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Preface
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Abstract

Abstract

Electroporation is a phenomenon which results in transient increase in cell membrane
permeability for ions and molecules when exposing biological cells to short high-voltage
electric pulses. If cells survive the exposure to electric pulses, electroporation is called
reversible; otherwise, if cells die, electroporation is called irreversible. Electroporation is
used in biomedicine for electrochemotherapy, gene electrotransfer, transdermal drug
delivery, DNA vaccination, and as an ablation method to treat heart arrhythmia and tumors.
It is also used for various purposes in biotechnology, food processing, and environmental
applications, such as extraction of compounds from plant tissue, inactivation of bacteria,
cell fusion, and genetic engineering of microorganisms.

Electrochemotherapy uses electroporation to enhance the delivery of
chemotherapeutic drugs into tumor cells. It is successfully used in clinics to treat cutaneous
and subcutaneous tumors with ongoing trials for the treatment of deep-seated tumors.
However, the monopolar pulses with duration of 100 ps, used classically for
electrochemotherapy, cause pain and muscle contractions. To overcome these drawbacks
the use of bursts of high-frequency short bipolar pulses has been suggested. Furthermore,
recent efforts have been focused on making electrochemotherapy a systemic treatment by
combining it with gene electrotransfer for immunotherapy. Gene electrotransfer is also
based on electroporation, where millisecond pulses are used for intracellular delivery of
DNA molecules that code for proteins able to stimulate the immune response. Thus, using
pulse types alternative to classical 100 ps pulses could be beneficial for improving the
electrochemotherapy treatment. However, it is not well understood whether different types
of pulses can be equally effective for electrochemotherapy. Therefore, the first aim of the
dissertation was to investigate how different types of pulses affect cisplatin uptake and
cytotoxicity. We performed in vitro experiments using cisplatin and three types of pulses:
classical electrochemotherapy pulses, high-frequency bipolar pulses, and millisecond
pulses. We demonstrated that all tested types of pulses can be considered equivalent in terms
of cisplatin uptake and cytotoxicity and can potentially replace classical, i.e., monopolar
100 pus electrochemotherapy pulses.

For electrochemotherapy to be successful two main conditions need to be met: (i)

the entire tumor must be exposed to a sufficiently high electric field that results in
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electroporation of the tumor cells and (ii) a sufficient amount of a chemotherapeutic drug
(typically bleomycin or cisplatin) must enter the cells to bind to DNA and kill the tumor
cells. The pulse parameters needed to successfully treat cutaneous tumors are provided in
the standard operating procedures, whereas the treatment of deep-seated tumors is guided
by a computational model that predicts the distribution of the electric field inside a tissue
depending on the electrode configuration. To further improve such computational treatment
planning, it would be useful to upgrade the model with a description of electroporation and
the associated uptake of chemotherapeutic drugs into tumor cells. To enable the
development of such models, it is necessary to determine the number of cisplatin molecules
needed inside the cell to achieve a cytotoxic effect. Therefore, the second aim of the
dissertation was to quantify the number of cisplatin molecules, delivered into cells by
different types of pulses, and determine the lethal number that results in eradication of
almost all treated cells. We found that the number of cisplatin molecules needed to achieve
a cytotoxic effect is in the range of 2-7 x10” molecules per cell, irrespective of the type of
pulses used.

Mathematical models are also useful for understanding the phenomenon of
electroporation. Many different models that describe electroporation and the associated
transmembrane molecular transport are present in the literature. Whilst these models differ
in their theoretical description, they typically show good agreement with a specific set of
data. It is not clear if any of the models can be applied to describe the molecular transport
for the broad range of pulse parameters and other experimental conditions used in
electroporation research. Therefore, the third aim of the dissertation was to critically assess
existing mechanistic models describing electroporation-mediated transmembrane transport
of ions and molecules at the single-cell level. We confronted the models with a broad range
of experimental measurements and observed that none of the models was reliable enough
to predict molecular transport in all tested conditions. We underlined the limitations of the
models and proposed further research to improve them. Nevertheless, the existing models
can still help interpret certain experimental results, such as the influence of cardiomyocyte

orientation on electroporation using pulses of different durations.

Keywords: electroporation, electrochemotherapy, cisplatin, numerical modeling, molecu-

lar transport.
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Povzetek

Ce biologko celico izpostavimo elektritnemu polju z dovolj visoko jakostjo, dosezemo zada-
sno povecanje prevodnosti in prepustnosti celicne membrane. Ta pojav se imenuje
elektroporacija. Ce celice prezivijo izpostavljenost elektriénim pulzom, se elektroporacija
imenuje reverzibilna; ¢e celice umrejo, se elektroporacija imenuje ireverzibilna.
Elektroporacija se v biomedicini uporablja pri elektrokemoterapiji, genski terapiji, vnosu
zdravilnih u¢inkovin skozi kozo, cepljenju z DNK ter kot metoda ablacije za zdravljenje
srénih aritmij ali tumorjev. Uporablja se tudi za razlicne namene v biotehnologiji in
predelavi hrane, na primer za ekstrakcijo snovi iz rastlinskega tkiva, uni¢evanje bakterij,
zlivanje celic in genski inZeniring mikroorganizmov.

Pri elektrokemoterapiji z elektroporacijo izboljSamo vnos kemoterapevtskih
ucinkovin v tumorske celice, kar se v klinikah uspesno uporablja za zdravljenje koznih in
podkoznih tumorjev, v teku pa so tudi Studije za zdravljenje globlje leZeCih tumorjev.
Monopolarni pulzi s trajanjem 100 ps, ki jih obi¢ajno dovajamo pri elektrokemoterapiji,
povzro€ajo bolecine in kréenje miSic. Z dovajanjem vlakov visokofrekvencnih kratkih
bipolarnih pulzov lahko omilimo bolecine in kréenje miSic. Nedavno so se pojavile Studije,
kjer elektrokemoterapijo kombiniramo z imunsko gensko terapijo in doseZemo sistemsko
zdravljenje. Pri genski terapiji, ki temelji na elektroporaciji, se uporabljajo milisekundni
pulzi za znotrajceli¢ni prenos molekul DNK, ki kodirajo beljakovine, sposobne spodbuditi
imunski odziv. Z dovajanjem razli¢nih pulzov, ki so alternativni klasi¢nim 100 ps pulzom,
bi lahko izboljsali zdravljenje z elektrokemoterapijo. Ker Se ni povsem jasno, ali so lahko
razli¢ne vrste pulzov enako ucinkovite pri elektrokemoterapiji, je bil prvi cilj disertacije
raziskati, kako razli¢ne vrste pulzov vplivajo na vnos cisplatina in na citotoksi¢nost. Izvedli
smo poskuse in vitro z dovajanjem cisplatina in treh vrst pulzov: klasi¢nih
elektrokemoterapevtskih pulzov, visokofrekvenénih bipolarnih pulzov in milisekundnih
pulzov. Dokazali smo, da lahko vse preizkuSene vrste pulzov Stejemo za enakovredne v
smislu vnosa cisplatina in citotoksi¢nosti.

Za uspesno elektrokemoterapijo morata biti izpolnjena dva glavna pogoja: 1) celoten
tumor mora biti izpostavljen dovolj visokemu elektricnemu polju, ki povzroci
elektroporacijo tumorskih celic, in ii) zadostna koli¢ina kemoterapevtika (obi¢ajno

bleomicina ali cisplatina) mora vstopiti v celice, da se veze na DNK in uni¢i tumorske celice.
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Parametri pulzov, ki so potrebni za uspesno zdravljenje koznih tumorjev, so doloceni v
standardnih operativnih postopkih, medtem ko je zdravljenje globokih tumorjev nacrtovano
z racunalniSkim modelom, ki predvideva porazdelitev elektri¢cnega polja v tkivu glede na
postavitev elektrod. Za nadaljnje izboljSanje takSnega raCunalniSkega nacrtovanja
zdravljenja bi bilo koristno model nadgraditi z opisom elektroporacije in z njo povezanega
vnosa kemoterapevtskih ucinkovin v tumorske celice. Za razvoj takih modelov je treba
dolociti Stevilo molekul cisplatina, potrebnih v celici za citotoksi¢ni ucinek. Drugi cilj
disertacije je bil torej izmeriti Stevilo molekul cisplatina, ki jih v celice vnesemo z razli¢nimi
vrstami pulzov, in dolo¢iti zadostno Stevilo, ki povzroci celicno smrt. Ugotovili smo, da je
Stevilo molekul cisplatina, potrebnih za doseganje citotoksi¢nega ucinka, v razponu 2-7
x107 molekul na celico ne glede na vrsto dovedenih pulzov.

Za razumevanje pojava elektroporacije so koristni matematicni modeli. V literaturi
je veliko razli¢nih modelov, ki opisujejo elektroporacijo in z njo povezan prenos molekul
skozi celi¢no membrano. Ceprav se ti modeli razlikujejo v svojem teoretiénem opisu,
obicajno kazejo dobro ujemanje z doloCenim nizom podatkov. Ni jasno, ali je mogoce
katerega od modelov uporabiti za opis molekularnega transporta za Sirok razpon parametrov
pulzov in drugih eksperimentalnih pogojev. Tretji cilj disertacije je bil kriticno oceniti
obstojece mehanistiéne modele transporta ionov in molekul skozi elektroporirano celi¢no
membrano. Modele smo preverjali na Sirokem naboru eksperimentalnih meritev in
ugotovili, da nobeden od modelov ni bil dovolj zanesljiv za napoved molekularnega
transporta v vseh preizkusenih pogojih. Poudarili smo omejitve modelov in predlagali
nadaljnje raziskave za izboljSanje in nadgradnjo obstojecih modelov. Kljub omejitvam
lahko obstojeci modeli Se vedno pomagajo pri razlagi nekaterih eksperimentalnih rezultatov,
na primer vpliva orientacije kardiomiocitov v elektriénem polju in trajanja pulzov na

ucinkovitost elektroporacije.

Kljucne besede: elektroporacija, elektrokemoterapija, cisplatin, numeri¢no modeliranje,

molekularni transport.
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Uvod

I. Uvod

Ce biolosko celico izpostavimo elektriénemu polju z dovolj visoko jakostjo, dosezemo
zaCasno povec€anje prevodnosti in prepustnosti celicne membrane. Ta pojav se imenuje
elektroporacija. Elektroporacija omogoca povecan transport ionov in molekul, za katere je
celicna membrana v normalnih pogojih slabo prepustna ali celo neprepustna, skozi celi¢no
membrano [1], [2]. Elektroporacija je lahko reverzibilna ali ireverzibilna. Ce si celice po
izpostavitvi elektricnemu polju opomorejo in ponovno vzpostavijo homeostazo, pojav
imenujemo reverzibilna elektroporacija. Ce pa so poskodbe prevelike in celice odmrejo,
pojav imenujemo ireverzibilna elektroporacija. Elektroporacijo uporabljamo v biomedicini:
reverzibilno elektroporacijo pri elektrokemoterapiji, genski terapiji in vnosu zdravilnih
uc¢inkovin skozi kozo, ireverzibilno elektroporacijo pa kot metodo odstranjevanja tkiva za
zdravljenje tumorjev ali srénih aritmij [3]—-[7], v biotehnologiji [8] in v zivilski tehnologiji

[9].

I.1 Elektrokemoterapija
Elektrokemoterapija (EKT) predstavlja varno in u¢inkovito lokalno zdravljenje koZnih in
podkoznih tumorjev razli¢nih histologij [10], [11]. Leta 2006 so bili objavljeni standardni
operativni postopki za uspesno zdravljenje koznih tumorjev s premerom manjS$im od 3 cm
[12], [13], pred kratkim pa so bili standardni operativni postopki prilagojeni tudi za
zdravljenje ve¢jih tumorjev [14]. Danes je EKT uveljavljeno zdravljenje po vsej Evropi, kar
dokazuje vkljucenost v smernice Nacionalnega inStituta za zdravje in klini¢no odli¢nost v
ZdruZenem kraljestvu (angl. National Institute for Health and Care Excellence) [15], [16]
in pred kratkim objavljeni Evropski interdisciplinarni dokumenti na podlagi soglasja (angl.
European consensus-based interdisciplinary documents) za zdravljenje ploScatocelicnega
karcinoma koze, bazalnoceli¢nega karcinomoma, melanoma in Kaposijevega sarkoma
[17]1-[22]. V teku so tudi raziskave za zdravljenje globlje lezecih tumorjev z EKT [23]-28].
Pri EKT najprej v Zilo ali v tumor vnesemo kemoterapevtik, nato na tumorsko tkivo
dovedemo kratke visokonapetostne elektri¢ne pulze, ki zagotovijo elektroporacijo celi¢ne
membrane, glej sliko I.1. Kemoterapevtski zdravili, ki se najpogosteje uporabljata pri EKT,
sta bleomicin in cisplatin [29]. Elektroporacija poveca vnos in posledi¢no citotoksi¢nost

bleomicina za ve¢ sto do tisockrat, cisplatina pa za veC desetkrat v primerjavi z
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neelektroporirano kontrolo [30]-[32]. Posledi¢no so pri EKT za doseganje citotoksi¢nega

ucinka potrebni manj$i odmerki kemoterapevtskih zdravil kot pri standardni kemoterapiji.

Generator
elektriénih Zdravilo proti Povecana Membrana se
pulzov raku obdaja prepustnost ponovno zapre,
celice membrane protirakavo
1 ' omogoca dostop z..dravilo' Eieluje
| do citosola citotoksi¢no
* @ ©
%0 - - S @ Py %

| e

o cas
155 ‘f{'gﬁ s Uporaba elektricnih pulzov

Elektrode

Tatmot Sistemsko ali
intratumoralno
vbrizgavanje
zdravila

Slika I.1. Shema za zdravljenje z EKT. Najprej bolniku v Zilo ali v tumor vbrizgamo kemoterapevtik. Nato
dovedemo elektricne pulze, ki zagotovijo elektroporacijo tumorskih celic in omogocijo vnos kemoterapevtika v
celice. Kemoterapevtik se veze na DNK tumorskih celic in prepre¢i njihovo delitev, kar povzro¢i smrt
tumorskih celic. Slika je povzeta po [29].

Pri EKT obicajno s ponavljalno frekvenco 1 Hz ali 5 kHz dovedemo osem 100 ps
dolgih monopolarnih pulzov [14], glej sliko 1.2a. Dovajanje tovrstnih pulzov na tumorsko
tkivo lahko povzro¢i tudi nezeleno stimulacijo okoliskih vzdraznih celic, tj. misi¢nih in
zivénih celic (npr. motori¢nih zivcev in nociceptorjev), kar pri bolniku med dovajanjem
pulzov povzro¢i nehoteno kréenje miSic in bolecino. Pri EKT moramo zato uporabiti
lokalno ali splo$no anestezijo in sredstva za spro$¢anje misic, pri zdravljenju globlje lezecih
tumorjev v blizini srca pa moramo dovajanje pulzov uskladiti s srénim ritmom [33], [34].
Bolec¢ine in kréenje misic je mogoce nekoliko ublaziti z dovajanjem pulzov z visjo
ponavljalno frekvenco [35], [36] in s prilagoditvijo oblike elektrod [37], [38], najvec pa
obeta uporaba posebne oblike pulzov, tj. vlakov visokofrekvencnih kratkih bipolarnih
pulzov [37], [39], glej sliko 1.2b. Te vlake pulzov dovajamo s ponavljalno frekvenco
priblizno 1 Hz. Vsak vlak pulzov je sestavljen iz zaporedja bipolarnih pulzov, pri ¢emer ima

vsak pulz 0,5-10 us dolg pozitiven in negativen del. Ponavljalna frekvenca posameznih
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bipolarnih pulzov v vlaku zna$a ve& 100 kHz. Stevilne $tudije na Zivalih [40]-[42] in ljudeh
[39], [43] so pokazale, da z vlaki visokofrekvencnih kratkih bipolarnih pulzov ublazimo
bolecino in misi¢no kréenje v primerjavi z daljSimi monopolarnimi pulzi. Nadalje sta Studiji
in vitro [44] in na zivalih [45] pokazali, da se lahko vlaki visokofrekvenénih kratkih
bipolarnih pulzov uporabimo tudi za vnos kemoterapevtskih uc¢inkovin v tumorske celice
pri EKT. Nedavni pregled studij na ljudeh je pokazal varnost in u¢inkovitost uporabe vlakov

visokofrekvencnih kratkih bipolarnih pulzov za zdravljenje koznih tumorjev z EKT [46].
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Slika 1.2. Primerjava klasi¢nih pulzov, ki se uporabljajo za EKT, in vlaka visokofrekven¢nih kratkih bipolarnih
pulzov. a) Klasi¢ni EKT pulzi: osem 100 ps dolgih monopolarnih pulzov, dovedenih s ponavljalno frekvenco 1
Hz (zgoraj) s trajanjem posameznega pulza 100 ps (spodaj). b) Vlaki visokofrekvenénih kratkih bipolarnih
pulzov: M vlakov s ponavljalno frekvenco 1 Hz (zgoraj). Vsak vlak je sestavljen iz N bipolarnih pulzov s
kratkim trajanjem posameznega pulza priblizno 2 ps in visoko ponavljalno frekvenco 125 kHz (spoday).

EKT poveca vnos in citotoksi¢nost kemoterapevtikov v tumorske celice, zatasno
zmanjsa pretok krvi v tumorju in povzroci aktivacijo imunskega odziva. Vse to prispeva k
uspesnemu uni¢enju tumorja. Zacasno zmanjSanje pretoka krvi podaljSa zadrzevanje
zdravila v tumorskem tkivu na vec ur. Poleg tega lahko EKT povzroci tudi smrt endotelijskih
celic in s tem unicenje zil, kar vodi v smrt tumorskih celic zaradi dolgotrajne hipoksije [47]—
[49]. Tudi imunski odziv ima pomembno vlogo pri zdravljenju z EKT. Spros¢anje molekul
iz elektroporiranih celic, med katerimi so tudi s poskodbo povezani molekulski vzorci
(vzorci DAMP, angl. damage-associated molecular patterns) in tumorski antigeni, lahko

spodbudi imunski sistem in aktivira imunogeno celi¢no smrt. V Stevilnih $tudijah na pasjih

in ¢loveskih bolnikih so preizkusili EKT v kombinaciji z gensko terapijo (GET) s plazmidno
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DNK z zapisom za interlevkin-12 (IL-12), ki spodbuja imunski sistem [50], [51].
Kombinirano zdravljenje z EKT in GET je bilo doslej uporabljeno le pri nekaterih koznih
metastazah, vendar je uspes$no izzvalo sistemski imunski odziv in v nekaterih primerih
uspelo povzrociti delni ali popolni odziv oddaljenih, nezdravljenih zasevkov (abskopalni
ucinek).

Studije torej kaZejo, da bi zamenjava klasi¢nih EKT pulzov (8 x 100 ps) s pulzi
drugacnih oblik oz. z drugacno vrsto pulzov lahko imela doloCene prednosti. Vlaki
visokofrekvencnih kratkih bipolarnih pulzov bi bili manj bole¢i in bi povzrocali manj
nezelenega kréenja misic med izvajanjem EKT. Pri kombiniranju EKT in GET se trenutno
za EKT uporabljajo klasi¢ni EKT pulzi, za GET pa daljsi milisekundni pulzi, ki naj bi bili
u¢inkovitejsi za vnos plazmidne DNK v celice tkiva. Ce bi za EKT lahko uporabili isto vrsto
pulzov kot za GET, bi kombinacijo EKT in GET lahko izvajali s preprostej$imi in cenovno
dostopnejSimi generatorji elektri¢nih pulzov. Vseeno pa je najprej potrebno dolociti

primerljivost razli¢nih vrst pulzov za povecanje vnosa in kemoterapevtikov.

1.2  Elektroporacija in transport molekul skozi celicno membrano
Celi¢na membrana je sestavljena iz lipidnega dvosloja in v membrano vgrajenih beljakovin.
Pri fizioloskih pogojih celicna membrana deluje kot selektivna pregrada, ki locuje notranjost
celice od zunanjosti in omogoca prehajanje skozi membrano le dolocenim ionom in
molekulam. Zapleten sistem membranskih proteinov med drugim vkljucuje ionske kanale
in ¢rpalke. Ionski kanali in ¢rpalke na membrani vzdrzujejo mirovno transmembransko
napetost (TMN), ki se glede na vrsto celice giblje med —40 mV in =90 mV [52], [53]. Lipidi
in membranski proteini so evolucijsko dobro prilagojeni na delovanje pod takimi
napetostmi.

Celico lahko z elektri¢nega vidika obravnavamo kot prevodno telo (citosol), obdano
z dielektricno ovojnico (celicna membrana) v prevodni zunajceli¢ni raztopini. Ko celico
izpostavimo elektricnemu polju, se na membrani ustvari dodatna, vsiljena TMN, ki se
pristeje mirovni TMN. Ce seitevek mirovne in vsiljene TMN doseze dovolj visoko
vrednost, se v celicni membrani pojavijo strukturne spremembe, ki povecajo njeno
prepustnost za ione in molekule [54]-[56]. Simulacije molekularne dinamike [57],
teoreticno modeliranje [58] in poskusi na lipidnih dvoslojih [59] kazejo, da se z viSanjem

TMN poveca verjetnost nastanka por v lipidnem dvosloju [60]-[62]. Nastanek por v
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lipidnem dvosloju je danes splosno sprejet mehanizem elektroporacije. Elektricni pulzi
poleg nastanka por povzrocajo Se kemicne spremembe lipidov zaradi lipidne peroksidacije
[63], [64] in lahko poSkodujejo ali vplivajo na delovanje nekaterih membranskih proteinov,
kot so napetostno odvisni ionski kanali [65]-[67]. Tako peroksidacija lipidov kot poSkodbe
membranskih proteinov prispevajo k povecani prepustnosti celicne membrane.

Na vsiljeno TMN vplivajo geometrija in orientacija celic v elektricnem polju ter
prevodnost zunajcelicne raztopine [68]—[70]. Vsiljena TMN se povecCuje sorazmerno z
jakostjo zunanjega elektricnega polja. Poleg tega se vsiljena TMN spreminja s poloZajem
na celicni membrani in doseZe najve¢jo absolutno vrednost na delih membrane, ki so
najblizje elektrodama [71]-[73]. PovecCanje prepustnosti celiéne membrane opazimo le na
obmocju membrane, kjer TMN po absolutni vrednosti preseze doloceno kriticno vrednost
[72], [74], [75]. Poleg same vrednosti TMN na povecanje prepustnosti vplivajo Se drugi
dejavniki, kot so parametri dovedenih elektri¢nih pulzov (Stevilo, oblika, trajanje in jakost)
ter ionska sestava zunajceli¢ne raztopine.

Povecanje prepustnosti membrane lahko zaznamo na veC nacinov, npr. 1) s tehniko
vpete krpice membrane (angl. patch clamp), s katero neposredno merimo spremembe
ionskega toka skozi celicno membrano ali napetosti na ravni celicne membrane [76], [77],
i1) z meritvami sprememb prevodnosti gostih celi¢nih suspenzij, iz katerih lahko dolo¢imo
spremembe v prevodnosti celicne membrane [78], [79], iii) s spremljanjem osmotskega
nabrekanja celic po elektroporaciji [80], [81], najpogosteje pa z iv) opazovanjem transporta
molekul, ki sicer slabo prehajajo membrano, skozi celicno membrano. Primeri takih
molekul so fluorescen¢na barvila, nanodelci, kemoterapevtiki in nukleinske kisline [82].

Transport majhnih molekul (< 4 kDa) skozi elektroporirano membrano lahko poteka
s pomocjo naslednjih mehanizmov: difuzija, elektroforeza, elektroosmoza in endocitoza [1],
[83]-[85], glej sliko 1.3. Med dovajanjem pulzov, ko je prisotno zunanje elektricno polje, je
transport molekul pretezno posledica elektroforeze in deloma elektroosmoze. Po koncu
dovajanja pulzov je transport pretezno posledica difuzije, deloma pa tudi elektroforeze
zaradi nenic¢elne TMN [86]. Po dovajanju pulzov je mogoce opaziti tudi vnos molekul v
celico z endocitozo [83], [87]. Transport makromolekul, kot je DNK, skozi celi¢no
membrano je precej bolj zapleten proces v primerjavi s transportom majhnih molekul [83],

[88], [89]. Pri transportu DNK ima pomembno vlogo elektroforeza, zato se za vnos DNK v
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celico veCinoma uporabljajo dalj$i milisekundni pulzi [90] ali kombinacija mocnega

kratkega pulza in enega ali vec Sibkih dolgih pulzov [91], [92].
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Slika I.3. Shematski prikaz elektroporacije in transporta molekul skozi celicno membrano. A) Celica v
mirovanju. B) Ob izpostavitvi celice elektricnemu polju se ustvari vsiljena TMN, ki se spreminja glede na
polozaj na membrani. C) Na obmocjih, kjer TMN preseze dolocen prag, se poveca transport ionov in molekul
skozi celiéno membrano (vnos in iznos). Rdece pike na sliki prikazujejo le vinos molekul v celico. Med pulzom je
transport pretezno elektroforetski in deloma elektroosmotski. D) Po pulzu je transport elektrodifuzijski in v
nekaterih primerih endocitotski. Po izpostavitvi elektriénemu polju se celicna membrana ponovno zapre in
prenos snovi skozi celino membrano se s ¢asom zmanjuje. Crtkana &rta na spodnjem grafu (C, D) oznacuje
konec trajanja pulza. Slika je povzeta po [93].

I.3 Modeli elektroporacije in transporta molekul skozi celi¢no

membrano
Matemati¢ni modeli pomagajo razumeti osnovne mehanizme bioloSkega sistema z uporabo
fizikalnih in matemati¢nih zakonov. Hkrati je uporaba matemati¢nih modelov pogosto manj
zamudna in cenejSa od eksperimentalnega dela. Elektroporacija je proces, ki vkljucuje
razli¢ne prostorsko-¢asovne ravni, od molekularne ravni (nekaj nanometrov) do ravni tkiva
(nekaj centimetrov), in razli¢ne fizikalne pojave (elektri¢ne, termi¢ne, kemicne itd.). Zato
so raziskovalci razvili matemati¢ne modele na ve¢ ravneh, da bi prostorsko in ¢asovno
opisali pojav elektroporacije in z njo povezan transport molekul skozi celicno membrano.
Te matemati¢ne modele lahko v grobem razdelimo na mehanisti¢ne in fenomenoloske.

Mehanisti¢éni modeli temeljijo na fizikalnih in matemati¢nih zakonih. Parametri
mehanisti¢nih modelov imajo fizikalni pomen, kar olajSa znanstveno razlago rezultatov.
Mehanisti¢éni modeli v glavnem pripisujejo povecanje prepustnosti celiéne membrane
nastanku por v lipidnem dvosloju zaradi vpliva TMN. Ena skupina modelov uporablja

kineti¢no shemo, ki opisuje prehod med razli€nimi stanji por, nastalih v celi¢ni membrani
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[94], [95]. Prehod med posameznimi stanji por je eksponentno odvisen od TMN. Druga
skupina modelov opisuje pore v obliki funkcije porazdelitve por, opisane v prostoru polmera
por. Ta funkcija porazdelitve por se dinamicno spreminja s TMN [96], [97]. Transport
molekul skozi pore lahko opiSemo z Nernst-Planckovimi enacbami. Nekateri modeli
upostevajo tako elektroforetski kot difuzijski transport [96], [98], [99], medtem ko nekateri
modeli zanemarjajo elektroforetsko komponento in uposStevajo dodatne transportne
mehanizme, kot je endocitoza [95].

Fenomenoloski modeli opisujejo eksperimentalne podatke brez uporabe fizikalnih
ali matematic¢nih zakonov. Fenomenoloski modeli elektroporacije, na katere naletimo v
literaturi, so farmakokinetski [85], nadomestna elektri¢na vezja [100] ali empiri¢ne enacbe,
ki opisujejo povecanje prepustnosti [101], [102] ali povrSinski deleZ v membrani nastalih
por [103], [104].

Trenutno obstaja ve¢ modelov, ki opisujejo pojav elektroporacije in transporta
molekul skozi celicno membrano in so bili kvalitativno in/ali kvantitativno vrednoteni z
eksperimentalnimi meritvami. Zanimivo je, da so modeli, ki so bili razviti z upoStevanjem
razli¢nih teoreticnih opisov membranske prepustnosti in transporta molekul, pokazali dobro
ujemanje z eksperimentalnimi rezultati. Se vedno pa ni jasno, kateri model je najustrezne;jsi
za opis pojava elektroporacije in transporta molekul skozi celicno membrano ter ali je ta
model veljaven v Sirokem razponu parametrov pulzov in eksperimentalnih pogojev, ki se

uporabljajo pri elektroporaciji.
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II. Namen

Glavni namen disertacije je bil bolje razumeti pojav reverzibilne elektroporacije in
predvsem molekularnega transporta skozi celiéno membrano pri EKT z izvajanjem
poskusov in vitro in z uporabo numeri¢nih modelov na ravni posameznih bioloskih celic.

Za uspesno zdravljenje koznih tumorjev z EKT zdravniki upoStevajo priporocila,
zapisana v standardnih operativnih postopkih [13], [14]. Ti postopki dolo¢ajo vrsto
anestezije, vrsto kemoterapevtske ucinkovine, nacin injiciranja ucinkovine ter vrste
elektrod, generatorjev in parametrov pulzov, ki jih je treba uporabiti za zdravljenje. Po
standardnih operativnih postopkih se pri EKT dovede osem monopolarnih pulzov dolZine
100 ps, dovedenih s ponavljalno frekvenco 1 Hz ali 5 kHz. Razli¢ne Studije kaZejo, da bi
pulzi z alternativnimi parametri lahko imeli dolo¢ene prednosti pri zdravljenju z EKT.
Pokazano je bilo, da uporaba vlakov visokofrekven¢nih kratkih bipolarnih pulzov omili
bolecino in zmanjsa kréenje misic v primerjavi s klasi¢nimi EKT pulzi [39].

Predklini¢ne in klini¢ne Studije so pokazale smiselnost kombinirane terapije EKT in
GET. Z GET vnesemo DNK z zapisom za beljakovine, ki spodbujajo imunski odziv, s ¢imer
dosezemo sistemsko zdravljenje tumorjev. GET obicajno izvajamo z milisekundnimi pulzi.
Pred uporabo alternativnih vrst pulzov za EKT je najprej potrebno ugotoviti, ali so razlicne
vrste pulzov enako ucinkovite pri povecanju vnosa in citotoksi¢nosti kemoterapevtikov kot
klasi¢ni EKT pulzi. Zato smo v tej disertaciji raziskali u€inke razli¢nih vrst pulzov na vnos
in citotoksi¢nost cisplatina v celice in vitro.

Zauspeh EKT ne zadostuje le dovajanje dovolj visokega elektricnega polja, ki povisa
prepustnost celi¢nih membran tumorskega tkiva, temve¢ moramo obenem v tumorske celice
vnesti zadostno koli¢ino kemoterapevtske ucinkovine. Zato smo v disertaciji
eksperimentalno dolocili Stevilo molekul cisplatina, potrebnih za citotoksi¢ni ucinek pri
uporabi razli¢nih vrst pulzov.

Transport molekul skozi elektroporirano celicno membrano je klju¢nega pomena za
razli¢na zdravljenja, ki temeljijo na elektroporaciji, med drugim EKT, GET in vnos zdravil
skozi kozo. Matemati¢ni modeli lahko sluzijo kot pomembno orodje za preucevanje vpliva
parametrov pulzov na transport razlicnih vrst molekul. Trenutno je v literaturi na voljo
veliko razli¢nih modelov, ki opisujejo pojav elektroporacije in transporta skozi celi¢no
membrano. Vendar ni jasno, kateri od modelov je najustreznejsi ter ali je kateri od modelov

veljaven v Sirokem razponu parametrov pulzov in eksperimentalnih pogojev, ki se
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uporabljajo za elektroporacijo. Zato v disertaciji podamo tudi pregled obstojecih

matemati¢nih modelov in jih kriticno ocenimo.
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III. Rezultati in razprava

Raziskovalno delo, opravljeno v ¢asu doktorskega Studija, je predstavljeno v $tirih ¢lankih,
objavljenih v mednarodnih recenziranih revijah s faktorjem vpliva. V tem poglavju so na

kratko povzeti in predstavljeni rezultati vsakega izmed njih.

III.1  Bi za elektrokemoterapijo lahko uporabljali razli¢ne vrste
pulzov?

S poskusi in vitro smo Zeleli ugotoviti, ali je mogoce z vlaki visokofrekven¢nih kratkih
bipolarnih pulzov dosec¢i reverzibilno elektroporacijo, ki bi omogocila u¢inkovit vnos
kemoterapevtika cisplatina v celice za namene EKT (¢lanek 1, [44]).

Poskuse in vitro smo izvedli na celi¢ni liniji mi§jega melanoma (B16-F1). Primerjali
smo dve razliéni vrsti pulzov: 1) osem monopolarnih pulzov s trajanjem 100 us in
ponavljalno frekvenco 1 Hz ter ii) osem vlakov visokofrekvenénih kratkih bipolarnih pulzov
s ponavljalno frekvenco vlakov 1 Hz. Pri obeh vrstah pulzov je ¢as, ko se dovedena napetost
razlikuje od ni¢, enak 800 ps. Rezultati naSe raziskave kaZejo, da je mogoce z uporabo 100
uM cisplatina doseci podoben citotoksi¢ni ucinek z obema vrstama pulzov ob ustrezno
prilagojeni jakosti elektricnega polja. Le-ta je za klasi¢ne EKT pulze znaSala 1,2 kV/cm, za
vlake visokofrekvencnih kratkih bipolarnih pulzov pa 3 kV/em (sliki III.1 in I11.2). Ustrezna
jakost elektricnega polja, pri kateri obenem pride do najvecjega deleza preZivelih in
najvecjega deleza celic s poviSano prepustnostjo celicne membrane, je bila dolo¢ena na sliki
2 v Clanku [44]. Poleg tega rezultati, prikazani na slikah III.1 in IIL.2, kaZejo, da se
citotoksi¢ni ucinek cisplatina okrepi, ¢e uporabimo kombinacijo elektricnih pulzov in

cisplatina (polna zelena ¢rta), v primerjavi z uporabo samo cisplatina (prekinjena rdeca

crta).
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Slika IIL.1. Citotoksi¢nost pri koncentraciji cisplatina (CDDP) 100 uM in razli¢nih jakostih elektri¢nega polja:
(A) osem 100 ps dolgih monopolarnih pulzov, dovedenih s ponavljalno frekvenco 1 Hz; (B) 8 vlakov
visokofrekvencnih kratkih bipolarnih pulzov 1-1-1-1 ps, dovedenih s ponavljalno frekvenco vlakov 1 Hz.
Vsaka toCka predstavlja povprec¢je + standardni odklon 316 poskusov. *- Izvedli smo (A) dvofaktorsko analizo
variance (ANOVA) ali (B) dvofaktorsko ANOVA na rangih. (A) Pri 0,8 kV/cm (P = 0,036), 1 kV/cm in 1,2
kV/em (P < 0,001) so se elektroporirani (EP) vzorci statisticno razlikovali od CDDP+EP vzorcev. (B) Pri
elektri¢nih poljih > 2 kV/cm, so se EP vzorci statisti¢no razlikovali od CDDP+EP vzorcev (P < 0,001). Slika je
povzeta po [44].
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Slika II1.2. Citotoksi¢nost pri razli¢nih koncentracijah cisplatina (CDDP) in stalnem elektricnem polju: (A)
1,2 kV/cm, osem 100 ps dolgih monopolarnih pulzov s ponavljalno frekvenco 1 Hz; (B) 3 kV/cm, 8 vlakov
visokofrekven¢nih kratkih bipolarnih pulzov 1-1-1-1 ps, dovedenih s ponavljalno frekvenco vlakov 1 Hz.
Vsaka tocka predstavlja povpreéje + standardni odklon 317 poskusov. *- CDDP vzorci so se statisti¢no
razlikovali od CDDP+EP vzorcev (EP = elektroporacija) (P < 0,001). Slika je povzeta po [44].

V naslednji Studiji smo poleg vlakov visokofrekven¢nih kratkih bipolarnih pulzov
preucevali tudi vpliv milisekundnih pulzov na vnos in citotoksi¢nost cisplatina (¢lanek 2).
Milisekundni pulzi se obic¢ajno uporabljajo za vnos plazmidne DNK, ki kodira beljakovine
za stimulacijo imunskega odziva pri kombiniranju EKT in GET. Izvedli smo poskuse EKT
in vitro z uporabo treh razli¢nih vrst pulzov: 1) osem monopolarnih 100 us dolgih pulzov,
ki se obicajno uporabljajo pri EKT, ii) osem vlakov visokofrekvencnih kratkih bipolarnih
pulzov in iii) osem 5 ms pulzov. Pri vseh treh razli¢nih vrstah pulzov smo opazili podoben
vnos in citotoksi¢ni uc¢inek cisplatina (slika II1.3), pri cemer je bila jakost posamezne vrste
pulzov ustrezno prilagojena.

S kombinacijo rezultatov na slikah III.3A in B smo dolocili Stevilo molekul
cisplatina, ki je potrebno za doseganje citotoksi¢nega ucinka. To $tevilo je v razponu 2—
7x10" molekul cisplatina na celico, ne glede na vrsto pulzov, kar prikazuje slika 1I1.3C.
Razpon Stevila molekul cisplatina za doseganje citotoksi¢nega ucinka se ujema s predhodno
Studijo, ki so jo objavili Vizintin in sod. [105]. V omenjeni Studiji so uporabili enake
eksperimentalne protokole kot v nasi Studiji, pri ¢emer so primerjali klasi¢ne EKT pulze z

nanosekundnimi pulzi.

18



Rezultati in razprava

T _ x107
= 6
g 3
£ = 5
e =
- ©
& g
N S 3
5 ol | ®noEP o~
107 |-¢—50x50 HF-EP g 2
~¥-8x100 pus 2
——-8x5 ms -%
' C
0 10 20 30 40 50 s
Koncentracija cisplatina [uM] Koncentracija cisplatina [uM]
C
&
]
=
L
-
N
y
A

0 2 4 6 8 10’
Molekule cisplatina na celico [-]

Slika IIL.3. Citotoksicnost cisplatina (A) in Stevilo molekul cisplatina na celico (B) pri razliénih
koncentracijah cisplatina in fiksni jakosti elektricnega polja: 1,4 kV/cm za vlake visokofrekvencnih bipolarnih
pulzov, 1,2 kV/cm za 8 x 100 us pulze in 0,6 kV/cm za 8 x 5 ms pulze. Vsaka tocka predstavlja povprecje +
standardni odklon 3—4 poskusov. *- Statisticno znacilne razlike v primerjavi s kontrolo (p < 0,05) z
dvofaktorskim testom ANOVA. Barva zvezdice ustreza barvi ¢rte za doloCeno vrsto testirano pulzov. C)
Prezivetje celic kot funkcija Stevila molekul cisplatina na celico v kombinaciji z elektroporacijo. Slika je
povzeta po [106].

V $§tudiji smo uporabili fenomenoloski model, ki opisuje pojav elektroporacije in
transport molekul skozi celicno membrano. Ugotovili smo, da model dobro napove
velikostni razred Stevila molekul cisplatina znotraj posamezne celice za vse testirane vrste
pulzov (klasicni EKT pulzi, nanosekundnih pulzi, milisekundni pulzi in vlaki
visokofrekvenénih kratkih bipolarnih pulzov), vendar je potrebna nadaljnja optimizacija

modela za tocnejSe rezultate.

III.2  Vrednotenje mehanisti¢nih modelov elektroporacije

Matemati¢ni modeli so klju¢no orodje za preucCevanje odziva celic na izpostavitev
elektricnim pulzom. Primerjava rezultatov modeliranja z eksperimentalnimi podatki lahko

znanstvenikom pomaga bolje razumeti pojav elektroporacije. Zato smo se odlocili prouciti
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obstojeCe mehanisticne modele, ki opisujejo pojav elektroporacije in molekularnega
transporta skozi celitno membrano na ravni posamezne celice. Studijo smo prigeli s
pregledom obstojece literature, nato pa smo izbrali tri reprezentativne modele za nadaljnjo
analizo: Miklav¢i¢ in Towhidi [95], Li in sod. [98], [99], in Smith [96]. Te modele v
nadaljevanju oznacujemo kot MT2010 [95], LL2011 [98], [99], in S2011 [96]. Veljavnost
modelov smo ovrednotili tako, da smo napovedi modelov primerjali z razli¢cnimi nabori
eksperimentalnih meritev transporta majhnih molekul skozi celiéno membrano.

Napovedi modela MT2010 sta avtorja v svojem ¢lanku primerjala s kvalitativnimi
meritvami znotrajcelicne koncentracije barvila lucifer rumeno, izmerjenimi po izpostavitvi
celic 1 ms dolgim pulzom razli¢nih oblik, kar so v okviru predhodne §tudije opravili Kotnik
in sod. [107]. V na$i $tudiji smo model MT2010 nadalje primerjali s kvantitativnimi
meritvami znotrajceli¢ne koncentracije barvila lucifer rumeno, izmerjenimi po izpostavitvi
celic pulzu dolzine bodisi 1 ms bodisi 100 ps [85]. Ugotovili smo, da model MT2010
precenjuje eksperimentalne vrednosti znotrajceli¢ne koncentracije za en velikostni razred
(slika III.4). S tem smo pokazali, da kvalitativno primerjanje napovedi modela z
eksperimentalnimi meritvami ne zadostuje za validacijo modela.

Lucifer rumeno
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Slika IIL.4. Znotrajceli¢na koncentracija barvila lucifer rumeno kot funkcija jakosti elektricnega polja po
dovajanju enega pulza dolzine bodisi 100 ps bodisi 1 ms. Krogi prikazujejo eksperimentalne meritve
znotrajceli¢ne koncentracije iz Puc et al. [85], polne ¢rte pa napovedi modela MT2010. Slika je povzeta po
[93].

Model S2011 je bil prvotno primerjan s kvantitativnimi eksperimentalnimi
meritvami kon¢nega vnosa barvila lucifer rumeno (Puc in sod. [85]) ter kon¢nega vnosa

kalceina (Canatella in sod. [108]) in se je z eksperimentalnimi rezultati odlicno ujemal. V

nasi Studiji smo model S2011 dodatno primerjali s kvantitativnimi meritvami ¢asovnih
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sprememb znotrajcelicne koncentracije kalceina in propidija, ki so jih izmerili S6zer in sod.
[109] pri izpostavitvi celic enemu 220 ps dolgemu pulzu jakosti 2,5 kV/em, (glej sliko 4
¢lanka 3 [93]) ali desetih 6 ns dolgih pulzov jakosti 200 kV/cm (slika II1.5). Nasi izracuni
so pokazali, da model ni ustrezno opisal meritev S6zer in sod. S tem smo ugotovili, da za
validacijo modela niso dovolj kvantitativne meritve kon¢nega vnosa molekul, ampak so

potrebne tudi meritve kinetike.
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Slika IIL.S5. Znotrajcelicna koncentracija kalceina in propidija po dovajanju desetih pulzov dolzine 6 ns in
jakosti 200 kV/cm. Znotrajceli¢na koncentracija je normalizirana glede na zacetno zunajceli¢no koncentracijo.
(a) Eksperimentalne meritve Sozer in sod. [109]. (b) Rezultati modeliranja z uporabo privzetih parametrov
modela S2011. Pri tem bi bralca radi opozorili na razlicne y-osi v (a) in (b). Opazimo lahko, da normalizirana
koncentracija propidija presega vrednost 1, kar je mogoce zato, ker se vecina molekul propidija veze na
nukleinske kisline in s tem omogoca stalen pretok prostega propidija v celico, dokler niso zasedena vsa
vezavna mesta na nukleinskih kislinah. Slika je povzeta po [93].

Avtorja modela LL2011 sta v svojem c¢lanku pokazala, da se napovedi modela
kvalitativno ujemajo z meritvami vnosa kalcija v celice, ki sta jih opravila Gabriel in Teissié
[110]. V nasi Studiji smo model LL2011 dodatno primerjali z kvantitativnimi meritvami
vnosa barvila lucifer rumeno [85], ki pa jih model ni ustrezno napovedal. Tako smo

ugotovili, da noben od preizkusenih modelov ni dovolj zanesljiv za napovedovanje
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transporta molekul skozi celicno membrano pri Sirokem razponu parametrov pulzov ter da
nobenega od modelov ni mogoce razumeti kot povsem potrjenega. Na koncu smo podali Se
priporoCila za nadaljnji razvoj mehanisticnih modelov elektroporacije in nacrtovanje
poskusov za njihovo validacijo.

Kljub temu, da imajo obstoje¢i mehanisticni modeli elektroporacije precejsnje
omejitve pri napovedovanju transporta molekul skozi celicno membrano, jih lahko Se vedno
uporabimo kot pomo¢ pri interpretaciji doloCenih eksperimentalnih rezultatov. To smo
pokazali v naslednji Studiji, v kateri smo model elektroporacije uporabili za boljse
razumevanje vpliva orientacije posameznega kardiomiocita na poviSanje prepustnosti
celicne membrane in prezivetje celic pri izpostavitvi pulzom razliénih dolzin (¢lanek 4
[111]). IzraCune smo naredili za model kardiomiocita, ki ima daljSo os orientirano bodisi
vzporedno bodisi pravokotno glede na smer zunanjega elektricnega polja, ter za pulze
dolzine od 100 ns do 10 ms. Rezultati modeliranja so pokazali, da je pri pulzih, daljsih od
10 us in pri niZjih jakostih elektriénega polja vpliv elektroporacije najprej opazen pri
vzporedni orientaciji, z viSanjem jakosti elektri¢nega polja pa postane vpliv elektroporacije
vecji pri pravokotni orientaciji. Pri pulzih dolZine okoli 1 pus in niZjih jakostih polja je vpliv
elektroporacije razmeroma neodvisen od orientacije, pri visjih jakostih elektriénega polja
pa je vpliv elektroporacije visji pri pravokotno orientiranih celicah. Pri pulzih, krajsih od 1
us, pri vseh jakostih elektri¢nega polja velja, da je vpliv elektroporacije visji pri pravokotno
orientiranih celicah (glej sliko 3 v ¢lanku [111]).

Rezultati modela se ujemajo z eksperimentalnimi rezultati Dermol-Cerne in sod.
[112] in Chaigne in sod. [113]. Chaigne in sod. so pokazali, da po izpostavitvi enemu 10 ms
pulzu, kardiomiociti, orientirani vzporedno, odmrejo pri nizji elektri¢ni poljski jakosti (240
V/em) kot kardiomiociti, orientirani pravokotno na smer elektri¢nega polja (328 V/cm). To
pomeni, da so vzporedno orientirani kardiomiociti bolj obcutljivi na elektricno polje.
Nasprotno pa pri uporabi enega pulza dolzine 100 ps pravokotno orientirani kardiomiociti
kardiomiociti (1072 V/cm). Z modelom smo tudi pokazali, da pri 10 ms dolgih elektri¢nih
pulzih z elektri€nimi poljskimi jakostmi v obmocju ireverzibilne elektroporacije nastane vec
por pri vzporedno orientiranih kardiomiocitih kot pri pravokotno orientiranih (slika II1.6A).

Pri 100 ps dolgih elektri¢nih pulzih je bilo opaZanje ravno obratno - pri elektri¢nih poljskih
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jakostih v obmocju ireverzibilne elektroporacije je nastalo ve¢ por pri pravokotno

orientiranih kardiomiocitih kot pri vzporedno orientiranih (slika II11.6B).
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Slika III.6. Primerjava rezultatov modela in eksperimentov na primarnih kardiomiocitih. (A, B) Z modelom
napovedano Stevilo por v membrani kardiomiocita v odvisnosti od elektri¢ne poljske jakosti pri dovedenem
enempulzu dolzine A) 10 ms ali B) 100 ps. Elektri¢no polje je usmerjeno vzporedno (polna modra ¢rta) ali
pravokotno (¢rtkana modra ¢rta) glede na dalj$o os celice. Navpiéni érti oznacujeta prag elektri¢ne poljske
jakosti za ireverzibilno elektroporacijo pri vzporedni oz. pravokotni orientaciji, ki sta navedeni v [113]. (C)
Tabelarno prikazan prag elektricne poljske jakosti za ireverzibilno elektroporacijo, ki je bil eksperimentalno
dolocen v [113], za vzporedno in pravokotno orientacijo. Elektri¢na poljska jakost je ocenjena kot koli¢nik
dovedene napetosti in razdalje med elektrodama (4 mm). (D) Primerjava najvecje znotrajcelicne diastoli¢ne
koncentracije Ca?* za vzporedno in pravokotno orientacijo po izpostavitvi 100 us pulzom z naraséajoco
elektri¢no poljsko jakostjo [113]. Elektri¢ne poljske jakosti, ki so po eksperimentalnih rezultatih nizje od praga za
ireverzibilno elektroporacijo, so osencene sivo v (B). V (D) je poleg posameznih vrednosti za vsako
izmerjeno celico prikazano Se povprecje + standardni odklon za vsako skupino meritev. *: p < 0,05, ***: p <

0,001. Slika je povzeta po [111].
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IV. Zakljutek

V doktorski disertaciji smo pokazali, da za EKT lahko uporabljamo razli¢ne vrste pulzov in
s tem potencialno izboljSamo zdravljenje. V disertaciji smo tudi pokazali, da imajo obstojeci
matemati¢ni modeli elektroporacije precejSnje omejitve pri napovedovanju transporta
molekul skozi celicno membrano v Sirokem razponu parametrov elektricnih pulzov.
Rezultati $tudij so podrobno opisani v ¢lankih, zato je to poglavje namenjeno predvsem

pregledu zakljuckov posameznih §tudij in predlogih za nadaljnje delo.

V EKT S$tudijah in vitro (¢lanka 1 in 2) smo primerjali u¢inek razli¢nih vrst pulzov,
tj. klasiénih EKT pulzov, vlakov visokofrekvencnih kratkih bipolarnih pulzov in
milisekundnih pulzov na vnos in citotoksicnost cisplatina. Po optimizaciji jakosti pulzov
smo z vsemi tremi vrstami pulzov dosegli podoben vnos cisplatina v celice in podobno
stopnjo citotoksi¢nosti, kar pomeni, da so te vrste pulzov enakovredne glede povecanja
citotoksi¢nosti cisplatina pri EKT. V nadaljevanju bo potrebno oceniti u¢inkovitost teh vrst
pulzov Se in vivo, saj k uspesnosti EKT prispevata tudi vpliv elektroporacije na ozilje
tumorja in imunski odziv. V §tudijah, ki zdruzujejo EKT in GET, obicajno najprej dovedejo
klasi¢cne EKT pulze za vnos kemoterapevtika v celice, nato pa dovedejo Se milisekundne
pulze za vnos plazmidne DNK. Za GET obicajno uporabljajo milisekundne pulze, saj
zagotavljajo mocnejSo elektroforetsko silo, ki omogoci interakcijo DNK molekul s celicno
membrano in vnos DNK v celico. Koristno bi bilo, ¢e bi za EKT in GET lahko uporabili
enako vrsto pulzov, saj bi to poenostavilo terapijo in omogocilo uporabo preprostejsih
pulznih generatorjev. V nadaljevanju bi bilo zanimivo preveriti u€inkovitost zdravljenja z

enakimi pulzi tako za EKT kot GET in vivo.

Tounekti in sod. [114] so dolo¢ili, da za celi¢no smrt zadostuje nekaj tiso¢ molekul
bleomicina na celico. V in vitro §tudiji, v kateri smo izvajali EKT poskuse z uporabo
cisplatina, smo eksperimentalno dolo¢ili Se Stevilo molekul cisplatina, potrebnih za celi¢no
smrt (¢lanek 2). Obmogje potrebnih molekul cisplatina je 2-7x107 molekul na celico ne
glede na vrsto pulzov, kar se ujema s studijo, ki so jo objavili Vizintin in sod. [105]. Iz tega
lahko sklepamo, da je Stevilo molekul cisplatina, potrebnih za celi¢no smrt, neodvisno od
vrste dovedenih pulzov. Kljub temu je potrebno upostevati, da se pogoji in vitro razlikujejo

od pogojev in vivo. V nasih in vitro poskusih je zunajceli¢na koncentracija 50 uM cisplatina
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zados$c¢ala za vnos dovolj velikega Stevila molekul cisplatina za celi¢no smrt, vendar bi in
vivo lahko bila potrebna drugacna zunajcelicna koncentracija cisplatina. Pri poskusih s
celicami v suspenziji cisplatin enakomerno obdaja celice in koli¢ina cisplatina v
zunajcelicnem prostoru je velika. Zato se vnos cisplatina skozi elektroporirano membrano
ustavi Sele, ko se celiéna membrana zaceli. Pri poskusih in vivo pa je koli¢ina cisplatina v
zunajceliénem prostoru omejena, saj so celice v tkivu tesno skupaj, zunajceli¢ni prostor pa
je manjsi od znotrajcelicnega. Vnos zdravil in vivo je lahko omejen tudi zaradi zmanjSanja
zilnega pretoka [47], [49], nanj pa lahko vplivajo povec€an intersticijski tlak, neenakomerna
porazdelitev kemoterapevtika in limfni obtok, vezava zdravila na netaréne molekule ter

metabolizem [114]-[117].

Pri nacrtovanju zdravljenja globlje lezecih tumorjev z EKT trenutno upoStevamo le
pokritost tumorja z dovolj visoko jakostjo elektricnega polja, ki zadostuje za poviSanje
prepustnosti celicnih membran tumorskih celic [118], [119]. Zgolj povisanje prepustnosti
celiéne membrane pa ne zagotavlja vnosa zadostnega Stevila molekul kemoterapevtika in s
tem uspesnosti zdravljenja z EKT. V prihodnje bi bilo smiselno nadgraditi nacrtovanje
zdravljenja z modelom, ki opisuje transport kemoterapevtika po tumorskem tkivu in vnos
kemoterapevtika v tumorske celice. Za dosego tega cilja najprej potrebujemo zanesljiv
model, ki opisuje transport molekul skozi elektroporirano celi¢no membrano. V disertaciji
smo zato primerjali obstojeCe mehanisticne modele, ki opisujejo pojav elektroporacije in
molekularnega transporta skozi celiéno membrano posameznih celic (¢lanek 3). Ugotovili
smo, da 1) kvalitativno primerjanje napovedi modela z eksperimentalnimi meritvami ne
zadostuje za validacijo modela, i1) za validacijo modela niso dovolj kvantitativne meritve
kon¢nega vnosa molekul, ampak so potrebne tudi meritve kinetike vnosa molekul in iii)
poskusi, namenjeni validaciji modela, morajo biti nacrtovani tako, da so dovolj specifi¢ni
in lahko potrdijo ali ovrZejo razlicne napovedi modela. Nadalje smo ugotovili, da noben od
obstojecih mehanisti¢nih modelov ni dovolj zanesljiv za opis transporta molekul skozi
celitho membrano v Sirokem razponu parametrov pulzov, ki se uporabljajo za
elektroporacijo. Potrebno je torej nadaljnje delo in izboljSanje obstoje¢ih modelov. Mozna
izboljSava je vkljucitev peroksidacije lipidov in poskodb membranskih beljakovih kot
mehanizma povecanja prepustnosti membrane. Dodatne raziskave so potrebne, da bi bolje

razumeli, kako in zakaj pride do oksidacije lipidov in poSkodb membranskih beljakovin, ter
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kako kinetika teh procesov vpliva na transport skozi celicno membrano. Kljub temu lahko
obstoje¢i mehanisticni modeli Se vedno pomagajo pri interpretaciji nekaterih
eksperimentalnih rezultatov, na primer vpliva orientacije kardiomiocitov na elektroporacijo
z razli€no dolgimi pulzi, kot smo pokazali v ¢lanku 4. Obenem pa lahko Ze preproste;jsi
fenomenoloski modeli ze zadoS¢ajo za dani prakti¢ni namen, kot je opis velikostnega

razreda vnosa cisplatina, doseZenega z razlicnimi vrstami pulzov, kot smo prikazali v ¢lanku

2.
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V. Izvirni prispevki k znanosti

Primerjava razli¢nih vrst pulzov v smislu njihove enakovrednosti za vnos cisplatina v
celice pri elektrokemoterapiji

S poskusi in vitro smo primerjali u€inek klasi¢nih 100 pus monopolarnih EKT pulzov, vlakov
visokofrekvenénih kratkih bipolarnih pulzov in monopolarnih milisekundnih pulzov na
vnos in citotoksi¢nost cisplatina. Ker lahko vlaki visokofrekvenénih kratkih bipolarnih
pulzov ublazijo bolecine in kréenje miSic med zdravljenjem z elektroporacijo, smo
primerjali ucinek kratkih bipolarnih pulzov in klasicnih EKT pulzov (Clanek 1).
Predklini¢ne in klini¢ne Studije so pokazale, da uporaba EKT v kombinaciji z gensko
terapijo s plazmidno DNK, ki kodira beljakovine za stimulacijo imunskega odziva, lahko
nadgradi EKT iz lokalnega v sistemsko zdravljenje. Ker pri genski terapiji obicajno
dovajamo milisekundne pulze, smo v naSih raziskavah s cisplatinom preizkusili tudi
milisekundne pulze. Ugotovili smo, da sta vnos in citotoksi¢nost cisplatina neodvisna od
izbrane vrste pulzov, ¢e ustrezno prilagodimo dovedeno elektri¢no poljsko jakost. Sklepamo
torej, da bi za EKT lahko uporabljali razlicne vrste pulzov. Potrebne so nadaljnje Studije in
vivo, da bi raziskali, kako te razli¢ne vrste pulzov vplivajo na imunski odziv in krvni pretok
v tumorskem Zilju, ki sta pomembna mehanizma, ki prispevata k uspesnemu zdravljenju

EKT.

Dolocitev Stevila molekul cisplatina, Ki je potrebno za citotoksi¢ni ucinek

Nacrtovanje zdravljenja z numeri¢nimi izraCuni porazdelitve elektricnega polja v tumorju
in okoliskem tkivu pomaga dolociti optimalne parametre za zdravljenje globlje leze¢ih
tumorjev. Za uspesnost zdravljenja z EKT ne zadostuje zgolj pokritost tumorskega tkiva z
dovolj visokim elektricnim poljem, ki povisa prepustnost celicnih membran tumorskih celic.
Enako pomembno je tudi, da v tumorske celice vnesemo zadostno koli¢ino
kemoterapevtika, zato smo eksperimentalno dolocili Stevilo molekul cisplatina v celici, ki
jih potrebujemo za doseganje citotoksicnega ucinka (Clanek 2). S poskusi in vitro smo
dolo¢ili vnos in citotoksi¢nost cisplatina, pri cemer smo celice izpostavili razliénim vrstam
pulzov. Z zdruzitvijo rezultatov vnosa cisplatina in citotoksi¢nosti cisplatina smo dolocili
Stevilo molekul cisplatina, potrebnih v posamezni celici za doseganje citotoksi¢nega ucinka.
Stevilo potrebnih molekul znasa od 2 do 7x107 molekul cisplatina na celico. Nasi rezultati

nadalje kazejo, da lahko enakovredno uporabimo razli¢ne vrste pulzov: klasi¢ne EKT pulze,
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vlake visokofrekven¢nih kratkih bipolarnih pulzov, milisekundne pulze in nanosekundne
pulze, saj vsi omogocajo vnos zadostnega Stevila molekul cisplatina na celico ob ustrezni
prilagoditvi elektri¢nega polja. Tako bi za EKT lahko uporabljali razlicne vrste pulzov, kar

potrjuje ugotovitve prvega izvirnega znanstvenega prispevka.

Vrednotenje obstojecih modelov elektroporacije za napovedovanje molekularnega
transporta in/ali drugih povezanih pojavov na ravni posamezne celice

Primerjali smo obstojeCe matematicne modele, ki opisujejo elektroporacijo in transport
molekul skozi celicno membrano na ravni posameznih celic. Najprej smo na podlagi
pregleda literature naredili pregled razlicnih mehanisti¢nih in fenomenoloskih modelov.
Nato smo kriti¢no ovrednotili tri izbrane mehanisticne modele, ki so bili podlaga za vse
druge objavljene modele, tako da smo njihove napovedi primerjali z razli¢nimi
kvantitativnimi meritvami transporta molekul skozi celiéno membrano po elektroporaciji.
Dva od preizkusenih modelov opisujeta elektroporacijo kot nastanek lipidnih por, opisanih
s porazdelitveno funkcijo por, in upoStevata transport molekul skozi pore zaradi
elektroforetskega in difuzijskega transporta. Tretji model opisuje poviSanje prepustnosti
celitne membrane z uporabo kineticne sheme in uposteva transport molekul skozi pore
zaradi difuzije in endocitoze. Ugotovili smo, da noben od preizkuSenih modelov ni dovolj
zanesljiv za napovedovanje transporta molekul v celotnem razponu parametrov pulzov in
za razli¢ne majhne molekule, ki se uporabljajo pri raziskavah elektroporacije (Clanek 3).
Kljub temu so lahko obstoje¢i mehanisticni modeli Se vedno koristni pri interpretaciji
nekaterih rezultatov poskusov, na primer vpliva orientacije kardiomiocitov na
elektroporacijo z uporabo razlicno dolgih pulzov (¢lanek 4). Poleg tega lahko tudi
fenomenoloski modeli zadosCajo za prakti¢ne namene, kot je opis velikostnega reda vnosa

cisplatina, dosezenega z razlicnimi vrstami pulzov (¢lanek 2).
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1. Introduction

When pulsed electric field of sufficient strength is applied to a biological cell, a transient
increase of cell membrane permeability and conductivity can be observed, and this
phenomenon is called electroporation. Electroporation allows the transport of ions and
molecules that otherwise cannot permeate or poorly permeate across the intact membrane
[1], [2]. Electroporation can be reversible or irreversible. If the cells recover and re-establish
their homeostasis after pulse application, electroporation is called reversible. Otherwise, if
the damage is too extensive and the cells die, electroporation is called irreversible.
Electroporation is used in biomedicine (e.g., reversible electroporation is used for
electrochemotherapy, gene therapy, and transdermal drug delivery, whereas irreversible
electroporation is used as an ablation technique to treat tumors or heart arrhythmias) [3]-

[7], in biotechnology [8], and food processing [9].

1.1. Electrochemotherapy

Electrochemotherapy (ECT) is a safe, highly efficient, local treatment used in clinics to treat
cutaneous and subcutaneous tumors of different histologies [10], [11]. In 2006, the standard
operating procedures were published to successfully treat cutaneous tumors smaller than 3
cm in diameter [12], [13] and were recently updated considering the treatment of larger
tumors [14]. Nowadays, ECT is a well-recognized treatment across Europe, as evidenced
by the UK’s National Institute for Health and Care Excellence guidance [15], [16] and recent
European consensus-based interdisciplinary documents for squamous cell carcinoma of the
skin, basal cell carcinoma, melanoma, and Kaposi’s sarcoma [17]-[22]. Currently, there are
ongoing trials for the treatment of deep-seated tumors using ECT [23]-[28].

In ECT, first, the chemotherapeutic drug is administered intravenously or
intratumorally, and then short high-intensity electric pulses are applied to the tumor tissue
resulting in cell membrane electroporation. The two most used chemotherapeutic drugs in
ECT are bleomycin and cisplatin [29]. Electroporation potentiates the influx of the drugs
into the tumor cells, and consequently the cytotoxicity of bleomycin by several hundred to
thousands folds and of cisplatin by several tens fold compared to non-electroporated
controls [30]-[32]. Thus, in ECT lower doses of chemotherapeutic drugs are needed to

achieve a cytotoxic effect than in standard chemotherapy.
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Conventionally, eight monopolar pulses of 100 ps duration are applied with a 1 Hz
or 5 kHz pulse repetition rate [14], see Figure 1 a. However, the delivery of these pulses to
the tumor tissue unintendedly stimulates also surrounding excitable cells, i.e., muscle and
nerve cells (e.g., motor nerves and nociceptors) provoking muscle contractions and pain in
the patient during the treatment. When treating cutaneous tumors, muscle contractions can
potentially cause the displacement of the electrodes if insufficient pressure is exerted on
them by the operator during pulse delivery. Such displacement might result in low
electropermeabilization and failure of ECT due to the reduced/loss of electrical contact
[120]. On the other hand, when too high pressure is exerted on the electrodes by the operator
a larger contact area is considered which requires a higher electric current. If the current
exceeds a given level (e.g. 12 A) some electroporators for safety reasons will discontinue
pulse delivery resulting in reduced ECT efficiency [120]. Furthermore, when treating deep-
seated tumors, long needle electrodes are invasively inserted around the target volume. The
displacement of electrodes could potentially increase the tissue trauma caused by needles
which might result in harmful effects on the nearby vital structures and affect the electric
field distribution which might lead to suboptimal treatment [121]. Thus, there is a need to
use local or general anesthesia and muscle relaxants. When performing ECT of deep-seated
tumors in proximity to the heart, the pulses need to be synchronized with the heart rhythm
[33], [34].

Pain and muscle contractions can be reduced by applying pulses at a higher repetition
rate [35], [36], by optimizing the design of the electrodes such that the muscle volume
crossed by the current is reduced as much as possible [37], [38], or by delivering bursts of
high-frequency short bipolar pulses [37], [39]. These bursts contain a series of short (0.5—-10
us) bipolar pulses that are applied at a repetition rate of approximately 1 Hz, see Figure 1 b.
In vivo [40]-[42], and human studies [43] have shown that the use of bursts of high-
frequency short bipolar pulses to achieve irreversible electroporation mitigates pain and
muscle contraction compared to longer monopolar pulses. Recently, in vitro [44] and in vivo
[45] studies have demonstrated that bursts of high-frequency short bipolar pulses can be
used for the uptake of chemotherapeutic drugs and thus have the potential to be applied for
ECT. Recent reports on humans indeed demonstrated the safety, tolerability, and efficacy of
using bursts of high-frequency short bipolar pulses for the treatment of cutaneous tumors

with ECT [46].
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Figure 1. Pulses parameters as a function of the time with high enough amplitude represented in the figure
with the letter A. Figure 1a top shows the classical pulses used in ECT: 8 monopolar pulses at 1 Hz repetition
frequency having 100 ps pulse duration (Figure 1 a bottom). Figure 1 b top shows the bursts of high-frequency
short bipolar pulses: M bursts at 1 Hz repetition frequency. Each bust contains N bipolar pulses with a short
pulse duration of ~2 us for the positive phase and ~2 ps for the negative phase (Figure 1 b bottom) at high
repetition frequency of few kHz.

In ECT the mechanisms that contribute to tumor eradication are the potentiated
uptake and cytotoxicity of the chemotherapeutic drugs, the reduction of the blood flow, and
the involvement of immune response. Electroporation transiently and reversibly reduces the
vascular flow of the tumor tissue, the so-called vascular lock, prolonging the drug
entrapment in the tumor tissue for several hours. Additionally, a vascular-disrupting effect
is also observed due to endothelial cell death which leads to tumor cell death due to long-
lasting hypoxia in the affected vessels [47]-[49]. The immune response plays an important
role in eradicating tumor tissue during ECT. The release of molecules such as damage-
associated molecular patterns (DAMP) and tumor antigens after electroporation can
stimulate the immune system inducing immunogenic cell death. Multiple studies in canine
and human patients have thus tested ECT in combination with gene electrotransfer (GET)
of plasmid DNA encoding for interleukin-12 (IL-12), which stimulates the immune system
[50], [51]. Usually in GET millisecond pulses are used to electrophoretically drive the
molecules of DNA towards the cell membrane. The combined ECT and GET treatment

applied to 19 patients with metastatic melanoma successfully evoked a systemic immune
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response and succeeded in producing a partial response in 8 patients (42%) or a complete
response in 2 patients (10 %) of distant, non-treated nodules (abscopal effect) [50].
Changing the conventional 8 x 100 us pulses with an alternative type of pulse could
be advantageous in ECT. For example, using bursts of high-frequency short bipolar pulses,
which mitigate pain and muscle contraction, or millisecond pulses, which in combination
with protein-encoding DNA, stimulate the immune response. However, it remains unclear

how these pulse parameters affect drug uptake and its cytotoxicity.

1.2. Cell membrane permeability and molecular transport

Under physiological conditions, a biological cell maintains through a complex system of
ion channels and pumps a resting transmembrane voltage (TMV) which, depending on the
cell type, ranges between -40 mV and -90 mV [52], [53]. The plasma membrane acts as a
selective barrier separating the cell interior from the external environment allowing the
inflow and the outflow of specific molecules through the membrane. The transport of solutes
occurs by several mechanisms: 1) by simple diffusion through the lipid bilayer of uncharged
small polar molecules such as Oz and COz2; ii) by electrodiffusion through membrane
proteins (transporters and channels) of small organic ions or inorganic ions; iii) 0smosis; iv)
endocytosis; and v) by the use of ion pumps [122].

A biological cell can be considered, from the electrical point of view, as a conductive
body (cytosol) surrounded by a dielectric shell (cell membrane) embedded by a conductive
extracellular solution. Thus, when an external electric field is applied to a biological cell, an
additional TMV is induced across the cell membrane which superimposes onto the resting
TMV. If the summed TMYV is sufficiently high by absolute value, structural changes occur
in the cell membrane which increases the membrane permeability to different ions and
molecules disrupting membrane barrier function [54]-[56]. According to molecular
dynamics simulations [57], theoretical predictions [58], and experimental investigations on
lipid systems [59] the induced TMV increases the probability of formation of pores in the
lipid bilayer [60]-[62]. Nowadays, such pore formation is widely recognized as a
mechanism of membrane electroporation. Additionally to the pore formation, electric pulses
also cause chemical changes to the lipids through lipid peroxidation [63], [64] and can
damage or modulate the function of certain membrane proteins like voltage-gated ion

channels [65]-[67]. Both lipid peroxidation and membrane protein damage can contribute
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to the increased cell membrane permeability. The induced TMV is affected by cell geometry,
cell orientation, and composition of the extracellular medium [68]—[70]. The induced TMV
increases linearly with the strength of the applied electric field. Furthermore, the induced
TMYV varies with position on the membrane and reaches the maximal absolute value at the
regions of the cell membrane that are facing the electrodes [71]-[73]. As electroporation
increases the membrane conductivity, the membrane starts discharging through the
permeabilized membrane, which saturates or even decreases the induced TMV, and limits
further increase in membrane permeability. Thus, electroporation is a highly dynamic
process that depends considerably on the parameters of the applied electric pulses.

Electroporation can be determined indirectly by measuring the transmembrane
transport (i.e., inflow and outflow) of molecules that otherwise poorly permeate the
membrane, by monitoring cell swelling [80], [81], by impedance measurements of the cell
membrane from which we can extract the conductivity and resistivity of the sample during
electroporation [78], [79], and by voltage clamp techniques which measure the
transmembrane ion current in a single cell [76], [77]. The transport of molecules across an
electroporated membrane occurs in the regions of the membrane where a sufficiently high
TMYV is induced [72], [74], [75] and is detected by using fluorescent dyes, functional
molecules such as cisplatin and bleomycin, magnetic nanoparticles, and nucleic acids [82].
The uptake of molecules is affected by pulse parameters (number of pulses, pulse shape,
pulse duration, and pulse amplitude), solute characteristics (size, charge), and extracellular
conditions (conductivity of the extracellular medium [98], [123], [124]).

The mechanisms of transmembrane molecular transport of small molecules (<4 kDa)
are diffusion, electrophoresis, electroosmosis, and endocytosis [1], [83]-[85]. During pulse
application, the transport of molecules is mainly due to electrophoresis and possibly due to
electroosmosis. After pulse application, the transport is mainly diffusive, but can also have
an electrophoretic component due to nonzero transmembrane voltage [86]. Endocytic
uptake of molecules can also be observed after the pulse application [83], [87]. The transport
of macromolecules such as DNA is a multistep and more complex process compared to a
small molecule uptake [83], [88], [89]. Usually, long millisecond pulses are used for the
uptake of macromolecules [90] or a combination of a strong short pulse with one or several

weak long pulses increases the DNA transfection efficiency suggesting that the former type
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of pulses is mainly responsible for creating the pores, whereas the latter one assists DNA

translocation electrophoretically [91], [92].

1.3. Model of electroporation and transmembrane molecular transport
Mathematical models help scientists understand the underlying mechanisms of a biological
system by using physical and mathematical laws. Employing mathematical models is often
less time-consuming and less expensive than experimental work and can be calculated at
any time on a computer. Electroporation is a process that involves different spatiotemporal
scales, ranging from the molecular level (i.e., nanometres) to the tissue level (i.e., few
centimeters), and different physical phenomena (i.e., electric, thermal, chemical, etc.). Thus,
multiphysics and multiscale mathematical models have been developed by researchers to
describe spatially and temporally the phenomenon of electroporation and the related
transmembrane molecular transport. These mathematical models can be broadly divided
into mechanistic and phenomenological.

The mechanistic models aim to describe empiric/experimental results by using
physical laws. Therefore, the model parameters have a physical meaning, which facilitates
the scientific interpretation of the results. Existing mechanistic models of electroporation
mainly attribute the increase of cell membrane permeability to the formation of pores in the
lipid bilayer due to the increase in TMV. Mechanistic models can be divided into two larger
groups. The first group of models uses a kinetic scheme that describes the transition between
distinct states of pores created in the cell membrane. The forward transition between each
porous state depends exponentially on the TMV [94]. The molecular transport through pores
in these models has been described assuming diffusive transport only [94] or considering
additional endocytotic-like transport [95]. The second group of models describes pores in
terms of a pore distribution function described in the pore radius space. This pore
distribution function changes dynamically with the TMV [96], [97]. The molecular transport
through pores in these models has been described using the Nernst-Planck equations
considering both electrophoretic and diffusional transport [96], [98], [99].

The phenomenological models describe the experimental results without using any
physical laws and are based on empirical correlations. Therefore, it is not possible to explain
why the variables of the model interact the way they do. The phenomenological models of

electroporation present in the literature can be compartmental [85], based on equivalent
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circuit [100], based on arbitrary mathematical functions which describe the increase in
membrane permeability [101], [102] or the fraction of pores formed in the membrane [103],
[104].

Currently, several models that describe the phenomenon of electroporation and
transmembrane transport of molecules exist and have been qualitatively and/or
quantitatively compared with experimental measurements. Interestingly, different models
developed using different theoretical descriptions of membrane permeability and molecular
transport, showed good agreement with experimental data. However, it is still not clear and
well understood which model can be considered the best to describe the phenomenon of
electroporation and transmembrane transport of molecules and if the model is valid when

using a broad range of experimental data and conditions.

1.4. Aims of the dissertation

The overarching aim of this dissertation was to better understand the phenomenon of re-
versible electroporation and transmembrane molecular transport in ECT by performing in
vitro experiments and by using numerical models in individual biological cells.

Clinicians follow the recommendations written in the standard operating procedure
to successfully treat cutaneous tumors with ECT [13], [14]. Such protocols specify the type
of anesthesia, the type of drug, the route of drug administration, and the types of electrodes,
generators, and pulse parameters to be used during the treatment. However, the use of the
classical ECT pulses causes pain and muscle contraction in the patients. It has been observed
that the use of bursts of high-frequency short bipolar pulses reduces pain and muscle con-
traction in the patient which are otherwise present when using the classical ECT pulses.
Furthermore, many efforts are focused on making ECT a systemic treatment combining it
with immunotherapy. Preclinical and clinical studies have shown that the use of classical
ECT pulses in combination with gene electrotransfer (use of millisecond pulses and protein-
encoding DNA) which stimulates the immune system contributes to systemic tumor eradi-
cation. Thus, different types of pulses might improve ECT treatments, but it is not clear and
well-understood how different types of pulses will affect ECT. Therefore, in this disserta-
tion, the effect of different types of pulses on cisplatin uptake and its cytotoxicity as one of

the two dominant drugs used clinically are investigated.
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For the success of ECT not only the application of a high-enough electric field to
permeabilize the tumor tissue is needed but also the transport of a sufficient number of the
chemotherapeutic drug into a cell is needed to achieve its cytotoxic effect. Therefore, in this
dissertation, the number of cisplatin molecules needed inside a cell to achieve a cytotoxic
effect has been quantified when using different types of pulses.

The transport of molecules through electropermeabilized cell membranes is crucial for the
success of electroporation-based treatments such as ECT, GET, and transdermal drug
delivery. However, investigating the phenomenon of electroporation and the transport of
molecules with in vitro experiments can be demanding and time-consuming because many
parameters can affect the outcome such as cell and solute characteristics, pulse parameters,
and experimental conditions. Thus, mathematical models can be a useful tool to study the
response of cells to different pulse parameters. Currently, many different models that
describe the phenomenon of electroporation and transmembrane transport are described in
the literature and are considered validated when compared to a specific set of experimental
data. However, it is not clear if any model is good enough to describe the phenomenon of
electroporation for a broad range of pulse parameters. Therefore, in this dissertation, we
critically assess the existing mathematical models with respect to how well they describe

transmembrane transport in different experimental conditions.
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2. Research papers

The research work carried out during the doctoral studies is presented in four papers pub-
lished in international peer-reviewed scientific journals with impact factors. This chapter
first gives a brief overview of the papers and their connections, followed by all papers in

their original format.

The electric pulses conventionally used for ECT in the clinic cause pain and muscle
contraction in the patient, thus there is the need to use anesthesia and muscle relaxants
during the treatment. The use of bursts of high-frequency short bipolar pulses has been
suggested by many in vivo animal and human studies as a solution to reduce/mitigate pain
and muscle contraction. Bursts of high-frequency bipolar pulses have been mainly used to
perform irreversible electroporation; however, an in vitro study [125] has shown that bursts
of high-frequency short bipolar pulses can also be used for the uptake of small molecules.
Therefore, the main objective of the first paper The use of high-frequency short bipolar
pulses in cisplatin electrochemotherapy in vitro (Scuderi et al. 2019) was to verify if bursts
of high-frequency short bipolar pulses, which mitigate pain and muscle contractions, unlike
the conventional ECT pulses, can potentially be used for reversible electroporation in ECT.
For this purpose, we performed in vitro experiments using a mouse skin melanoma cell line
and applied either 8 monopolar pulses of 100 us duration (conventional ECT pulses) or
bursts of high-frequency short bipolar pulses. We compared the cytotoxicity of cisplatin
between the two different types of pulses with the same on-time of 800 ps. A similar
cytotoxic effect was observed using the two different types of pulses. However, when using
bursts of high-frequency short bipolar pulses, a higher electric field was needed to achieve

a similar cytotoxic effect than using conventional ECT pulses.

Preclinical and clinical studies have shown that the use of ECT in combination with
gene electrotransfer (i.e., use of millisecond pulses with protein-encoding DNA) stimulates
the immune response which contributes to tumor eradication in ECT treatment.
Furthermore, in the first paper, we showed that bursts of high-frequency short bipolar pulses
can be used to achieve reversible electroporation in ECT. Thus, replacing the conventional
8x 100 us monopolar pulses with alternative types of pulses might be beneficial for the ECT

treatment. Furthermore, the success of ECT not only depends on the application of a
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sufficiently high electric field to the tumor tissue but also the transport of a sufficient number
of cisplatin molecules inside a cell. In the second paper The equivalence of different types
of electric pulses for electrochemotherapy with cisplatin - an in vitro study (Scuderi et al.
2024) we investigated how different types of pulses affect cisplatin uptake and cisplatin
cytotoxicity and determined the number of internalized cisplatin molecules needed to
achieve a cytotoxic effect. We performed in vitro experiments applying three different types
of pulses: 1) 8 monopolar pulses of 100 ps duration conventionally used in ECT, ii) bursts
of high-frequency short bipolar pulses which reduce pain and muscle contractions, and iii)
8 monopolar pulses of 5 ms duration which stimulate an immune response. We observed a
similar uptake and cytotoxic effect of cisplatin using all three tested types of pulses when
the electric field for each type of pulses was properly adjusted. The number of cisplatin
molecules needed to achieve a cytotoxic effect was in the range of 2-7x107 cisplatin
molecules per cell for all three types of pulses. Furthermore, we tested a phenomenological
model describing electroporation and the associated transmembrane transport and
demonstrated that the model predicts quantitatively the number of cisplatin molecules in a

single cell relatively well but requires further improvement.

Mathematical models are an essential tool to investigate the response of cells to an
external applied electric field. Many different models have been developed to better
understand the phenomenon of electroporation and transmembrane molecular transport by
comparing the modeling results with experimental data. These models, despite their
different theoretical descriptions of membrane permeability and molecular transport,
generally showed good agreement with experimental data. However, it was not clear if the
models can be universally applied to a full range of experimental data. Therefore, the main
objective of the third paper Models of electroporation and the associated transmembrane
molecular transport should be revisited (Scuderi et al. 2022) was to critically assess the
existing mechanistic models that describe the phenomenon of electroporation and
transmembrane molecular transport of small molecules (< 4 kDa). We focused on three
mechanistic models, which formed the basis for all other published models, and compared
their predictions to a broad range of quantitative measurements of molecular transport. We
observed that none of the tested models can be universally applied to the full range of

experimental measurements. Even more importantly, we showed that none of the models
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has been compared to a sufficient amount of experimental data to confirm the model’s
validity. Finally, we provided recommendations on how to improve the development of

mechanistic models of electroporation and how to design experiments for thorough models.

While the existing mechanistic models of electroporation have strong limitations for
predicting the transmembrane transport of different molecules, they can still aid in the
interpretation of certain experimental results. We demonstrate this in the fourth paper
Characterization of the experimentally observed complex interplay between pulse duration,
electrical field strength, and cell orientation on electroporation outcome using a time-
dependent nonlinear numerical model (Scuderi et al. 2023). This paper used numerical
modelling to investigate how cell orientation, pulse duration, and pulse amplitude affect
TMYV and pore formation in an isolated cardiomyocyte. The modeling results helped explain
how cell orientation with respect to the electric field direction can influence calcium uptake
and cell death in a complex way, depending on the duration and amplitude of the applied

electric pulses.
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Background. |n electrochemotherapy {ECT], chemctherapeutics are first administered, followed by short 100 s mo-
nopolar pulses. However, these pulses cause pain and muscle cenfractions. [t is thus necessary to administer muscle
relaxants, general anesthesic and synchronize pulses with the heart rythm of the patient, which maokes the treat-
ment more complex. It was suggested in ablation with Imeversible electroporation, that bursts of short high-frequency
bipolar pulses could alleviate these problems. Therefore, we designed our study to verify if it is possible to use high-
frequency bipolar pulses {HF-EP pulses) in electrochemotharapy.

Materials and methods. we performed in virro experiments on mouse skin melanoma [B16-F1) cells by adding
1-330 pM cisplatin and delivering either [a} eight 100 ps long monopclar pulses, 0.4-1.2 kv/em, 1 Hz (ECT pulses) or (b)
eight bursts ot 1 Hz, consisting of 50 bipolar pulses. One bipolar pulse consisted of g series of 1 ps long positive and 1
us long negative pulse (0.5-5 kV/cm) with a 1 ps delay In-between.

Results. with both types of pulses, the cernbination of elechic pulses and cisplalin was more efficient in kiling cells
than cisplatin or electric pulses only. However, we needed fo apply a higher electric field in HF-EP (3 kV/cm) than in
ECT (1.2 kV/cm) to oblain comparable cytotoxicity.

Conclusions. It is possitle to use HF-EP in electrochernotherapy: however, ot the expense of applying higher electric
fields than in classical ECT. The results obtained, nevertheless, offer an evidence that HF-EP could be used in electro-
chemotherapy with potentially alleviated muscle contractions and pain.

Key words: electroporation: electrochemotherapy; high-frequency bipolar pulses; cisplafing cell sunival: drug uptake
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eters (amplitude, duration, number of electrical
pulses and repetition frequency). Electropoeration

When a cell is exposed to a sufficiently high clectric
field, the permeability of the cell membrane rap-
idly increases duc to membrane clectroporation.
This transiently increased membrane permeabil-
ity allows for the exchange of ions and molecules
between inside and outside of the cells.t If cells
recover and survive, clectroporation is called re-
versible. If the damage is too extensive, rescaling,
too slow, cells cannot restore the homeostasis,
and they dic, electroporation is called irrevers-
ible. Electroporation depends on the characteris-
tics of the cells (shape, size, cytoskeleton structure,
membrane composition) and the electrical param-

Radiol Oncol 2019; S3(2): 194-205.
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is used in medicine’™" (clectrochemotherapy, gene
therapy, irreversible electroporation as an abla-
tion technique and transdermal drug delivery), in
biotechnologyit12, (inactivation of microorganisms,
extraction of bicmolecules from microorganisms
and plants, genetic transformation of microorgan-
isms) and food processing.'*4
Electrochemotherapy (ECT) is used in clinics
to treat patients with various types of cancer (e.g.
melanoma, head-neck tumors, breast, liver, intes-
tinal tract, brain cancer).’? The standard cperating
procedures for electrochemotherapy include intra-
tumoral or intravenous dclivery of the chemother-

doi: 10.2478/raon-2019-0025
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Scuderi M et al. / High-frequency short bipolar pulses in electrochemotherapy

apeutic drug, followed by the application of high-
voltage 100 ps long monopolar pulses to the tumor
area.'™" Two chemotherapeutics are currently
used in clinics - bleomy¢in®? and csplatin (cis-di-
aminodichloroplatin (1), CDDP).2*# The cytotoxic-
ity of the chemotherapeutic drugs is increased as
the delivered pulses increase cell membrane per-
meability, and facilitate the influx of drugs into the
tumor cells 22 Drawbacks of the application of 100
ps long monopolar, high-voltage electric pulses at
repetition frequency 1 Hz are pain, muscle contrac-
tions®*#, the need to use muscle relaxants and gen-

29

eral anesthesia® and to synchronize pulses with
the heart rhythm.*** These problems can be allevi-
ated for example by applying pulses at higher fre-
quency®, by using special designs of electrodes™®,
or, as it was recently demonstrated, by delivering
bursts of short high-frequency bipolar pulses, ie.,
the so-called high-frequency irreversible electropo-
ration (H-FIRE) pulses.™¥ Treatment with H-FIRE
pulses, however, comes at the expense of deliver-
ing pulses of considerably higher amplitudes.™

Mostly, H-FIRE pulses have been used to
achieve irreversible electroporation. However,
they can also be used to increase the uptake of mol-
ecules into cells® which could be applied in achiev-
ing reversible electroporation to treat tumors with
electrochemotherapy. Thus, this study aimed to
determine whether H-FIRE pulses could also be
used in electrochemotherapy which we call high-
frequency electroporation (HF-EP).

We delivered 8 bursts of 50 bipolar pulses, each
consisting of 1 us long positive and negative pulse,
with a 1 us delay between them with electric field
from 0.5-5 kV/cm. We compared HF-EP to classic
eight monopolar 100 us long pulses, delivered at
frequency 1 Hz, with electric field from 0.4-1.2 kV/
cm. Cisplatin concentration was from 1 uM to 330
pM. We showed that HF-EP pulses indeed cause
higher cytotoxicity of cisplatin in vifro; however, in
comparison to the standard 100 us long monopolar
pulses, higher voltage pulses must be delivered to
obtain comparable effect.

Materials and methods
Cell preparation

Meouse skin mclanoma ccll line B16-F1, obtained
from the Eurepean Collection of Authenticated Cell
Cultures (ECACC, cat. no. 92101203, Sigma Aldrich,
Germany, mycoplasma free), was grown 2-4 davs
in 75 cm? cell culture flasks (TPP, Austria) until 80%
confluency in Dulbecco’s Modificd Eagle’s Medium

(DMEM, cat. no. D5671, Sigma Aldrich, Germany)
in an incubator (Kambi¢, Slovenia) at 37°C and hu-
midified 5% CO,  DMEM, used in this composi-
tion for all in pitre experiments, was supplemented
with 10% fetal bovine serum (cat. no. F7524, Sigma
Aldrich, Germany), 2 mM L-glutamine (cat. no.
(7513, Sigma Aldrich, Germany) and antibiotics, 50
ug/ml gentamycin (cat. no. G1397, Sigma Aldrich,
Germany), 1 U/m! penicillin-streptommycin (cat. no.
11-010, PAA, Austria).

Cell suspension was prepared by detaching
the cells in the exponential phase of growth with
10x trypsin-EDTA (cat. no T4174, Sigma Aldrich,
Germany), diluted 1:% in Hank’s basal salt solution
(cat. no. H4641, Sigma Aldrich, Germany). After no
more than 3 minutes, trypsin was inactivated by
adding DMEM, and cells were transferred to a 50
ml centrifuge tube. Then, the cells were centrifuged
(5 min, 180 g, 21°C) and re-suspended in DMEM at
concentration 5x10° cells/ml (experiments to meas-
ure the optimal parameters of electroporation and
resealing rate of cells), 5x10* cells/ml (experiments
to measure the cytotoxicity of cisplatin without
electroporation) or 2.2x107cells/ml (experiments
to measure the cytotoxicity of dsplatin with elec-
troporation}. We performed experiments with dif-
ferent cell densities due to different requirements
for cell number and sensitivities of the chosen as-
says. BEven at the highest concentration (2.2x107
cells/ml) we were still well below the concentration
where shielding of the electric field and decreased
uptake were observed.®

Electroporation setup

Two types of pulses were applied — 100 ps long mo-
nopolar pulses (Le. classical electrochemotherapy)
and bursts of short bipolar pulses (HF-EP pulses).
They were applied between plate stainless-steel
electrodes with 2 mm distance.® Between pulses,
clectrodes were cleaned in potassium-phosphate
buffer {KPB, 10 mM KHPO/KHPO, in ratio
40.5:9.5, 1 mM MgCl,, 250 mM sucrose) and dried
with sterile gauze, 100 us long monopolar pulses
(8 pulses, dclivered at repetition frequency 1 Hz,
Figure 1A) of different voltages (80, 120, 160, 200,
240 V) were dclivercd by the commercially avail-
able Betalech pulsc gencrator (Electro cell B10,
BetaTech, France) or BTX Gemini X2 pulse gen-
erator (Harvard Apparatus, USA}. Short bipolar
pulscs of different veltages (HE-EP protocol, 100 V
to 1000 V with a step of 100 V, Figurc 1B) were dc-
livered by a laboratory prototype pulse generator
(University of Ljukljana) based on H-bridge digital
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Scheme of the applied pulses. (&) 100 ps long moncpolar pulses of

amplitude AU {80 V - 240 V in a step of 40 V) were wupplied with a repetfition
frequency of 1 Hz. (B} Short bipalar pulses [HF-EP). Above: 8 bursts were applied with
arepetition frequency of 1 Hz. Down left: One burst was 200 ps leng and consisted of
50 bipelar pulses. Below right: One bipolar pulse of amplitude AU {100 V - 1000 V in
a sfep of 100 V) consisted of 1 s long positive pulse, 1 ps long negative pulse (both
of voltage AU} with a 1 ps leng delay between pulses.

amplifier with 1 kV MOSFETs (DE275-102N06A,
TXYS, USA). Y Short bipolar pulses were delivered
in 8 bursts at repetition frequency 1 Hz, each con-
taining 50 short bipolar pulses of 1 ps positive and
1 ps negative pulse. The delay between short bipo-
lar pulses and between positive and negative pulse
was 1 us. The on-time (the time when the voltage
was different from zero) of the HF-EP pulses was
800 us, equivalent to the duration of the eight 100
us long monepolar pulses. The duration of one
short bipolar pulse was chosen as it successfully
permeabilized cell membranes as previously dem-
onstrated by an increased uptake of a fluorescent
dye.™ The voltage and the current were monitored
in all experiments with an escilloscope Wavesurfer
422, 200 MHz, a differential voltage probe ADT305
and a current probe CP030 or AP015, all from
LeCroy, USA to ensure that delivered voltage and
current were consistent at the same scttings even if
delivered with different gencrators.

Determination of permeability and

resealing

In permeability experiments, just before pulse ap-
plication, 60 pl of cell suspension was mixed with
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6 pl of 1.5 mM propidium iodide (PT) (136 pM fi-
nal concentration)., In resealing experiments, PI
was not added before pulse application but after
electroporation. 60 pl of the cell suspension was
electroporated, and 50 pl of the treated sample was
transferred to a 1.5 ml centrifuge tube. In resealing
experiments, 5 pl of PI (136 puM final concentration}
was added to 50 pl of the treated sample 2 min,
5 min, 10 min or 20 min after pulse delivery. Two
minutes after electroporation (permeability experi-
ments) or PI addition (resealing experiments), the
samples were diluted in 100 pl of KI'B, and vor-
texed. The uptake of propidium was measured on
the flow cytometer (Attune NxT; Life Technologies,
Carlsbad, CA, USA). Cells were excited with a blue
laser at 483 nm, and the emitted fluorescence was
detected through a 574/26 nm band-pass filter. The
measurement was finished when 10,000 events
were acquired. Single cells were separated from
all events by gating. Obtained data were analyzed
using the Attune NxT software. The percentage of
permeabilized cells was determined from the his-
togram of Pl fluorescence.

Cell survival following electroporation only

60 pl of the cell suspension was electroporated,
50 pl was transferred to a 15 ml centrifuge tube,
and two minutes after pulses delivery, the samples
were diluted in 450 pl of DMEM and mixed with a
pipette. When all the samples were finished, 5x10*
cells were transferred in each well on a96-well plate
in three technical repctitions. After 24 h of incuba-
tion at 37°C and humidified 5% CO,, the survival
assay was performed. 20 pl of MTS (CellTiter 96®
AQueous Cne Solution Cell Preliferation Assay
(MTS), Promega, USA) was added per well accord-
ing to manufacturer’s instructions and left in an in-
cubator for Zh. MTS assay was used to quantify the
number of viable cells evaluating their metabolic
activity by measuring the formazan absorbance at
490 nm. After 2 h, the absorbance was measured
on a spectrofluorometer (Tecan Infinite 200; Tecan,
Grodig, Austria). Cell survival was calculated by
first subtracting the background (only DMEM and
MTS) from all measurcments and then normaliz-
ing the absorbance of the treated samples to the
absorbance of the control samples,

Cytotoxicity of cisplatin without
electroporation

On the first day, 5x10° B16-F1 cells were sceded per
well on a 96-well plate and left for one day in an in-
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FIGURE 2. Cell membrane permeability and cell survival as a function of electric field for (4) 8 x 100 ps leng menopolar pulses. delivered af repetition
frequency 1 Hz (B) 8 bursts of short bipolar pulses {HF-EP) of 1-1-1-1 ps, delivered at repetition frequency 1 Hz. Each data peoint was repeated 3-4 times
{mean + standard deviation). In the confrol sample, no pulses were applied. Note different scales on the x-axes. On (4). the threshold of electroporation
was at 0.8 k¥fecm (P = 0.02%, t-test) and survival did not decrease in comparisen with control {one-sample t-test). On (B} the threshold of electroporation
was at 2 kv/cem (P = 0.022, t-test), while the survival decreased at 4.5 kv/cm (P = 0.004, one-sample t-test). In Figure 2B, blue asterisks refer to permeability

curve and red asterisks to the survival curve.

cubator (Kambi¢, Slovenia) at 37°C and humidified
5% CO,. On the second day (24 h after cell seeding),
the 3.3 mM stock cisplatin (Accord HealthCare,
Poland) was diluted in 0.9% NaCl (physiological
solution) to obtain the 10x higher concentration
of cisplatin than desired with the cells (1, 10, 100,
330 pM). Diluted cisplatin was then mixed with
the DMEM in ratio 1:9 and cells were incubated in
DMEM with cisplatin for 10 min, 1 h, 24 h or 48
h. After the indicated time, DMEM with cisplatin
was substituted with DMEM only. On the fourth
day (72 h after cell seeding), the MTS survival as-
say was performed as described in the subsection
Cell surovival following electroporation only.

Electroporation with cisplatin

We performed two types of experiments. We ap-
plied: 1) different electric ficlds at fixed cisplatin
concentration (100 pM) to evaluate the cffect of
electric ficld on cell deatly 2) fixed electric ficld
{(optimal value —long monopolar pulses E=1.2 kV/
cm and short bipolar (HF-EP) pulses E = 3 kV/cam)
with different cisplatin concentrations te evaluate
the cffect of cisplatin concentration on cell survival.
Optimal parameters of electroporation were deter-
mined with experiments described in the subsec-
tions Delerminafion of permeability and resealing, and
Cell survival following electroporation only and were
chosen as thuse where the highest uptake of pro-
pidium iodide (i.e., highest cell membrane perme-
ability) and the highest cell survival were obtained.

The 3.3 mM stock cisplatin was diluted in 0.9%
NaCl to obtain the desired concentrations of cispl-
atin with the cells (1, 10, 100, 330 puM) in both ex-
periments. The drug was prepared fresh for cach
experiment. Right before experiments, 120 pl of

cell suspension was mixed with 13.3 pl of dsplatin.
60 pl of the cell suspension with added cisplatin
was transferred between the electrodes, and long
monopolar or short bipolar (HF-EP) pulses were
delivered (electroporation+cisplatin). The remain-
ing 60 ul was used as a control and was trans-
ferred between the electrodes, but no pulses were
delivered (only cisplatin). 50 ul of the treated and
control sample were transferred in a 15 ml cen-
trifuge tube. 10 minutes after pulse delivery, the
samples were diluted 40x in full DMEM and vor-
texed. 5.5x10° cells were transferred in each well
on a 96-well plate in friplicates. The survival assay
was performed as described in the subsection Cell
Survival after 72 hours as previcusly suggested.®

Statistical analysis

Statistical analysis was performed using the soft-
ware SigmaPlot v11 (Systat Softwarc, San Jose,
CA). We performed the t-test or one sample t-test
when comparing two groups or one group towards
normalized control. We performed the 1-way or
2-way ANOVA if the normality test was passed or
the ANOVA on ranks if the normality test failed
with the post-hoc Tukey test. The details on the
performed test and the obtained P-value are writ-
ten in respective figure captions in the Results sec-
tion. On figures, one asterisk (*) signifies P < 0.05,
two (™) P<0.01 and three (**) P < 0.001.

Results
Electroporation with propidium iodide

First, we performed experiments to determine the
optimal parameters of electroperation to be later
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FIGURE 3. Cell membrane permeability as a function of different time of propidium iodide administration after electroporation for (&) 8 x 100 ps long
monopelar pulses, delivered at a repefition frequency 1 Hz; (B) 8 bursts of short bipolar pulses {HF-EP} of 1-1-1-1 us, delivered at repeatition frequency
1 Hz. Each data point was repeated 4 times (mean + standard deviation). We performed a 1-way ANOVA on ranks. For both types of pulses, there was
a significant difference between 0 min vs 10 min and 20 min (P < 0.05), other peciraise comparisons were not significant.

used in the experiments with cisplatin. As optimal
parameters of electroporation were considered
those where the highest cell membrane permeabil-
ity and the highest cell survival were achieved. In
Figure 2 we can observe the permeability curves
(blue dashed line) and the survival curves (red sol-
id line) as a function of electric field amplitude for
{A) 100 ps long monopolar pulses and (B) bursts
of short bipolar (HT-EP) pulses. In Figure 2A we
can see that the threshold of electroporation was
at 0.8 kV/cm and highest uptake and survival were
achieved at 1.2 1<V/cm whidh was considered as
the optimal point of electropoeration. In Figure 2B
we can see that the threshold of electroporation
was at 2 kV/cm, the threshold for irreversible elec-
troporation at 4.5 kV/em and the highest uptake
and survival for HF-EF pulses were obtained at 3
kV/cm which was chosen as the optimal point of
electroporation with short bipolar pulses. Electric
pulses of 1.2 kV/cm with 100 ps monopolar pulses
and 3 kV/cm in HF-EP protocol were thus consid-
ered to be equivalent and were used in further ex-
periments.

With the optimal parameters of electroporation,
we measured the resealing of cell membranes after
electroporation. Figure 3 shows the permeability
curves obtained as a function of different time of
exposure to propidium iodide after electroporation
delivering (A) long monopolar pulses at E=1.2 kV/
cm and (B) HF-EP pulses at E =3 kV/cm. Figure 3A
and Figure 3B show a peak of permeability at 0
min, ie, right after the pulses are applied. Then,
we can see a decrease in permeability that reaches
a plateau after 10 min. We chose 10 min as the time
after which cell membranes resealed. Accordingly,
in the subsequent experiments, electroporated
samples with cisplatin were diluted after 10 min-
utes.
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Cytotoxicity of cisplatin without
electroporation

We measured the cytotoxicity of cisplatin without
electroporation at different cisplatin concentrations
and incubation times on attached confluent cell
monolayers (Figure 4). Cells were more atfected if
they were exposed to cisplatin for a longer time (24
h and 48 h incubation caused significantly higher
cell death than 10 min and 1 h incubation). There
was no difference if cells were incubated for 10 min
vs 1 h and 24 h vs 48 h. There was no difference
between 1 pM and 10 pM, butin general, cytotoxic-
ity increased with higher cisplatin concentrations.
After 10 min and 1 h of incubation (red solid and
green dashed curve, respectively) there was a de-
crease in cell survival with increasing cisplatin con-
centration and at the highest tested concentration

Survival ()

Concentration[uM]

FIGURE 4. Cyfotoxicity of cisplatin without electroporation at
different concentrations and time of incubation. Each data
point was repected 4 times (mean + standard deviation) and
is normalized to the control sample in which cisplafin was
substituted by 0.9% NaCl. A 2-way ANOVA was performed.
10 min or 1 h of incubation was different from 24 h or 48 h
(P < 0.001}) while there was no difference between 10 min vs
1 hand 24 hvs 48 h. 330 uM cisplatin was more cytotoxic
than other tested concentrations (P < 0.081). There was no
significant difference between 1 pM and 10 um cisplating all
other comparisons were significantly different (P < 0.001).
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FIGURE 5. Cytotoxicity of cisplatin in combination with electroporation [EP} at fixed value of cisplatin {CBDP} 100 uM as a function of electric field: iA)
8 x 100 ps long monapolar pulses {ECT) were delivered at repetiticn frequency 1 Hz; (B} 8 bursts of short bipclar pulses {HF-EP) of 1-1-1-1 us were delivered
at repetition requency 1 Hz. Each data peint was repeated 3-6 times (mean + standard deviation). Results are normalized to the control sample without
an electric field and with 100 pm cisplatin. We performed a (A) 2-way ANOVA or (B) 2-way ANCVA onranks. {A] At 0.8 kv/cm (P =10.036} and 1 kv/cm and
1.2 kv/em (P < 0.001} EP samples were sianificantly different from CDDP+EP samples. (B} At electric fields equal to or higher than 2 kv/cm EP samples

were significantly different from CDDP+EP scmples (P < 0.001}.

(330 UM} we obtained 58.55% + 14.90% and 48.12%
+ 14.01% survival for 10 min and 1 h, respectively.
After 24 h and 48 h (blue dotted and black dash-dot
curve, respectively) of incubation, cell survival de-
creased rapidly to less than 10% already with 100
pM of cisplatin.

Cytotoxicity of cisplatin with
electroporation - electrochemotherapy

First, we measured the cytotoxicity of cisplatin
with electroporation at different electric fields and
selected cisplatin (CDDP} concentration of 100
pM. In Figure 5, we can vbserve cell survival as a
function of applied electric field, on Figure 5A for
long monopolar pulses and Figure 5B for HF-EP
pulses. The solid green line shows cell survival af-
ter electroporation with cisplatin and red dashed
line survival after only electroporation without
cisplatin. The red dashed curves of Figure 5A and
B are already shown in Figure 2A and B. We can
see in both Figure 5A and B that the combination
of electric pulses and cisplatin is more efficient in
achieving cell death than applyving only electric
pulses or only cisplatin (100% survival at 100 uM
dsplatin and 10 min incubation time, Figure 4} and
that cytotoxicity of cisplatin increases with increas-
ing electric ficld, starting at 0.8 kV/cm for 100 ps
long monopolar pulses and 2 kV/em for short bipo-
lar pulses, which coincides with the thresholds for
reversible electroporation (Figure 2). In Figure 5A
we can see that at E = 1.2 kV/em with cisplatin
32.16% + 14.08% of cells survive while when we ap-
ply only electric pulses, all cell survive. Similarly,
in Figurc 5B at E = 3 kV/cm 25.33% + 3.73% of cells
survive electroporation with cisplatin opposed to
100% when only electric pulses are applied.

Then, we measured cytotoxicity of cisplatin
with electroporation at a fixed electric field (opti-
mal point of electroporation with the highest cell
membrane permeability and lowest survival - long
monopolar pulses at E = 1.2 kV/em and HF-EP
pulses at E=3 kV/cm) and different cisplatin con-
centrations. In Figure 6 we can see two cell survival
curves obtained by applying 1) only cisplatin (red
dashed curve) and 2) cisplatin in combination with
electroporation (solid green curve). From the red
dashed curve in Figure 6A and B we can see that
cell survival does not decrease with increasing cis-
platin concentration due te short incubation time
(see also Figure 4). From the solid green curve in
Figure 6 A and B we can see that the cytotoxicity
of cisplatin increases when electric pulses are ap-
plied with increasing cisplatin concentration. A
similar trend in survival is observed for both types
of pulses.

Discussion

We aimed to determine whether it is possible to
use bursts of short bipolar pulses (HF-EP) in in
vitro clectrochemotherapy (ECT) treatments in-
stead of standard long monopolar pulses (classical
ECT). We thus performed in vifro experiments on
mouse skin melanoma cells, as melanoma is one of
the cancers successfully treated with electrochemo-
therapy.*

Optimal treatment parameters

First, we determined the cytotoxic cffects of cis-
platin on a confluent monelayer of cells, because
survival after longer exposurc time was not possi-
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FIGURE 6. Cytoloxicity of cisplatin at different concentration of cisplatin {CDDF} and electroporation {EF} at a fixed value of electric field {(4) 1.2 kV/
cm, 8x100 ps long monopolar pulses, delivered at repetition frequency 1 Hz (B) 3 kv/cm, 8 bursts of short bipolar pulses {HF-EP) of 1-1-1-1 ps, delivered
at repetition frequency 1 Hz. Each data peint was repeated 3-7 times {mean + standard deviation}. Each data was normalized to the control sample
electroporated and with 0.9% NaCl instead of cisplatin. We performed a 2-way ANOVA. For both types of pulses, at 100 pM and 330 ps the CDDP
samples were significantly different from the CDDP+EP samples (P < 0.001).

ble to evaluate on cell suspension (Figure 4). At 100
uM, short exposure (1 hour or less) did not affect
survival. We decided to perform experiments with
electroporation at 100 uM cisplatin in order to see
possible potentiation of the cytotoxic effect of cis-
platin after electroporation. Namely, using higher
concentration could already decrease survival
without applying electric pulses and we could not
asses, if electroporation increases cytotoxicity. In
the experiments assessing survival after incubation
with cisplatin as determined by the MTS assay, 24
h and 48 h time points were not different one from
another and we assumed that also 72 h exposure
(which was used in the electroperation experi-
ments} would yield similar results. However, we
did not make experiments also at 72 h exposure
time.

We determined the optimal parameters for ex-
periments with cisplatin and electric pulses, ie.,
the optimal voltage of electric pulses, incubation
time with cisplatin after pulse application and cis-
platin eoncentration with a) 100 ps long monopolar
pulses (ECT} and b) short bipolar pulses (HF-EP).
In experiments with 8x100 ps monopolar pulses,
the optimal electrie feld (highest uptake of pro-
pidium and the highest cell survival) was 1.2 kV/
cm (Figure 2A) which is in agreement with other
studies # and corroborates our cxisting data where
cell permeabilization was detected via intracellu-
lar platinum measurements.” Unfortunately, we
could not apply veltages higher than 240 V (1.2
kV/cm) due to the current limitations of the pulse
generator. We determined that the optimal clectric
field with HF-EP pulses was 3 kV/cm (Figure 2B).
With bipolar pulses, we had to apply 2.5-times
higher clectric field than with monopolar pulses
to obtain comparable cffect, which is in agreement
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with the results reported by Sweeney et al. for pro-
pidium uptake™ and with the in vifre data on ir-
reversible electroporation, where irreversible elec-
troporation threshold increased 2.1-times, when 1
us long pulses were applied in bursts instead as
100 us long pulses.

With the selected parameters of electroporation,
we measured the resealing rate of cells after elec-
troporation. We determined that after 10 min cell
membrane is mostly resealed (Figure 3) and did
all subsequent cisplatin experiments with 10 min
incubation. Dilution of cells with permeable mem-
branes would namely reduce or stop the influx
too early or even cause efflux of cisplatin due to
dilution and potential reversal of the direction of
the concentration gradient.* This time range is in
agreement with the existing in witro studies, where
the incubation time ranges from 5 minutes® to 60
minutes® as well as with the ix vivo standard oper-
ating procedures where the pulses are applied be-
tween 8 and 28 minutes after intravenous drug in-
jection.” With propidium iodide (PT) we could use
shorter incubation times (2 minutes) as PI binds
soon after entering the cell®, but with cisplatin, we
do not know how fast it binds, and we have to wait
until cell membranes are completely resecaled be-
forc the dilution is made. PI was used as a model
for cisplatin as its molecular weight is in the same
range as of cisplatin (668 g/mol and 300 g/mol for
PI and cisplatin, respectively). The similarity in the
shape of the permeabilization curve (Figure 2) and
cell death due to cisplatin uptake {Figure 5) is an-
other indicator that PI is an appropriate molecule
to assess the uptake of cisplatin, Alse, experiments
with Pl and flow cytometry are fast and easy to per-
form, cnable screening of a wide range of param-
eters quicker than assessing cell survival or plati-
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num uptake via mass spectrometry and are thus
usually used to determine optimal parameters of
electric pulses for electrochemotherapy in wvitro.505

100 uM cisplatin concentration was chosen as
we could (1} test several pulse parameters without
reaching the limitations of the survival assay, (2) it
is in a similar range as used in other i vitro stud-
ileg, 2245483332 Other tested concentrations (1, 10, 100,
330 uM) were chosen as they were already used
in previous in vitre experiments.®* (3} The 1C50
value of cisplatin pooled together from several
studies in™ was determined to be between 0.83 pM
and 1000 pM without electroporation and 0.083
pM and 106 pM with electroporation. As we de-
termined graphically from Figure 6, the IC50 value
was in our study 85 uM for monopolar, and 45 uM
for bipolar pulses, which is in agreement with the
literature and close to the 100 uM.

In our study, different cell densities were used
due to different requirements for cell number and
sensitivities of the chosen assays. However, even at
the highest concentration (2.2x107 cells/ml) we were
still well below the concentration where shielding
of the electric field and decreased uptake were
observed.” 72 h growth time after electrochemo-
therapy was chosen as it was shown that results of
metabolic assays are highly dependent on evalua-
tion time peint and they correspond to the results
of clonogenic assay better at later time points.22

Cytotoxicity of cisplatin with
electroporation

We measured the cytotoxicity of cisplatin with
electroporation at fixed cisplatin concentration of
100 M and different electric ficlds (Figure 5). We
were interested in the cffect of electric field inten-
sity on cisplatin cytotoxicity, as usually when treat-
ing tumors in vivo, the electric field distribution is
inhemogeneous due to different dielectric proper-
ties of diffcrent tissues and various electrode con-
figurations.”>*® A similar tendency of ccll survival
as a function of the clectric ficld was obscrved with
monopolar as well as HF-EP pulses - we achicved
greater cell death by applying cisplatin in combi-
nation with electric pulses than by only applying
clectric pulscs. Survival decrcased with increas-
ing clectric field. In Figure 5A, comparing the red
curve with the green one, we can see that at E=1.2
kV/cm cells die because of the cisplatin uptake and
not duc fo irreversible clectroporation. The sur-
vival after applying 1.2 kV/em was still 100%, the
survival with clectric pulses and cisplatin dropped
to 32.16% + 14.08%. Similarly as with monopolar

pulses, when applying bipolar pulses of E = 3 kV/
cm, cells die due to the cisplatin uptake and not
due to irreversible electroporation (Figure 5B). At E
>3 kV/em cell death is due to the cytotoxic effect of
cisplatin as well as irreversible electroporation. As
expected and in accordance with previously pub-
lished results for propidium iodide, we needed to
deliver 2.5-times higher electric field with the HF-
EP pulses to achieve a comparable effect.™

Tnterestingly, the shape of the permeabilization
curve to propidium (Figure 2} corresponds perfect-
ly to the shape of the survival curve after electro-
chemotherapy (Figure 5). The onset of membrane
permeabilization is at 0.8 kV/em for long monopo-
lar pulses (Figure 2A) and at 2 kV/em for HE-EP
pulses (Figure 2B), which corresponds to the onset
of the decrease in survival after electrochemother-
apy (Figure 5). The plateau of membrane permea-
bilization for HF-EP pulses is reached at 3-3.5 kV/
cm (Figure 2B) which corresponds to the reached
plateau of survival (Figure 5B). Thus at our specific
conditions, membrane permeability to propidium
is a good indicator of cytotoxicity of cisplatin.

In Figure 6, we measured cytotoxicity of cispl-
atin with electroporation at a fixed electric field
(monoepolar pulses E = 1.2 kV/am and shoert bipolar
pulses E =3 kV/cm) and different cisplatin concen-
trations. Namely, in tissues, mhomoegenecus cispl-
atin concentration is expected, also initial cisplatin
concentration is usually inhomogeneous after in-
tratumoral injection.®® Both (A) monopolar pulses
at E =12 kV/cm and (B) HF-EP pulses at E = 3 kV/
cm show a similar behavior. In both Figures 6 A
and B, the cytotoxicity of cisplatin increases more
with cisplatin in combination with electric pulses
than using only cisplatin.®® Indeed, without elec-
tric pulses application, a high dose of cisplatin
and/or longer incubation times need to be used
to achieve a decrease in cell survival (Figure 4).
However, applying 330 puM cisplatin with long mo-
nopolar pulses only 14.28% + 5.84% of cell survived
and with short bipolar pulses (HF-EP) only 8.453% +
5.22% of cell survived. We must keep in mind, that
with short bipolar pulses, 2.5-times higher electric
ficld was applied to achieve a similar cffect. From
the red dashed curve in Figure 6A and B we can
see that cell survival did not decrease with increas-
ing cisplatin concentration. This result should be
the same as in Figure 4 considering orly the 10
min curve, but in Figurc 4 cell survival slightly
decreases with increasing cisplatin concentration.
The reasons for this discrepancy could be the dif-
ferences in the protocols: attached cell monolayers
to measure the cytotoxicity of cisplatin without
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electroporation and cells in suspension to measure
the cytotoxicity of cisplatin in combination with
electroporation. Also, the attached cells were di-
luted much less with fresh DMEM after exposure
to cisplatin than cells in suspension. Besides, cell
survival was measured after 481 for the attached
cell and after 72 h for the cell in suspension.

Outlooks for using high-frequency
electroporation in the clinics

HE-IRE pulses were reported to reduce muscle
contractions in comparison with classic 100 ps
pulses which was vbserved in several studies in vi-
vo. For example, muscle contractions with HE-IRE
pulses were much less noticeable than with 100 ps
long monopolar pulses in experiments on rabbit
liver.*> Even in the absence of cardiac synchro-
nization and paralytics, only minor muscle twitch
was recorded in one out of 24 cases™® when treat-
ing porcine liver. Sano et al. observed that HF-IRE
waveforms reduced the intensity of muscle con-
tractions in comparison with traditional IRE pulses
on ex-vive porcine model® and in in vivo murine
tumor.® Arena et al. observed that HF-IRE pulses
eliminated muscle contractions when electric puls-
es were applied to the brain of rats¥ and achieved
blood-brain-barrier disrupfion without inducing
local or distal muscle contractions.® TLatouche ef
al. observed no evidence of muscle or nerve exci-
tation or cardiac arrhythmia during any pulse de-
livery when treating intracranial meningioma in
dogs.® In a first human study on high-frequency
irreversible electroporation of prostate cancer, enly
a small amount of muscle relaxant was needed,
and there were no visible muscle contractions dur-
ing the pulse delivery process.™ Additionally, the
histological analysis in in vivo porcine experiments
indicates that with HF-IRE rapid and reproducible
ablation in the liver can be achieved, while preserv-
ing gross vascular/biliary architecture.® The moech-
anism for decrcased muscle contractions is still un-
known. However, different possible cxplanations
were offered. It was suggested that (1) stimulation
threshold raises faster than the threshold for ir-
reversible electroporation with decreasing pulse
length® which is a consequence of geometrical dif-
ferences between nerve fibers and tumor cells.® (2)
At around 1 us there is an overlap of the depolari-
zation threshold and clectroporation threshold on
the strength-intensity curve® (3) The short nega-
tive pulse delivered after a positive pulse acceler-
ated the passive repolarization and swamped the
regencrative response, thus abolishing the action
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potential.® The pain was not yet evaluated, but
promising results regarding muscle contractions
indicate that we can expect less pain with HF-EP
than with classical 100 ps pulses.

Before transfer to the clinical setting, more ex-
periments fn vitro as well jn vive need to be per-
formed. In the scope of the current study, experi-
ments with bleomyc¢in are not feasible due to or-
ganizational reasons. However, we are planming to
perform, in the future, experiments using bleomy-
cin with HF-EP, as bleomycin is frequently used
for ECT in the clinics. So, cytotoxicity of bleomycin
and HF-EP needs to be assessed, and experiments
determining  intratumoral  cisplatin/bleomycin
concentration should be performed. The electric
field needed to achieve cell death is with HF-EP
higher than in classical EP, and thus the effect of
high voltage on important structures in the vicin-
ity of the tumors should be investigated, similarly
as in® for hepatic veins. Also, temperature increase
due te Joule heating has to be minimized for ex-
ample by introducing a delay between bursts™ ™,
limiting electric current or number of bursts™.6!
and avoiding increased temperature by optimizing
treatment parameters. %00 The influence of HF-
EP on muscle contractions, pain and heart rhythm
should also be studied, as is being done for high-
frequency irreversible electroporation, Currently,
pulses in the published studies are being applied
with laboratory prototypes - a clinical generator of
bipolar pulses needs to be designed and certified
before clinical use. However, electrode geometry
could be the same as those used with the longer
monopolar pulses, but electrical isolation of the
wiring and stray capacitance should be re-evalu-
ated.

Applying HF-EP pulses comes at the expense of
delivering considerably higher pulse amplitude.
However, we need to take into account that in our
study, we focused on eight bursts in total en-time of
800 us to enable comparison with the standard ECT
protocol and be consistent with previous studies.™
To obtain a good cffect while keeping the applied
voltage low, we could apply more bursts, longer
pulses than 1 us or asymmetrical bipolar pulses®t,
although it was indicated that muscle contractions
are incrcased with the asymmetrical waveforms.
Also of importance is that with pulses in the range
of a few microseconds, we are already in the range
of the so-called cancellation cffect which could be
partially responsible for decrecased cffect of shorter
pulses in comparison to longer pulses. ¢ We can
nevertheless conclude that HF-EP pulses can be
successfully used in electrochemotherapy treat-
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ments in vifre, however, at the expense of deliver-
ing electric pulses of higher amplitudes.®
Although stll at the in vifro testing stage, we be-
lieve that the use of HF-EP pulses for electrochem-
otherapy in the clinics could potentially decrease
the discomfort connected with muscle contractions
and pain, simplifying the treatment procedure by
lowering dose of muscle relaxants and anesthesia,
and avoid synchrenization with the electrocardio-
gram, while potentially achieving more homoge-
neous electric field distribution® and redocing the

electrolytic contamination.®

Conclusions

In conclusion, with long monopolar and shoert bi-
polar pulses (HTF-EP), we achieved similar efficien-
cy of electrochemotherapy with cisplatin in witro,
however, with short bipolar pulses, we had to ap-
ply a much higher electric field for the same effect.
Nevertheless, we believe that HF-EP pulses could
eventually be translated into the clinical setting to
be used in electrochemotherapy treatments to al-
leviate pain, reduce muscle contractions, decrease
the needed dose of anesthetics and muscle relax-
ants while maintaining high treatment efficacy.
Further studies of the HF-EFP pulses for electro-
chemotherapy with bleomycin iz vitro and fn wivo
are needed.
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Background. Bectrochemotherapy (ECT) is a freatment involving the administration of chemotherapeutics drugs
followead by the application of 8 square monopolar pulses of 100 ps duration at a repetition frequency of 1 Hz or
5000 Hz. However, there is increasing interest in using alternative types of pulses for ECT. The use of high-frequency short
bipclar pulses has been shown 1o mitigate pain and muscle cenfractions. Conversely, the use of millisecond pulses is
Interesting when combining ECT with gene electrotransfer for the uptake of DNA-encoding proteins that stimulate the
immune respense with the aim of converting ECT from a local to systemic freatment. Thereforg, the aim of this study
was to investigate how alternative types of pulses affect the efficiency of the ECT.

Materials and methods. We performed in vifro experiments, exposing Chinese hamster ovary {CHO) cells to con-
ventional ECT pulses, high-frequency bipolar pulses, and millisecond pulses in the presence of different concentra-
tions of cisplatin, We determined cisplatin uptake by inductively coupled plasma mass spectrometry ond cisplatin
cylotoxicity by the clonogenic assay.

Results. we observed that the three tested types of pukes potentiate the uptake and cytotoxicity of cisplatin in an
equivalent manner, provided that the electric field is properly adjusted for each pulse type. Furthermore, we quanti-
fied that the number of cisplafin molecules, resuliing in the eradication of most cells, was 2-7 x 107 per cell.
Conclusions. High-frequency bipolar pulses and milisecond pulses can potentially be used in ECT fo reduce pain
and muscle confraction and Increase the effect of the immune response in combination with gene electrotransfer.

respectively.
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Introduction plicable.t? Over the past decade, ECT has also been
successfully used for the treatment of deep-scated
Electrochemotherapy (ECT) is a highly cffective

local treatment used in clinics to treat superficial

tumors, including tumors in the liver, bone, and
pancreas.™?

tumors, specifically various types of skin tumors
when standard treatments such as surgery, chemo-
therapy, and radiotherapy are not sufficient or ap-
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ECT cssentially consists of two main steps.10!
First, a chemotherapeutic drug is injected intra-
tumorally or intravencusly. Second, short high-
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intensity electric pulses that result in cell mem-
brane electroporation are delivered to the tumor.
Electroperation  transiently increases the cell
membrane permeability through the formation of
pores/defects in the membrane and enhances the
intracellular uptake of the chemotherapeutic drug,.
The drugs most often used in ECT are bleomycin
and cisplatin, which kill cancerous <ells by acting
on DNA but poorly permeate the cell membrane.l'2
Electroporation potentiates the uptake, and con-
sequently the cytotoxicity, of bleomycin by sev-
eral hundred to thousand folds and of cisplatin by
several ten folds compared to nonelectroporated
contrels.*1* In addition to increased intracellular
drug delivery, drug entrapment due to the blood
flow modifying effect of electric pulsest, the vas-
cular disrupting effect’” and immune system re-
sponse? were identified to critically contribute to
the success of ECT.2

Electroporation can be achieved with a wide
range of pulse parameters (pulse shape, polar-
ity, duration, amplitude, number, Tepetition rate,
etc.). In BECT, conventionally 8 square monopolar
pulses of 100 ps duration at a repetition frequency
of 1 Hz or 5000 Hz are applied.”"'* However, the
use of 100 ps long pulses causes pain and muscle
contractions®® in the patient during the treat-
ment. Furthermore, muscle contraction might lead
to the displacement of the electrodes resulting in
undertreatment® and in potential harm for the vi-
tal structures when treating deep-seated tumors.™
Thus, there is a need to use local or general anes-
thesia and muscle relaxants and, when perform-
ing ECT of deep-scated tumors in preximity to the
heart, the pulses need to be synchronized with the
heart rhythm.** To overcome these drawbacks,
recent studies suggest the use of bursts of short
high-frequency bipolar pulses (1-10 ps pulse du-
ration), which minimize pain and muscle contrac-
tions.#*#>3 Such pulses are already used for the
ablation of tumors™ and cardiac tissue®™¥ by irre-
versible electroporation. Furthermore, in vitro and
in vive studies show that high-frequency bipolar
pulses can potentially be used in ECT.*** Recent
reports demonstrated the safety, tolerability, and
etficacy of using high-frequency bipolar pulses for
the treatment of cutaneous tumors with TCTA#-#

In BECT preclinical and clinical studies have
shown that immune response critically contrib-
utes to tumor eradication.”®**#% Thus, BECT has
bcen tested in combination with gene clectrotrans-
fer (GET) which delivers protein-encoding DNA
into tumor cell/tissue to induce Immune stimu-
lation.*>*" Even if the combined ECT+GET treat-
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ment was applied only to some of the cutaneous
metastases, this combination successfully evoked
a systemic immune response and in some cases
succeeded in producing a partial response or com-
plete response of distant, non-treated nodules (ie,
abscopal effect).® GET, which is also based on elec-
troporation, is traditionally achieved by the appli-
cation of millisecond-duration electric pulses as
it is believed that different transmembrane path-
ways/mechanisms are involved in chemothera-
peutic vs. pDNA transport.® When ECT is used in
combination with GET traditionally two different
types of pulses would be necessary (conventional
8 x 100 ps pulses for ECT and millisecond duration
pulses for GET).

Changing the conventional 8 x 100 ps pulses
to an alternative type of pulse such as high-fre-
quency bipolar pulses or millisecond pulses could
thus be advantageous in ECT. However, it is not
well understood whether the use of alternative
types of pulses would compromisc the efficiency
of the ECT treatmoent. Recently, in vitro study by
Radzevidiate et al.™ and i1 wive study by Novicki]
et al.”! demonstrated that pulses of sub-microsec-
ond duration can be as effective as the conven-
tional pulses for ECT with bleomycin, Morcover,
in vifro study by VizZintin et al.” demonstrated that
sub-microsecond pulses can be as effective as the
conventional 8 x 100 ps pulses for ECT with cispl-
atin. The study® also quantified the number of in-
ternalized cisplatin molecules needed for decreas-
ing cell survival.

In this study, we expanded upon ViZintin ef
al.® and investigated how high-frequency bipo-
lar pulses and millisecond duration pulses atfect
the uptake and cytotoxicity of cisplatin compared
with conventional 8 x 100 us pulscs. We performed
in vitro ECT experiments, quantified the number
of internalized cisplatin molecules and deter-
mined cisplatin cytotoxicity for the sclected types
of pulses. Our results demonstrated that the tested
types of pulses resulted in equivalent drug uptake
and cytotoxicity, provided that the electric field
strength was adjusted for cach pulse type sepa-
rately. The quantified number of internalized cis-
platin molecules producing a cytotoxic effect was
in agreement with the ViZintin et al™ study. We
also tested a simple phenomenological model to
describe the uptake of cisplatin molecules follow-
ing cell expeosurce to different types of pulses. We
discussed how the development of such models
describing clectroporative cisplatin uptake could
provide a tool for treatment planning, using arbi-
trary types of pulses.
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FIGURE 1. {A} 50 x 50 HF pulses. From left to right: 50 bursts were applied with a repetition frequency of 1 Hz: one burst with 200 ps total pulse on time
and consisted of 50 bipolar pulses; one kipolar pulse of amplitude U consisted of a 2 us long pesitive pulse. and a 2 ps long negative pulse [both
of voltage U) with a 2 ps long interpulse delay. (B) 8 x 100 us or 8 x 5 ms monopslar pulse of amplitude U and pulse duration of 100 ps or 5 ms were

applied with a repetition frequency of 1 Hz

Materials and methods
Cell preparation

We used Chinese hamster ovary cell line (CHO-K1;
cat. no. 85051005, European Collection of
Authenticated Cell Cultures, United Kingdom).
Cells were grown in 25 om?® culture flasks (no.
90026, TPP, Switzerland) for 2—4 days in an incuba-
tor at 37°C, in a humidificd atmosphere with 5%
CO,. CHO cells were cultured in Ham-F12 growth
medium (cat.no. N6638, Sigma Aldrich, Germany)
supplemented with 10% fetal bovine serum (cat.
No. F9665, Sigma Aldrich, Germany), L-glutamine
(cat. No. G7513, Sigma Aldrich, Germany), antibi-
otics penicillin/streptomycin (cat.no. PG781, Sigma
Aldrich, Germany), and gentamycin (cat.no. G1397,
Sigma Aldrich, Germany). The cell suspension was
prepared by detaching the cclls in the exponen-
tial growth phasc with 10x trypsin-EDTA (cat. no.
T4174, Sigma Aldrich, Germany), diluted 1:9 in
Hank’s basal salt solution (cat. no. H4641, Sigma
Aldrich, Germany). After no more than 2 minutces,
trypsin was inactivated by adding Ham-F12, and
cclls were transferred to a 50 ml centrifuge tube.
Then, the cclls were centrifuged (5 min, 180 g,
21°C) and re-suspended in Dulbecco’s Moditied
Eagle Medium (DMEM, cat no. D5671,
Aldrich, Missouri, United States) supplemented
with 10% FBS (cat. no. F9665, Sigma-Aldrich), 2.0
mM L-glutamine, 1 U/ml penicillin-streptomycin

Sigma-

and 50 pg/ml gentamvcin. The CHO cells were
re-suspended at concentrations of 4 x 10° cells/ml
(permeability and survival experiments for dcter-
mination of the optimal clectric field) and 4.2 x 10°
cells/ml (for the clonogenic assay experiments and
intracellular platinum concentration experiments).

Pulse parameters and pulse application

Three different types of pulses were used to per-
form experiments. For brevity, we refer to the three
types of pulses used as 50 x 50 HF pulses, 8 x 100 ps
pulses, and 8 x 5 ms pulses, and they are described
in detail as follows. (i) The first type consisted of
high-frequency bipolar pulses, specifically 50 bursts
with a repetition frequency of 1 Hz. Each burst
contained 50 short bipolar pulses having a pulse
duration of 2 ps for the positive as well as for the
negative pulse. The interpulse delay between con-
secutive bipolar pulscs was 2 ps (Figure 1A). These
high-frequency bipolar pulses were delivered by
the pulsc generator L-POR V0.1 (mPOR, Slovenia)
at various veltages ranging from 80 'V to 320 V with
a step of 40 V. {ii) The seccond type of pulses con-
sists of cight 100 ps monopolar pulses delivered at
a repetition frequency of 1 Hz. These pulses were
delivered by a prototype pulse gencrator based on
H-bridge digital amplifier with 1 kV MOSFETs de-
veloped in our lab and described previously.® The
voltage of these pulses varied from 80 V to 320 V
with a step of 40 V, Figure 1B. (iii) The third type
consists of cight 5 ms long monopelar pulscs, deliv-
cred at a repetition frequency of 1 Hz. ‘These pulses
were dclivered by BTX Gemini X2 pulsc generator
(Harvard Apparatus, USA). Note that the pulse on
time (the timc when the voltage was diffcrent than
zero) was 20 ms for 50 x 50 HF pulses, 800 ps for 8 x
100 ps, and 40 ms for 8 x 5 ms pulses. The voltage of
these pulscs varied from 80 V to 160 V with a step of
20 V (Figure 1B). The clectric pulses were applicd to
cells in suspension placed in 2 mm aluminium cu-
vette. To ensure the quality of the delivered pulses
the voltage and the current were monitored in all
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experiments with an oscilloscope Wavesurfer 422,
200 MHz, a differential voltage probe ADP305, and
a current probe CP030 (from LeCroy, USA), accord-

ing to the recommendations.™

Permeability and survival curves for
determination of the optimal electric
field strength

To select the oplimal electric field strength, Le.,
where the highest cell membrane permeability and
highest survival are achieved, we determined the
so-called permeability and survival curves for each
of the tested types of pulses. The selected optimal
electric field strength was later used in the experi-
ments with cisplatin.

To determine the permeability curve, the cell
suspension was mixed with YO-PRO-1 iodide (cat.
no Y3603, Thermo Fisher Scientific, Massachusetts,
USA) to a final concentration of 1 uM. 150 ul of
cells-YO-PRO-1 mixturce was transferred in a 2 mm
aluminum cuvette and then pulses were applied.
20 pl of the treated sample was transferred to a
1.5 ml centrifuge fube. Three minutes after pulse
delivery the treated sample was diluted in 150 pl
of DMEM and vortexed. The uptake of YO-PRO-1
was measured on the flow cytometer (Attune NxT;
Life Technologics, Carlsbad, CA, USA). Cells were
excited with a blue laser at 488 nm, and the emit-
ted fluorescence was detected through a 530/30 nm
band-pass filter. For cach measurement, we ac-
quircd 10,000 cvents. Single cells were scparated
from all events by gating. Obtained data were
analyzed using the Attune NXT software. The per-
centage of permeabilized cells was determined
from the histogram of YO-PRO-1 fluorcscence (sce
Supplementary Info 51).

To determine the survival curve, 150 pl of cell
suspension was transferred to a 2 mm aluminum
cuvette and then pulses were applied. 20 ul of the
treated sample was transferred to a 1.5 ml centri-
fuge tube, and 25 minutes after pulse delivery,
the samples were diluted in 380 ul Ham-F12. The
cell suspension was gently mixed and 100 ul were
transferred per well of a 96-well plate in triplicates.
After 24 h of incubation in a humidified atmos-
phere at 37°C and 5% CO,, the MTS3 assay (CellTiter
96® AQueous One Solution Cell Proliferation
Assay (MTS), Promega, USA™) was performed.
The MTS assay was uscd to quantify the number
of viable cells by evaluating their metabolic ac-
tivity by measuring the formazan absorbance at
490 nm on a microplate reader (Tecan Infinite 200
pro; Tecan, Grodig, Austria). Cell survival was de-
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termined by first subtracting the background (sig-
nal from blank wells containing medium without
cells) from all measurements and then normaliz-
ing the absorbance of the treated samples to the

absorbance of the control sample.

Clonogenic assay

We determined cisplatin cytotexicity in combina-
tion with electroporation pulses using the clono-
genic assay which is based on the ability of a single
cell to divide and grow into colonies.® On the day
of the experiment, saline solution was used to dilute
cisplatin (Cisplatin Kabi, 1 mg/ml, Fresenius Kabi,
Germany or Cisplatin Accord, 1 mg/ml, Accord,
UK) and prepare working solutions. The final
concentrations of cisplatin during electroporation
were 0 pM, 10 uM, 30 uM, and 30 uM. First, 150 pl
of cell suspension with added specific cisplatin
concentration was transferred te a 2 mm alumin-
ium cuvette and then the suspension was cxposed
to the selected type of pulses of the optimal elec-
tric field as described in the subsection Permeability
and survival curves for determination of the optimal
electric field strength. Control samples reccived no
pulses and no cisplatin. 25 minutcs after pulse de-
Livery, 5 ul of cach sample (trcated and control)
was diluted in 495 },11 Ham-F12 and mixed. Then,
the number of cclls in suspension was counted us-
ing Countess 3 Automated Cell Counter (Thermeo
Fisher Scientific). For cach sample, specific dilu-
lions were prepared to transfer ~100 live cells in
cach well of a 6-well plate in triplicates. Note that
a higher number of cells was plated for the treated
samples compared to the control sample™ to com-
pensate for the cells which died immediately af-
ter the treatment. After 7 days of incubation at 37
°C and humidified atmosphere with 5% CQ,, the
growth medium was removed. The attached cells/
colonics were fixed with methanol and stained
with crystal violet for 10 minutes and washed.
The colonies in cach well were manually counted.
First, we dctermined the average plating cfficiency
by dividing the number of counted colonies with
the number of plated cells (specific for cach experi-
mcntal group). Then we determined cell survival
by normalizing the average plating cfficiency to
the plating cfficiency of the control sample.

Determination of intracellular platinum
concentration

Cells were prepared and treated with clectric
pulses in the presence of different concentra-
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tions of cisplatin, as described in previous sec-
tion 25 minutes after pulse delivery, each sample
was diluted in Ham-F12, centrifuged, and washed
twice. The cell pellet was separated from the su-
pernatant and the intracellular concentration of
platinum was analyzed using inductively cou-
pled plasma mass spectrometry (ICP-MS). To aid
sample digestion, 0.1 ml of H,(, and 0.1 ml of
HNQ, (both from Merck, Darmstadt, Germany),
were added to the cell pellets. The tubes were
then sealed with caps and Teflon tape and left
overnight at 80°C. Following digestion, 1.8 ml of
Milli-Q water (Direct-Q 5 Ultrapure water system;
Merck Millipore, Massachusetts, USA) was added.
The platinum content in the samples was then
measured using [CP-MS (7900 ICP-MS; Agilent
Technologies, California, USA} with ™Ir (Merck,
Darmstadt, Germany) used as an internal standard
during the measurement.

To determine the amount of Pt per cell, the
nurnber of cells in the pellet was divided with the
measured Pt in the cell pellet of each sample. To
assess the number of cisplatin molecules per cell, it
was assumed that 1 mol of Pt is equivalent to 1 mol
of cisplatin. Control samples (not electroporated
cells that were not incubated with cisplatin) were
uscd for blank subtraction for all cisplatin-treated
samples. To reduce cross-contamination of the in-
strument during the measurement, a mixture con-
taining 1% HNQ, and 1% HCl (Merck, Darmstadt,
Germany) was used as a rinsc between the sample
runs.

Statistical analysis

Statistical analysis was performed using Prism
9.4.1 (GraphPad Software, USA). For permeabil-
ity and survival experiments we performed one-
way ANOVA if the normality test passed, or the
ANOVA on ranks if the normality test failed with
the Shapiro-Wilk test. For cisplatin cytotoxicity
and cisplatin uptake experiments, we performed
two-way ANOVA (indcpendent variables: cispl-
atin concentration and pulse type). The normal-
ity test passed with the D’Agostino-Pearson test.
Statistically significant difference was analyzed
with respect to the control group (no cisplatin, no
pulses) for all experiments. In the figures, the aster-
isk (*} indicates p <0.05.

Modeling

To model the intraccllular uptake of cisplatin mol-
ecules, we used the phenomenclogical model de-
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FIGURE 2. Schematic of the model that describes
electroporation and molecular transport. (4} The eculvalent
circuit, which considers electroporation [membrane pore/
defect lormation) to be a two-step process, as depicted in
(B). The blue capacitance and resistance represent the intact
cell membrane. When the electric field is applied, the cell
membrane becomes permeaable first to small icns, indicating
the first porous state [N} of the membrane represented by
green resistance. Then the membrane becomes permeable
to small molecules, indicating the second porous state
{M) of the membrane represented by magenta resistance.
Reproduced from Sweeney et al.% with permission.

veloped by Sweeney ef 4%, which is based on an
equivalent circuit (Figure 2}. The model considers
a spherical cell exposed to electric pulses between
parallel plate electrodes (homogenous clectric field
distribution), dcscribes pores/dcfccts formation
as a two-state process, and considers diffusion as
the only mechanism of transmembrane moelecular
transport. The model does not describe the cell spa-
tially thus, the parameters used in the model are
representative of the whole cell.

The source current [ describes how the electric
ficld induces a voltage bn the cell membranc. This
induced transmembrane voltage (L) and [ are de-
scribed by: l

au

— =1 —UQ+ y(N+ M) (1]
dt

1 = TreOrxThEg

s = Unem [2]

The term ¢ is the conductivity of the elec-

LXT
troporation medium, h is the membrane thickness,

E, is the applied clectric ficld, U, is the clectropo-
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TABLE 1. Model parameters

Parameter Symbol Valuve Reference
Electroporation threshold voltage A 258 mvV 9
Membrane thickness h 5nm &
Cell radius r 7.5 um 56
Membrane time constant T 1 us &
Membrane permittivity £ 12 x 8.85 x 1072F/m 56
Solute radius o, 0.58 nm €
Defect radius =N 0.8 nm 56
Solute radius/Defect radius Aa =0,/ 0, 0.7250 &
Solute diffusivity D 1.670 x 10 m*/s 58.59
Parameter in N formation rate a 2% 10¢ &
N relaxation rate B 4 x 108 56
Relative permeabilzed conductance 1% 1 %108 %
Parameter in M formation rate ] 1x10°% 56
M relaxation rate n 4 x 107 &
Permeability coefficient 3 8.45 x 10+ ¢
Electroporation medium cenductivity (e} 1.4 s/m *

“Measured coenductivity of DMEM using a conductometer [Mettler Toledo, $230)

ration threshold voltage and ¢ is the membrane damM .

dielectric permittivity. ar SUN — nM [4]

The increase of the transmembrane voltage re-
sults in the formation of small pores/defects (first ax
porous state N) allowing the transmembrane trans- Fr EM{1 - X) [5]

port of ions only. The presence of ionic currents
decreascs the value of the transmembrane voltage.
The formed pores/defects can cxpand radially to
allow transmembranc uptake of small molecules
(sccond porous state A). The transport of small
molecules into the cell is assumed to be governed
by diffusion only, ic., due to a concentration gra-
dient between the extracellular and intracellular
environment. The first porous state N, where only
small ions can pass through the ccll membrane,
and the sccond porous state M, where also small
molecules can pass through the cell membrane,
are described by equations [3] and [4], respectively.
The normalized intracellular concentration (X) of
a selected molecule (here cisplatin) that crosses the
membrane in the M state is described by equation
[5]. All the differential equations are cxpressed as
a function of the normalized time ¢}, which is de-
fined as T = t/TRC’wherc t is the real-time and 7, is
the membranc Charging time constant.

i U2 - §UN N 4+ M
Nt _
dr AN + 1 (3]
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We implemented the model using a custom
script in Matlab 20190 (MathWorks, Natick, MA,
USA} and verified that the model in its original
form repreduces the published results.* The mod-
el was developed using the same cell line as in this
study (CHO-K1) but based on quantitative meas-
urements of propidium iodide uptake. Therefore,
we modified the parameters related to the trans-
ported molecule, in our case cisplatin. Specifically,
we changed the value of the solute radius (p), sol-
ute diffusivity D), the permeability coefficient (£)
The latter was determined by:

f _ 3 H(ﬂ.m)D TrC [6]

rh

The term H(A, ) is the hindrance factor cvaluat-
cd using the Renkin equation™, D is the diffusion
constant of cisplatin, and r is the cell radius. We
also adapted the conductivity of the electropora-
tion medium (¢} to correspond to DMEM used in
our experiments. The final model parameters are
shown in Table 1. We performed calculations for
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FIGURE 3. Cell survival {solid] and cell membrane permeckility {dashed) as a function of the electric field when (&) 50 x 50 HF pulses;
(B) 8 x 100 s pulses; (C} 8 x 5 ms pulses are used. The chosen optimal electric fields are encircled. Each data peint presents the mean
+ standard deviation from 3-4 experiments, * = statistically significant differences from control {o < 0.5} perferming one-way ANOVA

if the normality test passed or otherwise ANOVA on ranks. The light blue, red, and green asterisks are related to survival experiments.

pulse parameters used in our present and preced-
ing® studies: 50 x 50 HF pulses, 8 x 100 us pulses,
8 x 5 ms pulses, and 1 x 200 ns pulse of 12.6 kKV/cm
and 25 x 400 ns pulses of 3.9 kV/cm applied at 10 Hz
repetition frequency.

The output of the model is the time course of
the intracellular concentration of cisplatin (X, =X
x X, where X is the extracellular concentration of
cisplatin) following the application of the electric
pulses. We calculated the number of intracellular
cisplatin molecules at time 25 minutes using:

4
N =X Enr?’ Ny [7]
where 4/3 73 is the average volume of a cell and
N, is the Avogadro number. The number of cispl-
atin molecules obtained with the model was then
compared with the corresponding cxpcrimental

x 50 HF pulses, B) 8 x 100 us pulses, and C) 8x5 ms
pulses. Permeability curves show how the percent-
age of permeabilized cells increases with increas-
ing clectric ficld strength, whercas the survival
curves show how the percentage of viable cells de-
creases with increasing clectric field strength. The
chosen optimal clectric ficlds (i.e, highest perme-
ability and highest survival) are 1.4 kV/cm for 50 x
50 HF pulses, 1.2 kV/cm for 8 x 100 ps pulses, and
0.6 kV/em for 8 x 5 ms pulscs.

Cytotoxicity vs. the number of
intracellular cisplatin molecules

We next used the clonogenic assay to determine
the cytotoxicity of cisplatin when exposing cells to
the three types of pulses at their optimal clectric
ficld strength. Figure 4A shows how cell survival

measurements. decreases as the extracellular concentration of cis-
platin increases. In the absence of applied pulses,
the tested cisplatin concentrations (0 pM, 10 pM,
Results 30 pM, and 50 uM) do not affect cell viability (black

The optimal electric field strength for
each type of pulse

First, we performed experiments to determine the
optimal electric field strength for each of the three
tested types of pulses, to be later used in the ex-
periments with cisplatin. As the optimal clectric
ficld strength, we consider the one in which the
highest permeability and highest cell survival are
achicved.

Figure 3 shows the experimentally determined
permeability (dashed) and survival (solid) curves
as a function of the applicd clectric field for A) 50

curve). However, cyvtotoxicity is strongly potenti-
ated with all three types of pulses, decreasing the
cell survival to ~0.8% for 50 x 50 HF pulscs, ~2.7%
for 8 x 100 ps pulses, and ~4% for 8 x 5ms pulscs at
the highest cisplatin concentration (50 uM) — note
the logarithmic scale. Results for all three fypes of
pulses are similar and are not statistically signifi-
cantly different. Qualitatively similar results were
obtained when measuring cell viability with the
mctabolic MTS assay (see Supplementary Info 52).
However, as well known, the MTS assay reported
better cell viability than the clonogenic assay for
the same experimental conditions.®%

Radiol Oncol 2024; 5B(1): 51-66.
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FIGURE 4. Cyteloxicity of cisplatin (A} and cisplatin molecules per cell (B} at
different concentrations of cisplatin at a fixed electric field: 1.4 kv/em for 50 x
50 HF pulses, 1.2 kv/cm for 8 x 100 ps pulses and 0.6 kv/em for 8 x 5 ms pulses.
Each data point presents the mean + standard deviation from 3-4 experiments.
*= statistically significant differences from control [p < 0.05) performing two-
way ANOVA test. The color of the asterisk corresponds to the line color for a
specilic type of tested pulse. Cell survival as a function of cisplatin molecules
per cell in combination with electroporation (C} our experimental data and (D)
experimental data replotted from Vizintin et al.5? with permissien.

We also measured the mass of intracellular I't
for each tested condition using ICP-MS and de-
termined the average number of intracellular cis-
platin molecules per cell, assuming that 1 mol of
Pt is cquivalent to 1 mol of cisplatin (Tigure 4B).
When no clectric pulses are applied (black ling),
the number of cisplatin moelecules increases slight-
Iy with increasing cisplatin concentration due to
passive (i.e, diffusion), and active (i.e, membranc
transporters®-*?, cndocytosis, pinocytosis, macro-
cytosis™®) transport of cisplatin. However, when
clectric pulses are applicd, the number of cisplatin
molccules increases considerably. The greatest in-
crease is obscrved for 8 x 5 ms pulses (up to 6.7
x 107 at 50 uM). Roughly 2 times lower increase is
obscrved for both 50 x 50 HF pulses and 8 x 100 us
pulscs. ‘There is a statistically significant differ-
ence between 8 x 5 ms pulses and the other two
types of tested pulses when extracellular cisplatin
concentration is 50 pM.

To determine the number of intracellular cispl-
atin molccules needed to achieve a cytotoxic cffect,
we combined the data from Figures 4A and 4B and
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plotted cell survival as a function of the number of
cisplatin molecules in Figure 4C. Consistent with
previous observations'®3, electroporation poten-
tiates the cytotoxicity of cisplatin, as much lower
survival is obtained with any of the three types
of pulses compared with control for the same
number of cisplatin molecules. The curves for 50
x 50 HF pulses and 8 x 100 ps pulses are almost
overlapping, demonstrating that practically the
same number of cisplatin molecules results in the
same cytotoxic cffect. Interestingly, in spitc of two
times higher Pt continent for 8§ x 5 ms pulses the
cytotoxicity is lower than when using 50 x 50 HF
pulses or 8 x 100 ps pulses.

A previous study by Vizintin et . used the
same experimental protocols and analysis as here,
but compared two other types of pulses with con-
ventional 8 x 100 us pulses, namely, 1 x 200 ns
pulse of 12.6 kV/em and 25 x 400 ns pulses applied
at 10 Hz repetition frequency of 3.9 kV/em. Their
results are replotted in Figure 4D. This comparison
demonstrates that the number of intracellular cis-
platin molecules required to achieve a certain cy-
totoxic cffect can be achicved with ditferent types
of pulses, if the electric ficld is properly adjusted.

Modeling cisplatin uptake

Experimental data in previous section suggests
that any type of pulses can be used for ECT, if it
results in the same average number of internalized
cisplatin molecules. Therefore, it would be useful
to have a mathematical model for predicting the
uptake of cisplatin molecules as a function of the
pulsc parameters. Figure 5 compares the measured
uptake of cisplatin with prediction from a phenom-
enological model developed by Sweeney ef al.™ for
all types of pulses used in this and previous study.™
Note that the cxperimental data plotted in Figure 5
refer to the number of cisplatin molecules duc to
clectroporation (i.c., we subtracted the uptake of
cisplatin when no pulses were applied, black line
Figure 4B). The model correctly predicts a propor-
ticnal increase in the number of internalized mol-
ccules with increasing cisplatin concentration. The
model also very well quantitatively predicts the
number of cisplatin molecules experimentally ob-
tained for 8 x 5 ms pulses, 1 x 200 ns pulses, and 25
x 400 ns pulses, but overestimates by ~2.5 and ~2
times the number of cisplatin molecules obtained
for 50 x 50 HF pulses and 8 x 100 ps pulses, respec-
tively. Nevertheless, for all pulse types, the model
correctly capturcs the order of magnitude of the
internalized displatin molecules.
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Discussion allows rapid screening of permeabilized cells using

In this study, we investigated how different types
of pulses affect ECT in wifro. Specifically, we de-
termined cisplatin uptake and cyvtotoxicity using
CHQO cclls. We also tested a model that describes
clectroporation and the associated transmembrane
molecular transport to predict the number of cispl-
atin molecules in an individual ccll.

Electroporation potentiates cisplatin
uptake and cytotoxicity in a similar way
for all tested types of pulses

Different types of pulses can be considered equiv-
alent for electroperation when the electric field
strength is adjusted for cach type of pulscs sepa-
rately.® We thus first determined, for cach sclected
type of pulses, how the clectric field strength af-
feets the percentage of cells that become permeable
to YO-PRO-1 and the percentage of ccells that sur-
vive the exposure to clectric pulses in the absence
of cisplatin. YO-PRO-1 is a nucleic acid stain that

flow cytometry. The size of YO-PRO-1 (630 Da) is
somewhat larger, but nevertheless comparable to
cisplatin (300 Da). Therefore, cells that become per-
meable to YO-PRO-1 are cxpected to also become
permeable to cisplatin. Cell survival was measured
24 hours after clectroporation with the metabolic
MTS assay. An in vitro study by Peng ef al.” showed
that 24 h is the adequate incubation time to meas-
ure ccll survival following clectroporation. The
clectric ficld strength, with the highest percentage
of permeable cells and the highest percentage of vi-
able cells, was 1.4 kV/em for 50 x 50 HF pulscs, 1.2
kV/em for 8 x 100 ps pulses, and 0.6 kV/cm for 8 x
5 ms pulses. Consistent with Pucihar ef al.%, longer
pulses (8 x 5 ms) require lower electric fields to ob-
tain a similar fraction of permeabilized cclls than
shorter pulses (8 x 100 ps). In vifro studics %39 have
obscrved that a higher clectric ficld is needed for
high-frequency bipolar pulses than for monopolar
pulses of 100 ps duration, with cquivalent treat-
ment time, to achieve a similar fraction of permea-
bilized cells. However, in this study, a similar elec-

Radiol Oncol 2024; 5B(1): 51-66.
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tric field of 12 kV/am and 1.4 kV/om is required
for 8 x 100 ps and 50 x 50 HF pulses, respectively,
to achieve a similar fraction of permeabilized cells.
This is due to the use of a higher number of bursts
and bipolar pulses that reduce the required pulse
amplitude. The average cell survival at the op-
timal electric field was for all pulse types above
80% and was not statistically significantly different
from control except for 8 x 5 ms pulses. Overall, in
terms of electroporation, all the three tested types
of pulses of the optimal electric field strength can
be considered equivalent.

We then performed in witre ECT cxperiments.
We measured the cytotoxicity and the uptake of
cisplatin when exposing cells to all three types of
pulses with the optimal clectric ficld strength in
the presence of different cxtracellular concentra-
tions of cisplatin (0 pM, 10 pM, 30 uM, 50 pM).
For all three types of pulses, we obscrved that an
increase in cisplatin concentration increased ccll
cytotoxicity and intracellular uptake of cisplatin,
which is in agreement with previous studies using
mouse skin melanoma cells #3328 Hyrthermore,
the results for both cisplatin uptake and cytotoxic-
ity were very similar for all three types of pulses,
demonstrating that these pulse types can be con-
sidered, not only equivalent in terms of electropo-
ration and transmembrane molecular transport,
but also in terms of potentiation of cisplatin cyto-
toxicity and ECT. We also obscrved in Figures 4A
and 4B that ~2 times higher amount of cisplatin
molecules is needed for § x 5 ms pulses to achieve
a similar cytotoxic effect as when using 50 x 50 HF
pulscs and for 8 x 100 ps pulses. ViZintin ef al.™
reported that the structure of cisplatin is not af-
fected when nanosecond and 8x100 us pulses are
used. Howewer we cannot completely exclude that
the structure of cisplatin might be affected by the
higher amount of electrochemical reaction caused
by ms pulses (we saw bubble formation during ex-
periments) which might lead to a lower cytotoxic
cffect of cisplatin®*® Purthermore an in witro
study by Rols et al.”! showed that clectroporation,
using millisccond pulses, can induce long term
micropinocytosis, thus cisplatin molecules might
be entrapped in vesicles and not express their cy-
totoxic effect.

By combining the results on cisplatin cytotoxic-
ity and cisplatin uptake, we were ablc to determine
the number of internalized cisplatin molecules
necded to achieve a cytotoxic effect. For all tested
types of pulses, this number was in the range of
2-7 x107 cisplatin melecules per cell. Same range
was obtained by ViZintin et 4%, who studied cis-
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platin cytotoxicity following exposure of cells to 1
x 200 ns and 25 x 400 ns pulses. Altogether the re-
sults suggest that, as long as the electric field is ap-
propriately adjusted, different types of pulses can
be used for potentiating cisplatin cytotoxicity, and
consequently different types of pulses can be used
for ECT. Thus, the 50 x 50 HF pulses, 8 x 100 ps, 8
x 5 ms pulses, 1 x 200 ns pulses, and 25 x 400 ns
pulses of properly adjusted electric field strength
can be considered for ECT.

Clinical relevance

ECT has been demonstrated as a locally effec-
tive treatment of tumors of various histotypes.”™
The consistent clinical success of ECT has been
achieved through the meticulous development of
pulse protocols, electrodes, and the publication
of Standard Operating Procedures for cutane-
ous and subcutaneous tumors.” It has been later
demonstrated that also deep-seated tumors can be
successfully treated by ECT provided the tumor is
covered by sufficiently high electric fields either as
intraoperative® or percutaneous procedure 773
Accordingly, Standard Operating Procedures have
been updated.!” With good success and acceptance
by patients, larger tumors and patients with more
cxtensive diseases were ftreated. Pain and muscle
contraction-related high voltage pulse delivery
became the most often reported side ceffects and
alternative pulse waveforms that would maintain
ECT efficacy but reduce pain and muscle contrac-
tion.# In this respect, high-frequency bipolar short
pulses 33 and also nanosecond pulses 7077 were
suggested. Furthermore, recent studies investi-
gate how high-frequency bipolar pulses and na-
nosccond pulses affect ECT. Qur previous in vifre
study® showed that similar cisplatin cytotoxicity
is obtained by comparing high-frequency bipolar
pulses and conventionally ECT pulses as soon as
the clectric field is properly adjusted. Lyons ef al.®
have recently demonstrated the safety and cfficien-
cy of using high-frequency bipolar pulses in ECT
using blecomycin for the treatments of 57 lesions of
different histological subtypes of cutaneous ma-
lignancies in 25 patients. The authors observed an
overall response rate of 86% {(complete responsc
rate 63.6%) three months after the treatment which
is in agrcement with the overall response rate of
85% (complete response rate 73.7%) determined
in the ESOPE study of 20062 and in a follow-on
study using InspECT database in which the overall
responsc is 85% (complete response rate 70%, par-
tial response rate 15%).7” Thus, the data published
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by Lyens et al.*’ showed that the use of high fre-
quency bipolar pulses is equivalent regarding the
overall response rate to fthe use of classical ECT
pulses, Furthermore, the patients that were treated
with local anesthesia showed excellent tolerability
to the treatment. Thus, the use of high frequency
bipolar pulses might pussibly reduce the need to
use general anesthesia during ECT shortening the
overall hospital stay, reducing the time needed to
recover and the costs and increasing the safety of
the treatment.™

A study by ViZintin ef 4l compared the effects
of conventional 8 x 100 ps pulses with nanosecond
pulses on cisplatin uptake and cytotoxicity in cell
lines in witro. The authors showed that nanosecond
pulses can be equally effective for ECT as conven-
tional 8 x 100 ps pulses.”™ These results are in
agreement with in vitro studies on a tumor model,
murine Lewis lung carcinoma (LLC1) cell line, by
Radzeviciute et al.™ and in vivo study by Novickij
et al.® which show that nanosecond pulses can be
as effective as when using the conventional ECT
pulses in ECT when using bleomycin as chemo-
therapeutic drug.

Considerable efforts are also focused on making
ECT a systemic treatment by combining it with im-
munotherapy.204#88 Electrochemotherapy can in-
duce immunogenic cell death through the release
of damage-associated molecular patterns (DAMP)
which serve as a signal to stimulate the immune
system.®# Massive liberation of tumor antigens
together with DAMPs can activate the antigen-
presenting dendritic cells. ™ Multiple studies in
canine®™*, in mice’ and human patients™ have
thus been testing ECT in combination with gene
clectrotransfer (GET) of plasmid DNA encoding
for interleukin-12 (TL-12), which stimulates the im-
mune system. ¥ Traditionally in GET millisecond
duration pulses are used to deliver DNA into the
cells.?-%% Thus, when ECT is used in combination
with GET two different types of pulses 8 x 100 us
pulses and millisccond pulses are used, respec-
tively. However, it might be beneficial to use the
same type of pulses when ECT is combined with
GET as this would allow the use of simpler pulse
generators.

In order to capitalize on a significant bedy of
clinical cvidence we tested cquivalence of such
pulses by in witro test, specifically determining
the amount of chemotherapeutic drug delivery
by clectroporation pulses. In this way equivalent
pulses are determined by dclivering the same
drug amount inte cells, thus producing the same
cvtotoxicity. Thercfore, the replacement of classical

ECT pulses with nanosecond and high frequency
bipolar pulses would be beneficial to reduce mus-
cle contractions and pain, potentially avoiding the
need for anesthetics and muscle relaxants during
the treatment. Furthermore, using the same puls-
es {cither long or short, or bipolar) for delivering
cytotoxic drugs into the cells, as well as pDNA to
achieve simultaneous gene electrotransfer, is an
attractive idea that may be within reach.*

Further development of mathematical
models that can predict cisplatin uptake
can help with electrochemotherapy
treatment planning

For the success of ECT, all the tumor needs to be
covered by an electric field of sufficient amplitude
to permeabilize the cells/tissue, and a sufficient
amount of chemotherapeutic drug is needed in the
tumaor.

In the Standard Operating Procedures all in-
formation related to the types of electrodes ie., of
fixed geometry, pulse parameters, and pulsc gen-
erators!®’2 which guarantee a complete coverage
of the tumor are provided. However, to treat deep-
seated tumors long needles with variable configu-
ration electrodes are used.”” Thus, there is a need
to determine the optimal position of the electrodes
and the optimal pulse parameters for complete
coverage of the tumor tissue. It is not frivial to
determine how the clectric field is distributed in
biclogical tissues due to tissue-specific properties,
the use of different types of clectrode geometries,
and pulse parameters. Treatment planning using
numerical models helps clinicians to determine
the optimal parameters to treat a specific tumor.
Currently, in trcatment planning a fixed threshold
clectric ficld is used to deem tissue permeabilized
or not** However, just a high-enough electric field
does not guarantee ccll death as simultancously a
high-cnough extracellular cisplatin concentration
is nceded to obtain cnough internalized cisplatin
molecules for cell death. Our model presents a
missing link in the complete model for treatment
planning, connecting the external clectric ficld,
the number of internalized cisplatin molecules,
and cell death. The first building block for the mul-
tiscale modcl of tissue clectroporation was pub-
lished in Dermol-Cerne ef al. 2018 where a model
connecting extraccllular and intraccllular cisplatin
concentration as a function of clectric pulses was
developed. Now, we went one step further and
connected the intracellular cisplatin concentration
with cell death.
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A mathematical model that can alse predict the
uptake of molecules such as chemotherapeutics
drugs (eg., cisplatin and bleomycin) is needed to
be determined for treatment planning for different
pulse types is useful. Now we only need the final
piece, and this is a model of cisplatin transport
across the cell membrane as a function of electric
pulses. Our previous study demonstrated that ex-
isting mechanistic models of electroporation have
limited reliability for predicting the transmem-
brane transport of small molecules across a wide
range of pulsc parameters.” We observed that the
contribution of electrophoretic transport during
pulse delivery is often overestimated. Therefore,
we decided to test a phenomenological model de-
veloped by Sweeney e¢f 4l that neglects electro-
phoresis and takes into account only diffusion
during and after pulse delivery. Furthermore, we
selected this model since it is the simplest model
that allows computation of the transmembrane
transport of small molecules for arbitrary types of
pulses. Indeed, the model is based on quantitative
mcasurements of transmembranc transport of pro-
pidium iodide uptake (not cisplatin) induced by a
single pulse of different pulse lengths (1, 10, 100,
1000 ps) and clectric ficld strengths (1.7, 2.5, 3.2, 4
kV/cm) that are different from the ones used in our
study. Despite its simplicity, and without any con-
siderable model modifications (see the Modcling
section), the model was able to predict the order of
magnitude of cisplatin uptake for all tested pulse
parameters. However, a basic parametric analysis
(see Supplementary Info S3) showed that the re-
sults for different types of pulses depend in a dif-
ferent way on the model parameters. Therefore, a
comprehensive parametric analysis and additional
model development would be required, which
is out of the scope of the present study (see the
Clinical Relevance section). Based on the results
obtained, we nevertheless expect that relatively
simple models could be developed in the future as
a tool for predicting cisplatin uptake.

Limitation of the study

The drawback of our study is the use of only onc cell
linc i.e., the Chincse hamster ovary cells (CHO-K1)
non-cancerous cclls to perform in vitre ECT experi-
ments, It was obscrved in vifre that cancer cells be-
have differently than normal cells.”® However, an
in vitro study published by ViZzintin ef al.*® showed
a similar platinum uptake when using CHO-K1
cells or mouse skin melanoma B16-F1 cells and ap-
plying 8 x 100 ps pulses. Thus, we expect that the

70

observed equivalence of different pulse types ob-
served in CHO-KT cells would alse be observed in
different cancer cells.

It has been shown that the immune system
plays an important role in the efficiency of ECT.
Electroporation can potentiate the cytotoxicity and
uptake of cisplatin but can also stimulate the im-
mune response by releasing damage-associated
molecular patterns (DAMP). In our in vitro study
we demonstrated the equivalence of different
types of pulses on cisplatin uptake and cytotoxic-
ity. Similarly, a recent i witro study by Polajzer et
al?® showed the release of DAMP molecules (e.g.
ATE, HMGBI, Calreticuliny albeit with some differ-
ences vbserved with different types of pulses.

We have focused on equivalent drug delivery to
cells in witro but this may be different in vivo. Thus,
further studies in animals are needed to investi-
gate the equivalence of different pulse types for
drug cntrapment by tumor blood flow modifica-
tion, for the vascular disrupting action, and for the

immune response in ECT.

Conclusions

Our study focused on the effect of different types
of electric pulses in ECT, particularly in terms of
cisplatin uptake and cisplatin cytotoxicity, using
CHQ cells in vifro, We demonstrate that different
types of pulses such as classical ECT pulses, high
frequency bipolar pulses and millisecond pulses
potentiate cisplatin uptake and cdisplatin cyvtotoxici-
ty. Moreover, we obscrved similar cisplatin uptake
and cisplatin cytotoxicity when using different
types of pulses Lc., considered cquivalent provid-
cd that the clectric field is properly adjusted. Thus,
cquivalent clectric pulses such as high frequency
bipolar pulses and nanosecond can potentially be
used in ECT to reduce pain and muscle contraction
while maintaining the same cfficacy in cisplatin
uptake and cisplatin cylotoxicily as when using the
classical ECT pulses. Morcover, our results show
that using one type of pulse when combining ECT
with EGT is a concept that might be readily achiev-
able considering the equivalent pulse parameters.
In addition, we experimentally determine the
number of cisplatin molecules needed to achieve
a cviotoxic effect which is in the range of 2-7 x
107 cisplatin molecules per cell in agreement with
previcus study.” We also used a mathematical
model describing clectroporation and transmem-
branc melecular transport, as a tool to predict the
number of cisplatin molecules into individual cells
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when different types of pulses need to be tested.
The future goal is to improve treatment planning
by including a model that predicts the uptake of
molecules such as cisplatin or bleormycin.
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ARTICLE INFO ABSTRACT

Heywords: Electroporation has become a powerful tool for nonviral delivery of various biomolecules such as nucleic acids,
proleins, and chemotherapeutic drugs to virtually any living cell by expusing the cell membrane to an intense
pulsed electric field. Different multiphysics and multiscale models have been developed to describe the phe-

nomenon of clectreporation and predict molecular transport through the clectroporated membrane. In this

Klecrropermeabilizarion
Mathematical modeling
Electrodiffusion
Molecular transport
Multiphysics

Multiscale

paper, we critically examine the exisling mechanistic, single-cell models which allow spatially and temporally
resolved numerical simulations of <lectraporation-induced transmembrane transport of small molecules by
confronting them with different experimental measurements. Furthermere, we assess whether any of the pro-
pesed models is universal enough to describe the associated transmembrane transport in general for all the
different pulse parameters and small molecules used in electreporation applications. We show that none of the
tested models can be universally applied to the full range of experimental measurements. Even more importantly,
we show that none of the models has been compared to sufficient amount of experimental data to confirm the
model validity. Finally, we provide guidelines and recommendations on how to design and reporl experiments
that can be used to validate an electropcration model and how to improve the develepment of mechanistic

models.
1. Introduction jons and molecules that otherwise cannot readily pass through the cell
membrane.
The theoretical basis for phenomena observed when hiological cells Once  the cell membrane is electroporated, the mechanismsg

are exposed to external electric fields has made important contributions cantributing to the transmembrane transport are diffusion, electropho-

in bigmedicine, ranging from eleclric-field-based cell myanipulation and
cell sorting [1,2] to non-viral gene and drug delivery [3,4]. Early studies
from the beginning of the Z0th century found that from an electrical
point of view, a cell can be viewed as a conducting body (the cytoplasm)
surrounded by a thin dielectric sheath (the cell membrane) [5]. Thus,
when an external electric Held is applied to a cell, an induced trans-
membrane voltage (TMV) is formed across its membrane, which varics
with position on the membrane and incrcascs linearly with the strength
of the applied electric field [6.7]. When the TMV exceeds a certain
critical absolute value (typically reported on the order of several 100
mV), it causes structural changes in the cell membrane that incrcasc its
permeability and conductivity. The phenomenon is called electropora-
tion {also electropermeabilization) and allows the influx and efflux of

* Corresponding author.
E-mail address: lea.rems@fe.uni-lj.si {L. Rems}

https://doi.org/10.1016/].bicclechem.2022,108216

resis, eleclroosmosis, and endocylosis [6,8-10]. Diffusive transport is
due to a concentration gradient between the intracellular and extracel-
lular sides of the membrane. Electrophoretic transport is due to the
Coulomb force exerted on charged particles by the local electric field.
Electroosmotic transport is the motion of intracellular and/or extracel-
lular fluid (water and selutes) through pores in the membrane, which is
induced by an electric field acting on charged ions at the membrane-
water interface. Endocytosis is a process in which particles are inter-
nalized through an area of the cell membrane that forms a vesicle,
During pulse application, transport is mainly electrophoretic and
possibly electroosmotic [9,11-13]. After pulse application, when no
external electric field is present, the transport is governed by a combi-
nation of diffusion, electrophoresis driven by the intrinsic (resting)
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membrane voltage, and in some cases endocytosis [8,13,14]. The
transport mechanisms that contribute most to the total amount of
transported molecules depend on the pulse duration and/or amplitude,
the charge and size of the molecule, and the time taken for the mem-
brane to recover to its impermeable state (resealing time) [8,15]. A vi-
sual schematic of the process of electraporation and the associated
molecular transport is presented in Fig. 1.

Electroporation is used for enhancing transmembrane transport in a
broad range of applications, including medicine (e.g.,
chemotherapy, gene electrotransfer, transdermal drug delivery) [3],

electro-

biatechnology [16], food technology [171, and environmental science
[18,19]. The paramcters of electric pulses used in these applications
vary greatly, largely as a consequence of historical development and the
availability of pulse generators, but also because certain pulse wave-
forms have been found better suited for specifie applications [8,20-22].
Nowadays, the pulse durations span 9 orders of magnitude from hun-
dreds of picoseconds to hundreds of milliseconds, and electric field
amplitudes achieved during the applied pulses span 3 orders of magni-
tude from hundreds of V/em to hundreds of kV/cm. The electric field
can be delivered in the form of individual electric pulses or bursts of
pulses. The pulses can be monopolar or bipolar. The pulse shape can be
rectangular, triangular, sinusoidal, or exponentially decaying. The
number of pulses can vary from a single pulse to hundreds of pulses
[3.23]. For each electroporation application, which aims to achieve
transport of a sufficient amount of molecules through the membrane
under conditions of reversible electroporation {cells survive), the pulse
paramcters must be carefully optimized. This optimization procecss is
time-consuming, costly, and labor-intensive as it is based only on trial-
and-error cxperimentation. In this context, models of electroporation
can become an excellent too] to study the response of cells to different
pulse parameters in various experimental configurations.

Scicntists have developed different multiphysics and multiscale
maodels which allow spatially and temporally reselved numerical simu-
lations of electroporation and molecular transport through the electro-
porated membrane at the single-cell level. Many of these models have
been compared qualitatively and/or quantitatively with experimental
measurements of small molecule uptake into cells, as well as other
measurements, such as an increase in membrane conductivity or time
courses of the induced TMV [24-27]. Curiously, despite their differ-
ences, models containing different theoretical descriptions of electro-
poration and transmembrane molecular transport have generally
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reported good agreement with experimental results. Obviously, all these
different models cannot simultaneously be valid. Is the electroporative
molecular transport so insensitive to the details in the physical
deseription of the electroporation process, or is there a general problem
in how the models are developed and validated? In this paper, we
investigate whether any of the cxisting single-cell models can be
considered validated. Furthermore, we critically examine whether any
of these models is universal enough to describe electroporation and
associated molecular transport in general for all the different pulse pa-
rameters used in electroporation applications. To this end, we provide
an overview of existing mathematical models of electroporation-
induced transmembrane transport of small molecules at the Tevel of
single animal cells. We divide the models into three groups based on
how they theoretically describe the increase in membrane permeability:
(i) pore states models; (i) pore distibution models; (i)
phenomenological models, and we select three representative models

other

from the first two groups. We implement the selected mwodels and
compare them to a set of previously published experimental measure-
ments of small molecule uptake obtained with a wide range of pulse
parameters. In particular, we focus on comparing the models with
experimental results to which the models were not compared in their
original publications. Using various examples, we show that nene of the
tested mmodels can be universally applied to the full range of cxperi-
mental measurements. Importantly, we show that none of the models
has been confronted with sufficient amount of experimental data to
confitm the model validity. Finally, we provide guidelines/recommen-
dations on how to design cxperiments to validate an electroporation
model, as well as how to improve the development of mechanistic
models.

2. Literature survey

To identify models that describe the phenomenon of electroporation
and the transport of small molecules through the electroporated mem-
brane we began our study with a literature survey. We used the research
platform Web of Science using the keywords: electroporation OR elec-
tropermeabili*ation AND mathematical OR numerical AND model OR
simulation AND transport and searched for papers that were published
up to the end of 2021. The search returned 91 papers. By assessing the
content of all 91 papers (based on title, abstract, and additional infor-
in  the we selected 6 relevant papers

mation manuscripts),
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Fig. 1. The process of cell electroporation and the associated transmembrane molecular transport, Exposure to an electric field induces a TMV that varies with
position on the membrane. In the regions, where the TMV exceeds a certain threshold (reported on the order of several 100 mV), enhanced transmembrane transport

of ions and molecules is observed. Transmembrane transport is bidirectional; the red dots in the figure shows only the molecular uptake into the cell. During the

pulse, the transport is primarily electrophoretic and pessibly electreosmotic, whereas after the pulse the transport is electrodiffusive and in some cases endocytotic.
After exposure to an electric field, the transmembrane molar flux decreases with time due to cell membrane resealing.
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[12,29,36,38,41.48] that met our first criterinm: 1) The model describes
electroporation-mediated uptake of ions or small molecules in animal
cells at the single-cell level. We limited our study to models describing
the transport of small molecules, since, in the case of large molecules like
DNA, the transport mechanisms are considerably more complex, less
understood, and thus also less addressed by theoretical studies [8,28].
We also decided to exclude studies on plant and bacterial cells, not to
include the cell wall as a confounding faclor. In addition, most of the
quantitative measurements of molecular uptake have been carried out in
animal cells. We then searched for additional papers meeting criterium
1) by looking through the titles and abstracts of the cited and citing
references of the selected 6 papers, which vielded 23 papers in total
(Table 1). Based on the theoretical approach describing the increase in
membrane permeability we divided the models into three groups: (i)
pore states models; {ii) pore distribution models; (ii) other phenome-
nelogical models. The first two groups attribute the increase in mem-
brane permeability specifically to the creation of pores in the lipid
domains of the cell membrane under the influence of the induced TMV.

Bicelectrochemistry 147 (2022) 108216

The porc states models are based on a kinetic scheme that describes the
transition between distinct states of pores created in the cell membrane.
The pore distribution models describe pores created in the membrane by
a distribution function defined in a pore radius space, whereby the pore
sizc can change to minimize the membrane free energy. The third group
corresponds to other phenomenological models, which generally do not
make specific assumptions on the molecular mechanisms of the increase
in membrane permeability but describe the latter using a strong
phenomenological component. We then assessed the models using
additional criteria: 2) The model enables numerical simulations of the
spatially-resolved time course of electroporation-mediated malecular
transport. 3) The model is mechanistic, ie., it needs to include the
proposed mechanisms of electroporation and transport at the single-cell
level that can be traced back to the molecular nature of the structural
changes in the cell membrane. We focused on mechanistic instead of
phenomenological models, as mechanistic maodels have the potentizal to
be universally applied to different experimental conditions, provided
that they correctly capture the physical mechanisms of electraporation

Table 1
Papers describing models of electroperation and molecular transport and meeting criterium 1). Highlighted bold are papers that meet all criteria.

Model group Authors Year Spatio- Mechanistic ~ Comparison with experiment No.

temporal cit.”™

Pore states models Neumann et al. 1998 no yes Quantitative comparison with the percentage of mouse B cells stained with 175

[25] Serva Blue G dye [25]

Schmeer et al. 2004 no yes Quantitative compatison with measurements of the changes in the 82
[24] conductivity of CHO cell pellets due to transpert of monovalent jons [24]
Miklavcic and 2010  yes yes Qualitative comparison with lucifer yellow uptake in DC3F hamster fibroblasts 76
Towhidi [29] at a fixed time point induced by pulses of different shapes [32]

Pore distribution Li and Lin [12] 2011 yes yes Qualitalive comparison with 212 profiles of caleium uplake measured in single 97
models CHO cells [33]

Li et al. [30] 2013 yes yes Qualilative comparison with the percentage ol eleciroporated $p2 mouse 61
myeloma cells stained with propidium iodide [34]
Sadik et al. [35] 2014  yes yes Qualitative comparison wilh the total amount of Nuorescein-dextran uplake in 36
NIH-3T3 mouse fibroblasts imduced by a double-pulse prolocel [35]
Mahboubi et al. 2017  yes yes no 2
[36]
Shil et al. [37] 2018  yes® yes no 3
Goldberg et al, 2018 yes yes Qualitative comparison with 213 profiles of calcivm uprake messured in single 32
[38] CHO cells [33]
Quantitative comparisen with clectrodeformation measured in eryrhroeytes
[39] and GUVs [40]
Goldberg et al. 2021 yes yes Quantilative comparison with cisplatin uptake in B16F1 mouse melanoma cells 3
[41] at a fixed time peint induced by different numbers of 100 us pulses [42]
Yan et al. [43] 2021 yes yes no 2
Guo et al. [44] 2021 yes yes no 2
Smith [31] 2011 yes yes Quantitative comparison with lucifer yellow uptake in DC3F hamster 25
fibroblasts and calcein uptake in DU 145 prostate cancer cells at a fixed time
point induced by single pulses ol different shape, duration and amplitude
110,45]
Son et al. [46] 2014 yes yes no 91
Son et al. [47] 2016  yes yes no 31
Mi et al. [48] 2019  yes yes no 14
Mi et al. [49] 2021 yes yes Qualitalive and quantitative comparison with the time course of propidium 1
iodide uprake in A375 human melanoma cells [49]

Other Pucetal. [10] 2003 no no Quantitative comparison with lucifer yellow uptake in DC3F hamster 153
phenomenclogical fibroblasts at o fixed time point induced by 100 ps and 1 ms pulses of different
models amplitnde [10].

Pavlin et al. [50] 2007 no no Quantitative comparison with measurements of the changes in the 101
Pavlin et al. [51] 2008 no no conduetivity ol dense suspensions of B16F1 mouse melanoma cells due to 120
tramsport of monovalent iong [50]
Leguebe et al. 2014 yes no Qualitative comparisen with 2D profiles of propidium iodide uptake in CHO 75
[52] cells and Jurkat T lymphocyres [53,54].
Qualitative interpretation of the effect uf pulse repetition frequency on
molecular uptake In potate tissue and mouse liver [55]
Dermol et al. 2018 no no Quantitative comparison with cisplatin uptake in B16F1 mouse melanoma cells 10
[42] at a fixed time peint induced by different numbers of 100 ps pulses [42]
Sweeney e al. 2018 no no Quantitative comparison with the time course of propidium iedide upake in 13

[56]

CHO cells [57]

*The spatiotemporal resolution was limited since the cell was divided into 8 segments only.

**The number of citations for the given paper on July 18, 2022, according to Google Scholar. Note that some of the papers [10,24,25,35,42,46-51] report also criginal
experimental measurements and are not necessarily cited for the developed model.
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and transmembrane transport. 4) The model has been compared to
quantitative, or at least qualitative experimental dara.

All of our criteria were met by eight models (Table 1, highlighted
bold), from which we selected three representatives for further testing:
Miklavei¢ and Tewhidi [29], Li et al. [12,30], and Smith [21] models.
For brevity, we refer to these models as the MT2010 [29], LL2011
[12,30], and 82011 [31]. The M1201¢ was chosen as the only model
from the group of pore state models meeting all our criteria. The 52011
and LL2011 from the group of pore distribution models were selected
because they formed the basis for all other published models, Mereover,
52011 and LL2011 models are hypothesized to be relatively universal, as
they have already been used to simulate the uptake of different ions and
molecules over a wide range of pulse parameters and experimental
conditiens (Table 2), Subsections 2,1-2.3 briefly describe the models
from each of the groups, with emphasis on the MT2010, §2011, and
L1L2011 models. Table 2 shows, for each of the three selected maodels, the
range of pulse paramcters, for which the model was designed; the
molecules, which were used to optimize/validate the model; the pro-
posed dominant transport mechanism; and how the optimization/vali-
dation of the model was performed. As listing all equations behind each
model is extremely lengthy, we focus in the main paper on the model
aspects, which are important to understand the differences between
individual models and their effect on the results presented in the paper.
Full details of the models together with their numerical implementation
are provided in Supplementary Information. All models used in this
study are also available at https://github,
coni/learems/EPmodels-Electroparation-Mol Transport.

2.1. Pore states models

A kinetic scheme deseribes the rate of chemical reactions or transi-
tions between distinct states as a step-by-step sequence. Pore states
models are based on the kinetic scheme which describes the transitions
of the cell membrane: from the initial state when the cell membrane is
intact, to the porous state when a sufficiently high electric field is
applied, and back to the initial state when there is no electric field
applied.

‘The first electroporation model based on a kinetic scheme was pro-
posed by Neumann et al. in 1989 [58]. In 1998 the model was upgraded
from ene porous state [58] to three porous states to account for a second-

Table 2

Bicelectrochemistry 147 (2022) 108216

order membrane resealing proccss observed experimentally [25]. Later
on, Schmeer et al. [24] revised the model and proposed that there are
two closed states {C and C)) and two porous states (P, and Pg).

L] ky ks
CZ2 O 2P 2k (1)

by [ [ =]

where C is the intact membrane and Cj is the stage in which membrane
lipids reerganize tilting their headgroups. States P and P, correspond to
the formation of prepores and final pores, respectively, whereby only
pores P, mediate the transmembrane transport of molecules. Molecular
dynamics simulations of lipid bilayer electroporation corroborated the
four-state madel [59]. The forwards ratesk; i =1, 2, 3) ineq. (1) depend
exponentially on the transmembrane voltage {IMV), whereas the
rackward rates k. are constant and independent of the TMV. Schmeer
et al. [24] fitted the proposed model to the measurements of the change
in the conductivity of Chinese hamster ovary {CHO) vell pellets, Un-
fortunately, their model cannot be reconstructed completely, as they did
not report the values of all paramcters, specifically the values of the
backward rates.

The models described in [24.25.58] were based on analytical ap-
proaches for obtaining a solution to a system of equations, which require
many simplifying assumptions and are only suitable for spherical cells.
Furthermore, the distribution of pores in the electroporated regions at
which the transport took place was assumed uniform, and the dynamic
behavior of other parameters such as TMV and membrane conductivity
and permeability was not considered. Miklavéie and Towhidi [29]
solved these shortcomings by performing numerical simulations of
electroporation and associated molecular transport in whole cells using
a finite-element approach, They built upon the models
[24,25.58] and added a description for long-term diffusive and
endocytic-like molecular uptake [29], The model was in qualitative
agreement with measurements of lucifer yellow uptake induced by
pulses of different shapes [32]. The MT2010 model is the only one based
on the kinetic scheme that enables simulations of the entire spatiotem-
poral dynamics of the electroporation and molecular transport process;
therefore, it was chosen for testing in our study.

The MT2010 model describes the electroporation dynamics with eq.

earlier

(1) following previous models. Similarly, as in previous models
[24,25,58], the forward rates depend exponentially on TMV. lThe

Models selected for further testing. For each model, the table reports the range of pulse parameters and the molecules, for which the model was designed (and which

were used to optimizesvalidate the model); the proposed dominant transpert mechanism, and how the modeling results were compared to experimental

measurements.
rulse paramoters Molecules Trungport mechoanism Compurison with experiment
Pore states MT2010 Electric field: 1 kV/cm lucifer diffusion and endocytosis Qualitative comparison wilh lucifer yellow uptake inio
model model No. pulses: 1 and 8 yellow DC3F sponlancously transformed Chinese hamster
[29] Pulse shape: vnipolar/hipolar fibroblasts [32]. Cells were cleciroporated in
rectangular, trinngulur, sinusoidal, suspension in the presence of lucifer yellow and
sinusoidal madulaled vectangular pulses incubated for 10 min. Aflerward, Lthe cells were washed
with 10 % and 90 % modulation by consecutive centrifugations, lysed by
Pulse duration: 1 ms ulirasonication, and the fluorescence of the lysate was
Pulse rise time: 2 ps, 10 ps,100 ps measured in arbitrary units on a spectrofluorometer.
Pulse repetition rate: 1 Hz
Pore S$2011 Electric field: 0-3.5 kV/cm [45]; calcein [45] elecirophoresis and Quantitative comparison with experimental
distribution model 0-2 kV/cm [10] lucifer diffusion measurements of calecin uprake into DU 145 prostate
models [31] No. pulses: 1 yellow [10] cancer cells exposed to exponerntially decaying pulses
Pulse shape: exponentially decaying [45] and lucifer yellow uplake into DC3F fibroblasts
[45]; exposed to reciangular pulses [10].
rectangular pulses [10]
Pulse duration: 50 ps to 21 ms [45];
100 ps and 1 ms [10]
LL2011 Electric field: 1 kV/cm [12]; calcium clectrophoresfs amd FASS Qualilalive comparison with single-cell fluorescence
model 160 kV/cm [30] [12] {Ficld Amplificd Sample microscopy of calcium uplake in CII0 eells delectod by
[12,30] No. pulses: 1 propidium Stacking) Fluo3 dye [12,33] and with measurements of the

Pulse shape: rectangular [12,30]
Pulse duration: 6 ms [12];
11-95 ns [30]

[30]

80

percentage of Sp2 mouse myeloma cells stained with
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backward rates are constants chesen based on data from different
experimental reports. Addition of the MT2010 model is that the mem-
brane can transition from Py further into memory state M, which rcp-
resents a state of enhanced membrane perturbation and is associated
with diffusive and endocytotic-like uptake. The flux of molecules J,
through the membrane is thus caleulated as.

X, X — X

d

effect

0-Jn = [P2] Dy ;'X]" | [M Dy, @

m

Dillusion Memory
where n is the inward vector normal to the membrane surface, [X], and
[X]; are the extra- and intracellular concentration, respectively, and 4, is
the membrane thickness, Py state is characterized by relatively fast
relaxation (characteristic time of ~1 5), whereas the M state is charac-
terized by slow relaxation (characteristic time of several minutes). Dy,
and Dy, are the diffusion coefticients for the diffusive and endocytotic-
like transport, respectively. Note that MT2010 neglects electrophoretic
and electroosmotic transmembrane transport.

2.2, Pore distribution models

Pore distribution models cansider that pores can randomly fluctuate
and change their size to minimizc the membrane free energy. Pores are
not described as distinct states but as a distribution function i, defined in
the space of pore radius T such that ndrp corresponds to the number of
pores with a radius between r, and r, + drp. The pures can change their
radius due to randem thermal fluctnations and due to the act of a
generalized force I, which correspends to the negative gradient I, =
—dW, /dr, of the pore energy W, The equation governing the dynamics
of the pore distribution function is often called the Fokker-Planck
cquation or the Smoluchowski cquation, and was first proposed for
pores in planar lipid bilayers [60-62]:
on

= Dy~
»

on

My
w

D, W,
—H
i’ 7y

3

where J; is the flux of pores in the pore radius space with Dy, denoting the
pore diffusion coefficient, k the Boltzmann constant, and T the
temperature.

2.2.1. Models based on Krassowska and colleagues

The partial differential equation (3} is analytically unsolvable and
computationally demanding when applied to describe the electropora-
tion of whole cells. Neu and Krassowska [63] simplified equation (3) to
an asymptotic ordinary differential form, which essenlially describes the
creation and annihilation of pores with minimum radius 5 min-

dN (
= e

di “

Pore creation

imnihilution

Pore

where N represents the pore density (number of pores per unit area), Up,
denotes the TMV, Np is the pore density when Uy, =0V, and Vi, q, and g
are model parameters.

However, pores do expand in size under an electric field, as shown in
molecular dynamics simulations and experiments on lipid bilayers
[64-66]. Therefore, Krassowska and Filev [67] upgraded the asymptotic
model by developing a numerical algorithm that tracks the expansion of
individual pores, whereby each pore changes its radius according to the
differential equation.

¥

T

D, aw,

b,
=—F,
k1 dr, kit

j=L2, -k &)

Note that eq. (5) is directly related to the second term in eq. (3). The
algorithm of Krassowska and Filev is thus a slightly simplified version of
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the full equation (3). F, denotes the force that acts to expand the porc
radius and is described by eq. (6):

.
A Frun U2

F, =48 ('i) S L L/ )
/) 7, = 1+ o

The first term of eq. {6} accounts for the steric repulsion between the
lipid heads; the second for the force due to edge tension acting on the
pore perimeter; the third for the force due to surface tension of the cell
membrane; and the fourth for the electric foree acting on the pore edge
due to Maxwell stress. Parameter £ is the steric repulsion energy, r. is the
minimum radius of hydrophilic pores, y is the porc edge tension, T'yyis
the effective surface tension of the membrane, and Fpp., 1, and ry are
parameters obtained as fits to numerical calculations for a toreidal pore.

Li and Lin [12] (LL2011) were the first to couple the model of
Krassowska and Filev with transmembrane molecular transport. In their
first paper, they simulated the uptake of calcium inte single cells and its
binding to the intracellular calcium indicator Fluo-3 according to the
kinetic scheme.

Co™™ +  Fluo 3( CuFluo (7}

where kq and kgx are the association and dissociation rate constants,
respectively. They suggested electrophoresis and diffusion as the main
mechanisms  of transmembrane molecular transport, which they

described with Nernst-Planck cquations for each considered specics:
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Constants Dy, and gz, are the diffusion coefficient and the valence of
species X. The transmembrane flux of molecules through pores is derived
from the one-dimensional Nernst-Planck cquation [30].

+ ko, [Fluo] [Ca® | — Ky, [CaFhen]

U +In(x) y — 1 (X, — [X],explo)
dy Inly) (1 yexplen))

where D, x is the diffusion coefficient of species X within the pore,
y = mi/6, is the ratio between the intracellular and extracellular con-

9

nel, =pih.x

ductivity, and dp, is the membrane thickness. i, is a nondimensionalized
transmernbrane voltage (also the Péclet number} u, = {33, /kT) i,
where g, is the elementary charge. The scaling variable p is the pore area
density, ie. the Tocal areal fraction of all pares.

LL2G11 model prediction was in good agreement with qualitative
measurements of calcium uptake by Gabriel and Teissic [33]. In their
subsequent paper [30], they considered the intracellular uptake of
fluorescent dye propidium and its binding to nucleic acids within the
cytoplasm and found good agreement with the experimental measure-
ments of Miiller et al. [34]. In another subsequent paper, they combined
modeling with qualitative measurements of fluorescein-dextran uptake
and found good agreement as well [35].

Several other researchers have then used and/or adapted the theo-
retical framework layed down by Krassowska and Filev [67] and Li and
Lin [12] to describe molecular transport in different systems. Mahboubi
et al. [36] used the LL2011 madel to study the electroporation of a cell
within a microchannel, Shil et al. [37] studied the influence of choles-
teral on doxorubicin uptake by modifying the term for the edge cnergy
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incq. (6). Goldbergetal. [38,41] included electrodeformation of the cell
membrane at the whole-cell level by considering the Maxwell stress
induced by the electric field. Yan etal. [43] added the effect of the Joule
heating by computing the temperature increase with the heat-transfer
cquation and by considering the temperature dependence of the elec-
trical properties of the aqueous solutions and the diffusion coefficients of
the considered specics. Guo et al. [44] included the dielectric dispersion
of the membrane electrical properties. Ilowever, these subsequent
models were made independently from each other, often without a
thorough analysis of how the added ¢hanges affect the model prediction,
and often without comparison to any experimental measurements {ex-
ceptions are the papers of Goldberg et al. [38,41]).

2.2.2. Model-based on Smith and colleagues

In parallel with Li and Lin [12], Smith et al. [31] (§2011) developed
a somewhat different model of electroporation and associated molecular
uptake. They also built upon the model of Krassowska and Filev [67] but
modified the description of the pore creation and annihilation rate and
the description of the pore energy landscape {see Suppl, Scctions $4 and
‘Table 54 for details). Furthermore, they developed a description of
molecular transport through pores that consider the size, shape, and
charge of the molecules and take into account the drag between the
molecule and the pore wall (hindrance) and the energy cost of placing a
charged solute from an aqueous environment into the membrane with
low dielectric pcrmittivity {partitioning). Hindrance and partitioning
considerably reduce the electrophoretic and diffusive transport for
molecules whose sizc is comparable to the porc size, even beyond an
order of magnitude (Suppl. TFig. S4). The 52011 model was in good
agreement with quantitative measurements of molecular uptake of cal-
cein [45] and Tucifer yellow [10] for a wide range of pulse durations
(from 50 ps to 20 ms). The model was subsequently used by Son et al.
[46,47] to study the uptake of propidium, calcein, and calcium
following pulses of different duration and number. The 52011 model
was later adapted by Mi et al. [48,49]. In their first papcr [48], they
derived a simplified expression for membrane surface tension from the
Maxwell stress tensor to account for mechanical stress caused by elec-
trodeformation. They also made slight maodifications to the expression
for the steric pore energy, the pore destruction rate, and the value of the
maximum pere radius, which they have not discussed. In their second
paper [49], they divided the pores into three classes based on their
radius: unstable reversible pores with a radius < 5 nm, stable reversible
pores with a radius between 5 nm and rg, and irreversible pores with a
raclius larger than rg, where rg & 20 nm corresponds to the global
maximum in the pore energy landscape. Although their pore classifi-
cation is not fully consistent with the original theoretical description of
the pore population [31.60,68], they showed that their modifications
improve the agreement with rtheir experimental measurements.

2.3. Other phenomenological models

The last group of models in Table 1 are models thal have a strong
phenomenoleogical componcnt, especially with respect to how the in-
crease in membrane permeability due to electroporation is described.
Puc et al. [10] developed a two-compartment pharmacokinetic model,
representing the extracellular and intracellular space, and described the
transmembrane transport of fluorescent dye lucifer yellow with a
phenomenological function which paramcters were fitted to their
experimental measurements. Pavlin et al. [50 51] designed experiments
that enabled them to estimate the fraction of pores formed in the
membrane. Their theoretical analysis pointed to two distinet types of
pores, short-lived pores that are numerous but exist mainly during the
presence of an electric field, and long-lived pores that are smaller in
number but persist for seconds to minutes after the pulse exposure and
Their uses a
phenomenological description of how the fraction of pores depends on
the amplitude and number of applied pulses, and the model was not

accumulate when applying multiple pulses. model
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developed to the extent that would enable spatiotemporal simulations of
single-cell electroporation. Unlike most other graups, Leguebe etal. [52]
developed a model which attributes the incrcase in membrane perme-
ability not only to lipid pores but alse to lipid peroxidation. The pores
are considered short-lived whereas the incrcasc in permeability due to
lipid peroxidation is considered Iong-lived. The mathematical descrip-
tion for pores has a mechanistic background and is derived in a
(strongly) simplified form from eq. (4. Ilowever, the incrcasc in
membrane permeability due to lipid peroxidation, and how it relates to
lipid pores, is described in a phenomenological way with a simple
mathematical function without any mechanistic background. The mul-
tiscale model of Dermol-Cerne et al. [42] connects a mathematical
description of molecular transport at the single-cell level and the tissue
level; however, the increase in membrane permeability was determined
experfmentally and was not related to any mechanistic description of
membrane electroporation. Finally, Sweeney et al. [56] developed a
two-stage ordinary differential equation model to describe electropo-
ration and molecular transport, which yielded good agreement with
quantitative measurements of propidium iodide uptake, Nevertheless,
the model i{s based on two-stage ordinary differential equations of
phenomenological origin, whereby all model paramctcrs need to be
obtained based on fits to experimental measurements.

Since all phenomenclogical models largely depend on the subset of
experimental measurements for which they were fitted, we have
excluded them from further testing in our study.

3. Results and DHscussion

The main aim of our study was to critically examine whether any of
the cxisting single-cell electroporation models is universal enough to
describe electroporation and the associated molecular transport gener-
ally for all different pulse paramecters used in electroporation applica-
tiens related to animal cells. We approached our question by first
surveying the literature. We searched for mechanistic mathematical
models designed to describe the phenomenon of electroparation and
induced transmembrane transport of small molecules at the single-cell
level with full spatiotemporal resolution. We selected three represen-
tative models, which met all our selection criteria: MT2010 [29], §2011
[31], and LL2011 [12] models. We then tested these models against
experimental measurements of intracellular uptake of different small
molecules made by Puc et al. [10]., Canatella et al. [45], Sozer et al.
[69], and Gabriel and Teissie [33].

Showing how each selected model describes all selected experiments
would be lengthy and unnecessary to reach the main conclusions of the
study. Instead, we show different examples that illustrate the short-
comings of current electroporation models and provide guidelines for
further development of these models. In this light, the Results and Dis-
cussion are divided into feur secticns, according to the four main take-
away messages we would like to convey:

. Qualitative validation is not sufficient to establish the goodness/
validity of a model;

. Quantitative validation in a fixed time point does not necessarily
indicate the correct description of the kinetics of the uptake;

. Certain experiments are not selective enough for model validation;

. Further development of mechanistic models requircs a better un-
derstanding of the molecular mechanisms of electroporation.

3.1. Qualitative validation is not sufficient to establish the goodness/
validity of a model

‘The MT2010 [29] model was originally compared with results from
Kotnik et al. [32], who reported measurements of intracellular uptake of
lucifer yellow induced by 1-ms-long pulses of different shapes. The
model correctly predicted the greatest uptake for a rectangular pulse,
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followed by pulses with sinuseidal and triangular shapes, The model
further correctly predicted a decrease in transport when modulating
rectangular pulses with a 50 kHz sincwave. Finally, the model correctly
predicted no change in transport when applying a unipolar or kipolar
rectangular pulse and when changing the rise time of a unipolar rect-
angular pulse from 2 ps to 100 ps, ITowever, the comparison was only
qualitative, as the reported lucifer yellow measurements were in arbi-
trary fluorescence units, Therefore, we tested if the MT2010 model can
quantitively simulate the experimental study of Puc et al. [10] in which
the intracellular concentration of lucifer yellow was gquantified 10 min
after exposing cells to a single 100 ps or 1 ms rectangular pulse of
different amplitudes [10]. Fig. 2 shows that the uptake of lucifer yellow
increases with increasing applied electric field both in the model and in
the experiment. However, the MT201¢ model overestimates the cxper-
imental values of intracellular concentration by almost an order of
magnitude. For both pulse durations, the model fails to quantitatively
reproduce the experimental data. This demonstrates how qualitative
comparison between model and experiment is not sufficient for model
validation.

3.2, Quuniitative validation in a fixed time point does not necessarily
indicate the correct description of the kinetics of the uptake

The 82011 model was originally compared with quantitative
experimental measurements of lucifer yellow uptake from Puc et al, [10]
and calcein uptake from Canatella et al. [45] showing excellent agree-
ment (Fig. 3 shows our reproduction of the modeling results presented in
1211}. This agrecement is impressive, as there arc many differences in the
cxperiments of Canatella et al. and Puc et al. Namely, Canatella et al.
measured the uptake of calcein in DU 145 prostate cancer cells exposed
to exponentially decaying pulses, whereas Puc et al. measured the up-
take of lucifer yellow in DC-3F spontaneously transformed fibroblasts
exposed to rectangular pulses. Furthermore, the duration of the electric
pulses used in these experiments collectively spans nearly 3 orders of
magnitude (50 ps to 21 ms}. ITowever, we need to cunsider that the
agreement between the model and experiments was obtained after
fitting the values of five model parameters, including the pore diffusion
coefficient I, symmetric pore creation rate f/, asymmetric pore creation
rate o, maximum pore radius 7y, and characteristic time of pore
closure 1,. When fitting many parameters of a complex model to a given
dataget, two main problems can occur. The first problem is that such a
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Fig. 2. Intracellular concentration of lucifer yellow as a function of the applied
electric field strength upon exposure to a single 100 ps or 1 ms pulse. Circles
and solid lines, respectively, show the experimental measurements of intra-
cellular concentration from Puc et al. [10] and the results of the
MT2010 model.
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complex model can be too flexible and can be fitted to almost any data,
which prevents one from critically assessing the validity of the model.
The second prablem is that multiple combinations of parameter values
can yield an adequate fit to the given dataset. Therefore, it is crucial to
measure or assess independently as many model parameters as possible.
While the first four listed parameters (D, f, @, Fpmax) cannot {yet) be
directly measured experimentally, membrane resealing time can be.

Recently, Sdzer et al. [69] reported the first spatially resolved
quantitative measurements of the kinetics of intracellular uptake of
caleein, propidium, and yo-prol during and after exposure of U337
histiceytic lymphoma cells to either a single 220 ps, 2.5 kV/em pulse or
ten 6 ns, 200 kV/cm pulses. The results of Sdzer et al. thus offer an
excellent opportunity to further test the validity of the 52011 model.
Calcein is fluorescent by itself, whereas the fluorescence of propidium
and yo-prol increases dramatically upon binding to nucleic acids in the
cytoplasm. Consequently, for propidium and yo-prol we need to take
into account the binding reaction with nucleic acids, as the detected
fluorescent signal is emitted practically exclusively from the bound
molecules. Qut of the three molecules considered, we chose to focus on
calcein and propidium; calcein, because the model has already been
used to model calcein uptake in the cxperiments of Canatella et al, [45],
and propidium, because the binding reaction between propidium and
nucleie acids in the cytoplasm has already been described and modeled
in previous studies [30,70-72].

To compare the §2011 model with cxperiments of Sozer et al. we
adapted the values for the cell radius and extracellular medium con-
ductivity to correspond to U937 cells and RPMI growth medium,
respectively, and we also cunsidered the shape of the pulse waveforms
used by Sozer et al. (Suppl. Fig. S15). Measurements of Sézer et al. upon
cxposing the cells to a 220 ps pulse, specifically the kinetics of calcein
uptake, showed that membrane resealing took tens of seconds (Fig. 4a).
Fitting the data to a first-order exponential function gave a resealing
time constant of 25 s (Suppl. Fig. S14). Thus, we also changed the value
of 7, in the 52011 model from 4 s to 25 s. Other parameter values were
kept the same as for Puc et al. and Canatella et al. experiments {see
Suppl. Tables §4, 85, and 56 for details).

We first computed the molecular uptake induced by 220 us, 2.5 kV/
cm pulse. Interestingly, the total uptake of calcein predicted by the
52011 model was in good agreement with the experiment. However, the
madel failed to reproduce the uptake kinetics of both calcein and pro-
pidium. Fig. 4b shows that, for both molecules, the electrophoretic up-
take during the pulse is dramatically overestimated, as van be seen from
the rapid jump in the intracellular concentration around tme t =5 s
when the pulse is applied. Such a jump is not observed in (he experi-
mental measurements (Fig. 4a). Furthermore, the measurements of the
propidium uptake showed that the uptake is greater on the cathodie
(- electrode) compared to the anodic (| electrode) cell side, not vice
versa as suggested by the model. Since propidium is positively charged
(valence zp, = +2), greater uptake on the cathodic side can only be
explained if diffusion is the dominant mechanism of melecular transport
and if the cathodic side becomes more permeable compared to the
anodic side. The latter is indeed assumed based on experimental ob-
servations In the original 52011 model. Therefore, we made additional
calculations, where we neglected the electrophoretic transport: we
cansidered that molecules can move only due to concentration gradient
but not due to the electric field. ‘The resulting concentration profiles
were more reasonable but quantitatively more than an order of magni-
tude too low (Suppl. Fig. 517). Note that in the S2011 model all pores
shrink to a minimum size after the pulse, whereby the smaller the
minimum pare size, the more the molecular transport through pores is
hindered. Therefore, we additionally increased the minimum pore
radius from 1.0 nm to 1.35 nm to allow greater molecular flux, and the
madel came in reasonable agreement with the experimental measure-
ment (Fig. 4c). The model could describe the symmetric uptake of cal-
cein and the asymimetric uptake of propidium with the dominant
transport occurring on the cathodic side. This exercise demonstrates
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Fig. 3. Final intracellular concentration of calcein and lucifer yellow internalized after exposing cells to a single pulse of a given duration and a given amplitude.

Circles denote experimental measurements carried out by Canatella et al. [45] and Puc et al. [10] for calcein and lucifer vellow, respectively. Solid lines show the

prediction of the S2011 model.

how a complex model such as §2011 can rather quickly be adapted to a
given experiment; by making a few well-thought, yet arbitrary changes
to the madel, we were able to bring the maodel in good agrecement with
the experimental measurements.

We next computed the uptake of calcein and propidium upon
exposure to ten 6 ns, 200 kV/cm pulses, which was also measured by
Sozer et al [69]. We again consider the original $2011 model with
electrophoretic and diffusive transport and with a minimum pore radius
of 1.0 nm. Pulses with a duration of 6 ns are extremely short, therefore
electrophoretic uptake is practically negligible and most of the transport
occurs after the pulses, as can be seen, both in the experiment and the
model (Fig. 5). However, the maodel disagrees quantitatively with the
experiment. The comparison between Fig. 5a and Fig. 5b shows that the
computed change in the normalized concentration of calcein and pro-
pidium is, respectively, gbout 3x and 10x higher than the measured one.
Furthermore, the measurements show asymmetric uptake of propidium,
with greater uptake on the anodic side, whereas the model predicts
symmetric uptake of propidium from the anodic and cathodic sides.
Anather discrepancy between the model and experiment is that the
model predicts almost equal molecular uptake induced by a single 6 ns
pulse as induced by ten 6 ns pulses (Fig. 5b). While Sézer et al. have not
reported the uptake of caleein and propidium upen a single 6 ns pulse,
they have shown that the uptake of yo-pro-1 induced by a single 6 ns
pulse is about an order of magnitude lower than induced bv ten 6 ns
pulses [69]. The fact that the $2011 model predicts similar uptake for
single and multiple pulses has also been shown by Son et al. [47].

Overall, the results presented in this scction demonstrate that
quantitative measurements of the kinetics of molecular uptake are
crucial to assess whether the maodel correctly deseribes the duminant
transport mechanisms (electrophoresis, diffusion, etc.). Quantitative
measurements of the total molecular uptake at a fixed point in time are
not sufficient for this purpose. Furthermore, the results show how the
characterization of the asymmetry of melecular transport at the cathodic
and anodic side of the cell provides important information about the
mechanism of transmembrane molecular transport and should be
included when validating an electroporation model, Finally, the results
indicate that to develop and validate a mechanistic electroporation
model, the model should be tested against experiments using single and
multiple pulses, as well as a wide range of pulse durations, including
nanosecond pulses.

84

3.3. Certain experiments are not selective enough for model validation

The LL2011 model [12] was originally compared to the experimental
measurements of calcium uptake into Chinese hamster ovary {CHO)
cells measured by Gabriel and Teissié [33] and showed good agreement.
We performed similar calculations and compared the predictions of the
LL2011 and §2011 models. Note that the $2011 model is related to the
LL2011 model with respect to the description of pore dynamics, but
differs in the values of the model parameters and the description of the
transmembrane molar flux (see Section 2.2.2 and Suppl. Section 84).
Despite their differences, both models predict practically identical
concentration profiles, in good agreement with the experiment (Fig. 6).
However, when we use the LL2011 model to calculate, e.g., the uptake of
Tucifer yellow measured by Puc et al. [10], the model overestimates the
final intracellular concentration by an order of magnitude (Fig. 6d). This
exercise shows how models, which appear valid for a specific experi-
ment, can fail in a broader context when applied to a different experi-
ment. It further shows that the experiment of Gabriel and Teissié is not in
itself suitable for validating an electroporation madel, as both §2011
and LL2011 models can describe the experimental results well despite
their differences in describing poration dynamics and molecular trans-
port. Thus, experiments intended for validating an electroporation
madel need to be carefully and critically designed.

3.4. Further development of mechanistic models veguires a better
understanding of the molecular mechanisms of electroporation

All models Lested in our sludy reached limitations when quantita-
tively confronted with different experimental measurements covering a
wide range of pulse paramcters. Thus, the models need to be used with
care when being applied outside the range of parameters, for which they
have been developed, and necessarily combined with experimental
validation. While no mathematical model can be truly universal in any
field of study, the tested models {(and variations thereof) have often been
used as though they can be commonly applied for any electroporation
cxperiment {see Table 2 rcporting the range of pulse paramcters, cell
lines, and molecules considered with the tested models, as well as the
studies listed in Table 1 and the references therein). Qur study shows
that there is a need for further development of mechanistic electropo-
ration models to assess the associated molecular transport for the entire
range of experimental conditicns used in electroporation applications,
One strategy would be to further optimize the values of the existing
model’s parameters and/or replace certain expressions/equations,
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(a) Experimental measurements by Sozer et al. for 220 ps pulse
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Fig. 4. Intracellular concentration of calcein and prepidium upon exposure to a single 220 ps, 2.5 k¥/cm pulse. The intracellular concentration is normalized to the

initial extracellular concentration. For prepidium, the concentration of bound molecules, normalized to the initial concentration of extracellular free propidium, is
shown. (4} Experimental measurements, reproduced with permission from Sozer et al. [69]. (b) Modeling results using default model parameters {Suppl. Table 54).
(c) Modeling results when neglecting electrophoretic transport and increasing the minimum pore radius to 1.35 nm.

which have been oversimplified in a model, with their unsimplified
version. However, this strategy leads to a dead-end, if a model is in its
essence based on incerrcet assumptions.

Almost all current electroporation models assume that the increase
in cell membrane permeability can be attributed to a single mechanism:
the creation of pores in the lipid domains of the cell membrane, which
passively close upon removal of rthe external electric field. In addition,
most models assume that all pores exhibit similar kinetic behavior.
Ilowever, accumulating evidence from experiments and simulations on
model systems speaks against these assumptions. Firstly, if lipid pores
formed by an electric field are the sole mechanism of increased

&5

membrane permeability, such pores need to stay open for minutcs after
exposure to the electric field to corrohorate the experimentally
measured slow uptake/leakage of ions and molecules, Such a long pore
closure time requires one to assume that there exists a large energy
barrier of several 10 k¥ for pore closure [31,73]. This assumption does
not agree with free energy calculations for pores in pure lipid bilayers
[74] as well as with experimental measurements on pure lipid systems
[75,76]. Secondly, electroporation has been associated with oxidative
damage of pelyunsaturated lipids through cxperiments on pure lipids
vesicles and cells in vigro [77,78]. Oxidative damage can lead to partial

cleavage of the lipids tails (i.c, leads to secondary peroxidation
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(a) Experimental measurements by Sézer et al. for 10x 6 ns pulses
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Fig. 5. Intracellular concentration of calcein and propidium upon exposure to 6 ns, 200 k¥/cm pulses. The intracellular concentration is normalized to the initial
extracellular concentration. {a} Experimental measurements were reproduced with permission from Sozer et al. [697. {b) Madeling results using default §$2011 model
parameters. Note the different y-axes in {(a) and (b). Note also that the normalized propidium concentration exceeds 1, which is possible because most propidium
molecules bind to nucleic acids, allowing a continuous flow of free propidium into the cell (until all binding sites on nucleic acids are occupied).

products), whereby in such oxidatively damaged membrane lesions,
pore-like defects can spontaneously form even in the absence of an
electric field [79,80]. Such pore-like defects are different from the
“eonventional™ lipid pores that form directly by an electric field: the
kinetics of their formation is different, they do not need an electric field
to stay open, and they can disappear only after lateral diffusion of
oxidized lipids or by cell membrane repair mechanisms. Therefore, such
pores are more likely to explain the persistent increase in ¢ell membrane
permeability following exposure to electric pulses. Thirdly, computa-
tional simulations supported by electrophysiological measurements
suggest that pores can nucleate within some membrane proteins, spe-
cifically voltage-gated ion channels, causing protcin  denaturation
[81,82]. Such complex pores, stabilized by both lipids and protein res-
idues, can be more stable than pure lipid pores and, to disappear, the
damaged proteins need to be replaced by the cell repair mechanisms.
Therefore, protein denaturation is also a pessible mechanism of persis-
tent increase in cell membrane permeability due to electric pulses.
Finally, experiments have shown that pore formation and/or expansion
is affected by the actin cytoskeleton, either via actin's influence on lipid
organization or the mechanical properties of the membrane [83,84]. At
the same time, the actin cytoskeleton can become disrupted by elec-
troporation [85], This points to a complex role of the actin cytoskeleton
in the increased membrane permeability.

Identification of the different possible mechanisms of increased
membrane permeability prompts us te understand electroporation in the
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sense of multiple types of pores/defects that can form simultaneously in
the cell membrane, but by different molecular mechanisms. This view is
related to the distinction between short-lived and long-lived pores,
proposed earlier by Pavlin et al. [50]. Tnterestingly, Schmeer et al, [24],
who contributed to the development of pore states models, noted in the
paper that their model would be in agrecment with experiments even if
they comsidered that Py and Py pore states form independently and in
parallel, rather than in series. Phenomenolegical models are also sug-
with
different relaxation times, as discussed in Scction 2.3. Qverall, there is

gesting distinct types of increased membrane permeability
ample evidence in the literature, supporting the view of multiple distinet
tvpes of pores/defects occurring in electroporation. However, the main
challenge of adding these different types of pores/defects to an elec-
troporation model is the lack of knowledge required for developing
mathematical cxpressions governing the formation kinetics and dy-
namic behaviar of these pores. Filling the gaps in knowledge will require
multiscale approaches including molecular modeling such as molecular
dynamics simulations together with enhanced sampling methods to
determine the free energy barriers for the formation of the different
tvpes of peres. In addition, experiments on model membrane systems of
increasing complexity, including lipid bilayers with complex lipid mix-
tures, hilayers containing membrane proteins and/or cytoskeletal
components, as well as cells genetically engineered to express selected
cellular components {or knock out the expression) can be designed to
provide the required information [$2-84,86,87]. Further studies on the
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Fig. 6. Comparison between S2011 and LL2011 model. {a,b) Calculations of the intracellular concentration of calcium bound to Fluo-3 at different times after the
onset of a 6 ms pulse. The intracellular concentration is presented as would appear on an epifluorescence microscope. (¢} Corresponding experimental results,
reproduced with permission from Gabriel and Teissié [33]. {(d) Intracellular uptake of lucifer vellow, as measured by Puc et al. [19] {circles with error bars) and as
predicted by the LL2011 model {solid lines). The model overestimates the intracellular uptake by roughly an order of magnitude.

biological mechanisms which could help cells repair the membrane after
electroporation are also needed [88]. Much inspiration on how to
develop the required mathematical expressions can actually be found in
the historical development leading to the cxisting models of electropo-
ration and molecular transport [24,25,31,68].

4. Conclusions and recommendations

Our study concludes that none of the cxisting single-cell models
describing electroporation and the associated transmembrane molecular
transport is universal enpugh to describe the entire range of experi-
mental measurements of small molecule transport through the mem-
brane. While upgrading and/or adapting the existing models might
enable some progress, we anticipate that investments into a better un-
derstanding of the molecular mechanisms of the increased membrane
permeability are more likely to result in successful development of a
mechanistic electroporation model that can be applied for the cntirc
range of pulse parameters used in electroporation applications {is such a
model can exist). To this end, insights from molecular modeling and
experiments on different model membrane systems with increasing
complexity will undoubtedly play one of the crucial roles. Another
crucial role will be played by well-designed and well-reported experi-
mental measurements against which an electroporation model can be
compared and validated [82]. Based on our findings we suggest that the
experiments designed to validate electroporation models include:

e quantitative measurements of molecular uptake (or leakage);
e time courses of the intracellular concentration(s);
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e 2D profiles of the intracellular concentration {to show asymmetric or
symmetric uptake);

e measurements carried out over a wide range of pulse durations and
amplitudes and also considering different number of pulses;

e measurements carried out for different molecules {at least one
anionic and one cationic to determine the role of electrophoresis in
the total uptake).

The experiments further need to report on cell size and shape, cell
density, the conductivity of the extracellular electroporation medium,
pulse shape, exact values of molecnles characteristics {concentration
and, if possible, the diffusion constant within the extracellular/intra-
cellular medium), and temperature at which the experiments were
performed, as these are all parameters which affect the modeling results
but are in practice often not all reported. The experiments should also
estimate the electric field strength experienced by the cells correcting for
chemical oxidation or electrolytic reaction that might reduce the voltage
established on the sample. For microscopic images, relevant details of
the imaging configuration should be reported, for example, the focal
depth in wide-field microscopy or the thickness of the foeal plane in
confocal microscopy.

Finally, we encourage authors to share their models through open
access repositories, as we often find that the descriptions of the models
in the publications do not provide sufficient detail and/or contain
typographic errors that impede reproducibility and reuse of the reported

maodels.
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Abstract: Electroporation is a biophysical phenomenoen invelving an increase in cell membrane perme-
ability to molecules after a high-pulsed electric field is applied to the tissue. Currently, electroporation
is being developed for non-thermal ablation of cardiac tissue to treat arrhythmias. Cardiomyocytes
have been shown to be more affected by electroporation when oriented with their long axis parallel
to the applied electric field. However, recent studies demonstrate that the preferentially affected
orientation depends on the pulse parameters. To gain better insight into the influence of cell orienta-
tion on electroporation with different pulse paramcters, we developed a time-dependent nonlincar
numerical model where we calculated the induced transmembrane voltage and pores creation in
the membrane due to electroporation. The numerical results show that the onset of electroporation
is observed at lower electric field strengths for cells oriented parallel to the electric field for pulse
durations >10¢ us, and cclls oriented perpendicular for pulse durations ~100 ns. For pulses of ~1 ps
duration, electroporation is not very sensitive to cell orientation. Interestingly, as the electric field
strength increases beyond the onset of electroporation, perpendicular cells become more affected
irrespective of pulse duration. The results obtained using the developed time-dependent nonlin-
ear model are corroborated by in vitro experimental measurements. Qur study will contribute to
the precess of further development and optimization of pulsed-field ablation and gene therapy in

cardiac treatments.

Keywords: finite element model; time demain; electroporation; pulsed-field ablation; cardiomyocyte;

intracellular calcium; lethal electric field strength; cell orientation; anisctropy

1. Introduction

Electroporation is the underlying mechanism in a new promising cardiac ablation
method—’ulsed Field Ablation (PYA)—currently being developed for the treatment of
atrial fibrillation and other cardiac arrhythmias [1-3]. Electroporation has also been at-
tributed to performing a role in cardiac defibrillation [4] and has shown promise for cardiac
regeneration based on gene therapy [5,6].

Electroporation is a phenomenon where the application of high-voltage electric pulses
to isolated cells or tissues transiently increases membrane permeability allowing the trans-
port of ions and molecules otherwise deprived of or having hindered transmembrane
transport mechanisms [7,8]. Following electroporation, cells may recover and survive (i.e.,
reversible electroporation), or lose homeostasis and undergo cell death (i.e., irreversible
electroporation). 'The increase in cell membrane permeability is due to a supraphysiolog-
ical transmembrane voltage (more than a few 100 mV) induced by an external electric
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field [9,10] and can involve pore formation in the lipid bilayer of the cell membrane, ox-
idative lipid damage, and structural alteration of specific membrane proteins [11]. The
induced transmembrane voltage varies with the position on the membrane and depends on
cell size, shape, and orientation with respect to the applied electric field [11-13]. The time
course of the induced transmembrane voltage for spherical and other regularly shaped cells
can be determined analytically, and for cells with more complex and irregular shapes, such
as isolated cardiomyocytes, it can be calculated numerically [12,13]. In general, electrepora-
tion follows a “size rule” in the sense that larger cells are electroporated at lower electric
field strengths than smaller ones, as the induced transmembrane voltage is proportional to
the electric field strength and cell radius.

Cardiac tissue is composed of different types of cells (e.g., cardiomyocytes, fibroblasts,
smooth muscle cells, immune cells, neuronal cells, ete. [14]), whereby the target of the
electroporation therapy are typically cardiomyocytes. Cardiomyocytes are cardiac muscle
cells that are elongated and rod-shaped with a non-smooth membrane surface and a
complex array of tubules. Cardiac transverse tubules (t-tubules) are invaginations of
cardiomyocyte sarcolemma and are involved in the maintenance of resting membrane
voltage, action potential initiation, regulation and propagation, signaling transduction,
and the coupling for the excitation-contraction cycle [15]. Cardiac myocytes are organized
in fibers and their orientation within the heart is variable. For example, in ventricular
tissue, fibers turn from a circumferential orientation on the epicardium to an apicobasal
orientation in the endocardium [16-18]. Fiber orientation in the atria is more irregular
than that of the ventricles [19-21]. In the context of cardiac arrhythmia treatment, a wide
range of pulse shapes and durations have been investigated and used in vitro and in vivo,
from exponentially decaying pulses to monophasic pulses with duration ranging from
milliseconds te naneseconds, and most recently, short us-long biphasic pulses referred to as
high-frequency irreversible electroporation (HFIRE) [22-29]. The orientation of elongated
cardiac cells and the different pulse parameters (e.g., amplitude, duration, number, and
repetition frequency), which are used for the treatment, might affect the efficiency of PFA
treatment. An efficient way to determine the effect of an external electric field on a cell is
by numerical modeling combined with in vitro experimental results.

Milan et al. [30] studied the induced transmembrane voltage due to the applied exter-
nal electric field on a single cardiomyocyte from the modeling point of view and showed
that the shape of cardiomyocytes can be approximated by a prolate spheroid. Under steady-
state conditions, the cardiomyocytes (and other elongated cells) are predicted to be more
affected when oriented parallel to an external electric field compared to perpendicular
orientation. However, it was observed experimentally that cardiomyocytes are electropo-
rated by nanosecond pulses at lower electric field strengths when oriented perpendicularly
to the electric field compared to the parallel orientation [27,31]. Surprisingly, to some
‘size rule” [32]

-

extent, effects associated with electroporation do not always follow the
as intuitively expected based on simple steady-state calculations. A study published by
Dermol-Cerne et al [31] showed that parallel orientation is more affected than perpendicu-
lar orientation when a single monophasic pulse of >1 us duration is applied to different
electric fields. Chaigne et al. [33] recently published a study in which authors investigated
the lethal electric field strengths of a single-oriented cardiomyocyte when applying a single
monophasic pulse of 10 ms or 100 ps pulse duration. The authors showed that the cells ori-
ented perpendicular to the electric field had a lower lethal threshold at 100 ps than parallel
cells, but cells oriented parallel to the electric field had a lower lethal threshold at 10 ms
than perpendicular cells [33]. Interestingly, they showed that perpendicular orientation
is more affected than the parallel one when using 100 us pulse duration which seems to
be in contrast to the findings from Dermol-Cerne et al. [31]. To gain a better mechanistic
understanding of the in vitro experimental data published by Dermol-Cerne et al. [31] and
Chaigne et al. [33], we developed a time-dependent nonlinear numerical model which
included membrane electroporation. We built upon a previously published steady-state
model of a single cardiomyocyte with realistic shape and simplified prolate spheroid shape,
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which was exposed to electric field [30]. In contrast to the steady-state model, our model
also captures the nonlinear behavior of the induced transmembrane voltage as the mem-
brane is being electroporated [34,35]. We used our developed model to investigate the effect
of cardiomyocyte orientation on electroporation induced by a single monophasic pulse of
durations from 10 ms to 100 ns pulses. These pulse parameters were chosen specifically
to be able to compare the modeling findings with in vitro experimental data previously
reported by Dermol-Cerne et al. [31] and Chaigne et al. [33]. Since the cardiomyocyte model
did not include t-tubules, we have numerically modeled these by varying the membrane
capacitance to determine how these would affect the induced transmembrane voltage and
electroporation. The modeling results suggest that the orientation at which cardiomyocytes
become preferentially affected by electroporation pulses depends in a complex way both
on pulse duration and the electric field strength. The model findings corroborate and
bring better mechanistic understanding on the apparently conflicting experimental results
published previously [31,33]. In addition, the modeling results may become relevant for
interpreting results at the tissue level in clinical applications of PFA.

2. Materials and Methods
2.1. The Time-Dependent Numerical Model with Electroporation

A time-dependent nonlinear numerical model was developed, including the phe-
nomenon of electroporation, to study the effect of the external applied electric field on a
cardiomyocyte. The model was developed using COMSOL Multiphysics 5.6 software (Com-
sol, Inc., Burlington, MA, USA). Two different geometries, prolate spheroid (Figure 1A) and
the real-shaped geometry of a cardiomyocyte (Figure 1B) were used to represent a single
cardiomyocyte. The real-shaped geometry of a cardiomyocyte was kindly provided by
Milan et al. [30]. Both geometries were modeled in the center of the simulation cube with
dimensions 400 pm x 400 um x 400 um (Figure 1C).

—~

Figure 1. Geometrics used to represent a cardiomyocyte with an electric field applied parallel to
the long axis of the cell. {A) Prolate spheroid geemetry, 120 um long, 30 pm wide, and 30 um high.
(B} Real-shaped geometry 142 pm long, 36 um wide, and 21 pm high. Both the real-shaped geometry
and its prolate spheroid approximation were the same as in Milan et al. [30]. (C) The cell was at
the center of the box when the clectric field was applied parallel to the long axis of the cell. The

violet-colored sides of the box represent the electrodes to which the voltage was applied.

‘The electric potential distribution, V, in the intracellular and extracellular subdomains
was calculated in the AC/DC module, Electric Currents physics by solving the Laplace equation:

d
\V& { (Ui,y + Sz‘,cg) A% Vi,c:| =0 (1
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where o;, and ¢; . denote, respectively, the conductivity and the dielectric permittivity of
either intracellular (subscript i) or extracellular (subscript ) medium. The cell membrane
was modeled using the Contact tmpedarnce Boundary Condition:

] = % (UD’H + EOEJH%) (VJ — VL) (2)
where 7 is the normal vector, J is the current density, d;; is the cell membrane thickness, o, is
the cell membrane conductivity, ey, is the cell membrane permittivity, g is the permittivity
of the vacuum, and V, and V; are the electric potentials at the outer and inner surfaces
of the membrane, respectively. The induced transmembrane voltage (TMV) is calculated
as the difference between the extracellular, V,, and intracellular, V;, electric potential,
T™MV =V, — V,.

A monophasic electric pulse with different pulse durations of 10 ms, 1 ms, 100 ps,
10 us, 1 ps, and 100 ns was applied on the two opposite boundaries of the simulation cube,
either parallel or perpendicular to the main axis of the cardiomyocyte. The remaining four
taces of the cube were modeled as insulating surfaces. The electric pulse was obtained
by subtracting two Heaviside functions using the COMSOL’s built-in function ficThs [36].
The pulse rise time was set to 1/100 of the pulse duration. The values of the electric field
applied in the numerical model were from 10 V/cm to 10° V/cm.

Pore formation was calculated as a function of time and thus can only be added
in the time-dependent simulations. The pore formation was described by the following
differential Equation (3) implemented in COMSOL Multiphysics as a Weak Form Boundary
partial differential equation:
oy’ N o)

dN [
= Qae To—fx—

_ N 3)

where N represents the pore density (number of pores per unit area), U,; denotes the
TMV, Ny is the pore density when U, = 0V, and Vi, a, and g are model paramcters,
respectively. The first term of Equation (3) represents pore creation and the second one the
pore annihilation [37,38].

The increase in cell membrane conductivity during electroporation, 7., was calculated as:

2?“';720';)‘1]#[

4
mrp + 2dpy @

Fep = Un +

where r, and vy are the radius and conductivity of a single pore, respectively. The first
term of Equation (4) represents the passive membrane conductivity and the second one
is the increase in conductivity due to electroporation [37,38]. The parameters used in the
numerical model are shown in lable 1.

Table 1. Model parameters.

Parameter Symbol Vvalue Ref.
Intracellular permittivity & 80 [39]
Extracellular permittivity € 80 [39]
Intracellular conductivity a; 0.8 $/m [30]
Extracellular conductivity e 1.4 5/m [30]
Membrane conductivity ™ 1.4925 x 10 ¥ S/m [30]

Membrane thickness o 5nm (371
Membrane capacitance Ci !_%_?0“51:52:[2 . Eg}
Block length L 400 um Arbitrary
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Table 1. Cont.
Parameter Symbol Value Ref.
Electroporation constant q 1.46 [31]
Electroporation paramcter A 10° 1/{m?s) [37]
Characteristic voltage of electroporation Vep N.258 V, [37]
Equilibrium pore density Ny 1.5-10% 1/m? [37]
Pore radius p 0.76 nm [37]
Pore Conductivity (cell membrane) Tp (0o — 07}/ In(ve — o3} [36]

* Used in calculations presented in Figure 4.

2.2, In Vitro Experiments: Calcium Transients in Cardiomyocyte-Derived Cell Lines

We compared our numerical model with experimental results previously published
by Dermol-Cetne et al. [31]. The electroporation extent was evaluated by calcium uptake
to cells from the external medium [41]. In brief, H9c2 rat cardiac myoblast cell line (Eu-
ropean Collection of Authenticated Cell Cultures ECACC 88092904) and AC16 human
cardiomyocyte cell line (Merck Millipore, SCC109) were stained with a fluorescent calcium
indicator Fura-2 AM and exposed to a single monophasic electric pulse of different dura-
tions, ranging from 10 ms to 100 ns. In each experiment, cultured cells were exposed to
a single monophasic pulse of the same duration, but increasing voltage was applied 8 to
12 min apart that allow the cells to reseal and restore low internal calcium concentration.
Cells were monitored under a fluorescence microscope (Zeiss Axiovert 200, Oberkochen,
Germany) in ratiometric measurements using two excitation wavelengths (340 and 380 nmy}.
When internal calcium concentration increased due to calcium uptake, the Fura-2 340/380
ratio increased. With the use of an image-processing program Image] (National Institutes
of Health, Bethesda, MD, USA), the orientations of cells in an electric field were determined
and a mean ratio of Fura-2 340/380 was calculated for each cell. The Fura-2 signal was
expressed as a Fura-2 ratio 340/380 peak change, which occurred 8 s after the pulse applica-
tion (see Supplementary Figure 51). The in vitro data of the aforementioned experimental
work are presented in a way that it is possible to evaluate two different outcomes. The first
outcome is the quantification of the difference in fluorescent calcium indicator Fura-2 signal
in parallel and perpendicular cells already published in Dermol-Cerne ct al. [31]. The sec-
ond outcome is the determination of the Fura-2 ratic 340/380 peak change observed when
the cells are oriented parallel or perpendicular to the applied electric field (unpublished
data and presented in this study). Statistical analysis for the aforementioned cell experi-
ments was performed using Excel and SigmaPlot 11.0 (Systat Software, Chicago, IL, USA).
The results in Figure 6 (unpublished data} are expressed as means & SD. The normality of
the data distribution was tested with the Kolmogorev—Smirnov test. Significant differences
(p < 0.05) in Fura-2 responses were determined by paired #-test. In very rare occasions (2
out of 60 groups), the distribution was not normal, and instead, the Wilcoxon signed-rank
test was used; however, in these two cases, the differences were not significant.

2.3. In Vitro Experiments: Llectric Fieid Lffect on Digstolic Calcivm Level in Primary Cardiomocyfes

A detailed methodology was provided before [33]. Briefly, adult rat cardiomyocytes
were enzymatically isclated from the left ventricle and loaded with 4 uM Fura-2 AM
(Invitrogen) to monitor intracellular calcium. Myocytes were placed between parallel
electrodes with 4 mm gap distance and exposed to monophasic 100 us pulses of increasing
voltage: 80 V, 140 V, and lethal high voltage pulses. For the latter, the voltage applied
was different for cells oriented parallel and perpendicular relative to the electric field as
a consequence of their different sensitivity to pulsed electric fields. The diastolic calcium
level, corresponding to the 340/380 ratio at rest, was measured prior to and at the maximum
level following the application of the electroporating pulse. Statistical analysis for this
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experiment was performed with a two-way repeated-measure ANOVA, followed by a
Bonferroni multiple comparison test using SigmaPlot 14.0.

3. Results and Discussion
3.1. The Time-Dependent Numerical Model with Included Electroporation

A time-dependent nonlinear numerical model was developed to investigate the phe-
nomenon of electroporation when exposing a cardiomyocyte to a single monophasic electric
pulse of different pulse durations, i.e., 10 ms, 1 ms, 100 us, 10 us, 1 ps, and 100 ns. Numerical
simulations were performed for a prolate spheroid, which was previously used as a simpli-
fied model of cardiomyocyte geometry [24,30,42,43], and for a real-shaped cardiomyocyte
geometry [30]. Figure 2A first shows the spatial distribution of the induced transmembrane
voltage (TMV) at the end of exposure to a non-electroporating 10 ms, 1 V/cm pulse, when
the cell is oriented with its long axis either parallel or perpendicular to the applied electric
field. The induced TMV is, by absolute value, always the highest at the membrane regions
facing the electrodes, both for prolate spheroid and real-shaped geometry, and both for par-
allel and perpendicular orientation of the cell. When applying a non-electroporating pulse,
the induced TMV reaches higher values when the cell is oriented parallel with respect to the
electric field, compared with perpendicular orientation. Figure 2B again shows the spatial
distribution of the induced TMV, but now at the end of an electroporating 10 ms, 500 V/cm
pulse. When the absolute value of the TMV becomes sufficiently high (several 100 mV),
pores start forming in the membrane, and consequently, membrane conductivity increases
and the induced transmembrane voltage settles to a value of approximately 1 V [37,44].
In this case, the maximum induced TMV is ~1 V both in the parallel and perpendicular
orientation of the cell. However, the maximum pore density (number of pores formed per
unit membrane area) is different in parallel and perpendicular orientations, as shown in
Figure 2C. These results show that the induced transmembrane voltage and the number
of pores formed in the membrane depend on the cell orientation and the strength of the
applied electric field.

Parallel Perpendicular TMYV (mV)
A |1 V/em ; no electroporation 6
E E E E|N3
= J\ N\l
- -3
_6
B | 500 Viem ; electroporation TMV (V)
= 1
g I _ E Elos
&7 &= ’\ ,,\ .
—0.5
~1
N (m?)
C | 500 V/em ; electroporation szw"
E E
- E E| 809
N N\ oo
0.3
0

Figure 2. 'The spatial distribution of transmembrane voltage (1MV) induced by a 10 ms pulse of
(A) 1V/cm (without electroporation) or (B) 500 V/cm (with electroporation). (C) The spatial distribu-
tion of the pore density (m~2) induced by the end of a 10 ms, 500 V/cm pulse (with electroporation).
In each panel, the results are shown for prolate spheroid and real-shaped geometry when the electric
field is applied either parallel or perpendicular to the long axis of the cell. The direction of the applied
electric field is indicated by the arrows. Note different scales of TMV for panels (A,B).

The total number of pores formed in the cell membrane was evaluated as a function
of the applied electric field strength from 10 V Jem to 10° V/em when exposing the cell
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to a single monophasic pulse of different durations (10 ms, 1 ms, 100 us, 10 us, 1 us, and
100 ns). Simulations were again performed for both prolate spheroid and real-shaped
geometry and in both parallel and perpendicular orientations. The results are presented
on the left side of Figure 3. Overall, the relationship between the pore number and the
electric field strength for a real-shaped geometry is very similar to that of a prolate spheroid.
This was additionally confirmed by comparing the local pore density in prelate spheroid
and real-shaped geometry in a specified membrane region around the poles of the cell
(Supplementary Figures 52 and 53}. In general, the number of pores in the cell membrane
always increases with increasing the applied electric field. However, the relationship
between the number of pores and the applied electric field strongly depends on both the
cell orientation and pulse duration. This can be observed in the graphs on the right side
of Figure 3, which show the ratio of the number of pores formed in the cell membrane
when the cell is oriented either parallel or perpendicular (parallel/perpendicular). For
pulses with a pulse duration of >10 ps, cells oriented parallel to the electric field become
electroporated at lower electric field strengths. In contrast, for a 1 us pulse, the electric
fields at which electroporation onsets are comparable for both perpendicular and parallel
orientation. For a 100 ns pulse, cells oriented perpendicular (not parallel!) to the electric
field become electroporated at lower electric field strength. Thus, there is a “crossover” at
a pulse duration at the order of ~1 us, Figure 3K, at which the orientation with the lower
onset of electroporation shifts from parallel to perpendicular as observed in experiments
and reported before [31].

In addition, the model suggests that the orientation, at which cells form more pores
due to electroporation, depends not only on the pulse duration but also on the electric field
strength. Interestingly, for pulses with a duration of >10 us, parallel orientation is the one
in which pores start forming preferentially (at lower electric field strengths); however, as
the electric field is increased beyond a certain value, cells in perpendicular (not parallel!)
orienfation achieves a greater pore number and thus become more electroporated. This can
ke observed both for the real-shaped geometry and the prolate spheroid, suggesting that
such behavior would be observed for any cell of elongated shape. Thus, the model suggests
there is another “crossover” at which the orientation of cells that are more electroporated
shifts from parallel to perpendicular. This crossover appears as the electric field is increased
and can be observed only for pulses with a duration of =10 us, Figure 3A-D. For a 1 ps pulse,
the onsct of electroporation occurs at similar electric field strengths for both orientations;
however, the perpendicular orientation becomes more electroporated at higher electric
field strengths. For a 100 ns pulse, perpendicular orientation is always more electroporated
compared to parallel orientation, regardless of the applied electric field strength.

3.2. The Effect of T-Tulndes

Cardiomyocytes have a complex membrane shape with many t-tubules, which results
in a higher effective membrane capacitance [17,40]. T-tubules density and crganization
are variable depending on the type of myocyte considered. While ventricular myocytes
have a dense and well-organized t-tubular network, t-tubules density is much lower in
atrial cardiac mvocytes or Purkinje fibers [45]. In our model, the effect of t-tubules on
the formation of the pores in the membrane was considered by increasing the membrane
capacitance from 1 uF/ cm? to 5 nk/s cm? and 10 nE/ cm?. The number of pores in the cell
membrane was again evaluated as a function of the applied electric field from 10 V/cm to
10° V/cm at different pulse durations (10 ms, 1 ms, 100 ps, 10 us, 1 ps, and 100 ns}, Figure 4.
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Figure 3. The number of pores (A-F) and the ratio of the number of pores parallel/perpendicular
(G-L} as a function of the electric field when a single monophasic pulse of 10 ms, 1 ms, 100 pus,
10 ps, 1 ps, and 100 ns long is applied. In (A-F), the red and blue curves present the number of
pores obtained using prolate sphereid or real-shaped geometry, respectively, when the electric field
is applied parallel (solid curves) or perpendicular (dotted curves) to the long axis of the cell. In
(G-L), red or blue curves represent the ratio of the number of pores parallel/perpendicular formed
in the ccll membrane using prelate spheroid and real-shaped geometry, respectively. The black solid
line in (G-L) indicates when the ratio of the number of pores parallel/perpendicular is 1. In (G-L),
the representation of the cell with the orientation of the applied electric field highlights which cell
orientation is more sensitive to pore formation when the electric field is applied. The symbol [-] in
the Y axis indicates that the unit of the number of pores (A—F) and the ratio parallel/ perpendicular

(G-L) is adimensional.
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Figure 4. The number of pores as a function of the clectric ficld using prolate spheroid gecometry
when a single monophasic pulse of (A) 10 ms, (B) 1 ms, (C) 100 ps, (D) 10 ps, (E} 1 ps, and (F) 100 ns
long is applied. The electric field is applied parallel (solid line} or perpendicular (dashed line) to the
long axis of the cell. The cyan, magenta, and black curves represent the number of pores obtained
using a membrane capacitance of 1 pF/em?, 5 uF/em?, and 10 uF/m?, respectively. The symbol [-] in
the Y axis of (A—F) indicates that the unit of the number of pores is adimensional. Please note that in

(A—C) the cyan, magenta, and black lines are overlapping.
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The cyan, magenta, and black curves in Figure 4 represent the number of pores
obtained using prolate spheroid geometry with 1 uF/ cmz, 5 uF/cm?, and 10 pF/cm? as
membrane capacitance, respectively, when the electric field is applied parallel (solid line) or
perpendicular (dashed line} to the long axis of the cell. When the membrane has a greater
capacitance (representative of t-tubules), a higher electric field is needed to observe the
onset of electroporation when using pulses of 100 ns, 1 us, (for both orientations), and 10 ps
{only for the parallel orientation), which is directly related to the longer membrane charging
time. When 100 us, 1 ms, and 10 ms pulses are used, the different values of capacitance
do not affect the number of pores in the cell membrane, as their pulse durations are all
considerably longer than the membrane charging time, even for the highest value of the
capacitance. The charging time of the cardiomyocyte using the prolate spheroid geometry
is ~2 ps (parallel orientation) and ~0.8 ps (perpendicular orientation). Another interesting
observaticn is that the pulse duration, at which electroporation is not very sensitive to cell
orientation (both parallel and perpendicular orientation were similarly affected), shifts
from 1 ps to 10 us, as the membrane capacitance increases from 1 uEF/cm? to 10 uF/cm?.
This means that the above-mentioned “crossover” with respect to pulse duration would be
observed at roughly 10x longer pulse duration in cardiomyoecytes compared to other cell
types with similar aspect ratios but are devoid of t-tubules.

3.3. Experiinental Results and Model Predictions: Calcium Transients in Cardicmyocyfe-Derived
Cell Lines

The numerical results that have been presented so far have shown that the total number
of pores predicted by the model depends on cell orientation, pulse duration, and electric
field strength, whereby the results are very similar in both prolate spheroid and real-shaped
cardiomyocyte geometries. In continuation, our modeling results are compared to exper-
imental results from cardiomyocyte-derived cell lines and primary cardiomvocytes (later
in Section 3.4} Dermol-Cerne et al. [31] reported experimental measurements of calcium
transients using Fura-2 dye in two cardiomyocyte-derived cell lines, H92 and AC16, induced
by monophasic pulses of different duration (from 10 ms down to 100 ns) and electric field
strengths. Calcium transients were observed as a consequence of the uptake of Ca?* ions to
cells from the extracellular medium due to electroporation [46]. Most of the cells of both cell
lines were elongated, with their long axis at least twice the size of their short one. They quanti-
fied the difference in fluorescent calcium indicator Fura-2 signal in parallel and perpendicular
cells (Figure 5A,B, published data). Their study also included numerical simulations, similar
to ours, for prolate spheroid cells with different aspect ratios. Consistent with their model,
they observed parallel cells being electroporated at lower electric field strengths compared to
perpendicular cells for long pulses (1 ms and 10 ms). For pulses of intermediate duration (1 to
100 us), the difference in Fura-2 signal in cells parallel and perpendicular to the electric field
was close to zero, meaning that cells of both orientations, parallel and perpendicular, were
electroporated to a similar extent. For the shortest 100 ns pulses, cells oriented perpendicu-
larly were the ones preferentially electroporated at lower electric field strengths, This can be
observed by locoking at the left-most data points of each curve in Figure 5A,B.

Qur model considering the prolate spheroid geometry was used to plot the ratio
of the number of pores formed in the cell membrane when the cell is oriented either
parallel or perpendicular (parallel/ perpendicular) for pulse durations and the electric field
strengths used in the experiments (Figure 5C). Assuming pores act as pathways for cellular
calcium influx induced by electroporation, the total number of pores is expected to be
roughly proportional to the maximum achievable intracellular calcium cencentration. The
modeling results represent well the trends observed in the aforementioned in vitro cell
electroporation experiments. As was discussed extensively in the previous study [31], both
experimental and modeling data show a crossover of more affected cells from parallel to
perpendicular when reducing the pulse duration from milliseconds to nanoseconds. In
other words, parallel cells are more sensitive for longer pulse durations (>1 us), whereas
perpendicular cells are more sensitive for shorter pulse durations (<1 ps). While the
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model suggests this crossover occurs around a pulse duration of ~1 ps, experimentally
this crossover was observed in the range of pulse durations between 1 us and 100 us,
whereby the shift towards shorter pulse duration in the model could be related to an
underestimated membrane capacitance (representative of t-tubule presence), as shown in
Section 3.2. Furthermore, our meodeling results also suggest that there is another crossover
from parallel to perpendicular orientation, which occurs for a given pulse duration as the
electric field is increased, provided that the pulse duration is more than ~1 ps long. While
this crossover has not been explicitly discussed in the previous study [31], it is evident in
the experimental data, especially for AC16 cells shown in Figure 5B (see the crossing of the
brown and grey lines with the horizontal line as the electric field increases).
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Figure 5. Experimental measurements of calcium transients using Fura-2 ratio 340/380 peak change
using H9c2 and AC16 cell lines when different pulse durations were applied (from 10 ms down to
100 ns) published by Dermol-Cerne ct al. (A,B). *—statistically significant differences from control
{p < (.05}, the Kruskal-Wallis Onc Way Analysis of Variance on Ranks, followed by Multiple Com-
parisons versus Control Group (the Dunn’s Method), see Dermol-Cerne et al. [31]. Figure 5 (A,B}
are reprinted with permission from [31]. (C) represents the ratic of the number of pores paral-
lel/perpendicular obtained with the model using pulse durations and the electric field strengths of
the one used in the experiments (A,B). The symbol [-] in the Y axis of (C) indicates that the unit of the

ratio parallel/perpendicular is adimensional.

In addition, to further support the modeling prediction of a crossover as the electric field
strength is increased, we decided to show the Fura-2 ratio 340/380 peak change observed
when the cells are oriented parallel or perpendicular to the applied electric field (unpublished
data, see Scction 2.2). Indeed, careful inspection of the results obtained with >1-us-long pulses
shows that as the electric field increases, the Fura-2 signal becomes similar for both parallel
and perpendicular cells, or even the perpendicular cells, start to exhibit a greater Fura-2 signal
indicating greater calcium uptake. This was statistically significant in data for 10 us and visible
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in data for 100 ps pulse in AC16 cells (Figure 6L]). For 1 ms pulse in AC16 cells, the electric
field was not increased high enough to approach this crossover; however, the crossover is
indicated in the results from H9cZ where higher electric fields were used (Figure 6B). It should
be noted that the Tura-2 fluorescence signal is linearly proportional to the intracellular calcium
until the Fura-2 binding sites for Ca®* are saturated. Unavoidably the use of high electric field
strengths will induce cellular Ca®" influx approaching the saturation level of the Fura-2 dye,
whereby such saturation can mask the above-discussed crossover with respect to electric field
strength. Thus Fura-2 calcium measurements in Figure 6 cannot unequivocally confirm the
modeling predictions; nevertheless, they are not contradicting them.

3.4. Experimental Results and Model Predictions: Lethal Electric Field Strengths in
Primary Cardiomyocytes

Monitoring intracellular calcium levels with Fura-2 can be a very sensitive indicator of
electroporation at low electric field strengths [41]. However, at high electric field strengths
approaching irreversible electroporation, TFura-2 binding sites can become saturated and
the difference between calcium uptake in parallel and perpendicular cells becomes difficult
to assess. Thus, we further compared our modeling results to the results from the study of
Chaigne et al. [33] who studied electroporation in isclated primary rat cardiomyocytes. The
authors showed that the lethal electric field strength depends on cardiomyocyte orientation
and pulse duration. When applying a single 10 ms pulse, the lethal electric field strength
for 80% probability of lethality is 240 V/cm and 328 V/cm for parallel and perpendicular
orientation, respectively, meaning that cardiomyocytes oriented parallel are more sensitive
to the electric field (as expected). However, when applying a single 100 ps pulse, the effect
of cardiomyocyte orientation on the lethal electric field strength unexpectedly changed, and
cardiomyocvtes became more sensitive in perpendicular orientation; the lethal electric field
strength for cardiomyocytes oriented parallel or perpendicular was found to be 1072 V/cm
and 595 V/cm, respectively. We used our model considering the real-shaped cardiomyocyte
geometry to help interpret the experimental results described. Our calculations (Figure 4)
suggest that 10 ms, and 100 ps, pulse is too long for its effects to be influenced by increased
effective membrane capacitance due to t-tubules. Thus, we plotted the relationship between
the total number of pores and the electric field strength for cardiomyocytes with default
membrane capacitance (1 uF/ cm?) oriented parallel and perpendicular when exposed to
a 10 ms or 100 us pulse. Then, we indicated the lethal electric field strengths obtained in
experiments, as shown in Figure 7A,B. For electric field strengths, which were lethal at a
10 ms pulse, there were considerably more pores formed in parallel orientation (Figure 7A),
suppeorting the experimental observation that parallel cells are more sensitive than per-
pendicular. However, for higher electric field strengths, which are lethal at 100 us pulse,
there are more pores formed in perpendicular orientation compared to parallel orientation
(and a greater fraction of the membrane area electroporated, Supplementary Figure 54),
supporting the experimental observation that perpendicular cells are more prone to irre-
versible electroporation when exposed to 100 ps pulse. These experiments thus additionally
support the modeling prediction that there is a crossover with respect to the electric field
strength, at which perpendicular cells become more affected compared to parallel cells. To
further confirm that there is indeed a crossover that occurs at high electric field strengths,
Tigure 7D presents experimental measurements of Ca®* uptake using Fura-2 dye in rat pri-
mary cardiomyocytes exposed to 100 ps pulse but of lower (sublethal} electric field strengths.
Otherwise, the electroporation protocol was the same as in Chaigne et al. [33]. The results
in Figure 7D present the level of diastolic intracellular Ca** measured after exposure to an
electric pulse. We consider that the level of diastolic Ca* canbe best compared to our model,
which predicts the number of pores in the membrane formed by the electric pulse. Indeed,
the experiments show that the level of diastolic Ca?" becomes more increased in parallel
cells compared to perpendicular cells for these lower electric field strengths, consistent with
the model (vertical dashed lines in Figure 7B indicate these lower electric field strengths and
show that the model predicts a greater number of pores formed in parallel cells).
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Figure 6. Fura-2 ratio 340/380 peak change as a function of the applied electric field using H9¢2
cell line (A-F) and AC16 cell line (H-L) when a single pulse of either 10 ms, 1 ms, 100 us, 10 ps,
1 ps, and 100 ns long is applied. (G) represents the elongated cells (a > 2b) with their longer axes
{(a) oriented parallel or perpendicular to the applied electric field E, with 20° tolerance in angle.
The symbol [-] in the Y axis of (A-F,H-L) indicates that the unit of Fura-2 signal is adimensional.
Experimental results of H9¢2 cells (A—F) were obtained from 5-30 cells per experiment, an average of
three independent experiments, except for 1 ms (N = 4), 10 ms (N = 5), 100 ns, 40 and 46.6 kV/cm
(N =5), 100 ns, 20 kV /em (N = 6}, and 100 ns, 26.6 kV/cm (N = 9). Experimental results of ACl6 cells
(H-L) were obtained from 4-23 cells per experiment, an average of three independent experiments,
oexcept for 100 ns, 40 kV/em (N = 5), 100 ns, 46.6 KV /em (N = 6), 100 ns, 20 kV/em (N = 7} and 100 ns,
266 kV/cm (N = 7). N is the number of repetitions. Results are expressed as a mean + standard
deviation. *—statistically significant differences from control (p < 0.5), paired f-test.
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Figure 7. Comparison between the model and experimental results in primary cardiomyocytes.
(A,B) The predicted number of pores as a function of the electric field when a single pulse of 10 ms (A)
or 100 ps (B) is delivered. The clectric field is applied parallel (solid blue line) or perpendicular
(dashed blue line) to the long axis of the cell. The vertical solid and dashed magenta lines indicate the
value cf the lethal electric field for the parallel and perpendicular crientation, respectively that are
reperted in [33]. The symbel [-] in the Y axis of (A,B) indicates that the unit of the number of pores is
adimensional. (C) Tabulated lcthal electric field strengths were determined experimentally in [33] for
parallel and perpendicular orientation when a single 10 ms or 10¢ ps pulse was applied. Lethal electric
field strengths are estimated as the lethal voltage, reported in [33] divided by the electrode distance
(4 mmy). (D} Comparison of maximum diastolic [Ca?*] for parallel and perpendicular orientation
after exposure to 100 us pulse of increasing electric field strengths [33]. These sublethal electric fields
(experimental results) are indicated with the grey region in (B). In (D}, the results are expressed as
a mean =+ standard error of the mean with individual values for each cell. The asterisks represent:
* p < .05, % p < 0.001.

3.5, Limitations of the Model

Cur modeling results suggest that the orientation at which cardiomyocytes (and other
elongated cells) become preferentially affected by electroporation pulses depends both
on pulse duration and the electric field strength. According to the model, there are two
crossovers were preferentially affected orientation shifts from parallel to perpendicular. One
crossover can be cbserved for relatively low electric fields (likely corresponding to reversible
electroporation, i.e., sublethal} when reducing the pulse duration from milliseconds to
nanoseconds. The other crossover can be observed for pulses with a duration of >1 us when
increasing the electric field strength. The first crossover has been confirmed previously by
measurements of calcium uptake into cardiomyocyte-derived cell lines [31]. The second
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crossover identified in this study is supported by measurements of the lethal electric field
strengths and calcium uptake in primary rat cardiomyocytes ([33] and Figure 7C,D), and
by the revisited measurements in cardiomyocyte-derived cell lines (Figure 6). Thus, the
prediction of the two crossovers seems to be robustly confirmed by experimental data.

Nevertheless, the existing electroporation models, including the one used in this
study, have several limitations [47]. Electroporation models consider that the increase
in membrane permeability can mainly be attributed to pores formed in the lipid bilayer
of the cell membrane. While this mechanism is probably dominant during the on-time
of the pulse, other mechanisms are considered to contribute and may even dominate in
the increased membrane permeability after the pulse, including membrane defects due
to oxidative lipid damage [48-50] and electric-field mediated perturbation of membrane
proteins such as voltage-gated ion channels [51]. This post-pulse increase in permeability
lasts up to several minutes (at room and physiological temperature) and mediates most
of the transmembrane transport of small ions, such as calcium, and small molecules, such
as ATP [52-54]. Furthermore, the resealing process of the cell membrane that takes place
after the pulse is not merely a passive pore closure as assumed in the models, but involves
membrane repair mechanisms, such as exocytosis and endocytosis [55,56].

Qur electroporation model in principle considers only lipid pores that form in the
cell membrane during the pulse. Nevertheless, it is reasonable to assume that other
effects, including the post-pulse increased membrane permeability, intracellular calcium
uptake, and effects leading to cell death, are at least roughly correlated with the number
of pores that we simulate with our model. Indeed, the model predictions are found to be
qualitatively in agreement with experimental measurements of calcium uptake and lethal
electric field strength when assessing the orientation in which the cell is preferentially
affected for a given pulse duration and electric field strength. However, the total number of
pores returned by the model has limited utility for predicting lethal electric field strength
(irrespective of orientation) for different pulse durations. Specifically, the model predicts
a considerably greater number of pores at electric field strengths that are lethal when
applying a 100 ps pulse (] 0° pores) compared to a 10 ms pulse (>2 X 109 pores), cf.
Figure 7A,B. Thus, the pore number predicted by the model cannot be used as a proxy
for cell death when comparing pulses of different duration. Indeed there are additional
effects associated with electroporation that could contribute to cell death, apart from pore
formation and increased membrane permeability, including electrodeformation of the cell
shape [57] and disassembly of the cytoskeletal network [58], both of which are expected
to be more profound with longer pulses. Overall, the mechanisms of cell death following
electroporation at present remain elusive and require further research [59].

In our model, we investigated the effects of an external electric field on a single
cardiomyocyte when a single monophasic pulse of different pulse durations and electric
field strengths was applied. Qur modeling is largely motivated by in vitro experimental
data published by Dermol-Cerne et al. [31] and Chaigne ef al. [33] and is aimed at gaining
a better understanding thereof. However, clinical applications of PFA use a wide range of
pulse waveforms, including monophasic and biphasic pulses with durations ranging from
nanoseconds to milliseconds, and more importantly, most of these waveforms are composed
of Jarge numbers of pulses—trains of pulses [2,28,29]. Therefore, it is important to admit
that existing electroporation madels (including the one used in our study) have strong
limitations when it comes to representing the experimentally observed cumulative effect
of the number of pulses, as shown in ours and others’ previous numerical studies [47,60].
Thus, further development of electroporation models is required to model more complex
pulse waveforms that are being used in or are being developed for clinical applications.

While our model considered a single cardiomyocyte, our modeling findings regarding
the influence of cell crientation for given pulse duration and electric field strength are
nevertheless informative for interpreting the results at the tissue level. Even though in
tissue, the electric field distribution is always inhomogeneous due to many factors, among
them electrode/catheter geometry, tissue conductivity heterogeneity, and anisotropy, it
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should be noted that an individual cell within the tissue will be locally exposed to roughly
homogeneous field of a specific magnitude over the length scale of one cell (similarly as
modeled in our study).

Finally, in our model, we consider the effects of t-tubules only by changing the values of
membrane capacitance since the explicit representation of t-tubules is computationally much
more demanding due to their small and elongated size, which requires a potentially large
number of discretization elements (finite elements in our case) and more importantly difficult
validation of the results. However, in the future, it would be interesting to model the realistic
structure of t-tubules in the cardiomyocyte studying how they affect electroporation.

3.6. Clinical Relevance

Understanding the effect of orientation with regard to sensitivity to electrical fields
in anisotropic tissues, such as the cardiac tissue, is important, and this particular study
further informs translational research aimed at developing novel and improved PFA de-
vice therapies. One issue that has become apparent in the PFA literature is the relatively
high variability in lesion size using PFA devices, a finding that merits further investiga-
tion [61-64]. Tissue anisotropy and the specific orientation of the cardiac myocytes to the
electric fields on ablation electrodes are possible hypotheses for this observation.

While the present investigation has focused on modeling ventricular cells, the primary
anatomical targets for PFA are currently the pulmonary veins (PVs) to isolate PVs from the
rest of the atrium. Rapid electrical activity in 'Vs has been suggested as a key mechanism
for focal atrial fibrillation [65]. The myocardial anatomy, histology, and architecture of P'Vs,
while similar to atrial myocardium [66], is different from ventricular cells. PV myvocytes are
oriented circumferentially in the veins and the PV sleeves containing the myocytes extend
into the veins for 4-20 mm [66]. Atrial myocytes are generally thinner than ventricular
myocytes with reported widths of 6 to 15 pm [67,68], while the length is within the range
of ventricular myocytes (120 pm) [68]. Thus, the reported calculations in the present paper
are relevant for not only ventricular but also atrial cells, including the atrial cells of the PVs.

Interestingly, the orientation of the atrial myocytes in the PVs will likely be perpendic-
ular to applied fields due to their circumferential orientation in the PV sleeves, assuming
circular or balloon-shaped PFA ablation electrodes. Based on the present data, it could
then be argued that a pulse duratien of 100 ns might be advantageous as cells criented
perpendicular (not parallel} to the electric field become electroporated at lower electric
field strengths. Thus, a relatively lower electric field strength would be needed to achieve
electroporation in perpendicularly oriented PV cardiomyocytes when a 100 ns pulse was
used, which could, at least in theory, further improve the safety profile of the therapy.

Conversely, in tissues where the orientation of tissue relative to the ablation electrodes
is difficult to control, a 1-10 ps pulse may be advantageous as the electric fields at which
electroporation onsets are comparable for both perpendicular and parallel orientation (per
Figures 3 and 4), so in a sense is “orientation agnostic”, i.e., independent of orientation.
For example, ventricular tissue is known to be multi-layered, and heavily trabeculated,
and the orientation of the ablation electrodes (with various shapes and resulting electrical
fields) relative to those tissues are less controlled and conceivably less predictable than in a
simpler PV anatomy. The example does not consider the effects of t-tubules (which results
in increases in membrane capacitance and a shift of those cross-over values).

It needs to be understood that the aforementioned is a little bit of an oversimplification
as at higher field strengths perpendicular cardiomyoccytes become more electroporated.
In this respect, it should also be stressed that the electric field around the catheter will
always be high and decrease with distance from the catheter, so the simultaneous presence
of high and low electric fields is unavoidable. Therefore, the complex interplay between
pulse durations, electric field strengths, and cell orientation should in general always be
taken into account. These examples in principle demonstrate how findings from numerical
models describing electroporation at the single-cell level can inform translational PFA
research efforts.
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2, Conclusions

To study the effect of electroperation on a single cardiomyocyte we developed a
time-dependent nenlinear numerical model of electroporation building upon Milan et al.
model [30]. In particular, we investigated how the induced transmembrane voltage and the
number of pores in the cell membrane are affected when applying a monophasic pulse of
different pulse durations and electric field strength, considering different cell shapes, the
presence of t-tubules by increasing the membrane capacitance, and the cell orientation with
respect to the applied electric field. To gain a better understanding of seemingly conflicting
in vitro experimental data published by Dermol Cerne et al. [31] and Chaigne et al. [33],
we compared the experimental results with the modeling findings.

The modeling results show that prolate spheroid geomelry is a reasonable approximation
of a real-shaped cardiomyocyte geometry when modeling electroporation. In addition, prolate
spheroid geometry (simple geometry) is computationally less demanding than using real-
shaped geometry (complex geometry). The main difference between both geometries is at
intermediate electric field strengths, where the onset of electroporation slightly ditfers for
a prolate spheroid and real-shaped cardiomyocyte. The presence of t-tubules effectively
increases the membrane capacitance and thus affects electroporation when 100 ns, 1 ps,
and 10 us pulses are used. Thus, t-tubules should be taken into account when modeling
electroporation of cardiomyocytes exposed to pulses with a duration less or equal to ~10 us.
This becomes relevant for cardiac cell types which have many t-tubules, such as ventricular
cardiomyocytes being targeted in ventricular ablations, which may thus require longer pulses.

The orientation at which the cells are preferentially atfected by electroporation depends
on beth pulse duration and electric field strength. For sub-microsecond pulses, cells are
more affected in the perpendicular orientation at all electric field strengths. For pulses
with duration on the order of 1 us, the onset of electroporation is observed at comparable
electric field strengths regardless of the orientation; however, as the electric field is increased
considerably beyond the onset, perpendicularly oriented cells become more affected. For
pulses on the order 10 ps and longer, the onset of electroporation is observed at lower electric
field strengths for parallel orientation; however, perpendicularly oriented cells becorne more
affected as the electric field is increased. The presence of t-tubules shifts these crossovers
to the right towards longer pulse durations. Thus, our modeling findings show that for
low electric fields with 100 us pulse duration, the parallel orientation is more affected than
the perpendicular one according to Dermol-Ceme et al. [31]. However, interestingly, for
higher electric fields, there is a shift and the perpendicular orientation is more sensitive than
the parallel one according to Chaigne ct al. [33] with 100 us pulse duration. Thus, in vitro
experimental results from the two studies can be explained by our model.

Qur results are important for developing electroporation for cardiac treatments, including
irreversible electroporation for cardiac ablation, i.e., Pulsed Field Ablation [28], and reversible
electroporation for cardiac gene therapy [69]. The presented model can aid in interpreting
experimental results on the influence of cell orientation on electroporation propensity.

Supplementary Materials: The following supporting information can be downloaded at: htips:
/ /www.omdpi.com/article /10.3390/biom13050727 /51, Figure S1: ‘lhe in vitro experimental setup
for calcium transients in cardiomyocyte-derived cell lines; Figure 52: Areas in which the average
induced transmembrane voltage and the average pore density are evaluated; Figure S3: The pore
density and the relative error of the logarithmic values of the pore density as a function of the electric
field when a single pulse of 10 ms, 1 ms, 100 ps, 10 us, 1 ps, and 100 ns is applied; Figure S4: The
predicted number of pores and the area with pore density >10" as a function of the electric field
when a single pulse of 10 ms or 100 ps long is applied.
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3. Conclusions and future work

The presented thesis shows that different types of pulses are equivalent for potentiating
cisplatin cytotoxicity and can thus potentially be used in ECT with equal effectiveness of
the treatment. In addition, the thesis demonstrates that none of the existing theoretical
models of electroporation can reliably predict molecular transmembrane transport for the
entire range of pulse parameters and experimental conditions used in in vitro cell
electroporation; nevertheless, the models can still help interpret certain experimental
outcomes. The results of the studies are already thoroughly discussed in the papers, thus in

this chapter, I will give the final concluding remarks and discuss future work.

In Paper 1 and Paper 2, we compared the effect of different types of electric pulses
including classical ECT pulses, bursts of high-frequency short bipolar pulses, and millisec-
ond pulses on cisplatin uptake and cisplatin cytotoxicity using in vitro ECT experiments.
We observed that all tested types of pulses potentiate cisplatin uptake and cisplatin cytotox-
icity in an equivalent manner, provided that the electric field is properly adjusted for each
pulse type. Specifically, we achieved similar levels of cisplatin uptake and cisplatin cyto-
toxicity with all tested types of pulses. Thus, we conclude that ECT could be performed
with various types of pulses alternative to classical ECT pulses. Replacement of classical
ECT pulses with bursts of high-frequency short bipolar pulses would be beneficial to reduce
muscle contractions and pain, potentially avoiding the need for anesthetics and muscle re-
laxants. Replacement with millisecond pulses could be beneficial when combining ECT
with GET for immunotherapy. In studies that combine ECT with GET, first, the classical
ECT pulses are applied to enhance the uptake of the chemotherapeutic drug, followed by
millisecond pulses which promote the transport of protein-encoding DNA. The millisecond
pulses are commonly used in GET to electrophoretically drive the DNA molecules toward
the cell membrane and allow the uptake. However, it would be beneficial to use the same
type of pulse when ECT is combined with GET, as this would allow the use of less complex
pulse generators. Nevertheless, our studies only demonstrated that different types of pulses
are equivalent to enhancing the uptake of chemotherapeutic drugs and its cytotoxicity in
individual cells. The future goal is to evaluate the efficacy of different types of pulses in
vivo by comparing their effect on the immune response and vasoconstriction, which are

mechanisms that contribute to ECT but cannot be evaluated in vitro.
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The number of bleomycin molecules needed to kill the cells has been already
determined by Tounekti et al. [114] and is in the range of a few thousand molecules per cell.
In Paper 2 we experimentally quantified the number of cisplatin molecules needed to
achieve a cytotoxic effect, which is in the range of 2—7x107 when classical ECT pulses,
bursts of high-frequency short bipolar pulses, and millisecond pulses are used. Such range
is in agreement with a previous study published by Vizintin et al. [105], which used the
same experimental protocols as in our study, but compared classical ECT pulses and
nanosecond pulses. However, it is important to consider that in vitro conditions are to some
extent different than in vivo. In our in vitro experiments the extracellular concentration of
50 uM of cisplatin was sufficient to guarantee the uptake of sufficient number of cisplatin
molecules to cause cell death but in vivo, the needed extracellular concentration of cisplatin
might be different. In in vitro experiments with cells in suspension, the solute
homogeneously surrounds the cells and freely passes through the electroporated membrane.
The extracellular space is large compared to the volume fraction of the cells, therefore, the
transport of the solute stops only when the cell membrane reseals. In tissue, the cells are
densely packed and the extracellular reservoir containing the drug is comparatively small
and can limit the amount of drug that can enter into electroporated cells due to its depletion.
Furthermore, in vivo, the transport of drugs can be hindered by the increased interstitial
pressure in the tumor, heterogeneous distribution, lymphatic circulation, binding of the drug

to non-target molecules, and metabolism [115]-[117].

ECT of deep-seated tumors typically requires treatment planning. Currently, this
treatment planning considers a fixed electric field threshold to deem the tumor permea-
bilized or not, without considering the uptake of chemotherapeutic drugs. The permeabili-
zation of the cells within the tissue does not guarantee the uptake of a sufficient amount of
the chemotherapeutic drug and thus the success of the ECT treatment. Therefore, the future
goal to improve the treatment planning is to include a model that describes the transport and
the uptake of chemotherapeutics drugs in the tumor tissue/cells. In Paper 3, we took the first
step towards this goal by critically assessing the existing mechanistic models that describe
the phenomenon of electroporation and transmembrane molecular transport at the single-
cell level. We observed that 1) qualitative validation is not sufficient to establish the validity

of a model, i1) quantitative validation in a fixed time point does not necessarily indicate the
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correct description of the kinetics of the uptake, and iii) experiments need to be carefully
designed to be specific enough for model validation. None of the existing mechanistic mod-
els is good enough to describe the phenomenon of electroporation and molecular transport
for the entire range of pulse parameters and types of delivered molecules used in electro-
poration research and applications. Further work is needed to improve these models, for
example, by including mechanisms, that have been identified to participate in increased
membrane permeability due to electroporation in addition to pores formed in the lipid bi-
layer, such as oxidative lipid damage and protein denaturation. However, this requires fur-
ther research to better understand how and why lipid oxidation and protein denaturation take
place and what is the kinetics of these processes. Nevertheless, the existing mechanistic
models can still help interpret specific experimental results, such as the influence of cardi-
omyocyte orientation on electroporation using pulses of different durations, as we demon-
strated in Paper 4. Furthermore, we tested a phenomenological model which was fitted with
cisplatin uptake data obtained in Paper 2. The model quantitatively predicted cisplatin up-

take when different types of pulses parameters were applied.
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4. Original scientific contributions

Testing the equivalence of different types of pulse parameters for

electrochemotherapy with cisplatin

We performed in vitro ECT experiments to compare the effect of classical ECT pulses,
bursts of high-frequency short bipolar pulses, and millisecond pulses on the uptake of
cisplatin, and cisplatin cytotoxicity. The use of bursts of high-frequency short bipolar pulses
has been suggested as a valuable option to mitigate pain and muscle contraction during
electroporation-based treatments. We, thus, performed the first study comparing the effect
of bursts of high-frequency short bipolar pulses with conventional ECT pulses in in vitro
ECT experiments (Paper 1). Preclinical and clinical studies have also shown that the use of
ECT in combination with gene electrotransfer (i.e., use of millisecond pulses with protein-
encoding DNA) stimulates the immune response, for this reason, we also tested millisecond
pulses. We found that a similar cisplatin uptake and cytotoxic effect is achieved when using
the three tested types of pulses if the electric field is properly adjusted (Paper 2). Thus,
different types of pulses can be used in ECT.

Determination of the number of cisplatin molecules needed to achieve a

cytotoxic effect

Treatment planning is helping scientists and clinicians identify the optimal parameters to
treat specific tumors by using numerical models. However, having a sufficiently high
electric field to permeabilize tumor cells does not guarantee the success of ECT treatment.
It is also important to have a sufficient amount of chemotherapeutic drugs in the cell. We
have experimentally quantified the number of cisplatin molecules needed in the cell to
achieve a cytotoxic effect (Paper 2). We performed an in vitro ECT experiment to determine
cisplatin uptake and cisplatin cytotoxicity when different extracellular cisplatin
concentrations were used in combination with different types of pulse parameters.
Combining the results of cisplatin uptake and cisplatin cytotoxicity we determined the
number of cisplatin molecules needed in an individual cell to achieve a cytotoxic effect
which is in the range of 2-7x107 cisplatin molecules per cell. Our results further show,

that, different types of pulses can be used in an equivalent way: classical ECT pulses, high-
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frequency bipolar pulses, millisecond pulses, and nanosecond pulses all allow the uptake of

2-7x107 cisplatin molecules per cell when the electric field is adequately adjusted.

Evaluation of the existing electroporation models for predicting molecular

transport and/or other associated phenomena at the individual cell level

We compared existing mathematical models that describe the phenomenon of
electroporation and the transmembrane transport of molecules in individual biological cells.
First, we made a literature survey of all the existing models. We then critically assessed
three selected mechanistic models, which formed the basis for all other published models,
by comparing their predictions to various quantitative measurements of molecular transport
following electroporation. Two of the tested models describe electroporation in terms of the
formation of lipid pores described with pore distribution function and consider the transport
of molecules through pores due to both electrophoretic and diffusional transport. The third
tested model describes cell membrane permeability using a chemical kinetic scheme and
considers the transport of molecules through pores due to diffusion and endocytosis. Even
though these models were validated against specific experimental data set we found that
none of the tested mechanistic models is sufficiently good to describe the phenomenon
of electroporation and molecular transport over the entire range of pulse parameters and
experimental conditions used in electroporation research (Paper 3). Nevertheless, existing
mechanistic models can still be useful for interpreting certain experimental outcomes, such
as the influence of cardiomyocyte orientation on electroporation using pulses of different

duration (Paper 4).
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