyiv, Ukraine, P.91

11. Zaremba P., Artiukh L., Demchenko V., and Zahorodnia S. Virucidal activity of
polymer silver-containing films against enveloped viruses, 9th International Electronic
Conference on Medicinal Chemistry, 1-30 November 2023, online

12. Zaremba P., Mucha Yu., Zahorodnya S. The influence of silver nanoparticles on

different stages of reproduction of influenza A virus (HIN1), The IV Young Scientists

13



Conference “Youth and modern problems of microbiology and virology”, 15-17
November 2022, Kyiv, Ukraine, P.30

13. Zaremba P., Naumenko K., Zahorodnya S., and Yelipashev M. Antiviral activity
of polyhydrated fullerenes against influenza A virus HIN1, 7th International Electronic
Conference on Medicinal Chemistry, 01-30 November 2021, online

14. Zaremba A., Zaremba P., Zahorodnya S. In vitro and in silico study of anti-
influenza activity of 2-dioxopyrimidin-5-trifluoromethyl-tetrahydrothiophene with
subsequent increase in its affinity for the target protein, 7th International Electronic
Conference on Medicinal Chemistry, 01-30 November 2021, online

15. Zaremba P., Zaychenko O., Zaremba A., Shermolovych Yu., Naumenko K., and
Zahorodnya S. Antiviral activity of fluorine-containing compounds against influenza virus
A HINI, Youth and Progress in Biology: XVI International Scientific Conference, 27-29
April 2020, Lviv, Ukraine, P.170

16. Naumenko K., Zaremba P., Zahorodnya S., Siryi S., Borodkin Ya., and
Shermolovych Yu. Antiviral activity of flutionated compounds against DNA- and RNA-
containing viruses, Sth International Electronic Conference on Medicinal Chemistry, 01-

30 November 2019, online

14



