AHOTANIA

Iputimax T.B. Tpancdhopmarilis iMIEIAaHCHUX CIEKTPIB TKAaHWH TEYIHKH IIiJT
BIUIMBOM JECTPYKTHBHUX ¢akTopiB. — KpamidikariiiHa HaykoBa mpaisi Ha IpaBax
pyKoOIIHCY.

Huceprariiss Ha 3100yTTS CcTymneHs goktopa ¢utocodii B ramy3i 3HaHb 10
[Tpuponunyi Hayku 3a cnerianbHicTio 105 [puknanna ¢isuka Ta HaHOMaTepiaid. —
Kapnarcekuit HamionanpHui yHiBepcutTeT iMeHi Bacuns Credanuka, MiHicTepcTBa

OCBITH 1 HayKu YKpaiHu, M. IBaHo-®paHkiBChbK, 2025.

Hucepraiisi NpucBsiY€HA AOCIIHKEHHIO BIUIMBY JECTPYKTHUBHUX (DaKkTOpiB Ha
3MIHM IMIIEJJAHCHUX CIIEKTPIB 010JIOTTYHUX TKAHHH, MOITYKY HEOOX1THUX MapaMeTpiB Ta
crioco0iB iHTepmpeTalii Trpa@iyHUX JaHUX 3 METOH IependauyeHHsS BHUHUKHCHHS
NOIIKO/KEHb Yy BHKOPHUCTOBYBAaHHUX OIOJOTIYHUX Marepiagax Ta  PO3BUTKY
METO/IO0JIOTIYHOI CKJIa/I0BOT IPOBEICHHS TOCIIIIKEHb.

OOrpyHTYBaHHS aKTyaJIbHOCT1 00paHO1 TEMU AUCEPTAIIMHOTO JOCTIIKEHHS, METa
JOCJIKCHHSI, OCHOBH1 3aBJIaHHs, HayKOBa HOBHM3HA 1 MPAaKTU4YHA I[IHHICTH POOOTHU
BUCBITJICHI Y BCTYTII.

VY nepiioMy po3auii IpeACTaBACHO KPUTUYHUHN OTJIST JTITEpaTypPHUX JIKEPE 100
CYy4aCHOTO CTaHy HayKOBHUX JOCIIKEHb MPOIECIB PyHHYBaHb TKAaHWH, TIPOAHAJI30BaH1
OCHOBHI 1X PI3HOBUIU, OCOOIMBOCTI TPOXOIKEHHS, CTaAll, MapKEpH, sIK1 € O3HAKaAMHU, 1110
JTIO3BOJISIIOTH PO3PI3HATH 1X M1k cO0010, yMOBH Ta ()aKTOPU BUHUKHEHHS. Takoxk onucaH1
3arajibHi €JICKTPUYIHI BJIACTHBOCTI TKAaHUH, CIIOCOOM 1X BUBUEHHS, OCHOBHI KOMIIOHCHTH,
Kl BHU3HAYalOTh €JIEKTPUYHI BJIACTHBOCTI OI1OJOTIYHUX TKAHWH, IXHI CTPYKTYpHI
OCOOJIMBOCTI Ta PO3MIIIEHHS BIANOBIAHO 10 BUKOHYBaHMX (QyHKUINA. Po3rmsHyTi
CrIOCOOM BHUBUYEHHS EJCKTPUYHHUX BIACTUBOCTEH TKAaHWH SK 1HTAaKTHUX, TakK 1
MOIIKO/KEHUX, TPUHIIUI POOOTH SIKUX 0a3y€ThCS HA METOI1 IMITETAHCHOT CIIEKTPOCKOIIIi
(IC), ixui mepeBaru Ta HEAOMIKU Ui BUBUCHHS JOCHIIKYBAHUX TKAaHUH, PI3HOBHIU B
3QJIEKHOCTI BIJI OCOOJMBOCTEH METOJOJOTIUHOI peai3alii Ta BUKOPHUCTOBYBAHHUX

MaTtepiaiB.



Taxosx mpoaHai30BaHO 3MIHH, SIKI BHHUKAIOTh Y TKaHUHI Ii]] BIUIMBOM PYHHIBHUX
YUHHHUKIB Ta MOXYTh BIUIMBATU Ha ii €JIEKTPUYHI BIACTUBOCTI, PO3TJISIHYTI MOHSITTS
KJIITHHHOI JemoJisipu3aliii, omnucaHi OcCOOJMBOCTI aKTyaJbHHUX MOJEIed Ta iX
SJIICKTPUYHUX TTapaMETPiB Ha MOIIKOKCHHS, sIKi BUKOPUCTOBYIOTh JIJISI BUBUSHHS PEaKIIii
TKaHUH Ha MOUIKOXKEHHSI Ta BAKOPUCTOBYIOTH JIJIs1 ONKCY MOAIOHUX MPOIIECIB.

VY npyromy po3jaiii IpeacTaBieHo (Pi3uyHi OCHOBU Ta TEXHOJIOT1I0 BUMIPIOBAHHS
METOJIOM IMIIETAaHCHOI CIIEKTPOCKOIIii, IMepeBaru Ta HEJOJIKH METomy, chepu HOro
3aCTOCYBaHb, OMMCAHO MOHATTS KOMIUIEKCHOTO IMIIEJIAaHCY, MMpOoaHali30BaHui (Di3nyHui
3MICT BUKOPUCTOBYBaHHMX mapameTpiB. HaBeneni Ta omucani cnocodu rpadiuHol
IHTepIIpeTalii pe3yabTaTiB IMIIETAaHCHOT CIIEKTPOCKOIII, 30KpeMa aiarpamu HaiikBicTa Ta
CJICKTPUYHI EKBIBAJEHTHI CXEMH, iX CTPyKTypa Ta Ccrnocodu CTBOpeHHs. Takox
BHCBITJICHO METY BUBYEHHS OCOOJIMBOCTEN AUCHEPCIi ENEKTPUYHUX MMapaMeTpiB TKaHUH
Ta i1 o — P —ta y—obnacreir. OKpiM IILOrO, OMHCAHO OCOOJMBOCTI IPOBEICHHS
IMIIEJTAHCHOI CIEKTPOCKOIIi, YMOBHU 30€piraHHs IOCHIKYBAaHUX TKaHWUH, METOIU IX
0oOpoOJIEHHs, CHNEKTp OOpaHMX YacTOT IJIsl JOCIHIJDKEHHS, CTPYKTypa Ta Marepiaid,
BUKOPHUCTaH1 /ISl pO3p00JIEHUX BUMIPIOBAIbHUX KOMIPOK.

Tperiii  po3ain  OPUCBIYEHUH  pe3ysibTaTaM  IMPOBEACHHS  IMIIEIaHCHOT
CIIEKTPOCKOTIT Ha €KCIIEPUMEHTAIbHUX Ta IHTAKTHUX TKAaHWMHAX PI3HUX OpPraHiB, aHATI3Y
OoTpuMaHuX Jiarpam HalikBicTa Ta CTpyKTYpH BIAMOBITHUX €IEKTPUYHUX €KBIBAJICHTHUX
cxeM. Y po3auil MPeACTABICHI Pe3yabTaTH €KCIEPUMEHTANBHUX JOCIIKEHb CTPYKTYPH
IHTaKTHUX Ol0JIOTTYHMX TKaHUH MeToaoM IC, a TakoX mia BIUIMBOM JE€CTPYKTHBHHUX
(dhakTopiB Ta BIAMOBIAHI CIOCOOM 1HTEPHpPETAIlil JaHUX.

Ha ocHOBI aHamizy [AaHMX IMIEJAHCHOI CIEKTPOCKOMIi TIOKa3aHO 4YITKY
BIJIMIHHICTh MK OTPUMAHHMH CIEKTPAMHU IHTAKTHUX 3pa3KiB MEUYIHKH, HUPOK, MO3KY,
JIETeHb Ta Cepllsl BIAMOBIIHO JI0 iXHIX MOP(OIOTIYHUX OCOOIMBOCTEN. SIK pe3yJbrar,
3aBJISIKM BUKOPUCTAHHIO HEOOX1AHOTO MPOTrpaMHOTO 3a0e3nedueHHs Z-view, po3po0ieHi
BIJIMOBIHI €KBIBAJEHTHI CXEMH JUIsl KOXKHOI'O 13 BUKOPHCTaHUX opraHiB. CTpyKTypa
ABJIIE COOOIO IIECTU-EIIEMEHTY CXeMY, dKa ckianaerbes 13 Tppbox CPE-R nanok. Takox

NpCACTABJICHO PC3YyJIbTAaTU BIUIMBY JACCTPYKTUBHHX YUHHUKIB Ha I[OCJ'IiI[)KYBaHI/IX



3pa3kax, MpoaHaTI30BaHI OTpPHMaHl IMIEJAHCHI CHEKTPW Ta CTBOPEHI BIAMOBIIHI
CJIICKTPUYHI CXEMHU.

3niiiCHEHO aHali3 3MIHM IXHIX [apaMeTpiB, 30Kpema, Yy OLIbIIOCTI BUNAJKIB,
omopiB (R-enementn) Ta CPE i3 emuicanmu BnactuBoctsimu (CPE-T).

[IpoBeneHO BU3HAYEHHS BIUIMBY MOCTYNOBOi JAerpajaiii 3paskiB MijJ BILTUBOM
TeMmnepaTypu Bu3HaueHoro crektpy (0-60°C) Ha iMIIemaHCHI CIeKTpHu Ta po3poOIJieHi
BIJIMOBIIHI CXEMH, SIKI JEMOHCTPYIOTh BTpaTy JAaHOK MpH JOCATHEHHI TeMIEpaTypu
HE3BOPOTHBOI  JIeHATypallii MeMOpaHHHUX  KOMIIOHEHTIB  OUIKOBOI  MPHUPOJIH.
[IpencraBneHo pe3ysbTaTH 3MIHU MapaMeTpIB €IEKTPUYHUX CXEM IO MIpl 3pOCTaHHS
TEMIEPATYPH.

[IpoBeneHi  eKCIEpUMEHTH 1O  BHU3HAUEHHIO  HACIAKIB  BUTPUMYBaHHS
eKCIIEPUMEHTAIBHIX 3Pa3KiB ITi]1 BINIMBOM TEMIIEPATYPHU MPOTATOM BU3HAYECHUX YACOBHUX
nepioi. [IpeacraBieni pe3ynbTaTi JEMOHCTPYIOTh YITKY B3a€MO3aJICKHICTh CIIEKTPIB
13 3HAUEHHSM Ta TPUBAIICTIO BIUIMBY TeMIlepaTypu. MeToJ0oM ONTUYHOI MIKPOCKOMIT
BCTAHOBJIEHO CTYIIHb pyWHYBaHHA 3pa3KiB, IKUI MPUBIB 10 BTPATH JAHOK BIJMOBIIHUX
CJICKTPUYHUX EKBIBAJIEHTHUX cxeM. [IpoBeneHO aHai3 MmapaMeTpUYHHUX 3MiH CXEM 1
MOKa3aHa 3aJ1eKHICTh IMHAMIKY 3MiHH OIMOPIB BiJ 3HAYEHHS TEMIIEPaTypHU.

3 METOI0 BCTaHOBJICHHSI OCOOJIMBOCTEN MEPEHECEHHs 3aps/iiB B 11 €JIEKTPOIITHIN
MIJICUCTEM] TKAaHWH 3a PI3HUX CTYIEHIB CTPYKTYpPHOI Jerpajarii, 3MiiHCHEHO CcrpoOy
aHayi3y 4aCTOTHOI JUCHEPCii KOMIUIEKCHUX EJIEKTPUYHUX MapaMeTpiB TKAaHUH MEYIHKH
miJ] BIUIMBOM TeMIiepaTypu. MoxxHa OyJio crmocTepiraTd TEHIEHII0 10 3POCTaHHS
MPOBIAHOCTI 31 30LIBIICHHSM 3HAYEHHS TEMIIEPATYPH Ta YaCOBOIO 1HTEPBAITY, TP SKUX
BUTPUMYBAJIUCh EKCIIEPUMEHTANBHI 3pa3ku. [lokazaHo, 1110 3011bIIEHHS TEMIIEPATypH Ta
yacy BUTPUMYBaHHSI TKAaHUH 3yMOBIIIO€ 30UIbIIEHHS! TAHTEHCY KyTa BTpaT, MPOTE B
710 3MEHILIEHHS Pe30HAHCHOI YaCTOTH.

MeronoM  IMIIEIAHCHOT  CHEKTPOCKOMII  JOCHI/DKEHO  B3a€EMO3AJICKHICTh
T€OMETPUYHUX PO3MIPIB BUKOPUCTOBYBAHMX 3pa3KiB 13 3HAUEHHSIMHU KOMILIEKCHOTO
onopy. [TokazaHo, 1110 301IbIIEHHS PO3MIPY JOCIIKYBAHOT TKAHUHU MOXKE IPUBECTH J10

3pOCTaHHS OTOPY Ta EMHICHUX XapaKTEPUCTUK TKAHUHHU.



OnucaHo BIUIMB €KCIEPUMEHTAIBHUX YMOB Ha CHEKTPOCKOMIIO EJIIEKTPUYHOTO
iMne1ancy O10JIOTIUHUX TKaHHWH, 30KpeMa Ha aHalli3 eKCTPEeMyMIB JApYyroi MOXiAHOI
JUCHIEPCITHOT KPUBOi, 110 BUCTYMNAa€ YHIBEPCAIbHUM 1HIUKATOPOM CTaHy TKAaHUHHU.
Takuit miaxia 703BOJIsIE€ BUSABISATH CTPYKTYpPHI 3MIiHHM Ta (a30Bl MEPEX0u, 0 MOXKYTh
OyTH KpUTHUYHHUMHU [UJIs JlarHOCTMYHUX 1iaed. OIIHeHO BIUIMB TeMIEpaTypH,
pO3TallyBaHHS €JIEKTPOAIB Ta MOP(OJIOTTIYHUX OCOOIMBOCTEH TKAaHMH Ha 1IMIIEJaHCHUM
criekTp. Pe3ynabpTatu JeMOHCTPYIOTH, IO €KCTPEMYMHU APYToi MOXIAHOI AUCTIEPCIHHOI
KPHUBOi € YyTJIUBUMH JO 3MIH Y MIKPOCTPYKTYpl O10JIOTTYHHX 00’ €KTIB, IO POOUTH iX
e(PEeKTUBHUMU JJI1 MOHITOPUHTY (Pi310JOTIYHOTO CTaHy TKAaHWH Ta BUSBIICHHS
MaTOJOTIYHUX TPOIIECiB Ha paHHIX cramisx. JlocmipkeHHs IoKas3ajgo, IO 3MIHU B
IMITETAHCHOMY CIIEKTP1 MOXKYTh OyTH 1HIUKATOpaMHU JUHAMIYHHUX MTPOIIECIB Y TKAHUHAX,
110 MiABHUIIYE TOYHICTh I1arHOCTUKHU B peaJIbHOMY 4Yacl.

Jlist peanizalfii HacCTyImHOTO e€Tamy JOCHIKEHb IPOBEJACHO aHalli3 CHEKTPIB
MPOBIIHOCTI TKAHWH TMEYIHKHU 3 PI3HUMH T€OMETPUYHUMH MapaMeTpamu 10 Ta micis Aii
JNECTPYKTUBHUX YMHHUKIB. Po3paxoBaHa mepiua Ta Apyra MoxiJHa MPOBIAHOCTI, IO
BUSIBWIN CTa0lJIbHI YaCTOTHI €KCTPEMYMH, IOB’si3aHI 31 CTPYKTYPHOIO OpTaHi3aIiero
TkaHuHU. [lokazaHo, 10 MOJIOKEHHS MAaKCUMYMIB 3MIIIY€EThCS 3aJIEKHO BiJ PO3MIPY
3paska Ta 3MiH Y CTPYKTYpI, TOMA1 sIK MIHIMYM Y JUISHIN ~1 'l BUSIBISIETHCS CTAOUTBHUM
1 MOXKE PO3IMIISIATUCh K MapKep Mepexojly MK MPOBIIHUMU peXUMaMHU. 3MiHa a0o
3TJIaJKYBaHHS [TUX XapaKTEPUCTHK JT03BOJISIE OI[IHIOBATH CTaH TMOIIKOKEHHS TKAaHUHH 1
POOUTH MiIX1A MOTEHIIMHO NPUIATHUM ISl CTPYKTYPHO-UYTIAUBOI JIarHOCTHKHU.

YerBepTuil po37id MNPUCBSIYECHHMA aHami3y OTPUMAHMX PpE3yJbTaTiB Ta
OOTOBOPEHHIO TMOTEHIIIHHMUX MOXKJIMBOCTEH PO3BUTKY HOBHUX HAINpPSIMKIB ISt
IPOAOBKEHHS JOCHTIIKEHb, BUKOpUCTOBYI0un MeTo IC.

Kuro4uoBi ciioBa: iMIieJaHCHa CIIEKTPOCKOIisA, 010JI0T14HI TKAHUHU, TAHT€HC KyTa
BTpaT, KOMIUIGKCHUI OIip, pe30HAHCHA YacTOTa, MPOBITHICTH HAa 3MIHHOMY CTpyMI,

niarpama Haiiksicta, Mmeroa Koyna-Koyna, ontuuna Mikpockorisi, TeMiiepaTypa, HeKpo3.



SUMMARY

Priymak T.V. Transformation of Impedance Spectra of Liver Tissue Under the
Influence of Destructive Factors — Qualifying Scientific Work on the Rights of
Manuscript.

Dissertation for the degree of Doctor of Philosophy in the field of knowledge 10
Natural Sciences, specialty 105 Applied Physics and Nanomaterials. — Vasyl Stefanyk
Carpathian National University of the Ministry of Education and Science of Ukraine,

Ivano-Frankivsk, 2025.

This dissertation is dedicated to studying the influence of destructive factors on
changes in the impedance spectra of biological tissues, the search for necessary
parameters and methods of data interpretation to predict the onset of damage in biological
materials used and the development of the methodological component of research.

The justification of the relevance of the chosen topic, the aim of the research, main
tasks, scientific novelty, and practical value of the work are highlighted in the
introduction.

Chapter 1 presents a critical review of the literature on the current state of scientific
research on tissue destruction processes, analyzing their main types, features, stages, and
markers that differentiate them, as well as conditions and factors contributing to their
onset. The general electrical properties of tissues, methods of their study, key components
determining the electrical properties of biological tissues, their structural features, and
organization according to their functions are also described. Methods of studying the
electrical properties of both intact and damaged tissues are discussed, including
impedance spectroscopy (IS), their advantages and disadvantages for the studied tissues,
and their types depending on the methodological components and materials used.
Furthermore, changes occurring in tissues under the influence of destructive factors that
affect their electrical properties are analyzed, including the concept of cellular

depolarization, and the peculiarities of current models used to study the response of



tissues and their electrical parameters to damage, as well as parameters used to describe
these processes.

Chapter 2 presents the physical foundations and technology of measurement using
impedance spectroscopy, the advantages and disadvantages of the method, its areas of
application, and the concept of complex impedance. The physical meaning of the
parameters used, such as the CPE element or constant phase element, is analyzed.
Methods of graphical interpretation of impedance spectroscopy results, such as Nyquist
plots and electrical equivalent circuits, their structure, and ways of creation are described.
The chapter also highlights the purpose of studying the features of the dispersion of
electrical parameters of tissues and their regions, particularly a-dispersion, B-dispersion,
and y-dispersion, along with their corresponding frequencies. Additionally, the specifics
of conducting impedance spectroscopy, storage conditions of the studied tissues, methods
of their preparation, frequency range for study, and the structure and materials used for
developing measurement cells are described.

Chapter 3 1s devoted to the results of impedance spectroscopy conducted on tissues
from various organs, both intact and of varying degrees of damage, and the analysis of
the obtained Nyquist plots and corresponding electrical equivalent circuit structures. The
chapter presents the results of experimental studies of the structure of intact biological
tissues and those affected by destructive factors, using the IS method and corresponding
data interpretation techniques.

Based on the analysis of impedance spectroscopy data, clear differences between
the spectra of intact liver, kidney, brain, lung, and heart tissues are shown, corresponding
to their morphological features. As a result, using the necessary software, Z-view,
corresponding equivalent circuits for each organ were developed. The structure consists
of a six-element scheme with three CPE-R branches. The chapter also presents the results
of destructive factor influence on the studied samples, analyzed impedance spectra, and
developed corresponding electrical circuits.

The analysis of parameter changes is also carried out. It is shown that in most cases,

changes mainly occur in the resistors (R-elements) and CPE with capacitive properties



(CPE-T). The impact of gradual degradation of samples under the influence of
temperature (0-60°C) on impedance spectra is determined, and corresponding circuits are
developed, demonstrating the loss of branches when the temperature reaches irreversible
denaturation of membrane components of a protein nature. The results of changes in
electrical circuit parameters with increasing temperature are presented.

Experiments were conducted to determine the consequences of subjecting
experimental samples to temperature influence for specific time periods. The results
clearly demonstrate the dependence of spectra on the temperature value and duration of
exposure. Using optical microscopy, the degree of sample destruction was determined,
which led to the loss of branches in the corresponding electrical equivalent circuits. The
analysis of parameter changes in the circuits showed the dependence of resistance
dynamics on temperature values.

An attempt was made to analyze the frequency dispersion of complex electrical
parameters of liver tissue under the influence of temperature, to establish the peculiarities
of charge transfer in its electrolyte subsystem under different degrees of structural
degradation. A trend of increased conductivity with rising temperature and exposure time
was observed. It was shown that increasing temperature and exposure time leads to a
higher tangent loss, but a reduction in resonance frequency.

Impedance spectroscopy was used to study the relationship between the geometric
sizes of the samples and the values of complex impedance. It was demonstrated that an
increase in the size of the tissue sample can lead to an increase in impedance and
capacitive characteristics of the tissue.

The influence of experimental conditions on the impedance spectroscopy of
biological tissues was also studied, particularly the analysis of extrema in the second
derivative of the dispersion curve, which serves as a universal indicator of tissue state.
This approach allows the detection of structural changes and phase transitions that may
be critical for diagnostic purposes. The influence of temperature, electrode placement,
and morphological characteristics of tissues on the impedance spectrum was evaluated.

The results show that extrema in the second derivative of the dispersion curve are



sensitive to changes in the microstructure of biological objects, making them effective for
monitoring the physiological state of tissues and detecting pathological processes at early
stages. The study demonstrated that changes in the impedance spectrum can serve as
indicators of dynamic processes in tissues, improving diagnostic accuracy in real-time.

At the next stage of the study, an analysis of the conductivity spectra of liver tissue
samples with varying geometric parameters and under the influence of destructive factors
was performed. The first and second derivatives of conductivity were calculated,
revealing stable frequency extrema associated with the structural organization of the
tissue. It was shown that the positions of the maxima shift depending on the sample size
and structural alterations, whereas the minimum in the region of approximately 1 I'ig
remains stable and may be considered a marker of transition between conductive regimes.
The alteration or smoothing of these features enables the assessment of tissue damage and
makes the approach potentially suitable for structure-sensitive diagnostics.

Chapter 4 is dedicated to analyzing the obtained results and discussing potential
opportunities for developing new research directions using the IS method.

Keywords: impedance spectroscopy, biological tissues, tangent loss, complex
impedance, resonance frequency, conductivity under alternating current, Nyquist plot,

Cole-Cole method, optical microscopy, temperature, necrosis.
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