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'If we are ever to discover the laws of nature, we must do so by obtaining the most
accurate acquaintance with the facts of nature, and not by dressing up in philosophical
language the loose opinions of men who had no knowledge of the facts which throw most
light on these laws.

‘e t he rad interptanetary and interstellar regiphas other functions and
operations besides bearing light from man to man, and from world to world, and giving
evidence of the absolute unity of the metric system of the univé&ssainute parts may have
rotatory as well as vibratory motions, and the axes of rotation form those lines of magnetic
force which extend in unbroken continuity into regions which no eye has seen, and which, by
their action on our magnets, are tellingimsanguage not yet interpreted, what is going on in

the hidden underworld from minute to minute and from century to century.

'On Action at a Distan¢dy James Clerk MaxwelOriginal text from theProceedings of the
Royal Institution of Great Britainl876 Reprintedby Cambridge University Press 980
(MAXWELL, 1980).



ABSTRACT

Pulsed electric fields (PEF) can improve and be an alternative to traditional methods in the
areas of medicine and biotechnology. PE&&n open pores in the cell membrane; this
phenomenon is called electroporation. Electroporation camseeé to transfer substances to
cells, treat cancers or ndhermal pasteurisatiorlectroporation is a dynamic phenomenon
characterized by altering the cell membrane permeabilitys thesis aims to develop a
sensing method for electroporation during tREF protocolWe propose using thEPEF
current reading to getreatmentfeedback.This approachis nortinvasive andcan be
implementedusing the existind’EF electrodedJltimately the proposed methods can be used

to better understande.g., modelling) and control electroporationWe executed four
experiments to support the objective: (i) We investigated the effects of irreversible
electroporation pulse amplitude dd. cerevisiaeusing cell viability tests macroscopic
impedance measurementscanning electron microscopy and numerical simulations.
Irreversible electroporation proved to reach active yeast limits established by wine standards
within 500 kV/m. We detected a 15% increase in the pulse current measurements for a
100-fold yeast vibility decrease to Focells/ml. Scanning electron microscopic show details

of PEFRtriggeredyeast surface damag€he direct current is affected by other effects rather
than electroporatioras PEF contain a broad spectrum of frequencies, mainlylSukHz
(typically pulsed high voltage signalg(ii) We investigate the use @ternatingcurrent
superposing the PEF protoctd mitigate other effectsnterferencesWe used COMSOL
simulations with yeast electroporation mottedemonstrat¢hat the cell membrane and wall

are susceptible to the passage of the displacement current starting between 100kME D

The biological medidavespecific characterization in the la frequency spectrum. Those
contribute with most of osadtadeveloproeptiofdiologica p e r s
sensors.We show that certain frequencies could be used to detect the occurrence of
electroporationj.e., dielectric dispersion modated sensing. (iiiWWe developed a custom
signalgenerator capable of creating the PEF protocol with overlapping arbitrary signals. The
system generates waveforms up to + 85V, 12 A and 100 kHz (THD < 2.5% at ) 3W/¥

used @l phantomgwith conductivty similar to the biological tissue6.1 S/m in tens of kHz)

and likely to accumulate ions in the electrodeterfaceto study polarization effects. The
results showed no significant changes at 100 kHz due to electrode polaritatian. be
concludedhatthe reading at 100 kHz mitigates errors due to the electpmlaszation and

the system is satisfactory for evaluating responses at 100 kHz with DQ\)i&8e executed

in vitro studyon S Tuberosunusing PEFand100 kHz superposed sine. Taealysis of the
complex impedance as a function of the PEF has not yet been discussed in the literature. Our
results show that certain levels of PEF induce a reduction in the sample's capacitive effect at
100 kHz(b d i s mheft), and the capacitance no longer the main characteristic of the
sample atissuesirreversible electroporation experiments.

Keywords: Pulsed Electric FieldsElectroporation.Dielectrics. Sensors.Impedance High
Voltage b-Dispersion
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RESUMO

Os campos elétricos pulsados (PEF) podem melhorar ou ser uma alternativa a meétodos
tradicionais nas areas de medicina e biotecnologia. Os PEF provocam abertura de poros na
membrana celular (eletroporacdo). A eletroporacdo pode ser utilizada na traresfdenci
substancias para células, tratamento de canceres ou pasteurizagdo ndo térmica. A
eletroporacdo é um fendmeno dinamico caracterizado por alterar a permeabilidade da
membrana. Esta tese tem como objetivo desenvolver um método de sensoriamento para
eletoporacéo durante o protocolo PEF. Propomos usar a corrente do PEF para feedback. Essa
abordagem ndo é invasiva e pode ser implementada usando os eletrodos existentes. Os
métodos de deteccdo propostos podem ser usados para modelagem e controle da
eletroporgdo. Foram executados quatro experimentos: (i) Investigacdo dos efeitos da
amplitude de PEF para eletroporacdo irreversivel @mcerevisiaecom medicdo da
viabilidade celular, medidas de impedancia macroscépica, microscopia eletrdnica de
varredura e simulacbes numéricas. A eletroporacao irreversivel com 500 kV/m reduz os
nameros de levedura aos niveis industriais para vinho. Foi detectaalomento de 15% nas
medi¢bes de corrente do PEF para uma diminuicdo de 100 vezes na viabilidade® para 10
células/ml. A microscopia eletrdbnica mostra detalhes de danos na levedura. A corrente
continua € afetada por outros efeitos além da eletroporacda p&s contém um amplo
espectro de frequéncias, principalmente-$0bkHz (tipicamente sinais pulsados de alta
tensdo). (ii) Investigamos o uso de corrente alternada sobreposta ao protocolo PEF para
mitigar outros efeitos de interferéncias. Com COMSOL forsalizadas simulagdes de
eletroporacdo de leveduras e demonstrado que a membrana e parede celular sdo suscetiveis -
passagem da corrente de deslocamento iniciando entre 10 kHz a 10 MHz. Meios biolégicos
possuem uma caracterizacdo particular no especthegi@éncias. Esses contribuem com a

mai or parte da dispers«o macrosc-pica tipo
de sensores. A medicdo de impedancia em certas frequéncias pode ser usada para detecta
eletroporacéo. (iii) Foi desenvolvidon gerador de sinais capaz gerar PEF com sobreposicao

de sinais arbitrarios. O sistema desenvolvido gera formas de onda de até + 85 V, 12 A e
100 kHz (THD < 2,5% a + 30 VppPRhantomsde gel (com condutividade semelhante aos
tecidos bioldgicos, 0,1 S/m edezenas de kHz) e propensos a acumular ions nos eletrodos
foram usadopara estudar os efeitos da polarizagao. Os resultados ndo mostraram mudancas
significativas de impedancia em 100 kHz devido a polarizacdo do eletrodo. A leitura em
100 kHz reduz eas devido a polarizacdo dos eletrodos, e o sistema é satisfatério para avaliar
respostas em 100 kHz com polarizacdo DC. (iv) Foi realizado o ebstudtro com S.
Tuberosumutilizando protocolos PEF com seno sobreposto de 100 kHz. A analise da
impedanciacomplexa em funcdo do PEF ainda néo foi discutida na literatura. Os resultados
mostram que certos niveis de PEF induzem uma reducdo no efeito capacitivo da amostra em
100 kHz (deslocamento de dispers«o blica e a
da amostra em experimentos de eletroporacao irreversivel do tecido.

Palavraschave: Campos Elétricos PulsadosEletroporagéo. Dielétricos. Sensores.
Impedancia. Alta Tensao Elétridaispersad.
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RESUMO EXPANDIDO

Introducao

Os campos elétricos pulsados (PEF) podem ser utilizados como um processo ndo térmico
baseado em eletricidade para controle celllat, E€letroporacdo). As aplicacbes de PEF
necessitam condi¢cbes especificas de controle de eletroporacdo. Essa tese € dammentra
sensoriamento de eletroporacdo usando medidas elétricas. As medicGes macroscoépicas de
propriedades elétricas podem ser usadas para detectar indiretamente a eletroporagdo. A
membrana celular intacta € um material dielétrico e a abertura de pordetpmpoeacao,
vazamento de ions e destruicdo da membrana aumentam a condutividade do sistema. A
espectroscopia de impedancia elétrica e a aquisicdo de tensédo de corrente (ou densidade de
corrente de eletrodos) sdo técnicas usadas para detectar a coad@tidim meio. As
medicdes elétricas macroscépicas podem utilizar os eletrodos ja utilizados no aplicador de
PEF, o que facilita a implementacdo em ambientes sanitarios controlados. No entanto, existem
desafios para medir a corrente elétrica de eletroporagie a | 0 , pois outros
polarizacdo dos eletrodos) podem afetar a medi¢do, e, a andlise de impedancia requer a
interrupcdo do PEF, o que pode ser uma limitacdo desses procedimentos. Além da
complexidade de caracterizar amostras biolégicasdosamedi¢cdes abaixo de 10 kHz, a
eletroporacdo em si ndo é totalmente compreendida. Assim, os sistemas PEF geralmente néo
tém feedback de eletroporacdo porque ndo existe um método adequado de sensoriamento.
Técnicas de deteccdo de eletroporacdo em tempmodam beneficiar as aplicacdes de
eletroporacdo e o entendimento de sua dindmica. Os beneficios esperados sdo melhorar a
seguranca e a otimizacdo do PEF, aumentar a eficiéncia energética, reduzir o efeito térmico e
eletroquimico e aumentar a qualidade plmduto ou do tratamento final. Nesta tese,
avaliaremos uma nova abordagem para detectar a eletroporacdo durante sua ocorréncia.
Propomos um método e sistema de deteccado, que pode ser estendido para controle celular, no
qual a propria amostra colabora camransducdo do efeito (ou seja, sensoriamento tipo
bioeletrdnico). Nosso método de deteccao é nédo invasivo e foi implementado em paralelo ao
PEF, utilizando os mesmos eletrodos de aplicacdo e sobreperainprotocolo primario do

PEF.

Objetivos

O objetvo desse projeto € desenvolver um método de deteccdo para eletroporacdo baseado
em medicdes e andlises de impedéancia durante o protocolo PEF. Em particular, usar a leitura
atual do préprio protocolo para obter feedback sobre o tratamento. Os métodetecdaode
propostos podem ser usados para entender melhor (por exemplo, modelar) e controlar a
eletroporacédo. Existem duas linhas de estudo dentro da tese proposta: (i) O modelo
computacional, que é importante para fazer calculos desde propriedades al$®lutas
materiais até propriedades equivalentes. (ii) O estudo in vitro com tecido vegetal e levedura,
onde foram extraidos os dados biolégicos e os dados de corrente e tenséo.

Metodologia

Foram utilizadas leveduraa vitro Saccharomyces cerevisig€T CC®3690( , em bai x
concentracgdo (2,5 x 1@élulas/mL), para investigar os efeitos do PEF na viabilidade celular
(usando o método do azul de metileno, 0,2% C16H18N3SCl), morfologia celular (usando
microscopio eletronico de varredura), condutividade (usando nesddg tenséo de corrente

e espectroscopia de impedancia) e energia absorvida. O protocolo PEF foram 8 pulsos
retangul ares de 100 &©€s e uma taxa de repet.]



in silico para avaliar o numero de poros na membrahdacetenséo elétrica transmembrana

e tensdo elétrica diferencial na parede celular. Investigamos os efeitos das mudancas de
amplitude, pois a eletroporagcdo depende principalmente dela. Foi avaliado o efeito de
protocolos PEF de amplitude de 200 a 600nkVCom o modelan silico da levedura foi
realizado um experimento de resposta em frequéncia no tempo do sistema em trés situacoes
experimentais (buffers). Usamos a suposicdo de que o sistema € invariante no tempo em
pequena escala para espectro dieléttecguspensdao. Foi utilizado tecidovitro de Solanum
Tuberosume protocolos PEF com seno sobreposto de 100 kHz, com variacdes monopolar
(100 ps) e bipolar (50 + 50 us), com repeticao de 0,1 Hz taxa e amplitude entre 1 e 50 kV/m,

e pulsos dente de serthe di f erentes @V/ pt, para estud:
complexa da eletroporacao (antes, durante e depois do tratamento), estudo histolégico para
verificar a destruicdo das células e a coloracdo do tecido para detectar a eletroporacdo do
tecido. Foiexecutado um modelo do tecido usando uma geometria infinitesimal 2D com
células hexagonais. O software COMSOL Multiphysics® versdo 4.4 foi usado para
modelagem por elementos finitos, aplicacdo de correntes nos meios bioldgicos e estudos das
dispersdes elacas.

Resultados e Discusséo

(i) A eletroporacéo irreversivel com 500 kV/m reduz os limites de levedura viavel a niveis
estabelecidos por padrdes da industria de vinfbssesultados mostraum aumento de 15%

nas medicoes de corrente do PEF para uma diminuicdo de 100 vezes na viabdidade
levedura para POcélulas/ml. As imagens de microscopia eletronica de varredura mostram
detalhes de danos na superficie da levedura que podem ser desencadeados pelo PEF. Nc
entanto, ndo é possivel detectar eletroporacédo reversivel usando as medighese e
continua. Além disso, a corrente continua € afetada por outros efeitos além da eletroporacéo.
O PEF é tipicamente alta tensdo pulsaglagsses sinais contém um amplo espectro de
frequéncias, principalmente abaixo de 10 kHz, que estdo sujeftomenos dispersivos
intrinsecos de baixa frequéncie.d, os efeitos dispersivos dc
interface amostraletrodo). Para evitar e mitigar a medicdo de outros efeitos que ndo sao
eletroporacéaofoi investigadoo uso de corrente alinada sobrepondo o protocolo PEF. Os
meios biolégicos ndo sdo homogéneos, o que lhes confere uma caracterizacdo particular no
amplo espectro de frequéncias. Por exemplo, a barreira celular, ou seja, a membrana celular,
causa a c¢chamada ddfrequgreia de daxendis a mithards ad kklZ&zoram
conduzidosho COMSOL, simulagbes com células isoladas e tecidos em frequéncias entre

1 kHz e 100 MHzque demonstranque a membrana e parede celular sdo suscetiveis a
passagem da corrente de deslogaim iniciando entre 10 kHz a 10 MHz. Esses contribuem
com a mai or parte da di spers«o macrosc-p
desenvolvimento de sensores biolégicé®i demonstradomudancas no espectro de
frequéncia devido a eletroporacao éféns externoskFoi demonstrado que é possivel detectar

0 sucesso (ou nao) da eletroporacéo baseado em alteracéo do gipdetni@ desenvolver o

guarto estudofoi desenvolvidoum gerador de alta tensdo personalizado capaz de criar o
protocolo PEF cm sobreposicao de sinais arbitrarios. O sistema PEF desenvolvido para esta
tese gera formas de onda de até + 85V, 12 A e 100 kHz (THD < 2,5% a £ 30 Vpp). O sistema
foi testado no ambito desta tese, que é a utilizacdo do protocolo ESOPE e pulsos dente de
serra, ambos com sinal senoidal superposto de 1,75 VRMS 100 kHz. A medicao de
impedancia do sistema apresenta erros de até 5% para o modulo e 12% para a fase (testado en
cargas que simulam dispersaBhantomsde gel com condutividade semelhante aos tecidos
bioldgicos (0,1 S/m em dezenas de kHz) e propensos a acumular ions nos eletrodos foram
usadospara estudar os efeitos da polarizagdo, que é uma das principais causas de disperséo
abaixo de 10 kHz. Os resatlos ndo mostraram mudancas significativas de impedancia em



100 kHz devido a polarizagéo do eletrodo. Reeeoncluir que a leitura da impedancia em

100 kHz mitiga erros devido ao acumulo de ions nos eletrodos, e o sistema PEF é satisfatério
para avaliarrespostas em 100 kHz com bias DC. (#gram conduzido®studs in vitro
(Solanum Tuberosumutilizando protocolos PEF com seno sobreposto de 100 ikidz
protocolo de PEF foi o ESOPE adaptado, com variagdes monopolar (100 ps) e bipolar
(50 + 50 us), comepeticdo de 0,1 Hz taxa e amplitude entre 1 e 50 kV/m; e pulsos dente de
serra de dilif © olgetivb deste eptudo g tapresentar um método de deteccao
baseado na medicdo de impedancia centrada na frequéncia de 100 kHz como alternativa para
evitiw os efeitos dispersivos dos el etrodos. ¢/
em funcdo do PEF ainda nédo foi discutida na literatGranétodo pode ser usado para
detectar a ocorréncia de eletroporacdo e desenvolver modelos que descrevem readancas
parametros elétricos de membranas complegas (condutividade e permissividade)s
resultados mostram que determinados niveis de PEF induzem uma redugdo no efeito
capacitivo da amostra em 100 kHz, e a capacitancia ndo € mais a principal cacactierist
amostra em experimentos de eletroporacao irreversivel (> 25 kV/m). Se estiver operando em
eletroporacédo irreversivel, a leitura de impedancia DC pode ser satisfatéria para detectar
eletroporacdo. Esta tese contribui para a deteccéo de eletroporegésivel usando baixa

fracdo celular usando medicdo de corrente continua, propde um modelo numérico do
comportamento da dispers«o b durante PEF p
de | evedura e relata o c o mptopotagodetetidns. da di s

Consideracdes Finais

Esta tese mostra métodos de deteccao para o tratamento baseado em PEF. Propomos utilizar «
leitura atual do préprio protocolo para obter feedback sobre o tratamento. O método de
deteccdo é nédo invasivo e faiplementado em paralelo a assinatura do PEF, utilizando os
mesmos eletrodos de aplicacdo e sobrepgedao protocolo primario do PEF. Esta tese
contribui para a deteccéo de eletroporacéao irreversivel usando baixa fracdo celular e medicdo
de corrente cdimua; propde um modelo numérico do comportamento da disgersdd ur a nt e
o PEF para detectar a eletroporacédo usando suspensao de levedura; e relata o comportamentc
dadispersé® dur ante a el etropora-«o dos tecidos.

Palavraschave: Campos Elétricos Pulsas. Eletroporacdo. DielétricosSensores.

Impedancia. Alta Tensao Elétridai sper s«o b.
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1INTRODUCTION

Dependence on energy in the form of electricitthesbasisof our human beings and
societiesEnergy consumption is one of the indicators of a society's economic development,
humanwell-being,andtechnologicalgrowth paceCurrentscientificalstudies of techniques,
processes, and instruments valapethe new technologies of the futurde. this thesis we
will discussthe Pulsed Electric Fields (PERPEF is a nosthermal electricitybased process
to control cells PEF applications require specific levels of electroporation corwelwill
concentrate on theensing of electroporatiousing electrical measurementshich canbe
used to study the phenomenon or to feedback and control electroporation sBsieifysthe
electroporation technique can improve or be an alternativdo traditional medical and
biotechnological methodsn some cases,lectroporationdeliversunique resultsvith high
added valueor improves the quality of life. Electroporation is commonly used fgene
transfer, cancer treatmemgpnthermal pasteurizationand extracellular material extraction
(MIKLAVCIC, 2016). Due tothe SARSCoV2 pandemigcthere isalsoan activeeffort to use
electroporation to enable mass DNA vaccina(dfALTZ, 2021). Because ofhesereasons,
the theme is promising and with a strong social impact. These motivatetelpment of
this work.

The PEF and electroporation research area involve a wide field of professionals from
Science, Technology, Engineering, and Mathematics (STEM), medical sciemogs
biotechnology.lts researchand professionalpractice have growing numbers(i.e., papers,
equipment,and professionals However, theunderstanding of théelectrd@poresphysical
mechanisnof formation and expansias not yet understoodret, thepore formation is the
best hypothesis to explain th@ghenomenon ands currently supported bywimulation of
molecular dynamicsat the atomic level (DELEMOTTE; TAREK, 2012)and molecular
transportacross membrangs K OT N1 K;; PUCI HAR; M OltainiAguirett L 2
experimental evidende.g, poreimages$ is still notpossibledue to pore dynamidseingnear
nanosecondandnanometresThus, her e i s sti || no 6absol ute
electroporation occurrence, and because of that, electroporation is applied in an open loop,
without feedback. Therefore, eleqir@ r a tréqoirendestsare typically specifiecas PEF
signature, which depends on the biological characteretidsapplication

Macroscopic electrical properties measurements can be usedlitectly sense

electroporation. The intact cell membrane iglettric, and the opening of pores by
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electroporation ion leakage and membrane destruction increases bulk conduclitiy.
conductivity increase due electroporation was observed in high cell fraction suspensions of
animal cells(KINOSITA; TSONG, 1979; PAVLINet al, 2005; SUZUKIlet al, 2011)
bacteria(EMANUEL; ROMAN; CAHAN, 2019) and yeast(EL ZAKHEM et al, 2006;
RAMOS:; FARIAS D., 2013) and tissueSCASTELLVI; MERCADAL; IVORRA, 2017;
LANGUS et al, 2016; NEAL et al, 2012; SUAREZet al, 2014). Electrical impedance
spectroscopyndcurrentvoltage acquisitiorfor electrodes current densitg)e used to sense
media conductivityMacroscopic electrical measuremeoé use thelectrodesalready used
for PEF application which facilitates implementation at sanitary controlled environments
(BARBA et al, 2015, BATI STA NAPOTNI K; MI KLAVLI
MERCADAL; IVORRA, 2017) Neverthelessthere are challenge® measurethe Geab
electroporation electrical curremats other effects a®lectrodespolarization can affect the
measuremengndimpedance analysis requirBEFinterruption, which may be a limitation of
thoseprocedurs( BATI STA NAPOTNI K; MI KLAVLIL, 2018)
Besides the complexity of chaaterizing biological samples using siu® kHz
measurements, the electroporation itself is not entirely understood. Thus, PEF systems usually
do not have electroporation feedback because there is no adequate PEF probing method.
Techniques and sensing ehegtoration in reattime! could benefit electroporation
applicationsand dynamts understandingThe expected benefits are itaprove safety and
optimization of PEF increase energy efficiency, reduce the thermal and electrochemical
effect, andncrease product or final treatment quality this thesiswe will evaluatea novel
approachto sensing electroporatioturing its occurrencéNe propose a sensing method and
system,which can beultimately extended to a céll$s u mb e r or comtlfolings up
method in which the sample itself collaborates with the effect transducitienlfioelectronic
sensing).Our sensing methos noninvasive andwasimplemented inparallelto the PEF
signature, using the same applioatelectrodes and overlapping themary PEF protocolA
specific electric current signahn be used tmvestigatechanges in the dielectrrmembrane
of the cell in reatime and, thus, can bgrocessed in a computerized electronic system
probecell electroporation durinthe PEF and can feed a clodedp control systent-rom the
engineering point of view, reading electrical currents is practical and can be easily

implementedlt is important to highlight that the tools and techniques proposed in this work

1 A reaktime system is a system which comply with a time requirement. This thesis will demonstrate that the
sensing of a cell membrane may require up to microseconds and milliseconds wavelengths. Thus, suitable to
meet time requirements.
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can be integrated intdhe Internet of Things (IoT) systems or any other industrial
instrumentation systems for systems integration and interoperability. Our studiellise
known engineering toolsuchas computing electromagnetic wave distribution, power supply
superpositionand independent component analysis of mixed sighhlsthesisusesin silico

andin vitro experimental activities (usingvegetal model and yeast)uring the studiesve

will execute electrical measurements, seeking to find correlations, mainly in electrical

impedancecell viability, current standards on electroporation leesldPEF protocol.

1.1THESIS STRUCTURE

This thesis is divided intgix chapters.Chaptes 3 to 6describes an independent

studythatsupports the final objective.

Chapter 2: dTheoetical Foundationdis an outline of PEFproceedings and our knowledge o

how to sense electroporation using electrical measurements.

Chapter3: | mpedance Sensing and PEF Systemb6 de
implementation to measure impedance during PEF protocol. Those methods will be used in
further chaptes:

Chapter 4: &Sensingof Yeast Inactivationby Electroporatiof describes @ in vitro study

using electrical measurements, electramicroscopy,and cell viability used toaccessthe
yeastirreversible electroporation.

Chapter 5: dielectric Dispersion Mdulated Sensingf Yeast Suspension Electroporation
describes a theoreticatudy to show the impact of electroporation and its bufferghat
biological systenirequency response

Chapter 6: 65ensing theDynamics of Complex Electrical Propertiesmder PEF: In vitro
vegetal study describesthe use of a sinusoidakignal superposition therimary

electropermeabilization protocol to access the membrane state

1.20BJECTIVES

We aim to @velop a sensingmethod for electroporatiofased on impedance
measurementand analysigluring the PEF protocol In particular, use the current reading of

the protocol itself to get feedback on the treatment. Ultimately the proposed sensing methods
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can be used tbetterunderstand€.g. modelling) and control electroporatiowe havetwo
lines of study within the proposed thegi$ The computational model, which is important for
making calculations from absolute properties of materials to equivalent properties. We prefe
to use the finite element tool and not analytical methods becaubtbgical systems have
complex geometry, which can make analytical calculation unfeagipl@hein vitro study
with vegetal tissue and yeasthich is where théiological data andurrent and voltage data
will be extractedOur mainobjective contemplatsome specifigoak:
1. Develop computer models of biological cedlsd tissues;
2. Perform computer simulations to identify frequency responsdalpassive
electrical properties and geometry;
3. Developelectronicdor switching electrical voltageompatible with PEF;
4. Develop configuration of electrodes for the production of electric fields of the
order oftens to hundredsf kilovolts per meter ampatible withPEF,
5. Developa method and circuit for acquiring voltage and current compatible
with the switching circuit developed;
6. Apply methods foranalysingelectrical properties before, duringnd after
electroporation treatments;
7. Prepare biological sampleBotato tubefor tissue study an&accharomyces
Cerevisiagyeastfor cell suspension studies;
8. Conductexperimentgelated to cell integrityusing compatiblemicroscopes
andmethods
9. Conduct experiments, applying electric fiefmldsedusingin vitro biological

media
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2THEORETICAL FOUNDATION

In this chapter, we will focus on detailing the specific applied background to this
thesis whichis an overviewof pulsedédectric fields, characterization of biological materials
by impedance, cell sensing n ddisfersion. We must note that the electroporation topic
involves areas of electromagnetism, circuits, power electroam$ biology. We recently
discussed the history of electropton, pore formation theories, applied
bioelectromagnetism, ionic currents, effects of current passage in a biological system, PEF
power electronicsand electroporation application®INTARELLI, G. B. et al, 2019;
PINTARELLI, 2018; SUZUKIlet al, 2019) We also observe that multiple authors carried out
extensive reviews of the electroporati@HEN et al, 2006; JIANG; DAVALOS; BISCHOF,
2015; MI KLAVLIL; PUC, 2006; MI SHRA, 2amio08;
books that contemplate the ther@@HANG, 1992; ESCOBARCHCVEZ et al, 2012;
JARM; KRAMAR, 2016; JORDAN; NEWANN; SOWERS, 1989; PAKHOMOV;
MARKOV; MI KLAVLI L, 2010; RUBI NSKY, .2010; 2ZI

2.10VERVIEW OF PULSED ELECTRIC FIELDS-OR ELECTROPORATION

PulsedElectric Fields (PEF) treatment is a nehermal electricitypased method to
control biological cells in different media. PEF results depend on biological conditions and
pulse parameters. The PEF approach can be configured mainly based on the combination of
pulse amplitdes, pulse durationand pulse repetitionsvhich is also called PEF signature
Usually, high amplitude (tens to hundreds of kV/m), short duration (usually 100 us duration),
and rectangular PEF are used étectroporationlf PEF is configured as low aiitpde and
long duration (tens of kV/m and tens milliseconds), it is possible to primarily cause
electrolysis which may induce chemical ablatig¢LEIN et al, 2020; WEAVERet al,

2012)

Electroporation can arise as reversiblarogversible which is mostly dependent on
the PEF amplitudelf operating at eversible electroporationt is desired to enableell
membrane recovegrafter PEF Reversible electroporation facilitates mass transport through
the cell membrane and can impeochemotherapy (known as electrochemotherépigHL et
al., 2018)andin vivo (DNA vaccine$, andin vitro geneelectro transfe(ROSAZZA et al,

2016) The current standard falinical cancer treatment usinglectrochemotherapig eight
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100 psduration,110 to 120 kV/mand arectangular pulse trai(GEHL et al, 2018) This
protocol is part of th&uropearStandardOperatingProcedures foElectrochemotherapy and
ElectrogenetherapyESOPE). ESOPE also provide guidelines for equipment and surgical
proceduresSimilar procedures are also widely ussdhe veterinary praate (RANGEL et

al., 2019) The 110 to 120 kV/mrange is designed for reversible electroporatbrmost
animal cells Yet, it is expectedo have some irreversible electroporat{@OROVIC et al,
2013; PINTARELLI, G.B.et al, 2019) In geneelectro transferelectroporation systense
optimized depending on theell, and oftermanufacturers provida O r e a dprototohp u s e
depending on théissue orcell and molecule to be uptak¢POTTER; HELLER, 2018;
ZAMPAGLIONE et al, 2005) Irreversible electroporation causes excessive damage which
disrupts cell homeostasis and provokes ckdhth. The irreversible eleoporation can
directly treat the neoplasthV et al, 2019)and preserve food (as can be used for eliminating
bacteria and yeasflGOLBERG; FISCHER; RUBINSKY, 2010; SAE; HAMILTON, 1967,
TOEPFL; HEINZ; KNORR, 2007)The irreversible electroporation cancer treatméRE)
usually usesbursts of 100 pulses, few to hundreds of ps durati@® kV/m and higher
protocols(CASTELLVI et al, 2018; JIANG; DAVALOS; BISCHOF, 2015)n industrial
systemst is possible to use irreversible electroporation for pastdaioiz@f wine and beer,
and intracellulamaterial extraction; those systems usuallgntnuously switch tens of kV
and produce up tbundreds to thousan#¥/m in a flow procesfGANEVA; GALUTZOV;
TEISSIE, 2003; KEMPKES, 2017)

PEF equipment contains a high voltage waveform generator and uses applied
metallic partsi.e., electrodes, to transfer the pulsed energy to the biological media. The
generator useligh power pulse technolof)REDONDO, 2017; SUZUKEt al, 2019) This
approach uses a conversistorageconversion system(i) First step is lte conversion of
energy from a sourcw voltageand low power density primarye.g, conventionalAC
mains or batteryjo high voltage (i) The second step is temporary internal storaigthe
converted energy, usuallimade with capacitorqiii) Finally, the stored energy sonverted
and quickly delivered to the load in ulsed at high voltage and higlower density
Someti mes the PEF gener at dhere ars severabnenerciad d a s
PEF systemsThe cancer treatmeuwtinical equipmentre: Cliniporator (IGEA, Carpi, Italy)

andNanoKnife (AngioDynamics IndJew York, USA). The currenDNA vaccine equipment

2 Gene eletrotransfer systems usualigclude an electroporation buffer and programkijher rectangular
electroporation pulse followed by other lower voltage to steer molecules into the cell by electrophoresis
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under clinical trial is the Cellecti@novio Pharmaceutical®ennsylvaniaUSA). Some of tle
veterinary equipmenéare: OnkoDisruptor Biopulse Biotech Naples, Italy),ElectroVet EZ
and S13 l(eroy Biotech, SOrensde-Gameville, France) and VetCP 125 (Implastic, Sao
Paulo, Brazil).Some of thdaboratorial equipmerdre:ECM630 and CytoPulse falp (BTX
Harvard Apparatus, SanDiego, California, USA), Neddectroporation System
(Invitrogen/ThermoFisher Scientific, Waltham, MA, USAhd MicroPulser electroporator
(Bio-Rad, California, USA). Some of industrial equipmentare: ELEA Quakenbrlick
Germany), ScandiNovalppsalaSweden and PulseMastéHapert, Netherlands

PEF temporarily provokesxcessive accumulation of transmembrane ionic charges.
Thetransmembrane potentials{)\are reported to be 0.2 to 1 V for reversible electroporation
(SUZUKI et al, 2011) and above 1 V for irreversible electroporati¢g@OLBERG;
FISCHER; RUBINSKY, 201Q) The maximum ¥ for a spherical cell of radius r is
approximately determined by the steadgite Schwan equation 1.5xrxE, where E is the PEF
amplitude(KOTNIK et al, 2012)%. The electroporation theory is based on formation of nano
pores in the cell membrane due to excessive accumulation of transmembrane ionic charges.
Pore hypothesis evidence is given by measurements showmgintiiease in ionic
permeability due to PEF. Pore creation and expansion is described to change the membrane
electrical properties e(g, electrical conductivity)(ZHUANG; KOLB, 2015) The pore
number can be described by the Smoluchowski equafitBSCIA et al, 2018) The
membrane changes affect the macroscopic scale electrical properties, which can be modeled
using a macroscopic current. This concept is mostly used to describe PEF tissue response,
which enables the piteeatment of PEased cancer therapi@sOTNIK et al, 2019; ZHAO
et al, 2018)(this topic will continue in section 2.5).

2.2FROMELECTRICAL PROPERTIES TO EQUIVALENT CIRCUIT

If we have a cylindeé A With certain valuesfc o n d u c tpermittivityy), and a
time-harmonicvoltage(V = Voe™!, andan electric field equal to E V/a), an electrical current
| will flow, asshown inFigurela The S i s t he Dbcsliader leagtheflae a n d

conductive part creates a conductive current dendity ( 0 E) , and the react

3 Maximum Vi, occourat cells polesf = 0 A 18nhWwherédd 5= s t he angle measured |
cell with respect to the direction of the fiel@the full equation id.5xrxE>xcos@ ).
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displacement current densiidq = d(UE)/dt = j¥UE) (BASTOS; SADOWSKI, 2013. We can
disregardnductanceas he magnetic permeability (l) is not expressive in dielectrics such as
biological materialfGRIMNES; MARTINSEN, 2014)Hence, thdotal expected current i3
(Equation(1)). When moving tathe volumetric approachye integrate thd over the entire
surface cylindebase(with the S areg thus,we can calculate the | currefiiquation(2)). The

| is the sampleelectricalcurrent(which can be read externally and macroscopicallgto an
externally generated .WVe observe that the tirfgarmonic assumption.e., all vector fields

are periodic in time, is important to further usage of Fourier transforanadse mixed
signals(OPPENHEIN; WILLSKY; NAWAB, 1996)

A~

0 0 0 A% B % LA B Fb Q)
. 63
' — 2
) 0 A B 2 @
Figure 1 7 ( a) Hypot heti cal homogeneous nondi sp

differenceV being applied (b) Electrical circuits approacto the homogeneous cyliad

(parallel model).

(&) vV (b) v

0 S (area) !

QX

Source: Autor.

The current IthroughFigure 1a canalso be calculated usirntge electricalcircuits
approachTherefore, aresistance (R&c ( 0 S) ) par al | elSHA) tan madelthe p a c i
dielectriccylinderasFigure1b (parallel model)Byu s i n g Kilaws, thé totdl f idtke

4 The displacement currendD/dt or d(UE)/dt) is a Maxwelld g€oncept which is not adeal currend but the
change of electric fieldn the dielectric material. Théisplacement currentt sometimes not considered
depending on the PEF studl.= dD/dt = d(UE)/dt.
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net sum otheresistor (k = V/R) and capacitor currento(k C BV / YasEquation(3), which
gives the same result Bguation (2).

) ) ) @ 6,% © Q6wQ
Y Qo Y @)
Thus,) ~ o A B = Equation(2)
If we have theFigure2a, di sper sive cylinder lectHidldo wi t

characteristicd,e.ac o n d u ¢ t iacapacitive) gan, @ counter displacement electric field
Ec will exist. The conductiveelemen will have a conductive current density € J.= 0 pE) ,
and the capacitive part will hawedisplacement current density £ Js = j¥UEc). Hence, the

total expected current (Equation(4)). Integrating thel over the S area, we calculate the |
current (Equatiors)).

0 U A% % KA g 0
b B
(4)
ThUS,U — & — &
, P 6 3
) o = ©

P
B

>~o

Figure2i (a) Hypothetical nothomogeneous dispersive cylinder with a voltage differ&éhce

beingpappl i ed (b) El ectrical (seriesmodel).) t s approach

(@) v (b) v

"0 S (area) '

e
| ——
L

®

Source: Autor.
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Usingthe electricatircuits approach, we molhe dispersive cylinder dsgure2b

(series modeland the total | is as Equati@8), which gives the same resultiguation(s).

) -, where Zis the total impedanceje,Z=2 8 , and8 —

(6)

Thus,) SRS T — T Equation(5)

Thecylinderof Figurel frequency response admittancgY1(¥) = I/V = 1/Z) is as
Equation(7). The capacitor provides meardisplacement fieldfor high-frequency current
passage, thus, aaf) asa short circuit at high frequencie$he cylinder of Figure 1 can be
called nondispersive asa n d 0 ar déiguce@ eylindeafrequency respong¥2(y)) is
as Equatiorf8). Thiss y st e m h a @, thas, itgsaa [fistordarthighlpass filter with the
3 dB cut frequency at this frequencyhe cylinder of Figure2 can be called dispersive as
and (Onot aonstantsin its axis which is the current direction Figure 3 shows the

frequency response of both hypothetical cylinders.

9 pd A B +, where+ = (7)
9¢d P + 5 A + 8
£ B

Figure3 1 The frequency response oflinders of(a) Figure1l and (b)Figure2. The lowest
val ue ofVarjabesards ®156.K =1.
(a) (b)
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o+ jwe
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Source: Autor.
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Thetwo c 0 mp o nagangesi@ntpresentedthe resistor and capacitoboth series
and parallel)are the basis for understanding the electrical properties randelling of
biological media.The simplestbiological model contains a parallel capacitor and resistor as
Figure 1b. However, he twocomponentsnodelling diverge if representinghe bottom end
(nearDC frequency or the high frequencyHence, nore elements can be includeddescribe
thesampl eds | mparddrapneseat thb bitldgieal staté®r instance we can
combineFigure 1 and Figure 2, i.e. four-elementcircuit asFigure 4a (this circuit is also
known asa single dispersion Debye circuinodel) (GRIMNES; MARTINSEN, 2014)
Where the Cp describeghe insulating cells membraneabus R-Cp dispersivebranch is the
el ectrical pat h dispersiangThetChcanrepresaenihe polarieation Ofb
water molecules @BHz And the Risthes a mp |l eds st a(CASTELLWh2084u ct i v
GRIMNES; MARTINSEN, 2014; RAMOS; SUZUKI, 2017Figure 4b shows the four
element model circuit response. The low frequency cannot pass through the capacitive
membrane (§); thus,its passage is through the intercellular mgég. The 100 kHz and
over frequendgescan pass throug@y; therefore thetotal equivalent impedance is low@iA;
SOLEIMANI, 2020; ROY et al, 2020) Figure 4b combined circuit model helps the
understanding ahis thesisas it has anaindispersion(at approximately0 kH2). A dielectric
dispersion is defined as the variation in the equivalentifterty U of a materialdue tothe
frequency. A dispersion exists due relaxat.
al so changes at UaareddpengestrAsdisgersion cande describeddy an
RC seriesbranch The cell membrangwhich this thesis aims to sendeds its dispersion
between 100 Hz to 1 MHZigure5 depicts the current paths at low and high frequeaicy
biological mediaThe lowfrequency paths are moperturbedhan at high frequencies due to

cell membraneslhus, electrical current flw is lower at lower frequencies.
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Figure4i (a) A bi ol ogi cal ti ssue modedndpa@utiot ai n
capacitance & and a branch simulating single b-dispersion (R and G). This is the
combined mode (b) Its impedancespectrum For this example, we use® G 1 dF, Rs = 10
Y, p=AuFandR= 5 Y.

(a) (b)

10 . : ‘
|
1 Rs N 5
e B
| [Co 0 . | |
N 102 108 104 105 10® 107 108
— Ro| | Co
— 11 \ 0
{30t
-60 ' . ' : .
102 108 104 105 108 107 108

Frequency, Hz
Source: Autor.

Figure5T1 lllustration of the current passage(a) suspendedells (yeastland (b) cells in a
tissue (potatotissug. The (b) blue stains methylene blue, showing the potato tissed

barrier.
(@) (b)

Current path at
high frequency

AN
7/

) Current path at
7 low frequency R
Current path at 4
Current path at high frequency™
low frequency

*

SourceAuthor.

2.3SENSINGOF BIOLOGICAL MATERIALS BY IMPEDANCE

The biological media are mainly conductive aqueous electrolytes separated by thin

dielectric cell membranes with active channels. Therefore, biological systems are extremely
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heterogeneous concerning their passive electrical progeatishave a noehinear electrical
interaction mechanistn The impedance spectroscopy is a common technique for analysing
heterogeneous systems, and it indirectly contains information about the biological aspects.
Electrical impedance is defined as thelipbof a material to restrain and delay the electric
current passage and I ts el ectromagnetic f
equations. If the material is a biological material, we can refer to its passive electrical
properties as bioimpedancGRIMNES; MARTINSEN, 2014) We will describe the
biological materials using conductivity and relative permittivit O (- = O/lo) which is the
most common procedure in this thesi®a Some authors usé and U as part of a single
complex variable (called complex dielectric constant or complex permittivity, which is equal
to U(¥) - j-G(¥)/¥ ) or even use a similarlgomplex conductivity. The magnetic permeability
(1) is not studied as it is not expressive in dielectrics such as biological materials. We will use
the term impedance (and not bioimpedance) because we will study electrical response of the
whole biologicalmaterial, rather than the individual electrical propertigsing impedance to
assess cell status is practical, as it is easy to use and flexible for systems design and
biosensors fabrication. Impedance systems areim@sive as they can use external
electrodes; compatible with reéime control systems as measurements can accomplish time
requirements; scalable as materials can be described per lerggthopductivity is S/m and
permittivity is F/m); low cost when compared to microscopy and chemichhigues; and,
portable as it can be embedded with other electronic systems. During impedance sensing, the
electrical response of the system or cell's dielectric properties can be determined by
measuring the system response to frequelependent excitatitosignals(MORGAN et al,
2007)

The biological system$iavea characteristigmpedanced f e a, which isthe main
i nterferences or di e, e a-ligpbérsonskduéd electeomagifetice r me
field frequencyy. Those three dispersions are originated from the electrical polariziian
(also calleddielectric relaxatiopthat occurs irthreedifferent regionlevels of the system
(i.e. atmosphere around the &ltell membrane interfaces, and molecule lew. observe
that he polarization delay is given in the time domain, and it is called relaxation, which can

be tranposed to the frequency domain;aaled dispersionThose are major caused by the

5 We refer to the polarization and relaxation mechanisms dispersions, and orientati dependent properties
(anisotropy).
6 We refer to active membrane responses, heating conductivity changes, and electroporation.
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cel | membr ane transport, I o ni <lispdrsiodentredab n pr
approximately 100 Hz cell membranes interfacial polarizatio( {fdlispersion centred at
approximately 100 kHz , and ions and mol ec uidispsrsiomobi |
centred at approximately 10 GHZThe approximate centre locations of the dispersioas,
changes in the equivalent conductivityf) and permiitity 0(¥), arealsoshown inFigure6a
(HEILEMAN; DAOUD; TABRIZIAN, 2013; SCHWAN, 1957, 1963)A comparable circuit

model can describe thoasFigure6b, whereeach of the RC branches represendsspersion
(RAMOS; SUZUKI, 2017)

Figure6 1 (a) Conductivity and permittivity spectrumobai ol ogi c al sampl e.
are distinctive dispersions which occur approximately at 100 Hz, 100k and 10 GHz. (b)
Equivalent circuit model of a biological sample containing all the dispersions.

(@) (b)
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Source: (aAdapted from(HEILEMAN; DAOUD; TABRIZIAN, 2013; SCHWAN, 1957, 1963)b) Adapted
from (RAMOS; SUZUKI, 2017)

Currently, few Hz to 1 GHz spectrum is used for monitoring cell suspensions and
t I s s ue s -disparsiahs chamges abe especially interesting for biosensor development, as
the alterations foremost explain themm the irtrinsic capacitive characteristic of the
membrane and electrolyte groupe(cytoplasm and external environmeHEILEMAN;
DAOUD; TABRIZIAN, 2013; SCHWAN, 1957)At cell suspension levl -dispérsions can
be used for evaluating cell concentration, growth phases, celltseeffect of biotic and
abiotic factors, membrane organization and cell behayFILORESCOSIOet al, 2020) At
the tissue level,they can be used for characterizing tissues, anomadigs cancer),the
pathological status of patients and structeeerioration(ADLER; BOYLE, 2017; IBBAet

” The heterogeneityof layered or inhomogeneoudielectrics are responsible for creating the interfacial
polarization. This déct is also called th®laxwell-Wagner effect
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al, 2020)1 f we u s -eispergio® &éqliency rarfipsignals, we caincorporateJinto
the static components {fRnd G)and b i nt o dipssapded) asthececuitof an c h
Figure 4a

There aresome challengerelated tosensingthe biological mediag for instancethe
formation of double layers (also called diffuse layers) are reported ssathegcause ofow
frequencydispersion.Electrical double layersmay be measured in terms of hdar its
electrostatic effect persistEhis length is alled Debye lengtfHUCKEL, 1924) There are
two locations suitable to accumulate ions and charged molecules. The firstinsetfece
solutionelectrodes i(e. electrodes polization), which is usually modelled as series
impedanc® (Cp. andRopL) asFigure7. The seconds the cellsitself; their chargesttractions
and charged moleculés their interface§U-dispersiol. The doubldayer effect maympose
a parasitic voltage drop whigbartially shields the electric field at the cellslso, the low
frequencydi sper si on mdigpersmriafse cwh otlhee sfpect r(Mm i s
BIASIO; AMBROSONE; CAMETTI, 2010; RIOUEt al, 2014; SCHWAN, 1963; ZHANG,;
ZHAO, 2009) Double layer interferencesi expected for frequencies lower than
approximately 100 kHZISHAI et al, 2013) and frequencies less than 10 kHz are generally
discarded becaus# this interference. On the other hand, there is an upper limit to sense cells,
as above approximately 10 MHthe cells membrane are conductaitsus, cells become
et eccal | y(see Figure 5)i Therefdde, if the sense is based on membrane
dispersion, the optimized range is 10 kHz to 1 MHEARNDT et al, 2004;
GOWRISHANKAR; WEAVER, 2003; XUet al, 2016) Despite the sensing leveld. tissues
or cells level)jt is possible to describe the biological media as@unvalent circuit modelf
studying cell suspensions;s possiblealso b consider the effects of the medium, since it can
also conduct electrical currefHOLMES et al, 2009; MORGAN et al, 2007; SUN;
GREEN; MORGAN, 2008; XLt al, 2016)

We notethat some instrumentatidechniques are used to mitigate unwanted effects:
() 4-point probe measuremecdn mitigate the dispersion dueswlutiontelectrodesnterface
i) characterization of systembébs series i
compensation can mitigate parasite effe@ty;the chamber/cell constarmompensation can

mitigatechambeifringe effect due to electrodéormator high measw@wment frequency (over

8 Whenmodelling electric double layer aticro devicesCo. and Ry, may be usdin parallel with the samplas
the diffuse layer spreads to a wide range.
° Fringe effect is thelectric field spreaithg to a larger space and affeg the neighbouringarea.
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1 MHz) (LAUFER et al, 2010; MA; SU; NATHAN, 2015; RHOADES; VAN
SCHILFGAARDE, 1976; YANG, 2010)

Figure 7 i Parallel electrodes with a sampded asignal source The single dispersion
equivalent circuit(Rs andCp are thestaticresistance and capacitance of thedeland R-Csp

the dispersive branchThe Ry and G are theequivalent circug composed byesistance
and capacitance of the electric double layer effect (or polarizafidv).R. and G are

shown oty on the left electrodewhich is a sum of both (left and righgplarization R./2

and GL/2.

Electrodes Biological
interface sample

(<)

P~ -
\__/ Signal source

Source: Author.

2.4ELECTRIC CURRENTIMPACTS ON BIOLOGICAL MEDIA

Bi ol ogical media are ebedtcbDelgctodtesard A& s o
agueous medi&ontainng ions which can becreated bydissociation or ionizatianThe
diluted ions are susceptible tonove according to the electric fieldhe ionic currenis the
sum ofionic conduction currenti.g. ionic displacementiueto electric potentiagradient) and
ionic diffusion currenti.e. ionic displacement dut concentration gradientThe electrolyte
conduction mechanism is differeftom the electric materialsyhich theelectric current is
due to the flow of free electronsi.¢. electron displacement curren(GRIMNES;
MARTINSEN, 2014)

All cells have anidling physiologicaltransmembrane potentid (i.e. potential
difference betweert e | ihsidleoutsidg which they are naturally being regulateddue to
transport structures.¢. channels and ionic pumpshhe Vm is held by the cell membrane

which geneally prevents the passage dfarges i(e. ions and molecules)f the cell is
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immersed in an exogenous electric fielths approach the cell membrane (ineék&acellular
medium and the intracellular mediunthus, the induction of transmembrane potenthh
occursi.e. stimulus or electroporatiofGRIMNES; MARTINSEN, 2014)

The PEFdesiredoutcomeis electremanipulation(i.e. electroporation, electrofusion
and electrotransformation/electrodeformatiodpwever, there areomePEF intrinsic (and
usually undesired)mpacts Thosecan change thehydcal state and the sample electrical
characteristics. This fact can difficult individuglectremanipulation There arghreetypes of
intrinsic PEF effects: electrokinetics, electnemicalandjoule heating.

1 The electrokinetics is related to cell suspensiormd it can be
electrodeformation or dielectrophoresis e.q.  electreorientation).
Electrodeformation is reported using smidlisecond PEF at giant cells.g.cell
transient ellipsoidal shape deformati¢RISKE; DIMOVA, 2005) and electro
orientation is reported in dipole charged cells exposed to over hundreds of
milliseconds PEF €.g. yeast alignmentin pearl chains) and strong non
homogeneous electric fielé.g.microdevice cell sorting)yOLDMAN, 2006).

1 The electrochemical electraig processes ar@consequence of the interface of
the electrolyteelectrode conduction mechanism. There are two processes: the
electrolysis ofthe medium watel® and its chloride$ and dissolution of the
electrodes alloying metalse.g. iron, chrome, nikel, and aluminium).
Electrolysis of the mediurnancausea electrical double layer, pH gradients and
bubbles near the electrodes. PEF over milliseconds raiigely to have strong
electrolytic effects which can be harmful to cells and interfere with
electroporationRUBINSKY et al, 2016) Typically, an unstable electric double
layer is formed after few microsecondsd a stable double layer is formed after
tens of millisecond¢SHIMIZU et al, 2006) Bubbles are usually a concern if
gases overcomte solutiondissociation factor, which is mo@mmonat the
micro and nanoscaleThe bubblesprovoke diffraction of the electric field.
Mitigating theelectrodesolutiondouble layer effects ia challenge in the PEF
application and seesasa capacitor can repraegeit in series with the sample
(seeFigure7). The usage of alternating curreptd.bipolar rectangular pulses)

and low conductivity mediums are known teduceeledrolysis (KOTNIK;

10 Releases oxygen (02), hydrogen (H2), hydrogen ions (H+) and hydomsfOH-).
11 Releases chlorine gas (Cl2)
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MI KLAVLI L; MI R, & @lQ 2005) BEK UnhetalSelectrodes
dissociation usually is lessened using stairgtssl| eletrodes yet, theiron part

may dissolve) (TOMOV; TSONEVA, 2000) We observe that Ag/AgCl
electrodes are nepolarizable electrodes and are widely used in the clingcgl (
ECG, EMG and EEG) and electrophysiology measuremengspgatch clamp
equipment). However, stainless steel is mostly used with PEF since it is resistant
with most aggressive chemical reagents and high DC current stress.

1 The electrical current thermallytresses the media.€. joule effect). The cell
membrane is sensitive to temperature, samdperature changesan change the
rigidity of the membraneand its electrical properties Over 42 °C seconds
exposuras known to be harmful to cells. Moreover, tioe mobility is affected
by the temperatur@hus, change its electrical propertiesgmperature rise is
reported for long bursandlow pulse inter paus@EF protocoland electrodes
with sharp edgeéDAVALOS; RUBINSKY, 2008) The temperature ris@ 4
can be estimatkusing3T = EF&A/c, where I is the alolute value of th®EFR,

t is the PEF duration, A the media conductivity and is the specific heat at
constant pressurghis equation assumes homogeneous electric fiesilstiae
sample, all energy being converted into heat homogeneously, no heat dissipation

and solution density of 1 kgJL

2.5ASSESSMENT OF ELECTROPORATION USING ELECTRICAL MEASUREMENTS

Electroporation pores occur in the order of nanoseconds and nanometres. Currently,
there is no established method for direct pores imaging (direct electroporation sdriseng).
is an attempt on photographing elegbares using rapifreezing and electro microscopy
(CHANG; REESE, 1990)However, the observations have some criticism, as the electron
microsopy processing methods interfere within the samplee molecular modelsnd
molecular transport across membranpiy a role in explaining pore dynamics
(DELEMOTTE; TAREK, 2012; FERNANDEZ; RISK, 2017; KOTNIK; PUCIHAR;
MI KLAVLI L, 2010; WE AV E RElectropdeafadv | cBrR be ealdated )
indirectly with the import of exogenous molecules, leakage of cell components or physical
and chemical methade.g.electrical properties, voltage clamp and cell swell{BATISTA
NAPOTNI K; MI KLAVLI L, 2018)
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Macroscopic electrical properties measurements can be a quick and minimally
invasive way tdndirectymo ni t or t hThe indagtaell snémbm@ame ds.dielectric, and
the opening of pores by electroporation causes a decrease in the membrane's electrical
resistance. Moreover, leakage of intracellular ions may occur or complete cell membrane
destruction.We note that ell death is expected if operating irreversible electroporation.
Intracellular ion leakage and membrane destruction a@ntribute to increasing the
macroscopic conductivityThere are two main sensing approaches, measuring before and
after hie pulse (by using electrical impedance spectroscopy) or during an electroporation pulse
(by currentvoltage acquisition or electrodes current density)acroscopic electrical
measurements may take advantage of using theeRiEEFodes themselves, whiclcifaates
implementation at sanitary controlled environme(BARBA et al, 2015; BATISTA
NAPOTNI K; MI KLAVLI L, 2018; CASTELL Wighput MERC
the need of ex&d equipment contacting the samgeIMONIS; GARJONYTE; STIRKE,

2020) The basic experimental setup for measuring electrical properties is sh&wguiia8.

Figure8 1 Basic setup for measuring electrical properties of electroporation. Instantaneous
voltage and current are measured with an oscilloscope or compatible equipment. Impedance
analyser measures impedance before and after EP protocol

Impedance analyzer

T = f
e i L T T
---IO o o Q
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Source(CASTELLVI; MERCADAL; IVORRA, 2017)

Analysis by electrical impedance sp®scopy may provide a wide range of

information. The optimal cell sensing frequency range is between 100 Hz to 100 kHz
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(ARNDT et al, 2004; KRINKE et al, 2009; XU et al, 2016) Nevertheless, electrodes
polarization up @ 1 kHz is expectedXU et al, 2016) The impedance analysis method
usually requires interruption in the electroporation protocol, and analysis may take seconds to
complete, which may be a limitation of this procedure since electroporation occurs in
nanosecond§ BATI STA NAPOTNI K; MAndysiAdring ibdjvidual (PERS )
pulses can be performeby measuring current and voltage. This method is also called
dnstantaneousor Gappareniconductivity analysisi.e., the ratio between current and voltage

at a given time point. The conductivity increase thuelectroporation was observed in high
cel fraction suspensions of animal ce(lSINOSITA; TSONG, 1979; PAVLINet al, 2005;
SUZUKI et al, 2011) bacteria(EMANUEL; ROMAN; CAHAN, 2019) and yeast(EL
ZAKHEM et al, 2006; PINTARELI et al, 2021; RAMOS; FARIAS D., 2013and tissues
(CASTELLVIi; MERCADAL; IVORRA, 2017; LANGUSet al, 2016; NEALet al, 2012;
SUAREZet al, 2014)

PEF is usually delivered in the signature of 100 ps rectangular pulses burst
(monopolar) or 50+50 us (bipolar) Thus, those PEF contains a broad spectrum of
frequencies, and mostly sdbdkHz frequencies, as shownRigure9, whi ch ar-e sult
dispersive effects which interfere in the measuremedtirrent models use instantaneous
currentvoltage measurements to describe the PEF electrical c{tr@RESet al, 2021,
PAVLIN et al, 2005; SELet al, 2005; ZHAOet al, 2018) which is a sum of conduction
current, dispersive effec{due to sample reactancejectrodebiologicatmedia polarization,
and electroporation. From the engineering point of view, differentiating the electroporation
current from other PEEurrent is complex. We call the electroporation current the
superimposg nonphysiological displacement current in the cell membrane due to pore
opening. It is known that the biological systems are electrolytes and charges are subject to
changes in polarizatiomg., orientation and displacement of chargasd lological systems
are characterized by the three most expressive relaxation factors: ions diffusion outside the
cell s, cell 6s membrane iinterface charging,
Schwanos dJ fs prel o, séspeatieely(see section 2.3)The Udispersion and
electrodebiologicatmediadispersion are located at stib kHz, which is where the PEF
burst energy spectrum is. Those phenomenon dynamics have not been completely understood,
interfering in the direct current measurement.

Another method to access electroporation is the usage of a sinusoidal signal

superposing the PEF. This method resembles the impedance measurement using DC bias
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which is used to analyse rdinear capacitor€.g.ceramic capacitors which the capacitance
depends on thBC voltage). Early work has been done using 10 kHz sinusoidal signal added

to a primary 1 ms PEF protocol to avoid dispersive efi@fgVOS et al, 2012) The authors

found differences betweenthe Ae(1 0 kHz) <conductivity and o0
and voltage measurements. The 10 kHz was selected as the location which the sample was
mainly resistive (on yeast samples).

Figure9i (a) A 100us rectangular puls€b) Analytical Fourier transform of a 100 us PEF
pulse. Théhalf-power is at 4.4 kHz, and most of the PEF energy is between DC to 4.4kHz
(a) (b)

Vmax |

x100u

Half |

Vmax - power
> >
5 5
> >

O_

0 1x104 103 4.4x10° 104 10°
Time, s Frequency (Hz)

Source: Autor.



36



37

3IMPEDANCE SENSING AND PEF SYSTEM

It is known that electroporation is related to pulse amplitude, pulse train repetition
rate, pulse shape, pulse number and repetition rate. The combination of several parametric
possibilities, inserted by electroporator operator, makes it possible to (reaehsible or
irreversiblg electroporatiorto the cellular systems of animal and plant cells, whelieang
suspension of cells or tissue, vivo or in vitro. The PEF equipment corresponds to a wave
generator of electrical voltage, with an amplitudeipfto kilovolts and period in the order of
microseconds. The electroporator uses electrodes to impose pulsed electric field on the sample
biological. The electric field amplitude used for electroporation mainly depends on the cell
size, and typically theange is 10 to 1000kV/fWEAVER et al, 2012)

This chapter aims to develop a system and methods to enable customizable PEF
experiments and perform alternate current analysis during the PEF. The change in the
complex electrical properties may allow a novel study of electroporation which are essential
for developing new electroporation models. Those may indirectly probe the electroporation,
thus, may trigger future PEF control systems. We notice that there are few considerations in
the literature using mixed signals approach to sense electroporationre@sun is the
technical difficulty in developing fast linear amplifiers for high voltages and currents. Linear
amplifiers operate with elevated voltage drops in the switches, which generally reflects
extensive power efforts. The high voltage rectanguldsgs are more easily obtained with
IGBT or MOSFET switching.

3.1MATERIALS AND METHODS

The compl ex i nmplivedraystemecansbé galculated as Equati@n
Usual ly, a smal/l s i nie.exitatiba digna¥) & bppledjte thestestgan a |
sampl e, and the electrical cull pamtd me sipsont
frequency. The realrg (R) and imaginary &« (X)partsd t he Z(¥) are call
reactance, respectively. The magnitude |Z| and phase“adgle o f Z( ) are ac
Equation sef{10). We will use the polar description [Zif ) because it s m
when working with the two AC signals€. is simpler to compare V and | timariant signals
using the polar description) and sampl esbéb

Moreover, the cartesian-R description is more adequate when the equivalent circuit is the
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R-X itself, in the case of biological media theXRelements are frequendependent and can

be confused with the fotglement equivalent circuit.

. ?—b . E 9)

SS : : andf] AOAGAI (20

3.1.1Signal Generator

For an economical and portable generation of electrical pulses for clinical and
| aboratory electroporation, it i's applied
For treatments in the food industry and nano electroporation, other typesrafltgghcan be
used (KEMPKES, 2017) Similar procedures are used in defibrillators, plasma generation,
lasers, and welding machines. The electroporator power system hags tesestprmation and
storage steps. The change of energy is usually done with static converters. The first step is the
conversion of energy from a source primary low voltage and low power deesgy (
conventional 127/220 V mains or battery) for high ag#. The second step is the temporary
storage of the converted energy, whaan bedone with a capacitor benArrangements of
parallel and series capacitor are usdth auxiliary diodes and resistor@o stabilize the
voltage during storagenddischar@). The capacitor bank usually has l@guivalent series
resistancESR). We note that energyan be stored in capacitors (electrical energy) or in
inductors (magnetic energy). In electroporators for laboratory and clinical use it is usually
stored in cagcitors, as it is the least costly procedure, thiede isno interruption of currents
(in inductors).Finally, the stored energy is converted and quickly delivered to the cargo in a
pulsed at higtvoltage and higipower density. The basic operation issaswn inFigure 10.
Considering that electrical energy is already stored in a charged capacitor, the generation of
monopolar pulses can be performed with a single switch controlled capacitive discharge
circuit. The generation of bipolar pulses can be done with an inverter circuitollshal-
bridge or fultbridge)(PAI; ZHANG, 1995; REDONDO, 2017)

During the master's period, the author developed three custom electroporators of up
to 1 kV and 30 A, using topologies of a single switch anddtilgeand with embedded -V
recording The electroporators are shownRigure11 (PINTARELLI, 2018; PINTARELLI;
ANTONIO JR;SUZUKI, 2019) Thoseelectroporators power electronics were adapted to this
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thesis experimentsThis chaptethighlights the adaptation to generatnd record PEF with

superposing sines

Figure1l07 Example of energy conversion processes in electroporator. Primary energy (from
the electricity grid or battery) is converted and stored at high voltage. Rectifiers-DICCC
converters are used in this step. Capacitive storage is generally adoptectropetators.

The energy stored in capacitors is delivered in electrical pulses to the electrodes. In this step,
the topologies of CC/AC converters can be used. The most common are controlled capacitive

discharge (for monopolar pulses) and inverter (fpolair pulses).

N < S
Primary \\é&j@‘ \\?4{8’@‘ &obz Load/S |
S & N oad/Sample
Source (SO StOHI’EthOIE:geergy (,Oi\o}‘Qg‘?(’ Pulsed Energy <<>Qf(' Electric Field and

O
AC Mains or Battery _V> _°> Pulsed Electric Field _> Electroporation
Y3 AN L =

Source: Adapted frofSUZUKI et al, 2019)

For the application of arbitrary forms, a pyshl MOSFET topologyfor pulsed
energy applicationvas developed (pair of IRFP240 and IRFP9240). This system operates as a
linear amplifier.We note thatn the audicengineeringareathis topologyis called a class A
amplifier. The linear amplifier supports up to +85 V. The generation of arbitrary signals is
done digitally with the Espressif Systems ESEBERVDQ6, which is an integrated solution
with a microcontroller (MCU) and peripheral§his MCU was particularly selected due its
two individually controlled 240 MHz cores, large RAM storage for fast interruption routines,
the capability of running redime operating systenme(g. FreeRTOS), two ®it digital-to-
analogue converter channe{®AC) and embed 802.11b/g/n Wi radio (ESPRESSIF
SYSTEMS, 2017)The system schematic is showrFigure12. The MCU was programmed
using the manufacturer ESBF framework at Visual Studio Code and PlatformlO. The first
core (cored) manages all Wki related requests and the HTTP web serverfiNind HTTP
server tasks). The second core (core 1) runs a Rfkkd task which is assigned to control
both DAC (pulse manager task). DAC signals are conditioned and summed using a pre
amplifier stage (Analog Devices AD826). We configured one of the DACs to connect to the
MCU embedded cosine waveform generator; thus, precise sinewaves can be easily
superposed with other arbitrary waves. A semaphore routine was used within FreeRTOS to
guarange realtime during PEF.
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Figurelli PEF equipment prototypes: (a) up to 120 V, 10 A, monopolar, with fine voltage
adjustment; (b) up to 800 V, 20 A, monopoharth embedded currenbltage dataloggeixc)

up to 800 V, 30 A, bipalr, with embedded currenbltage dataloggesind its electronics (d).

(e) European Standard Operating Procedures of Electrochemotherapy (ESOPE) adapted pulse
(800V, 20 A, 100 ps monopolar, 5 kHz repetition rate eight pulse train).

a) b)

Tek A M Pos: 728.0,us MEDIDAS
+

| =12.44
CH2
H (L
U 26,48,
2 i ‘

CH2 1004 M 250uws
Source: Author an¢PINTARELLI, 2018)

The system is controlled by the user using a web applet interface, accessible by any

navigator at smartphone or computer-®icapable. The system has some-geéned
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waveforms. The arbitrary waveform can be generated by uploading RAW waves to the MCU.
With the applet, user can set diverse protoed.(ectangular, triangular, sawtooth, inverted
triangular, sines from 1 kHz to 250 kHz, monopolar and bipolar waveforms, individual
wavelength ranging from 50 ps to 1 ms, diverse burst pulse number, sinusoidal superposition
and peak amplitude). The web irftere is shown irFigure 13. There are several sliders to
operate the equipmerit.h e o6 mode 6 s hdiedfeirn esde tpsultshees , p rweh e r e
pulse train (monap| ar ) with overl|l apping sine, 626 1is
sine, 6306is the triangle pulse train with
and 6506 is the biThed®Ersystern can@mnect tptoelu&eFi dvibea i n .

a Wi-Fi host; thus, the system is accessed by the network IP nuftieerarbitrary wave

system was evaluated using Tektronix DPO20IRe process was the same as datalogging

of the biological samples (see section 3.118.pulse performace and frequency were
measured wunder |l oad stress (10 Y). We con

development of this thesis. Nevertheless, other waveforms may be used in additional work.

Figure 121 Arbitrary generator sstem and the data logginghere arethree tasks divided
into the cores. A O6Pul se Managerd task com
internal cosine generator, and DAC 1 produce the arbitrary wavefohe&AC signals feed

the highpower linear eplifier. An oscilloscope is used to measure the DUT vol{&gand

Vp probes) The current is calculated using the shunt resistor parametgis).(4he shunt
resistoimpedance 1.783 . 1 gd)100kHz)a n d  Zat ¥C). Y

Oscilloscope
oo
oono
Wi-Fi
HTTP Server V. ﬁp
Vb Vi
CORE O
DACO >
Pulse Manager DUT
. ‘~ Zshunt "
DAC 1 > Linear ‘\R ; y
ef. b
CORE 1 Amp. S0
ESRWROOM-32
(ESP32D0OWDQE6)

Source: Author.
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Figurel3i The PEF system control interface. This figure was recorded using Google Chrome

at an Android Smartphone. Sliders are the PEF related configuration.

18:44

J il T (
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|
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il
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|
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g
0 (Long sine dur. after pulse, s)
|
Main pulse switch
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] @ 4
Source: Author.

3.1.2Data logging

All acquisition were made using Tektronix DPO2012B 100 MHbi& oscilloscope
and two probe4:10model Tektronix TPP0200 200 MHz (Tektronix, Inc., EUAhe probes
were calibrated accor di Thgsamnping frdyencynesetuofla c t u
GHz (maximum).Probes capacitance were adjusted according to the oscilloscope manual
(TEKTRONIX, 2008) We used a shunt resistorsfé) model RX215W 1R8J ceramic to
measure current. The measuring circuit and oscilloscope connections are slirogurai2
(see theV: and W, probes) We measured the sht impedance spectrum (1 kHz to
1 MHz) with Keysight 4294A and DC impedance with Fluke 179. Its 100kHz impedance is
1.78°3. 180U Y and DC i mpedance is 1. %Figield The
The Znunt phase shift was compensated in the signal processing. The oscilloscope input
i mpedance (1 MY)10probe pamsitic dapatitanseq 18 pFd were considered

not significant.
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Figurel4i Shunt impedance spectrum.
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Source: Author.

All sampling precedgand succeeds an impedance analysis using HP 429&ha
setupis described byFigure 8. The switching between the PEF system and the impedance
analyser was done manually, which is important to remove any relay or extra camnectio
from the circuit (these devices are not designed to operate at 100 kHz). All DUT cables were
kept at a maximum of 30 cm. The time between the impedance readings was 2 minutes, this
time is required for unplugging and plugging cables and the measuneoerting.

3.1.3Data processing

All data were processed offline. Measurements were saved in a USB flash drive and
loaded into the computer. To extract the AC impedance, we made a script in MATLAB 2018b
(Massachusetts, EUA), which estimates the AC voltage and current based on individual
discrete sine wave samples. The processing mains steps are shiagur@i5. The first step
is a low pass IIR zerophase filtet (DC to 300 kHz passband and 600 kHBOdB
stopband) . Des pi t enotch Baenplirg sfrequeandy d1s GSamppeas@l t o p
channel¥ and bandwidth (100 MHz), it lackesolution (8bits); thus, we trade the bandwidth

12The main differences between IIR and FIR is in its implememtatie we are processing the signals-liri it
is possible to projedioth to behave similarly antheetour requirementsThus, ve opted for thélR due to the
reduced number afomputations.
13 Zero phase delay or no group delay is achievetbiward-backwad processing techniquee. first: filter the
signal forward in time, second: time reverse.0 f | i pped signal 6) to filter bac
the whole resultThis operationis mathematically equivalent the squared filter respea which gives only
real values, thus zero phase. This technique can only beofftine or at quasireattime, i.e., with a sufficient
delay.
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for resolution, and our secopdocessing step is downsampling. All signals were oversampled
at 1 GHz to be downsampled in sixtdeid (i.e. oversampling ratio equals 16) this is
equivalent of a four times resolution enhancement (or 2 bits), thus improving the digital signal
resoluton to 10bits and lowering sampling frequency to 62.5 MKRPPENHEIM;
SCHAFER, 201Q)We used the deep memoogcilloscope configuration (1 MPoint record
length on all channels). Each channel acquisition file has approximately 25 MB (.CSV
converted file). The acquisition time base wags,ltherecord window was 1 mgndnumber

of samples was £0The third steps finding the superposed sinewave top and bottom peaks
by using derivates and zero crossings. Lastly, the peaks andressing values are used to
calculate DUT AC and DC voltage and current, respectively. We emphasize that the
calculated DC impedandges not the O6trued DC i mpedance,
the DC is subject to dispersive effecien 100 kHz sinecycles wereacquiredon each signal

stage (before, during and after PEFhe surrounding PEF sines cycles were discarded due
distortions caused by the PEF rising and falling times. Thus, we processed nine individual
sines bef ore and after the PEF and eight
impedance data was analysed in terms of tidledata were analysed as means &6
confidence interval (95% ClI)The 95% CI corresponds to the significance level of 0.05
(equivalent of test of two groups using p=0.05). All this thesis data pragessedn this

way, as it facilitatedata analysisIf there is no overlap of confidee intervals for two

groups, there is a significant difference.

Figurel5i MATLAB script main steps.

Low pass filter Downsampling Find peaks and Calculate
zeros crossing

> . —P p|  ZiookHzand bc
Il_ ZD |% per discrete sine

Source: Author.

3.1.4PEF Protocol

The PEF settingswith superposing singhat are used in this thesiare eight
rectangular pulses train at a repetition rate of 0.1 Hz (10 s jpiéseal), each pulse has 100

ps duration, each pulse is previously superposed by & %.¥. 1.75 Vkms) 100 kHz sine.

4 For eachtadditionabbit of resolution, the signahust be oversampled by a factor of four



45

The 100 ps pulses are monopolar (100 ps rectangular) and bipolar (50 ps positive rectangular
+ 50 ps negative rectangular). The PEF protocols were described by the top and bottom DC
outputs values. We used 1, 15, 30 and 60 V fsgare 16). A sawtooth wavei..ramp) PEF

was also used, the sawtooth ware duration (ranging from 0 to 60 V) was 150 ps (400 V/ms)
and 1 ms (60 V/ms)This PEF protocol was applied in vegetigsue.The electric field at
sample are approximately E = V/a. AlIl the 1
the first and last (eight) pulse.

The PEF settingsvithout superposing sine that are used in this thesiseayiet
rectangulasshapedpl ses of 100 &s and -second pufsestnterval).on r
This protocol is similar to thESOPE(GEHL et al, 2018) All pulse data was acquired using
a custom systenit hasbeen assessed the effect of 200 to 600 kVER atyeasts Averages
were made based on 20 instant readings (200 kHz sampling rate syStBIMARELLI,

2018; PINTARELLI; ANTONIO JR; SUZUKI, 2019)

Figurel6i PEF pulse trainPulse 1 (P1) to pulse 8 (P8). (a) Monopolar, and (b) Bipolar.
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3.1.5Measurement Error

We design two experiments to test our measurement capabilities: a static electrical
and an electrolytic phantom load. We tested those loads using the same PEF protocol used in

thein vitro cases.
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3.1.5.1Stationary Electrical load

Data was collected using statinpedances (sefeigure 17a). The static impedances
were desigred no simulatea dispersion centred near 100 kHz, and approximately -8a6
phase shiftThe impedance models are showmablel. Those were measured (N = 3) with
Keysight 4294A and Fluke 179. Theoretical frequency spectrums are shdwgune 17 (b
and . The objective of the static loadlasto evaluate the measurement errors of the AC

measurement under the PEF circumstanioeslQ0 s, 15, 30 and 60 V generator outputs).

Figurel71 (a) Static impedance model. Theorical impedance spectrum of the test loads: (b)
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(@) (b)
-0
C
ir 100n [
‘ R1 2
- -40
OC T T T '60
102 103 104 10° 106
Frequency, Hz
(©
12.0-—\ -0
10.0
- -5
8.0
= 6.0 10 o
N )
4.0
- -15
2.0 1 z°
0.0+—+—rrrr—r—rrrr—r—rrrrr—r—r-rrrmt -20
102 103 104 10° 106
Frequency, Hz

Source: Author.

Tableli Test impedances measymean + SD). The DC impedance SD were less than 0.1.

Test load Theoretical Z at 100 kHz,Y Measured Z at 100 kHz,Y DC Impedance,Y
R=200,RY¥=25,Cr=100 d 263 -28.1° 23.13+0.01 -21.980.0PY 206.5
R=10,R1=10,Cr=100 (F 7.4 -19.4° 7.22:0.01" -16.7%0.16 10.1

Source: Author.
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3.1.5.2PhantomElectrolyte Load

We use Carbogel ECG® placed between parallel electrodes as our electrolyte load
(PINTARELLI, G.B. et al, 2019) The objective of the phantom loadhsto evaluate PEF
effects on the measurements. The electrolgtel was placed between parallel plate disc
electrodes with 29.7 mm diameter at 1 mm distance, as shdvigure18.

Figurel8i Electrolyte phantom.
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Source: Author.
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3.1.6Electrodes

Electrodes were Stainless steel 316 L discs (diameter of 29.7 mm and thickness of
1.0 mm) asFigure19. We assembled the electrodes in calipers when the sample is not solid

(as the phantoms). Electrodes cables were less than 30 cm.

3.1.7Impedance Analysis Methods

We used the Keysight 4294A impatte analyser and Keysight 16047E test fixture
for measuring |Z|d. The equipment operation and calibration were done according to the
operation manua(KEYSIGHT TECHNOLOGIES, 2003)The fixture compensation was
executed wusing the two equipment futerct i on
calibrates the open circuit parasite capacitaneedpen electrodes with 1mm separation as
Figure 20a ) . The Oshortdé f urnductancei(e. lboand ielectroddsas t h

Figure20b). A plastic clamp was used as auxiliary tool to ensure electrodes positioning. The
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biological material measurements weasen after setting the fixture.€. plate electrodes)
compensation. We also set the impedance analyser to frequency point average of 3, single
pass reading mode and voltage controlled (0.5 mV), those configurations were used during all

measurement of thithesis.

Figurel9i Electrodes used in the thesis.
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Figure 207 (a) Open circuit calibration. (b) Short circuit calibration. Example of a sample

reading.

SourceAuthor.
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The electrodegparasiticeffectswere also measurednd compensatedin this case,
we used the default 16047E settings (4294A default calibration). The chamber frequency
spectrum is afigure21. Those are the reference values are the parasite parallel capacitance
and series inductance

Figure21i (a) Short circuit and (b) open circuit electrodes response.
(a) (b)
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Source: Author.

3.2RESULTS

3.2.1System Performance Using Static Load

The PEF generator system frequency respasaskFigure22. The-3dB frequency
is over 250 kHz. Although the3dB frequency is one of the parameterspecify amplifiers
(mainly in audio areas), this frequency is not so relevant since amplifier's frequency response
is not linear near-3dB frequency (regarding both gains and phase). It would not be
appropriate to use this amplifier to generate signalk wmiultiple frequency components if
some are above 20 kHz. Based on this, our amplifier is an arbitrary signal generator up to
20 kHz. However, as we only generate a single frequency above 20 kHz, we compensate the
group delay and gain ndmearity in tre MCU. We observe that after 250 kHz, we are no
longer able to produce satisfactory sine waves using our DAC.

There are several prospects with our PEF generffaigure 23 shows a compilation
of some waveforms that will be used throughout this woekmixed rectangular with sine

and sawtooth. The DC and AC wave parameters can be modified according to the experiment
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(seeFigure 13, e.g. sine wave frequency, DC duration and AC and DC amplitudes can be

configured). The system switching performance is listeflable 2. Some of the data which

was used to evaluate the system's characteristics are available in Appendix

Figure22i Fr equency response of the designed amp
was the measured load output and DAC output ratio.
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Source: Author.
Table2iDesi gned system characteristics. Tested
Type Value
trise (O'SOV) < 5 HS
tran (80-0V) < 10us
Slew rate 22 Vius
Total harmonic distortion (THD) (at 30Vpp, 100 kHz) 25%

\We observe that this includes the DAC THD, which was 1,5 %.

Source: Author.

The PEF measurements over of gtationary load (see section 3.1.5.1) are shown

in Figure24: 6 a 6

i s
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/ 1cd2850YY+/ L O QT@edcicle datsd 0 6

reference measurementg, AC and DC analysis using the impedance analgsermulti-

meter, respectively. Therer is less than 5% for |8pkHz less than 15% forZiookHz and less

than 5% for Ac. Theimpedancespectrum of the static loads a®(2 0 0

andad(l 0 Y
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Figure231 Waveforns and its FasFourier Transform (FFTgompilation (a) 100 kHz sine
burst, (b) DC rectangular monopolar with 100 kHz sine super positioning and (c) bipolar, (d)

sawtooth. The test | oad was 10 Y.
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3.2.2System Performance Using Phantom Load

The impedance measurements of the phardiectrolyte load are shown irFigure
25. The ZookH: IS less susceptible to interfere with polarization as its impedance does not

significantly change during timgsee Figure25a and B. The DC impedancecrease does
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show significant differencgseeFigure 25c). On the other hand, the electrical double layer
(EDL) charging occurred atpé, as the indildual sample analysis shows a capacitive
charging and discharging current profile (fégure25e and f). The phantom double layer is

not stable as themae no changes in the impedance analyser studyiges25d).

Figure 25 T Measurements over the phantom. The AC (a) absolute and (b) phase

measurements, and (c) DC measurement. (d) The frequency spectrum before and after the

PEF (60 V case). Single (e) oscilloscgaenpleand (f) its voltages and currents.
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4 SENSING OF YEAST INACTIVATION BY ELECTROPORATION

Yeast contamination is a problem in the industry, as their contamination can cause
financial loss. In wine production, yeast control is challenging and of high importance as
yeasts rapid grow can significantly alter grapes pH and flavor, thus, compromisiag
quality and causing significant economic losSdse International Organization of Vine and
Wine (OlIV), the benchmark for viAeased products standards, establishes the maximum
acceptable limits for oenological practices; this includes the maximuoess/dor viable
yeasts load. Therefore, to obtain adequate wines that are safe for consumption and with
preserved palatable aspects, yeasts should be removed or inactivated. In this regard,
controlling yeast number in the food processing environment i® macessaryn wines, the
Saccharomyces cerevisiagast is the most frequent contaminant and spoilage species
(LOUREIRO, 2003) In other types of foods, other microorganisms may be relevant. Those
that can cause foodborne illnesses and can even become lethal. If contaminated yeast is
injected into a human body, it can cause health problems. Thermal pasteurization, sterile
filtration, a n d chemical treat ment af fect foodos
characteristicse.g.,color, texture, aroma and flavor). Yeast control in different food can be
reached by electroporation while maintaining its-precessing propertiesn the caseof
wines, pasteurization is avoided as it damages organoleptic properties. Final customers are
continuously looking forward to those characteristics, as they are often related to freshness
and authenticitf{ CHARLES-RODRIGUEZet al, 2007; COUTCet al, 2005; PUERTOLAS
et al, 2009)

In this section we will discuss some of latest experimental rabaltsvere published
at(PINTARELLI et al, 2021) The paper is reprinted at Appendix B with permission.We
usedin vitro Saccharomyces cerevisideT C C E 3 6 9l@wGsispension fraction 2.5 x 10
cells/mL!®, to investigatePEF effects on theell viability (using Methylene bluemethod,

0.2% GeH1sN3SCI), cell morphology (usingscanning electronic microscope media
conductivity (using arrentvoltage measurementsand impedance spectroscopy) and
estimatingabsorbd energy The PEF protocolwere 8 rectangules haped pul ses o

and a repetition rate of 1 Hzd,, 1-second pulses intervaljlso, we didin silico study to

15suspension fractionypically found on wineds <10° cell/mL. The 2.5 x 10 cells/mL fractionrepresents a
volumetric fraction orweight concentration (weight of yeast cells/total weight of suspehs®0.43 % in
water.
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evaluatenumber of pores at cell membrane, transmembvaitage,anddifferential voltage
in the cell wall We investigated the effects of amplitudbeanges as the electroporation
mainly depends on it. It has been assessed the effect of amplitude applying prait@6dl to
600 kV/m. We show that it is possible to eliminate yeast using irreversible electroporation and
detect inactivation (cell breakage) by macroscopic instantaneous current measurements. A
15% in pulse current increase is expected when reducirsg yembers to fcells/ml by 500
kV/m irreversible electroporation PEF

Figure 26a shows the current during the PEF protocols. The absorbed energy is
higher when there are cells in the media. Dozens to thousands kJ/L are expected for microbial
inactivation (PUERTOLAS et al, 2009) Due to the short burst (8 pulses of 100 ps), the
theoretical temperature rise at thied of the 600 kV/m protocol is 3,5 {EL ZAKHEM et
al., 2006) In practice, the temperature increase should be lower since there is thermal
dissipation during the intgrulse intervals (1 second). At 600 kV/m we observed a
conductivity plateau. This may indicate the maximum ion exchange due electroporation in our
experiments. Other work reported similar conductivity saturati€in ZAKHEM et al, 2006;
NEAL et al, 2012; PAVLIN et al, 2005) We analyzed the current changes in terms of in
pulse current rate. We define in pulse current rate as the average increase of current between
last (eight) and fiftspulse.Figure 26b shows the in pulse current rate as function of PEF
amplitude.The YPD media were directly compared to the cell suspensions. Ak\200
there are noignificant difference (ns). Over 300 kV/m we detected significant differences
(when comparing equal kV/m magnitudes). When comparing in pulse current increase at
similar delivered energy, 225 kJ/L has no significant difference, an@-42 kJ/L has
significant difference. The phenomenon that changes current is related to the presence of cells
and it is not associated with temperature.

The compiled result of the current change in function of cellular vialslgpown in
Figure 27a. There is correlation between cell viability reduction and current change. SEM
images are shown iRigure 27b. Using SEM, we observed that some cells were physically
PEFdamaged, and others were not. Zakhetnal. reported similar resulttEL ZAKHEM et
al., 2006) Those are PEF triggered damage and not the actual PEF pores. The physical
damage may be correlated to the changes in the surface which changgtidhgng process
or intracellular drain out due electroporation membrane destruction. We focused in showing
the damaged cells as showrFigure27 (c to f). At 200 and 300 kV/m SEM provided details
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of physical damage to the cell associated to electroporation. Notwithstanding, neither cell
viability nor macroscopic electrical properties readings provided this type of detailing.

Figure26i (a) El ectri cal curr@nmeamas tPEE @elolt os
anddb émeans the YPD data. (b)) YPD and cell s
function of PEF protocol amplitude in kV/m. Tkgnificance levels are given upper the box

pl ot s. 6nsd® means not significant (p>0.05)

Oscillations below zero at 200 and 300 kV/m are not shown.

(a) 129 200 kV/m 300 kV/m 400 kV/m 500 kV/m 600 kV /m
112 kJL
—

10+ Viability loss

8 - 71 KL

6= 42 KJIL
61 kJ/L

Current [A]

22 kJIL 40 kJ/L
25 kJ/IL
9.5 kJ/L

13 kJ/L
5.8 kJ/L

1 8 1 8 1 8 1 8 1 8
Pulse number (1 to 8)

~—~
(=)}
N—r
N}
o
[]

40-42 kJ/L

u\

20- - es e e
! [

'

15 !
22-25 kJ/L 0

\ !

'

10 = ns 1

e T

In pulse current rate (%)

L

" N <

R <Q

Q @
E\ & &

(@) [€)
200 kV/m 300 kV/m 400 kV/m 500 kV/m 600kV /m

Source: Aitor.

Q

() 9 (@)

At 500 kV/m we detected yeast viability within tiseandardliimits (LOUREIRO,
2003) The yeast PEBamage starts at 300 kV/nG C G K Gevaf, 1996) and irreversible
electroporation threshold at dense cell suspension is reported to be 750EKVAZAKHEM
et al, 2006) The 500 kV/m threshold we observed may be due the lower cell density. At high
cell density solutions yeast clusters are formed, thus a larger field is needed for
electroporatiofMOLINARI; PILOSOF; JAGUS, 2004)The electroporation threshold may
shift in the 300 to 800 kV/m range as it is also dependent on the external(BivifeNUEL;
ROMAN; CAHAN, 2019; PUERTOLAS:t al, 2009) yeast phaséMOLINARI; PILOSOF;
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JAGUS, 2004) temperature (GOLBERG; FISCHER; RUBINSKY, 2010)and cell
concentration(EMANUEL; ROMAN; CAHAN, 2019) Moreover, the cell geometry and
distribution of cell sizes interfef@ EBOVKA; VOROBIEV, 2004) At 500 kV/m (.e.,when

the loss of viability is greater tharO%), it is possible to differentiate the current change
between the electroporation protoda,, 400 and 500 kV/m. In our results the current change

method is not sensitive to small loss of viability (less than 10 %) or detection of changes in
the cellwall.

Figure 27 i (a) Cell viability and conductivity increase due to electroporation protocol
amplitude. The errors bars are shorter than the height of the symbol in viability when 0, 200,
300 kV/m. Yeast maximum limit described clear bottled white wing.OUREIRO, 2003)

unit adequation was realized witMAYER; GOIN; ZIMMERMANN, 1986). (b) SEM image

of yeast cell without electroporation pulses. (c) 200 kV/m, (d) 3@nk (e) 400 kV/m and

(f) 500 kV/m. White arrows indicate surface damage.
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SDIELECTRIC DISPERSION MODULATED SENSING OF YEAST SUSPENSION
ELECTROPORATION

In this section we will discuss some of latest experimental results that were published
at (PINTARELLI et al, 2022) The paper is reprinted at Appendix C with permission.We
evaluated the effects of electroporation on the dielectric spectrum ofuspkrssions. This
evaluation can provide insights into the development of electroporation/PEF high frequency
(>10 kHz) sensors. New sensors can be designed to operate in a frequency range adequate for
detecting membrane changes while avoiding-BibkHz PEFdirect current polarization
disturbances. This technique provides more accurate readings of electroporation mechanisms
to control and optimize industrial process&s. demonstrate the feasibility of supervising
electroporation, we propose a numerical gtad the sensing of theell suspension dielectric
dispersion.

Yeast cell suspension is known to have widek f i +ieletctricbdispersion in the
frequency range of 0il MHz due to the cell membranandthe yeastSaccharomyces
cerevisiaehave detailed electrical properties literature and their ellipsoidal shape are often
approximated as a twshell sphere (ASAMI; YONEZAWA, 1996; HOLZEL;
LAMPRECHT, 1992; RAICU; RAICU; TURCU, 1996Yhe electroporation model is used to
cal cul ate changes i n t)hderingnekectrbporationd two-shelld u c t i
model is used to represent the yeast watler 50 pus (10 toGus) and 1 us (2 to 3 us), 400
kV/m PEFE We used low yeast concentration ratld4 yeast concentration ratio which is
approximately 2 x 1cells/mL). This is a typical yeast concentration from the experimental
point of view(EL ZAKHEM et al, 2006) The volumetric model containing one cell is shown
in Figure 28. Three external buffers were studigiilow, Umed, and Unigh buffer (1 mS/m,
50mS/m, and0.1 S/m). T h euigh thedium is more typical for liquid foodsee Appendix D).

We wuse a wuseful simplification ,twbich mdhee | t
assumption thathe systems time-invarianton a small scalethus, all variations occur as
sinusoidal sigals, andthe suspension dielectric spectrum is calculatedomputer model is

used tocalculatet he system dielectric dispersion <c¢h
their interaction with the extracellular media and electropora@®MSOL Multiphysic®

version 4.4 softwar€COMSOL, Inc.,Stockholm,Sweden)s used for FEM modeling and 2D
electric currents application (COMI0Q,,2018)r o m t
COMSOL was executed on a laptop running Windows 16b{&} (Microsoft Corporation,
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WA, USA), with Core i74700HQ procesor (Intel Corporation, CA, USA), 16 GB RAM and
Nvidia GeForce GTX 870M (Nvidia Corporation, CA, EUA).

Figure281 Whole-cell model using two shell model. (a) 2D axisymmetric view. (b) Zoomed
membrane view. (c) Halfut 3D cylindrical model derived from the 2D shaft rotation. The
colour scheme is yellow = intracell ulbasr me
wall, and grey = extracellular media (electroporation buffer). Figures show the case of a

single cell with 4 um external radius.
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A custom mesh is designed for this studyshown irFigure29. The mesh is edge
mapped for bilateral symmetry and mapped as:s
me mbr ane and wal | . Ot her el ement s ar e m
semi condu c tsetrThednfakinmum &lement sizesist as 3.3 x 10 m. The mesh
consists of 171,416 (single cell) to 478,398 (three cells) elemBEmtstransmembrane voltage
due to PEF can be analytically calculated using the Laplace eq(@atiditKI et al, 2011)

We validated the numerical calculations by comparing them to the analytical solution
proposed by(GIMSA; WACHNER, 2001) The maximum relative error between the
analytical solution and the computer simulation was 5.18Perefore, we considered our
model to be sufficiently accurate for our study.

The membrane is always more insulating than the mednance it obstructs the
low-f r equency current pass ag e-dispardiorlf timeelectricab ne ¢
characteristics othe interfaces change, it is expected that the dispersion will shift. The

dispersion shifting and plateau amplitude emerelated to thénterfacese | ect r i c a l pr
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ratio

. We evaluate the equipotential and current density lines. The contour plots of

equipotential lines (horizontal) and current density lines (vertical) are showigumne 30,
Figure 31 and Figure 32 for Uiow, Uwved, and Unigh buffer, respectively. The pts are useful to
check how the electromagnetic wave sSinusoi ¢
|l i nesd means dens éd madiume, ¢the 400 &Hz curent nostly passesA t
through the cell. The same effect occurs at proximédté\§Hz for other medialf asignal is
supposed to sense changes in the cell wall and membranes, it must be in a frequency at which
there is a voltage drop in those componehligure 33 shows thed el ect r ii.ethepr of i
local voltage at e | YI-a@is(vertical) Gradientvoltages are possible in the cell membrane

for all media. On the other hand, tligeq buffer is the most susceptible medium for wall
voltage drop. Over 100 MHz there is notagje drop across neither cell components. We also
evaluate the voltage drop for the arc lengths stép 8 0 The rg¢swoits are shown Figure

34. There is a voltage dp on a vast part of the cefAnother perspective of the same data is

the differential voltage evaluation at membrane and wall due frequency, as shbigara

48. The 100 kHz is the upper limit to sense membranénati and Unigh buffers. The (med

buffer is less susceptible to sense the wall. Usingdiithe buffer, it is possible to discern the
membrane and wall individually. On the other hand, for sensing memlwvamaust use over

10 kHz as lower frequency may be contaminated with dispesiento electrodsolution

interface

Figure29 i Detail of the wholecell mesh. Zoom at (a) whole cell (b) wall zoomed and (c)

membrane.

N T T R 5 R =
(a) &0 (b) 4.1 <10 gﬁgﬁ‘;&;ﬁ%‘?} 2 (C) 3154::‘"

— o 3,783
3,787
37817
3787
37797
37787
3777
37767

3775
3.7747)
3775
3777
37717

377
3.7697)
3.7687)
37677

p . avav PSSR SIER0
X "““"".‘ “‘“

| AV 3.657 v, AVAVAVA 5 AN
AVAVAL

AR

R

N v VAW AVAYA
a"éé‘!&l‘nﬂl‘h

A
ORI
\OEKIAF

S ST

Source: Author.



62

Figure 30 1 Contour plots of electric potential (horizontal black lines) and current density
(grey vertical lines) from kHz to 100 MHz withliLow buffer. (a) 1 kHz, (b) 10 kHz, (c) 100
kHz, (d) 1 MHz, (e) 10 MHz, and (f) 100 MH
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Figure 31 7 Electric equipotential lines (horizontal black lines) and current density (grey
vertical lines) from 1kHz to 100 MHz witfiveq buffer. (a) 1 kHz, (b) 10 kHz, (c) 100 kHz,
(d) 1 MHz, (e) 10 MHz, and (f) 100 MH

(a) freq(1)=1E3 Hz (b) freq(6)=10E3 Hz
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Figure 321 Contour plots of electric potential (horizontal black lines) and current density
(grey vertical lines) from 1kHz to 100 MHz withuigh buffer. (a) 1 kHz, (b) 10 kHz, (c) 100
kHz, (d) 1 MHz, (e) 10 Miz, and (f) 100 MH.
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Figure331 Electric potential profiles across the longitudinal axis (line AB) and its zoom (at
mewbbfferaaaad d)ifesbuffer,(ard (eaanddffiHida )
dotted |

ce

buffer.
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Figure341 Electric potential profiles across the diverse longitudinal axis foli)buffer,
(b) Owmed buffer, and (c)0uigh buffer. The dotted | ines used in

wall and membrandd) The location of the lines to study electricatgrttial profiles( 8 0 0 d m

steps)
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Figure3571 Voltage difference at cell membrane and wall. Measurements at the cell pole. (a)
1le3 S/m, (b) 5068 S/m and (c) 0.1 S/m buffer.
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When the transmembrane voltage reaches a certain valuei(40\?) (TEISSIE;
ROLS, 1993) membrane permeability increases as a consequence of the formation of
hydrophilic pores in the lipid bilayer leading to an increase in membrane conduclivéy
membr ane conductivity, transmembrane volta
using50 ps PEF is shown iRigure 36. During 10 to 60 ps, the PEF is enabled. All buffers
are adequate to induce el ectr @plouffea hastben t r ¢
slowest time dynamics (see the p66t us dynamism of membrane conductivity and
transmembrane voltage). This occurs due to the poor kéfeinterface conductive
coupling, which leads to slower capacitive charging and discharging processes. The
menbr ane state change is pr aweé n dig BuFfeys. Alsa,st a n-
the extent of membr ane ar ea af figeluffeeidiusddy el
(approximatelyi” / 2 t ®dheée/ @) sper si on cent rcharacdezigiiecs,n d s
the dispersion centr embsufdpppr canidmde0ebhiykiHz0 fl
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buffer (see the s ol aFkigure3doRequereibsahighevtlean pMHz mi t
are not suitable for sensing the membrane dispersion as the displacement current can flow

through the cel(membrane impedance is negligiple whi ch i s call ed Oel

This work, as well as othersinhe | i teratur e, have demonst

primally barrier (.e. cell membrane), we should not exceed approximatel0Q MHz

(ASAMI; YONEZAWA, 1996; GOWRISHANKAR; WEAVER, 2003)

Figure 36 - Results of 50 pus PEF: Membrane conductivity, transmembrane voltage and
solution equivalent relative permittivity. The horizontal axis is the time in psPHfestarts

at 10 ps, and ends at 60 ps. The vertical axis of the membrane conductivity and
transmembrane voltage figures represent the angle location in the membrane. The vertical axis

of solution relative permittivity figures is the sensing frequencyHz to 100 MHz range).
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The 1 us PEF results are shownFigure37. During 2 to 3 ps, the PEF is enabled.
T h eLow Buffer slow dynamic cannot charge the membrane sufficiently for electroporation
(the membrane charges up to 200 mV). Thus, the membrane awitguchange is
negligible, and the spectrum does not change significargly y(nsuccessful electroporation).
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T h eved luffer can charge the membrane sufficiently for electroporation. However, the 1 ps
does not saturate conductivity as seen in 50 ps HHdgure 36) . Thew sy f feer b

dispersion decays only at the end of the 1 us pulse.

Figure37 - Results of 1 us PEF: Membraoenductivity, transmembrane voltage and solution
equivalent relative permittivity. The axis description is used within Figure 3. The PEF starts at
2 Os, and ends & thmefwane coruuetivity shariges gre lbwer than

0.1%.
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6 SENSING THE DYNAMICS OF COMPLEX ELECTRICAL PROPERTIES UNDER
PEF: IN VITRO VEGETAL STUDY

In thischapteywe evaluate thé D C 6 108 kHz impedanceeading due tohe PEF
amplitudeand DC pulse polaritywVe will usein vitro vegetal tissue to show theasibility of
using the proposed sensing method in tissA&s, tissues may be able to demonstrate the
effects of the electroporation in a higher extend comparing to the cell siepérhe PEF
equipment and measurement system is described in the previous cAapeiso propose a

simple2D geometrymodel that describes thee g e-tispérsiob

6.1 MATERIALS AND METHODS

6.1.1In vitro experiments

Potato tubersSolanumtuberosum were purchased from local stores. The producer
(Rio Bonito Organicos, Itatinga, Brazil) is certified by the Brazilian Ministry of Agriculture,
Livestock and Food Supply (MAPA) audit for organically grown products. The Organic
Conformity Assessmeé Organization accredited by MAPA provides the traceability of the
product at https://conecta.paripassu.com.br (traceability EQIEO8MDIWMG64AEQJ. This
study complies with relevant institutional, national, and international guidelines and
legislation onexperimental research and field studies on plants or plant m&f\NBIRADE
et al, 2022)

Each oe of the groups hadeven tonine samples. Potatoes were not peeled and
wereindividualy cut before the experimenisingregulablestainless steelegetablenandolin
modelBenriner K91(Benriner Co., Japanpur potato discgslices)were 1+ 0.1 mmheight
(seeFigure38a). Our cutswere orthogonal tthe proximatdistalaxis We discarded the 20 %
of the proximal and distal portiois avoidusingtissues fronthe bud andgtem endWeused
the centre vegetable portiomhich is composed by thearenchyma tissu@iniform shapé
cells in all directions)andpith tissuewith its medullary raygseeFigure38b) (GROMMERS;

VAN DER KROGT, 2009; OEYet al, 2016) We usedparallel plate disc electrodegth

29.7 mm dimeter(seesection 3.1.6or electrodes characteristicg)hich coveredhosetissue
portion (seeFigure 38c). The electrode embraced and held the samples with plastic pressure
clawsat 1 mm distancgéd = 1 mm) The millimetre electrode distance facilitates obtaining

high electric fields compatiblevith electroporation. The electrodes were cleaned with 70%
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ethyl alcoholand driedbefore the sample insertion. All samples were submitted to the same
process (insertion and removal of the electrode systém)includes the control samplé§e
monitoredthe potatoes temperatuwising an infraredhermometerthe temperatures were 20
+1.5°C.

Electric pulse protocols were generated by custom made generatdfiqaez16,
monopolar and bipolar . Protocols were eight pulses of
The low repetition rate was used to corroborate that the DUT discharged and mitigate
interferene from electroporation memories and electric double layer charging. This protocol
is similar to European Standard Operating Procedures of Electrochemotherapy (ESOPE)
(GEHL et al, 2018) Amplitudes(voltage output of the electroporator, V) were varied as the
electroporation mainly depends on it. The magnitude was estimated as the voltage applied
divided by the distance between the electrodes. It has been assessed the effect of amplitude
applying probcols of 12.5, 25 and 50 kvV/m. A sawtootle (ramp) wave study was used to
measure the sample dependence on the voltage. We used a 150 pus and 1 ms single triangular
wave.We user each sample only once (one PEF application drig)electric field (E) vae
was estimated using E = V/d. An electroporation measurement system with pre and post
impedance analysis and voltage and current measurements was configured for this experiment
as described in chapter h this chapter we will call the apparent impedam as 6 DC
resistanced to facil it at eCurcentvolpager measaramentsi t h
were acquired in the first and last (eight) pulse of the protocol at 1 GHz using a digital
oscilloscope Tektronix DPO 2012B with two Tektronix TPP0200 B (Tektronix, Inc.,

Oregon, United States). A MATLAB R2018b script was used to calculate the sample's
impedance at DC and 100 kHz. The acquisition equipment errors were diagnosed, and the
worstcase error equals to 12 %. The electrical impedance stddyebend after PEF was
performed with 4294A and 16047E adapter (Agilent Technologies, California, United States).
We used a 100 Hz to 1 MHz f r equdspecsipnrangen g e
The impedance measurements occurred 120 secoffidse Bnd after the electroporation

protocol.
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Figure381 (a) Potato slices usdd mm slices) (b) Longitudinal diagram of a potato tuber.

(c) Electrodes position at the sample.
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We execute a histology study teerify for cell destructionThe tissueslice was cut
usinga sharp razor bladea drop of Methylene blu@.2% GeH1sN3SCIl) was placedo mark
cell walls andthe tissue i®bserved in the optical microscope Biofocus (BIO1600B%e
Figure 39). Dead cells typically show rupture of the membraared lose their natural
morphological formationMoreover,as potato tubers aleown to show dark staining due
electroporation The 0dar k the teHiectn ofn the oxidason due to
decompartmentalization of certain enzymes and substrites.samples were stored in a
sealed place with room temperatat5 °C and in an acid envirorant (sealed environment
with wet paper towel with 2.5 ml of citric acid 4% diluted in deionized water) for a period of
24 h. Electroporation technique overly extracts polyphenol oxidase enzyme which reacts with
the oxygen, this reaction leads to a darkgrihthe vegetable tissSEBERKENBROCKEet al,
2019; IVORRA; MIR; RUBINSKY, 2009)

Figure397i Histological studyat microscope slice.

- ~re - s

Source: Author.

6.1.2Vegetal tissuemodel

Similarly to Chapter5, we use a wuseful simplificat:i
frequency response which is the assumption that all variations in time occur as sinusoidal
signals. Thus, solving methods will consider this problem as-h@neonic, and it can be
formulated as stationanA frequency range from 1KHz to 1 MHz is employed, ahose are
one decade from the 100 kHmzembranesensing frequencyThis approach applies to all
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periodic signals applied to linear systems. Furthermmeegcan use Fourier analysis to study
the systembébs frequency response.

The veget al ti ssue model i's a novel 2 |
hexagonal cells containing intracellular fluid, membrane, wall, and intracellular spaee.
model represesttheparenchyma tissyevhich is the most uniform tissue of the potato tuber
(GROMMERS; VAN DER KROGT, 2009; OEYt al, 2016) The geometry is shen at
Figure40a. Thevertical side boundaries are periodi¢e used an analysis areacompensate
the 6natur al 6 current di ffracti o(se theh wltageh app
measurement location &igure40a). There is a current bias of 1 x'20\ between the top
and bottom boundaries used for small signal analysis. We suppose that our simulation volume
behaves as an infinitesimal volum@ell structural parameters of potato tuber tissue are
described by literaturdKONSTANKIEWICZ et al, 2002; REEVE; TIMM; WEAVER,
1971) However, we did not find previous reports on the cell parts electrical characteristics.
We used some parametengasured in yea$HOLZEL; LAMPRECHT, 1992) andchanged
the extracellulay cy t op |, aasdm@ snbr ane 6 s to oapmtoach tourim ivitroy
measuremenisWe used theAppendix D data N = 69 to calculatein vitro equivalent
permittivity and conductivity (we used the dimensional chamber parameters to obtain the
permittivity and conductivity)The used electrical parametearg given inlable3.

COMSOL Multiphysic§ version 4.4 softwarefCOMSOL, Inc.,Stockholm, Sweden)
i's used for FEM modeling and 2D electric c
AC/DC Module) (COMSOL, 2018) COMSOL was executed on a laptop running Windows
10 (64bits) (Microsoft Corporation, WA, USA), with Core -&%700HQ procesor (Intel
Corporation, CA, USA), 16 GB RAM and Nvidia GeForce GTX 870M (Nvidia Corporation,
CA, EUA). The mesh was generated using the COM$QlL,ee tri angul ar sem
pre-setselecting a piece of the model as Higure40b. This piece was mapped to the other
seven similar objects. The total element number was approximately 4 milhendetail of
the membrane and wall are showrigure40c andFigure40d.
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Figure407i (a) Hexagonal model of pato tuber tissuelhe analysis are@ashed orange$

used to compute the equivalent electrical properietage is measured at a point on top and

bottom of the analysis are@op andbottomboundaries are theurrent soures. The vertical

boundaries are periodi¢he mesh is generated using COMSOL at the dashed blue area. This

mesh is mapped to other seven consecutive afepfetail of he mesh ofpiece of the

hexagonal model(c) Detail of the membrane. (d) Detail ofethwall. Yellow is the

intracellular content, pink is the membrane, purple is the wall, and grey is the extracellular

media.
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Table31 Geometry parameters fpotato tuber tissumodelling.

Description Value
Extracellular conductivity 0.4 S/m
Extracellular relative permittivity 78
Cytoplasmbés conductivity 0.8 S/m
Cytoplasmbés relative per.i 50
Membraneds conductivity 1le6 S/m
Membraneds relative per mi 7.6
Cell wall bés conductivity 1le3 S/m
Cell wallbés relative per:i 60

Source: Author.
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6.2RESULTS

Electroporation is generally explained in termsetdctric conductivity, thus, the
increase in pores increases the conductivity of the membrane. This is equally as worsening the
dielectric characteristic of the membrane. In this chapter we use AC frequency superposing
the PEF, this approadan sense electropomati. Also, itcan introduce further insight in the
electroporation modelling detailing as the conductivity can be explained as a complex
number, in other words, we may introduce another degree of freedom to analyse
electroporation and other voltage deperngdienomena. The nature of electromagnetic waves
is explained using imaginary spaitme (frequency), therefore using the complex variable to
study PEF may give another degree of freedom in ternE6fsensing andanodelling. The
use of the instantaneousircent and voltage readings on the equipment output has a
competitive advantage since its electronic topologies use transistors as on/off swiches (
operating in saturation and not allowing arbitrary shapes). However, in treatments with high
added vale, it is possible to more design complex equipment with PEF and small signal
generators. Thus, further detailing of the state of electroporation would be possible.

The impedance during theight pulse 100us monopolar PEF is accordingly to
Figure4l, and the bipolar PEF is accordinglyRmure42. The PEF at electroporation levels
(> 12.5 kV/m) decreases the apparent impedance (calteq. [Zhe 100 kHz show a decrease
in the phase during electroporation. The absolute 100 kHz impedareases during PEF at
reversible electroporation (12.5 kV/m) and decreases at irreversible electroporation. The
COMSOL calculated equivalent permittivity and conductivity is showrFigure 43, the
model is a good approach specially at 100 KH® before and aftehe frequency spectrum
is asFigure44. The > 25 kV/m PEF chang#ise spectrum in an irreversible wayhe 95%Cl
deviatiors are because theissueis not entirely homogenous, andome variationsin the
electrode insertion proceasd delays in the measurement time (see AppendiX ®tissue
histology andstaining after 24 h is showin Figure 45 (control data did not stain, data not

shown)
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Figure41i The impedance monitoring during the 8 pulse 100us monopolar PEF. The dots
are the mean. Tloe slyenfbieud;ploastaredakea Gisingthe indpedance

analyser. Values are means and 95 % CI.
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Figure42i The impedance monitoring during the 8 pulse 100us bipolar PEF.
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Figure431 The equivalent permittivity and conductivity of the 2D COMSOL model (dotted

Source: Autor.
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Figure44i Impedance measurements before and after the PEF. The monopolar protocols are

@1V, (b)15V, (c) 30 V and (d) 60 V. The bipolar protocols are (e) 15 V, (f) 30 V and (g)
60 V.

Source: Autor.




























































































































































