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JOCIIIXKEHHA KOMBIHOBAHOI'O BIUINBY
CYIIEPITAPAMATHITHUX HAHOYACTUHOK HABAHTAZKEHUX
JOKCOPYBIIINMHOM I HEIOHI3YIOYOI'O EJIEKTPOMAT'HITHOI'O
OITPOMIHEHHSA HA KAPLIUHOCAPKOMY YOKEP-256

Merta: locnigut KOMOGIHOBaHMIA BNIMB CyneprnapaMarHiTHUX HAHOYACTUHOK HaBAHTAXEHWUX NPOTUNYXAUHHUM Npena-
paToM AOKCOPYOiLMHOM i HeiOHi3yl0YOro eNeKTPOMAarHiTHOro ONpoMiHeHHs Ha KapuuHocapkomy Yokep-256 3 BUKO-
PUCTaHHAM MarHiTOXiMi4yHOT TeXHONOTIT.
Marepianu 1a meToam. HeiHOpeaHUX LypiB-CaMOK PO3NOAiNMAN HA ABi rPynu: KOHTPOJbHY (TBAapUHU-NYXANHOHOCIT 6e3
BNAMBY) Ta eKCNepUMeHTanbHy, AKii BBOAUAM cynepnapamarHitHi Fes04 HaHoyacTuHkm (3 mr/kr, Sigma-Aldrich, CLLA),
HaBaHTaxeHi pokcopybiunHom (1,5 mr/kr, Pfizer, Itanis), Ta nippasanu BNAMBY nocTiitHOro MarHitHoro (30 mTn) it
efiekTpoMarHitHoro nons (42 MIu) npotarom 15 x8 (5 ceaHciB i3 2-ro fHA nicnsa nepewenneHHs nyxauHu). CTpyKTypHi
3MiHWM Y NYXAWHI OLiHIOBANW METOAOM MarHiTHO-pe30HaHCHOT ToMorpadii 3 MarHiTHUM nonem cunoto 1,5 Tn, enekTpo-
MarHiTHUM nonem yactototo 63,9 My (Intera, Philips, Hinepnanan) 3 noganbwmnm TEKCTYPHUM aHANi3oM reteporeH-
HoCTi y nporpamHomy cepeposui LifeX (®paHuis). Pepokc-cTaH nyximMHM Ta KpoOBi BU3HAYanM 3a piBHAMU BifIbHOMO
3ani3a, LuepynoniasmiHy, CynepoKCUAHOrO aHiOH-paiMKana Ta OKCuay a3oTy METOLOM CMEeKTPOCKONii eNeKTpoOHHOro
napamarHiTHOro pe3oHaHcy.
Pe3ynbratn. Komb6iHOBaHMit BNAMB NPU3BOAUB [O 3MEHIEHHS 00'€MY NYXAUHU Ha 44—64 % BiHOCHO KOHTPOIO
(p<0,05) 313 no 18 poby. Y 30Hi iHTEpECY NYXAMHN 3HAYEHHSA TEKCTYPHUX NapamMeTpiB (IHTEHCUBHICTb, eHTpONis, Au-
CUMINAPHiCTb, aBTOKOPeNALif, Knactepu3saLis) Ha T.-3BaXKeHMUX MarHiTHO-pe30HAHCHUX 300paKeHHAX OyaU HUKYUMU
Ha 17-53 %, HiX y KOHTPONbHIN rpyni (p < 0,05). Micns kom6iHOBAHOTO BNAKBY, €NEKTPOHHO-NApaMarHiTHa pe3oHaH-
CHa CMEeKTPOCKONiA 3aCBifunna 3HMKEHHS piBHIB CyNnepoKCMAHOTO paanKkany i okcuay as3oty B nyxnuHi (4,5 i 1,2 pa-
3a BiiNOBiAHO), @ TAKOX 3POCTaHHA PiBHIB BiNbHOrO 3ani3a i uepynonnasmivy (Ha 11 %), 3HUKEHHA CynepoKCMAHOrO
pagukany (Ha 54 %) Ta okcupy a3oTty (Ha 26 %) B KPOBi NyXNIMHOHOCITB, NOPIBHAHO 3 KOHTPoJeM (p < 0,05).
BucHoBOK. Bnine cynepnapamarHiTHUX HaHOYACTUHOK HABaHTAXEHWUX [OKCOPYOiLMHOM Nif Ai€l0 eNeKTpoMarHiTHo-
ro ONPOMiHEHHS HriOYe picT KapunHocapkoMu Yokep-256, 3HUXKYE BHYTPiLUIHbONYXAUHHY FeTEPOreHHiCTb i 3MiHI0E pe-
LOKC-CTaH NyXJAUHU Ta KPOBi.
Knio4oBi cnoBa: HaHOKOMNNEKC, AOKCOPYOiLMH, ENEKTPOMATHITHE ONPOMIHEHHS, MArHiTOXiMiuHa TEXHONOris, MarHiT-
HO-pe30HaHCHa ToMorpadis, reTeporeHHicTb MyXAUHW, peLOKC-CTaH, KapunHocapkoma Yokep-256.
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STUDY OF THE COMBINED EFFECT OF DOXORUBICIN-LOADED
SUPERPARAMAGNETIC NANOPARTICLES AND NON-IONISING
ELECTROMAGNETIC IRRADIATION ON WALKER-256
CARCINOSARCOMA

Objective: to examine the combined effect of doxorubicin-loaded superparamagnetic nanoparticles and non-ionis-
ing electromagnetic irradiation on Walker-256 carcinosarcoma using magnetochemical technology.
Materials and methods: Non-inbred female rats were divided into the control (untreated tumour-bearing) and
experimental group receiving superparamagnetic Fes04 nanoparticles (3 mg/kg, Sigma-Aldrich, USA) loaded with
doxorubicin (1.5 mg/kg, Pfizer, Italy) and exposed to a static magnetic (30 mT) and electromagnetic field (42 MHz)
for 15 minutes (5 sessions from day 2 after tumour inoculation). Tumour structural changes were evaluated using
magnetic resonance imaging at 1.5 T field strength and 63.9 MHz frequency (Intera, Philips, Netherlands), followed
by texture heterogeneity analysis with LifeX software (France). Free iron, ceruloplasmin, superoxide radical and
nitric oxide were measured by electron paramagnetic resonance spectroscopy to characterise the tumour and blood
redox state.
Results. Combined treatment reduced tumour volume by 44-64 % on days 13—18 compared with the control (p<0.05).
Texture parameters (intensity, entropy, dissimilarity, autocorrelation, cluster tendency) in tumour regions of inter-
est on T,-weighted images were 17-53 % lower than in the control (p < 0.05). After treatment, electron paramag-
netic resonance spectroscopy revealed lower superoxide radical (4.5-fold) and nitric oxide (1.2-fold) levels in
tumour samples, in addition to increased free iron, ceruloplasmin (by 11 %) and reduced superoxide (by 54 %), nitric
oxide (by 26 %) in blood samples of tumour-bearing animals, compared with the control (p < 0.05).
Conclusion. Doxorubicin-loaded superparamagnetic nanoparticles combined with electromagnetic irradiation
inhibit Walker-256 carcinosarcoma growth, reduce intratumour heterogeneity and initiate changes in the tumour
and blood redox state.
Key words: nanocomplex; doxorubicin; electromagnetic irradiation; magnetochemical technology; magnetic reso-
nance imaging; tumour heterogeneity; redox state; Walker-256 carcinosarcoma.
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BCTVYII INTRODUCTION

37105IKiCHI HOBOYTBOPEHHS € OfHi€l0 3 MpoBimHux ripu-  Cancer is one of the leading causes of death
gyuH cMepTi y cBiTi. Jlo 2050 poky ouikyeThcs 35,3 miia  worldwide. By 2050, the number of new cancer
HOBHUX BMIaAKiB i 18,5 MaH cMepTeil Bim 3mosgkicHUX  cases is expected to reach 35.3 million and the
HOBOYTBOpeHb — Ha 76,6 % i 89,7 % O6inmbme, number of cancer-related deaths to exceed 18.5
BiAMOBiAHO, Y mopiBHsIHHI 3 2022 pokoM [1]. XimioTe- million — a 76.6 % and 89.7 % increase com-
parrist, IpoMeHeBa Teparrid i Xipyprisg 3anumiaioTbes oc-  pared with 2022, respectively [1]. Although
HOBHMMM MeTOJaMHU JIiKyBaHHS, TpoTe ixHdI edek- chemotherapy, radiotherapy and surgery remain
THUBHICTb OOMEXYEThCSI PO3BUTKOM PE3UCTEHTHOCTi, the main treatment options, their efficacy is lim-
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no0iyHUMM edeKTaMU Ta HEIOCTaTHBOIO CeJIeK-
TUBHICTIO il [2].

Ha TenepiliHiii yac po3po0sitoTbCsl HAHOTEpPaHOC-
TUYHI MiIXOAM, 30KpeMa MarHiTOXiMiuyHa TeXHOJIOTid,
siIKa BMKOPHCTOBYE MarHiTHi HaHo4yacTMHKM (MHUY)
HaBaHTaXXCHI MPOTUNYXJIMHHUMM IIperapataMu i
BILUIMB HEIOHI3YIOUOTO €JIeKTPOMArHiTHOIO OIIPOMiHEH-
HS IJ1 Teparii 3JIOSKICHMX HOBOYTBOpPEHb. 3aBISIKU
MOXJIMBOCTI NHMCTAHIIIITHOI KepOBAHOCTiI 30BHILIHIMU
ejaekTpomarHitHumu noysmu (EMII), dyHkuioHami-
3allil OBEPXHi Ta BUCOKOI 0i0CYMiCHOCTi, HAHOYACTHH-
KM y MarHiTHoMy HaHokomIuiekci (MHK) BukoHy0Th
pOJIb SIK T€PaIrieBTUYHOTO 3aco0y, TaK i KOHTPACTHOTO
areHTa Npu MarHiTHO-pe3oHaHCHii Tomorpadii (MPT)
[3—5]. IIpotumyximHHA Iis TEXHOJIOTiI 3acHOBaHA Ha
peanizauii: (1) TapreTHoi JOCTaBKM HAHOKOMILIEKCY;
(2) momipHoro iHmyKIiliHOrO HarpiBy no 40—42°C [6];
(3) MarHiTOXiMiYHMX i MarHiTO-MexaHiYHUX e(heKTiB, M0-
B’S3aHUX 3 BIUIMBOM IIOCTiAHOTO MAarHiTHOTIO IIOJIS
(ITMIT) it EMII Ha BinbHOpaauKaabHi peakllii, yTBOpeH-
Hs akTuBHUX dopM KucHIo (ADK) Ta azoty (ADA) |7].
36inpmenHs piBHiB ADK ta ADA y cBOIO Uepry iHillioe
pPeIOKC-UyT/IMBI CUTHaAJbHI 1JISIXM, OKMCHUI CTpec,
arornTo3 i HEKPO3 3JIOSIKICHUX KJIiTUH [8].

Bapto BinMmiTuTH, 110 cyrnepriapamarditHi MHY He
MaloTh 3aJMILIKOBOI HAMArHiYeHOCTi, TOMY MiCJsl MpU-
MUHEHHS BIUIMBY 30BHIIITHHOTO MOJIsI, BOHU BTPAYaloTh
MarHiTHuUii MoMeHT. lle 3MeHIye pu3MK arperaiii
MHUY i nmokpaiiye ixHio OiocyMicHicTb. Cymeprapa-
marHiTHi MHY cTBOpIOIOTH JIOKAJIbHI 30ypeHHs Mar-
HiTHOTO TI0N14T (Bp) TIpM MPT 1 MOmMiKyIoTh Uac CITiH-
criHoBoi (TlornepeyHoi) penakcauii Tr, 3MeHIIyIOYU
IHTEHCUBHICTb 300pakeHH:I, a 32 po3Mipy < 5 HM Taki
MHUY cyTTeBO BIIMBAIOTh HA 4Yac i CHiH-peliT4acToi
(TTOB3IOBXHBOI) penakcarii T, 10 TPU3BOIUTL IO
30LIbIIIEHHST iIHTEHCUBHOCTI 300paxkeHH: [9, 10].

BonHouac crnoctepiraeTbCsl CyMmicHa Jisl TEIUIOBUX i
HETEII0BUX eeKTiB mpotunyxanHHoi aii EMII. OgHak
TPaHCJISILIS 1 KJIiHIYHE 3aCTOCYBAaHHSI MarHITOXiMi4HOI
TEXHOJIOTi1 CTUKAETHCS 3 TPYAHOILIAMU — HEOTHOPITHUM
HarpiBoMm i posmnoaiziom MHY yHacmigok reteporeH-
HOCTI TKaHWH 3JIOSIKiCHUX ITyXJIMH Ta MOIIKOIKEHHIM
OTOUYIOUMX HOPMAaJIbHMX TKaHWH. YacTKOBO 1€ MOX-
JIMBO MOIOJATH 3 JONOMOrow rpamieHTHoro ITMII,
1110 T03BOJIsIE HampaBieHo noctaiasitu MHK i hpopmy-
Batu MHY xiactepu y BiIIOBiZHOCTI 1O reoMeTpii
nyximan [11]. Camocrtiitinnii BrmB [IMIT moxe sk
CTUMYJIIOBATH, TaK i TaJbMyBaTH MyXJIUHHUI picT. Tomi
sik KoMOiHoBaHM BruiuB [TMIT Ta EMII 3 BUKopucTaH-
HsaM MHK criprunHIOE raabMiBHUM e(DEeKT Ha piCT eKC-
TMepUMEHTATLHIX MOJIEJIEH 3ITOSIKICHUX TTyxJTiH [12].

ited due to drug resistance, side effects and off-tar-
get action [2].

Nanotheranostic approaches are currently being
developed, including magnetochemical technology
that exploits magnetic nanoparticles (MNPs) loaded
with antitumour drugs and non-ionising elec-
tromagnetic irradiation for cancer treatment. MNPs
within a magnetic nanocomplex (MNC) serve a dual
role as both a therapeutic agent and a contrast agent
for magnetic resonance imaging (MRI), given the
ability of external electromagnetic fields (EMFs) to
remotely control MNPs, functionalised MNP sur-
faces and high biocompatibility [3—5]. The antitu-
mour effect in this technology is attributed to sever-
al mechanisms: (1) targeted delivery of MNCs to the
tumour; (2) moderate (40—42°C) localised heating
[6]; (3) magnetochemical and magnetomechanical
effects arising from static magnetic field (SMF) and
EMF influence on free radical reactions, reactive
oxygen (ROS) and nitrogen species (NOS) genera-
tion [7]. Elevated ROS and NOS levels initiate
redox-sensitive signalling cascades, promote oxida-
tive stress and trigger apoptosis and necrosis in can-
cer cells [8].

It should be noted that superparamagnetic MNPs
exhibit no remanent magnetisation. Once the exter-
nal field has been removed, superparamagnetic
MNPs lose their magnetic moment. This minimises
the risk of MNP aggregation and enhances their bio-
compatibility. Superparamagnetic MNPs induce
local perturbations in the magnetic field (By) during
MRI, altering the T, spin-spin (transverse) relaxation
time and thereby lowering image intensity. When the
MNP size is below 5 nm, they show a pronounced
effect on the T, spin-lattice (longitudinal) relaxation
time, leading to increased image intensity [9, 10].

Both thermal and non-thermal effects of EMFs
contribute to antitumour activity. However, several
challenges exist in translating magnetochemical
technology nanotheranostics into clinical applica-
tion, including non-uniform heating and MNP dis-
tribution resulting from tumour heterogeneity, as
well as damage to the peritumoural tissues. The
above limitations could, in part, be addressed by
applying a gradient SMF, which enables the targeted
delivery of MINC and the formation of MNP clusters
tailored to individual tumour geometry [11].
Exposure to SMF alone can either stimulate or
inhibit tumour growth. In contrast, combining SMF
with EMF and MNC initiates an inhibitory effect on
tumour growth in experimental models [12].
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Hocniaut KoMOiHOBAaHUI BIUIMB CyleprapaMarHiTHUX
MHUY HaBaHTaxkeHUX MOPOTUINYXJIUMHHUM IIperapaTom
JOKCOPYOILIMHOM i HEiOHi3yl0uoro eJIeKTPOMAarHiTHOIO
OTIPOMiHEHHsI Ha KaplIMHOCapKoMy Yokep-256 3 BUKO-
PUCTAHHSIM MarHiTOXiMiYHO1 TEXHOJIOT1I.

MATEPIAJIN 1 METOJIN

[lepemeruieHHS MyXJIMHA TTPOBOAMIINA KIIITUHAMU Kap-
nrHocapkoMmu Yokep-256 (2 - 10° KiIiTHH y cepeaoBHILI
199) y mpaBy 3a1HIO KiHIIiBKY CAMOK HeiHOpeTHUX IIYpiB
3 Macoro tina 123,3 £ 12,1 r (BiBapiii JIHIT «Hamionans-
HUI iHCTUTYT paky»). JlabopaTOpHUX TBapWH paH-
JIOMi30BaHO PO3MOIUIMIM Ha JBi rpynu (n = 5y KOX-
Hif): (1) KOHTPOJIb — IMTyXJIMHOHOCIT 0€3 BIUTUBY; (2) eKC-
MepUMEeHTaJbHA Tpyna IMyXJIUMHOHOCIIB, SIKy TiggaBaiu
sy MHK + IIMIT + EMII.

CynepnapamarHitHi Fe;O4 MHY (po3mipom 3—7 HM,
Sigma-Aldrich, CIIIA) HaBaHTaXXWIU TPOTUITYXJIMHHUM
npemnapaToM nokcopyoinmHom (Pfizer, Itanis) muisixom
MarHiTO-MeXaHOXIMIYHOTO CHHTE3y 3 BMKOPHMCTaHHSIM
MexaHoMarHiTHoro peaktopa (JIHIT «HauioHanbHuit iH-
CTUTYT paKy») 3TiTHO 3 TTOTepeaHbOI0 podoToro [13,14].
CuntesoBanuit MHK (3 mr/kr MHY 3 1,5 Mr/Kr 1oKco-
pyOIilIMHY) BBOJWJIM TBAPMHAM BHYTPIIIIHBOBEHHO Yepe3
no0y (5 paziB 3arajiom), TMMOYMHAIOUM 3 2-TO JAHS IiCJs
nepemerieHHs. Lypam 2-1 rpymnn Imiciast KOXXHOTO yBe-
nmenHss MHK Takox mpoBoamnu excrosuuito TTMII
(MarHiTHa iHAyKIis TocTiiHoro MarHity 30 mTm) +
EMII (42 MIi1) npoTsrom 15 XBUIKMH, BUKOPUCTOBYIOUM
JabopaTopHMii 3pa3oK amapary «MarHitepMm» (Pammip,
VYKpaiHa) 3 MarHiTHO-AUMOJBHUM arllikaTopoM. 3rimHo
3 TUIAaHOM JIiKyBaHHS y nporpamMmHomy naketi COMSOL
Multiphysics v.5.6 (COMSOL AB, IllIBewist), 3Ha4eHHS
MUATOMOTO KoedillieHTa TTOTJIMHAHHS eJIeKTPOMarHiTHOL
eHeprii (SAR) y nyxJuHi He mepeBullyBaio 8,6 Br/xr,
MpU LIbOMY MaKCMMaJibHa TeMIiepaTypa y MyXJuHi 3a 1a-
HUMM OITOBOJOKOHHOI TepmomeTpii (TM-4 tepmo-
metp, Pammip, Ykpaina) He mnepesuiuyBajia 39 °C.
ImMoOGinizallito TBapuH Tepen eKCIO3UIIIEI0 TPOBOANIN
LIJIIXOM iHranguiiiHoi aHectesii 1-2 % i3oduypany.
O0’eM NyXJAWHM BM3HAYald Ha OCHOBI BMMiplOBaHb
€JCKTPOHHUM IITAHTCHILIMPKYJIEM JTOBXWHU, IMUPUHU,
BHCOTH Ta po3paxyHKy 3a hopmyJioro efincoina [15].

71 aHami3y CTpYKTYpPHMX 3MiH y TTyXJIMHi OyJIO MpoBe-
neHo MPT-Bisyanizalio TBapuH IiCAs iHTaISLiHOL
aHecte3sil i3o¢uypaHom Ta iMmobinizauii. MPT-300pa-
JKEHHsI OyJI0O OTpMMAaHO 3a CHWJIM MarHiTHoro mois (By)
1,5 Tn i wacroru 63,9 MIix (Intera, Philips, Hinepman-
M), BUKOPUCTOBYIOUM 8-KaHaJbHY KOJiHHY KOTYIIKY
(Sense Knee Coil, Philips), 3 HaCTymHUMM TTapaMeTpaMu

OBJECTIVE

This work aims to investigate the combined effect
of superparamagnetic MNPs loaded with antitu-
mour drug doxorubicin and non-ionising electro-
magnetic irradiation on the Walker-256 carci-
nosarcoma using magnetochemical technology.

MATERIALS AND METHODS
Walker-256 carcinosarcoma cells (2 - 10° cells in
medium 199) were inoculated into the right hind
limb of female non-inbred rats weighing 123.3 =
12.1 g housed at the vivarium of the National
Cancer Institute, Ukraine. Laboratory animals
were randomly divided into two groups (n = 5 in
each): (1) control group (tumour-bearing rats
given no treatment); (2) tumour-bearing rats
exposed to MNC + SMF + EMFE
Superparamagnetic Fe;Os MNPs (3—7 nm in
size, Sigma-Aldrich, USA) were loaded with an an-
thracycline antitumour drug doxorubicin (Pfizer,
Italy) via magneto-mechanochemical synthesis
using a mechanomagnetic reactor (National Can-
cer Institute, Ukraine), as described in a previous
work [13,14]. Synthesised MNC (3 mg/kg MNPs
and 1.5 mg/kg doxorubicin) was administered
intravenously every other day (five times in total),
starting on day 2 after tumour inoculation. Tu-
mour-bearing rats in group 2 were also exposed to
SMF (magnetic induction of a permanent magnet
30 mT) + EMF (42 MHz) for 15 mins following
each MNC injection, using an experimental proto-
type of a MagTherm device (Radmir, Ukraine)
equipped with a magnetic-dipole applicator. Treat-
ment planning in COMSOL Multiphysics software
v. 5.6 (COMSOL AB, Sweden) showed that the spe-
cific absorption rate (SAR) value did not exceed 8.6
W/kg, whereas maximum temperature in the
tumour, as measured by fibre-optic thermometry
(TM-4 thermometer, Radmir, Ukraine), did not
exceed 39 °C. Prior to each exposure, animals were
anaesthetised with 1—-2 % isoflurane and immobi-
lised. Tumour volume was calculated based on mea-
surements of length, width and height using an elec-
tronic calliper, applying the ellipsoid formula [15].
To evaluate structural changes in the tumour,
animals underwent MRI following inhalation
anaesthesia with 1-2 % isoflurane and immobili-
sation. MRI scans were obtained using an Intera
scanner (Philips, the Netherlands) at the field
strength (By) of 1.5 T and frequency of 63.9 MHz
with an 8-channel knee coil (Sense Knee Coil,
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naa Ti-3BaxeHUX (4ac MOBTOpY/4ac BiJUIyHHS =
516/18 Mc; ToBIIMHA 3pi3y = 2 MM, SAR = 3,1 Bt/KkT) i
T-3BaxkeHMX (4ac MOBTOpPY/4ac BimtyHHS = 3275/60
MC; TOBIIMHA 3pi3y = 3 MM, SAR = 1,9 B1/KT) 300pa-
KeHb. TekcTypHuit aHaiiz MPT-300paxkeHb Oy10 BU-
KOHAaHO y IIporpaMHoMmy 3abe3neuerHi LifeX v.25.06.1
(®paniis) Ha ocHOBi pobit [16,17], 1m0 BKIIIOYAIO
(1) cerMeHTallil0 30HU iHTepeCy MyxXJIMHU; (2) TIPOCTO-
pOBe Mepepo3MnoaiJIeHHsI BOKCeiB; (3) AucKpeTu3allito
piBHIB IHTEHCUBHOCTI; (4) Mepepo3noiil 3HAYEHb
iHTEeHCUBHOCTI BOKCeJiB; (5) po3paxyHOK TEKCTYPHUX
napaMeTpiB y 30Hi iHTepecy MyXJIMHU METOJOM MaT-
pULIbL CYMiXKHOCTI piBHS ciporo (grey level co-occur-
rence matrix, GLCM). J1y1s1 aHaJi3y 3MiH y peOKC-CTaHi
3pa3KiB IyXJIMH Ta LUiJIbHOI KPOBi, T1OCHiIKYBaJIl BMIiCT
BiIBHOTO 3aji3a, LepyaoIlia3MiHy, CYIepOKCHUIHOIO
pagMkanga Ta OKCHUAY a30Ta METOJOM CIEKTPOCKOITii
€JIEKTPOHHOTO TlapaMmarHiTHoro pe3oHaHcy (EITP) Ha
cnektpometpi PE1307 3rigHo 3 po6oramu [18,19].
ITpouenypu 3 TBapuHAMM TPOBOIMIMCS BiIMOBiIHO
1o 3akoHy Ykpainu Ne 3447-1V ta €BponeiicbKoi au-
pexTuBu 2010/63/€C.

CratucTuyHU aHaji3 BUKOHaHO y makeTi SPSS
Statistics v.25.0 (IBM, Inc., CIIIA). s ropiBHSIHHS
MiX rpyrnamMyu BUKOPUCTaHO ABOCTOPOHHIN f-KpUTEPiii
CreroaeHTa i U-kputepiii MaHHa-YiTHi, Ha piBHi 3Ha-
gymocTi p < 0,05.

PE3VYJIBTATU TA OBTOBOPEHHS

3MiHM 00’eMy MyXJIMHU BU3HAYaIM NpOTArom 18 nid
micisl iHOKYJISILIT, OCKIJIbKM KaplMHOCapKOMa YOoKep-
256 mpoXoauTh BCi TpU CTadii po3BUTKY (iHillialis,
MPOMOLLisl i MPOTrpecyBaHHsI) MPOTITOM KOPOTKOTO Ie-
pioay yacy [20]. AHani3 HaBeaeHUX JaHUX (puc. 1) 110-
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Philips). Image acquisition parameters were as fol-
lows for T;-weighted images (repetition time
(TR)/echo time (TE) = 516/18 ms, slice thickness =
2 mm, SAR = 3.1 W/kg) and T,-weighted images
(TR/TE = 3275/60 ms, slice thickness = 3 mm,
SAR = 1.9 W/kg). Texture analysis of collected MRI
scans was performed using LifeX software v.25.06.1
(France) based on refs [16,17], which included
(1) delineating tumour regions of interest (ROI),
(2) spatial resampling, (3) intensity discretisation,
(4) intensity resampling, (5) extracting texture
parameters from the tumour ROI based on differ-
ences in grey level co-occurrence matrix (GLCM).
In order to assess redox state changes in tumour and
whole blood samples, we measured the levels of free
iron, ceruloplasmin, superoxide radical, and nitric
oxide, adopting the electron paramagnetic reso-
nance (EPR) spectroscopy method with a RE1307
spectrometer, as described in [18, 19]. All animal
procedures were carried out in accordance with the
Law of Ukraine No. 3447-1V and the European
Directive 2010/63/EU.

Statistical analysis was carried out using SPSS
Statistics v.25.0 (IBM, Inc., USA). Student’s #-test
and Mann-Whitney U-test were used to compare
datasets between the groups. Statistical significance
was determined at the p-value < 0.05.

RESULTS AND DISCUSSION

Changes in tumour volume were recorded over 18
days after inoculation since Walker-256 carcinosar-
coma undergoes all three stages of development (ini-
tiation, promotion and progression) within a short
period of time [20]. Analysis of the data presented in

PUCYHOK 1. PicT nyxnuHu y TBapuH-HOCITB KapLuuHo-
capkomu Yokep-256
*CTaTUCTMYHO 3HAYyLWA Pi3HKULSA Bif KOHTpoAo, p < 0,05

Figure 1. Tumour growth in Walker-256 carcinosar-
coma-bearing animals
*Statistically significant difference from control, p < 0.05

(1) 264



ISSN 2304-8336. pobnemu pagiauiiivoi Meguunkm 1a pagiobionorii = Problems of Radiation Medicine and Radiobiology. 2025. Iss. 30.

EXPERIMENTAL

RESEARCH

0 3MiHU 00’eMy KapLuHOcapkoMu Yokep-256 Imig
srinBoM MHK + ITMIT + EMII ¢BiguuTsh, 110 moyu-
Hatouu 3 13 mo 18 gobu crocTepiraaoch CTATUCTUIHO
3Hayyllle 3MeHIIeHHs 00’ eMy NyXJIMHU Bin 44 % no 64 %
BiIHOCHO KOHTpoJIt0 6e3 BriuBy (p < 0,05).

MPT — wmerton BuOoOpy Iuisl Bidyantizalii MyXJIWH
M’SIKUX TKAaHWH 3aBASKN BUCOKIill KOHTPACTHOCTI 300-
paXeHb, 1110 J03BOJISIE OLIHIOBATU BHYTPILLIHIO CTPYK-
Typy capkoM. Ha MPT-300paxeHHsix (puc. 2) TBa-
PUH-TTYXJIMHOHOCIIB, KapLIMHOCapKoMa Yokep-256 Bi-
3yajizyBajach SIK YTBOPEHHSI HeIIpaBWIbHOIL (hOopMH, 3
YITKMMU HEPIBHUMM KOHTYpaMM, i30-TillepiHTEHCUB-
HUM CUTHaJIOM, MO BiAHOILIEHHIO 10 M’SI30BOi TKaHU-
HU 3a[HiX KiHLiBOK, Ha T;- i T»-3BaxkeHUX 300pakeH-
HSIX, 3 SBUIIIAMU IIEPUTYMOPAIBHOTO HAOPSIKY — Timep-
IHTEHCUBHOTO cUTHaJly Ha T»-3BaxkeHMX 300pakeHHSIX
3 HEPiBHUMU KOHTYpaMU, 1110 MOLIMPIOETHCS 1M03a BU-
auMux Mex nyxiauHu [21]. ITicaa BmmBy MHK +
IIMITI + EMII, y TBapuH BigMidaiucsi MEHII BUPaKeHi
SBUILA TIEpUTYMOpajibHOro HaopsKy (puc. 2B). Ha-
SIBHICTb i CTYyMiHb BUPAXXEHOCTI HAOPSIKY HaBKOJIO ITyX-
JIMHU BioOpaka€e 3MiHM y 1i MiKpOOTOYEHHi, nepedy-
JIOBY HABKOJIMIIIHIX TKAaHWH, i Ma€ IPOTHOCTUYHE 3HA-
YEHHS JIJIsI MALIEHTIB i3 30SKICHUMU MyXJIMHaAMHU [22].

PesynbraTtu TeKCTypHOro aHajidy orpuManux MPT-
300pakeHb (Tadia. 1) cBimyaTh MPO 3HAYHI CTPYKTYPHi
3MiHM B TKaHMHiI OyxJuHM micast BoauBy MHK +

Fig. 1 indicated that MNC + SMF + EMF resulted
in a significant reduction in tumour volume between
days 13 and 18, with tumour volume being 44 % to
64 % lower than that observed in the untreated con-
trol group (p < 0.05).

MRI is the imaging modality of choice for soft tis-
sue tumours owing to its high image contrast, which
enables assessment of the internal structure of sarco-
mas. On MRI scans (Fig. 2) of tumour-bearing ani-
mals, Walker-256 carcinosarcoma appeared as an
irregularly-shaped mass with well-defined uneven
borders, iso-to-hyperintense signal compared with
the hind limb muscles on both T;- and T,-weighted
images, as well as evident peritumoural oedema
characterised by a hyperintense signal on T>-weight-
ed images with ill-defined contours extending
beyond the visible borders of the tumour [21]. After
treatment with MNC + SMF + EME animals
demonstrated a reduced extent and intensity of per-
itumoral oedema (Fig. 2B). The presence and inten-
sity of oedema surrounding the tumour reflect
changes in its microenvironment, remodelling of the
adjacent tissue, and have prognostic significance for
cancer and sarcoma patients [22].

MRI texture analysis (Table 1) revealed substantial
structural change in tumour tissue following expo-
sure to MNC + SMF + EME. There was a 17 %
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PucyHOK 2. MarHiTHo-pe3oHaHCHa Bi3yanisayia kapymHocapkomu Yokep-256 y TBApUH-NYXAUHOHOCTTB KOHT-
ponbHoi rpynu (A) Ta nicna enausy MHK + MMM + EMN (B)
TunoBuit KOpoHapHMiA T2-3BaKeHWIt 3pi3: 1 — NyxnuHa; 2 — ABKLLA NEPUTYMOPANbHOTO HabPsAKY

Figure 2. Magnetic resonance imaging of Walker-256 carcinosarcoma in tumour-bearing animals in the control

group (A) and after treatment with MNC + SMF + EMF (B)

Representative coronal T2-weighted image: 1 — tumour; 2 — peritumoural oedema
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Ta6nauusa 1

TeKcTypHi napameTpu 30HU iHTEepecy NyxnuHU Ha T-3BaxKeHUx MPT-306paxeHHax, M + m

Table 1

Texture parameters extracted from the tumour region of interest in T.-weighted MRI scans, M + m

Fpyna / Group

TekcTypHuit napametp / Texture parameter

KoHnTtponb / Control MHK + MMM + EMIN / MNC + SMF +EMF
CepenHsi iHTEHCMBHICTb, y.0. / Mean intensity, arb. unit. 1180,22 = 12,18 980,01 £ 9,83*
Entponisi, y.0. / Entropy, arb. unit. 2,65+ 0,01 2,34 +0,01*
JvcumingpHicTs, y.0. / Dissimilarity, arb. unit. 5,67 0,09 3,52 + 0,05*
AsTokopensLis, y.0. / Autocorrelation, arb. unit. 801,60 + 13,84 518,85 + 9,49*
Knactepu3auis, y.0. / Cluster tendency, arb. unit. 305,68 + 7,55 143,11 £ 3,72*

Mpumitka. *CTaTMCTMYHO 3HauyLLa piHLS Big koHTponto, p < 0,05
Note. *statistically significant difference from control, p < 0.05

I[IMIT + EMII. 3HmKeHHS cepeaAHbOro 3HAYeHHS iH-
TEHCHUBHOCTI CUTHAJIy B 30Hi iHTepecy NyxJauHu Ha 17 %
MOB’S13aHO 3i 3MAaTHICTIO cyneprnapaMarHiTHux MHY
BUCTYNATH y pOJIi HETAaTUBHUX KOHTPACTHUX ar¢HTIB Ha
T»-3BaxkeHux 300paxxeHHs1X. Kpim 11boro, 0yio BigMiue-
HO TIiIBUIIEHHS iHTEHCUBHOCTI curHany Ha T-3Baxe-
HUX 300pakeHHSIX MixK KOHTPOJIBHOIO Ta eKCIIEPUMEH-
TajbHOIO rpynamu (3 2790,10 £ 16,28 y.0. 1o 4966,48 +
17,60 y.0., p < 0,05), 1m0 y3romKyeTbCcs 3 BIACTH-
BICTIO yIBTpaguCcIiepCHUX cyreprnapaMarditnux MHY
(1o 5 HM) BIUTMBAaTHU Ha 4ac CHiH-pEIIiTYacToi peiak-
cauii [9,10]. 3HM>KeHHSI 3HaUY€Hb MapaMeTpiB EeHTPOITil,
JUCUMILISIPHOCTI, aBTOKOpEJISLil Ta KjacTepusalil y
30Hi iHTepecy MyxXJIMHU Ha Tr-3BaxkeHUX 300pakeHHSIX
Ha 12 %, 38 %, 35 % Tta 53 % BianoBigHO BKa3ye Ha
CIIPOILLEHHSI TEKCTYpPHOI oOpraHizallii Ta 3MEHILIEHHS
BHYTPILIHbOIIYXJIMHHOI TeTeporeHHocTi niciast MHK +
IIMIT + EMII.

ITapametp entponii (GLCM joint entropy) xapakTepu-
3y€e cepenHio iHdopmaliliHy HeBM3HAUYEHiCTb pPO3-
NOAiTy iIHTeHCUBHOCTEM cyMiXXHUX BokceiB. [TapameTp
aucuMinsgpHocti (GLCM dissimilarity) BimoOpaxae ce-
peIHIO a0COJIOTHY Pi3HUILIO iHTEHCMBHOCTEHM MiX TIa-
paMM CYMIXHHX BOKCEJiB, 110 A03BOJISIE KiJbKiCHO
OL[IHUTHU JIOKa/IbHI KOHTpacTu. Bullli 3HaueHHs LbOTO
TEKCTYPHOTO TapaMeTpy BKa3yloTh Ha OiNbII IIOPCTKY
TEKCTYpY Ta BUpaKeHy BapiabeJbHiCTb iHTEHCUBHOCTI
30HM iHTepecy nyxiauHu. IlapaMeTp aBTOKOpPEsLil
(GLCM autocorrelation) BUMIpIO€E JIIHINHY 3aJIEXKHICTb i
TMOBTOPIOBAHICTh MOENHAHb IHTEHCUBHOCTE BOKCEJIB Y
MeKax 30HU iHTepecy. Bucoki 3HaueHHs CBimuyaTh Ipo
BITOPSIAKOBAHICTb i PerysipHiCTb CTPYKTYPH, TOAi SIK
HU3bKi 3HAaYEHHS MOXYTh BKa3yBaTU Ha CTPYKTYPHY Zie-
3opratizaiito abo BTpaTy LiicHOcTi TKaHuHM. [lapa-
metp khaactepusauii (GLCM cluster tendency) €
KUJIBKiCHOIO MipOI0 3rpyMOBAHOCTI BOKCEJIB 31 CXOXKMU-
MU 3HAUYEHHSIMU DPiBHS Ciporo, Hagar4yM Oilblily Bary
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reduction in the average signal intensity of the
tumour ROI, which is attributed to the role of
superparamagnetic MNPs as negative contrast
agents on Tr-weighted images. In addition, we
noted a significant increase in signal intensity on
T-weighted images between the control and exper-
imental groups (2790.10 + 16.28 arb. units and
4966.48 £ 17.60 arb. units, p < 0.05), which reflects
the property of ultrasmall superparamagnetic
MNPs (below 5 nm) to shorten the spin-lattice
relaxation time [9, 10]. The observed decrease in
the values of texture parameters — entropy, dissim-
ilarity, autocorrelation and cluster tendency — by
12 %, 38 %, 35 % and 53 %, respectively, in the
tumour ROI on T»-weighted images indicates a loss
of complexity in texture organisation and lower
intratumour heterogeneity in response to MNC +
SMF + EMF treatment.

The entropy parameter (GLCM joint entropy)
characterises the average information uncertainty
in the intensity distribution of adjacent voxels. The
dissimilarity parameter (GLCM dissimilarity) meas-
ures the average absolute intensity difference
between pairs of neighbouring voxels, thereby
enabling the quantitative assessment of local con-
trast. Higher values of this parameter indicate a
rougher texture and more pronounced intensity
differences within the tumour ROI. The autocorre-
lation parameter (GLCM autocorrelation) is a meas-
ure of the linear dependence and repeatability of
voxel intensity combinations within the ROI. The
higher the values, the more organised and regular
the structural pattern. On the contrary, lower values
of the autocorrelation parameter suggest disorgan-
isation or loss of tissue integrity. The cluster ten-
dency parameter (GLCM cluster tendency) specifies
the degree of grouping among voxels with similar
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napaM iHTeHCUBHOCTEH, 1110 BiIXUJISIOThCS Bil cepelHb-
oro. Buili 3HaueHHS BKa3ylOTh Ha 3HA4YHy Bapia-
OeJIbHICTh Yy CyMax iHTEHCUMBHOCTEHW CYyCimHiX MiKcemiB.
3arajioM, OoTpUMaHi pe3yJIbTaTu MOXYTh OYTH iHTepIIpe-
TOBaHI SIK HACJiIOK PYWHYBaHHSI apXiTEKTOHIKM IyX-
JIMHHOI TKAaHWHM, 3HUXEHHS KJIITMHHOI IIUJILHOCTI,
BTpaTU IIPOCTOPOBOI BIOPSAKOBAHOCTI CTPYKTYPHUX
KOMITIOHEHTIB Ta 0CJIa0JeHHS MiXXKIIITUHHUX B3a€EMOIiiA.
Lle BapTO BpaxoByBaTU MPU BUKOPUCTAHHI TEKCTYPHUX
napameTpiB, po3paxoBaHUX HA MEAUYHUX 300pakeHHSIX,
y SIKOCTi TOJAaTKOBOI KiJIbKICHOT iH(opMaIlii 11T OiHKA
MpPOrHo3y MnaiieHTiB [23].

Pesynsratu EITP-cniekTpockomii (puc. 3) 3acBimunim
BiIMIHHOCTI y TTOKa3HUKaX PEeIOKC-CTaHy IMyXJWHMU Ta
KpPOBi TBapMH MiX KOHTPOJIbHOIO i eKCIepuMeHTallb-
Hoto rpynamu. 3okpeMa, BriuB MHK + TTMIT + EMII
MPU3BOAUB BiAMOBIAHO 10 3HMXKEHHS B 4,5 Ta 1,2 pasa
PiBHSI CYIIEPOKCHUIHOIO aHiOH-paauKaly Ta OKCUIY a30-
Ty B IyXJIMHI BiTHOCHO KOHTpoJIt0 (p < 0,05). 30inbI11eH-
HSI CTPYKTYPHOI IeTepOreHHOCTI 3JI0SIKiCHUX MyXJIMH, a
camMe CYOIMHHOI Mepexi, MOxXe MPU3BOAUTU A0 OiTbII
BpakeHOI TiMOKCii, i IK HACJIiTOK IMiABUILEHHS YTBOPEH-
o1 APK ta ADA [24]. Binomo, 110 JOKCOPYOILIMH Y
ckinagi MHK Gepe yyacTh B OKMCHO-BiZHOBHHUX pe-
aKiisx Mix ioHaMu 3aiiza Ha roBepxHi MHY ta B 6io-
JIOTITYHOMY CepeaoBUILi, BimHoBmOI0uM Fe** no Fe** [25].
MexaHi3M TPOTUITYXJIMHHOI 1Tii y TaHiit poOOoTi OB’ g3a-
HU 3 BIUTMBOM HEiOHi3yI0YOTO eJIEeKTPOMArHiTHOTO OIT-
pOMiHEHHS Ha KiHeTuKy iHiuiioBanHux MHK BinbHOpa-
IUKAIbHUX peakiiii, Hampukian peakuii MeHTOHA Ta

grey-level values, assigning greater weight to inten-
sity pairs that deviate from the mean. Greater val-
ues of cluster tendency imply greater variability in
the sum of intensities in neighbouring voxels.
Taken together, these results may indicate archi-
tectural disruption in the tumour tissue, lower cell
density, loss of spatial organisation in structural
components and suppressed interactions between
cells. This should be considered as additional
quantitative information for assessing patient
prognosis when using texture parameters extracted
from medical images [23].

EPR-spectroscopy (Fig. 3) revealed differences
in the tumour and blood redox state between the
control and experimental groups. In particular,
MNC + SMF + EMF caused a 4.5-fold and 1.2-
fold decrease in superoxide anion radical and nitric
oxide, respectively, as compared with the control
group (p < 0.05). Greater structural heterogeneity
in malignant tumours, specifically in the vascula-
ture, can lead to more pronounced hypoxia and
increased formation of ROS and RNS [24]. As is
well-known, doxorubicin in MNC is involved in
redox reactions between iron ions on the surface of
MNPs and in the biological media, namely reduc-
ing Fe** to Fe?" [25]. The underlying mechanism of
the combined antitumour treatment is based upon
the effect of non-ionising electromagnetic irradia-
tion on the kinetics of free radical reactions initiat-
ed by MNC, including the Fenton and Haber—
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PucyHoK 3. PegoKc-cTaH y KpoBi Ta nyxnAuUHi TBAPpUH-HOCTiB KapunMHocapkommu Yokep-256

*CTaTMCTUYHO 3HauyLWa pi3HMUA Big KOHTpoo, p < 0,05

Figure 3. Blood and tumour redox state in Walker-256 carcinosarcoma-bearing animals

*Statistically significant difference from control, p < 0.05
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Tabepa—Beiica, i penoKc-perysilii KIIITMHHOI 3aru0elti.
Mu npunyckaemo, 1o BmauB MHY y moemHaHHi 3
IIMIT ta EMII mir moayiroBaTU CIIiHOBI CTaHU paau-
KaJbHUX Map, 3HiMaouu 3a00pOHY NepeXOoay MiX TpUII-
JIETHUM i CUHTJIETHUM CTaHOM, CIIPUSIIOUU OiTbII eheK-
TUBHOMY II€PETBOPECHHIO CYIIEPOKCUIY Ta OKCUAY a30Ty
B inmi ADK ta ADA [26]. [Ticas KoMOGiHOBAHOTO JIIKY-
BaHHS B KPOBi TBAapUH-ITYyXJIMHOHOCIIB OyJI0 3apeecTpo-
BaHO 30i/JblLIEHHs PiBHIB BiJIbHOIO 3aji3a Ta LiepyJaoIl-
na3Miny (11 %), a TaKOX 3HUKEHHS PiBHIB CYITEPOKCU/I-
Horo pagukany (54 %) it okcuny azoty (26 %) mopiBHsI-
HO 3 KOHTPOJIbHOIO Tpynolo (p < 0,05), 110 CBiZYMTh ITPO
aKTUBAlil0 KOMIIEHCATOPHUX MeXaHi3MiB BilMOBigalb-
HUX 3a HeWTpasizalilo MPOOKCUIAHTIB, BipOTigHO, SIK
peakllisl Ha iHIyKOBaHy Tepalli€ro 3arubdeinb MmyxXJIMHHUX
kiitTuH [27]. Y nonepenHiit podori [28] Oyi10 moka3zaHo
MiIBUILEHHST PiBHS LIEPYJOIUIa3MiHy B KpOBi TBapuH
npu BBeneHHi MHY. LlepynorniasmiH — OiJIOK I1a3Mu
KPOBIi, 1110 MiCTUTb 10HU Mifi, 3aJlydeHUI y MiATpUMaHHi
roMeocTasy 3ajiza IUIsIXoM okucHeHHs1 Fe*' mo Fe®',
3MEHIYIOYM TIyJ BiJILHOTO 3aji3a i CcOpusiioud HOro
3B’S1I3yBaHHIO 3 TpaHchepuHoM [29]. B3aeM03B’130K Mixk
iHTEHCUBHICTIO CMUTHally, 3apeeECTPOBAaHOr0 METOJO0M
EITP-crniexTpockorii, Ta iHTEeHCMBHOCTI CUTHAJIy Ha OT-
puMaHux MPT-300paXeHHSIX MyXJIWHU MOXJIUBO IT1O-
SICHUTU HAATOHKOIO B3AEMOJIE€I0 MiX MAarHiTHUM MO-
MEHTOM €JIeKTpOHa y BiJIbHOMY paauKaii, 110 YTBO-
proerbess MHK Ta MarHiTHUM MOMEHTOM Siipa aTOMY
rigporeny [30].

BUCHOBOK

Komb6inoBanwmii BriiuB cymnepnapamarditiux MHY Ha-
BaHTaXK€HUX JOKCOPYOILIMHOM i HEiOHi3yl0uoro ejeKkT-
POMAarHiTHOro ONMPOMiHEHHS MIPU3BOAMB 10 iHTiOYBaHHS
pPOCTY, CIIPOLLIEHHSI TEKCTYpHOI OpraHizailii Ta 3MeHILeH-
HsI BHYTPIlLTHBOITYXJIMHHOI FeTePOreHHOCTI 3a pe3ybTa-
TaMU TEKCTypHOro aHajidy npu MPT-Bisyanizaiii, 1o
CYIIPOBOIKYBAJIOCS 3HIDKEHHSIM PiBHIB CYIIEpPOKCHUIHO-
ro aHioH-paJuKajay Ta OKCUIY a30Ty Y KapLIMHOCAPKOMi
Yoxkep-256, a TaKOX MiABUILECHHSIM PiBHIB BiJIBHOTO 3a-
Jliza i HepyJjoria3MiHy, 3HUKEHHSM CYIepOKCHUIHOIO
pagvKaly Ta OKCHIY a30Ty y KPOBi TBapWUH-ITyXJIMHO-
HOCI1B IOPiBHSIHO 3 KOHTPOJILHOIO TPYIIOI0.

IHdopmauisa npo piHaHCYyBaHHSA

Pobota BukoHaHa B pamkax mjiaHoBoi HJIP «Po3pobu-
T METOAUKY NPOTUNYXJIUHHOI Teparlil IepBUHHUX 3J10-
SIKICHUX MyXJIWH KiCTOK, 3aCHOBaHY Ha MarHiTOXiMiu-
Hili TEXHOJIOTii 3 BUKOPHUCTAHHSIM HAHOKOMILIEKCiB»
(Ne mepxpeectpanii: 0123U100711, mmumdpp podoTu
No BH.14.01.07.204-23) gyactkoBoro ¢inancyBanas MO3

Weiss reactions, which regulate redox-dependent
cell death signalling. We propose that the applica-
tion of MNC combined with SMF and EMF could
modulate the spin states of radical pairs, allowing
for transitions between triplet and singlet states,
otherwise spin-restricted, and thereby facilitating a
more efficient conversion of superoxide and nitric
oxide into other ROS and RNS [26]. In response to
the combined treatment, there was an increase in
the blood level of free iron and ceruloplasmin (by
11 %) at the same time as superoxide radical and
nitric oxide levels were 54 % and 26 % lower than
in the control group, respectively (p < 0.05), indi-
cating the activation of compensatory mechanisms
responsible for neutralising prooxidants, in res-
ponse to tumour cell death resulting from the given
treatment [27]. A previous study [28] also reported
an increase in the blood level of ceruloplasmin fol-
lowing MNP administration. Ceruloplasmin is a
copper-containing plasma protein that regulates
iron homeostasis by oxidising Fe?* to Fe**, thereby
reducing the pool of free iron and facilitating its
binding to transferrin [29]. The relationship
between EPR signal intensity and MRI signal
intensity observed in the tumour can be attributed
to the hyperfine interaction between the magnetic
moment of the unpaired electron in a free radical
generated by MNC and the magnetic moment of
the hydrogen nucleus [30].

CONCLUSION

The combined effect of superparamagnetic MNPs
loaded with doxorubicin and non-ionising electro-
magnetic irradiation resulted in tumour growth
inhibition, loss of complexity in texture organisa-
tion and lower intratumour heterogeneity, as deter-
mined by texture analysis of acquired MRI scans,
which was accompanied by reduced levels of super-
oxide anion radical and nitric oxide in Walker-256
carcinosarcoma as well as increased levels of free
iron and ceruloplasmin, reduced superoxide and
nitric oxide levels in the blood of tumour-bearing
animals when compared with the control group.

Funding information

This work was carried out within the planned
research project «To develop a method of antitu-
mor therapy of primary malignant bone tumors
based on magnetochemical technology using na-
nocomplexes» (state registration # 0123U100711,
code: BH.14.01.07.204-23) partially funded by the

(1) 268



ISSN 2304-8336. pobnemu pagiauiiivoi Meguunkm 1a pagiobionorii = Problems of Radiation Medicine and Radiobiology. 2025. Iss. 30.

EXPERIMENTAL

RESEARCH

VYkpainu Ta 3a vactkoBoro ¢iHaHcyBaHHS Bin IEEE
Magnetics Society, USA Science and Technology Center
in Ukraine (project «Magnetism for Ukraine» Ne 9918).

Bupa3s Bga4HOCTI

BucnoBioemMo BASYHICTb JOKTOPY OiOJOTiYHMX Ha-
YK, TIPOBiIHOMY HayKOBOMY CHiBpOOITHUKY [HCTUTY-
Ty eKCIIepMMEHTaIbHOI MaTOJIOTii, OHKOJIOTII i pagio-
6iosorii im. P.€. KaBeubkoro HaiioHaiabHO1 akageMii
HayK YkpaiHnu AHatosmito ITaBnosuuy bypiaui 3a me-
TOAUYHY JonoMory B pociimkeHHi EITP.

KoHdnikT iHTepecis
ABTOPU 3a51BJISIOTh PO BiACYTHICTh KOHMJIIKTY iHTe-
peciB.

CINMUCOK BUKOPUCTAHUX OXKEPEN

1. Global disparities of cancer and its projected burden in 2050 / H. Bi-
zuayehu, K. Ahmed, G. Kibret et al. JAMA Netw. Open. 2024. Vol. 7,
no. 11. P. €2443198. DOI: 10.1001/jamanetworkopen.2024.43198.

2. Treatment of adult soft tissue sarcomas: An Overview / S. Arifi, R.
Belbaraka, R. Rahhali et al. Rare Cancers Ther. 2015. Vol. 3, no. 1.
P. 69-87. DOI: 10.1007/s40487-015-0011-x.

3. Magnetic nanoparticles and drug delivery systems for anti-cancer
applications: a review / W. Graham, M. Torbett-Dougherty, A. Islam
et al. Nanomaterials (Basel). 2025. Vol. 15, no. 4. P. 285. doi: 10.
3390/nano15040285.

4. Thiesen B., Jordan A. Clinical applications of magnetic nanoparticles
for hyperthermia. Int. J. Hyperthermia. 2008. Vol. 24, no. 6. P. 467-
474. DOI: 10.1080/02656730802104757.

5. Magnetic nanomaterials as contrast agents for MRI / S. Caspani, R.
Magalhaes, J. Araujo et al. Materials (Basel). 2020. Vol. 13, no. 11.
P. 2586. DOI: 10.3390/ma13112586.

6. Iron oxide based magnetic nanoparticles for hyperthermia, MRI and
drug delivery applications: a review / R. Ghazi, T. Ibrahim, J. Nasir
et al. RSC Adv. 2025. Vol. 15, no. 15. P. 11587-11616. DOI: 10.
1039/d5ra00728c.

7. Cancer treatment by magneto-mechanical effect of particles, a
review / C. Naud, C. Thebault, M. Carriere et al. Nanoscale Adv.
2020. Vol. 2, no. 9. P. 3632-3655. DOI: 10.1039/d0na00187b.

8. Rotating magnetic fields inhibit mitochondrial respiration, promote
oxidative stress and produce loss of mitochondrial integrity in can-
cer cells / M. Sharpe, D. Baskin, K. Pichumani et al. Front. Oncol.
2021. Vol. 11. P. 768758. DOI: 10.3389/fonc.2021.768758.

9. Stephen Z., Kievit F., Zhang M. Magnetite nanoparticles for medical
MR imaging. Mater. Today (Kidlington). 2011. Vol. 14, no. 7-8. P.
330-338. DOI: 10.1016/51369-7021(11)70163-8.

10. Exceedingly small iron oxide nanoparticles as positive MRI contrast
agents / H. Wei, O. Bruns, M. Kaul et al. Proc. Natl. Acad. Sci.
USA. 2017. Vol. 114, no. 9. P. 2325-2330. DOI: 10.1073/pnas.
1620145114.

Ministry of Health of Ukraine and partially funded by
the IEEE Magnetics Society, USA Science and Tech-
nology Center in Ukraine (project «Magnetism for
Ukraine 2024/2025» No. 9918).

Acknowledgements

We express our gratitude to Anatoliy Pavlovych
Burlaka, Doctor of Biological Sciences, leading
researcher at the R.E. Kavetsky Institute of
Experimental Pathology, Oncology and Radiobiology
of the National Academy of Sciences of Ukraine, for
his methodological assistance in EPR studies.

Conflict of interest
The authors declare no conflict of interest.

REFERENCES

1. Bizuayehu H, Ahmed K, Kibret G, Dadi A, Belachew S, Bagade T, et
al. Global disparities of cancer and its projected burden in 2050.
JAMA Netw Open. 2024;7(11):€2443198. doi: 10.1001/jamanet-
workopen.2024.43198.

2. Arifi S, Belbaraka R, Rahhali R, Ismaili N. Treatment of adult soft tis-
sue sarcomas: An overview. Rare Cancers Ther. 2015;3(1):69-87.
doi: 10.1007/540487-015-0011-x.

3. Graham W, Torbett-Dougherty M, Islam A, Soleimani S, Bruce-Tagoe
T, Johnson J. Magnetic nanoparticles and drug delivery systems for
anti-cancer applications: A review. Nanomaterials (Basel). 2025;
15(4):285. doi: 10.3390/nan015040285.

4. Thiesen B, Jordan A. Clinical applications of magnetic nanoparticles
for hyperthermia. Int J Hyperthermia. 2008;24(6):467-74. doi: 10.
1080/02656730802104757.

5. Caspani S, Magalhaes R, Araujo J, Sousa C. Magnetic nanomateri-
als as contrast agents for MRI. Materials (Basel). 2020;13(11):2586.
doi: 10.3390/ma13112586.

6. Ghazi R, Ibrahim T, Nasir J, Gai S, Ali G, Boukhris |, et al. Iron oxide
based magnetic nanoparticles for hyperthermia, MRI and drug deliv-
ery applications: A review. RSC Adv. 2025;15(15):11587-11616.
doi: 10.1039/d5ra00728c.

7. Naud C, Thebault C, Carriere M, Hou Y, Morel R, Berger F, et al.
Cancer treatment by magneto-mechanical effect of particles, a
review. Nanoscale Adv. 2020;2(9):3632-3655. doi: 10.1039/
d0na00187b.

8. Sharpe M, Baskin D, Pichumani K, ljare O, Helekar S. Rotating mag-
netic fields inhibit mitochondrial respiration, promote oxidative stress
and produce loss of mitochondrial integrity in cancer cells. Front
Oncol. 2021;11:768758. doi: 10.3389/fonc.2021.768758.

9. Stephen Z, Kievit F, Zhang M. Magnetite nanoparticles for medical
MR imaging. Mater Today (Kidlington). 2011;14(7-8):330-338. doi:
10.1016/51369-7021(11)70163-8.

10. Wei H, Bruns O, Kaul M, Hansen E, Barch M, Wisniowska A, et al.

Exceedingly small iron oxide nanoparticles as positive MRI contrast

269 ‘&



EKCINMEPUMEHTAJIbHI

AOCNIAXKEHHA

1.

16.

20.

21.

22.

ISSN 2304-8336. [po6nemu pagiauiiHoi meguunxy 1a pagiobionorii = Problems of Radiation Medicine and Radiobiology. 2025. Bun. 30.

Magnetic nanoparticles and clusters for magnetic hyperthermia:
optimizing their heat performance and developing combinatorial
therapies to tackle cancer / H. Gavilan, S. Avugadda, T. Fernan-
dez-Cabada et al. Chem. Soc. Rev. 2021. Vol. 50, P. 11614-
11667. DOI: 10.1039/D1CS00427A.

. Nanotherapy based on magneto-mechanochemical modulation of

tumor redox state / V. Orel, A. Papazoglou, C. Tsagkaris et al. Wiley
Interdiscip. Rev. Nanomed. Nanobiotechnol. 2023. Vol. 15, no. 3.
P. €1868. DOI: 10.1002/wnan.1868.

. Mechanomagnetic reactor for activation of anticancer drugs /

V. Orel, A. Rykhalskiy, A. Shevchenko et al. Biotechnologia acta.
2014. Vol. 7, no. 1. P. 87-92. DOI: 10.15407/biotech7.01.087.

. The comparison between superparamagnetic and ferromagnetic

iron oxide nanoparticles for cancer nanotherapy in the magnetic
resonance system / V. Orel, M. Tselepi, T. Mitrelias et al.
Nanotechnology. 2019. Vol. 30, no. 41. P. 415701. DOI: 10.1088/
1361-6528/ab2ea7.

. Influence of the Walker 256 carcinosarcoma on muscle, tumor, and

whole-body protein synthesis and growth rate in the cancer-bear-
ing rat / J. Tayek, N. Istfan, C. Jones et al. Cancer Res. 1986. Vol.
46, no. 11. P. 5649-5654.

LIFEx: A freeware for radiomic feature calculation in multimodality
imaging to accelerate advances in the characterization of tumor
heterogeneity / C. Nioche, F. Orlhac, S. Boughdad et al. Cancer
Res. 2018. Vol. 78, no. 16. P. 4786-4789. DOI: 10.1158/0008-
5472.CAN-18-0125.

. Texture analysis of imaging: what radiologists need to know /

B. Varghese, S. Cen, D. Hwang et al. AJR Am. J. Roentgenol.
2019. Vol. 212, no. 3. P. 520-528. DOI: 10.2214/AJR.18.
20624.

. MuxaiineHko B., MuxaiineHko I1., lonosiHa |. Mapkepw HiTpo3a-

TMBHOIO CTPECY NPY iHraNALNHINA Aji OKCWUAIB a30Ty B HOPMi Ta Npu
MyxnuHHOMY pocTi. CywacHi npobaemu Tokcukosorii, 2011. Bun.
4.4.54. C. 28-35.

. Detection of nitric oxide and superoxide radical anion by electron

paramagnetic resonance spectroscopy from cells using spin traps /
B. Gopalakrishnan, K. Nash, M. Velayutham et al. J. Vis. Exp.
2012. Vol. 66, P. €2810. DOI: 10.3791/2810.

Aparecida do Amaral L., Santos M., Oliveira de Souza G. Walker-
256 tumor: experimental model, implantation sites and number of
cells for ascitic and solid tumor development. Braz. Arch. Biol.
Technol. 2019. Vol. 62, no. 12. P. €19180284. DOI: 10.1590/
1678-4324-2019180284.

MRI of soft-tissue tumors: what to include in the report / G. Riley,
R. Steffner, S. Kwong et al. Radiographics. 2024. Vlo. 44, no. 6. P.
€230086. DOI: 10.1148/rg.230086.

The impact of edema on mri radiomics for the prediction of lung
metastasis in soft tissue sarcoma / R. Casale, R. De Angelis,
N. Coquelet et al. Diagnostics (Basel). 2023. Vol. 13, no. 19. P.
3134. DOI: 10.3390/diagnostics13193134.

23. The impact of radiomics in the management of soft tissue sarcoma /

@

270

1.

12.

13.

14.

15.

16.

17.

18.

19.

agents. Proc Natl Acad Sci USA. 2017;114(9):2325-2330. doi:
10.1073/pnas. 1620145114,

Gavilan H, Avugadda S, Fernandez-Cabada T, Soni N, Cassani M,
Mai B, et al. Magnetic nanoparticles and clusters for magnetic
hyperthermia: optimizing their heat performance and developing
combinatorial therapies to tackle cancer. Chem. Soc. Rev. 2021;
50:11614-11667. doi: 10.1039/D1CS00427A.

Orel V, Papazoglou A, Tsagkaris C, Moysidis D, Papadakos S,
Galkin O, et al. Nanotherapy based on magneto-mechanochemical
modulation of tumor redox state. Wiley Interdiscip Rev Nanomed
Nanobiotechnol. 2023;15(3):e1868. doi: 10.1002/wnan.1868.

Orel V, Rykhalskiy A, Shevchenko A, Kondratova Yu, Burlaka A,
Lukin S, et al. Mechanomagnetic reactor for activation of anticancer
drugs. Biotechnologia acta. 2014;7(1), P. 87-92, doi: 10.15407/
biotech7.01.087.

Orel V, Tselepi M, Mitrelias T, Zabolotny M, Shevchenko A, Ry-
khalskyi A, Romanov A, et al. The comparison between superpara-
magnetic and ferromagnetic iron oxide nanoparticles for cancer
nanotherapy in the magnetic resonance system. Nanotechnology.
2019;30(41):415701. doi: 10.1088/1361-6528/ab2ea?.

Tayek J, Istfan N, Jones C, Hamawy K, Bistrian B, Blackburn G.
Influence of the Walker 256 carcinosarcoma on muscle, tumor, and
whole-body protein synthesis and growth rate in the cancer-bear-
ing rat. Cancer Res. 1986;46(11): 5649-5654.

Nioche C, Orlhac F, Boughdad S, Reuze S, Goya-Outi J, Robert C,
et al. LIFEx: A freeware for radiomic feature calculation in multi-
modality imaging to accelerate advances in the characterization of
tumor heterogeneity. Cancer Res. 2018;78(16):4786-4789. doi:
10.1158/0008-5472.CAN-18-0125.

Varghese B, Cen S, Hwang D, Duddalwar V. Texture analysis of
imaging: what radiologists need to know. AJR Am J Roentgenol.
2019;212(3):520-528. doi: 10.2214/AJR.18.20624.

Mykhailenko V, Mykhailenko P, Golovina I. [Markers of the nitrosa-
tive stress development at the inhalation of nitrogen oxides in
norma and at the tumor growth]. Modern Problems of Toxicology.
2011;4(54): 28-35. Ukrainian.

Gopalakrishnan B, Nash K, Velayutham M, Villamena F. Detection
of nitric oxide and superoxide radical anion by electron paramag-
netic resonance spectroscopy from cells using spin traps. J Vis Exp.
2012;(66):e2810. doi: 10.3791/2810.

20. Aparecida do Amaral L, Santos M, Oliveira de Souza G. Walker-256

21.

22.

tumor: experimental model, implantation sites and number of cells
for ascitic and solid tumor development. Braz. Arch. Biol. Technol.
2019;62(12):619180284. doi: 10.1590/1678-4324-2019180284.
Riley G, Steffner R, Kwong S, Chin A, Boutin R. MRI of Soft-Tissue
Tumors: What to Include in the Report. Radiographics. 2024;44(6):
€230086. doi: 10.1148/rg.230086.

Casale R, De Angelis R, Coquelet N, Mokhtari A, Bali M. The Impact
of Edema on MRI Radiomics for the Prediction of Lung Metastasis
in Soft Tissue Sarcoma. Diagnostics (Basel). 2023;13(19):3134.
doi: 10.3390/diagnostics13193134.




ISSN 2304-8336. pobnemu pagiauiiivoi Meguunkm 1a pagiobionorii = Problems of Radiation Medicine and Radiobiology. 2025. Iss. 30.

EXPERIMENTAL

RESEARCH

R. De Angelis, R. Casale, N. Coquelet et al. Discov. Oncol. 2024.
Vol. 15, no.1. P. 62. DOI: 10.1007/s12672-024-00908-2.

24. Hypoxia in cancer: significance and impact on clinical outcome / P.
Vaupel, A. Mayer. Cancer Metastasis Rev. 2007. Vol. 26, no 2. P.
225-239. DOI: 10.1007/s10555-007-9055-1.

25. Ye H., L. Wu, Liu Y. Iron metabolism in doxorubicin-induced car-
diotoxicity: From mechanisms to therapies. Int. J. Biochem. Cell.
Biol. 2024. Vol. 174. P. 106632. DOI: 10.1016/j.biocel.2024.
106632.

26. Hore P. Magneto-oncology: a radical pair primer. Front. Oncol.
2025. Vol. 15. P. 1539718. DOI: 10.3389/fonc.2025.1539718.
27. Ceruloplasmin ferroxidase activity stimulates cellular iron uptake by
a trivalent cation-specific transport mechanism / Z. Attieh, C.
Mukhopadhyay, V. Seshadri et al. J. Biol. Chem. 1999. Vol. 274,

no. 2. P. 1116-1123. doi: 10.1074/jbc.274.2.1116.

28. The influence of iron and germanium nanocompounds on the con-
tent of ceruloplasmin in the blood of sows and piglets obtained
from them / O. Kovalchuk, V. Tomchuk, V. Danchuk et al. Scientific
Messenger of LNU of Veterinary Medicine and Biotechnologies.
2023. Vol. 25, no. 112. P. 201-205. doi: 10.32718/nvlvet11231.

29. Hellman N., Gitlin J. Ceruloplasmin metabolism and function. J.
Annu. Rev. Nutr. 2002. Vol. 22. P. 439-458. doi: 10.1146/
annurev.nutr.22.012502.114457.

30. Makrin V., Vagner I. Clinical hyperthermia by resonant selective
tumor destruction tuned by hyperfine interaction: 1. Basic model.
HIT J. Sci. Eng. A. 2006. Vol. 3, no 1. P. 162-168.

IHOOPMALIA NPO ABTOPIB

Open Banepiit biHroBuu, gokTop dinocodii, nikap-peHT-
reHOJIor HayKOBO-KNiHiIYHOTO BigfiNneHHs npoMeHeBoi Aiar-
HOCTUKM 3 PEHTreHiBCbKMMM KabiHeTaMu KniHiku pagiono-
rii QHMN «HauioHanbHKUI iHCTUTYT paky», aCUCTEHT Kadenpu
GiomegunuHoi iHxeHepii HTYY «KuiBcbkuii nonitexHiuHmii
iHcTuTyT iMeHi Irops Cikopcbkoroy», Kuis, YkpaiHa

ORCID ID: https://orcid.org/0000-0003-3653-0823
Yymak AHaToniit AHAPiAOBUY, [OKTOP MEJUYHMX HayK,
npodecop, yneH-kopecnoHpaeHT HAMH Ykpaiuu, gupektop
IHcTuTyTy KNiHiYHOT pagionorii 1Y «HauioHanbHMi Hayko-
BUI LeHTp paaiauinHoi meguumiun HAMH Ykpainuy», Kuis,
YkpaiHa

ORCID ID: https://orcid.org/0000-0002-2117-6174

Open Banepin EMmanyinoBuy, fokTop 6ionoriyHux Hayk,
npodecop, 3aBigyBay HayKoBoO-foCnifHOT naboparopii me-
anyHoi isuku Ta GioiHkenepii OHM «HauioHanbHwMii
THCTUTYT paKky», npodecop kadeapu GiomeguyHoi iHxe-
Hepii HTYY «KuiBcbkuit nonitexHiyHuit iHCTUTYT iMmeHi Iro-
ps Cikopcbkoroy, Kuis, YkpaiHa

ORCID ID: https://orcid.org/0000-0002-6319-4215
lankin OnekcaHpp lOpinoBuy, fokTop GioNOriYHMX Hayk,
npodecop, AekaH cakynbTeTy 6GioMeauyHoi iHxeHepii

23. De Angelis R, Casale R, Coquelet N, Ikhlef S, Mokhtari A, Simoni P, et
al. The impact of radiomics in the management of soft tissue sarcoma.
Discov Oncol. 2024;15(1):62. doi: 10.1007/s12672-024-00908-2.

24. Vaupel P, Mayer A. Hypoxia in cancer: significance and impact on
clinical outcome. Cancer Metastasis Rev. 2007;26(2):225-239. doi:
10.1007/s10555-007-9055-1.

25. Ye H, Wu L, Liu Y. Iron metabolism in doxorubicin-induced car-
diotoxicity: From mechanisms to therapies. Int J Biochem Cell Biol.
2024;174:106632. doi: 10.1016/j.biocel.2024.106632.

26. Hore P. Magneto-oncology: a radical pair primer. Front Oncol.
2025;15:1539718. doi: 10.3389/fonc.2025.1539718.

27. Attieh Z, Mukhopadhyay C, Seshadri V, Tripoulas N, Fox P.
Ceruloplasmin ferroxidase activity stimulates cellular iron uptake by
a trivalent cation-specific transport mechanism. J Biol Chem. 1999;
274(2):1116-1123. doi: 10.1074/jbc.274.2.1116

28. Kovalchuk O, Tomchuk V, Danchuk V, Khymynets P, Gutyj B,
Kryvoruchko D, et al. The Influence of Iron and Germanium Nano-
compounds on the Content of Ceruloplasmin in the Blood of Sows
and Piglets Obtained from Them. Scientific Messenger of LNU of
Veterinary Medicine and Biotechnologies. 2023;25(112):201-205.
doi: 10.32718/nvivet11231.

29. Hellman N, Gitlin J. Ceruloplasmin metabolism and function. Annu
Rev Nutr. 2002;22:439-458. doi: 10.1146/annurev.nutr.22.
012502.114457.

30. Makrin V, Vagner I. Clinical hyperthermia by resonant selective
tumor destruction tuned by hyperfine interaction: I. Basic model.
HIT J. Sci. Eng. A. 2006;3(1):162-168.

INFORMATION ABOUT AUTHORS

Valerii B. Orel, PhD, radiologist at the Research Depart-
ment of Diagnostic Radiology, National Cancer Institute of
Ukraine, Assistant at the Department of Biomedical
Engineering, National Technical University of Ukraine «Igor
Sikorsky Kyiv Polytechnic Institute», Kyiv, Ukraine

ORCID ID: https://orcid.org/0000-0003-3653-0823
Anatolii A. Chumak, Doctor of Medical Sciences, Professor,
Corresponding Member of the NAMS of Ukraine, Director of
the Institute of Clinical Radiology, National Research Cen-
ter for Radiation Medicine, Hematology and Oncology of
NAMS of Ukraine, Kyiv, Ukraine

ORCID ID: https://orcid.org/0000-0002-2117-6174
Valerii E. Orel, Doctor of Biological Sciences, Professor,
Head of the Medical Physics and Bioengineering Research
Laboratory, National Cancer Institute of Ukraine, Professor
at the Department of Biomedical Engineering, National
Technical University of Ukraine «Igor Sikorsky Kyiv Poly-
technic Institute», Kyiv, Ukraine

ORCID ID: https://orcid.org/0000-0002-6319-4215
Alexander Yu. Galkin, Doctor of Biological Sciences, Pro-
fessor, Dean of the Faculty of Biomedical Engineering Na-
tional Technical University of Ukraine «Igor Sikorsky Kyiv

271 =&



EKCINMEPUMEHTAJIbHI

AOCNIAXKEHHA

ISSN 2304-8336. [po6nemu pagiauiiHoi meguunxy 1a pagiobionorii = Problems of Radiation Medicine and Radiobiology. 2025. Bun. 30.

HTYY «KuiBcbkuit nonitexHiyHuit iHctutyT imeHi Irops Cikopcb-
koro», KniB, YkpaiHa

ORCID ID: https://orcid.org/0000-0002-5309-6099
ToBcTONUTKiH Onekcanpp IBaHoBUY, LOKTOpP i3nKO-MaTeMa-
TUYHUX HayK, npodecop, yneH-kopecnoHaeHT HAH Ykpainu, gu-
pektop IHcTMTYTY MarHetusmy imeHi B.I. bap’axtapa HAH Yk-
painu, Kuis, YkpaiHa

ORCID ID: https://orcid.org/0000-0002-4852-6605

DllenkoB AHatonin fpuropoBmy, JOKTOP MefUYHUX HayK, NpPo-
tecop, ronoBHWIN HayKOBUIA CNiBPOBITHUK HayKOBO-KNiHIYHOTO
Bigniny oHKkoopToneaii Ta NyxauH Wkipu i M'akux TkaHud JHI
«HauioHanbHuit iHCTUTYT paky», Kuis, YkpaiHa

ORCID ID: https://orcid.org/0000-0002-2187-0502
Ocradhituyk Bacunb BacunboBuuy, KaHAWAAT MELUYHUX HayK,
3aBiflyBay HayKOBO-K/iHIYHOTO BifAiny oHKoopTOnenii Ta nyx-
NWH wKipwn i M'akux TkaHuH OHM «HauioHanbHUI iHCTUTYT pa-
Ky», Kuis, YkpaiHa

ORCID ID: https://orcid.org/0000-0002-5409-5194

MaminoB Cepriit OnekcaHapoOBuMY, KaHAMAAT Gi3nKo-MaTeMa-
TUYHUX HayK, 3aBifyBauy nabopatopii 6GioceHcopiB IHCTUTYTY
marHetn3my imeni B.I. bap'axtapa HAH Ykpainu, Knis, YkpaiHa
ORCID ID: https://orcid.org/0000-0002-0175-7019

WinukoB BnagucnaB BaneHTMHOBUY, JOKTOP TEXHIYHUX HayK,
3aBiflyBay kadeapu GiomeanyHoi iHxeHepii HTYY «Kuiscbkuit
nonitexHiuyHui iHcTUTYT iMeHi Irops Cikopcbkoroy, Knis, YkpaiHa
ORCID ID: https://orcid.org/0000-0001-8836-4658

laHiu OnekcaHap BonoaumupoBuY, 3aBigyBay HayKoBO-
KNiHiYHOro BifAiNeHHA npomeHeBOi [iarHOCTUKM 3 peHT-
reHiBCbKUMM KabiHeTamu kniniku pagionorii AHM «HauioHans-
HWit THCTUTYT paky», Kuis, YkpaiHa

Naciokesuy Onbra WocunisHa, kaHgmpat Gionoriynmx Hayk,
NPOBIAHUI HAYKOBMII CNiBPOGITHUK HAayKOBO-AOCNiAHOT Nnabo-
patopii MeanuHOT disuku Ta 6ioitxeHepii AHM «HauioHanbHwMi
iHCTUTYT paky», Kuis, YkpaiHa

ORCID ID: https://orcid.org/0000-0002-5042-3541
Puxanbcbkuit Onekcanap OpiioBuy, cTapwuii HayKoBui
CniBpoBiTHUK HayKOBO-AOCNifHOT NabopaTopii MeanyHOT ti3u-
Ku Ta 6ioiHxeHepii LHM «HauioHanbHmit iHCTUTYT paky», Kuis,
YkpaiHa

ORCID ID: https://orcid.org/0000-0001-6519-7316
OctaneHko OnekcaHpgpa CepriiBHa, MonofwWwuini HayKoBUiA
cniBpobiTHUK BipAiny ¢isuKM NAIBOK iHCTUTYTY MarHeTUsMy
imeHi B.T. bap’axtapa HAH Ykpainu, Kuis, YkpaiHa

ORCID ID: https://orcid.org/0009-0002-3670-2955

Polytechnic Institute, Kyiv, Ukraine

ORCID ID: https://orcid.org/0000-0002-5309-6099
Alexandr I. Tovstolytkin, Doctor of Physical-Mathema-
tical Sciences, Professor, Corresponding Member of the
NAS of Ukraine, Director of V. G. Baryakhtar Institute of
Magnetism of the NAS of Ukraine, Kyiv, Ukraine

ORCID ID: https://orcid.org/0000-0002-4852-6605
Anatolii G. Diedkov, Doctor of Medical Sciences, Pro-
fessor, Principal Research Fellow at the Research
Department of Orthopaedic Oncology, Skin and Soft
Tissue Tumours, National Cancer Institute of Ukraine,
Kyiv, Ukraine ORCID ID: https://orcid.org/0000-0002-
2187-0502

Vasyl V. Ostafiichuk, Candidate of Medical Sciences,
Head of the Research Department of Orthopaedic Onco-
logy, Skin and Soft Tissue Tumours, National Cancer
Institute of Ukraine, Kyiv, Ukraine

ORCID ID: https://orcid.org/0000-0002-5409-5194
Serhii 0. Mamilov, Candidate of Physical-Mathematical
Sciences, Head of the Biosensor Laboratory, V. G. Bar-
yakhtar Institute of Magnetism of the NAS of Ukraine,
Kyiv, Ukraine

ORCID ID: https://orcid.org/0000-0002-0175-7019
Vladislav V. Shlykov, Doctor of Technical Sciences,
Head of the Department of Biomedical Engineering,
National Technical University of Ukraine «Igor Sikorsky
Kyiv Polytechnic Institute», Kyiv, Ukraine

ORCID ID: https://orcid.org/0000-0001-8836-4658
Oleksandr V. Ganich, Head of the Research Department
of Diagnostic Radiology, National Cancer Institute of
Ukraine, Kyiv, Ukraine

Olga Yo. Dasyukevich, Candidate of Biological Scien-
ces, Lead Researcher at the Medical Physics and Bio-
engineering Research Laboratory, National Cancer In-
stitute of Ukraine, Kyiv, Ukraine

ORCID ID: https://orcid.org/0000-0002-5042-3541
Oleksandr Yu. Rykhalskyi, Senior Researcher at the
Medical Physics and Bioengineering Research Labora-
tory, National Cancer Institute of Ukraine, Kyiv, Ukraine
ORCID ID: https://orcid.org/0000-0001-6519-7316
Oleksandra S. Ostapenko, Junior Researcher at the De-
partment of Film Physics, V. G. Baryakhtar Institute of
Magnetism of the NAS of Ukraine, Kyiv, Ukraine

ORCID ID: https://orcid.org/0009-0002-3670-2955

Cmammas Hadiituina do pedaxuii 25.07.2025

Received: 25.07.2025

) 272



