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1. 311051KiCHi HOBOYTBOPEHHS 3a/IMLIAIOTHCS OJIHIEI0 3 HAUTOCTPIIKX MTpo6eM cydacHoi megunyHu. OcobsuBe
3aHEIOKOEHHS BUKJIMKAIOTh BUCOKOArpecuBHi popmy, Taki K MesaHoMa LIKipY, 3aXBOPIOBaHICTh Ha SIKY HEBIIMHHO
3pocrae. TpaguLiliHi MeTOM JIiKyBaHHS (XiMioTeparisi, iMyHOTeparisl) 4acTo CyIIPOBOKYIOTbCSI BUCOKOIO
CUCTEMHOIO TOKCUYHICTIO, PO3BUTKOM PE€3UCTEHTHOCTI Ta ayTOIMyHHMMMU PeaKLisIMU. 3 OTJIsSIAy Ha Lie, Cy4acHa
OHKOJIOTisI TOTpebye rnepexomy 10 MiHiMalbHO iHBa3UBHUX CTPATeTil, sKi 6 epeKTUBHO 3HUILIYBAJIY IyXJIMHHY,
30epiraioum apxiTeKTypy 34OpOBUX TKAHUH i MiHIMi3yl0uM HaBaHTaKEHHs Ha opradism. TepMiuHa abJsLis MyXJInH,
3okpema pororepmivna Teparis (PTT), e mepcreKTUBHUM BapiaHTOM JlikyBaHHs. [i MEXaHi3M rpyHTyeTbCs Ha
iHgyKoBaHi¥ rineprepMii: HarpiBaHHs noHaz, 50 °C IpU3BOOUTH 10 HE3BOPOTHOI AeHaTypallii 6iJKiB i
KOaryJsiiliHoOro HeKpo3y. 3acToCyBaHHS BUITPOMiHIOBaHHS OJIMKHBOTO iH(ppauepBoHoro aiana3ony (NIR)
3abe3rnedye IPOHUKHEHHS CBiTJIa Kpi3b TKaHMHU. OCOGJINBO NEPCIIEKTUBHUM € «6iosloriyHe BiKHO npo3opocTi» NIR-
I1 (1000-1700 HM), IKE XapaKTe€PU3YETbCSI HU3bKUM PO3CiI0BaHHSIM, KPAI0l0 TOJIEPAHTHICTIO TKAHMH i 31aTHICTIO

IIPOHMKATH Ha 3HAYHY IVIMOMHY. lle rapaHTye IPOCTOPOBY CEJIEKTUBHICTD Tepallii, 3HIDKYIOUM PU3KK [IOIIKOIPKEHHS



3I0POBUX CTPYKTYp. HaHoMaTepianu BigkprBaoTh HOBUH piBeHb TOUHOCTI OTT. OcobuBuii iHTEpeC BUKINKAIOTh
makceHu (MXenes) — Kj1ac IBOBUMipHUX MaTepiaslis, 10 CKJIAHAEThCS i3 Kap6iniB abo HITPUAIB NepexifHUX MeTaliB.
Bonu iHTEeHCHBHO NOIVIMHAIOTH CBiTJI0 B NIR-1ianas3oHi Ta MaloTh BUCOKY €(EKTUBHICTb IEPETBOPEHHS OT0 Ha
Tero. [IpoTe y 6i1b1IOCTi AOCiI)KEeHb BUKOPUCTOBYBAJIUCS Oe3nepepBHi Jazepyu. HaToMicTs iMIysbCHI J1a3epu
I03BOJISIIOTh 3HU3UTU CyMapHY €HEeprilo BIUIMBY Ta 3[4iCHUTY e(PEKTUBHY abJIs1il0 MyXJIH i3 MiHIMabHUM
TepMiYHUM TOIIKO/IKEHHSIM HaBKOJIMIIHIX TKaHUH. JlucepTaliito mpucBsYeHo po3poolii, onTumisariii Ta omiHIi
eeKTUBHOCTI 1 6iocymicHocCTi npoTokoiB OTT 37105KiCHUX HOBOYTBOPEHb i3 3acTocyBaHHSIM MakceHiB (Ti3C2Tx
Ta Nb4C3Tx) y cuneprii 3 imnynbcHUM NIR-BUNIPOMiHIOBaHHSIM. EKCIIEPMMEHTANIBHO MiATBEPIKEHO TiNOoTe3y WOA0
nepesar BukopucTtanHs imnysbcHux Nd:YAG nazepis (1064 am, NIR-II) y kombinanii 3 makceHamu. ['enepariis
eHeprii HaZKOPOTKUMHU crlajiaxaMy 3 [epiolaMu peJslakcallii J03BoJIsi€ JOCSAITA ePEeKTy IPOCTOPOBOr0 OOMEKEHHS
tena (thermal confinement), 36epirarour HaBKOJIMIIHI KJIITMHY iIHTaKTHUMU. KomIiekcoM (pisnKo-xiMiuHUX
metozis (XRD, SEM /TEM, EDS) ninTeepakeHo yCHilIHUNA CUHTE3 i CTPYKTYpHY cTabinbHicTh Ti3C2Tx Ta Nb4C3Tx,
a TaKOX I0BeJI€HO iXHIO 30aTHICTh e(PeKTUBHO MEePETBOPIOBATU CBITJIO HA TeII0. BCTaHOBIEHO ONTUMAJIbHI
IlapaMeTpy JIa3€pPHOTO BIUJIMBY: I'YCTUHA NOTY>XHOCTI 3,1 II)K /cM?, TpuBamicTs immnysbcy 200 mc, yacrora 1 I'n,
(narpiBanns noHag, 60 °C). In vitro Ha MOJIe/ISIX HOPMaJIBHUX i MyXJIMHHUX KJIITUH BCTaHOBJIEHO, 1[0 OOMBA TUIIU
MaKCeHiB JJEMOHCTPYIOTb BUCOKY 6i0CYMICHICTb Ta HU3bKY IUTOTOKCHYHICTb. ND4C3Tx epeKTuBHO
iHTepHai3yeThCs KIITUHAMYA MEJIAHOMU B LIMTOILJIa3Mi. BUSIBIIEHO BaXK/IMBY METOM0JIOTIYHY 3aKOHOMIDHICTb:
MaKCEeHH 3[1aTHi 10 aBTOKATaJiTUYHOTO BiJHOBJIEHHS P€3a3ypUHY, [0 MOXKe IIPU3BOJUTHU 0 XMOHOIIO3UTUBHUX
pe3yJIbTaTiB i BUMarae 060B's13k0Boi Kpoc-Bepu@ikauii. Kom6iHOBaHMI1 BIIJIMB MAKCEHIB Ta iMITyJIbCHOTO JIa3epa
CIIPUYMHSB [,0303aJIe’KHY 3arubesib NyXJIMHHUX KIiTHH. OLjiHKa 6e311eKu MeToly in vivo Ha Mogesi mypiB
HigTBEpAMIIA BiICYTHICTh CUCTEMHOI TOKCUYHOCTI: TiCTOJIOTIYHUI aHali3 BiCLlepaJIbHUX OPraHiB HE BUSIBUB
[aTOJIOTIYHMX 3MiH Y4 HELiJIbOBOTO HAKONMYEHHA MaTepiany micida BBegeHHs Ti3C2Tx Ta 1a3epHOro onpoMiHEHHS.
Micuesi peakuii Kipy Maau TPAH3UTOPHUI XapaKTep i 3aBepIIyBaJNCs TOBHUM BiJHOBJIEHHSIM. TepaneBTu4Hy
edexruBHicTb Nb4C3Tx-onocepenkosanoi ®TT y Bikui NIR-II Bepiue nosefieHo in vivo Ha CUHT€HHI Mogei
MeJIaHOMM y Muliel. BHyTpimHbonyxnvHHi iH'ekuii Nb4C3Tx i3 TpupaszoBum imnysibcHUM onpomiHeHHIM (1064 HMm)
IOCTOBIpHO NPUTHIYyBaJIM PiCT MYXJIMH: iXHil BifHOCHMI1 po3Mip OyB Maike BTPUYi MEHIIUM MOPIBHSIHO 3
KOHTPOJIEM Ha 26-1 fAeHb. CrloCcTepiraancs MaCMBHUI HEKPO3 KJIITUH MEJIAHOMH Ta AECTPYKLis CYAUHHOrO pycJa.
3a JonoMOror iMyHOTiCTOXIMIYHOTO aHasi3y BIEpIIE ONMCAHO MEXaHi3M JIOKaJIbHOTO KJIipEHCY HaHOMaTepiasliB in
vivo: esrimiHanis HaHonacTiBLiB Nb4C3TxX Bin6yBaeThCs MIIIXOM aKTUBHOTO (paronutosy makpodaramu M1 (CD68+)
ta M2 (CD163+) Tumy, siki popmyIoTh KJ1aCTepH B 30Hi penapatiii nyxinHy, 6e3 HaKONIMYeHHs! B OpraHax. Xoua
IIOBHOI epajiuKallii BeJIMKMX MyXJIMH He 6YJI0 JOCATHYTO Yepe3 OOMEKEHHS ITIMOMHI IPOHUMKHEHHS CBITJIa Ta
BiICYTHICTb aKTUBHOI'O TApreTyBaHHs YUCTUX MAKCEHiB, OTPMMAaHi pe3ysbTaT (POPMYIOTb HALiIHY
(dyHIaMeHTasbHy 6a3y 11711 CTBOPEHHS iHHOBALiHUX 71aTHOPM MpenusiiHoi HaHoMeAULMHYA. ONTUMi30BaHi
NapameTpu iMITyJIbCHUX JIa3€piB y MOEHAHHI 3i CTPATErisIMA aKTMBHOIO TAPreTYBaHHS JO3BOJISATh LOCIITU

0€e31eYyHoro i BI/ICOKOCC])CKTI/IBHOI‘O ]IiKYBaHHH OHKOJIOTiYHUX 3aXBOPIOBAHb.

2. Malignant neoplasms remain one of the most acute problems in modern medicine. Highly aggressive forms, such
as skin melanoma, whose incidence is steadily increasing, are of particular concern. Traditional treatment methods
(chemotherapy, immunotherapy) are often accompanied by high systemic toxicity, the development of resistance,
and autoimmune reactions. Given this, modern oncology urgently needs to transition to minimally invasive
strategies that effectively destroy tumors while preserving the architecture of healthy tissues and minimizing
systemic burden on the patient. Thermal ablation of tumors, particularly photothermal therapy (PTT), is a
promising treatment option. Its mechanism is based on induced hyperthermia: heating above 50 °C leads to
irreversible protein denaturation and coagulation necrosis. The use of near-infrared (NIR) radiation ensures light
penetration through biological tissues. The "biological transparency window" in NIR-II (1000-1700 nm) is
particularly promising, as it is characterized by low scattering, greater tissue tolerance, and the ability to penetrate
to significant depths. This guarantees the spatial selectivity of the therapy, significantly reducing the risk of
damaging surrounding healthy structures. Nanomaterials open up a new level of precision in PTT. Of particular
interest are MXenes—a class of two-dimensional materials consisting of transition metal carbides or nitrides. They



strongly absorb light in the NIR range and exhibit high efficiency in converting it into heat. However, continuous-
wave lasers have been used in most studies to date. Conversely, pulsed lasers reduce the total impact energy,
enabling effective tumor ablation with minimal thermal damage to surrounding tissues. The dissertation is devoted
to the development, optimization, and evaluation of the efficacy and biocompatibility of PTT protocols for
malignant neoplasms using MXenes (Ti3C2Tx and Nb4C3Tx) in synergy with pulsed NIR radiation. The hypothesis
regarding the advantages of using pulsed Nd:YAG lasers (1064 nm, NIR-II) in combination with MXenes was
experimentally confirmed. Energy generation via ultrashort flashes with thermal relaxation periods enables
thermal confinement, preserving surrounding cells. Using a suite of physicochemical methods (XRD, SEM /TEM,
EDS), the successful synthesis and structural stability of Ti3C2Tx and Nb4C3Tx were confirmed, and their ability to
convert light into heat effectively was demonstrated. Optimal laser exposure parameters were established: a power
density of 3.1J/cm?, a pulse duration of 200 ms, and a frequency of 1 Hz (heating above 60 °C). In vitro studies
using normal and tumor cell models have demonstrated that both types of MXenes exhibit high biocompatibility
and low cytotoxicity. Nb4C3Tx is effectively internalized by melanoma cells and localizes to the cytoplasm. A
crucial methodological regularity was discovered: MXenes can undergo autocatalytic reduction of resazurin, which
can lead to false-positive results and requires mandatory cross-verification. The combined effect of MXenes and
pulsed laser irradiation induced the dose-dependent death of tumor cells. In vivo safety evaluation of the method
on a rat model confirmed the absence of systemic toxicity: histological analysis of visceral organs revealed no
pathological changes or off-target material accumulation following Ti3C2Tx administration and laser irradiation.
Local skin reactions were transient and resolved with complete repair. The therapeutic efficacy of Nb4C3Tx-
mediated PTT in the NIR-II window was demonstrated in vivo for the first time on a syngeneic melanoma model in
mice. Intratumoral injections of Nb4C3Tx followed by threefold pulsed irradiation (1064 nm) significantly inhibited
tumor growth: on the 26th day, their relative size was almost three times smaller compared to the control group.
Massive necrosis of melanoma cells and destruction of the vascular bed were observed. Using
immunohistochemical analysis, the mechanism of local nanomaterial clearance in vivo was described for the first
time: Nb4C3Tx nanoflakes are eliminated via active phagocytosis by M1 (CD68+) and M2 (CD163+) macrophages,
which form clusters in the tumor repair zone without accumulating in internal organs. Although complete
eradication of large tumor masses was not achieved due to the physical limitations of light penetration depth and
the lack of active targeting in pristine MXenes, the results obtained provide a reliable fundamental basis for
developing innovative precision nanomedicine platforms. Optimized pulsed-laser parameters, combined with
active targeting strategies, will enable safe and highly effective treatments for oncological diseases.
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