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Abstract

Electroporation is a phenomenon of cell membrane permeability increase due to local delivery
of short and sufficiently intense voltage pulses to the target cells and tissues. In vivo
electroporation is used as an effective and safe tool for administration tool for administration
of a variety of extracelular agents such as chemotherapeutic drugs, DNA or other molecules,
which in normal conditions do not cross the cell membrane, into many different target tissue
cells. In vivo electroporation, is widely used for various applications in biology, medicine and
biotechnology. The main focus of the present doctoral theses is the analysis of in vivo
electroporation and corresponding local electric field distribution used in electrochemotherapy
and electroporation based gene therapy and vaccination.

The appropriate local electric field distribution in the treated tissue is one of the most
important conditions that need to be met for an effective electroporation based therapy or
treatment to be successful as well as in vivo experiments in both humans and animals to be
adequately designed. Currently, local electric field distribution can not be visualized during
the electroporation based therapy or treatment. Therefore it is of outmost importance to a
priori select the appropriate parameters and to ‘design’ the appropriate local electric field
distribution for each particular therapy, treatment or experiment. Visualization of the spatial
distribution of local electric field distribution can be effectively carried out with numerical
calculations using realistic numerical models (i.e. numerical or analytical models of biological
tissues validated on corresponding in vivo experiment). Development of realistic
mathematical models thus plays an important role in the prediction of successful outcome of

an electroporation based therapy, treatment or experiment.



In order to develop a good realistic model the knowledge and experience exchange from
different scientific fields, involved in electroporation based therapies and treatments, is
needed, which can be successfully assisted by using web-based e-learning systems.

The aims of this doctoral thesis cover three important issues in the development of
electroporation based technologies and treatments:

1. development of realistic numerical models of different tissues (i.e. muscle, tumor and skin)
and calculations and visualization of local electric field distribution in the models;

2. validation of the realistic numerical models by in vivo experiments; and

3. development of a web-based interactive e-learning application on electroporation based
technologies and treatments such as electrochemotherapy.

The general conclusion of our study is that calculation and visualization of local electric field
distribution in realistic numerical models allows for the selection of parameters, such as
electrode configuration, electrode positioning and amplitude of electroporation pulses, so that
the optimal permeabilisation of a treated tissue is achieved (i.e. electroporation of all cells
within the target tissue by exposing them to the local electric field between reversible and
irreversible threshold values (Erey < E < Eirev), While minimizing the total electric current
flowing through the tissue and the electrically-induced damage to the healthy tissue) .

Our results can significantly contribute to more efficient tissue electroporation used in
electroporation based therapies and treatments (e.g. clinical electrochemotherapy of tumors
and gene electrotransfer) by the selection of electric parameters based on calculation and
visualization of local electric field.

We developed an e-learning application on electroporation based therapies and treatments,
hhich provides an easy and rapid approach for information, knowledge and experience
exchange among the experts from different scientific fields, which can facilitate development

and optimization of electroporation based therapies and treatments.



Résume de these en francais

Modélisation et visualisation de I’électroperméabilisation dans des
tissus biologiques exposés a des impulsions de haut voltage

Sous I’action d’'impulsions de haut voltage, le champ éectrique local se distribue dans les
tissus biologiques, ce qui peut mener a une grande |I’augmentation de la perméabilité des
membranes cellulaires et a une grande augmentation de la conductivité éectrique de la
membrane des cellules. L’ augmentation réversible de la perméabilité membranaire nécessite
gue soit dépassée une valeur critique du champ éectrique local et elle permet aux substances,
pour lesquelles la membrane cellulaire n’est pas perméable (telles que les ions, des petites
molécules et méme des macromol écules comme I’ADN), d’entrer a I’intérieur de la cellule.
Dans la littérature |I’augmentation de la perméabilité de la cellule a I'aide d’un champ
électrique est décrite par un changement structural de la membrane cellulaire voire par
I’ apparition de pores dans la membrane. Ce phénoméne est nommé électroporation ou
électroperméabilisation [Mir et al., 1988, Neumann et al., 1989, Macek-Lebar et a., 2001].
Les impulsions de haut voltage, qui induisent le champ éectrique local nécessaire pour
électroporer les cellules des tissus biologiques ou les cellules en suspension sont produites par
des générateurs (électroporateurs) et délivrées aux cellules ou aux tissus a traiter par des
électrodes d’ une géométrie appropriée [Puc et al., 2004, Marty at al., 2006, Mir et al., 2006].
Afin d éectroporer les cellules des tissus ou des cellules en suspension |’amplitude des
impulsions électriques délivrées doit dépasser une certaine valeur critique. Si I'amplitude, la
durée, et le nombre d' impulsions ne sont pas trop éevés la membrane récupére son intégrité
initiale aprés la fin de I’ exposition aux impulsions. Ainsi les substances internalisées restent
encapsulées a l’intérieur de la cellule pour pouvoir exercer leur activité. Dans ce cas on parle

d’une €electroporation réversible induite par un champ éectrique local dépassant une valeur
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critique réversible (E > E;ey) mais qui ne dépasse pas une valeur critique irréversible (E <
Eirrev). Pour le champ éectrique local dépassant la valeur seuil irréversible (E >Eijrrev) les
cellules sont détruites de fagon permanente. L’ éectroperméabilisation ne se produit pas a la
méme valeur de I’amplitude d’ impulsion et ala méme valeur du champ éectrique local pour
toute la population cellulaire et tissulaire. Le champ éectrique local nécessaire pour
I’éectroporation des cellules ou des tissus dépend de leur propriétés éectriques et

géométriques, aussi bien que des conditions du traitement (e.g. in vivo ou in vitro).

Au niveau de la membrane cdlulaire, I’ électroperméabilisation est basée sur la modification
du voltage transmembranaire induite par le champ électrique externe appliqué. Dans des
conditions physiologiques, un potentiel de repos entre -90 mV et -40 mV est toujours présent
a la surface de la membrane des cellules (Cole, 1972). Ce voltage est produit par un petit
déficit en ions positifs dans le cytoplasme par rapport aux ions négatifs, qui est une
conséquence du transport spécifique d'ions a travers la membrane. Alors gque le voltage
transmembranaire de repos est présent sur la membrane cellulaire a tout moment, |’ exposition
de la cdlule a un champ éectrique induit une composante additionnelle : un voltage
transmembranaire induit, qui se superpose au voltage de repos. Pour faire en sorte que la
membrane cellulaire soit électroperméabilisée le voltage transmembranaire doit étre supérieur
a une vaeur seuil critique. Le voltage transmembranaire critique, au dessus duquel
I’ électroperméabilisation se produit se situe entre 0.2 V et 1V [Neumman et al., 1982, Mir et
al., 1988, Mir et al., 1991, Weaver et al., 1996]. Le phénomene de I’ électroporation a éé
étudié plus intensivement au niveau des cellules en suspension qu’ au niveau des tissus in vivo,
cependant cette connaissance peut étre, au moins partiellement, utilisée aussi pour |I’analyse
du tissu biologique qui n’est qu’ un ensemble de plusieurs cellules [Pavlin et al., 2002]. Le but

du travail de recherche dans mathése est d’ etudier I’ éectroperméabilisation des tissus in vivo
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par la visudisation du champ éectrique local a I’aide d expériences in vivo, de calculs
mathématiques numériques résultant dans des modéles réalistes, ainsi qu'a |I'aide d'une
application internet que j'ai développé pour I’ enseignement a distance sur les connaissances
récupérées par les expériences in vivo et la modélisation mathématique.

L’ électroperméabilisation est appliquée dans divers domaines de la médecine, biologie,
biotechnologie etc. Les applications basées sur cette méthode dépendent de la valeur du
champ éectrique local dans le tissu ou les cellules cibles. La Figure 1 illustre les différents
régimes de I'éectroperméabilisation en fonction du champ éectrique local, et ses

applications.

Figure 1. Les applications de I'electroporation: I'electroporation réversible E,o, < E < Eje @ pour
I’administration des petites molécules (électrochimiothérapie), b) I'administration des macromolécules
(électrotransfer de génes — thérapie genique et vaccination de I’ADN), ¢) I'electrofusion des cellules et d)
I’électroporation irréversible E > E;q,: pour I'ablation des tissus, stérilisation d’aliments, traitement de I’ eau
[Kanduser and Miklavcic, 2008]

L’ électropermeabilisation permet I’internalisation de différents types de molécules dans les
cellules. Parmi ces molécules il y a les médicaments cytotoxiques utilisés dans la
chimiothérapie, ainsi que les molécules d ADN. A cause de cela, I’ électroperméabilisation est

utilisée dans beaucoup d’ applications expérimentales et cliniques dans plusieurs domaines de
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la médecine, biologie, biotechnologie etc. Dans la clinigue et la recherche
I’électroperméabilisation est  utiliste dans I'éectrochimiothérapie  antitumorale,
I’électrotransfert de genes et I'administration de médicaments a travers la peau.
L’ électroperméabilisation peut étre également utilisée pour I'internalisation de différentes
molécules dans les cellules des plantes. L’ électroperméabilisation réversible peut-étre aussi
utiliste pour [I'dectrofuson de celules. Les possbilités des applications de
I’ électroperméabilisation irréversible sont également explorées dans plusieurs domaines tels
que |’ ablation des tissus, la stérilisation d’aliments et le traitement de I’eau [Kanduser and
Miklavcic, 2008]. Dans cette thése j’ai étudié e rble des paramétres du champ éectrique local
dans |’ efficacité de I’ él ectroperméabilisation au niveau des tissus, un parametre tres important

dans I’ @ectrochimiotherapie et dans |’ électrotransfert de génes.

L’ électrochimiothérapie est un traitement anticancéreux associant |'administration d’un
médicament cytotoxique, tel que la bleomycine ou le cisplatine, et I'application locale, au
niveau du site tumoral a traiter, d'impulsions électriques potentialisant les effets antimoraux
de ce médicament [Mir et al., 1999]. L’efficacité de I’ éectrochimiothérapie est due a
I’ électroperméabilisation des cellules constituant les tissus ciblés. Ce mécanisme éectrique
est basé sur |I’augmentation transitoire de la perméabilité de la membrane plasmique de ces
cellules lorsgu’ elles sont soumises a un champ éectrique local (E) d'intensité supérieure a
une valeur seuil réversible (E > E;q,). Une cdlule éectroperméabilisée est ainsi plus sensible
a un médicament cytotoxique. Une fois a I'intérieur de la cellule, les médicaments utilisés
brisent I’ADN des chromosomes, causant une mort cellulaire localisée, ce qui constitue la
base de I’ @ectrochimiothérapie. A ce jour, I'électrochimiothérapie est limitée au traitement
des nodules tumoraux de surface (des tumeurs cutanées et sous-cutanées), étant aisément

accessibles par les électrodes [Marty et al., 2006]. Le phénoméne éectrique régissant

Vi
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I'éectroperméabilisation n'est pas spécifique a un type de tumeur, mais universellement
applicable sur tous les types de tissus. Pour qu'une éectrochimothérapie soit efficace, il faut
utiliser les éectrodes adéquates et appliquer le voltage optimal de maniére que le champ
électrique local (E) dans la totalité de tumeur soit supérieur a une valeur seuil réversible (E >
Erer) en épargnant le tissu sain environnant la tumeur [Mir et al., 2006]. Gréce a des
simulations numériques réalisées par la méthode des déments finis, il est possible de calculer
la distribution du champ électrique dans le tissu tumoral, ce qui permet d optimiser le choix
du type d'électrodes a utiliser et I'amplitude du voltage a appliquer de telle sorte que
I’ @ ectrochimiothérapie soit |a plus efficace possible.

L’ électrotransfection génique est une méthode pour I’administration des génes dans les
cellules ciblées qui utilise I’ électroperméabilisation [Neumann et al., 1982, Mir et al., 1999].
Pour qu'une théapie genique, auss bien qu'une vaccination génique a |I'aide
d’ électroperméabilisation, soient efficaces il est trés important que la viabilite des cellules du
tissu ciblé reste intacte, ce qui nécessite une éectroperméabilisation réversible (i.e. un champ
électrique loca E tel que (Ere< E < Ejrev). Un tel régime d’ électroperméabilisation nécessite
un choix approprie de la géométrie des électrodes et des paramétres des impulsions de haut
voltage. La méthode fait actuellement I'objet de recherches précliniques et cliniques, mais
gréce a ses nombreux avantages nous nous attendons a ce qu'elle commence a sappliquer ala

clinique [Daud et al., 2008].

L’ efficacité des technologies et traitements basés sur |'éectroporation est directement liée a
I’ efficacité de I’ électroperméabilisation des tissus exposés aux impulsions de haut voltage, ce
gui dépend de I'intensité du champ électrique local induit dans les tissus cibles. Le rapport
entre un champ éectrique local et |’ électroperméabilisation a d§ja été montré au niveau de la

cellule e au niveau du tissu par les résultals des traitements basés sur

vii
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I’ électroperméabilisation [Sale and Hamilton, 1968, Neumann et al., 1982, Mir et al., 1988,
Mir et al., 1991, Sersaet al., 1995, Gabriel et Teissie, 1997, Miklavcic et al.,1998, Mir et al.,
1998, Ramirez et al.,1998, Mir et al., 1999, Gehl et al., 1999, Kotnik et al.,2000, Pavlin et al,
2000, Leroy-Willig at al., 2005, Mir et al., 2005, Marty et al.,2006, Mir, 2006, Andre et al.,
2008, Campana et al., 2008, Daud et al., 2008, Snoj et al., 2009].

Le tissu ciblé peut étre éectroperméabilisé de maniére optimale a condition que les
parameétres du champ éectriques local soient adéquats. Ces paramétres sont les suivants :

- I’amplitude du voltage appliqué sur les électrodes;

- lagéométrie des électrodes;

- ladistance entre les électrodes;

- laposition des électrodes par rapport au tissu acibler.

Le champ édectrique loca est influencé par la géométrie et la position du tissu ciblé, la
géométrie et la position de tissu voisin ainsi que par les caractéristiques éectriques des tissus
ciblés et des tissus voisins. Pour la détection de I’ efficacité de I’ électroperméabilisation les
Erev € Eires du tissu ciblé et des tissus voisins doivent étre déterminés a priori par des

expériencesin vivo.

Les seuils E;e, €t Eirrey SONt & déterminer pour chaque type de cdlule et de tissu, car la
distribution du champ éectrique loca et les seuils du champ éectrique local E;e, €t Ejrres
dépendent de: la géométrie des cellules, la distribution des cellules, I’ orientation des cellules,

lafréquence, le nombre et la durée desimpulsions.

Pour localiser larégion de tissu étant électroperméabilisée il faut utiliser des méthodes pour la

détection de I’ éectroperméabilisation en visualisant le tissu électroperméabilisé. Plusieurs

méthodes in vivo, in vitro et in silico existent pour déerminer |I'efficacité de

viii
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I’ électroperméabilisation des cellules et des tissus a cibler. Les méthodes expérimentales in
vivo et in vitro déja utilisées pour détecter |I'éectroperméabilisation sont basées sur la
détection de I’ efficacité de I’internalisation dans les cellules ciblées de substances ayant des
propriétés fluorescentes, luminescentes ou radioactives [Gabrid et al., 1997, Engstrom et al.,
1998, Gehl et al., 1999, A. Leroy-Willig et al., 2005]. Plusieurs inconvénients de ces
méthodes existent in vivo : d’'une part elles prennent beaucoup de temps pour déterminer le
résultat de leur internalisation dans les cellules et d autre part les expériences doivent étre
répétées sur un grand nombre d'animaux, ce qui necessite une mise en oauvre dans des
laboratoires spécialisés. Parmi les méthodes pour détecter la perméabilisation des tissus in
vivo il y aaussi les mesures de changement de la conductance du tissu ciblé, par des mesures
du courant électrique | [A] et du voltage appliqgué U [V], (couplées a des mesures
d'incorporation de >*CrEDTA) [Cukijati et al., 2007]. Cette méthode est trés efficace dans la
detection de I'é ectroperméabilisation, mais elle ne permet pas localisation exacte du tissu
electropermeabilisé. En 2000, dans le laboratoire de Dr. Lluis M. Mir al’'lGR (Villguif) un
modele simple numérique a éé développé par [Miklavcic et al, 2000] pour localiser
I’ électroperméabilisation dans des tissus (le foie), par la visualisation du champ éectrique in
silico couplée a la visualisation de la région éectroperméabilisée in vivo. Cela a éé le début
du développement des modéles 3D réalistes ou les calculs numériques sont validés par des
expériencesin vivo.

Le but principa de ma these est le développement des modéles réaistes en 3D du tissu
musculaire, tumoral et de la peau en considérant les changements de leurs propriétés
électriques di a I’ électroperméabilisation, aussi bien que la géométrie des tissus a traiter. Le
but principal des modéles réalistes est la localisation de efficacité de I’ é ectroperméabilisation

des tissus par la visuaisation du champ éectrique local dans les modéles, ce qui a une grande



Résume de these en francais

importance dans le choix des électrodes et de I'impulsion appropriée pour chague tissu a

traiter.

Objectifs de la these

La premiere partie de la these s est intéressée aux modeles mathématiques des tissues ciblés
afin de visualiser la distribution du champ éectrique local par des simulations numériques, ce
gui permet d’ optimiser le choix du type d' électrodes a utiliser et I'amplitude du voltage a
appliquer de telle sorte qu'une thérapie (électrochimiothérapie par exemple) basée sur
I’ électro-perméabilisation soit la plus efficace possible.

La deuxiéme partie expérimentale a consisté a valider ces modéles mathématiques par des
expériences in vivo chez |es animaux.

La troisieme partie de la thése concerne le développement d une application internet pour
I’ ensei gnement/apprentissage a distance sur les mécanismes de |’ électroperméabilisation au

niveau des cellules et des tissus.

Dans la premiére partie de ma thése les résultats de la recherche visaient donc a explorer les
différents paramétres qui pouvaient avoir un effet sur la distribution du champ électrique local
dans les tissus a traiter. Dans un premier temps j'ai éudié I'influence des différents
parameétres sur la distribution du champ éectrique par e biais de modéles 2D et 3D quej’ai
développé dans cette thése afin de tenter de comprendre quels paramétres sont importants et
guels paramétres il faut optimiser pour obtenir une éectroperméabilisation efficace. Jai
étudié I'influence de la géométrie des é ectrodes, de la position des éectrodes, des propriétés
électriques du tissu ciblé, et du voltage appliqué sur les éectrodes, sur la distribution du
champ éectrique local a I'aide de la visualisation du champ éectrique local par la

modélisation en 2D et en 3D [Publication I, Publication 11]. Jai effectué une comparaison et
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une quantification systématique du champ éectrique local dans les modéles que j'ai
développés pour les éectrodes qui sont d§a le plus souvent utilisées en clinique et en
recherche. Jai analysé le champ éectrique de fagon analytique et numérique. Les résultats des
calculs analytiques et numériques montrent que le champ éectrique local au sein d'un tissu
n'est pas homogene (E local # U/d) et que E change en fonction de:

- lagéométrie des électrodes (plagque, aiguilles, nombre des é ectrodes)

- de I’ activation des électrodes

- laposition des électrodes par rapport au tissu ciblé

- del’insertion des él ectrodes dans | e tissue a traiter

- des propriétés éectriques (conductivité) detissu ciblé.

Vu que I’ €efficacité de I’ électroperméabilisation est directement liée a I’intensité du champ
électrique local, tous ces parameétres doivent étre pris en considération dans le ‘treatment

planning’ des thérapies basées sur I’ é ectroperméabilisation

La deuxiéme étape de ma these a été consacrée au dével oppement des modéles réalistes de la
tumeur, du muscle et de la peau et a la validation des modéles par des expériences in vivo
chez les animaux.

Dans le cadre de traitement des tumeurs cutanées je présente une éude d optimisation de la
distribution du champ éectrique dans le cadre de I'éectrochimiothérapie des tumeurs
cutanées avec des éectrodes en plague, basée sur la modélisation mathématique et les
expériences in vivo chez les animaux. En effet, j’al développé un modéele numérique réaliste
de la tumeur cutanée afin de montrer I’'influence de la surface de contact entre les électrodes
et la tumeur sur I’ efficacité de I’ éectrochimiothérapie. L’idée est de pouvoir proposer une
I’ électrochimiothérapie des tumeurs cutanées encore plus sire et efficace en traitant

uniquement le tissu ciblé (les cellules de la tumeur) et en diminuant le risque
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d éectroperméabilisation irréversible des tissus sains environnant la tumeur. Ja comparé
I efficacité de I’ é ectrochimiothérapie obtenue avec deux placements des é ectrodes ayant une
surface de contact différente entre les électrodes et la tumeur. Parallélement un troisieme
groupe d animaux avec des tumeurs ayant les mémes dimensions, a servi comme témoin, car
les tumeurs dans ce dernier groupe n’'ont pas été traitées par I’ éectrochimiothérapie. Les
résultats de |’ étude montrent que I'intensité du champ électrique dans la tumeur est d’ autant
plus élevée et d’autant plus homogéne que la surface de contact augmente. Les résultats de
cette étude, que j’ai réalisé pour mathese, permettent d’ effectuer une éectroperméabilisation
du tissu cible de maniére plus précise, ce qui permet de couvrir latotalité de latumeur par un
champ électrique local au-delade lavaleur seuil réversible E > E,q,. En méme temps les tissus
sains sont moins exposés au champ éectrique au-dela du seuil irréversible (E > Ejrrey). Les
résultats montrent qu’une éectrochimiothérapie plus efficace peut étre réalisée a condition
gue la tumeur soit bien placée entre des éectrodes fournissant une surface de contact la plus
grande possible. En conclusion, al’aide de la visualisation du champ électrique local dans les
modeles réalistes des tumeurs sous-cutanées j’ai montré gqu’a I’ aide des calculs numériques
I'efficacité de |'électroperméabilisation du tissu cible e donc [I'efficacité de

I &l ectrochimiothérapie peuvent étre prévues apriori [Publication 111].

Dans le cadre du développement des modéles réalistes du muscle j'a éudié I'influence de
I’orientation du champ éectrique appliqué sur |'éectroperméabilisation du muscle et
I"influence de la peau sur I’ él ectroperméabilisation du muscle.

Ja étudié le phénomeéne d éectroperméabilisation du tissu musculaire, qui est grace a ses
propriétés physiologiques une cible de choix pour le transfert de génes, utilisée pour la
thérapie génique et la vaccination génique. Le tissu musculaire peut étre grossiérement décrit

comme un faisceau de cellules musculaires ou de fibres qui sont entourées par une membrane
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moins perméable. Entre les fibres musculaires il existe du liquide extracellulaire, qui est plus
conducteur que les membranes des fibres musculaires. Gréce a sa structure spécifique le tissu
musculaire montre une forte anisotropie : dans le sens des fibres le tissu musculaire est
beaucoup plus conducteur que dans la direction perpendiculaire aux fibres.

En raison de la forme et de I'orientation spécifique des cellules musculaires, j’ai prévu que la
valeur seuil de I électroperméabilisation dans le sens longitudinal (le champ électrique éant
orienté de facon longitudinale par rapport al’ axe des fibres musculaires) est moins importante
que la valeurs seuil de I’ @ectroperméabilisation dans le sens transversal (lorsque le champ
électrique est orienté perpendiculairement a I’ axe des fibres musculaires) (Eey (paralléle) <
Erev (perpendiculaire)). Dans ma thése cette hypothése de I'influence de I’ orientation du
champ électrique par rapport aux fibres musculaires sur |’ électroperméabilisation du tissu
musculaire a éé confirmée de fagon numérique et expérimentale in vivo [Publication VI].
Ja développé un modde numérique réaliste du muscle et des éectrodes en plague.
Parallélement, j'ai étudié |’ électroperméabilisation du muscle par des expériences in vivo. La
comparaison entre les résultats numériques et les résultats obtenus in vivo a validé mes
modeles. Les expériences in vivo on été réalisées dans le laboratoire a I’ Institut Gustave-

Roussy selon les regles institutionnelles et |es exigences imposées par laloi frangaise.

Afin d'éudier I'influence de la peau sur |’éectroperméabilisation du muscle j'ai auss
développé une modéle réaliste du muscle sans la peau et avec la peau [Publication V]. Pour
valider ces modéles réalistes, j'al utilisé les résultats d’ expériences in vivo sur la peau et le
muscle chez des rats (mesures de | (U) et de larétention de *’CrEDTA), effectuées par Cukjati
et collegues [Cukjati et al. 2007] dans le méme laboratoire, avant ma these. Les résultats du
travail de ma these montrent que I’ électropermeéabilisation dans le tissu musculaire alieu ala

méme vaeur seuil Ee, que le muscle soit électroporé directement (sans peau) ou
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indirectement (atravers la peau). En conclusion, la peau n'a pas d'influence sur la valeur E;,
du muscle. Cependant, dans le cadre du muscle avec peau il faut appliquer un voltage externe
plus élevé gue dans le cadre du muscle sans peau pour atteindre la valeur seuil de
perméabilisation réversible (E;e,) du muscle.

Les résultats de la modélisation réaliste en 3D que j'al réalisé dans cette thése peuvent étre
utilisés pour optimiser I’ éectroperméabilisation des tissus biologiques, ce qui a une grande
importance dans le ‘treatment planning’ des thérapies basées sur |’ électroperméabilisation
telles que |'éectrothérapie génique et la vaccination, |’ éectrochimiothérapie, et
Iadministration de médicaments atravers la peau. Aing, le ‘treatment planning’ des thérapies
basées sur électroperméabilisation représente la perspective future de la recherche que j’ai
effectué dans le cadre de mathése.

Il est important de souligner que les traitements basés sur I’ éectroperméabilisation tels que
I” électrochimiothérapie et |’ électrotransfer de genes demandent une multidisciplinarité et des
connaissances dans différents champs thématiques. L’ efficacité de ces thérapies nécessite des
collaborations entre des experts de plusieurs domaines tel que la médicine, la biologie, la
physique, la chimie, la pharmacie, I'éectronique, I'informatique etc. Dans le but de
standardiser les protocoles d’ électrochimiothérapie et de thérapie par électrotransfert de genes
et dintroduire cette méthode dans un environnement clinique, un projet européen a éé
effectué dans | e cinquieme programme-cadre [www.cliniporator.com]. Les essais cliniques de
I’ électrochimiothérapie et de la thérapie par éectrotransfert de génes ont eu lieu dans
plusieurs centres anticancéreux en Europe. Dans le cadre de ce projet une application internet
a été développée pour récupérer /rassembler les résultats des traitement réalisés dans les
différents centres anticancéreux [Pavlovi¢ et al., 2004]. Malgré les trés bons résultats des
essais cliniques [Marty et al. 2006], la plupart des protocoles pour I’ électroperméabilisation

ont été définis par le rapport entre le voltage appliqué et la distance entre les électrodes (U/d),
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ce qui ne prend pas en compte le champ éectrique local dans le tissue traité. Les résultats de
la visualisation du champ éectrique par modélisation et les expériences in vivo ont montré
gue le champ éectrique local dans le tissu ciblé est hétérogene et inférieur ala valeur U/d.

L'hypothése de ma these est quil est possible daméiorer [I'efficacité de
I’ & ectrochimiothérapie avec une bonne connaissance des parametres clés du champ éectrique
local qui ont une influence directe sur I'efficacité de |'éectroperméabilisation et par
conséquence sur |’ efficacité des thérapies basées sur |’ électroporation. Une étape clé pour la
réussite de éectrochimiothérapie représente |'éducation des personnes qui préparent ou
effectuent le traitement. Les technologies web représentent un outil efficace pour le
rassemblement et la dissémination de la connaissance en vue de la formation a distance [Day
et al., 2006, Humar et al., 2005]. Dans le cadre de cette these de doctorat j’ai développé une
application internet pour la dissémination de la connaissance sur I'importance de la
distribution du champ éectrique local pour I’ électroperméabilisation des cellules et des tissus
et par conséquence sur I'éfficacité des thérapies basées sur |’ électroperméabilisation. Le
contenu de I’ application que j'ai développé est basé sur des résultats des recherches et des
données cliniques déja publiées dans la littérature scientifique. Le programme a été développé
de fagon modulaire, ce qui permet une mise a jour facile de nouveaux contenus obtenus en
clinique et/ou par larecherche, ce qui est I’ une des perspectives futures du travail de mathése.
Cette application est destinée aux utilisateurs venant de divers domaines tels que la clinique
(les médecins, le personnel médical, les patients), la recherche (les biologistes, les chimistes,
les ingénieurs) et les étudiants. Ja réalisé une analyse de I’ efficacité pédagogique et de la
facilité d'utilisation de ce programme. Les résultats du test de I'efficacité d'utilisation

montrent que ce programme est facile a prendre en main et intuitif [Publication 1V].
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RazSirjeni povzetek doktorske disertacije v slovenskem jeziku

Modeliranje in vizualizacija elektropermeabilizacije bioloskih tkiv
izpostavljenih visokonapetostnim kratkotrajnim pulzom

Ob izpostavitvi bioloSkega tkiva visokonapetostnim kratkotrajinim pulzom se v tkivu ustvari
lokalno elektricno polje, ki lahko povzroci strukturne spremembe na celi¢nih membranah. V
primeru ko lokalno elektricno polje preseze kriticno vrednost se te strukturne spremembe
kazejo kot povecanje prepustnosti celicnih membran za ione, molekule in makromolekule za
katere je membrana sicer neprepustna. Povecanje prepustnosti membrane v literaturi opisujejo
Zz nastankom tako imenovanih por v lipidnem dvosloju, skozi katere ioni in molekule
prehgjgo v notranjost celic. Zato tak pojav pri katerem dovolj visoko elektricno polje v
celicni membrani povzroc€i nastanek por oziroma strukturnih sprememb v lipidnem dvosloju
imenujemo elektroporacija ali elektropermeabilizacija[Neumann et al., 1989, Macek-L ebar et
al.,, 2001]. Visokonapetosne kratkotragine pulze katerim izpostavimo biolosko tkivo
imenujemo elektroporacijski pulzi. Elektroporacijske pulze generiraramo s pomocjo
napetostnega generatorja za izvaanje el ektroporacije, do ciljnih celic pa jih dovedemo preko

prevodnih elektrod ustrezne oblike [Puc et al., 2004].

Strukturne spremembe v celi¢ni membrani so posledica visokega elektrinega polja in vodijo
do povecanja prepustnosti membrane, glede na koncentracijski gradient pa opazovana snov
teCe v ali iz celice. Z matemati¢nega vidika povecanje prepustnosti celiéne membrane
obravnavamo kot presezek kritine vrednosti transmembranske napetosti, ta pa je seStevek
mirovne transmembranske napetosti in vsiljene transmembranske napetosti. Mirovna

transmembranska napetost je na celicni membrani vseskozi prisotna, vsiljena
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transmembranska napetost pa se ustvari zaradi delovanja zunanjega elektricnega polja. Za
uspesno permeabilizacijo celic je torej kljuCen parameter kriticna transmembranska napetost.
Vrednosti kritiéne transmembranske napetosti, ki jih v literaturi navajajo so v obmoc¢ju od 200
mV do 1 V [Neumman et al., 1982, Weaver et al., 1996, Miklavcic et al., 2000]. Proces
elektroporacije je sicer bolj raziskan na nivoju celic, vendar pridobljeno znanje lahko vsg
deloma uporabimo tudi na bioloSkem tkivu kot skupku celic [Pavlin et al., 2002]. V okviru
doktorske disertacije se osredotoCamo na preucevanje uspeSnosti in  Vivo
elektropermeabilizacije tkiv na podlagi numeri¢nih modelov in poskusov in vivo, ter narazvoj
spletne aplikacije za poucevanje na daljavo o pridobljenemu znanju na podlagi eksperimentov

in numeri¢nega modeliranja.

Uspesna elektropermeabilizacija ciljnega tkiva pomeni izpostavitev tkiva takSnemu
elektricnemu polju, da so vse celice znotraj ciljnega podro¢ja uspesno
elektropermeabilizirane. Bistveno vlogo pri uspednosti elektropermeabilizacije igra lokalno
elektricno polje, ki se v tkivu vzpostavi kot odziv na vzbujanje z zunanjim elektrinim
poljem. Za uspesno elektropermeabilizacijo, v tkivu moramo zagotoviti lokalno elektri¢cno
polje, ki mora preseci kriticno vrednost, ki je znacilna za vsako vrsto tkiva. Omenjeno kriti¢no
vrednost lokalnega elektrinega polja imenujemo reverzibilni prag elektropermeabilizacije
(Erev), ki celic oziroma tkiva ne poSkoduje, po izklopu elektricnih pulzov pa se membrane
celic zacelijo, tkivo pa povrne v normalno stanje. Povefevanje vrednosti lokalnega
elektricnega polja do irevezibilnega praga elektropermeabilizacije (Eirey) pa celicne
membrane trajno poskoduje in celice odmrejo.

Uporaba elektroporacije je odvisna od vrednosti lokalnega elektricnega polja, ki ga ustvarimo

v obravnavanem ciljnem vzorcu (na celicah ali tkuvih). Na dliki 1 so prikazane razli¢ne
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uporabe electroporacije glede na ustvarjeno vrednost lokalnega elektricnega polja na

obravnavanem vzorcu celic ai tkiva.

Slika 1: Razliéne uporabe elektroporacije glede na ustvarjeno vrednost lokalnega elektri¢nega polja na ciljnem
vzorcu: reverzibilna elektroporacija E;ey < E < Eje za ustavljanje maihnih molekul (kot so na primer
kemoterapevtiki in razna barvila) (a), za vstavljanje makromolekul (kot je DNK) (b) ter za elektrofuzijo celic (¢)
in ireverzibilna elektroporacija E >E;,e, ki celice nepovratno poskoduje (d) [Slika je obijavljena v znanstvenem
prispevku Kanduser and Miklavcic, 2008]

Snov, ki jo z elektroporacijo/elektropermeabilizacio lahko vnesemo v celice je lahko
zdravilna ucinkovina, kot so na primer nekateri kemoterapevtiki in DNK. Elektroporacijo
uspes$no uporabljamo na razli¢nih podro¢jih medicine in biologije: kot na primer v kliniki in
raziskavah na podrocjih elektrokemoterapije tumorjev, v genski elektrotransfekciji ter vnosu
zdravilnih ucinkovin preko koze. Elektroporacijo uporabljajo tudi kot metodo za vnos
razlicnih snovi v rastlinske celice. Moznost uporabe elektroporacije preucujejo tudi na
podrocjih obdelave zivil ter precCis¢evanju pitne vode, kot metodo za unicevanje Skodljivih
mikroorganizmov [Kanduser and Miklavcic, 2008]. V doktorski disertaciji smo se

osredoto¢ili na uporabo elektroporacije na nivoju bioloSkega tkiva na podrocjih

elektrokemoterapije in vhosa genov z elektroporacijo oziroma genske elektrotransfekcije.
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Elektrokemoterapija kot metoda za zdravljenje rakastih bolezni zdruzuje metodo kemoterapije
in elektropermeabilizacije tkiv [Mir et al., 1999]. Pri elektrokemoterapiji je kljucnega
pomena, da jakost elektricnega polja v ciljnem/tumorkem tkivu preseze reverzibilno pragovno
vrednost elektropermeabilizacije. Zelo pomembno je poudariti, da z ustreznim izborom
elektrod in ustreznimi elektri¢nimi pulzi, elektri¢éno polje omejimo le na ciljno/tumorsko tkivo
in tako prepre¢imo oziroma minimiziramo poskodbe zdravega tkiva. Prednost
elektrokemoterapije pred samo kemoterapijo je povecano ucinkovanje kemoterapevtika tako,
da za enak ucinek pri zdravjenju potrebujemo manjSe koncentracije kemoterapevtikov, kar
pomeni manj stranskih u¢inkov pri zdravljenju. Ker se zdravilna u¢inka kemoterapevtikov in
elektricnega polja med sabo dopolnjujeta, pri elektrokemoterapiji potrebujemo nizje
elektri¢no polje kot bi ga sicer bilo potrebno zagotoviti brez delovanja kemoterapevtikov.
Elektrokemoterapija se Ze uspe$no uporablja v kliniki kot ucinkovita metoda za lokalno

zdravljenje koznih in podkoznih tumorjev [Marty et al., 2006].

Genska elektrotransfekcija je metoda za vnaSanje genskega materiadla v celice z
elektroporacijo [Neumann et al., 1982, Mir et al., 1999]. Pri genski terapiji zelimo, da celice
ciljnega tkiva ostanejo neposkodovane zato je klju¢nega pomena, da v ciljnem tkivu jakost
elektricnega polja ohranjamo v reverzibilnem podrocju elektropermeabilizacije t.j. od
reveribilnega do ireverzibilnega praga (Ece< E < Eine). TakSen rezim
elektropermeabilizacije tkivu lahko zagotovimo z ustreznim izborom elektrod ter ustreznimi
elektricnimi pulzi. Metoda je trenutno predmet predklini¢nih raziskav, vendar zaradi Stevilnih

prednosti pricakujemo, da jo bodo zaceli uporabljati tudi v kliniki [Daud et al., 2008].

Uspesnost metod, ki temeljijo na elektroporaciji je odvisna od uspesnosti

elektropemeabilizacije ciljnega tkiva, ta pa je v neposredni povezavi z jakostjo lokalhega

XiX



Razsirjeni povzetek doktorske disertacije v slovenskem jeziku

elektricnega polja, ki se v tkivu porazdeli ob dovajanju elektroporacijskih pulzov. Ciljno tkivo
lahko uspesno elektroporiramo/elektropermeabiliziramo le ob pravilni izbiri  kljuénih
parametrov lokalnega elektri¢nega polja, kot so

- pritisnjena napetost na elektrodah;

- oblikain velikost elektrod;

- razdalja med elektrodami;

- postavitev in orientacija elektrod glede naciljno tkivo in

- kontaktna povrsina med tkivom in elektrodo.

Ustrezne parametre lokalnega elektricnega polja za vsako ciljno tkivo lahko uspesno
dolo¢imo na podlagi izracunov in vizualizacije na realisticnih numeri¢nih modelih, ki so
potrjeni z ustreznimi poskusi na realnem tkivu [Miklavcic et al., 1998, Miklavcic et al., 2000,
Sel et al., 2005, Pavsdlj et al., 2005, Miklavcic et al., 2006]. Nujno potrebni parametri za
razvoj ucinkovitega realisticnega numericnega modela so kriticne reverzibilne E;e, IN
ireverzibilne Ej;re, vrednosti lokalnega elektricnega polja obravnavanih tkiv, ter elektricne in
geometri¢ne (velikost, oblika in lega) lastnosti ciljnega in okoliskega, ki jih je potrebno

dolo¢iti z meritvami in vivo.

Uspednost elektropermeabilizacije tkiv v in vivo pogojih je mozno spremljati z metodami ki
temeljijo na wuporabi indikatorskih snovi s fluorescen¢nimi, luminescencnimi ter
radioaktivnimi lastnostmi, kot so: propidijev jodid s fluorescencnimi lastnostmi [Gabriel et
al., 1997], fluorescen¢ni protein GFP [Pavselj et al., 2005], protein luciferaza [Pavselj et al.,
2005], pri katerem izkoris¢amo lastnost bioluminescence, radioktivne molekule 111In-
Bleomycin [Engstrom et al., 1998], >’Cr-EDTA [Ghel et al., 1999] ter Gd-DTPA [A. Leroy-

Willing et al., 2005]. Ena izmed glavnih pomanjkljivosti eksperimentalnih in vivo metod je
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njihova Casovna zamudnost, saj pri vecini informacijo o elektropermeabilizaciji lahko
pridobimo Sele po nekg dneh, glede na Stevilo parametrov, ki pogojujgo uspeSnost
elektropermeabilizacije, pa je poskuse potrebno ponoviti na velikem stevilu zivali. Poleg tega
poskuse v in vivo pogojih lahko izvajamo le v posebeg specidiziranih laboratorijih. Zato je
nujen korak k pridobitvi informacije o tem kolikSen delez ciljnega tkiva je bil izpostavljen
ustrezni jakosti elektricnega polja vizualizacija porazdelitve jakosti elektricnega polja v 3D

numeri¢nih modelih.

Cilji doktorske disertacije so naslednji:

1. razvoj realistiénih numeri¢nih modelov razli¢nih tkiv (t.j. miSice, tumorja in koze) ter
izraCun in vizualizacija lokalnega elektricnega polja v modelih;

2. vrednotenje numeri¢nih modelov validation nain in vivo poskusih

3. razvo] spletne izobrazevalne aplikacije o terapijah in postopkih, ki temeljijo na procesu

elektroporacije.

Za zagotavljanje uspesnosti elektrokemoterapije smo se osredotocili na preucevanje vpliva
klju¢nih parametrov lokalnega elektricnega polja na numeri¢nih modelih koznih in podkoznih
tumorjev. Izhgai smo iz predpostavke, da je za uspedno elektrokemoterapijo tumorjev kot
ciljnega tkiva potrebno uporabiti elektrode primerne oblike glede na obliko in polozg t.j
obliko in lego tumorjav kozi, ter elektri¢ne lastnosti tumorja.

Naredili smo sistemat¢no primerjavo in kvantifikacijo lokalnega elektricnega polja v modelih
tkiva za elektrode, ki so v uporabi v kliniki in raziskavah. Porazdelitev lokalnega elektri¢nega
polja smo andlizirali na podlagi analiticnih modelov v dveh dimenzijah ter numeri¢nih
modelov v dveh in treh dimenzijah [Paper |, Paper Il]. Pokazali smo, da ucinkovito

elektroporacijo ciljnega tkiva lahko zagotovimo z izbiro naslednjih parametrov lokanega
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elektricnega polja: amplituda pritisnjene napetosti, geometrija in pozicija elektrod glede na
pozicijo ciljnegatkiva, Stevilo elektrod, razdalja med elektrodami ter globina elektrod v tkivu.
Omenjeni parametri so relevantni parametri za postopek optimizacije in morajo biti dolo¢eni
za vsako ciljno tkivo posebej. Izbor ustreznih parametrov na podlagi izracunov in
vizualizacije lokalnega elektri¢nega polja v realisticnih numeri¢nih modelih tkiv predstavlja
pomemben korak v nacrtovanju terapij in postopkov ki temeljijo na elektroporaciji ter
ustreznih raziskovanih poskusov.

Razvili smo 3D realistini numeri¢ni model koZnega tumorja in pokazali vpliv kontaktne
povrsine med elektrodo in tumorskim tkivom na rezultat zdravljenja z elektrokemoterapijo.
Vecja kontaktna povsina prispeva k ve¢ji homogenosti lokalnega elektri¢nega polja v tumorju
in omogoca bolj ucinkovito zdravljenje koznih tumorjev. Nasi rezultati lahko prispevajo k
natan¢ni elektroporaciji ciljnega tumorskega tkiva, zasCiti okoliSkega zdravega tkiva pred
ireverzibilno elektroporacijo (E > Ejre/) ter k zmanjSanju obcutka bole€ine, ki sicer lahko
nastane zaradi penetracije premocnega elektricnega polja v globja tkiva. Na osnovi
vizualizacije lokalnega elektricnega polja v modelih koznih tumorjev smo pokazali, da z
numeri¢nimi izraéni lahko napovemo uspesnost elektropermeabilizacije ciljnega tkiva in s

tem uspednost elektrokemoterapije [Paper 111].

Proces elektropermeabilizacije smo preucili tudi na miSi¢énem tkivu, ki zaradi svojih
fizioloskih lastnosti predstavlja najbolj u¢inkovito ciljno tkivo zalokalno in sistemsko gensko
terapijo in vakcinacijo z elektroporacijo. Misi¢no tkivo v grobem lahko opisemo kot skupek
miSi¢nih celic oziroma vlaken, ki so obdane z manj prepustno membrano, med vlakni pa se
pretaka bolj prevodna zungjcelicna tekoc¢ina. Zaradi svoje specifi¢ne zgradbe tkivo miSice
izkazuje izrazito anizotropijo, v smeri vlaken je miSica bistveno bolj prevodna kot v smeri

pravokotno na vlakna. Zaradi oblike in orientacije miSi¢ne celice smo pricakovali, da je
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pragovna vrednost elektropermeabilizacije v longitudinalni smeri, ko je elektriéno polje
transverzalni smeri, ko je elektricno polje orientirano pravokotno na misi¢na vlakna. To
hipotezo vpliva orientacije elektrinega polja glede na misi¢na vlakna sSmo potrdili numeri¢no
in eksperimentalno [Paper VI]. Zgradili smo namre¢ realisti¢ni numeri¢éni model misi¢nega
tkivain uporabljenih ploscatih elektrod. Na podlagi primerjave rezultatov pridobljenih in vivo
in  numeri¢nih izraGunov smo ovrednotili naSe numericne modele. UspeSnost
elektropermeabilizacije smo raziskali Se eksperimentalno v in vivo pogojih. Poskusi so bili
izvedeni v zivaskem laboratoriju instituta IGR (Institut Gustave-Roussy, 39 Rue C.
Desmoulins F-94805 Villguif Cédex - France) v skladu z ingtitucionalnimi pravili in
zahtevami, ki jih postavlja francoska zakonodaja. Na podlagi realisticnih modelov miSice smo
raziskali tudi vpliv koze na elektroporacijo miSi¢nega tkiva in ugotovili, da prisotnost koze ne
vpliva na pragovno vrednost lokalnege elektri¢nega polja, ki je potrebna za elektroporacijo
misicnega tkiva [Paper V]. Za ovrednotenje realisticnih modelov miSice s in brez koze smo
uporabili rezultate in vivo poskusov na misici pogane, ki jih je opravil Cukjati s sodelavci

[Cukjati et al., 2007].

Potrebno je poudariti, da podrocji elektrokemoterapije in elektrogenske terapije zahtevata
interdisciplinarnost, kar pomeni, da je za uspesnost terapije kljunega pomena sodelovanje
ekspertov z razlicnih podro¢ij kot so medicina, biologija, elektrotehnika. S ciljem
standardizacije protokolov za elektrokemoterapijo in elektrogenskoterapijo in vpeljavo te
metode v klinicno okolje je potekal evropski projekt v petem okvirnem programu
[www.cliniporator.com]. Preizkusanje klini¢ne uporabe elektrokemoterapije in elektrogenske
terapije je potekalo v ve¢ onkoloskih centrih po Evropi. V okviru znanstvega projekta pa je

razvita spletna aplikacija za zbiranje podatkov o poteku in rezultatih poskusov in terapij
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[Pavlovi¢ et al., 2004]. Kljub izredno dobrim dosezkom [Marty et al., 2006], vecina trenutnih
protokolov za izvgjanje elektroporacije temelji na fenomenoloSkem podatku U/d (razmerje
pritisnjene napetosti in razdalje med elektrodama), kot oceni o porazdditvi jakosti
elektricnega polja v tkivu. Zaradi specifi¢ne zgradbe in elektricnih lastnosti bioloskih tkiv, Se
zlasti tumorskega tkiva, je elektricno polje, ki se v tkivu porazdeli, kot odziv na vzbujanje s
napetostnimi pulzi, nehomogeno in obicajno niZje od vrednosti U/d. NaSa predpostavka je, da
je uspesnost elektrokemoterapije mozno izboljsati z dobrim poznavanjem klju¢nih parametrov
lokalnega elektri¢nega polja, ki vplivajo na uspesSnost elektropermeabilizacije in posledi¢no
terapij ki temeljijo na elektroporaciji. Kljuéen korak k uspesnosti elektrokemoterapije
predstavlja izobrazevanje oseb, ki terapijo nacrtujejo ali izvajajo. Zelo ucinkovito orodje za
podajanje znanja je spletna tehnol ogija za namene izobrazevanja na daljavo [Day et al., 2006,
Humar et al., 2005]. V okviru doktorske disertacije smo razvili spletho izobrazevalno
aplikacijo, s katero naj bi podali pridobljeno znanje o vplivu klju¢nih parametrov lokalnega
elektricnega polja na uspesnost elektropermeabilizacije ciljnega tkiva. Nasa izobrazevalna
aplikacija je namenjena podajanju znanja ciljnim uporabnikom z razli¢nih podrocij, kot so:
klinika (zdravniki, zdravnisko osebje, pacienti), raziskave (biologi, kemiki, inzenirji) in

Studentje [Paper 1V].
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1. INTRODUCTION

The effect of high voltage pulses that causes cell membrane electroporation has been
extensively studied for amost four decades since the early studies [Sale and Hamilton, 1967,
Hamilton and Sale, 1967, Sale and Hamilton, 1968, Zimmermann et al., 1974]. The
electroporation can be used in al types of cells and tissues to render cell membranes
permeable to substances that otherwise would not be able to effectively enter the cell interior
[Tsong, 1991]. If the parameters for reversible electroporation are selected the cell membrane
is able to reseal after the application of pulses so that the viability of the electroporated cell is
preserved [Neumann et al., 1982, Rols and Teissie, 1990], as schematically shown in Figure

1.

Molecules Cell membrane

Figure 1: Illustration of areversible cell electroporation, where U is the applied voltage pulse

Nowadays reversible electroporation, as an effective and safe tool for administration of
different extracelular agents into targets cells, is widely used for various applications in
biology, medicine and biotechnology. The most advanced electroporation based therapy and
treatment in medical field are electrochemotherapy, gene electrotransfer for gene therapy and
vaccination and transdermal drug delivery. New medica applications of reversible
electroporation (such as intravascular delivery of drugs and genes with electroporation
catheters, eectroinsertion of molecules into membranes, intraocular delivery of drugs and

genes, electrofusion) are emerging at increasing rate. In the last decade also destructive
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applications relying on irreversible electroporation found its way in different medical and
biotechnological fields such as minimally invasive tissue ablation [Davalos et al., 2005, Al-
Sakere et al., 2007], water treatment [Teissie et al., 2002], where efficacy of chemical
treatment is enhanced with electroporation, and food sanitization [Heinz et al., 2002,
Sampedro et al.,, 2007] where the electroporation is used to inactivate different
microorganisms.

The main focus of the present doctoral theses is the analysis of in vivo electroporation and
corresponding local electric field distribution used in electrochemotherapy and electroporation

based gene therapy and vaccination.

1.1 Basic principles of electroporation

Electroporation is a phenomenon of cell membrane permeability increase (i.e.
electropermeabilization) due to local delivery of short and sufficiently intense voltage pulses
(electroporation pulses) to the target cells and tissues [Sale and Hamilton, 1967, Mir et al,
1988, Rols and Teissie, 1989, Neumann et al, 1989, Rols and Teissie, 1990, Miklavcic et al .,
2000]. The application of sufficiently high electric pulses creates an induced potential
difference (Vinquced) @cross the cell membrane which is superimposed on the resting membrane
potential  (Vresing). The increase in cell membrane permeability occurs when the total
transmembrane potential difference (AV = Vinguced + Vresiing) €Xceeds the critical breakdown
value of the applied electroporation pul ses.

The standard model of electroporation (i.e. model of pore formation) defines the phenomenon
of electroporation as formation of agueous pores in the presence of transmembrane voltage
[Weaver and Chizmadzhev, 1996]. According to this model, transmembrane voltage induces a
transition from the hydrophobic to the hydrophilic state. The hydrophilic pores are stable, due
to aloca minimum of free energy, which explains the experimentally observed durability of

the electropermeabilized state. This state is reversible until the applied voltage above the
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critical value causes an irreversible breakdown of the membrane [Tadg Kotnik, Doctoral
thesis, 2000].
The cell membrane becomes successfully electropermeabilized if the transmembrane voltage
AV reaches critical values ranging from 200 mV to 1 V, as reported in the literature
[Neumman et al., 1982, Zimermann 1982, Neumann et al., 1989, Weaver et al., 1996,
Miklavcic et al., 2000].
The induced transmembrane potential difference AV for a spherical cell is given by Schwan's
eguation (Schwan, 1957) (Eq.1):

AV =15r E cos (p) (Eq.D),
where r is the radius of the cell, E is external electric field, and ¢ is the angle between the
direction of the electric field and the selected point on the cell surface (Figure 2a). The model
of a spherica cell with radius r is illustrated in Figure 2a. The transmembrane voltage
depends on the position on the cell membrane as shown in Figure 2b. It is the highest at the
cell poles facing the electrodes for ¢=0 and ¢=r. However, in case of avery low conductive
external media this smplified equation leads to considerable errors and the original equation
has to be used, where all three conductivities influence the induced transmembrane voltage
[Kotnik et al., 1997].
Experiments in vitro on CHO céll in suspension (by using propidium iodide and ethidium
bromide dyes, both naturaly relatively membrane impermeant [Sixou and Teissie, 1993],
showed that the membrane breakdown first occurs at the anodic hemisphere for ¢p==, which
was shown to be due to the resting potential which is superimposed on the induced

transmembrane voltage [Gabriel and Teissie, 1997].
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Figure 2: The model of a spherical cell (A) and the dependence of the transmembrane potential on the position
on the cell membrane (B)

For some geometrical shapes of cells, such as spheroids [Kotnik and Miklavcic, 2000a] and
cylinders, the transmembrane potentia can be derived analytically, while for more

complicated cell geometries the numerical methods are to be used [Pucihar et al., 2006].

1.1.1 Important parameters for effective cell and tissue electroporation

The effectiveness of cell and tissue electroporation, and thus the effectiveness of
electroporation based therapies, depends on one hand on the parameters of the applied pulses
such as amplitude, duration, number and repetition frequency, type of electrodes used, and on
the other hand on the characteristics of the cell and tissues to be electroporated (such as cell
shape, cell orientation, cell density in the tissue) [Susil et al., 1998, Vadlic et al., 2003].
Namely, the increase in the eectroporation pulse amplitude and subsequently the externd
electric field results in a larger area of membrane permeabilised (as shown in Figures 3a-d),
while increase in pulse number or duration does not affect the membrane area but increases
the extent of electroporation (number and size of pores) [Gabriel and Teissie, 1997], as
illustrated in Figure 3e. The value of induced transmembrane voltage and thus the
electroporation of a cell within atissue also depends on geometrical and electrical properties
of the cell (i.e. on the cell size, shape, electric conductivity), the orientation of the cell with

respect to the direction of applied electric field [Valic et al., 2003], as well as of cell density,
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arrangement and cell position inside a cell system or tissue [Susil et al., 1998, Pavlin et al.,

2002].
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Figure 3: (a) Electric field parallel to elongated cell, (b) electric pulse amplitude is increased, (c) orientation of
electric field is changed, (d) electric pulse amplitude isincreased and (€) increasing the pulse amplitude resultsin
larger area of membrane with smaller extent of electroporation, while increase in pulse number or duration does
not affect the membrane area but increases the extent of electroporation. [Figure originally published in
Kanduser and Miklavcic, 2008]

1.1.2 From the cell to the tissue electroporation detection

Although the electoporation process on a microscopic level can be very complicated the
experimental and analytical studies on cell suspensions and in vivo studies in tissue
demonstrated that electroporation process can be followed also on a macroscopic level.
Namely, Kinosita and Tsong experimentally showed in cell suspensions that structural
changes in cell membrane cause increased membrane conductivity, which consequently leads
to achangein bulk conductivity [Kinositaand Tsong, 1979]. By impedance measurements the
authors observed an increase of the effective conductivity of erythrocytes suspension. These
changes depended on the field strength, pulse duration and conductivity of the extracellular
medium. Similarly, Abidor and colleagues measured changes of the resistance of cell pellets

due to the electroporation and drop in the effective resistance was observed after the



Doctoral thesis

application of electroporation pulses [Abidor et al., 1993]. Indirectly, by measuring the
transmembrane potential, changes in membrane conductivity of sea urchin due to the
electroporation was observed [Hibino et al., 1991]. Anaytica and numerical anaysis by
Pavlin and Miklavcic [Pavlin and Miklavcic, 2003] suggested that it was possible to estimate
the changes of the membrane conductivity from the measurements of the effective
conductivity of a cell suspension. The authors derived the equation, which connects cell
membrane conductivity with the effective conductivity of the cell suspension. In vivo studies
in tissue showed that the increase in tissue conductivity can be used for in vivo monitoring of
tissue permeabilization by tissue conductance measurements during the application of
electroporation pulses [Davalos et al., 2000, Davalos et al., 2002, Davalos et al., 2004]. In an
extensive in vivo study performed on several types of tissues (muscle, tumor, liver and skin)
by Cukjati and colleagues tissue permeabilization was detected by tissue conductivity
measurements [Cukjati et al., 2007]. In 2000 Miklavcic and colleagues showed that the
permeabilizated region of tissue in vivo can be determined by visualization of local electric
field distribution by means of direct comparison of numerical calculation and in vivo
observations in liver tissue [Miklavcic et al., 2000]. Sel and colleagues developed a 3D
numerical model of liver tissue based on in vivo measurements [Cukjati et al., 2007] and first
demonstrated that tissue permeabilization can be described as a functional dependency of
tissue conductivity on the local electric field distribution [Sel et al., 2005]. Namely, the
authors showed that the increase in tissue conductivity occurred if the electroporation
threshold of local electric field in tissue was exceeded. Both studies [Miklavcic et al., 2000]
and [Sdl et al., 2005] demonstrated importance of local electric field distribution in numerical

models for detection of permeabilized tissue region in vivo.
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1.2 Local electric field distribution — importance of modelling and
visualization

When the electroporation pulses (U) are applied, local electric field (E) is established within
the treated tissue. In order to cause structural changesin cell membrane, the magnitude of the
local electric field needs to achieve the critica reversible threshold value (Ee,). The
phenomenon is reversible until the magnitude of the local electric field reaches the
irreversible threshold value Eirrer, Which causes permanent damages of the cell membrane.
Depending on the electric pulse parameters used, electroporation can be reversible or
irreversible.

Possible applications of electroporation process, depending on parameters of the electric
pulses applied, are illustrated in Figure 4: the introduction of small molecules (Figure 4a), of
macromolecules (Figure 4b), and cells eectrofusion (Figure 4c) require reversible
electroporation regime (Erey < E < Eirey), While the permanent cell damaging requires
irreversible electroporation parameters (Figure 4d), thus local €electric field exceeding
irreversible threshold (E > Ejre,). The critical threshold values (Ere, and Ejrre,) are specific for
each type of cells and tissues and need to be determined experimentally. The E;e, and Ejrre
thresholds depend also on pulse characteristics such as the number, duration and repetition

frequency of the applied voltage pul ses.
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Figure 4: Different electroporation regimes depending on the local electric field strength E: reversible
electroporation E,, < E < Eje needed for the introduction of small molecules (a), the introduction of
macromolecules (b) and cells electrofusion (¢) and irreversible electrop oration E >E;jo, needed for the
permanent cell damaging (d) [Figure originally published in Kanduser and Miklavcic, 2008]

For efficient planning of electroporation based applications visualization and determination of
local electric field distribution within the target tissue for given electrodes and parameters of
the applied electroporation pulses is needed. This information needs to be known a priori for
the entire region of the target tissue as well as of its surrounding tissues. Realistic numerical
models of tissues that are based on 3D numerical modeling in combination with in vivo
experiments are an efficient tool for analysis of local electric field distribution and its control
within the body [Miklavcic et al. 1998, Miklavcic et al., 2000, Sel et al., 2005, Pavsdlj et al.,
2005, Paper I11: Corovic et al., 2008, Paper V: Corovic et al., 2009-submited, Paper VI

Corovic et al., 2009-submited].

The local electric field distribution within the treated tissue can be controlled by appropriate
selection the following e ectric parameters:

- applied voltage on the electrodes,

- the shape and size of electrodes,

- distance between electrodes;
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- placement of electrodes with respect to the target tissue and

- contact surface between the treated tissue and the el ectrode.

When selecting the abovementioned parameters one should also consider that local electric
field isinfluenced by the following tissue parameters:

- size, shape and position of the target tissue;

- geometry of the tissue surrounding the target tissue and

- electric properties of the target and its surrounding tissues

In electroporation based therapy and treatment planning the critical reversible E;o, and
irreversible Eje, threshold values of the local electric field for both the target tissue and the

surrounding tissues also have to be considered.

1.3 Knowledge exchange and collaboration among the experts involved in
electroporation based therapies and treatments

In electroporation based therapies development, a multidisciplinary expertise is required. For
example in electrochemotherapy a close collaboration, knowledge and experience exchange
among experts in the fields of oncology, biology, biophysics, physical chemistry and

electrical, biomedical engineering and informaticsis needed (Table 1).
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Table 1: Scientific fields and the corresponding expertise needed in el ectroporation based therapies and
treatments

Field Expertise
oncology tumor cells and tissues,
cancer
biclogy cells, normal tissues
i i physics of biclogical cells
blopivsice and tissues
' ' chemistry,
physical chemistry membrane electroporation
electrical engineering devices, electrodes
! ) ) . application of engineering
biomedical engineering principles in medicine and biology
computer engineerin database systems,
P g g interactive web applications

The efficacy of an electroporation based therapy or treatment can be assured with the
knowledge of parameters of the local electric field (i.e. pulse parameters and electrode
geometry and their positioning), being crucia for successful tissue electroporation and
subsequently for the best treatment outcome. Another condition that has to be met for the
therapy of treatment to be efficient isthat a sufficient amount of the administered extracellular
agent has to be present in the target tissue when the electric pulses are applied. Redistic
mathematical models validated by corresponding experimental observations are valuable tool
in designing and optimizing local electric field distribution. To develop a good mathematical
model alowing for therapy outcome prediction the engineers need to possess knowledge
about biological mechanisms involved in electrochemotherapy. On the other hand, to make
the therapy as efficient as possible it is of great importance to transfer the knowledge from
basic science to the field of biomedical engineering and further to the practicing clinicians

who then perform the treatment.

Information and communication technology can be successfully used for efficient
interdisciplinary collaboration and knowledge exchange. Internet technology has aready been
successfully used to support clinical trials of electrochemotherapy by establishing a central

database and the Web application system for electronic data collection [Paper XI1V: Pavlovic
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et al., 2004, Pavlovic et al., 2007, Pavlovic et al., 2009]. Users from distant medical centers
across Europe have been entering the data (such as treatment parameters used and treatment
efficiency follow up), which reduces costs and improves data quality and control. Based on a
comprehensive analysis of collected data, performed by the developed system, the standard
operating procedures for clinical e ectrochemotherapy of cutaneous and subcutaneous tumor

in patients have been defined [Marty et al., 2006, Mir et al., 2006].

1.4, History and basic principles of electrochemotherapy and
electroporation based gene therapy and vaccination

Electrochemotherapy

Electrochemotherapy is a non-thermal antitumor treatment employing locally applied high
voltage electric pulses (i.e. electroporation pulses) in combination with chemotherapeutic
drugs [Mir et al., 1991, Mir, 2006, Sersa and Miklavcic, 2008].

The results of in vivo experiments with el ectrochemotherapy were first reported by Okino and
Mohri in 1987 [Okino and Mohri, 1987]. The therapy of subcutaneous tumors in rats was
performed by application of a single high voltage pulse following intramuscular injection of
bleomycin. Okino and Mori found that the combined treatment of an electric pulse and
bleomycin had a strong antitumor effect, and neither the electrical pulse nor bleomycin
administration alone had such an inhibitory effect on the tumor growth. In parallel systematic
in vitro studies on the cytotoxicity of bleomycin combined with electroporation pulses were
performed by Orlowski and colleagues [Orlowski et al., 1988] and Mir and colleagues [Mir et
al., 1988].

Since then numerous studies have shown the efficiency of the combined treatment of

electroporation and antitumor drugs in treatment of subcutaneous and cutaneous malignancies
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[Mir et al.,, 1991, Sersa et al., 1998, Heller et al., 1998]. Severa studies on the
electrochemotherapy of orthotopic tumors, such as the brain [Salford et al., 1993], the liver
[Jaroszeski et al., 1997, Chazal et al., 1998, Ramirez et al., 1998] and the pancreas [ Jaroszeski
et al., 1999a] have aso shown promising results.

Two non-permeant chemotherapeutic drugs (bleomycin and cisplatin) were found to be the
most suitable candidates for combined use with electroporation pulses [Orlowski et al., 1988,
Sersa et al., 1995]. In vitro experiments showed that the cytotoxicity of bleomycin is
potentiated by several hundred times [Poddevin et al., 1991] and the cytotoxicity of cisplatin
up to 70 times [Sersa et al., 1995]. In vivo, anti tumor effectiveness of bleomycin and cisplatin
after electropermeabilization of cellsis increased several-fold [Mir et al., 1991, Heller et al.,
1995, Sersa et al., 1995]. First clinical tria in patients (on head and neck tumor nodules) was
performed in France (Institute Gustave-Rroussy, Villgiuf) and the results were published in
1991 by Mir and colleagues [Mir at al., 1991]. This study was thereafter followed by other
clinica trids in patients that demonstrated high efficiency in antitumor treatment of tumors
with different histologies, such as head and neck sgquamous cell carcinoma, melanoma, basal
cell carcinoma and adenocarcinoma [Rudolf et al., 1995, Heller et al., 1998; Sersa et al. 1998,
Heller et al., 1999, Rols et al., 2000, Rodrigez-Cuevas et al., 2001, Gothelf et al., 2003, Sersa
et al., 2003, Rebersek et al., 2004, Snoj et al., 2005].

Clinical studies have been paraleled by the design of new electroporation pulse generators
and electrodes [Puc et al., 2004] aided by the development of the numerical models of tissues
exposed to electroporation pulses [Miklavcic at al., 1998, Gehl et al., 1999, Miklavcic et al.,
2000, Semrov and Miklavcic, 2000, Sel et al., 2005, Pavselj et al., 2005]. Based on these
knowledge obtained from the numerical models the electrochemotherapy treatment protocols

have been continuously improved and refined.
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In 2006 el ectrochemotherapy standard operating procedures (SOP) have been defined for the
treatment of cutaneous and subcutaneous tumor nodules of different histologies as a
conclusion of a multy-institutional study, which was conducted by a consortium of four
European centers gathered in the ESOPE project funded under the European Commission's
5th Framework Programme [Marty et al., 2006]. The timeline illustrating the evolution of in
vivo studies on electrochemotherapy from the first report from the first report by Sale and
Hamilton [Sale and Hamilton, 1967] to the definition of SOP in 2006 [Marty et al., 2006] and

thefirst clinical electrochemotherapy of liver tissue is shown in Figure 5a.
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Figure 5: The timeline illustrating the evolution of in vivo studies: a. on electrochemotherapy b. on gene
electrotransfer

In the ESOPE study, the treatment response was tested according to tumor type, drug used,
route of administration and type of electrodes was tested. The study confirmed previous
reports on the effectiveness of eectrochemotherapy and following results were obtained

during the study:
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1. An objective response of 85% (73.7% complete response rate) was achieved for tumor
nodules regardless of tumor histology, drug or route of administration used;

2. At 150 days after treatment, the local tumor control rate for el ectrochemotherapy was 88 %
with bleomycin given intravenously, 73 % with bleomycin given intratumoraly and 75 %
with cisplatin given intratumoraly, demonstrating that all three approaches were equally
effective in local tumor treatment, with a preference for the intravenous administration of the
bleomycin;

3. Side effects of electrochemotherapy (such as muscle contractions and pain sensation) were
minor and tolerable.

In addition, several advantages of the electrochemotherapy treatment have been reported, such
as:

1. Easy and effective treatment of single or multiple tumor nodules of any histology in
cutaneous and subcutaneous tissue;

2. Treatment that increases quality of life in patients with progressive disease;

3. Treatment of choice for tumors refractory to conventional treatments,

4. Neoadjuvant treatment in the form of cytoreductive therapy before conventional treatment;
5. Organ sparing and function saving treatment;

6. Treatment of hemorrhagic or painful nodules, since it reduces bleeding and in some cases
pain level and

7. After electrochemotherapy good cosmetic effects are obtained due to a selective cell death
mechanism that primarily affects the dividing tumor cells.

In the ESOPE study electrochemotherapy with plate electrodes has been proven to be very
suitable for treatment of protruding cutaneous tumors, where entire volume can be held
between the electrodes, while in cases where tumor is seeded more deeply in the skin and

underlying tissues the needle electrodes are to be used [Miklavcic et al., 2006, Mir at al.,
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2006, Marty et al., 2006]. For electroporation, square wave electric pulses with an amplitude
over distance ratio of 1000-1300 V/cm, duration of 100 ps, frequency of 1 Hz or 5 kHz were
used.

In addition, to the efficacy and safety, the electrochemotherapy is a cost-effective method,
which has recently been demonstrated by Colombo and colleagues in a cost-effectiveness
anaysis of electrochemotherapy compared to other methods (such as radiotherapy,
hyperthermia associated with radiotherapy and chemotherapy, interferon-alpha, and isolated
l[imb perfusion) for the control and treatment of cutaneous and subcutaneous tumors
[Colombo et al., 2008].

The clinical electrochemotherapy is currently used as a palliative treatment of cutaneous and
subcutaneous tumor nodules of different malignances. Namely, after ESOPE study severdl
clinical studies using the defined SOP protocols [Mir, 2006] were published confirming the
results obtained during the ESOPE study [Campana et al., 2008, Curatolo et al., 2008, Fantini
et al., 2008, Quaglino et al., 2008, Snoj €t al., 2009].

In order to further improve and refine the protocols of electrochemotheray of cutaneous and
subcutaneous tumor nodules and to broaden the clinical electrochemotherapy to other types of
tumors (i.e. orthotopic tumors: brain, liver and other) the needed equipment (i.e. generators,
electrodes, software) and the treatment planning methods are being developed. Numerical
models of local electric field distribution in tumors and its surrounding healthy tissue can
serve as an important tool in optimization of parameters (i.e., applied voltage, the shape, size
and placement of electrodes with respect to the target tissue) needed for the successful therapy

outcome and can play an important role in treatment planning of electrochemotherapy.
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Gene electrotransfer — electroporation based gene therapy and vaccination

Gene therapy is a technique for correcting defective genes responsible for disease
development. Gene vaccination is a vaccine approach used to induce an immune response to
an antigen protein expressed in vivo, which can be used against infectious agents such as
hepatitis B virus or human immunodeficiency virus-1.

The delivery of genes to the target tissue can be carried out by viral or non-viral transfection.
In spite of the high efficiency virad methods have several disadvantages. Namely, vector
interacts with the immune system, which can cause fatal conseguences, such as premature
death or incidences of leukemia [Ferber, 2001]. Electroporation has been shown to be one of
the most efficient and simple non-viral methods for gene transfer into target tissue provided
appropriate electrical parameters are chosen [Mir, 1999; Mir, 2001].

The first studies showing an efficient in vitro gene transfection by electroporation pulses were
published in 1982 [Neumann et al., 1982; Wong and Neumann, 1982]. Since then a large
body of evidence was collected showing that the gene electrotransver is efficient in both in
vitro and in vivo systems [Gehl, 2003, Mir at. al. 2005, Prud'homme et al., 2006, Andre et al .,
2008]. First in vivo studies on gene electrotransfection were published in 1991 by Totimirov
and colleagues [Titomirov et a, 1991]. In 1996 in vivo studies on gene electrotransfection
were reported by Heller and colleagues (liver tissue) [Heller et al., 1996] and by Nishi and
colleagues (brain tumor) [Nishi et al., 1996]. Two years later high gene transfection level
using trains of long pulses (5 to 50 ms) was demonstrated in muscle [Mir et al., 1998, Aihara
and Myazaki, 1998], in melanoma tumors [Rols et al., 1998], and in liver [Suzuki et al.,
1998].

Since than, efficient in vivo gene electrotransfer has been shown in a wide variety of tissues
(e.g., tumors, muscle, liver, skin and other organs such as retina, kidney, lung, brain etc.)

[Gehl and Mir, 1999; Jaroszeski et al., 1999; Mir et al., 1999; Bettan et al., 2000; Payen et al.,
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2001; Zhang et al., 2002; Kesmodel and Spitz, 2003; Khan et al., 2005; Zampaglione et al.,
2005]. The majority of studies have used trains of several pulses (3 to 10) of milliseconds to
tens of milliseconds duration. Severa studies on muscle tissue proposed the use of a pulsing
protocol, consisting of a high-voltage, permeabilizing pulse, followed by a low-voltage,
electrophoretic pulse [Mir et al., 1998; Mir et al., 1999; Bureau et al., 2000; Satkauskas et al .,
2002; Satkauskas et al., 2005, Hojman et al., 2008].

Experiments on disease models showed that gene electrotransfer can be equally applicable to
small and large animals (e.g. rodents, dogs, farm animals and primates). Gene el ectrotransfer
has also been performed in humans and it seems likely it could be applied clinically for
nonviral gene therapy and vaccination [Prudhomme et al., 2006]. The results of the first
clinica trials with gene electrotransfer to tumors and muscle tissue have been published in
2006 [Heller et al., 2006]. The most recent results obtained in ongoing clinical trials (Phase 1)
in patients with metastatic melanoma were published in 2008 by Daud and colleagues [Daud
et al., 2008].

Since the electroporation based gene therapy and vaccine are cost-effective and easily
implementable methods of administration they can be useful for treatment of cronic diseases
where patients must be treated for years of even for their whole lifetime. These two methods
might especialy be of great help in developing countries also for treatment of severe viral
diseases such as HIV or HCV and malaria infections, which currently represent major health
concerns [Perez et al., 2004].

Numerous preclinical studies in various species (including mice, guinea pigs, rabbits and
rhesus macagues) reported promising results of electroporation based DNA vaccination for
AIDS, Hepatitis B and C, herpes virus, tuberculosis, and malaria[Otten et a., 2004, Rosati et
a., 2008, Golzio, 2009 [www.cliniporator.com/ect/proceedings|] and severd clinical trials are

currently under way [http://clinicaltrials.gov].
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The timeline illustrating the evolution of in vivo gene eectrotransfer from the report by Sale
and Hamilton [Sale and Hamilton, 1967] and the first in vitro gene e ectrotransfection report
by Neumann and colleagues [Neumman et al., 1982] to the latest clinical tria report by Daud
and colleagues [Daud et al, 2008] is shown in Figure 5b.

In order to assure optimal conditions for electroporation based gene therapy and vaccination
(i.e. reversible and safe electroporation just above the reversible threshold value E,q,) the
electrical parameters (such as applied voltage, electrode shape and position) need to be
carefully selected [Gehl and Mir, 1999, Gehl et al., 1999, Miklavic et al., 2000]. Namely, for
successful gene electrotransfer and expression the target muscle tissue need to be
permeabilized so as not to affect the viability of the cells — target muscle tissue need to be
reversibly permeabilised with local electric field just above E,o. Anaysis of tissue
electroporation by means of numerica modeling (i.e. calculation and visualization of local
electric field distribution) is reported to be of great importance in also the selection of the
appropriate electrical parameters for gene electrotransfer [Gehl et al., 1999, Miklavic et al.,

2000].
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1.5 Aims-Objectives of doctoral theses

The appropriate local electric field distribution in the treated tissue is one of the most
important conditions that need to be met for an effective electroporation based therapy or
treatment to be successful as well as in vivo experiments in both humans and animals to be
adequately designed. Currently, local eectric field distribution can not be visualized during
the electroporation based therapy or treatment. Therefore it is of outmost importance to a
priori select the appropriate parameters and to ‘design’ the appropriate local electric field
distribution for each particular therapy, treatment or experiment. Visualization of the spatial
distribution of local electric field distribution can be effectively carried out with numerical
calculations using realistic numerical models (i.e. numerical or analytical models of biological
tissues validated on corresponding in vivo experiment). Development of redistic
mathematical models thus plays an important role in the prediction of successful outcome of
an electroporation based therapy, treatment or experiment.

In order to develop a good redistic model the knowledge and experience exchange from
different scientific fields, involved in electroporation based therapies and treatments, is
needed, which can be successfully assisted by using web-based e-learning systems.

The aims of this doctoral thesis cover three important issues in the development of
el ectroporation based technol ogies and treatments:

1. development of realistic numerical models of different tissues (i.e. muscle, tumor and skin)
and calculations and visualization of local electric field distribution in the models;

2. validation of the realistic numerical models by in vivo experiments; and

3. development of a web-based interactive e-learning application on electroporation based

technol ogies and treatments such as electrochemotherapy.
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1.5.1 Calculations and visualization of the local electric field distribution in realistic
numerical models of cutaneous and subcutaneous tumors

According to the Standard Operating Procedures [Mir, 2006] the protocol for
electrochemotherapy is the delivery of eectroporation pulses (square wave eectric pulses,
duration of 100 ps, frequency of 1 Hz or 5 kHz) by parallel plate to the superficia cutaneous
tumors and by needle eectrodes (needle row for small tumors and hexagona centered for
larger tumors) to the more deeply seeded tumors, which was defined based on results of
ESOPE clinical trials [Marty et al., 2006]. However, the amplitude to be applied on the
electrodes is defined as amplitude over distance ratio: 1300 V/cm for plate and 1000 V/cm for
needle electrodes, both regardiess of tumor properties (its shape, position and electric
properties). Moreover the geometry of electrodes (electrode dimensions, number of
electrodes, distance between electrodes) currently used in clinics also can not be changed.

The goals of further development of clinical electrochemotherapy are the therapy of tumors of
internal organs (i.e. brain, liver and other), as well as the refinement of the existing protocols
for the improvement of the response rate of cutaneous and subcutaneous tumor treatment
(including bigger — larger than 3 cm in diameter and thicker than 0.5 cm) by treatment
planning for each individual case of tumor.

In addition to a sufficient amount of chemotherapeutic drug, for successful
electrochemotherapy, it is of crucia importance to create a local eectric field sufficiently
strong (above E,o) to induce electropermeabilisation of the entire tumor volume and
consequently allow the chemotherapeutic drug to enter all tumor cells, without damaging the
surrounding healthy tissue (E > Ej;e,) and without causing painful sensations. In order to
achieve the effective therapy treatment outcome, an appropriate placement and shape of
electrodes and amplitude of voltage pulses need to be selected with respect to the position,

shape and electric properties of target/tumor tissue as well as with respect to the properties of
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surrounding tissue. Our hypothesis is that the precise targeting of the tumor cells with a
sufficient amount of chemotherapeutic drugs can be assured with the appropriate parameters
selected based on calculation of local electric field distribution within the treated tissue.
Namely, tumors can be seeded in different layers of the skin and can be arbitrarily shaped. In
addition, electric conductivities of tumor tissue are usualy higher compared to the
surrounding tissues.

The aim of our study is to develop realistic numerica models of cutaneous tumor in order to
investigate the influence of different placements of parallel plate electrode against the
cutaneous tumor tissue on the el ectrochemotherapy outcome. The development of the models
is based on in vivo experiments in animals using bleomycin. Based on this we demonstrate
that the electrode placement for successful electrochemotherapy outcome can be determined
in advance based on calculation and visualization of local electric field in a realistic tumor
model. We further systematically compare local electric field distribution for different
electrode geometries and voltage applied used in clinics and research in the past years with
the aim to show which parameters are important for further refinement of protocols used in
electroporation based therapies and treatments (such as electrochemotherapy). One of the
aims of this thesis was also to build 3D finite element numerical models of differently shaped
and positioned tumors tissues. The results of our study are aimed to provide guidance to
practitioners as to choose the most sutable electric parameters (such as the amplitude of
electroporation pulses and electrode configuration — plate or needle, electrode placement,
number and insertion) in order to perform the treatment as precisely as possible: to target the
tumor with E > E;e, and destroy al tumor cells, while minimizing electrically induced
damage to the healthy tissue and avoiding pain sensations. Our results are also aimed to
provide relevant parameters needed in treatment planning development of realistic tumors

based on calculation and visualization of local eectric field in realistic numerical models.
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1.5.2 Calculations and visualization of the local electric field distribution in realistic
numerical models of muscle tissue

Skeletal muscle is one of the most attractive tissues for administration of therapeutic genes by
electroporation for both local and systemic gene therapy, for genetic vaccination against
infectious agents as well as for basic research of muscle physiology, due to a number of its
biological properties such as relatively easy access the skeletal muscles, long term stable
transgene expression and excellent vascularisation [Mathiesen, 1999; Umeda, 2004; Perez et
al., 2004; Hojman et al., 2007; Tevz et al., 2008]. In order to assure optimal conditions for
gene therapy and genetic vaccination, the electrica parameters (such as applied voltage,
electrode shape and position) need to be chosen to assure reversible and safe muscle
electroporation just above the reversible threshold value [Gehl and Mir, 1999, Gehl et al.,
1999, Miklavcic et al., 2000]. For successful gene electrotransfer and expression, the target
muscle tissue need to be electropermeabilized so as not to affect the viability of the cells.
Therefore, the critical electroporation thresholds (E;e, and Eje,) are necessary parameters for
the selection of appropriate electric parameters and design of local electric field distribution.
So far, the electroporation thresholds (Eey and Ejrre,) Of local electric field for muscle have
not been detected based on realistic 3D models of muscle and only a few studies have dealt
with detection of the threshold as applied voltage U divided by distance between electrodes d
(U/d). Gehl and colleagues experimentally determined threshold of the ratio U/d in vivo using
>'Cr-EDTA electroporation indicator and numerical calculations of the electric field
distribution in two dimensions [Gehl et al., 1999]. Cukjati and co-workers experimentally
determined the threshold values of the U/d ratio needed for electropermeabilization of the
muscle tissue employing 'Cr-EDTA electroporation indicator and electric current
measurements [Cukjati et al., 2007]. Pavselj] and colleagues compared the experimental

results obtained in [Cukjati et al., 2007] to the numerical calculations with a 3D numerical
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model of cutaneous tumor by using paralel plate electrodes, so that the electric field was
paralel to the muscle fibers and determined the thresholds for muscle being tumor underlying
tissue [Pavselj et al., 2005].

The aim of the doctoral thesis was to develop realistic numerical models of skeletal muscle
and to numerically and experimentally study muscle tissue electroporation for two different
orientations of the electric field with respect to the muscle fibers: paralel and perpendicular.
Namely, our aims were to determine electroporation thresholds (E;., and Eje/) Of local
electric field of the muscle tissue needed for both orientations, to detect successfully
electroporated region of muscle tissue and to determine the influence of muscle tissue
structure and electrode placement on muscle electroporation.

One of the aims was also the development of realistic numerical models of muscle in order to
examine the influence of skin on muscle electroporation. For the model validation we used in
vivo experiments performed with *’CrEDTA and by total electric current measurements
[Cukjati et al., 2007]. The results obtained in this part of our study are aimed to help defining
protocols for selection of electrical parameters, based on loca electric field distribution,
which is needed in gene electrotransfer.

1.5.3 Development of a web-based e-learning application on electroporation based
therapies and treatments such as electrochemotrapy and gene electrotransfer
Development of a redistic mathematical model, designing an in vivo experiment or
performing of an electroporation based therapy and treatment require a complete
understanding of the tissue electroporation mechanisms. For example in order to assure a
successful  electrochemotherapy or gene e€lectrotransfer a suficient amount of
chemotherapeutic drug or therapeutic gene need to be provided, decisions on route of
administration, anesthesia, and eligibility of patients need to be made and appropriate electric

parameters need to be chosen, which requires a complete knowledge from different scientific
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fields: biology, medicine, chemistry and biomedical engineering. Web based technol ogies and
elearning systems are useful tool for the knowledge dissemination, which can very
effectively provide the knowledge and experience flow within the scientific fields involved.
Our am in this part of doctoral thesis was to develop a web based learning application to
provide and support collaboration, knowledge and experience exchange among experts
involved in electrochemotherapy and to apply the acquired knowledge to other el ectroporation
based therapies and treatments. The aim of this part was aso to evaluate the pedagogical
efficiency and usability of the devel oped e-learning application.

Our web-based distance learning application brings together the educational material
providing basic mechanisms underlying electroporation process on the levels of cell
membrane, cells and tissues and the basic background of electrochemotherapy and gene
electrotransfer. The application is especially amed at providing the knowledge about the
parameters of local electric field being important in electroporation based therapies and

treatments.
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1.6. Methodology and background theory

1.6.1 Calculation and visualization of the local electric field distribution in
biological tissue

1.6.1.1 Experimental methods

In order to detect cell electroporation in vivo it is necessary to use a non-permeant marker (i.e.
an electroporation marker) that will enter and label the successfully electroporated cells. For
a successful electroporation detection the viability of the electroporated cells needs to be
preserved, thus a local electric field (E) between reversible and irreversible electroporation
thresholds (E;ey <E < Ejre) nNeeds to be established. If the E does not exceed E;o, the
electroporation marker does not enter the cells (as the cell membrane is not electroporated),
while an E above Ej 1, permanently damages the cells, thus the electroporation marker leaks
out of the cells (as the cell membrane do not reseal). Severa electroporation markers have
been used as marker molecules for in vivo electroporation detection such as. Bleomycin
[Belehradek et al., 1994], >'CrEDTA [Gehl et al., 1999, Cukjati et al., 2007], (99m)Tc-DTPA
[Engstrom et al., 1999], Pl - Propidium lodide [Rols et al., 1998], and Gd-DTPA [Leroy-
Willig et al., 2005]. The electroporation in vivo can be detected also by impedance
spectroscopy measurements [Ivorra and Rubinsky, 2007] and in vivo measurements of voltage
applied and total electric current flowing through tissue (i.e. the 1/U measurements) [Cukjati
et al., 2007].

In order to determine the electroporation threshold values based on direct comparison of local
electric field distribution visualized in the realistic numerical models to the in vivo
observations, the tissue geometry in in vivo experiments need to be preserved, otherwise the
information about the local electric field distribution (i.e. electroporated tissue region) in the
tissueislost. In our study of muscle tissue el ectroporation we used two in vivo methods which

enabled us to preserve the tissue geometry during the experiment: i. propidium iodide uptake
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detection [Rols et al., 1998] and ii. magnetic resonance imaging of contrast agent Gd-DOTA
internalized into the electroporated cells [Leroy-Willig et al., 2005]. Propidium iodide
fluorescence observed under the microscope allows the determination of successfully
permeabilized region of the treated tissue, which in turn alows us to locate the local electric
field distribution above the critical reversible threshold value E;¢, in the tissue and to compare
the obtained results to the numerical calculations. Similarly, magnetic resonance imaging of a
contrast agent Gd-DOTA that selectively enters only the electroporated cells allows the
determination of successfully electroporated volume of the treated muscle. The in vivo
experimental methods and determination of the electroporation thresholds for skeletal muscle
tissue based on our redlistic numerical models are described in Paper VI. We also used in
vivo experimental data of skeletal muscle electroporation obtained with *’CrEDTA and the
I/U measurements for determination of electroporation threshold values based on our
numerical models described in the Paper V. For vaidation of our models of cutaneous tumor
tissue and in vivo confirmations of numerically predicted el ectrochemotherapy outcome we

used bleomycin molecule [Paper 111].

1.6.1.2 Analytical methods

The analytical solution of electric field distribution in biological tissues is only possible for
regularly shaped geometries. The most important limitation of the analytical approach are that
the problem to be solved often need to be restricted to two dimensions. In addition, anaytical
models assume uniform electric tissue properties (i.e. tissue e ectric conductivity), while most
tissue exhibit some degree of inhomogeneity. However, the analytical solutions can provide a
convenient, rapid, but approximate method for a pre-analysis of electric field distribution in

treated tissue [Paper 1].
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Analytical calculations— plate electrodes

Analytical solution for the electric field between two infinite parallel plate electrodes gives a
trivial solution E = U/d, where d is the distance between the electrodes and U is the applied
voltage on the electrodes. The electric field strength E is constant in the entire region between

infinite electrodes.

Analytical calculations— needle electrodes

Krasowsska and colleagues [Dev et al., 2003] showed that for electrostatic problem analytical
solution for the potential and the electric field also around the needle electrodes in 2D can be
obtained by solving Laplace equation, if the needle penetration depth is larger than the
distance between the electrodes. If we consider Laplace equation of a complex analytic
function for agiven region:
A¢(2)=0

where z = X + iy, we obtain that the real part of this function Re (®(2)) is aso a solution of the
Laplace equation. The potential can be written as a sum of multipoles of all electrodes, details
are given in reference [Dev et al., 2003]. If higher terms in multipole series are neglected we

can write the potential as a sum of the leading terms of all n electrodes:

N
a

:EC| C

#(2) s N ogZ—Zn+ 0

where a is the radius of an electrode, z, is the position of the n-th electrode and the

coefficients Cn are determined from the boundary conditions. The above approximation can

be used when a << d (needle electrodes are not too thick compared to typical inter-electrode
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distance). From Eqg. 2 we can obtain the electric field strength from calculating the gradient of

the potential:

@9=Cy—
EZ)=YC,——
n=1 NZ_Zn

1.6.1.3 Numerical methods

Most biological systems have intricate geometries, along with material nonhomogeneities and
anisotropies, which means numerical methods are a more suitable option for studying the
effects of electromagnetic fields on cells, tissues and organs.

Numerical calculations (by using finite element method) of electric field distribution in
realistic mathematical models, validated by adequate experimental results, can be used as an
effective approach for 3-dimensional visualization of eectric field distribution and thus, for
detection of the level of tissue electropermeabilisation, as reported in numerous studies
[Miklavcic et al., 1998, Miklavcic et al., 2000, Sel et al., 2005, Pavselj et al., 2005, Miklavcic
et al., 2006]. The in vivo experiments are necessary for development of realistic numerical
models, however once the model is built experimenting and el ectroporation outcome planning
is easier and faster than performing in vivo experiments (when they are not necessary). In
order to investigate the influence of al the parameters on the effectiveness of electroporation
process in vivo experiments need to be carried out on a large number of animals. In addition,
most of experimental methods can be time-consuming since the results can only be collected
after several days. Moreover, in vivo experiments are permitted to be performed only in
specialized laboratories. When experimenting on the models, we can easily change the
parameters such as distance between electrodes, number and arrangement of electrodes by
modifying geometry parameters of the model or the amplitude of the applied electroporation

pulses by applying different boundary conditions of the model.
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Finite element method

For the numerical calculations we used finite element method [Chandrupatla and Belegundu,
1997]. The finite elements method turned out to be a very useful method for solving partia
differential equations when studying electric field distributions inside biological systems. The
essence of the method is the discretization of the geometry into smaller elements — finite
elements — where the quantity of interest is approximated with a simple function or is
assumed to be constant throughout the element. Material propertiesinside afinite element are
homogeneous. Mathematically, the finite element method is used for finding an approximate
solution of partial differential equations as well as of integral equations.

We built our numerical models by using COMSOL Multiphysics® simulation environment
which is based on finite element method and facilitates al steps in the modeling process such
as defining geometry, specifying physics, meshing, solving and post-processing of the

obtained results [COM SOL Multiphysics 3.54].
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1.6.2 Modeling of electrical response and electric properties of tissues
exposed to electroporation pulses

1.6.2.1 Calculation of electric field distribution in biological tissue

Electrical response of biological tissue exposed to high voltage electroporation pulses can be
theoretically described with equations for constant direct electric field (DC) conductive
media

Namely, for any material whose electric properties are in the range of those of biological
tissues or organs and its dimensions do not exceed 1 m and the frequency of the electric field
stays below 1 kHz, the electrical behavior in any given moment as a response to electric
current can be described with a set of equations describing stationary fields (i.e. quasi-
stationary analysis). The electric current field thus induced is not a source field (has no

sources nor drains), which can be described with the following equation [Sinigoj, 1996]:

§j-dA=o, (Eq. 2.1)
A

where A is a closed surface enclosing the volume V and J represents the current density vector
(in units: A/ny).

Ohm's law applies, and can be written in differential equation as:

J=c-E (Eq. 2.2)
where E is the vector of the electric field (in units: V/m), inducting the electric current in the
materia (free charge displacement).
Electric field is defined as a negative gradient of the potentia u (in units: V):
E=-Vu (Eq. 2.3).
As in the case of electrostatic conservative field the potential u (T) in any point of space T

(x,y,2) is equa to the path integral of the electrostatic field from an arbitrary reference point
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To until the point T (x,y,2)). Voltage difference U, between two points T; and T in space can
be defined as a difference of potentials V defined in these two points:
T, -
U, =u(T,)-u(T,) = j Ed  (Eq. 2.4)
Tl
The conductivity of the material (in units. S/m) can in general (in the case of an anisotropic

conductor) be represented with a tensor:

J = Zo-” . Ej (Eq. 2.5)
O Oy Ox

o =| 0oy Oy, 0y, (Eq. 2.6)
OnOpy Oy

The equation 2.1 can be written as:

vV-J=0 (Eq. 2.7).
Using Ohm'slaw, it transcribes into:
V.(o-E)=0 (Eq. 2.8)
Combining equation 2.8 with the definition of the electric field (equation 2.3), we get:
V-(o-(-Vu))=0 (Eq. 2.9)
In the case of a homogeneous isotropic material (constant ¢) we get a Laplace differential
equation:
Vu=0 (Eg. 2.10),
or:

2 2 2
Vau = le; + gyl: + Zzl; in the volume V (Eq. 2.11).

The equation 2.11 is an dliptic partial differential equation that in combination with the
boundary conditions:

u=Uu onthesurface S (Eq. 2.12)
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and the derivation u in the direction of the normal vector:

q= Z—E =gonthesurfaceS;,  (Eq. 2.13)

defines the mixed or Robin's problem, where:

S=5+S, (Eq. 2.14)
is the surface enclosing the volume V. When only the first boundary condition is given (the
eguation (2.12)), we are dealing with the Dirichlet boundary condition, while, when we know

the derivation from the equation 2.13, we have the Neumann boundary condition.

1.6.2.2 Electric properties of modeled tissues and their response to electroporation
pulses

In order to study the response of biological tissues to electrical stimulus, data on their electric
properties are needed. In practice, biological materials exhibit characteristics of both,
insulators and conductors, because they contain dipoles as well as charges which can move.
On a microscopic level electric properties of the tissues can be described with their passive
electric properties such as electric conductivities and relative permittivity. The electrical
properties can depend on several factors such as the tissue orientation relative to the applied
field (directional anisotropy), the frequency of the applied field (the tissue is neither a perfect
dielectric nor a perfect conductor), or they can be time and space dependent (e.g., changesin
tissue conductivity during electroporation). The results of electric conductivity measurements
that have been published indicate that the impedance at frequencies less than 100 Hz is amost
entirely resistive and that the capacitive component accounts for only around 10% in most
tissues; between 100 Hz and 100 kHz most tissues show amost no frequency-dependence.
[Miklavcic et al., 2006]

An extensive in vivo study on animal tissue response to electroporation pul ses showed that the

capacitive component of the tissue is present only at the beginning of the pulse while after the
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transient the electroporated tissue exhibit only the ohmic behavior [Cukjati et al., 2007]. The
typical responses (by the electric current measured) of the target tissue to the applied
electroporation pulses is shown in Figure 6. If the amplitude of the applied voltage is not high
enough to permeabilize the tissue (i.e. the local electric field in the tissue does not exceed
Erey) after the transient the electric current decreases and stabilizes at the constant value
Figure 6a. When an EP voltage pulse is applied, sufficient to permeabilize the tissue (i.e. the
local electric field in the tissue exceeded E,q,) after the transient the electric current start to

increase indicating tissue permeabilization has been occurred (Figure 6b).
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Figure 6: A. Applied voltage pulse and the measured electric current in the situation when the permeailization
was not achieved; B. Applied voltage pulse and measured electric current flowing through permeabilized tissue

In our numerical models ohmic tissue behavior was analyzed i.e. tumor, muscle and skin
electric conductivities o [S/m] of these tissues were analyzed. In our present study only ohmic
behavior of biologica tissues exposed to electroporation pulses was analyzed, i.e. only

electric conductivities ¢ [S/m] of tumor, muscle and skin tissue were taken into account.
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In the following subsection we briefly present the electric properties of the modeled tissues:

skeletal muscle, tumor, and skin.

Electric properties of skeletal muscletissue

Muscle tissue is composed of fibers (i.e. very large individual cells aigned in the direction of
muscle contraction). Muscle tissue exhibits typical anisotropic electric properties since the
electric current flows more easily along the muscle fibers than through the extracellular space
between the muscle fibers due the poor conductivity of the muscle cell membranes.
Therefore measured el ectric properties at low frequencies depend on the position of electrodes
on the muscle tissue and subsequently on the orientation of the electric field with respect to
the long axis of the muscle fibers. Paralel and transversal position of the electrodes and
corresponding orientation of the electric field with respect to the orientation of the long axis
of the muscle fibers is illustrated in Figure 7. Muscle tissue is considered anisotropic
conductor, being more conductive aong the muscle fibers compared to the directions
perpendicular to the muscle fiber. The results of electric conductivity measurements at low
frequencies in the literature are usualy presented separately for the transverse and
longitudina directions. The longitudinal electric conductivity of the muscle is significantly

higher then the transverse conductivity (Table 2).
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Figure 7: Muscle tissue anisotropy: A. electrodes are placed paralé to the long axis of the muscle fibers
(electric field is oriented perpendicularly to the muscle fibers) and B. electrode are placed perpendicularly to the
long axis of the muscle fibers (electric field is oriented parallel to the muscle fibers).

Electric properties of tumor tissue

Tumor tissue is an abnormal tissue surrounded by one or more healthy tissues. Tumors
usually have higher water content than normal cells due to the cellular necrosis and irregular
vacsularisation, which contributes to significantly different electrical properties from the
surrounding healthy tissues. Electric conductivity of tumor tissue is usually higher then the
conductivity of the surrounding healthy tissue [Smith et al., 1986, Surowiec et al., 1988,
Haemmerich et al., 2009]. For example, a study by Smith et al. on tumors in liver tissue
showed that tumor electric conductivity is 6—7.5-fold higher than the liver conductivity. In

addition, large differences in electric conductivities exist between different tumor types (i.e.
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carcinoma, sarcoma, melanoma, teratoma) and even between tumors of the same type, as
electrical properties of tumor tissue depend on its structure (portion of necrotic cells, water
content, vascularisation), on the size and geometry or the development stage of the tumor. An
example of a mastectomy specimen containing a very large cancer of the breast (in this case,
an invasive ducta carcinoma) is shown in Figure 8. In spite of the tumor inhomogeneities at
the microscopic level the macroscopic properties of tumors can be analyzed as a bulk
homogeneous structure [Pavselj et al., 2005]. In the literature measured bulk electric

properties of the tumor tissues are given as single values.

Figure 8: Breast cancer: A large invasive ductal carcinomain a mastectomy (the surgical removal of one or both
breasts, partially or completely) specimen. [http://en.wikipedia.org/wiki/File:BreastCancer.jpg]

Electric properties of skin tissue

Skin is composed of three primary layers. the epidermis, dermis, and subcutis. Skin tissue
anatomy is illustrated in Figure 9. The epidermis is the outer layer of skin and contains
different layers. This layer provides waterproofing and serves as a barrier to infections. The
top part of the epidermis (i.e. stratum corneum) is composed of dead, flat skin cells which are
constantly shed (about every two weeks). Although the stratum corneum is very thin
(typically around 20 mm) it contributes a great deal to the dielectric properties of the skin due
to its very high electric resistivity (i.e. very low electric conductivity). Its main function is

protection of the body from the external environmental factors. Underneath the dead cells are
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live squamous cells, and under these are basal cells which are constantly reproducing. Below
the epidermis is the dermis which contains tiny blood and lymph vessels and gives firmness
and e asticity, and the subcutis, hence subcutaneous tissue composed of fat, connective tissue,
larger blood vessels, and nerves. The dermis and subcutis have much lower resistivities
compared to the epidermis. Especialy in the low-frequency range (under 10 kHz); the
impedance of skin is dominated by the stratum corneum even though this layer is very thin.
Studies show that, for frequencies less than 10 kHz, the share of stratum corneum in the total
impedance of skin is around 50%, but at 100 kHz drops to around 10%.

In our models skin tissue was considered isotropic and homogeneous. Since the skin tissue
was not primary target of our investigation different layers of skin were not modeled; instead
the average conductivity was assigned to the modeled skin. Namely, large differences in skin
layers geometry would unnecessarily increase the computational time of numerical
simulations while not contributing to the accuracy of the electric field distribution in the

muscle and tumor tissue [Pavsdlj et al., 2005].

Skin Anatomy” ©2005 HowStutWarks

. Fat
Hair Sebaceous Cells
Folicle Gland

Figure 9: Theillustration of skin tissue anatomy
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1.6.2.3 Modeling of electroporation process in biological tissue - sequential analysis

In our numerical models ohmic tissue behavior was analyzed i.e. tumor, muscle and skin
electric conductivities o [S/m] of these tissues were analyzed. Before applying EP pulses or if
the amplitude of the applied EP pulses was too low to produce the local electric field above
the reversible electroporation threshold (E < E,e) the tissues were modeled as linear
conductors with linear current-voltage | (U) relationships due to the constant tissue
conductivities. The initial prepulse values of conductivities (corresponding to E < E,e
condition) used in numerica models were selected from the available literature [Miklavcic et

al., 2006] (Table 2).

Table 2: Electric conductivities of muscle tumor and skin tissue found in the literature [Miklavicic et al., 2006]

bioloaical t electric conductivity
iological tissue (S/m]
muscle transversal 0.04-014
longitudinal 03-08

tumor 022-04
skin (dry) 0.00002 - 0.0002
skin (wet) 0.0003-0.2
skin - stratum corneum 0.0000125
skin - lower layers 0227

If the local eectric field in the tissues exceeded the E,, value the tissue electric properties
change i.e. tissue conductivity increases due to the electroporation process. During the
application of electroporation pulses the tissue conductivity increases according to the
functional dependency of the tissue conductivity on the local electric field distribution o(E),
which in our study describes the dynamics of the electroporation process. This subsequently
results in nonlinear electric current of the applied voltage I(U). From the deviation of [(U)
from the linear relationship | = U / R (where R [Ohm] is tissue electric resistance), due to the

change of o, we detected the threshold electroporation E;e,.
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The tissue éectroporation dynamics in our models was modeled based on the sequential
permeabilization model, proposed by Sel and colleagues [Sel et al., 2005], where changes in
tissue conductivity were used as an indicator of tissue permeabilization. For this purpose, a
sequence analysis subprogram was developed to model the dynamics of electroporation as a
discrete process with sequence of static finite element models, where each of them describes
process at one discrete interval (each of the discrete intervals relates to a real discrete, but
undetermined time interval). In each static model in sequence the tissue conductivity was
determined based on electric field distribution from previous model in sequence, as described
by equation 3:
o (k) =f(E(k-1)), (Ea.3)

where k stands for number of static finite element models in sequence.

Model input is the applied voltage pulse and model outputs are the electric field distribution E
and total electrical current | in each specific sequence k. The modeled tissue behavior during
the electroporation pulse delivery isillustrated in Figure 10. The increase of electrical current
| from I to I« simulates the tissue response during the delivery of the electroporation pulses
U, in each discrete interval k (static finite element modd in sequence), to the tissue
electroporation (i.e. due to the functional dependency of the o on the electric field distribution
E). If the electroporation does not occur ¢ remains constant, thus | = I. The sequence analysis

subprogram gives us a choice of different o(E) relationships.

TISSUE MODEL

v

Figure 10: The modeled tissue behavior during the eletroporation pulse delivery, where U is the amplitude of
the electroporation pulses delivered to the tissues. E is the electric field strength and | is the total electric current
calculated in each sequence, where k is the number of the sequences corresponding to the duration of the
electroporation pulses.
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1.6.2.4 Electric properties of complex tissues and their changes during electroporation

The target tissue in the body is surrounded by one or more tissues having different electric
conductivities and geometries. When U is applied, the local electric field is distributed within
the complex tissue according to its specific electric properties (acting as a voltage divider),
meaning that the electric field is highest in the layer with the highest electric resistivity (i.e.
lowest conductivity) [Pavselj et al., 2008]. When the skin becomes permeabilized, its
conductivity increases according to the function o(E), which leads to the electric field
redistribution in the skin and its underlying more conductive tissues (in our case muscle
tissue). If U istoo low, the highest electric field remains in the skin layer and does not reach
the muscle Figure 11a. Due to the skin electroporation, an increase of skin conductivity
reduces its electric resistance and consequently reduces electric field intensity in the skin
which results in increased electric field intensity in the muscle, provided that a sufficient

voltage is applied, as shown in Figure 11b.

Figure 11: Loca electric field distribution E in a complex tissue (skin with a conductivity o; and underling
more conductive tissue with 6, (61 < 63)): A. the local electric field above E,o, remains only in the skin- the
applied Ua istoo low to allow the penetration of the sufficient E into deeper tissue below the skin and B. higher
applied voltage (Ub > Ua) increases the local eectric field in the tissue below the skin
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1.6.3 Development of a web-based learning application

The e-learning programs that incorporate computer based simulations and visualization tools
enable educationally most effective learning and teaching method such as hands-on learning
(named aso learning by doing or action-learning) as demonstrated by educationist Edgar Dale
[Dale, 1969]. During the 1960s, Dal€e's research led to the development of the Cone of
Experience, a widely cited model related to instructional design and learning processes,
showing that learners retain more information by what they “do” as opposed to what is
“heard”, “read” or “observed”. The average retention rate for various methods of teaching is

givenin Figure 12 (l€ft).

10% of what we read .
| Verbal Receiving b
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B 30% of what we see s
s
| WATCHING A MOVIE 1
v
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it / SIMULATING THE REAL EXPERIENCE \ Doing E
both say and do
DOING THE REAL THING \

Figure 12: The Cone of Experience [Dale, 1969]

According to Dal€e's research (Figure 12), the least effective method at the top, involves
learning by reading and learning from information presented through verbal symbols, i.e.,
listening to spoken words (resulting in 10% - 20% retention). The further the learners progress
down the cone, the greater the learning and the more information is likely to be retained. The
most effective methods at the bottom, involve direct, purposeful learning experiences, such as

hands-on experience (doing the real thing). It reveas that “hand-on learning” techniques
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result in up to 90% retention. It aso suggests that when choosing an instructional method it is
important to remember that involving learners in the process strengthens knowledge retention.
Accordingly, in our the e-learning application, we developed an interactive module for
visualization of local electric field distribution in treated tissues for different parameters such
as voltage applied, electrode’ dimension, geometry and position, treated tissue geometry and
its electric properties (i.e. electric conductivity). We used computer graphics such as model-
based visudization (i.e. 3D numerical modelling using finite element method) and 3D
computer animations and graphical illustrations to facilitate the representation of complex
biological and physical aspects in electrochemotherapy. The interactive content allows for
hands-on learning on how the aforementioned parameters can modify the local eectric field
distribution within the treated tissue. The application also provides atool to help practitioners
make decisions about el ectrochemotherapy treatment.

The e-learning application is integrated into an interactive e-learning environment devel oped
at our institution, enabling collaboration and knowledge exchange among the users. We
evaluated the designed e-learning application at the International Scientific workshop and
postgraduate  course  (Electroporation Based  Technologies and  Treatments
[www.cliniporator.com/ect]). The evaluation was carried out by testing the pedagogica
efficiency of the presented educationa content and by performing the usability study of the
application. The e-learning application and results of pedagogical efficiency and usability

study are described in [Paper 1V: Corovic et al., 2009]
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2. Results

In this chapter we outline the results on the three important aspects in the development of

el ectroporation based technol ogies and treatments, according to the aims of our study:

) development of realistic models of different tissues (i.e. muscle, tumor and skin) and
calculations and visualization of local electric field distribution in the models,

i) validation of the models by in vivo experiments and

iii) development of a web-based interactive e-learning application on electroporation

based technol ogies and treatments.

The detailed results will be presented in the form of published papers in SCI (Science
Citation Indexed) journals in the same order as listed in the Preface chapter of the doctoral

thesis.

The results of modeling and visualization of local eectric field distribution presented in the
Papers I, 11, VII, XI1 demonstrate the importance of relevant parameters that has to be taken
into account for development of realistic tissue models and optimization of local electric field
in the models. In Papers 111, V and VI we present results of realistic numerical modeling
validated on experimental in vivo results according to first two aims of our study (tumor
model-Paper 111, muscle model with and without skin-Paper V, muscle model-Paper VI).
In Papers VIII and XI we demonstrate that calculation and visualization of local electric
field distribution in 3D can be successfully used in electrode design for in vivo and in vitro
settings, respectively. In the Paper X we built 3D numerical models of cutaneous and
subcutaneous tumors and calculated local electric field and total electric current in order to

evaluate safety level of electroporation when electrochemotherapy is performed on tumors
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localized on the torso close to the heart muscle. For the muscle electroporation thresholds we
used the values we determined in the Papers V and VI. And in the Paper 1V we present a
web-based |earning application we devel oped according to the third aim of our study.

In the Paper X1V we present developments of the digital clinical report file (CRF) that were
integrated in the web-application allowing for collection of the results of the clinical trials to
the central database. The clinical trials were performed in four approved medical centers in
Europe, funded by European Community in a frame of ESOPE project (2003-2004) with the
aim to define Standard Operating Procedures (SOP) for electrochemotherapy. In the Paper
XV we review commercialy available electrodes and electroporators with their parameters
and biological applications as suggested by manufacturers.

In the Paper IX we review electroporation assessment methods; we describe basic principles
of modeling and analysis of cell and tissue electroporation in vivo and list its applications
(The paper is written in Slovenian with an abstract in English language).

In the Paper XIIl we describe basic principles of cell and tissue electroporation and
importance of numerical modeling in electroporation based therapies and treatments. We
review main applications of electroporation in medicine with special emphases on clinical

electrochemotherapy (The paper is written in Serbian language with an abstract in English

language).

To briefly summarize the results related to the goals of the doctoral thesis:

In Paper | we present results of systematic quantification and comparison of local electric
field in the tissue for most widely used electrode configurations (plate and needle) in
electrochemotherapy and gene electrotransfer in past years. We analytically and numerically
calculate and visualize local electric field distribution inside an example of modeled treated

tissue (spherical target tissue and its surroundings) in 2D for the plate and needle electrode
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configurations and compared the local electric field distribution to parameter U/d, which is
widely used parameter in currently defined electroporation protocols. We show that the
parameter U/d can differ significantly from the actual calculated values of the loca electric
field inside both homogeneous tissue and in tissue with more conductive target tissue
compared to its surroundings. We showed dependency of local electric field distribution on
the electrical parameters such as applied voltage on the electrodes, electrode placement with
respect to the target tissue, electrode shape (plate or needle), number of eectrodes, and
distance between electrodes. We demonstrated that the local electric field in the treated tissue
can be successfully controlled by the aforementioned electrical parameters. Furthermore, our
results also demonstrate that local electric field is influenced by electric properties of the
target tissue and its surroundings.

In the Paper Il we extend the 2D numerical study to 3D numerical study i.e. calculation,
visualization and optimization of local electric field distribution in spherical subcutaneous
tumor treated with needle electrodes’ configuration used in clinics and research in past years.
The results show that voltage applied, distances between electrodes and depth of electrode
insertion are all relevant for the control of local electric field distribution in the model and all
four parameters were chosen for the optimization procedure. Our results have show that
parallel array electrodes are the most suitable for the spherical tumor geometry, because the
whole tumor volume is subjected to sufficiently high electric field while requiring the least
electric current and causing the least tissue damage. However, the tumor needs to be
completely encompassed between the electrodes.

In the Paper VII we performed calculation, visualization and optimization in 3D numerical
models of subcutaneous tumors models of different shapes and sizes (a sphere and two
ellipsoids) and a redlistic brain tumor model acquired from medical images. In al tumor

cases, paralel needle electrode arrays were a better choice than hexagonal needle electrode
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arrays, since their utilization required less electric current and caused less healthy tissue
damage.

In the Paper XII we demonstrate the importance of tumour coverage by sufficiently high
local electric field for succsesful electrochemotherapy (E>E;e/). We namely compare the
results of numerical calculation and visualization we obtained in 3D models of cutaneous and
subcutaneous tumors when using plate and needle electrodes, for the same amplitude applied.

The results show that by using plate electrodes better coverage by sufficiently high local
electric field is achieved in models of protruding cutaneous tumors, and that the needle
electrode configurations were more suitable for sufficient coverage of subcutaneous tumors.

In Paper 111 we develop a redlistic 3D numerical model of cutaneous protruding tumor and
showed the importance of contact surface between paralel plate electrodes and the treated
tissue. Larger contact surface resulted in complete coverage of target tumor tissue with local
electric field above reversible electroporation threshold. The predicted numerical results were
confirmed with in vivo results using bleomycin: the placement of electrodes giving larger
electrode-tissue contact surface leads to improved electrochemotherapy outcome (i.e. higher
complete response rate).

In Paper V we present realistic numerical models of skeletal muscle tissue electroporated
directly and transcutaneously, which we developed in order to investigate influence of skin on
muscle electroporation. The numerical calculations are validated on in vivo experimental
results using >’CrEDTA indicator. We found the functional dependency of tissue conductivity
on electric field intensity o (E) to be exponentia for skin with electroporation thresholds E;e,
=480 V/cm and Ej;re, = 1050 V/cm and sigmoid for muscle tissue with E,e, = 240 V/cm and
Eirrev = 430 V/cm. The same electroporation threshold values E;e, and Ej;rey Were found for
both muscle electroporated directly and transcutaneously, demonstrating that the skin layer

has no influence on the thresholds that the local electric field intensity itself is important for
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successful muscle tissue electroporation. But it does require higher voltage to be applied
between the electrodes when muscle is el ectroporated transcutaneously.

In Paper VI we present arealistic 3D numerical model of the mouse tibialis cranialis muscle
(electroporated directly i.e. with skin removed) that we developed in order to experimentally
and numerically investigate muscle electroporation for parallel and perpendicular orientation
of the applied electric field with respect to the muscle fibers using parallel plate electrodes.
The agreement between numericaly calculated results and experimental observations
validated our 3D model. The electroporated muscle regions were visualized with two in vivo
methods: magnetic resonance (Gd-DOTA) and fluorescence imaging (propidium iodide). We
present the first results of different electroporation thresholds with respect to electrode vs.
tissue orientation for the tissue with anisotropic electric properties; we determined the
electroporation threshold values (pulse parameters: 8 x 100 ps, 1 Hz) to be 80 V/cm and 200
V/cm for paralel and perpendicular orientation, respectively.

In Paper VII1 we present results of numerical calculations of local electric field distribution
for the electrode commutation sequence for multiple needle electrodes developed for
electrochemotherapy of larger tumours. For this an electrode commutation circuit was
developed, which commutates to multiple electrodes the usua electroporation single output
signal from an electroporator. We used seven-needle electrodes, for which we suggested and
tested an effective electrode commutation sequence for tissue electroporation. We devel oped
a 3D finite-elements model of tumour tissue with inserted seven-needle electrodes
(honeycomb arrangement) according to specifications of in vivo electrochemotherapy
experiment in order to model local electric field distribution and electric conductivity changes
in tumour tissue during the electroporation process. We calculated the corresponding local
electric field distribution in 3D model of tumour tissue by taking into account the increase of

tissue conductivity due to electroporation in order to demonstrate also theoreticaly that the
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entire tumour volume is exposed to sufficiently high electric field leading to tissue
permeabilization and efficient electrochemotherapy. Electrochemotherapy, performed by
multiple needle electrodes and tested pulse sequence on large subcutaneous murine tumours
resulted in tumour growth delay and 57% complete responses, thus demonstrating that the
tested electrode commutation sequence is efficient and confirming the results we predicted by
numerical modeling.

Numerical calculation and visualization of local electric field distribution in 3D can also be
successfully used in electrode design for in vitro settings, as we demonstrated in Paper XI.
The results obtained with our numerical modeling supported design of new electrodes for in
vitro gene electrotransfection integrated into the new system allowing for automatic changing
of electric field direction. The aim of the research was to develop and test a new system and
protocol that would improve gene electrotransfer by the automatic change of electric field
direction between electrical pulses. We used finite-elements method to calculate and evaluate
the electric field homogeneity between these new electrodes. Namely, we designed new
electrodes made of four cylindrica rods that provides as homogeneous electric field
distribution as possible. We calculated the distribution of electric field numerically for given
electrode design and electric field protocol. New system and protocols were tested
experimentally on Chinese Hamster Ovary cells. In-vitro gene transfection and cell survival
were evaluated for different electric field protocols by fluorescence microscopy. The results
showed that the new system can be used in in vitro gene eectrotransfer to improve cell
transfection by changing electric field direction between eectrical pulses, without affecting
cell survival. Changing the electric field direction between electrical pulses therefore
improves the efficiency of gene electrotransfer indirectly by increasing the area of successful
electropermeabilized membrane, or directly by interaction of DNA molecules with the cell

membrane on both sides. In addition to the in vitro applications, the automatic change of
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electric field direction between electrical pulses could be also useful in in vivo applications for
successful electropermeabilization of the treated samples.

In Paper X the results of the study on the effect of electroporation pulses on functioning of
the heart are presented. We built 3D numerical models of cutaneous and subcutaneous tumors
and calculated local electric field and total electric current considering safety level of
el ectoporation when electrochemotherapy is performed on tumors localized on the torso close
to the heart muscle. The modeled conditions (i.e. needle row array, needle hexagonal array
and plate configurations and voltages applied) were the same as actually used in clinical
electrochemotherapy. We proposed safety protocols of depth of insertion of needle electrodes
and distance between plate electrodes for reversible and irreversible electroporation and
fibrillation of cardiac muscle. We also calculated the critical depth for electric field of 200
and 450 V/cm (value for reversible and irreversible electroporation of the muscle,
respectively), and the critical depth for current of 100 mA (threshold for ventricular
fibrillation for 500 ps-long electrical stimulus). Of the total electric current flowing through
the tissue during the EP pulse delivery, no more than 100 mA (the threshold value for
fibrillation) is allowed to flow through the heart. Therefore we defined the critical depth as a
distance from the surface of the body (at the site of EP delivery) below which the total electric
current flowing is equal to this threshold value.

In paper 1V we present a web-based learning application on electroporation based therapies
and treatments. We developed, implemented and tested an e-learning application by using
web based e-learning technologies to support collaboration, knowledge and experience
exchange among experts involved in electrochemotherapy and to also apply the acquired
knowledge to other electroporation-based technologies, according to the objective of the
doctoral thesis. The educational content on electrochemotherapy and cell and tissue

electroporation was based on previously published studies from molecular dynamics, lipid
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bilayers, single cell level and simplified tissue models to complex biological tissues and
research and clinical results of electrochemotherapy treatment. We evaluated the pedagogical
efficiency and usability of the developed e-learning application and presented the obtained
results.

In Paper XIV a web-application that extends functionality of medical device for tumor
treatment by means of electrochemotherapy is presented. The web-application was devel oped
in order to collect, store and alow the anaysis of electrochemotherapy clinical trias
performed during the testing period of medical device Cliniporator™. The clinical trials were
performed in four approved medical centers in Europe, funded by European Community in
the frame of ESOPE project (2003-2004) with the aim to define Standard Operating
Procedures (SOP) for electrochemotherapy. The developed web-application allowed for
collection of the results of the clinical trials to the central database through the digital clinical
report file (CRF) we developed based on web technologies such as ASP, HTML, Flash,
JavaScript, XML and others. Namely, through digital clinical report file (CRF) clinicians
from all four centers submitted general data about the patient (demography, medical history,
physical examination...etc.), the tumor treatment protocol and tumor treatment response data
to the central database. Based on the data (i.e. results of the clinical trials) collected a detailed
analysis was performed, which contributed to the definition of the standard operating
procedures (SOP) for clinical electrochemotherapy of cutaneous and subcutaneous tumors.

In the Paper XV we present an overview of commercialy available electroporators and
electroporation systems that were described in accessible literature. Namely, efficiency of
electroporation based applications strongly depends on parameters of electric pulses that are
delivered to the treated object using specially developed electrodes and electronic devices —

electroporators. Our results are presented as:
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)] a list of commercialy available electrodes with their properties and biological
applications suggested by manufacturer and
i) a list of commercially available electroporators with their parameters, biological

applications and possible signal generation technique.
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Abstract

Background: Electrochemotherapy and gene electrotransfer are novel promising treatments
employing locally applied high electric pulses to introduce chemotherapeutic drugs into tumor cells
or genes into target cells based on the cell membrane electroporation. The main focus of this paper
was to calculate analytically and numerically local electric field distribution inside the treated tissue
in two dimensional (2D) models for different plate and needle electrode configurations and to
compare the local electric field distribution to parameter U/d, which is widely used in
electrochemotherapy and gene electrotransfer studies. We demonstrate the importance of
evaluating the local electric field distribution in electrochemotherapy and gene electrotransfer.

Methods: We analytically and numerically analyze electric field distribution based on 2D models
for electrodes and electrode configurations which are most widely used in electrochemotherapy
and gene electrotransfer. Analytical calculations were performed by solving the Laplace equation
and numerical calculations by means of finite element method in two dimensions.

Results: We determine the minimal and maximal E inside the target tissue as well as the maximal
E over the entire treated tissue for the given electrode configurations. By comparing the local
electric field distribution calculated for different electrode configurations to the ratio U/d, we show
that the parameter U/d can differ significantly from the actual calculated values of the local electric
field inside the treated tissue. By calculating the needed voltage to obtain E > U/d inside the target
tissue, we showed that better electric field distribution can be obtained by increasing the number
and changing the arrangement of the electrodes.

Conclusion: Based on our analytical and numerical models of the local electric field distribution
we show that the applied voltage, configuration of the electrodes and electrode position need to
be chosen specifically for each individual case, and that numerical modeling can be used to optimize
the appropriate electrode configuration and adequate voltage. Using numerical models we further
calculate the needed voltage for a specific electrode configuration to achieve adequate E inside the
target tissue while minimizing damages of the surrounding tissue. We present also analytical
solutions, which provide a convenient, rapid, but approximate method for a pre-analysis of electric
field distribution in treated tissue.
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Background

Electroporation, also termed electropermeabilization, is a
phenomenon where increased permeability of cells
exposed to an external electric field is observed. The
induced transmembrane voltage presumably leads to the
formation of aqueous pores in the phospholipid bilayer,
which increases the permeability of the cell membrane for
water-soluble molecules and ions [1-4]. Electropermeabi-
lization is currently widely used in vivo and in vitro in
many biological and medical applications including elec-
trochemotherapy of tumors (ECT) [5-7], transdermal drug
delivery [8,9] and gene electrotransfer [5,10-14].

Electropermeabilization is a phenomenon, where the
membrane becomes permeable after the magnitude of the
electric field (E) exceeds reversible threshold value (E,,,),
while E below E,,, does not significantly affect the cell
membrane. When the magnitude of local electric field E
reaches irreversible threshold value (E;,,,), electric field
causes permanent damages on the cell membrane leading
to cell death. The threshold values, E,,, and E,,,, vary for
different tissues in range from 200-400 V/cm and 450-
900 V/cm, respectively [15-19]. Electropermeabilization
with E in the range of E,,, < E <E,,,,, reversibly permeabi-
lizes the cell membrane and at the same time does not
affect the viability of a biological cell. Reversible elec-
tropermeabilization has been proven to be successful in
electrochemotherapy, where electric field enables chemo-
therapeutic drug to enter into tumor cells, and for gene
electrotransfer, which can be used for gene therapy, where
electric field enables DNA to enter the target cells. Irrevers-
ible electroporation with E > E;,, was suggested for water
treatment and food preservation as a method for destruc-
tion of the cell membrane of noxious microorganisms
and for tissue ablation [20-22].

In this paper we focus on the importance of calculating
the local electric field distribution for successful electro-
chemotherapy tumor treatment and gene electrotransfer
of target cells. Namely, for successful electrochemother-
apy it is crucial that all clonogenic cells forming tumor tis-
sue are exposed to the local electric field above the
threshold value E,,, and preferably below irreversible
threshold E;,,,. Similarly, successful gene electrotransfer
also requires local electric field in the range of reversible
electroporation regime (E,,, < E <E,,,,). It was previously
shown by combining numerical modeling and experi-
mental approaches that the efficacy of the electrochemo-
therapy and gene electrotransfer treatment depends on
the magnitude of the local electric field inside the target

tissue [17,18,23-28].

However, both threshold values (E,,, E,,,,) differ for elec-
trochemotherapy and gene electrotransfer as well as they
depend on pulse parameters and the type of treated tissue.

http://www.biomedical-engineering-online.com/content/6/1/37

From the theoretical principles it follows that the local
electric field inside the tissue is in general a function of
time and place E(x, y, z, t). However, since most often elec-
tric pulses used in electrochemotherapy and gene electro-
transfer are usually long (0.1 - 10 ms) compared to the
typical constant for the polarization of the cell membrane
(around 1 ps), we can assume steady-state conditions for
our analysis [29,30]. The local electric field distribution
E(x, y, z) in the tissue is a complex function of several
parameters. It depends on the applied voltage on the elec-
trodes, the geometry and position of the electrodes, and
on the non-homogeneous properties and geometry of the
tissue. For this reason electric field distribution during
electroporation can not be solved analytically except for
the most simple cases [31] and therefore numerical meth-
ods have to be used [16,25].

In principle there are two complementary approaches to
determine the optimal electrode configuration and
applied voltage to achieve appropriate local electric field
inside the target tissue (E > E,,, ). Ideally one should calcu-
late E for each individual case taking into account all geo-
metric details and electric properties of the treated tissue
in order to assure appropriate local E inside the target tis-
sue (i.e. pretreatment planning). However, this requires
sophisticated numerical modeling for each individual
problem and is in many cases not realistic. Alternatively
some approximate estimates of E inside the target tissue
are used, where usually a gross approximation U/d "elec-
tric field intensity" as defined and reported in a number of
different reports [8-10,12,15,32-36] is used as an approx-
imate value of E for plate as well as for needle electrodes.

Most of the experimental and clinical studies on electro-
chemotherapy were performed with the treatment proto-
col (applying eight 100 ps long pulses at the repetition
frequency 1 Hz) using the parameter (U/d) from 1300-
1500 V/cm to select applied voltage on the electrodes
[26,37]. However, despite the fact that the parameter U/d
is widely used in order to determine the applied voltage,
this parameter alone does not give the information about
the actual electric field inside the target tissue. It also
makes difficult the comparison between different studies
reported, especially since exact geometry is usually not
given.

In this study we present an approach of local electric field
evaluation, by means of 2D numerical and analytical
models which can be used to determine the appropriate
electrodes and electrode configurations and applied volt-
age in electrochemotherapy and studies of gene electro-
transfer. We numerically and analytically compare E(x,y)
in 2D for different electrodes and electrode configurations
which are used for in vivo electrochemotherapy and gene
electrotransfer. We demonstrate that the calculated local
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electric field inside the target tissue strongly depends on
the chosen electrodes and electrode configuration and can
be significantly different than the value U/d. In order to
quantify and compare different electrode configurations
we visualized the regions inside the treated tissue exposed
to the local electric field exceeding the value U/d (E > U/d)
keeping the value U/d for all configurations constant so
that the electric field distribution can be directly com-
pared between electrode configurations. In addition, we
calculate the necessary voltage for a given electrode con-
figuration in order to achieve adequate electric field distri-
bution in the target tissue. We also demonstrated that
changing electrodes' orientation and electrode arrange-
ment with respect to the target tissue leads to better expo-
sure of the target tissue to the adequate electric field
distribution.

Methods

Numerical calculations

Numerical calculations were performed by means of finite
element method (FEM) [38] using FEMLAB software
packages Femlab 2.3 and 3.0 (Comsol, Sweden). The
numerical calculations were performed on the personal
computer Intel Pentium 4, 2.40 GHz CPU and 1 GB RAM.
The electric field distribution in 2D models was calculated
using the steady current module. We analyzed E(x,y) for
two parallel plate electrodes (Fig. 1) and different number
(2, 4, 6 and 7) and configurations of needle electrodes as
shown in Fig. 2. These configurations were chosen based
on different reports [15,25,26,33,39-41] where such elec-
trodes and electrode configurations were used in electro-
chemotherapy and gene electrotransfer in vivo
experiments.

In all models the electrodes were positioned inside a
square representing homogeneous tissue having a con-
stant conductivity. A constant voltage was assigned to the
grid points in regions where electrodes were placed, while
insulation boundary conditions were set on the remain-
ing boundaries. In all cases the constant voltage was
applied between the electrodes giving U/d = 1.15 V/cm.
The radius a of all needle electrodes was 0.215 mm. The
distance d, defined as the distance between the positive
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Three geometries with parallel plate electrodes analyzed in
this study (d = 8.66 mm).
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and the negative electrode, was d = 5v/3 mm for configu-

rations shown in Figs. 2a-2e, whereas in configurations
shown in Figs. 2f and 2g we set d = | = 5 mm. The dimen-
sion of the outer square was 20 mm > 2d in all models,
since it was already shown [31] that for model size
(boundaries of the outer square) being 2d the error due to
the finite size of the model is negligible.

Model geometries were meshed by triangular finite ele-
ments. The final mesh models were obtained refining the
mesh until the discrepancies of the mean and maximum
relative difference between numerical solutions, obtained
with two different meshes were negligible. For example,
for electrode configuration 2¢ the final mesh consisted of
86 944 elements. The results of this model were compared
to the results obtained with the same electrode configura-
tion but coarser mesh which consisted only of 21 736 ele-
ments. The relative difference of the mean and the
maximum value of the electric field between the two mod-
els were 2.14 * 10-°and 4.22*10-3, respectively.

Analytical calculations - plate electrodes

Analytical solution for the electric field between two infi-
nite parallel plate electrodes (Fig. 1a) gives a trivial solu-
tion E = U/d, where d is the distance between the
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Figure 2
Different needle electrode configurations analyzed in this
study.
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electrodes and U is the applied voltage on the electrodes.
The electric field strength E is constant in the entire region
between infinite electrodes.

Analytical calculations — needle electrodes

As already shown [31], for electrostatic problem analytical
solution for the potential and the electric field also
around the needle electrodes in 2D can be obtained by
solving Laplace equation, if the needle penetration depth
is larger than the distance between the electrodes. If we
consider Laplace equation of a complex analytic function
for a given region:

Ad(2) =0, (1)

where z = x + iy, we obtain that the real part of this func-
tion Re (&(z)) is also a solution of the Laplace equation.
The potential can be written as a sum of multipoles of all
electrodes, details are given in reference [31]. If higher
terms in multipole series are neglected we can write the
potential as a sum of the leading terms of all n electrodes:

a

N
9(z) = 3, C, log +Co, (2)

n=1 Z—Zy

where 4 is the radius of an electrode, z, is the position of
the n-th electrode and the coefficients C, are determined
from the boundary conditions. The above approximation
can be used when a << d (needle electrodes are not too
thick compared to typical inter-electrode distance). From
Eq. 2 we can obtain the electric field strength from calcu-

lating the gradient of the potential:

1

z—2z,

(3)

N
Ez)=Y.C,
n=1
Results
The results of our study are organized in five subsections.
The first and second subsections show the numerical and
analytical results of the electric field distribution, respec-
tively, for plate and needle electrodes as shown in Figs. 1
and 2. In the third subsection we present the comparison
of the numerical and analytical results. In the next subsec-
tion we quantify the local electric field for given electrode
configurations. Finally, in the last subsection we analyze
the effect of tissue inhomogeneities on the local electric
field distribution for the needle electrode configurations.

In order to compare and quantify the influence of geome-
try, number and position of different electrode configura-
tions on the electric field distribution we used the same
parameter U/d = 1.15 V/cm in all models. We present the
calculated electric field with equal scale of E from 0 to
1.15 V/cm. The values of electric field strength are shown
by colour scale legend (see Figs. 3 and 4) with the maxi-
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Figure 3

Calculated electric field distribution for the
geometries with parallel plate electrodes. Numerical
results of the electric field distribution for geometries
defined in Fig. I: a) the infinite plate electrodes case, b) the
target tissue symmetrically placed between the finite plate
electrodes and c) the non-symmetrical example when the
target tissue is not entirely in-between the finite plate elec-
trodes. The circle represents the target tissue e.g. tumor tis-

sue and the white region represents part of tissue where E >
urd.

mal value representing the ratio U/d = 1.15 V/cm in order
to demonstrate the region below (color scale) and above
the value U/d (white region). The encircled region in Figs.
3a-3c and Figs. 4a-4e represent one of the possible
geometries and positions of the target tissues. It is within
this target tissue that the electric field needs to be suffi-
ciently high (E>E,,).

Electric field distribution between plate and needle
electrodes — numerical results

All models were calculated for the voltage between two
electrodes U =(1V, 0.575 V) giving the value of parameter
U/d = 1.15 V/cm, but values of E' for any other voltage can
be obtained just by multiplying all values with given volt-
age U' divided by applied voltage U (1 V, 0.575 V).
Namely, since our models are linear all results for E can be
scaled for any arbitrary applied voltage U": E' = E U'/U. In
the following subsections we will present results obtained
for U/d = 1.15 V/cm and scaled results for U/d = 1300 V/
cm.
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Figure 4

Calculated electric field distribution for different
needle electrode configurations. Numerical results of
the electric field distribution for the geometries defined in
Fig. 2: a) two needle electrodes, b) four needle electrodes, c)
six needle electrodes in two rows, d) six electrodes placed in
a circle with polarities as shown in Fig. 2d, e) six needle elec-
trodes placed in a circle with polarities as shown in Fig. 2e, f)
seven needle electrodes placed in a circle — using alternating
polarities seven needle electrodes placed in a circle — with
central positive and surrounding electrodes having negative
polarities and g) seven needle electrodes placed in a circle —
with central positive and surrounding electrodes having nega-
tive polarities. In all cases the applied voltage was set in such
a way that U/d = 1.15 V/cm, where d = 8.66 mm for Figs. 4a,
4b, 4c, 4d and 4e and d = 5 mm for Figs. 4f and 4g. The circle
represents the target tissue and the white region represents
part of tissue where E > U/d.
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1) Plate electrodes

Fig. 3 presents the comparison of electric field distribution
of three different configurations of parallel plate elec-
trodes forU=1Vandd=8.66 mm (U/d = 1.15V/cm). For
an ideal case with infinite parallel plate electrodes (Fig.
3a) we obtained constant electric field in the entire region
between the electrodes. In Fig. 3b we can see that for a
more realistic geometry, where finite electrodes are con-
sidered, the electric field between the electrodes is not
constant and is decreased towards the central region. Fur-
thermore, if we change the position of electrodes with
respect to the target tissue (encircled region), as presented
in Fig. 3¢, the electric field inside the target tissue is further
reduced. Only in the case of the infinite parallel plate elec-
trodes, one can use the expression E = U/d, and only in
this ideal case E is constant in the entire region between
the electrodes (provided that the tissue between the elec-
trodes is homogeneous).

Il.) Needle electrodes

In Fig. 4 numerically calculated electric field distribution
for different needle electrode configurations and different
polarities are shown. The values of the distances between
the needle electrodes d and I are shown in Table 1, and
were chosen in a way to correspond to values of Dev et al.
[31]. The applied voltage for all configurations was U = 1
V (d = 8.66 mm), except for configurations shown in Fig.
2g and Fig. 2f where U = 0.575 V (d = 5 mm) keeping the
ratio U/d constant.

In Fig. 4 it can be clearly seen that the electric field distri-
bution in the tissue strongly depends on the number,
position and polarities of the electrodes. As expected the
highest values of E are obtained in the vicinity of the elec-
trodes. With increasing the number of electrodes the elec-
tric field strength inside the target tissue becomes higher.
It can be seen that by using six or seven electrodes we can
achieve a better distribution of E than by using only two
or four electrodes. One can also observe that only a
smaller part of the tissue is exposed to E > U/d (white
region), whereas in the other regions of tissue E is smaller
then U/d.

In Figs. 4d and 4e we compare the distribution of E for
two different sets of polarities for electrode configuration
of six electrodes arranged in the circle as used by Gilbert
and co-workers [26]. We obtained higher electric field
inside the target tissue with electrode configuration
shown in Fig. 4e (3 positive, 3 negative electrodes) com-
pared to the electric field inside the target tissue with the
electrode configuration shown in Fig. 4d (2 positive, 2
negative electrodes). For both configurations the specific
electrodes' positions enables rotation of the electric field
direction (by rotating the polarities of the electrodes for a
given angle) thus achieving better coverage of the target
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Table I: The distances d and | between the needle electrodes as defined in Fig. 2.

Electrodes 2 4 6 6 7
configuration Fig. 2a Fig. 2b Fig. 2c Fig. 2d, e Fig. 2f, g
d [mm] 8.66 8.66 8.66 8.66 5
| [mm] / 5 25 5 5

tissue with needed electric field. Comparing Figs. 4d to 4b
we can also see that both electrode configuration results in
equal electric field distribution, since the two electrodes
with zero potential do not contribute to E distribution.

Figures 4f and 4g represent two examples of seven elec-
trodes arranged in a circle with a central electrode having
different polarities. We can see that in the first case (Fig.
4f) we obtain high intensity of the electric field in the ring
around the electrodes surrounding the central region,
whereas in the second case (Fig. 4g) we obtain high inten-
sity of the electric field in the central region between the
electrodes. Therefore by using combinations of these two
different possibilities of setting the polarities of the elec-
trodes we can successfully electropermeabilize all the tis-
sue between the electrodes. However, by using only the
configuration as shown in Fig. 4d the target tissue is not
permeabilized.

Electric field distribution between plate and needle
electrodes — analytical results

1) Plate electrodes

Analytical solution for the electric field between two infi-
nite parallel plate electrodes (Fig. 1a) gives a trivial solu-
tion E = U/d, where E is constant in entire region. In all
other cases E between the electrodes is not constant: for
finite dimensions of the electrodes (Fig. 1b) or if the target
tissue is not set entirely between the plate electrodes as
shown in Fig. 1c.

Il.) Needle electrodes

Since the derivation using the leading-order solution for a
problem with electrodes positioned as shown in Fig. 2b is
already given in detail in [31] we present here the final
solutions for different geometries as shown in Fig. 2. In all
geometries we set the applied voltage U by setting the
potential on the electrodes to V, = + U/2. Using the equa-
tion for the potential Eq.2 (leading order approximation)

a

N
¢(7)= Y Cplog———+Cp, (4)
bt |7 -7,
and applying appropriate boundary condition (potential
on the electrodes) we obtained the coefficients C,, which
are given in Appendix section. Taking the real part of Eq.

3 and solutions for C, (Egs. A.1-A.6) we obtained analyti-

cal expressions for the electric field strength for different
geometries as shown in Fig. 2:

N
EF)=Y.C, S (5)

n=1 |T T

The presented analytical results are extensions of the ana-
lytical expression given by Dev et al. [31] for geometries
given in Fig. 2 for arbitrary values of d and I, as well as for

different polarities in case of seven electrodes, where 7, is
the position of the n-th electrode as shown Fig. 2. Using
the analytical expression for the electric field (Eq.5 and
Egs. A.1-A.6) we calculated electric field distribution E for
different electrode configurations. These analytical results
arevery similar to numerical results of electric field distri-
bution shown in Fig. 4.

Comparison of the analytical and the numerical results

In our study both numerical results as well as analytical
results were obtained. The analytical results were vali-
dated with the numerical calculations for given electrode
configurations. In Fig. 5 we compare the analytical and
numerical solutions for the geometry of six electrodes
(Fig. 2c) of the electric potential V(x,y) (a) and the electric
field distribution E(x,y) (b) along y axis (x = 0). We can see
that a good agreement between numerical and analytical
solution is obtained in the area between the electrodes,
whereas the discrepancy between numerical and analyti-
cal solution increases outside the electrodes |y| > 4. The
mean and maximal relative difference between numerical
and analytical solutions of electric field strength inside the
electrode array calculated between the electrodes (over all
nodes within the area: |x| < 4 and |y| < 4) were less than
0.7 % and 3.9 %, respectively. Similarly, we obtained a
good agreement for both, the potential and the electric
field also for other presented geometries (results are not
shown).

Since the differences between analytical and numerical
results were negligible only numerical results are further
analyzed and presented in figures.

Quantification of the local electric field
In order to further quantify and compare local electric
field distribution within the tissue for different electrodes
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Figure 5

Comparison of the analytical and the numerical solu-
tion. The analytical and the numerical solutions of a) the
electric potential and b) electric field distribution along y axis
(x = 0) for applied voltage U= 1V (V,=05V,V.=-05V)
are given for the configuration defined in Fig. 2c.

and electrode configurations, as defined in Fig. 1 and Fig.
2, we calculated minimal Ett, ;. and maximal electric field

min
strengths Ett,, .. inside the target tissue, as well as the high-

max

Table 2: Quantification of electric field strength for plate electrodes models - calculated Ett,; , Ett, . and E

http://www.biomedical-engineering-online.com/content/6/1/37

est value of E within entire tissue - E,, ,,. These parameters
are important for the optimization of electrochemother-
apy and gene electrotransfer, namely Ett,;, should be
above E,,, while E, . should be as low as possible to pre-
vent excessive damages of the surrounding tissue. Further-
more, we calculated the necessary voltage U, which has to
be applied to the electrodes in order to achieve successful
electropermeabilization in the target tissue Ett,;, > E,,,
where we used E,,,, = U/d. Here we have to stress that we set
the value E,,, = U/d in order to compare our results of the
local electric field distribution to the previously published
studies which used the approximation U/d as an estimate
of the local electric field in the treated tissue. The results
of quantification of the parameters Ett,,,, Ett,, and E,,
for given electrode configurations are listed in Tables 2, 3,
4,5.

1) Plate electrodes

From Fig. 1 and Table 2 it can be seen that electric field is
homogeneous (Ett,,~ Ett,;,= E,,= U/d) only for the
model with infinite plate electrodes and can be calculated
as the ratio E = U/d. As soon as we use more realistic elec-
trodes having finite length I (see Fig. 1b), or realistic elec-
trodes position with the respect to the treated tissue (see
Fig. 1c), the electric field intensity within the tissue
between the electrodes is no longer homogeneous. The
values of Ett,,;, and Ett,,, inside the target tissue have
lower values from U/d whereas the E,,,, in the near prox-
imity of the plate electrodes increases and are higher than
ratio U/d (see Table 2). In Table 3 we give the results of
necessary voltage U, in order to obtain the condition Ett,,;,
> U/d, needed for successful target tissue permeabiliza-
tion. Based on this we can conclude that in realistic cases
(see Figs. 1b and 1c) the value of U_has to be higher com-
pared to the value U, in the homogeneous model (Fig. 1a)
in order to effectively treat the entire target tissue.

Il.) Needle electrodes
In Fig. 4 we compare electric field distributions calculated
numerically using FEM method for different needle elec-

parameters.

'max 'max

2 plate U/d = 1.15 Viecm
electrode

configuration

U/d = 1300 V/icm

Target tissue Target tissue

Entire tissue

Target tissue Target tissue Entire tissue

Ett, . (V/cm) Ett,i,(V/cm) Enax(V/cm) Ett, . (V/cm) Ett, . (V/cm) Enax(Vicm)
(Fig. 3a) uUid = I.15 uUid = .15 Uid = I.15 U/d = 1300 U/d = 1300 Urd = 1300
(Fig. 3b) 1.152 I.113 5515 1297.0 1253.0 6209.0
(Fig. 3¢) 1.081 0.691 5.533 1217.0 7779 6229.2

Calculated minimal E (Ett,,;,) and maximal E (Ett,,,,) inside the target tissue and maximal E within the entire tissue E,_ for different plate electrode
configurations as defined in Fig. | are given. The results are given for applied voltage U = | V giving U/d = 1.15 V/cm and for applied voltage (scaled

results) for U= 1125.83 V giving U/d = 1300 V/cm.
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Table 3: Calculated values of U_and corresponding Ett,, Ett, . and E . for plate electrodes.

2 plate electrode Target tissue

Target tissue

Entire tissue Needed voltage on the

configuration Ett, .. (V/cm) Ett,in(V/cm) Enax(V/cm) electrodes-U_ (V)
(Fig. 3a) U/d = 1300 U/d = 1300 U/d = 1300 U=112583
(Fig. 3b) 1345.8 U/d = 1300 6441.5 1168
(Fig. 3c) 2001 U/d = 1300 10242 1851
The needed voltage between the electrodes (U,) was chosen in a way that the minimal electric field inside the target tissue exceeded U/d: Ett,,, > U/
d, thus assuring successful permeabilization of the entire target tissue.
trode configurations and polarities. In order to obtain the ~ be seen also in Fig 4. The low values of Eit,,;, mean that

parameter U/d = 1.15 V/cm in all models we set the
applied voltage U=1V(U/d=1V/5/3 mm for elec-

trode configurations shown in Figs. 4a—4e and for models
shown in Figs. 4f-4g for applied voltage U = 0.575V (d =
I =5 mm) giving U/d = 1.15 V/cm.

As shown in Figs. 4d-4g, we obtained that by using several
electrodes (six or seven electrodes in the circle) and chang-
ing the potential and polarity on the electrodes we can
achieve better coverage of target tissue with adequate E. In
the case of only two electrodes we can see that the E in the
surrounding tissue can be too high and may cause irre-
versible damages (Fig. 4a). In the cases of two, four and six
electrodes (Figs. 4a-4c) reversing the polarities does not
change the electric field distribution. Nevertheless, revers-
ing the polarity can improve electropermeabilization on
the level of cell membrane since the orientation of the
electric field determines which side of the cell will be
more permeabilized [23,31,42-44].

In table 4 we compare different configurations of the nee-
dle electrodes. If we compare these values to the "electric
field intensity" U/d, we can see that both maximal and
minimal E deviate significantly from U/d value, which can

some parts of the target tissue will not be permeabilized
whereas some parts of the Osurrounding tissue might be
exposed to too high values causing irreversible damage
especially around the electrodes (too high E,, ), which is
most pronounced for the geometry with two needle elec-
trodes. From Table 4 it can be seen that for four and six
electrodes Ett,,;, increases while E, . decreases. We also
calculated the needed voltage U, (Table 5) which has to be
applied on the electrodes in order to achieve the condi-
tion Ett,,;, > U/d assuming target tissue permeabilization
and as it can be seen from Table 5 the needed voltage U,
differs substantially for different needle electrode configu-
rations. Namely, increasing the number of electrodes
from two to six we can decrease the applied voltage U,
from 2467 Vto 1427 V.

The effect of tissue inhomogeneities on the electric field
distribution

In order to analyze possible effects of tissue inhomogenei-
ties we made additional models where target tissue had
increased conductivity which is based on the fact that the
tumor tissue has in general higher conductivity than its
surrounding tissue. Namely, from the literature [19,45]
we determined that reasonable approximation for con-
ductivity of the target (tumor) tissue is ott = 0.4 S/m and

Table 4: Quantification of electric field strength for needle electrode models - calculated Ett, , Ett,  and E, . parameters.

Needle
electrode
configuration

U/d = 1.15 Viecm

U/d = 1300 V/icm

Target tissue Target tissue

Entire tissue

Target tissue Target tissue Entire tissue

Ett,,, (V/cm) Ett,,(V/cm) E o (Vicm) Ett, . (V/cm) Ett,.(V/cm) Enax(Vicm)
2 (Fig. 4a) 0.804 0.527 6.618 905.4 591.7 7450.3
4 (Fig. 4b) 0.824 0.779 5.829 928.7 876.9 6562.5
6 (Fig. 4c) 1.049 0911 5.166 1180.9 1025.2 5816.6
6 (Fig. 4d) 0.822 0.778 5.794 9254 875.9 6523.1
6 (Fig. 4e) 1.064 0.835 7.443 1197.9 940.1 8379.6
7 (Fig. 4f) 0.21 ~0 5.17 2364 1.038 5820.8
7 (Fig. 4g) 8.1 0.84 9119.2 945.7 9119.2

The results for models shown in Figs. 4a — 4e were calculated for applied voltage U= | V (d = 5\/§ mm ) and for models shown in Figs. 4f — 4g

for applied voltage U = 0.575 V (d = /=5 mm) giving U/d = |.15 V/cm. Furthermore, by scaling the results we also calculated the parameters Ett,

Ett, ..and E . for U/d = 1300 V/cm.

'min’
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Table 5: Calculated values of U_and corresponding Ett,, , Ett, . and E_  for needle electrodes.

Needle electrode Target tissue

Target tissue

Entire tissue Needed voltage on the

Configuration Ett, .. (V/cm) Ett,in(V/cm) Enax(V/cm) electrodes-U_ (V)

2 (Fig. 4a) 1983.3 Urd = 1300 16325.0 2466.8
4 (Fig. 4b) 1376.8 U/d = 1300 9727.4 1668.8
6 (Fig. 4c) 1496.9 U/d = 1300 7371.9 1427.0
6 (Fig. 4d) 13732 Urd = 1300 9625 1670.0
6 (Fig. 4f) 1653.7 U/d = 1300 11558.7 1557.0
7 (Fig. 4f) * / / /

7 (Fig. 4g) 12536 Urd = 1300 12536 889.88

*With this specific configuration of polarities (Fig. 4f) we can not achieve Et,,, = U/d (Et,;,~0), since the electric field intensity inside the target tissue
is almost zero (Et,,;,,~0) and therefore is this configuration suitable only in a combination with the configuration as shown in Fig. 4g.

conductivity of the surrounding tissue ost = 0.2 S/m. In
Fig. 6 we compare electric field distributions calculated
numerically using FEM method for two, four needle elec-
trodes and six needle electrodes taking into account
higher conductivity of the target tissue compared to the
surrounding tissue.

E>Und
E=UMd
E<Ud

0.0

Figure 6

Calculated electric field distribution for in-homoge-
neous models. Numerical results of the electric field distri-
bution for needle electrode configurations defined in Figs. 2a-
2c: a) two needle electrodes, b) four needle electrodes, c) six
needle electrodes in two rows taking into account two-times
higher conductivity of the target tissue compared to sur-
rounding tissue (conductivity of the target tissue is ott = 0.4
S/m and conductivity of the surrounding tissue ost = 0.2 S/
m). In all cases the applied voltage was set in such a way that
Uid = 1.15 Viem.

Comparing the results of the inhomogeneous models
shown in Fig. 6 to the electric field distribution in homo-
geneous models (Figs. 4a-4c) we obtained that in the
inhomogeneous model the electric field strength inside
the target tissue is lower, while the larger portion of the
surrounding tissue is exposed to the value exceeding U/d.
However, similarly as in homogenous model we again
obtained that with larger number of electrodes better cov-
erage of the target tissue with adequate E is obtained,
namely for larger number of electrodes Ett,,;, increases
while E, . decreases (see Table 6). We also obtained that
similarly as for homogeneous models the local electric
field is significantly different from the value U/d, e.g. for
the selected parameters the minimum electric field
strength inside the target tissue can deviate from the U/d
by more than factor 3, see the Table 6.

In Table 7 we give the results of the necessary voltage U, in
order to meet the condition Ett,,;,> U/d for inhomogene-
ous models where ott is higher then ost. Our results show
that U, for given inhomogeneous model (ott = 2 x ost) has
to be higher compared to U, in the homogeneous models
in order to effectively treat the entire target tissue.

Discussion

In this study we numerically and analytically determined
and compared the local electric field distribution in 2D
for different electrode configurations which are used for in
vivo electrochemotherapy and gene electrotransfer. We
quantify and compare the local electric field by means of
three parameters: the maximal in minimal local electric
fields inside the treated tissue - Ett,,;,, Ett,,,. and maximal
E over the entire treated tissue - E,,,.. Namely, the criteria
for adequate or »optimal« local E distribution are the fol-
lowing: i) all the target tissue has to be exposed to the E
above the threshold value for reversible electroporation
(Ett,i> E,p); 1i) the maximal E inside the target tissue Ett,,,,
has to be below the threshold value for irreversible electro-
poration (Ett,,,.< E;,,,), which is specially important in gene

electrotransfer and iii) the surrounding tissue should not be
exposed to excessively high electric field, therefore the maxi-
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Table 6: Quantification of the electric field strength for in-homogeneousmodels - calculated Ett,, Ett, . and E_ parameters.

Needle U/d =1.15 Vicm
electrode

configuration

U/d = 1300 V/icm

Target tissue Target tissue

Entire tissue

Target tissue Target tissue Entire tissue

Ett, . (V/cm) Ett,i,(V/cm) Enax(V/cm) Ett, . (V/cm) Ett, . (V/cm) Enax(Vicm)
2 (Fig. 6a) 0.558 0.364 7.001 628.05 409.9 7887.1
4 (Fig. 6b) 0.572 0.539 6.104 643.4 606.2 6872.5
6 (Fig. 6c) 0.741 0.639 5.339 833.9 7189 6011.2

Quantification of the electric field strength (E) for in-homogeneous models with needle electrode configurations which are defined in Fig. 2a-c.

Conductivity of the target tissue is ott = 0.4 S/m and the conductivity of the surrounding tissue ost = 0.2 S/m. Calculated minimal E (Ett,;,) and

maximal E (Ett,

) inside the target tissue and maximal E within the entire tissue E,

max for different needle electrode configurations. The results for

models shown in Figs. 6a-6¢c were calculated for applied voltage U= 1 V (d = 5\/§ mm ). Furthermore, by scaling the results we also calculated

the parameters Ett,;,, Ett, . and E_  for U/d = 1300 V/cm.

mal electric field in entire tissue E,,,, should be as low as pos-
sible, while meeting the first condition Ett,;, >E,,.
We further calculated the needed voltage U, (Table 5)
which has to be applied on the electrodes in order to sub-
ject the entire target tissue to the sufficiently high local
electric field (Ett,,;, > U/d), where the value U/d was used
in order to compare this parameter to the actual magni-

tude of E inside the treated tissue.

We showed that the electric field distribution in the tissue
strongly depends on the number and position of the elec-
trodes, as well as of the electric field orientation, as dem-
onstrated in Fig. 4. As expected the highest values of E are
obtained in the vicinity of the electrodes where E can
exceed the irreversible threshold value E;,,,, leading to the
damage of the tissue. With increasing the number of elec-
trodes the electric field strength inside the target tissue
becomes higher for the same voltage applied, e.g. from the
Table 4 it can be seen that Ett,,;, increases and E,,,
decreases for higher number of electrodes. Considering
that Ett,,;,, should be above E,,, while keeping E, . as low
as possible it can be seen (Table 4) that the six electrode
configurations have the best ratio between Ett,;, and E,, ..

Configurations with seven electrodes are reasonable only
when combining the two polarities settings (Figs. 4f and

4f) on the electrodes in order to electropermeabilize the
larger area of treated tissue.

We also demonstrate that if parameter U/d is used to select
the applied voltage only smaller part of the tissue is
exposed to E > U/d (white region in Fig. 4), whereas in the
other regions of tissue E is too small. We obtained that the
ratio between minimal E inside the target tissue (Ett,,;,)
and the value U/d can deviate for more than a factor of 2
(see Table 4). The higher local electric field can be
achieved by increasing the applied voltage, therefore we
further calculate the needed voltage U, to fulfill the condi-
tion Ett,,;,> U/d over the entire target tissue. We showed
that the needed applied voltage U, differs substantially for
different needle electrode configurations (Table 5). Thus,
the electric field distribution strongly depends on geome-
try and position of electrodes with respect to the target tis-
sue therefore the needed voltage (U,.) requires its own
calculation for each individual configuration. From Table
5 it can be seen that the U, for two needle electrodes has
to be about 2400 V compared to other configurations
where U, is in the range from 1400 V to 1700 V.

Another possibility to achieve better coverage of the target
tissue with the adequate E with the same applied voltage
is changing the electric field orientation as already experi-
mentally and numerically demonstrated with two 90°

Table 7: Calculated values of U_and corresponding Ett, ., Ett, . and E, . for in-homogeneous models (Figs. 6a-6c).

Needle electrode Target tissue

Target tissue

Entire tissue Needed voltage on the

configuration Ett,,, (V/cm) Ett,,,(V/cm) E,nax(V/cm) electrodes-U_ (V)
2 (Fig. 6a) 1991.87 U/d = 1300 25014.0 3570.6
4 (Fig. 6b) 1379.80 U/d = 1300 14738.4 2414.4
6 (Fig. 6c) 1508.0 U/d = 1300 10870.4 2035.9

Specific conductivity of the target tissue is ott = 0.4 S/m and specific conductivity of the surrounding tissue ost = 0.2 S/m.

Page 10 of 14

(page number not for citation purposes)



BioMedical Engineering OnLine 2007, 6:37

rotations of E using plate electrodes in [23] and experi-
mentally in [26] with a sequence of 60° rotations of E
using needle electrode configurations, as shown in Figs.
2d and 2e.

Moreover, changing the electric field orientation during
the electric pulse delivery is also important for gene elec-
trotransfer as it improves the efficiency of gene electro-
transfer indirectly by also increasing the membrane area
available for the transfer of plasmid DNA [46].

We used 2D numerical and analytical models in order to
compare E for different electrode configurations in the
central plane of a more general 3D model. The presented
2D results are good approximation of local electric field
distribution in 3D models for needle electrodes since elec-
trodes are usually long and deeply inserted in tissue.

The presented analytical solutions in 2D for the electric
field around needle electrodes are extensions of the ana-
lytical expressions given by Dev et al. [31] for geometries
given in Fig. 2 for arbitrary values of d and I, as well as for
different polarities in case of six and seven electrodes. By
comparing numerical and analytical calculations for given
needle electrode configurations we obtained good agree-
ment between the two methods. Thus we showed that the
leading-order analytical approximation accurately
describes the electric field distribution in the region
between the needle electrodes. The presented analytical
solutions can be used as a rapid pre-analysis of the electric
field distribution for different needle electrode configura-
tions.

Our models are approximation of more complex and in
general time-dependent models where one has to take
into account also the increase of the effective conductivity
of the permeabilized region [18,19,47-51]. In our present
study we assumed that tissue has a constant value of con-
ductivity which represents the final stage of electroperme-
abilization. In most of the models we assumed
homogeneous properties of the treated tissue which
neglects the differences of the conductivities for different
tissues. For plate electrodes, which are usually placed on
the skin, this approximation is not adequate since the
conductivity of the skin is few orders of magnitude lower
[19]. However, for needle electrodes homogeneous mod-
els can be used to compare different configurations, since
the treated tissues have roughly similar conductivities [45]
and we can use the average conductivity.

In order to analyze possible effects of tissue inhomogenei-
ties we made additional numerical models where target
tissue had increased conductivity. The main conclusions
of our study are independent of the electrical properties of
tissues either homogenous or inhomogeneous. We

http://www.biomedical-engineering-online.com/content/6/1/37

obtained that similarly as for homogeneous models elec-
tric field distribution significantly depends on the config-
uration and that the deviation of the value U/d
approximation from local E inside the target tissue can be
even more pronounced. Furthermore, also for inhomoge-
neous models six electrodes result in better local electric
field distribution in terms of achieving high Ett,,;, and rel-
atively low E,,,.compared to two or four needle electrodes
models (Table 6).

Conclusion

The main objective of this paper was to provide the solu-
tions of local electric field distribution and to visualize the
local electric field inside the target tissue for most com-
monly used electrode configurations in electrochemo-
therapy and gene electrotransfer. In presented study we
numerically and analytically quantify and compare elec-
tric field distribution in 2D for different electrode config-
urations which are used for in vivo electrochemotherapy
and gene electrotransfer for the same value of parameter
U/d. We demonstrate that the calculated local electric field
inside the target tissue strongly depends on the chosen
electrodes and electrode configuration and can be signifi-
cantly different from a gross approximation U/d as usually
used as an estimate of the local electric field in a number
of different reports [8-10,12,15,32-36].

We show that electric field distribution strongly depends
on geometry, position and polarity of the electrodes with
respect to target tissue and that it requires its own calcula-
tion for each individual configuration, which is in agree-
ment with previous reports [12,15,17,25,26,32,34,40,41,
52]. We present visualization of the electric field distribu-
tion and quantification of the maximal and minimal val-
ues of E inside the target tissue for frequently used
electrode configurations. We also calculate the needed
voltage for a specific configuration to meet the criterion
that the local electric field over the entire target tissue
exceeds the threshold value.

The results show that higher electric field inside the target
tissue can be obtained by increasing the number of the
electrodes, e.g. we obtained better electric field distribu-
tion with six electrodes compared to four or two elec-
trodes (see Figs. 4a-4c). Namely, in this way the local
electric field in the target tissue is increased while the elec-
tric field inside the surrounding tissue is reduced. We fur-
ther show that changing the orientation of the electric
field by changing electrodes' polarities leads to better cov-
erage of the target tissue with desirable local electric field,
which was already proven experimentally to improve elec-
trochemotherapy efficiency and gene electrotransfer
[23,34,43,46]. For example by consecutive changing the
polarities of the electrodes (i.e. combining the polarity
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configurations Fig. 4f and Fig. 4g) we electropermeabilize
larger area with the same electrode configurations.

In addition we showed that for needle electrode configu-
ration we can use the analytical solution as a rapid and
simple method for visualizing electric field distribution
inside the tissue without using special software for numer-
ical modeling. But in case of more complex geometries
and inhomogeneities of the tissue, numerical modeling is
required to determine optimal parameters in order to
achieve efficient tissue permeabilization [15-17,25,49,50,
52].

To conclude, our numerical models and analytical calcu-
lations provide an estimate of actual local E inside the tar-
get tissue and can be used for comparison of different
electrode configurations. They also enable more precise
choice of applied voltage compared to using U/d approxi-
mation. Since optimal geometry, arrangement and posi-
tion of the electrodes strongly depend on the position and
geometry of the target tissue it is of crucial importance to
design a system of electrodes, which could be easily
adjustable according to each individual case and to
develop software for numerical calculation which would
enable optimization of parameters in order to render elec-
trochemotherapy and gene electrotransfer as efficient as
possible. An important step towards the optimization of
local electric field for effective ECT has been made recently
by IGEA company [53] currently providing the electropo-
rator designed specifically to be used in the clinical prac-
tice for electrochemotherapy. They provide the voltage for
different distances between electrodes taking into account
also the differences in local electric field distribution for
different electrode configurations. In order to improve the
efficiency of the treatments training sessions should be
also involved. The training sessions should also provide
educational material about the knowledge and experi-
ences that have already been acquired with electrochemo-
therapy and gene electrotransfer. This can be brought
about by the web technology, as an easy and important
way to collect and organize the information obtained
from different clinical and research centers [54-56].

Appendix

In this section we present solutions of the Laplace equa-
tion for the coefficients C, from Eq. 4 for different needle
electrode configurations. We obtained the following
result for two needle electrodes (Fig. 2a):

__ %
log(d/a)’
for four electrodes (Fig. 2b):

Cl = _Cz (A ].)

http://www.biomedical-engineering-online.com/content/6/1/37

Vi
C1:C2:_C3:_C4: 0 ’

a+1% d
log| ————

a

(A.2)

for six electrodes (arranged in two parallel rows of three
electrodes in each), as shown in Fig. 2c:

log(d/a)—log(\d? +12 /1)
log(d / a)log(dy d* + 41 | 2al) - z( log(vd? +12 /1))2
Vo — 2C; log(Vd? +12 /1)

log(d/a)

C,=C3=-C4 =—C4 =V,

Cy=—Cs=

(A3)
for six electrodes arranged in circle (Fig. 2e):

Cy = C5 =—C, =—Cy =V, [ 2log(v/3) +log(a/2d) |,

.- _2C;log(V/3) -V,
376 log(a/2d)

(A.4)

for seven electrodes, as shown in Fig. 2f (six electrodes
arranged in circle with additional placed in the center of
this circle):

Vo

—, G, =0.
log(2d/3a)" 7

Ciz5="Cra6 = (A.5)

In all configurations 2a-2f is the number of positive and
negative electrodes equal, so we can set C, = 0.

For seven electrodes as shown in Fig. 2g we have one pos-
itive and six negative electrodes, so C, is not zero. To sat-
isfy conservation of the current we have additional
condition C, = -6C, , and thus we obtain:

-2V,

Cie= = ,
610g(aj/6d5)—1210g(u/d)

C; =—6C, 5, Co=Vy—6C; glog(a/d).
(A.6)
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Numerical Modeling and Optimization of Electric
Field Distribution in Subcutaneous Tumor Treated
With Electrochemotherapy Using Needle Electrodes

Selma Corovic, Anze Zupanic, and Damijan Miklavcic

Abstract—Electrochemotherapy (ECT) is an effective antitu-
mor treatment employing locally applied high-voltage electric
pulses in combination with chemotherapeutic drugs. For success-
ful ECT, the entire tumor volume needs to be subjected to a
sufficiently high local electric field, whereas, in order to prevent
damage, the electric field within the healthy tissue has to be as
low as possible. To determine the optimum electrical parameters
and electrode configuration for the ECT of a subcutaneous tumor,
we combined a 3-D finite element numerical tumor model with
a genetic optimization algorithm. We calculated and compared
the local electric field distributions obtained with different geo-
metrical and electrical parameters and different needle electrode
geometries that have been used in research and clinics in past
years. Based on this, we established which model parameters had
to be taken into account for the optimization of the local electric
field distribution and included them in the optimization algorithm.
Our results showed that parallel array electrodes are the most
suitable for the spherical tumor geometry, because the whole
tumor volume is subjected to sufficiently high electric field while
requiring the least electric current and causing the least tissue
damage. Our algorithm could be a useful tool in the treatment
planning of clinical ECT as well as in other electric field mediated
therapies, such as gene electrotransfer, transdermal drug delivery,
and irreversible tissues ablation.

Index Terms—Electrochemotherapy (ECT), electropermeabi-
lization, finite element method, genetic algorithm, optimization,
subcutaneous tumor.

I. INTRODUCTION

LECTROCHEMOTHERAPY (ECT) is a nonthermal and
local tumor treatment, clinically proven to be effective,
safe, and well tolerated by patients [1], [2]. ECT standard
operating procedures have been defined for the treatment of
cutaneous and subcutaneous tumor nodules of different histolo-
gies. Numerous published research and clinical reports have
shown that it can be used as an efficient local tumor treatment
for various tumor types [3]-[8].
ECT is performed using either intravenous or intratumoral
chemotherapeutic injection, followed by the application of
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high-voltage electric pulses locally delivered to the target tis-
sue via appropriate sets of electrodes. Electric pulses induce
a local electric field (E) within the treated tissue, which
depends on the tissue’s electrical and geometrical proper-
ties. Namely, for efficient ECT, it is necessary that the en-
tire tumor tissue is subjected to a local electric field in the
range between reversible and irreversible electropermeabiliza-
tion threshold values (Eyey < E < FEiprev), Which causes tran-
sient structural changes in cell membranes (termed reversible
electropermeabilization) and allows for increased entrance of
chemotherapeutics into target tissues. This increased membrane
permeabilization potentiates the effect of chemotherapeutic
drugs, thus significantly lowering the required dose and improv-
ing the effectiveness of the treatment [9]. Other requirements
for efficient ECT are that the healthy tissue volume subjected
to ¥ > E\., has to be kept minimal so as not to expose the
healthy tissue to an £ higher than necessary and to prevent the
excessive irreversible tissue damage (E > Fjyrev ). At the same
time, the electric current through the tissue has to be as low
as possible due to the technical limitations of the high voltage
pulse generator.

The magnitude and distribution of local electric field and thus
the degree of tissue electropermeabilization can be controlled
by electrode configuration and polarity and the amplitude of
electric pulses [10], [11]. Local electric field, however also
depends on the geometrical and electrical properties of treated
tissues; therefore, both have to be taken into account when plan-
ning the treatment. Electrode types currently most often used
for therapeutic and research purposes are external parallel plate
electrodes and different geometries of needle electrode arrays
[6], [12]-[14]. External plate electrodes are suitable for the
treatment of protruding cutaneous tumors as the local electric
field can be easily controlled by the contact surface between
electrodes and the treated tissue, the interelectrode distance, and
the amplitude of the applied electric pulses. If the target tissue
cannot be fixed between the electrodes or is seated in deeper
tissue, an array of needle electrodes is more effective as it can
penetrate into the tissue to assure the necessary magnitude of
electric field within the deeper parts of the tumor. The choice of
the suitable electrode type and geometry can be determined by
means of a numerical model [13], [15]. Numerical modeling
can therefore serve as a vital component in ECT treatment
planning; moreover, it can predict the treatment outcome for
each tumor type with its specific electrical and geometrical
properties, as has already been demonstrated [16].

0093-3813/$25.00 © 2008 IEEE
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Fig. 1. Central YZ view across the subcutaneous tumor model, where U

is the applied voltage between the electrode rows, g is the depth of needle
insertion, d is the distance between the electrodes as shown in Fig. 3, and o
and o2 are the healthy and tumor tissue conductivities, respectively. The tumor
is positioned 0.5 mm below the surface of the model.

In this paper, we used finite element method and genetic
algorithm to investigate and optimize the local electric field
distribution within a given 3-D model of a subcutaneous tu-
mor. The electric properties of the modeled tissues are based
on the fact that the tumor tissue is more conductive than
its surrounding healthy tissue [16], [17]. We investigated the
influence of the number of needle electrodes, depth of electrode
insertion, configuration of electrodes with respect to the treated
tissue, and amplitude of electric pulses. We quantified local
electric field distribution inside the tumor and its surrounding
healthy tissue obtained with four needle electrode geometries
that have been used in clinics and research in past years [1],
[14], [18]. Based on the calculated distributions of electric field,
we established which model parameters had to be taken into
account for the optimization of the local electric field distrib-
ution and included them in the genetic optimization algorithm
that we developed in order to determine the optimum electrode
configuration in the target tissue. As the output of the algorithm,
we obtained the optimum solution of the analyzed treatment
parameters. Our algorithm can be used in local electric field
optimization and thus in ECT treatment planning for arbitrary
tumor geometries and electrical properties. Our optimization
approach can be beneficial also in the treatment planning of
other electric field mediated treatments, such as gene electro-
transfer [19], transdermal drug delivery [20], and tissue ablation
treatments [21].

II. METHODS
A. Tissue Properties and Model Geometry

Our model of a subcutaneous tumor consisted of two tissues,
the target tumor tissue (a sphere with a diameter of 2 mm), and
its surrounding healthy tissue (Figs. 1-3). Both tissues were
considered isotropic and homogeneous, the assigned conduc-
tivity values being 0.4 S/m for the tumor and 0.2 S/m for the
healthy tissue. These values describe the conductivity at the
end of the electropermeabilization process. The values were
chosen in accordance with previous measurements of tumor and
tissue conductivity and models of subcutaneous tumor and skin
electropermeabilization [16], [17], [19].

The electric field distribution was calculated for four differ-
ent electrode geometries: three different parallel needle elec-
trode arrays [Fig. 2(a)—(c)] and a hexagonal electrode array
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Fig. 2. Three-dimensional geometry of subcutaneous tumor with four
needle electrode geometries analyzed: (a) One needle electrode pair, (b) three
needle electrode pairs, (c) four needle electrode pairs, and (d) hexagonal needle
electrode array.
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Fig. 3. XY view of the model with electrode geometries, polarities, and

arrangement with respect to (the circled region) the target/tumor tissue:
(a) One needle electrode pair, (b) three needle electrode pairs, (c) four needle
electrode pairs, (d) 2 X 2 hexagonal needle electrode array (two electrodes on
positive potential, two on negative potential, and two grounded), and (e) 3 X
3 hexagonal needle electrode array (three electrodes on positive potential and
three on negative potential). d and b stand for the distance between opposite sets
of electrodes and distance between electrodes of the same row (parallel needle
electrode arrays) or distance between neighboring electrodes (hexagonal needle
electrode array), respectively.

[Fig. 2(d)], and five electrode polarities: three for the parallel
needle electrode arrays [Fig. 3(a)—(c)] and two for the hexag-
onal electrode array [Fig. 3(d) and (e)]. These geometries and
polarities were chosen as they are the most often used in ECT
research and therapy.

B. Numerical Modeling

All numerical calculations were performed with a commer-
cial finite element software package COMSOL Multiphysics
3.3a (COMSOL AB, Sweden) and run on a desktop PC
(Windows XP, 3.0-GHz Pentium 4, 1-GB RAM). Electric field
distribution in the tissue, caused by an electric pulse, was
determined by solving the Laplace equation for static electric
currents

~V-(0-Vg)=0 (1
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where o and ¢ stand for the electric conductivity of the tissue
and electric potential, respectively. The boundary conditions
used in our calculations were a constant potential on the surface
of the electrodes (Fig. 3) and electric insulation on all outer
boundaries of the model. Results were controlled for numer-
ical errors by increasing the size of our model and increas-
ing the mesh density, until the electric insulation condition
and error due to meshing irregularities were insignificant—a
further increase in domain size or mesh density only in-
creased the computation time; however, the results changed less
than 0.5%.

The electric field distributions obtained in our models were
displayed in the range from the reversible F,., = 400 V/cm
to the irreversible electropermeabilization threshold value
Eirrev = 900 V/em. These values were taken from a previously
published study, in which we estimated them by comparing
in vivo measurements and the numerical modeling of the
electropermeabilization of a subcutaneous tumor [16], [22].
Namely, E.., was estimated to be the same for the tumor
and skin tissue (400 V/cm), whereas the FEji..., values were
estimated to be 800 and 1000 V/cm for the tumor and skin,
respectively. The Ej . in our model was set as the average of
these two values (900 V/cm) in the tumor and healthy tissue.

C. Optimization

The genetic algorithm [23] was written with MATLAB
2007a (Mathworks, USA) and run together with the numerical
calculation using the link between MATLAB and COMSOL.
The initial population of chromosomes (vectors of real num-
bers: X = (x1,23,...,2,)) was generated randomly, taking
into account the following model constraints: range of distances
between electrodes, range of depth of electrode insertion into
tissue, and range of voltages between the electrodes. These
constraints were chosen so that the calculation domain size,
COMSOL meshing capabilities, and oncology experts’ de-
mands for a safety margin [24], when treating solid tumors,
were all respected. Chromosomes for reproduction were se-
lected proportionally to their fitness, according to the fitness
function

F =12 +100- VTrev —-10- VHirrev - VHrev - VTirrev (2)

where F' stands for fitness, Ve, and Ve Stand for tumor
volume subjected to the local electric field above E.., and
FEirrev, respectively, and Vigpey and Vigiprey stand for the volume
of healthy tissue subjected to local electric field above E.., and
Eirrev, respectively. The weights in the fitness function were
set accordingly to the importance of the individual parameters
for efficient ECT. Namely, Ve, is crucial for efficient ECT;
therefore, its weight is largest (100) in comparison to the weight
of Vitirrev (10), which was in turn larger than the weights of
Virev and Viprey, as their significance for successful ECT is
still debated. Other weight values that kept a similar ratio gave
similar results. The integer 12 is present only to assure that the
fitness function is always positive.

The selected chromosomes reproduced by crossover or mu-
tation. When crossover takes place, each new chromosome
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TABLE 1
GENETIC ALGORITHM PARAMETERS
. Fraction of .
Size of |\ mber of elite  [Probability of| Probability
initial generations |chromosomes| cross-over of
population %] mutation
20-30 100 10 0.95 0.05
Z = (21,22,...,2y) is a random linear combination of parent

chromosomes X and Y

Z,ZCL,IL+(17(11)y7, aie [071] (3)
When mutation takes place, each new chromosome M =
(mq, ma,...,my) is a random variation of one parent chro-
mosome X

Crossover and mutation were chosen according to the prob-
abilities in Table I, with the exception that the top ranking
solutions (elite) could not be subjected to mutation. The ge-
netic algorithm was terminated after 100 generations, when
the fitness of the highest ranking solution usually reached a
plateau. The algorithm always converged to a possible optimum
solution. The average computation time of the algorithm was

two hours. Other genetic algorithm parameters can be found in
Table L.

D. Protocol

To select the optimum electrode configuration for ECT of
the subcutaneous tumor model, we first analyzed the local
electric field distribution inside the tissue model for several
discrete values of applied voltage between electrodes for all
electrode geometries and polarities (Fig. 3). Distance between
opposite sets of electrodes d and distance between electrodes
of the same row b (parallel needle electrode arrays) or distance
between neighboring electrodes b (hexagonal needle electrode
array) were kept constant, at b = 0.65 mm (parallel arrays), b =
4//3 mm (hexagonal array), and d = 4 mm, in all simulations.
For each electrode geometry and two electrode depths (g =
3 mm—as deep as the bottom of the tumor; g = 5 mm—double
the depth of the tumor), we calculated the minimum voltage U,
(critical voltage) that had to be applied between the electrodes
so that the minimum electric field over the entire tumor volume
exceeded E\.,. This was done by a sequence of calculations, in
which we decreased the voltage by increments of 10 V, until
the lowest needed amplitude was reached. We then selected
the calculated critical voltage U, that resulted in the lowest
calculated values of reversibly electropermeabilized volume of
healthy tissue Vi, and total electric current I and applied
it to each electrode configuration. We examined the influence
of the depth of insertion on the local electric field distribution
within the target tumor tissue and its surrounding healthy tissue
by visualization of the electric field and by quantification of
electric distribution by calculating Vryev, Vitrev, Vitirrev, and 1.
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TABLE 1II
CALCULATED VALUES OF CRITICAL VOLTAGE U¢, TOTAL ELECTRIC
CURRENT I, REVERSIBLY ELECTROPERMEABILIZED TUMOR VOLUME
Vrevs AND REVERSIBLY AND IRREVERSIBLY ELECTROPERMEABILIZED
HEALTHY TISSUE Viirev AND Viirrev, RESPECTIVELY, ARE GIVEN FOR
ALL ANALYZED ELECTRODE GEOMETRIES AND POLARITIES AND FOR
DEPTHS OF ELECTRODE INSERTIONS g = 3 mm AND g = 5 mm. ALL
VOLUME VALUES ARE NORMALIZED BY THE TUMOR VOLUME V.
DISTANCE BETWEEN OPPOSITE SETS OF ELECTRODES d AND DISTANCE
BETWEEN ELECTRODES OF THE SAME ROW b (NEEDLE ELECTRODE
ARRAYS) OR DISTANCE BETWEEN NEIGHBORING ELECTRODES b
(HEXAGONAL NEEDLE ELECTRODE ARRAY) WERE KEPT CONSTANT
AT b = 0.65 mm (PARALLEL NEEDLE ELECTRODE ARRAYS),
b = 4/+/3 mm (HEXAGONAL NEEDLE ELECTRODE ARRAY),
AND d = 4 mm, IN ALL SIMULATIONS

Electrode "
configuration and [mgm] Ye A Virey. | Viirey | Vhirrey
polaririty M| A Vr| vr| W
one-needle 5 | 400 [0.248] 1 |20.96]6.14
parr 3 | 440 [0475| 1 |21.00|5.14
threoneedle | 5 | 260 |0.270| 1 [31.86| 1.71
pairs 3 | 290 |0.198| 1 |24.86]2.35
four-needle 5 | 240 |0204| 1 4378|243
airs
pair 3 | 280 [0234] 1 [2021]2.14
2x2 hexagonal | 5 | 290 |0301| 1 |38.36] 3.4
arra
v 3 | 350 0234 1 |3064|4.92
3x3 hexagonal | 5 | 280 [0463| 1 |4243|971
array 3 | 310 |0330| 1 [314 |807

Because the first part of our study showed that voltage (U),
distances between electrodes (b and d), and depth of electrode
insertion (g) are all relevant for the distribution of electric
field in the model, all four parameters were chosen for the
optimization procedure. We ran the genetic algorithm for all
electrode geometries and polarities in two distinct stages. In the
first stage, ten runs of the algorithm were performed using a
random initial population. To calculate solutions closer to the
true optimum, the ten best solutions acquired from the first
stage were “seeded” into the initial population of the second
stage and five more solutions were calculated, all being of better
fitness than the first-stage solutions. However, the difference
between the best first- and second-stage solutions was less than
1% (if compared by Vigirrev); therefore, no third stage was
required, and the best second stage solution was considered to
be the optimum.

III. RESULTS

The calculated critical voltage U, needed to cover the en-
tire tumor tissue with electric field above reversible electrop-
ermeabilization threshold E,., for each electrode geometry
and polarity is given in Table II. The shallower insertion of
the electrodes generally increased the necessary Uc; however,
the total current / through the model decreased. Increasing the
number of the electrodes had the opposite effect: Lower U and
higher I were calculated. Both observations can be explained
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TABLE III
CALCULATED VALUES OF TOTAL ELECTRIC CURRENT I, REVERSIBLY
ELECTROPERMEABILIZED TUMOR VOLUME Vyey, AND REVERSIBLY AND
IRREVERSIBLY ELECTROPERMEABILIZED HEALTHY TISSUE Viiyev AND
Viirrev, RESPECTIVELY, ARE GIVEN FOR ALL ANALYZED ELECTRODE
GEOMETRIES AND POLARITIES AND FOR DEPTHS OF ELECTRODE
INSERTIONS g = 3 mm AND g = 5 mm. ALL VOLUME VALUES ARE
NORMALIZED BY THE TUMOR VOLUME V7. DISTANCE BETWEEN
OPPOSITE SETS OF ELECTRODES d AND DISTANCE BETWEEN
ELECTRODES OF THE SAME ROW b (NEEDLE ELECTRODE ARRAYS) OR
DISTANCE BETWEEN NEIGHBORING ELECTRODES b (HEXAGONAL
NEEDLE ELECTRODE ARRAY) WERE KEPT CONSTANT AT b = 0.65 mm
(PARALLEL NEEDLE ELECTRODE ARRAYS), b = 4/+/3 mm (HEXAGONAL
NEEDLE ELECTRODE ARRAY), AND d = 4 mm, IN ALL SIMULATIONS.
VOLTAGE WAS SET TO U = 290 V IN ALL SIMULATIONS

coaniEg:ﬁ(r:gt(i)grie and| 9 v I | Virey | Viirey | Vhirey
polaririty [mm]| V] (Al vr vr Vr
one-needle 5 | 290 |0.180| 0.08 [17.21] 2.71
pair 3 | 290 [0.115 | 0.03 |10.42 2.00
threonoedle | 5 | 290 |0.301| 1.00 |37.21| 279
pairs 3 | 290 [0.198| 1.00 | 24.86 2.36
four-needle 5 | 290 |0.354| 1.00 | 45.86| 2.86
pairs 3 | 290 [0.236 | 1.00 |30.64| 2.42
2x2 hexagonal | 5 | 290 |0.201] 1.00 | 36.86| 3.20
array 3 | 200 |0.190| 0.41 | 22.03| 2.71
3x3 hexagonal | 5 | 290 |0.471] 1.00 | 4407|1057
array 3 | 290 [0.308| 0.99 | 29.07| 7.00

Erev<E' Erev<E<Eirrev |E>Eirrev

Fig. 4. False color legend used in Figs. 5-7, indicating the local electric field
E distribution within the tissue models (i.e., the degree of tissue electroper-
meabilization). The white region represents insufficiently electropermeabilized
regions of tissue (E' < Elrev ), and the patterned region represents irreversibly
electropermeabilized regions of tissue (E > Ejpyev)-

by the size of contact surface between electrodes and treated
tissue—larger contact surface increases I and decreases the
necessary Uc.

When we applied the same voltage (290 V) to all electrode
configurations, complete electropermeabilization of the tumor
was not obtained in all cases. Namely, one needle electrode
pair was completely unsuccessful, whereas both hexagonal
geometries did not provide adequate coverage at ¢ = 3 mm
[Table III, Figs. 4, 5(a) and (b), and 6(b) and (d)]. Figs. 5 and 6
show a definite influence of electrode configuration on electric
field distribution in the tumor and healthy tissue. This influence
is most clearly seen by comparing electric field distributions
of both hexagonal needle electrode arrays—electric field pen-
etrates deeper for 3 x 3 geometry and Vi ey 1S considerably
larger than in 2 x 2 geometry (Fig. 6). It can also be observed
that deeper insertion of electrodes (¢ = 5 mm) and insufficient
voltage applied on the electrodes cause the electric field to be
higher within the healthy tissue below the tumor compared to
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L

-
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X Y X

Fig. 5. Local electric field distribution for the models of (a) and (b) one needle
electrode pair, (c) and (d) three needle electrode pairs, and (e) and (f) four nee-
dle electrode pairs is shown for two depths of electrodes’ insertion g = 5 mm
[(a), (¢), (e)] and g = 3 mm [(b), (d), (D]. Electric field distribution is shown
in three central perpendicular planes: XY, Y Z, and X Z all passing through
the center of the tumor. Distance between opposite sets of electrodes d,
distance between electrodes of the same row b (needle electrode arrays) or
distance between neighboring electrodes b (hexagonal needle electrode array)
and voltage U are given in the caption of Table III.

the electric field inside the tumor (Fig. 5(a), (¢), and (e) in ZX
orientation).

To assure complete electropermeabilization of the tumor
and with the least healthy tissue damage in our model, all
geometrical and electrical parameters have to be accounted
for. When all parameters were optimized simultaneously, the
required Uc was significantly lower (Table IV) than when
determining the Uc for only two depths of needle insertion
(Table II). At the same time, I, Virey, and Vyirrey Were also
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X Y

Fig. 6. Local electric field distribution for the models of (a) and (b) 2 X
2 hexagonal needle electrode array and (c) and (d) 3 X 3 hexagonal needle
electrode array is shown for two depths of electrodes’ insertion g = 5 mm
[(a), (c)] and g = 3 mm [(b), (d)]. Electric field distribution is shown in three
central perpendicular planes: XY, Y Z, and X Z all passing through the center
of the tumor. Distance between opposite sets of electrodes d, distance between
electrodes of the same row b (needle electrode arrays) or distance between
neighboring electrodes b (hexagonal needle electrode array) and voltage U are
given in the caption of Table III.

decreased, thus minimizing healthy tissue damage and required
electric energy. Interestingly, the optimum depth of insertion
depended very much on the electrode geometry, i.e., at similar
applied voltages, the 2 x 2 hexagonal needle electrode array has
to be inserted deeper than the 3 x 3 needle electrode array to
achieve similar coverage of the target tumor tissue. The results
of optimization using our algorithm are shown in Table IV
and Fig. 7.

IV. DISCUSSION AND CONCLUSION

The aim of our study was to investigate and optimize the
local electric field within a simple 3-D model of a subcutaneous
tumor. We report the results of optimization of the geometrical
and electrical parameters (voltage, distances between elec-
trodes, depth of electrode insertion: U, b, d, and g; Figs. 1
and 3) of various needle electrode geometries used in research
and clinical ECT for a 3-D numerical model of a subcutaneous
tumor (Fig. 2). We show by using our optimization algorithm,
how the local electric field distribution depends on the number,
arrangement, depth of electrodes’ insertion, and the amplitude
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TABLE 1V
OPTIMIZED VALUES OF DISTANCE BETWEEN ELECTRODES OF THE SAME
RoOW b (NEEDLE ELECTRODE ARRAYS), DISTANCE BETWEEN
NEIGHBORING ELECTRODES b (HEXAGONAL NEEDLE ELECTRODE
ARRAY), DISTANCE BETWEEN OPPOSITE SETS OF ELECTRODES d, DEPTH
OF ELECTRODES’ INSERTION g, AND CRITICAL VOLTAGE U¢ FOR ALL
ANALYZED ELECTRODE GEOMETRIES AND POLARITIES ARE GIVEN.
CALCULATED VALUES OF TOTAL ELECTRIC CURRENT I, REVERSIBLY
ELECTROPERMEABILIZED TUMOR VOLUME Vyey, REVERSIBLY AND
IRREVERSIBLY ELECTROPERMEABILIZED HEALTHY TISSUE Vijrey AND
VHirrev, RESPECTIVELY, ARE GIVEN FOR ALL OPTIMUM SOLUTIONS. ALL
VOLUME VALUES ARE NORMALIZED BY THE TUMOR VOLUME V7

Electrode
- : b d g Ue i Vrrev | VHrey | VHirrey
oy | tmm] | fmm] | Il | VT | A | Vi [ Ve | v
three-needle
. 070 | 4.04 | 315 | 272 | 020 | 1 |23.64| 1.86
pairs
four-needle | 67 1 410|320 265 [025| 1 [28.29| 1.65
pairs
2x2 hexagonal
artay 171|347 | 357 | 256 | 024 | 1 |21.86|2.34
S3hexagonal | 171 | 347|290 | 246 [032| 1 [21.64|5.14

of electric pulses (Figs. 5-7, Tables II-IV). The complete
coverage of the target tumor tissue with the local electric field
magnitude required for successful ECT (Fiey < E < Eiprey)
was achieved, whereas the volumes of healthy tissue exposed
to the magnitude of the local electric field above reversible
and irreversible thresholds were minimized (thus minimizing
healthy tissue damage) for all analyzed electrode geometries.
Our study was built on previous research works done by
our group and others, in which the usefulness of numerical
modeling in predicting electropermeabilization outcomes was
demonstrated. Already, the early numerical plate and needle
electrode models in combination with in vivo experiments
showed great promise in analysis of tissue electropermeabiliza-
tion in vivo [18], [25]. However, only after the experimental
validation of a numerical model was performed by comparing
the numerical calculations to histological examinations of elec-
tropermeabilized tissue did numerical modeling gain ground in
ECT research [11]. Different geometries of needle electrodes
have been since then compared by [14], [26], and [27]; however,
none of these included optimization and only Sel et al. [28] used
a 3-D model. In our study, three needle electrode pairs, four
needle electrode pairs, and 2 x 2 hexagonal needle electrode
array all gave similar results, whereas the 3 x 3 hexagonal
needle electrode array was significantly worse than the others.
We examined the adequacy of needle electrode geometries by
calculating values of total electric current through the model
and volumes of reversibly and irreversibly electropermeabilized
(damaged) healthy tissue. By analyzing all three measures,
we can conclude that three needle electrode pairs gave the
best results—they required the lowest total electric current,
which caused a small volume of healthy tissue to be re-
versibly and even less to be irreversibly electropermeabilized
(Fig. 7(a), Table 1V). Four needle electrode pairs caused the
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Fig. 7. Local electric field distribution for the optimized models of (a) three
needle electrode pairs, (b) four needle electrode pairs, (c) 2 X 2 hexagonal
needle electrode array, and (d) 3 X 3 hexagonal needle electrode array is
shown. The electric field distribution is shown in three central perpendicular
planes: XY, YZ, and XZ all passing through the center of the tumor.
Corresponding optimized parameters which are distance between electrodes
of the same row b (needle electrode arrays), distance between neighboring
electrodes b (hexagonal needle electrode array), distance between opposite sets
of electrodes d, depth of electrodes’ insertion g, and critical voltage Uc are
given in Table IV.

least healthy tissue damage; however, they required more cur-
rent and more healthy tissue to be reversibly electroperme-
abilized (Fig. 7(b), Table IV), confirming previous results of
our group—more electrodes mean a more invasive procedure,
higher needed current, and lower needed voltage to obtain the
same target tissue coverage [11], [26]. The 2 x 2 hexagonal
needle electrode array caused the least volume of healthy tissue
to be reversibly electropermeabilized and more to be irre-
versibly electropermeabilized (Fig. 7(c), Table IV). The 3 x 3
hexagonal needle electrode array optimization lead to the high-
est values of total electric current and the largest area of irre-
versibly permeabilized healthy tissue (Fig. 7(d), Table IV). The
preference for three needle electrode pairs is also in agreement
with our previous 2-D study [27].

The only other ECT optimization study was performed by
Sel et al. who optimized the distance and voltage between
electrodes for a realistic brain tumor using four pairs of needle
electrodes as a proof of principle [28]. In our study, we used
a simpler tumor model; however, we took the optimization
one step further by optimizing for four different electrode
geometries and polarities and for four different parameters,
one of them being the depth of needle insertion, which turned
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out to be significant. We demonstrated that inserting needle
electrodes deeper than necessary, using inadequate electrode
geometries, polarities, and arrangement with respect to the tar-
get tumor tissue, and applying insufficient voltage can result in
unsuccessful electropermeabilization (E < Fie,) of the tumor.
Moreover, the electric field within the healthy tissue below
the tumor can be higher compared to the electric field inside
the tumor [Figs. 5(a) and 6(d)]. This effect can be even more
pronounced if the tumor is much more conductive than the
surrounding tissue, because the electric field is then lower in
the tumor and higher in the surrounding tissue [27]. The im-
portance of insertion depth can also be seen if we compare the
optimum depth for hexagonal needle electrode arrays—deeper
insertion is required for the 2 x 2 needle electrode array,
although all other geometrical parameters are the same for both
configurations.

Even though our algorithm gives good results, significant
challenges remain before it can be used for the optimization
of in vivo ECT of large tumors. Our study does not analyze the
possibility of changing electric field orientation in consecutive
pulses, which can lead to less tissue damage, because such
protocols can require lower voltage and total current [14].
Unfortunately, increasing the number of pulses can increase
the unpleasantness of the treatment [29]. We also did not take
into account the dynamic changes in tissue conductivities due to
the tissue electropermeabilization [19], [28], [30] because this
would significantly increase the computation time and would
not considerably contribute to the results. Instead, we incorpo-
rated the change in conductivity into our model by choosing
conductivity values at the end of the electropermeabilization
process. Stratum corneum was not added to the model, as
needle electrodes penetrate the skin and thus bypass its high
resistivity [13]; however, if plate electrodes were to be used,
we would most probably have to take into account also the
stratum corneum and the skin conductivity changes due to
electropermeabilization.

We chose the genetic algorithm as our optimization method,
as it is relatively easy to develop and, unlike classical op-
timization methods, it does not require the fitness function
to be differentiable. Linear and nonlinear constraints, such as
the realistic technical limitations of high-voltage electric pulse
generator (maximum output voltage and current), can be easily
implemented into the algorithm, and it also allows optimization
of a large number of continuous, discrete, and categorical para-
meters, e.g., type of electrodes. The drawbacks of the method
are that it gives only an approximate solution to the optimiza-
tion problem and requires a relatively long computation time.
However, because the solutions of the algorithm are very close
to the true optimum and computation times can be shortened by
using a more powerful computer, we do not consider these to be
significant drawbacks and believe that the suggested approach
is well suited to the problem being addressed.

Numerical modeling and optimization can be efficiently
combined to control the extent of tissue electropermeabilization
in ECT and to produce the optimum electrode configuration
for different types of tumors taking into account their electric
properties. Our algorithm is a step forward to an effective
treatment planning, not only in clinical ECT, but also in other
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electroporation-based treatments, such as gene electrotransfer
[19], transdermal drug delivery [20], and irreversible tumor
ablation [21].
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Electrochemotherapy is an effective antitumor treatment employing locally applied high volt-
age electric pulses delivered through conductive electrodes to the tumor in combination with
chemotherapeutic drugs. The efficiency of electrochemotherapy strongly depends on the lo-
cal electric field distribution inside the target tissue. For successful therapy the entire target
tissue has to be exposed to the local electric field strength above the reversible threshold.
The aim of this study is to demonstrate the influence of the contact surface between elec-
trode and treated tissue on the coverage of the tumor tissue by sufficiently high local electric
field. The electric field distribution is calculated by means of numerical modeling using finite
element method. Numerical results are confirmed with in vivo experiments. We demon-
strated that the placement of electrodes giving larger electrode-tissue contact surface leads
to improved electrochemotherapy outcome. Our results provide guidance on electrochemo-
therapy for treatment of protruding cutaneous tumors using parallel plate electrodes.

Key words: Electroporation; Electropermeabilization; Electrochemotherapy; Cutaneous
tumor; Numerical modeling; Electrodes; DNA electrotransfer; Gene electrotransfer; Elec-
tric field distribution.

Introduction

Electrochemotherapy (1) (ECT) is a non-thermal antitumor treatment employ-
ing locally applied high voltage electric pulses (EP) in combination with either
sistemic or local injection of chemotherapeutic drugs, such as bleomycin and
cisplatin. ECT has been proven to be highly efficient in treatment of solid tumors
regardless of their histological origin (1-7). The ECT Standard Operating Proce-
dures are presently defined for cutaneous and subcutaneous tumors (8).

ECT is based on the reversible increase of cell membrane permeability that fol-
lows cell exposure to appropriate EP, termed electropermeabilization or elec-
troporation (EPN). These EP, alone, do not kill the cells and have no antitumor
effect. Indeed they just allow cytotoxic drugs, which otherwise do not easily pen-
etrate cell membrane to enter and the target tumor cells and to kill them (9, 10).

An important advantage of ECT is that it results in the complete response (CR)
of the tumors with drug doses that by themselves have minimal or no antitumor
effect and no toxicity on the patients. After ECT good cosmetic effects are ob-
tained due to a selective cell death mechanism that primarily affects the dividing
tumor cells (9, 11).

Abbreviations: ECT, Electrochemotherapy; EP, Electroporation pulses; EPN, Electropermeabiliza-
tion; CR, Complete response.
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In order to obtain a good antitumor effect it is mandatory
to electropermeabilise the whole tumor. When a tissue is
exposed to EP, an electric field strength is established within
the tissue volume. To electropermeabilize the whole tumor
in a reversible and safe way, each of the tumor cells have
to be subjected to a local electric field (E) above reversible
value E,,, (which causes transient and reversible perturba-
tions in the cell membrane) and below irreversible value E,,,,,
(which causes permanent damages of the cells). E distribu-
tion depends on EP parameters (i.e., amplitude of the pulses,
duration, number, repetition frequency, and shape), number,
shape, and position of electrodes with respect to the treated
tissue, structure of target/tumor tissue, and its surrounding
tissues (12-15). It was also previously shown, by combining
numerical modeling and experimental approaches, that the
ECT treatment efficacy, at a given electrode configuration
and pulse amplitude, depends on the magnitude of E within
the whole of the target/tumor tissue (10, 12-14, 16-18).

In our present study, we numerically and experimentally ana-
lyzed the effect of two different ways of parallel plate electrode
placement on the electric field distribution and on the efficacy
of ECT treatment of cutaneous tumor with parallel plate elec-
trodes. In the first situation, the electrodes were placed in such
a way that very small contact with tissue was formed, while in

target tissue

A

electrode —

ISRt
e
ogor\\'e"‘\"\l

contact surface 1

target tissue
_(tumor)

contact surface 2

Figure 1: Panels A and B: Model of cutaneous tumor with d = 4mm,
U = 520V and contact surface 1; (A) 3D model with electrodes and (B)
zoomed convexity of the treated tissue with highlighted contact surface 1.
Panels C and B: Model of cutaneous tumor with d = 3mm, U = 390V and
contact surface 2: (C) 3D model with electrodes and (D) zoomed convex-
ity of the treated tissue with highlighted contact surface 2. In both models
w = 0.7mm, L = 10mm, o, is surrounding tissue conductivity and o, is
tumor tissue conductivity.
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the second one the tissue was placed between two electrodes
so that a large surface of contact between electrode and tissue
was formed. Predictions on ECT efficacy were made accord-
ing to the numerical results and they were confronted to the
results of the in vivo ECT of mice tumors obtained by the
two different electrode placements. We demonstrate that the
placement of electrodes giving larger electrode-tissue contact
surface results in better effectiveness of ECT outcome and in
the lower effects on the surrounding normal tissue, a result
important for the physicians applying ECT to their patients.

Materials & Methods
Numerical Modeling

The 3D model is based on the numerical solution of partial
differential equations for steady electric current in isotropic
conductive media. The numerical calculations were per-
formed by means of finite element method using COMSOL
Multiphysics 3.3 software package in the 3D Conductive
Media DC application mode on a PC running Windows XP
with a 3.00 GHz Pentium D processor and 1 GB of RAM.

The model of cutaneous tumor consisted of two tissues:
the tumor and its surrounding skin tissue. The input to the
model was constant voltage applied to the electrodes and
corresponds to the amplitude of the EPN pulses generated by
a high voltage generator. The output of the model was the
electric field distribution within the treated tissues.

Two distinct model geometries representing two different
parallel plate electrode placement situations were built (Fig.
la and Fig. I¢). The convexity of the tumor and skin is mod-
eled as a 4 mm-diameter hemisphere and the tumor as a 2
mm-diameter sphere.

The results of numerical simulations were controlled by re-
fining the mesh until the difference in numerical solutions
was negligible (less than 0.5%) when the number of finite
elements (i.e., mesh density) is increased. The mesh of the
models with contact surface 1 and contact surface 2 [mod-
els 1 (Fig. la) and 2 (Fig. 1c)] consisted of 176,419 and
158,760 elements, respectively.

The calculated electric field distribution in our numerical
models is shown in the range between the critical values E,,,
=400 V/cm and E,,,,, = 1500 V/cm. The E,,, is chosen based
on our previous study (16), while the E,,., is chosen based on

irrev

the latest study on irreversible EPN (18).
Contact Surface Definition

Model 1 (Fig. 1a) describes the treatment situation where
electrodes are placed perpendicularly with respect to the sur-
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face of the cutaneous tumor touching the skin tissue just at
the limit of the tumor convexity. Model 2 (Fig. 1c) describes
the situation where the same cutaneous tumor is placed in
between two electrodes touching also the surface of the vol-
ume convexity (see patterned region of the contact surface 2,
Fig. 1d). In model 1 contact is obtained on a small surface of
the treated volume convexity, pointed to by the dashed arrow
in Figure 1b, corresponding to 2% of the contact surface in
model 2. The distances between electrodes (d) were 4 mm
and 3 mm, respectively. The voltage delivered to the tissue
from the EP generator was modeled as a constant potential
set to the entire surface between electrodes and treated tissue.
In both models the applied voltage was set so that the ratio
U/d = 1300 V/cm was obtained, setting the voltage to 520V
and 390V, respectively, in model 1 and 2. Based on this the
Direchlet boundary condition was defined. The Neumann
boundary condition, i.e., the electric-insulation condition
was set to the rest of the outer boundaries of the models.

Material Properties of the Modeled Tissues

Since we modeled the tumor and surrounding skin layers at
the end of the EPN process (to numerically evaluate the out-
come of the treatment), the conductivity values of tumor and
its surrounding tissue were selected considering both data ob-
tained with direct current measurements of tissue conductivi-
ties of electropermeabilized tissues (19) and the conductivity
data obtained in in vivo experiments and numerical analysis
in (16). Namely, conductivities of 0.4S/m and 0.2S/m were
assigned, respectively, to the regions representing the elec-
tropermeabilized tumor and the electropermeabilized sur-
rounding tissue (which describes the average conductivity
of the skin tissue, not considering the high resistance of the
stratum corneum that is almost immediately broken after the
beginning of the first EP) (20). Thus, both tissues in our
model were considered to be isotropic and homogeneous,
not taking into account the changes in conductivity of tis-
sues due to electropermeabilization. These changes would
require an additional more complex analysis of functional
dependency of tissue conductivity on electric field distribu-
tion, while not contributing to the demonstration of the influ-
ence of the contact surface on the ECT outcome.

In Vivo Experiments

The LPB cells, a methylcholanthrene-induced C57Bl/6
mouse sarcoma cell line, was cultured using standard proce-
dures and minimum essential medium (Gibco BRL, Cergy-
Pontoise, France) supplemented with 100U/ml penicillin,
100mg/ml streptomycin (Sarbach, France), and 8% foetal
calf serum (Gibco). C57Bl/6 female mice, 6-8 weeks old,
were inoculated subcutaneously in the left flank with 1 x 10°
cells, producing cutaneous tumors of the same dimensions as
those of the numerical models in about nine days.
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The two longest orthogonal diameters of the cutaneous tu-
mor a and b (with a > b), were measured using callipers.
At the day of treatment, average tumor diameter, including
the skin tissue was 3.85 £ 0.21 mm. The range of the tumor
diameters (a + b)/2 was 3.5-4.25 mm and the maximal indi-
vidual diameter @ was 4.3 mm. The volume V of the tumors
was determined using the Equation [1]:

V=@6) a- b (.

Animals were housed and handled according to recommend-
ed guidelines (21).

Tumor Treatment and Follow-up

Mice were anaesthetised with 12.5 mg/kg xylazine (Bayer
Pharma, Puteaux, France) and 125 mg/kg ketamine (Parke
Davis, Courbevoie, France) injected intraperitoneally in 150
ul saline before the ECT.

ECT treatment consisted in an intravenous injection of 10
ug bleomycin (Roger Bellon, Neuilly, France) followed, 4
minutes after the injection, by 8 rectangular, 100 us long
EP at a repetition frequency of 5000 Hz (2, 22). The EP
were generated by a Cliniporator™ (Igea, Carpi, Italy) and
delivered directly to the tissue using 3 mm and 4 mm apart
stainless-steel parallel plate electrodes (10 mm long and 0.7
mm wide). The electrodes were placed in direct contact to
the previously shaved skin on both sides of the cutaneous
tumors. No conductive gel was used, to fully respect the
geometry and contact area between the skin and the elec-
trodes. As in the models described before, the amplitude of
voltage pulses applied between the two parallel electrodes 3
and 4 mm apart were 390V and 520V, respectively. The ECT
outcomes obtained with these two electrode placements were
followed in two groups of 15 mice for 27 days after the ECT,
by means of measurements of the perpendicular diameters
a and b every second day. A control group of 13 mice, not
treated with ECT, was similarly followed. Response to ECT
was qualified as CR if tumor completely disappeared at the
end of the follow-up. For ethical reasons all the mice bearing
tumor were sacrificed at the end of the follow-up, while those
having no palpable or visible tumor were observed up to day
100. No tumor recurrence was observed at the end of the
observation period. In addition very good cosmetic healing
scar was obtained in the mice which responded with CR.

Statistical Analysis

The normal distribution of the individual tumor volumes
was verified by the test of Shapiro-Wilk and a linear model
was then used to determine the significance of the differ-
ences between the evolutions of the tumor volumes in the
various experimental groups. The Fisher’s exact test was
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used to compare differences in CR rates between each indi-
vidual group treated with ECT and the control group of mice
and between the two groups treated by ECT.

Results
Numerical Results

The comparison of the numerically calculated E distribu-
tion between the two 3D models of cutaneous tumor in XY
(Z=0), ZY (X=0), and ZX (¥Y=0) planes is shown in Figure
2. The contact surfaces 1 and 2 are given in Figures 2a
and b, respectively. The XY, ZY, and ZX planes are three
orthogonal cross-sections along the center of the tumor ge-
ometry. The electric field distribution within model 1 is
shown in Figure 2al-3 and within model 2 in Figure 2b1-3.
The values of E are displayed in the range from E,,, = 400
V/em to E,,,, = 1500 V/cm value (scale bar, Fig. 2). The
patterned region represents the part of tissue with electric
field strength exceeding the E,,, .
The comparison of E presented in Figures 2al and 2a2 and
in Figures 2b1 and 2b2 shows that E within the tumor inside
model 2 is higher and more restrained within the tissue area
situated between electrodes.

Comparing the XY cross-sections, E exceeds E,,, (400 V/
cm) in a very small part of the tumor in model 1 (Fig. 2al),
while the entire tumor in the model 2 is subjected to E >
400 V/cm (Fig. 2b1). The highest E within the tumor sur-
rounding tissue is in the close proximity to the electrode,
decreasing toward the center of the tumor in Y direction. In
the X direction E decreases symmetrically towards the two
marginal tissue regions.

Comparing the ZY cross-sections, E inside model 1 (Fig. 2a2)
only exceeds the E,,, value in the deepest part of the tumor,
while the upper part remains below E,,,. In model 2 the en-
tire tumor tissue is covered by E > E,,, (Fig. 2b2). E is higher

in the region of the surrounding tissue below the tumor than
the E inside the tumor.

In the ZX cross-section parallel to the electrodes, E only
exceeds the E,,, in the deepest part in of the tumor tissue in-
side model 1 (see E distribution in direction Z in Fig. 2a3),
while whole tumor volume inside model 2 is exposed to E

above E,,, (Fig. 2b3).

We also calculated minimum and maximum electric field
magnitudes Etumor,,, and Etumor,,,, over the region rep-
resenting the tumor, and the percentage of the tumor vol-
ume (Vtumoryg.g,,) exposed to the reversible electric field
above E>E,, = 400 V/cm, for both electrode placements
analyzed (Table I).

max
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Table I
Etumor,,,. and Etumor,,, inside the tumor and percentages
of tumor volumes Vtumorg.p,,, subjected to E above E,,, =
400V/cm, calculated for both models.

Etumor,

min

Etumor,,,,

Model [V/em] [V/em] Vtumor . gy,
1 516 207 32%
2 1119 610 100%

In addition we calculated the percentage of healthy tissue vol-
ume exposedto Eabove E,,, (Vsurrp.g,,,) and E,,.., (VSurr g gy,
over the entire volume of surrounding tissue in both models
(Table II). Further, in order to more precisely investigate the
local E within the healthy surrounding tissue in the close vi-
cinity of electrodes we calculated the average E (Esurr) below
the electrodes over the tissue exposed to E>Eirrev (Table II).

Experimental Results

The comparison between tumor regression obtained in the
two groups of mice treated with ECT (Fig. 3) demonstrates

Table II
Average E within surrounding tissue in close vicinity of
electrodes (Esurr) and percentages of healthy tissue
volumes Vsurrg.g,., and Vsurrg.pg,,., subjected to E above
E,, =400V/cm and Eirrev = 1500V/cm, respectively.

Esurr
Model [V/em] VSUIT g2 prey VSUTT & iryey
1 2130 4.79% 0.37%
2 1760 340% 0.35%
A U=520 VvV
z
w3
v
- A1 B1
A 4

A2 o B2

A3 B3

Erev<E | Erev<E<Eirrev | E>Eirrev

Figure 2: Comparison of results obtained between model 1 [(A) 3D model
geometry with highlighted contact surface 1; (A1) E in XY cross section;
(A2) E in ZY cross section; and (A3) E in ZX cross section] and model 2 [(B)
3D model geometry with highlighted contact surface 2; (B1) E in XY cross
section; (B2) E in ZY cross section; and (B3) E in ZX cross section], (0, =
0.2S/m, 0, =04S/m, E,,, = 400V/cm, and E,,,, = 1500V/cm).

s Hrev irrev
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that ECT performed with electrode placement with larger
electrode-tissue contact surface (contact surface 2, U = 390
V, d = 3 mm) resulted in significantly better anti-tumor ef-
fectiveness compared to the ECT with electrode placement
with the smaller electrode tissue contact surface (contact sur-
face 1, U =520 V,d =4 mm) (p = 0.0002). The average
tumor volumes obtained at the end of the follow-up (on day
27) were 2697 mm?® and 648 mm? for the groups of tumors
treated with ECT with contact surfaces 1 and 2, respectively,
while it was 4528 mm? in the control group (statistically sig-
nificant, p = 0.006 and p < 0.0001, respectively).

The ECT of tumors performed with electrode placement with
contact surface 2 resulted in 7 CR out of 15 treated mice (47%)
and in only 1 CR in the group of 15 mice (7%) treated with
electrode placement with electrode contact tissue 1 (Table III).
According to the Fisher’s exact test, the difference between
control group and the group treated with ECT (contact surface
2) is statistically significant (p = 0.007), while the difference
between control group and the group of animals treated with
ECT (contact surface 1) was not statistically significant (p =
1). Further, the result of Fisher’s exact test evaluation between
the group treated with ECT (contact surface 2) and the group
treated with ECT (contact surface 1) is significant (p = 0.04).

Table III
Number of CR in the three experimental groups. There were statistically
significant differences between the ECT - contact surface 2 group and
the two other groups (p = 0.007 with the control group and p = 0.004
with the ECT - contact surface 1 group). There was no significant
difference between the control and the ECT - contact surface 1 groups.

Groups Number Number Percentage
P of mice of CR of CR
Control 13 0 0%
ECT - contact surface 1 15 1 7%
ECT - contact surface 2 15 7 47%
Discussion

In this study we numerically and experimentally analyzed
the consequences of the effects of two different ways to place
parallel plate electrodes for the treatment of cutaneous tu-
mors by electrochemotherapy. These two situations differ
by the contact surface between the electrodes and the tissue.
The aim was to show which of the two electrode placements
meets better the requirements for effective ECT, which means
to achieve high electropermeabilization efficiency of target/
tumor tissue but at the same time spare normal tissue and
avoid side effects. In terms of local electric field distribution
the requirements are the following: (i) all the target tissue
has to be exposed to the electric field E above the threshold
value for reversible electroporation (E>E,,,) and (ii) the sur-
rounding tissue should not be exposed to excessively high
E, meaning that the local electric field in the surrounding
healthy tissue should be as low as possible.
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Figure 3: Evolution of the tumor volume: (A) in the control group (n =
13); (B) in the mice treated with ECT (U = 520V, d = 4 mm, and contact
surface 1) (n = 15); and (C) in the mice treated with ECT (U = 390V, d =
3 mm, and contact surface 2) (n = 15). Each curve corresponds to an indi-
vidual tumor growth. Differences are statistically significant (p = 0.0002
between the two treated groups and p = 0.006 and p < 0.0001 between the
control group and, respectively, the groups treated with ECT using d = 4
mm and contact surface 1 and d = 3 mm and contact surface 2). Inserts in
each panel show the growth of the tumors for sizes not larger than 200 mm?,
displaying the initial tumor volume evolution and the regression of one and
seven tumors, respectively, in the group treated with ECT using U = 520V,
d =4 mm, and contact surface 1 and in the group treated with ECT using U
=390V, d = 3 mm, and contact surface 2.

The two 3D numerical models and the experiments with in
vivo cutaneous tumors were carried out with the same in-
put parameter as the voltage to distance ratio U/d was set to
1300 V/cm, a parameter usually applied in clinical end ex-
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perimental ECT (1, 2, 8). By means of numerical modeling
we examined the influence of the dimensions of electrode-
tissue contact surface on the electric field strength inside the
target tumor tissue (Tables I and II). The results show that
the larger the electrode-tissue contact surface, the higher the
local electric field strength inside the tumor and the lower
local electric field in the surrounding tissue.

These numerical results were confirmed by in vivo ECT of
mice tumors having similar dimensions as those numerically
modeled. In the first electrode placement, the electrodes
were 4 mm apart and just a point contact with the tumor con-
vexity was obtained (corresponding to the point defined by
the arrow in Fig. 1b). In the second electrode placement the
electrodes were 3 mm apart. By “squeezing” the tissue in be-
tween the electrodes a larger electrode-tissue contact surface
with cutaneous tumor convexity was obtained (correspond-
ing to the patterned surface in Fig. 1d).

We obtained better results with the larger electrode-tissue
contact surface 2, due to the fact that in this electrode place-
ment the entire volume of the tumor was subjected to E in the
range E,,, < E<E,,,,. Indeed, the complete EPN of the tumor
allowed the bleomycin to enter and kill all the tumor cells,
resulting in tumor CR in 7 out of 15 treated tumors. In con-
trast, the smaller electrode-tissue contact surface resulted in
only one CR out of 15 tumors, due to the residual untreated
tumor cells, in the region of the tumor where the value of the

local electric field strength was below E,,,.

It is interesting to note that the best antitumor (thus electrop-
ermeabilizing) effects in situation 2 are reached by the lowest
voltage set (U = 390V instead of U = 520V), just because in
situation 2 the contact surface is the largest. This is in agree-
ment with our previously published data where the local E
distribution in liver tissue was determined based on results of
biological observations and numerical calculations obtained
with needle electrodes of different diameters (14). The ap-
plied voltage at which reversible and irreversible tissue elec-
tropermeabilization was obtained was lower, and the local E
distribution was more homogeneous, using the electrodes of
largest diameter, the needles of the largest diameter having of
course the largest electrode tissue contact surface. Similarly,
in this paper we show that in the larger electrode-tissue con-
tact surface lower voltage (U = 390V) results in higher local
E inside the tumor (Table I), while lower value of E in the
close vicinity of the electrodes was found and less healthy
tissue was electropermeabilized compared to the results ob-
tained with the smaller contact surface (Tables I and II).

In conclusion, the experimental results presented herein are
in good agreement with numerical models. By appropriate
placement of electrodes on the surface of the treated tissue, a
better coverage by sufficiently high electric field (E = Erev)

Corovié et al.

can be achieved over the entire target tissue and minimized
in the surrounding tissues and thus better therapy outcome.
Recommendations can be given to researchers and physicians
to choose electrodes geometry and placement in the way as-
suring the largest electrode-tissue contact surface. Another
important consequence is that the needed parameters for suc-
cessful ECT of each individual type of tumor can be deter-
mined, and thus the needed treatment planning carried out,
by means of numerical modeling, as previously suggested in
(17). Moreover, the electrode placement in a way to increase
the electrode-tissue contact surface, described in this paper,
can be beneficial also in other electropermeabilization medi-
ated therapies such as gene electrotransfer (23), transdermal
drug delivery (20), and irreversible tumor ablation (24-27).
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Abstract

Background: Electrochemotherapy is an effective approach in local tumour treatment employing
locally applied high-voltage electric pulses in combination with chemotherapeutic drugs. In planning
and performing electrochemotherapy a multidisciplinary expertise is required and collaboration,
knowledge and experience exchange among the experts from different scientific fields such as
medicine, biology and biomedical engineering is needed. The objective of this study was to develop
an e-learning application in order to provide the educational content on electrochemotherapy and
its underlying principles and to support collaboration, knowledge and experience exchange among
the experts involved in the research and clinics.

Methods: The educational content on electrochemotherapy and cell and tissue electroporation
was based on previously published studies from molecular dynamics, lipid bilayers, single cell level
and simplified tissue models to complex biological tissues and research and clinical results of
electrochemotherapy treatment. We used computer graphics such as model-based visualization
(i.e. 3D numerical modelling using finite element method) and 3D computer animations and
graphical illustrations to facilitate the representation of complex biological and physical aspects in
electrochemotherapy. The e-learning application is integrated into an interactive e-learning
environment developed at our institution, enabling collaboration and knowledge exchange among
the users. We evaluated the designed e-learning application at the International Scientific workshop
and postgraduate course (Electroporation Based Technologies and Treatments). The evaluation
was carried out by testing the pedagogical efficiency of the presented educational content and by
performing the usability study of the application.

Results: The e-learning content presents three different levels of knowledge on cell and tissue
electroporation. In the first part of the e-learning application we explain basic principles of
electroporation process. The second part provides educational content about importance of
modelling and visualization of local electric field in electroporation-based treatments. In the third
part we developed an interactive module for visualization of local electric field distribution in 3D
tissue models of cutaneous tumors for different parameters such as voltage applied, distance
between electrodes, electrode dimension and shape, tissue geometry and electric conductivity. The
pedagogical efficiency assessment showed that the participants improved their level of knowledge.
The results of usability evaluation revealed that participants found the application simple to learn,
use and navigate. The participants also found the information provided by the application easy to
understand.
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Conclusion: The e-learning application we present in this article provides educational material on
electrochemotherapy and its underlying principles such as cell and tissue electroporation. The e-
learning application is developed to provide an interactive educational content in order to simulate
the "hands-on" learning approach about the parameters being important for successful therapy. The
e-learning application together with the interactive e-learning environment is available to the users
to provide collaborative and flexible learning in order to facilitate knowledge exchange among the
experts from different scientific fields that are involved in electrochemotherapy. The modular
structure of the application allows for upgrade with new educational content collected from the
clinics and research, and can be easily adapted to serve as a collaborative e-learning tool also in
other electroporation-based treatments such as gene electrotransfer, gene vaccination, irreversible
tissue ablation and transdermal gene and drug delivery. The presented e-learning application
provides an easy and rapid approach for information, knowledge and experience exchange among
the experts from different scientific fields, which can facilitate development and optimisation of

http://www.biomedical-engineering-online.com/content/8/1/26

electroporation-based treatments.

Background

Electrochemotherapy is an effective approach in tumor
treatment employing locally applied high-voltage electric
pulses in combination with chemotherapeutic drugs
which enter tumor cells after their membrane has been
electroporated [1,2]. Electroporation is a phenomenon of
cell membrane permeability increase due to local delivery
of short and sufficiently intense voltage pulses via appro-
priate electrodes to the target cells and tissues [3,4]. In
addition to electrochemotherapy, other medical applica-
tions of electroporation are emerging at an increasing rate,
such as gene electrotransfection [5,6], cell fusion [7] and
irreversible tissue ablation [8] and transdermal gene and
drug delivery [9]. The effectiveness of cell and tissue elec-
troporation, and thus the effectiveness of electroporation-
based therapies, depends on one hand on the parameters
of the applied pulses such as amplitude, duration,
number and repetition frequency and type of electrodes
used and on the other hand on the characteristics of the
cell and tissues to be electroporated. Depending on the

electric pulse parameters used, electroporation can be
reversible or irreversible. Namely, when the electric pulses
are applied, local electric field (E) is established within the
treated tissue. In order to cause structural changes in cell
membrane magnitude of local electric field need to
achieve the critical reversible threshold value (Erev). The
phenomenon is reversible until the magnitude of local
electric field reaches the irreversible threshold value Eirrev,
which causes permanent damages of the cell membrane.
The reversible electroporation regime has to be assured in
all applications in which the viability of cells has to be
preserved, such as electrochemotherapy and particularly
gene therapy [4]. On the other hand, in some medical and
biotechnological applications such as irreversible tumour
tissue ablation, liquid food sterilization or water treat-
ment, the irreversible electroporation is used as a nonther-
mal method for efficient cell killing [10]. The key role in
electroporation effectiveness plays the local electric field,
which can be directly modified by the amplitude of deliv-
ered electric pulses and electrodes used for electric pulse

Table I: Scientific fields and the corresponding expertise needed in electrochemotherapy

Field Expertise
- Oncology: Tumor cells and tissues, cancer
- Biology: Cells, normal tissue
- Biophysics: Physics of biological cells and tissues

- Physical chemistry:

Chemistry

Electrical engineering:

Devices, electrodes

- Biophysical engineering:

Application of physics in medicine and biology

- Computer engineering:

Database systems, interactive web applications
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delivery [11]. Thus, for controlled use of the method in
each particular electroporation-based application electric
pulse parameters and electrodes' shape and placement
with respect to the target tissue need to be specifically
optimized [12].

Knowledge exchange and collaboration among the experts
involved in electroporation-based therapies

In development of electroporation-based therapies (e.g.
electrochemotherapy), a multidisciplinary expertise is
required. In electrochemotherapy a close collaboration,
knowledge and experience exchange among experts in the
fields of oncology, biology, biophysics, physical chemis-
try and electrical, biomedical engineering and informatics
is needed (Table 1). The efficacy of electrochemotherapy
can be assured with the knowledge of parameters of the
local electric field (i.e. pulse parameters and electrode
geometry and their positioning), being crucial for success-
ful tissue electroporation and subsequently for the best
electrochemotherapy treatment outcome. Realistic math-
ematical models validated by corresponding experimental
observations are valuable tool in designing and optimiza-
tion of local electric field distribution. To develop a good
mathematical model allowing for therapy outcome pre-
diction the engineers need to posses knowledge about
biological mechanisms involved in electrochemotherapy.
To make the therapy as efficient as possible it is of great
importance to transfer the knowledge from basic science
to the field of biomedical engineering and to the practic-
ing clinicians who performs the treatment.

Information and communication technology is necessary
for efficient interdisciplinary collaboration and knowl-
edge exchange. Internet technology has already been suc-
cessfully used to support clinical trials of
electrochemotherapy by establishing a central database
and the Web application system for electronic collection
of data (such as treatment parameters used and treatment
efficiency follow up) submitted by users from distant
medical centres across Europe [13-15]. Based on a com-
prehensive analysis of collected data, performed by the
developed system the standard operating procedures for
clinical electrochemotherapy of cutaneous and subcuta-
neous tumor in patients have been defined [2,16-18]. The
clinical trials showed and numerous other studies demon-
strated, that electrochemotherapy is an efficient antitumor
treatment regardless of tumor histology and its location.
In order to further improve the treatment planning meth-
ods also for other electroporation-based therapies, to
develop the needed equipment (i.e. generators, elec-
trodes, software) and to broaden the clinical electrochem-
otherapy to other types of tumours, numerous
international and multidisciplinary scientific projects are
being conducted.

http://www.biomedical-engineering-online.com/content/8/1/26

A collaborative e-learning in electrochemotherapy

The objective of our study was to develop an e-learning
application to support collaboration, knowledge and
experience exchange among experts involved in electro-
chemotherapy and to also apply the acquired knowledge
to other electroporation-based technologies such as gene
electrotransfection, irreversible tissue ablation and
transdermal gene and drug delivery. The target users of
our application are biomedical engineers, biologists
involved in research and other application development,
the clinicians, oncologists and medical personnel
involved in choosing and performing the treatment, but
also patients and all those who want to learn about elec-
trochemotherapy. The target audience is therefore mixed
[19] (i.e. coming from scientific areas, different fields of
expertise, and with different level of experiences) and dis-
persed [20] (i.e. geographically located in different
research centres spread around Europe/World). In order
to consider the users involved in electrochemotherapy our
e-learning application was designed to provide educa-
tional material for collaborative and flexible learning.

Computer-supported learning of various types i.e. e-learn-
ing based educational trainings such as web-based learn-
ing, CD-contents or virtual instruments play an important
roll in sharing learning content and educational materials,
which brings new potential for interdisciplinary and inter-
national co-operation among experts from different fields
[21]. The e-learning programs that incorporate computer
based simulations and visualization tools enable educa-
tionally effective and enjoyable learning and teaching
methods compared to the conventional learning methods
such as learning through listening to spoken words
[22,23]. The use of computer based simulation tech-
niques are particularly important in developing active e-
learning environments and "hands-on" e-learning activi-
ties, which is proven to be important component in elec-
tromagnetic engineering, biomedical engineering and
medical education [24-26]. In designing the e-learning
content when the target users are coming from different
professional backgrounds and with different levels of
knowledge it is essential to develop an adaptive interface
which can be suitable for different categories of users:
novices, intermediates or expert users. In order to more
clearly represent the underling mechanisms from the
engineering, biological, chemical and medical sciences,
scientific and information visualization concepts based
on computer graphics software are necessary [27,28]. Fur-
thermore, collaboration, learning, networking, communi-
cation of scientific ideas and knowledge and experience
exchange, among the mixed and dispersed audience can
be facilitated by computer-supported collaborative visual-
ization [29,30].
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The web based technologies facilitate flexible learning by
providing a choice of learning modalities (i.e. in local,
near or remote conditions), which is particularly impor-
tant when the dispersed audience is concerned [20].
Accordingly, we used web-based technologies to collect,
organize and transfer the acquired knowledge among the
target audience in electrochemotherapy. We used compu-
ter graphics such as model-based visualization and simple
2D and 3D computer animations and graphical illustra-
tions to facilitate the representation of complex biological
and physical mechanisms involved in electrochemother-
apy. The educational content is based on previously pub-
lished results from molecular dynamics, lipid bilayers,
single cell level and simplified tissue models to complex
biological tissues [3,4,11,31-43].

The e-learning application is integrated into an interactive
e-learning environment E-CHO [44] developed at our
institution. The e-learning application on electrochemo-
therapy was introduced to the participants at the Interna-
tional Scientific workshop and postgraduate course
(Electroporation Based Technologies and Treatments)
that took place at the University of Ljubljana in November
2007 [45]. The pedagogical efficiency of the application
was analyzed by participant evaluation on the presented
educational content at the beginning and at the end of the
e-learning training session. We also present the results of
a simple usability evaluation of the application we per-
formed by asking the participants to answer to a usability
questionnaire and to provide users opinion/comments on
the application and suggestions on its possible improve-
ment.

Methods

The e-learning web application is based on HTML, JavaS-
cript, ASP and Macromedia Flash web technologies.
Graphical illustrations and 3-dimensional visualizations
of the electroporation process on the levels of cell mem-
brane, cell and tissues were done by using a software pack-
age 3D Studio Max. Based on the numerical calculations
of electric filed distribution carried out with software
packages FEMLAB and Matlab, more simple 2-dimen-
sional and 3-dimensional illustrations were designed
using software packages 3D StudioMax, Macromedia
Flash, PhotoShop and CorelDraw. The educational con-
tent (textual and graphical information) is published
using Hypertext Markup Language (HTML). The designed
e-learning application is integrated into E-CHO e-learning
system developed by the Laboratory of telecommunica-
tions [44] (University of Ljubljana) at the Faculty of Elec-
trical Engineering. The E-CHO e-learning environment
enables the use of various types of communications
among users, such as forums, e-mail correspondence and
videoconferencing as well as authentication of users, sta-
tistical analysis, network traffic measurement, and sup-
port for video streaming [46].

http://www.biomedical-engineering-online.com/content/8/1/26

Evaluation

We introduced the designed e-learning application at the
International Scientific workshop and postgraduate
course (Electroporation Based Technologies and Treat-
ments) [45] in order to evaluate its pedagogical and usa-
bility efficiency. The participants were a mixed audience
of 17 participants with heterogeneous knowledge and
experience in the field of electrochemotherapy and other
electroporation-based technologies. The mixed audience
was composed of participants coming from different
research institutions across Europe and World:

- Denmark (University of Copenhagen: 1 biologist (PhD
student) and 1 medical physician (PhD researcher) from
Herlev Hospital and 1 from Gentofte Hospital);

- France (1 physicist (PhD student) from doctoral school
Ecole normale supérieure de Cachan; 1 biologist (Post-
Doc researcher) from Institut Gustave Roussy, Villejuif; 2
biologists (1 PhD student and 1 PostDoc researcher) from
IPBS (Institut de Pharmacologie et de Biologie Structu-
rale) - Research Unit of CNRS/UMR 5089 and University
Paul Sabatier, Toulouse);

- Egypt (University of Cairo: 1 physicist (PhD student)
from Biophysics Department, Faculty of Science); and

- Slovenia (University of Ljubljana: 8 electrical engineers
(PhD students) from Faculty of Electrical Engineering and
1 biologist (PhD student) from Faculty of Pharmacy).

In order to statistically analyze the obtained results we
divided the mixed audience/participants into two groups:

first group of 11 engineers (by gathering electrical engi-
neers and physicists) and second group of 7 biologists (by
gathering biologists and the medical physician).

The participants were gathered in a computer-based class-
room providing each participant with a computer. Each of
the participants was provided with a username and pass-
word to log on to the E-CHO system. Before the start of
the e-learning session a Power Point presentation was pre-
sented to the participants by the instructor giving instruc-
tions on the course of studying the educational content
and on the evaluation testing. In order to create a collab-
orative e-learning environment the participants were
encouraged to collaborate (i.e. discuss between each other
and with the instructor) while studying the educational
content.

The participants were given the instruction to execute the
e-learning session according to the linear sequence of
studying steps [30] by starting at the beginning of the e-
learning content and by concluding with the final evalua-
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tion tests. The evaluation tests were taken by each of the
participants only once.

We evaluated the e-learning application by testing the
pedagogical efficiency of the presented educational con-
tent and by performing the usability study of the applica-
tion. All the participants were asked to provide their
agreement on the use of the results of pedagogical effi-
ciency and usability study for the research purposes. Each
of the participants individually completed the evaluation
tests and submitted them to the E-CHO system for further
statistical analysis. The time sequence of the steps per-
formed during our study is given by a flow chart in Fig. 1.

1) Pedagogical efficiency study

In order to evaluate the pedagogical efficiency of the edu-
cational content on electrochemotherapy the participants
were asked to answer to the same test before and at the
end of the e-learning session. The questions were targeted
so as to give 50% to 100% success. The exact questions
asked in the pre and post e-learning session test are given
in Additional file 1.

2) Usability study

The usability evaluation was conducted at the end of the
e-learning session after the pedagogical efficiency evalua-
tion was completed. The participants were asked to com-
plete a usability questionnaire related to the user
satisfaction with the developed e-learning application, in
order to allow the authors (i.e. developers and instructors)
to detect possible errors or to obtain the users feedback on
further upgrades/improvements. The questionnaire con-
sisted of thirteen usability related questions (see Addi-
tional file 2). The participants were asked to express their
opinion on a seven point Likert scale (LS) ranging from 1
(disagree - LS (1)) to 7 (strongly agree (LS - (7)) statement
or to remain neutral by checking neither agree nor disa-
gree (NA) statement, which we considered as negative
evaluation result (Additional file 2). After completing the
usability questionnaire the participants were encouraged
to provide their opinion/comments on the application
and suggestions for its improvement.

Results

The structure of the e-learning content

The e-learning content presents three different levels of
knowledge on electroporation-based treatment (i.e. elec-

pre e-learning
session

. pedagogical
Instructions evaluation test

start
]
T

post e-learning
session

e-learning pedagogical usability
session evaluation test evaluation test

15 min 45 min 15 min

Figure |
A flow chart representing the time sequence of the
steps performed during the study.
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trochemotherapy) and cell and tissue electroporation. The
e-learning content particularly emphasizes the impor-
tance of local electric field for successful cell and tissue
electroporation. The main structure of the e-learning con-
tent is given in Fig. 2.

The first part of our e-learning application (Basics of elec-
troporation process) brings the educational material on
basic mechanisms underlying electroporation process on
the levels of: cell membrane, cell and tissue as a composite
of cells. Electroporated cell in a local electric field exceed-
ing reversible threshold value E >Erev is represented by a
simple graphical illustration in Fig. 3a. The electropora-
tion of cell membrane first occurs within the cell area fac-
ing the electrodes (dashed line in Fig. 3a), since the
induced transmembrane potential is maximal at the poles
of the cell in accordance Schwan's equation: U;=-1.5rE
cos (@), where r is the radius of the cell, E is the strength of
applied electric field, and ¢ is the angle between the direc-
tion of the electric field and the selected point on the cell
surface. Possible applications of electroporation process,
depending on parameters of the electric pulses applied,
are illustrated in Fig. 3b: the introduction of small mole-
cules, macromolecules and cells' electrofusion require
reversible electroporation regime (Erev <E <Eirrev), while
the permanent cell damaging requires irreversible electro-
poration thus local electric field exceeding irreversible
threshold E >Eirrev.

The value of induced transmembrane voltage and thus the
cell electroporation depends on the cell size, shape, and
the position of the cell with respect to the direction of
applied electric field, which we represented in Figs. 4a, b,
c and 4d. For a spheroidal cell, maximum induced trans-
membrane potential strongly depends on its orientation
with the respect to the electric field. It is the highest when
the spheroidal cell is parallel to the applied electric field.
In Fig. 4e we illustrated that increasing the pulse ampli-
tude results in larger area of membrane with smaller
extent of electroporation, while increase in pulse number
or duration does not affect the membrane area but
increases the extent of electroporation.

In order to visualize the electroporation process as anima-
tions in three dimensions we used 3D Studio Max soft-
ware. We visualized the introduction of small molecules
through an electroporated cell membrane, into an electro-
porated cell and into all successfully electroporated cells
within an exposed tissue (i.e. a composite of cells), as
shown in Fig. 5.

The second part of the e-learning content (Modelling and
visualization of local electric field) provides educational
content about the importance of modelling and visualiza-
tion of local electric field in electroporation-based treat-
ments. The user is warned about possible errors that can
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ELECTROCHEMOTHERAPY, ELECTROPORATION OF CELLS AND TISSUES

AND LOCAL ELECTRIC FIELD:

Part I
Basics of elecroporation process
- electroporation - membrane level
- electroporation - cell level
- electroporation - tissue level

Part II

Modeling and vizualisation of local electric field

- list of important parameters of local electric field

- electrode geometry and electrode position vs, tissue geometry

- target tissue
- tissue conductivity

- electroporation threshold values
Part III

Local electric field in 3D tissue models:

a) plate electrodes:

- local electric field ina 30 model of cutanecus tumor

- local electric field ina 30 model of subcutameos umeor

b) plate vs. needle electrodes:

- local electric field ina 30 model of subcutamecus umeor

TEST

Figure 2

The structure of the e-learning application on electrochemotherapy.

be made while performing cell or tissue electroporation,
such as insufficient amplitude of electric pulses or inade-
quate electrode geometry or electrode positioning. This
part of e-learning content is particularly intended as guid-
ance to the practitioners who perform electrochemother-
apy treatment of solid tumours. Namely, for successful
tumour treatment all the tumor cells have to be destroyed,
otherwise the tumour cell can re-grow due to the insuffi-
cient magnitude of local electric field E <Erev. This was
demonstrated in our e-learning application with an exam-

a) b)
+ E -
.
4
\ /
S—’
ANODE CATHODE NS
{
A e

Figure 3

ple of an unsuccessful subcutaneous tumour treatment
performed on a nude mouse shown in Fig. 6. The Fig. 6a
shows the electrode position and the tumour geometry
just before the treatment, while Fig. 6b shows the
regrowth of two tumours after initial disappearance: two
new tumours regrew in the regions (marked with numbers
1 and 2) where the tumour tissue was not exposed to the
sufficient electric field E >Erev. Simple graphical illustra-
tion of the tumor and its surrounding tissue position
between two plate electrodes is shown in Fig. 6¢. In Fig. 6d

Single cell electroporation and different electroporation regimes. (a) The electroporation of cell membrane first
occurs within the cell area facing the electrodes and (b) Different electroporation regimes: reversible Erev <E <Eirrev and irre-

versible E > Eirrev. (Redrawn from [10]).
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Influence of different parameters on cell electroporation. (2) Electric field parallel to elongated cell, (b) electric pulse

amplitude is increased, (c) orientation of electric field is changed, (d) electric pulse amplitude is increased and (e) increasing the
pulse amplitude results in larger area of membrane with smaller extent of electroporation, while increase in pulse number or

duration does not affect the membrane area but increases the extent of electroporation. (Redrawn from [10]).

calculated local electric field distribution: the reversibly
electroporated tissue is marked with colours (from blue to
red), the tissue exposed to E >Erev is marked white and the
patterned region represents the irreversibly electroporated
tissue E >Eirrev.

By using simple graphical illustration we pointed out that
the effectiveness of electrochemotherapy can be improved
by: optimizing the applied voltage, changing electrode
dimension or changing electrode orientation and their
position, which we previously predicted by means of
numerical modelling. We further provide a list of impor-
tant parameters of the local electric field in electropora-

tion-based treatments, such as: electrode geometry
(needle or plate electrodes), dimension of the particular
electrode (width, length, diameter), distance between
electrodes, electrode position with respect to the target tis-
sue, electrode orientation with respect to the target tissue,
geometry of the target tissue, geometry of the tissue sur-
rounding the target tissue, the contact surface between the
electrode and the tissue, electric properties of the target tis-
sue i.e. tissue conductivity, electric properties of the sur-
rounding tissue, the voltage applied to the electrodes and
threshold values of the tissue Erev and Eirrev. Using math-
ematical modelling and graphical illustrations we showed
that the local electric field within the treated tissue is not

Figure 5
Administration of small molecules by electroporation. Administration of small molecules (blue molecules) through an
electroporation cell membrane (a) into an electroporated cell (b) and into the successfully electroporated cells within an

exposed tissue (i.e. composite of cells) (c).
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surrounding
tissue

L

Erev<E| ErevsEs<Eirrev | E>Eirrev
Figure 6

In vivo electrochemotherapy performed on a nude
mouse -- tumour regrowth after initial disappear-
ance. In vivo electrochemotherapy of tumour performed on
a nude mouse: a) The electrode position and the tumour
geometry just before the treatment, b) after the treatment
two new tumours regrew in the regions (marked with num-
bers | and 2) where the tumour tissue was not exposed to E
> Erev, c) graphical illustration of the tumour and its sur-
rounding tissue position between electrodes and d) calcu-
lated local electric field distribution: the reversibly
electroporated tissue is marked with colours (from blue to
red), the tissue exposed to E > Erev is marked white and the
patterned region represents the irreversibly electroporated
tissue E > Eirrev.

homogeneous due to the specific structure and electric
properties of the tissues (particularly of the target tumour
tissue that usually has higher electric conductivity than its
surrounding tissues).

In the third part of the e-learning application (Local elec-
tric field in 3D tissue models) we developed an interactive
module for visualization of local electric field distribution
in tissues for different parameters such as voltage applied,
distance between electrodes, electrode' dimension and
shape, tissue geometry and electric conductivity. The
module provides 3D animations we developed by using
3D Studio Max, which were based on previously calcu-
lated local electric field distribution in 3D realistic tissue
models. For the numerical calculations we used COMSOL
Multiphysics software.

The module allows for local electric field visualization in
cutaneous (protruding tumours) and subcutaneous
tumours (tumours more deeply seeded in the tissue).
Users can appreciate the local electric field distribution

http://www.biomedical-engineering-online.com/content/8/1/26

within the treated tissue when electroporated directly or
through the skin by using plate or needle electrodes. The
module also provides a guideline on how to overcome a
highly resistive skin tissue in order to permeabilize more
conductive underlying tissues.

The objective of this part of the e-learning application is
to provide an interaction with the educational content in
order to simulate the "hands-on" learning approach
about the parameters of the local electric field. By varying
different parameters (such as amplitude of electric pulses,
electrodes' dimensions and shape and distance between
electrodes) in the navigation bar users have the possibility
to shape the electric field distribution within the models
(see the navigation bar in Fig. 7). The local electric field
distribution can be viewed in 2D model cross-sections or
played as a 3D animation. The E is displayed in the range
between Erev to Eirrev. In Figure 7 the local electric field
distribution inside the cutaneous protruding tumour
obtained with two different amplitudes of applied voltage
(Fig. 7a: U =300 V and Fig. 7b: U = 600 V) using two par-
allel plate electrodes is shown as example. By increasing
the applied voltage (for the same tissue geometry, elec-
trode size and position) the stronger local electric field is
obtained. Similar effect can be achieved by increasing the
electrode dimensions (electrode width), while by increas-
ing the distance between electrodes the tumor is exposed
to a lower local electric field intensity, as shown in Figs. 7¢
and 7d.

The model of subcutaneous tumour gives the user an
insight into the local electric field within the target tissue
when electroporated through the skin. This model is com-
posed of two layers; the upper layer representing skin tis-
sue with lower specific conductivity compared to the
underlying layer which is more conductive. The electric
field distribution is presented in two models with two dif-
ferent thicknesses of the skin layer: 1 mm (Fig. 8a) and 3
mm (Fig. 8b). Thus, the user can appreciate the presence
of the skin and its poor electric conductivity on the local
electric field distribution within the target tumour and its
surroundings.

The key messages that the interactive module provides are:

1) in order to successfully electroporate the target tumour
through the skin layer a higher voltage needs to be applied
compared to the tumour electroporation, which further
depends also on skin thickness. The user is offered a
guideline on how to overcome the highly resistive skin tis-
sue in order to permeabilize more conductive underlying
tissues using plate electrodes (Fig. 8);

2) plate electrodes are more suitable for treatment of pro-

truding cutaneous tumours, while for situations when the
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Figure 7

Local electric field distribution within a model of cutaneous (protruding) tumour. Local electric field distribution
inside the protruding tumour model for two different applied voltages on the electrodes: a) U = 300 V and b) U = 600 V. The
electrodes are 4 mm wide and 4 mm apart in both cases. Electric field distribution inside the models for two distances between
electrodes: c) d = 4 mm and d) d = 8 mm. The electrodes are 4 mm wide with the applied voltage U = 600 V in both cases.

tumour is seeded more deeply in the tissue needle elec-
trodes are to be used (Fig. 9a and 9b), and;

3) by increasing the number of needle electrodes stronger
local electric field in the tissue can be achieved (Fig. 9¢).

The educational web pages are concluded by a test (see
Additional file 1) that gives the user an opportunity to test
the acquired knowledge, while allowing the teacher and
the web-developer to follow the efficacy of the con-
structed pages and their educational success.

Results of the pedagogical efficiency evaluation

The results of the pedagogical efficiency evaluation are
shown in Fig. 10. The evolution of the scores obtained
from the test before and after the e-learning session was
analyzed on the basis of each question (listed in Addi-
tional file 1), which allowed for testing the participants'
knowledge improvement for each question and the perti-

nence of the questions. The results of percentage rate anal-
ysis of correct answers to each question of the pre and post
e-learning session test given by all participants, (both par-
ticipant groups i.e. engineers and biologists), is shown in
Fig. 10a. The results of the percentage rate analysis done
for biologists and engineers separately are shown in Figs.
10b and 10c, respectively.

The percentage rate of correct answers for all participants
(mixed population) obtained after the e-learning session
was above 50% for all questions in the test (Fig. 10a). The
results in Fig. 10a show that the level of knowledge of all
participants was improved after the e-learning session
compared to the knowledge shown before the session.
The results in Fig. 10b show that before the e-learning ses-
sion the knowledge of biologists was more heterogeneous
compared to the knowledge possessed by engineers as
shown in Fig. 10c.:
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Local electric field distribution within a model of subcutaneous tumor. Local electric field distribution within a model
of subcutaneous tumour seeded below: | mm thick skin layer (a) and 3 mm thick skin layer (b).

1) for biologists the average percentage rates of correct
answers changed from 73% before e-learning session to
87% after e-learning session, with a large dispersion
depending on the question (for example - question 4:
from 0% before to 43% after e-learning session; question
9 from 86% before to 100% after e-learning session), Fig.
10b.

2) for engineers the average percentage rates of correct
answers changed from 89% before e-learning session to
95% after e-learning session, Fig. 10c.

Nevertheless, increase in percentage rate of correct
answers, after the e-learning session, to each of the ques-
tions was obtained for both groups i.e. biologists and
engineers (Figs. 10b and 10c¢).

Results of the usability evaluation

The results of the usability evaluation of the e-learning
application are shown in Fig. 11. The participants
expressed their opinion for all 13 usability related ques-
tions with 6 or 7 agree statements in the seven point Likert
scale (LS (6) and LS (7)) and with neutral neither agree
nor disagree statement (NA). None of the questions was
evaluated with statements from 1 to 5 in the Likert scale
(LS (1-5)), as shown in Fig. 11.

The participants evaluated the statement that the informa-
tion provided by the system is easy to understand (ques-

tion 9) with the highest percentage of agree statements in
the Likert scale (58.3% of LS (7) and 25% of LS (6)). Par-
ticipant were most neutral (41.7% of NA) regarding ques-
tion 12 (The system covers all the areas I expected to
cover). However, the same question was evaluated with
50% of LS (6) and 8.3% of LS (7) statements. The partici-
pants were neutral with 33% for questions 6 (I believe I
became more confident with the system) (with 50% of LS
(6)) and for question 11 (The interface of system is pleas-
ant) (with 41.67% of LS (6)). Overall, the participants
were satisfied with the developed e-learning application
(question 13) with 41.6% of the highest percentage of
agree statements in the Likert scale (LS (7)) and with only
8.3% of neutral statements (NA). The results of the usabil-
ity evaluation (Fig. 11) also revealed that the participants
were satisfied with how easy it was to use the system
(question 1: 33.3% of LS (7) and 50% of LS (6)). The par-
ticipants were comfortable using the system (question 4:
33.33% of LS (7) and 50% of LS (6)) and found the sys-
tem simple to use (question 2: 41. 67% of both LS (7) and
LS (6)), to learn to use (question 5: 41.67% of LS (7) and
50% of LS(6)) and to be effectively navigated (question 3:
25% of LS (7) and 66.67% of LS (6)). The users also found
the information provided with system (such as online
help, on-screen messages, and other documentation)
clear (question 7: 33.3% of LS (7) and 50% of LS (6)),
easy to find (question 8: 25% of LS (7) and 50% of LS (6))
and effective and complete (question 10: 16.67% of LS
(7) and 66.67% of LS (6)) (Fig. 11).
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Local electric field in subcutaneous tumour model obtained by using different electrode configurations. Local
electric field distribution in subcutaneous tumour model using plate electrodes (a), a pair of needles (b) and three pairs of nee-

dles (d). The applied voltage in all cases was U = 300 V.

After completing the usability questionnaire the partici-
pants provided their opinion/comments on the applica-
tion and suggestions on its improvement. Most of
participants provided the comment that they liked the
idea to present the knowledge on electrochemotherapy in
the form of e-learning application. The participants partic-
ularly found interesting the interactive visualization of
local electric field in tissues for different parameters such
as voltage applied, distance between electrodes, electrode'
dimension, which for the time being can not be visualized
while performing the electrochemotherapy treatment.
The engineers, who are not familiar with chemical and
biological processes during electroporation of cells and
tissues, suggested that more of biological and chemical
background should be also added to the existing educa-
tional material. On the other hand the biologists sug-
gested that it would be interesting to have a possibility to
visualize the distribution of local electric field and
changes in electric properties for different cell types such
as muscle fibers, hepatocytes, blood vessels, while being
electroporated and which are potential target cells for
gene transfer.

Discussion

We developed, implemented and evaluated an e-learning
application on electroporation-based therapies such as
electrochemotherapy. This is the first e-learning applica-
tion developed to support collaboration, knowledge and
experience exchange among the experts from different sci-
entific fields involved in electrochemotherapy and other

electroporation-based therapies and in order to organize
and to transfer the acquired knowledge and experience to
the users (such as clinicians, medical personnel, students,
patients and all those who want to learn about electropo-
ration-based therapies).

The educational content on electrochemotherapy and cell
and tissue electroporation is based on previously pub-
lished studies from molecular dynamics, lipid bilayers,
single cell level and simplified tissue models to complex
biological tissues and research and clinical results of elec-
trochemotherapy treatment [3,4,11,31-43].

The e-learning content presents three different levels of
knowledge on cell and tissue electroporation. In the first
part of the e-learning application we explain basic mech-
anisms underlying electroporation process. Based on sim-
ple graphical illustrations we demonstrated the influence
of each of the pulse parameters, such as pulse amplitude,
pulse number and duration, on electroporation of cells
with different sizes, shapes and orientations with respect
to the applied electric field. By using 3D animation we vis-
ualized the aqueous pore formation in cell membrane,
which is most widely accepted model, among different
theoretical models that describe cell membrane electropo-
ration.

Electrochemotherapy treatment outcome is directly
related to the local electric field distribution within the
target tumour tissue and its surrounding tissues
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Figure 10
Results of the pedagogical efficiency evaluation. Percentage rate of correct answers for each question analyzed for: a) all

participants (i.e. mixed population); b) biologists and c) engineers. The questions' numbering corresponds to the question'
numbering in the test given in Additional file I.
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Figure 11
Results of the usability evaluation.

[11,12,40,47-49]. The second part of the e-learning con-
tent was thus developed in order to provide the educa-
tional material about the parameters of local electric field
being crucial to make the tumor treatment as efficient as
possible. For this purpose we used combination of
numerical calculations by means of mathematical model-
ling and simple graphical illustrations. We demonstrated
how the pulse amplitude, electrode shape and electrode
positioning influence on the local electric field distribu-
tion within the treated cells and tissues. We also demon-
strated how the electric properties of a treated sample (i.e.
its geometry and electric conductivity) can modify the
local electric field distribution. Namely, when the voltage
is applied, the electric field distributes within the complex
tissue with different electric properties as in voltage
divider. The latter means that the electric field is the high-
est in the layer with the highest electric resistivity (lowest
conductivity) [43], which is particularly important when
electroporating the skin and/or its underlying tissues.

In the third part of the e-learning application, we devel-
oped an interactive module for visualization of local elec-
tric field distribution in tissues for different parameters
such as voltage applied, distance between electrodes, elec-
trode' dimension, tissue geometry and electric conductiv-
ity. The interactive module is aimed at hands-on learning
on how the above-mentioned parameters can modify the
local electric field distribution within the treated tissue.
The module allows for local electric field visualization in
cutaneous and subcutaneous tumours. Users can appreci-
ate the local electric field distribution within the treated
tissue when electroporated directly or through the skin by
using plate or needle electrodes. The module also pro-
vides guidelines on how to overcome a highly resistive

http://www.biomedical-engineering-online.com/content/8/1/26

skin tissue in order to permeabilize more conductive
underlying tissues. Since, for the time being the local elec-
tric field in the treated tissue can not be visualized while
performing the electrochemotherapy treatment, the inter-
active visualization approach we provide in our e-learning
application can serve as an important tool in selection of
the appropriate electric pulses amplitude, electrode shape
and their placement with respect to the tissue geometry
and its electric conductivity, which is needed for best elec-
trochemothertapy treatment outcome.

Good collaboration among the participants and with the
instructor was established during the e-learning session.
Namely, the participants assisted each other while study-
ing the educational content and several discussions were
initiated between physicists and biologists and between
the participants and the instructor. The e-learning applica-
tion was concluded by a test on the presented educational
material and by a questionnaire on usability of the devel-
oped application.

We evaluated the designed e-learning application at the
International Scientific workshop and postgraduate
course (Electroporation Based Technologies and Treat-
ments) [45]. The evaluation was carried out by testing the
pedagogical efficiency of the presented educational con-
tent and by performing the usability study of the applica-
tion. The pedagogical efficiency assessment showed that
the participants improved their level of knowledge (Fig.
10).

The percentage rate of correct answers for all participants
(mixed population) obtained after the e-learning session
was above 50% for all test questions (Fig. 10a). The results
in Fig. 10b show that before the e-learning session the
knowledge of biologists was more heterogeneous com-
pared to the knowledge possessed by engineers as shown
in Fig. 10c. This is in part because the level of knowledge
possessed by biologists (compared to the engineers) was
lower before the e-learning session, since the test and the
e-learning content was about electrical parameters. How-
ever, the increase in percentage rate of correct answers,
after the e-learning session compared to the results
obtained before the e-learning session, to each of the
questions was obtained for both biologists and engineers
(Figs. 10b and 10c). Only for question 4 the percentage of
correct answers given by biologist after the e-learning ses-
sion was slightly below 50% (i.e. 43% of success rate after
e-learning session compared to 0% before e-learning ses-
sion). In order to further improve the success rate of ques-
tion 4 we concluded that: 1. question 4 should be more
clearly formulated by developers and 2. more of e-learn-
ing content on the voltage applied between electrodes (U)
and on electroporation threshold of local electric field (E)
should be provided in the e-learning application. The
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same question answered by engineers was 70% of success
rate before and after e-learning session.

The results of usability evaluation revealed that partici-
pants found the application simple to learn to use and
navigate (Fig. 11). Overall, the participants were satisfied
with the e-learning application. The participants found
the information provided by system easy to understand
(question 9 with the highest percentage of agree state-
ments in the Likert scale (58.3% of LS (7)) and 25% of LS
(6)). The participants were most neutral regarding the
statement that the e-learning application covered all the
areas they expected to cover (question 12 evaluated with
41.7% of NA). However, the same question was evaluated
with 50% of LS (6) and 8.3% of LS (7) statements. The
modular structure of the application allows for upgrade
with new educational content collected from the clinics
and research, and for the integration of new application
modules including computer-supported collaborative vis-
ualization being an important component in remote col-
laboration among the experts [29]. The e-learning
application can be used as an education form at both lev-
els: either as a completely independent e-learning form or
as an integral part of a blended learning form. The e-learn-
ing session can be executed by the users in a linear
sequence of studying steps according to the program flow
model (i.e. by starting at the beginning of the e-learning
content and by concluding with the final evaluation tests)
or in a studying sequence which is not previously defined,
which can serve as an additional e-learning module of
blended learning [30].

Conclusion

The e-learning application together with E-CHO system is
available to the users to provide collaborative and flexible
learning in order to facilitate knowledge exchange among
the experts from different scientific fields that are involved
in electrochemotherapy. The e-learning application is
developed to provide an interactive educational content
in order to simulate the "hands-on" learning approach
about the parameters being important for successful ther-
apy. The e-learning application on electrochemotherapy
can be easily adapted to serve as a collaborative e-learning
tool also in other electroporation-based treatments such
as gene electrotransfer, irreversible tissue ablation or
transdermal gene and drug delivery [6,8,9,50]. The pre-
sented e-learning application provides an easy and rapid
approach for information, knowledge and experience
exchange among the experts from different scientific
fields, which can facilitate development and optimisation
of electroporation-based treatments.
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Abstract

In vivo electroporation is used as an effective technique for the delivery of therapeutic agents such
as chemotherapeutic drugs or DNA into target tissue cells for different biomedical purposes. In
order to successfully electroporate a target tissue it is essential to know the local electric field
distribution produced by an application of electroporation voltage pulses. In this study three-
dimensional finite element models were built in order to analyze local eectric field distribution and
corresponding tissue conductivity changes in rat muscle electroporated either transcutaneously or
directly (i.e. two plate electrodes were either placed on the skin or directly on the skeletal muscle
after removing the skin). Numerical calculations of electroporation thresholds and conductivity

changes in skin and muscle were validated with in vivo measurements.



1. Introduction

Tissue electroporation (EP) (also termed el ectropermeabilization) is atransient electrical increase of
cell membrane permeability by means of local delivery of short and sufficiently intense voltage
pulses (i.e. electroporation pulses) to the target tissue cells via properly selected electrodes
[Miklavcic et a., 2000]. In vivo electroporation is used as an effective technique for the delivery of
a variety of therapeutic agents such as chemotherapeutic drugs, DNA or other molecules, which in
normal conditions do not cross the cell membrane, into many different target tissue cells [Mir et al.,
1995, Prud’homme et al., 2006]. Skeletal muscle tissue is one of the most promising tissues for
DNA delivery by electroporation for either local or systemic gene therapy and gene vaccination [Mir
et a., 1999, Mathiesen 1999, Umeda et a., 2004, Perez et a., 2004, Hojman et a., 2007, Hojman et
a., 2008, Tevz et a., 2008]. Investigating in vivo muscle tissue electroporation is relevant to both
clinical electrochemotherapy [Marty et al., 2006] and transdermal drug delivery [Denet et a., 2004]
for providing knowledge on the sensitivity of underlying muscle tissue to the electroporation
procedure [Zupanic et al., 2007, Mali et a., 2008], as well as in various physiological and
developmental studies [Dev et a., 2000, Prud’ homme et al., 2006].

The key parameter in effective tissue electroporation is local electric field distribution (E)
established within the treated tissue due to the delivered EP pulses. The target tissue cells can be
electroporated in a reversible and safe way only within the tissue regions subjected to the local
electric field E of a magnitude of between reversible E,e, and irreversible electroporation thresholds
Eirrev [Miklavcic et a., 2000]. The magnitude of E can be controlled by carefully chosen EP pulses
amplitude and electrode configuration, given that the electroporation thresholds E;., and E;;;e, and
the tissue’'s electrical and geometrical properties are known [Sel et a., 2005, Sel et a., 2007,
Zupanic et a., 2008, Corovic et a., 2008]. An important prerequisite for the determination of E;e,
and Ejrev thresholds is the visualization of the local eectric field distribution with numerical
caculations in redistic tissue models which are validated with corresponding experimental
observations, and thus they take into account realistic geometrical and electrical properties of the
tissues to be modeled [Miklavcic et al., 1998, Gehl et a., 1999, Miklavcic et al., 2000]. Since the
electroporation thresholds (and thus the induced transmembrane potentials at these thresholds) are
related to the cell size, cell density and orientation with respect to the electric field, and to the
parameters of EP pulses, they have to be determined for each cell and tissue type [Pavlin et al.,
2002, Vdic et al., 2003]. Theory and experiments also showed that when the cells are
electroporated, their electrical properties change due to the increase in the cell membrane's
conductivity, which is reflected in the bulk conductivity increase [Pavlin et a., 2003]. It was
previously suggested that tissue conductivity changes, as an indicator of the tissue electroporation
level, can also be assessed by in vivo measurements of changes in tissue conductance [Davalos et
al., 2002, Davalos et al., 2004] and of the total current flowing through the treated tissues [Cukjati
et d., 2007].

The protocols for in vivo muscle electroporation, both for muscle electroporated either
transcutaneously or directly (i.e. without skin), were established based on the ratio of the amplitude
of applied EP pulses relative to the distance between the electrodes; very few studies investigated
the local eectric field distribution in the muscle and its surrounding tissues [Gehl et al., 1999,
Pavselj et al., 2005].

The aim of our study was to develop realistic numerical models in order to investigate the E;, and
Eirrev thresholds and electroporation process between these thresholds in skeletal muscle tissue
electroporated either transcutaneously or directly. We numerically and experimentally investigated



the local electric field distribution, geometrical and electrical properties of skin and muscle tissue
electroporated separately and of muscle electroporated through the skin. From the obtained results
we observed an influence on e ectroporation efficiency in muscle tissue due to the presence of skin.
We built three separate realistic numerical models of skin fold, muscle and muscle with skin.
Changes in electrical properties resulting from electroporation were modelled by determining the
functional dependency of tissue conductivity o [S/m] on local electric distribution (E) above the
reversible electroporation threshold E;e, in each of the examined tissues. By using finite element
methods we calculated local electric field distribution and total electric current at voltages of equal
amplitudes as the EP pulses that were applied in in vivo experiments.

In order to validate our numerical models we mathematically interpreted the data collected during
an extensive in vivo study on the response of the skin, muscle and muscle with skin to the EP pulses
[Cukjati et al., 2007]. We compared the results of our numerica simulations to the in vivo total
current measurement and >*CrEDTA uptake results. From the numerical models validated on the
experimentally obtained results we determined electroporation parameters such as reversible and
irreversible electroporation threshold values E;e, and E; ey, the initial tissue conductivity (before the
EP pulses were applied) oo, the conductivity of the same tissue modified due to the electroporation
o1, and the functional dependency of tissue conductivity on local eectric field distribution o(E)
between the thresholds.

The same e ectroporation threshold values E;e, and Ej;rey Were found, as expected, for both muscle
electroporated transcutaneously and directly, since the electroporation threshold is a property of the
tissue and cannot be affected by neighboring tissues. However, in order to electrically overcome the
skin barrier a higher voltage between the electrodes (i.e. amplitude of EP pulses applied) was
required when the muscle was electroporated through the skin in contrast to the electroporation
directly on the muscle.

2. Experimental considerations

2.1 In vivo experiments

Animals. Femae Wistar rats purchased from Janvier (France) were used for the experiments. The
rats were anesthetized by means of the intraperitoneal administration of Ketamine (100 mg/kg;
Panpharma) and Xylazine (10 mg/kg; Bayer). The animals were handled according to recommended
good practices and standard institutional ethics rules for animal experimentation [UKCCCR, 1998].

*'Cr-EDTA: To determine the electropermeabilization level of skin and muscle tissue when
applying EP pulses directly or transcutaneously in vivo, we performed the quantitative uptake
method using >*Cr-EDTA as the indicator [Cukjati et al., 2007]. The animals were given 200 ul of
*'Cr-EDTA (Amersham, U.K.) with a specific activity of 3.7 MBg/ml intravenously 5 minutes
before the delivery of the electric pulses. The injected *Cr-EDTA distributes freely in the vascular
and extracellular compartments and can enter the intracellular compartments only if access is
provided (e.g. by electroporation). The animals were euthanized 24 hours after injection, and tissues
exposed to electric pulses were removed, weighed and counted in a Cobra 5002 gamma counter
(Packard Instrument, Meriden, CT). The net °>'Cr-EDTA uptake as a result of
el ectropermesbilization was calculated as the measured activity (converted to nanomoles of **Cr-



EDTA) per gram of the tissue exposed to the electric pulses. >*Cr-EDTA uptake values were then
used to calculate mean values of uptake (+ SEM) as a function of the ratio of the applied voltage to
the electrodes’ distance in the rat skeletal muscle electroporated transcutaneously and directly.
Electroporation protocol: Electroporation pulses consisted of atrain of eight square-wave and 100
us long pulses, delivered at a repetition frequency of 1 Hz. In all experiments the electric pulses
were generated by a PS 15 electropul se generator (Jouan, St. Herblain, France) and delivered to the
tissue through two parallel plate stainless steel electrodes. The electrode dimensions used in our
experiments are shown in Figure la. The following three experiments were carried out:
electroporation of skin tissue only (a skin fold is formed and placed between the electrodes, as
shown in Figure 1b), direct muscle electroporation (the skin was previously removed and the plate
electrodes were placed directly on the muscle surface — Figure 1c) and transcutaneous muscle
electroporation — Figure 1d. The electrodes were positioned on the tissue so that the electric field
was perpendicular to the muscle fibers. We treated the triceps brachi muscle of the hind limb and
the gastrocnemius medialis muscle of the forelimb. The electrodes were separated by 5.7 mm for the
muscles electroporated directly and transcutaneously and by 2.8 mm for the electroporation of the
skinfold. Good contact between the electrodes and tissue was assured by the use of a gel (EKO-
GEL, Camina, ultrasound transmission gel, Egna, Italy). During the EP pulses delivery the applied
voltage and the actual current delivered were monitored and collected using a digital oscilloscope
(Waverunner, LeCroy).

(@) (b)

- 22mm
T 2.8 mm _
®® . j__I10-1 m !_C,/’ skinfold
\electrode SRR \P\
electrode
(€) (d)
57 mm _muscle — |57mm _muscle
(_~c>bone 7 <> bone
_ﬁskin E— ;-& skin

Fig. 1: The electrode dimensions used in experiments (@) and the geometry of the measurement setup for the skin fold
electroporation (b) and the muscle electroporated directly (c) and transcutaneously (d)

2.2. Numerical modeling

The experimentally treated tissues were mathematically modeled as passive volume conductorsin a
quasi-stationary electric current field. Electric field distribution in the tissue models caused by EP
pul ses was determined by numerically solving Laplace’ s equation:



~-V(o-Vg)=0,

where ¢ and ¢ represent tissue conductivity [S/m] and electric potential [V], respectively. Tota
electric current flowing through the 3D modeled tissues was then calculated according to Ohm's
law. In the first stage of numerica modeling we built 3D models of the skin fold (Fig. 2), muscle
tissue electroporated directly (Fig. 3) and muscle tissue electroporated transcutaneously (Fig. 4)
using the commercial software package EMAS (ANSOFT Corporation) [EMAS, 1997]. Taking into
account the fact that electric field distribution and total electric current flowing through the tissue
depend strongly on the tissue geometry, we designed the geometry of our numerical models as
accurately as possible. Applied voltage (model input) was modeled as Dirichlet’s boundary
condition on the contact surface between electrode and tissue geometry. For the model input values
we used the amplitudes of the EP pulses applied in vivo [Cukjati at al., 2007]. We mathematically
separated the conductive segment from its surroundings by applying Neuman’s boundary condition
(J, = 0, where J, is the normal electric current density [A/m?]) on all outer boundaries of the model.

Results of the calculated model outputs (total electric current | and local electric field distribution E)
were controlled for numerical errors by increasing the size of our model and increasing the mesh
density until the electric insulation condition and error due to meshing irregularities were
insignificant — a further increase in domain size or mesh density only increased the computation
time, however the results changed by less than 0.5 %. The resulting models — mesh of skin fold,
muscle and muscle el ectroporated transcutaneously — consisted of 4173, 7546 and 10074 tetrahedral
finite elements, respectively.

(a)

U =
electrode (b) 2.8 mm electrode-tissue
contact surface

8 mm

skinfold

Fig. 2. Geometry of the skin fold finite element model in the ZX cross-sectional plane (a) and in 3D (b). The patterned
region represents the contact surface between the electrode and tissue geometry (i.e. electrode-tissue contact surface).



(@)

electrode muscle (b) electrode-tissue
/ contact surface

Fig. 3: Geometry of the muscle tissue finite element model (electroporated directly) in the ZX cross-sectiona plane (a)
and in 3D (b). The patterned region represents the contact surface between the electrode and tissue geometry (i.e.
electrode-tissue contact surface).

( a) skin
electrode
_GI

electrode-tissue
muscle contact surface

Fig. 4: Geometry of the muscle electroporated transcutaneously in the ZX cross-sectional plane (a) and in 3D (b). The
patterned region represents the contact surface between the electrode and tissue geometry (i.e. electrode-tissue contact
surface).

2.2.1 Electric properties of the modeled tissues and electropor ation process modeling

In our numerical models, ohmic tissue behavior was analyzed (i.e. skin and muscle conductivities o
[S/m]). Before applying EP pulses or if the amplitude of the applied EP pulses was too low to
produce a local electric field above the reversible eectroporation threshold (E < E;e), the tissues
were modeled as linear conductors with linear current-voltage | (U) relationships due to the constant
tissue conductivities. Theinitial pre-pulse values of conductivities (oo corresponding to the E < E;e,
condition) used in numerical models were selected from the available literature [Miklavcic et al.,



2006]: muscle tissue was considered an anisotropic conductor, being more conductive along the
muscle fibers in the Y axis compared to the two other perpendicular X and Z axes (Table 1), while
skin tissue was considered isotropic and homogeneous. Since the skin tissue was not the primary
target of our investigation, different layers of skin were not modeled, thus the average value for
conductivity was assigned to skin tissues in our models (Table 1). Namely, large differencesin skin
layers geometries would unnecessarily increase the computational time of numerical simulations
while not contributing to the accuracy of the electric field distribution in the muscle tissue [Pav3elj
et al., 2005].
If the local eectric field in the tissues exceeded the E;e, value, the tissue electric properties change
(i.e. tissue conductivity increases due to the electroporation process). During the application of EP
pulses, tissue conductivity increases according to the functional dependency of the tissue
conductivity on the local electric field distribution o(E), which in our study describes the dynamics
of the electroporation process. This subsequently results in nonlinear electric current of the applied
voltage I(U). Due to the change of o, we detected the threshold electroporation E;e, as aresult of the
deviation of 1(U) from the linear relationship | = U / R (where R [Ohm] is tissue electric resistance).
The tissue electroporation dynamics were modeled based on the sequential permeabilization model
proposed by Sel et al., 2005, where changes in tissue conductivity were used as an indicator of
tissue permeabilization. For this purpose a sequence analysis subprogram (as an extension of
EMAS) was developed to model the dynamics of electroporation as a discrete process with the
sequence of static FEM models, where each of them describes the process at one discrete interval
(each of the discrete intervals relates to a real, discrete, but undetermined time interval). In each
static model in sequence, the tissue conductivity was determined based on the electric field
distribution from the previous model in the sequence, as described in the equation:

o (k) = f(E(k-1)) , (Ea. 2)
where k stands for the number of static FEM models in sequence.
Model input is the applied voltage pulse, and model outputs are the electric field distribution E and
total electric current | in each specific sequence k. The modeled tissue behavior during the
electroporation pulse delivery isillustrated in Fig. 5. The increase in electrical current | from Igto I
simulates the tissue response during the delivery of the electroporation pulses U in each discrete
interval k (static FEM model in sequence) to the tissue electroporation (i.e. due to the functional
dependency of o on the electric field distribution E). If the electroporation does not occur, o remains
constant, thus | = lo. The sequence analysis subprogram gives us a choice of five different o(E)
relationships given by Equations 3-7.

TISSUE MODEL

v

v

Fig. 5 The modeled tissue behavior during the electroporation pulse delivery, where U is the amplitude of the
electroporation pulses delivered to the tissues. E is the electric field strength and | is the total electric current calculated
in each sequence, where k is the number of the sequences corresponding to the duration of the electroporation pulses.
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Parameters oo and o1 represent the initial prepulse tissue conductivity and the conductivity of
electroporated tissue, respectively; parameters E;o, and Ejrrey Stand for reversible and irreversible
electroporation thresholds of the local eectric field, respectively; and parameter B defines the shape
of the exponential and sigmoid functions.

2.2.2. Single tissue models — skin and muscle tissue models

First we modeled the electroporation process in each of the tissue models separately: skin fold (Fig.
2) and muscle tissue model (Fig. 3). The same values of applied voltages in vivo were applied to the
contact surfaces of the single muscle and skin models as model inputs. A comparison of the current-
voltage 1(U) to the measured ones in vivo was used to determine which of the functiona
dependencies given by equations Eq. 2-6 best described the dynamics of the electroporation process
in each of the tissues analyzed. Namely, in order to tune our single tissue models for in vivo
electroporation of skin fold (Fig. 1b) and for direct in vivo muscle electroporation (Fig. 1c)
measurement, we varied different functional relationships (step function (Eg. 2), exponent (Eqg. 3
and Eqg. 4), linear (Eg. 5) and sigmoid (Eg. 6)) with different reversible and irreversible
electroporation threshold values (E;e, and Eje,) until good agreement between I(U) obtained
numerically and the | (U) characteristic measured in vivo was established.

From the resulting numerical models, we collected the initial prepulse tissue conductivity oo, the
conductivity of the electroporated tissues o1, and the o(E) relationships between the reversible and
irreversible threshold values E;e, and E;rre, (With the corresponding parameters a, A and B).

2.2.3. Complete muscle tissue model — model of muscle electropor ated transcutaneously



The o(E) relationships with E;e, and Ejrre, Obtained from single models of the skin (Fig. 2) and
muscle (Fig. 3) were applied to the skin and muscle composing the complete model (model of
muscle electroporated transcutaneously) (Fig.4). The same vaues of voltages of transcutaneous
muscle electroporation in vivo (Fig. 1d) were applied to the contact surfaces of the complete muscle
with skin model (Fig. 4). In order to tune the intricate muscle model with the transcutaneously
electroporated muscle in vivo, we also varied the thickness of the skin (dgin parameter in Fig. 4)
until the 1(U) relationship matched the measured one. In such a way we numerically detected the
complete muscle tissue geometry that corresponded to realistic muscle with a skin layer treated in
our experiments in vivo, and we validated the model parameters a9, the conductivity of the o; and
o(E) relationships with E;e, and Ejrre, collected from the single tissue electroporation modeling. In
order to compare the conductivity change and geometry of skin layer numerically found in the
intricate muscle model to the data from the published literature, we aso calculated the complete
muscle model resistance R [Ohm)] for each of the voltages applied.

2.2.4. Analysis of theinfluence of skin presence on muscle electroporation

In order to analyze the influence of the skin layer on muscle electroporation, we compared the local
electric field distribution in muscle electroporated directly (Fig.3) with the local electric field
distribution obtained only in the muscle inside the intricate muscle model with skin (Fig.4). For this
purpose, we wrote a program with Matlab7a to calcul ate the average local electric field E at the end
of the electroporation process (i.e. the final sequence FEM model for each voltage applied).

The average electric field intensities were calculated in the volumes between two plate electrodes
(the regions between electrodes marked with a dashed square in Fig. 3 and Fig. 4), where the local
electric field (E) was the most homogeneous (i.e. equal to the applied voltage to the interelectrode
distance ratio (E = U/d)). In thisway we virtually removed the skin layer from the complete muscle
model with skin shown in Fig.4. The numerical results of E in the muscle from the complete model
were then compared to the numerical results of E calculated in the numerical model of directly
electroporated muscle.

3. Results and discussion

The aims of our study were to develop redlistic numerical models in order to investigate the
electroporation process in skeletal muscle tissue electroporated directly and transcutaneously and to
examine the influence of the presence of the skin on the electroporation process in muscle tissue.
For this purpose, we numerically and experimentally investigated the local electric field,
geometrical and electrical properties of electroporated skin fold and muscle tissue electroporated
directly and transcutaneously. Numerical calculations of the local electric field were performed by
means of the finite element method and sequential modeling of tissue electroporation [Sel et al.,
2005] taking into account realistic geometry and electrical properties of the examined tissues. Local
electric field distribution was experimentally examined by the total current measurement and the
*'CrEDTA uptake assessment in vivo. The three-dimensional redlistic models of skin fold and
muscle electroporated directly and transcutaneously were then developed (based on good agreement
between numerical calculations and experimental observations).



It has been previously demonstrated that tissue el ectroporation can be modeled as a conductivity (o
[S/m]) change due to the tissue permeabilization [Sel et al., 2005]. Accordingly, in our numerical
models we took into consideration changes in skin and muscle conductivities as the mathematical
relationship between the tissue conductivity o and the local electric field intensity E in the following
manner: a magnitude of E below the reversible threshold E;e, does not permeabilize the cell
membranes and therefore no changes in conductivity are expected (o is constant); when the local
electric field intensity exceeds the E;, reversible threshold the cell membrane is
electropermeabilized and tissue conductivity increases according to the function o(E). In order to
numerically study the electroporation process in a complete modd that is composed of different
tissues, the electroporation parameters oo, o1, Ere, Eirrev and o(E) between the thresholds need to be
determined in each of the single tissue models separately as previously demonstrated by Pavselj et
al., 2005. Similarly, in order to numerically study the electroporation of muscle tissue electroporated
transcutaneously, we first built single models of skin folds (Fig. 2) and muscle tissue (Fig. 3)
separately and determined the electroporation parameters for each of the tissues analyzed in our
study based on a sequence permeabilization analysis [Sel et al., 2005]. The electroporation
parameters for each of the tissues were determined based on criteria that the output of the models
best fit the experimental data (i.e. the electroporation parameters were varied until good agreement
between the computed and measured current-voltage 1(U) relationship was obtained). We found that
a(E) in the skin fold model was exponential (Eg. 6 with B = 50000), while in the skeletal muscle
model the function ¢(E) was sigmoid (Eg. 7 with B = 10000). The electroporation parameters
calculated for each of the tissues are listed in Table 1. The o(E) was chosen so that the parameters
such as E;ey, Eirrev, 00 and a1 were as close as possible to the experimentally determined values. By
varying all the functions of o(E) we noticed that o(E) can aso be described with all the functions
through proper adjustment of the electroporation parameters, which may be too far from the
biologically justifiable values determined in the experiments, as previously suggested by [Pavselj et

al., 2005].
Table 1. The electroporation parametes o, 71, Ere, Eirrey Calculated in single models of skin fold and muscle tissue.

Tissue Op 01 Erev Eirrev
[S/m] [S/m] | [V/cm] [Viem]
Skin 0.008 20 o, 480 1050
inXand Y axes
Muscle 0.135 35 240 450
inthe Z axis* Oo
0.75

* The numerical calculations showed that varying the factor 41, 6, in Z axis did not significantly change
the I(U) characteristic

Different functions of o(E) are needed to describe the propagation of tissue electroporation in our
models of muscle and skin tissue. Thisis probably due to the differencesin the biological properties
(i.e. cell size and distribution, electrical properties of intra and extracellular media...) of the tissues
analyzed.

The o(E) functions with E;e, and E;;rey found in single models of skin (Fig. 2) and muscle (Fig. 3)
were applied to the individual skin and muscle models composing the complete muscle model
(Fig.4). The same values of voltages of transcutaneous muscle electroporation in vivo (Fig. 1d) were
applied to the contact surfaces of the complete muscle model (Fig. 4). In order to fine-tune the



complete muscle model for the transcutaneously electroporated muscle in vivo, we aso varied the
thickness of the skin (dsin parameter in Fig. 4) until the I(U) relationship matched the measured one.
Since electric current gives quantitative information about tissue geometry and electric properties
(i.e. tissue conductivity changes), good agreement between cal culated and measured electric current
at the end of electroporation process for the corresponding applied voltages validated our three-
dimensional finite element models. The agreement between calculated and measured current-
voltage relationship obtained for the skin fold analysis is shown in Fig. 6a. The comparison of
agreements between calculated and measured current-voltage relationships obtained for muscle and
muscle with skin is shown in Fig. 6b.
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Fig. 6: Calculated and in vivo measured current-voltage relationships for a) skin fold and b) muscle and muscle with skin

At lower voltages the slope of the I(U) curve is low and linear, meaning that electroporation does
not yet occur. The value of U at which the I(U) relationship starts to diverge from its linear curve
indicates that the reversible threshold value of the local €electric field for tissue electroporation has
been obtained. The threshold value E;¢, in the directly electroporated muscle model was obtained at
136 V and in the muscle model electroporated transcutaneously at 252 V. The local electric field
distribution in both muscle models is displayed in XY cross-sectional plane in the middle of two
plate electrodes in Fig. 7. To more precisely analyze the local electric field distribution around the
reversible threshold obtained with sequence analysis (E;e, = 240 V/cm), we visualized E in the range
0 V/iem - 250 V/em for the first four applied voltages. The reversible threshold for muscle
electroporation is obtained at a lower value of applied voltage (U = 136 V) in the model of directly
electroporated muscle (Fig. 7a) than in the model of muscle electroporated through the skin (U =



252 V) (Fig. 7b) due to the high resistance of the skin layer must be overcome by a higher U in
order to target the underlying muscle tissue with E > E;e,. The reversible threshold value in muscle
with skin was obtained at a higher U because the skin tissue needed to be permeabilized first.
Namely, when U is applied, the electric field is distributed within the complex tissue according to
its specific electric properties (acting as a voltage divider), meaning that the electric field is highest
in the layer with the highest electric resistivity (i.e. lowest conductivity) [Pavselj et a., 2008]. When
the skin becomes permeabilized, its conductivity increases according to the function o(E), which
leads to the electric field redistribution in the skin and its underlying more conductive tissues (in our
case muscle tissue). If U istoo low, the highest electric field remains in the skin layer and does not
reach the muscle. Due to the skin electroporation, an increase of skin conductivity reduces its
electric resistance and consequently reduces electric field intensity in the skin which results in
increased electric field intensity in the muscle, as shown in Fig. 7b.

Non-uniform propagation of tissue permeabilization also occurs in a single tissue (in our case
muscle tissue) due to an inhomogeneous E distribution. The increase in tissue conductivity, thus
tissue permeabilization, first occurs in close proximity to the electrodes (i.e. the region with the
highest E). The conductivity increase causes a modification in E distribution according to o(E),
which consequently causes another change in tissue conductivity and the propagation of muscle
permeabilization away from the electrodes towards the regions with lower E between the
electrodes, as shown in Fig. 7a.

A

U=97.67V U=113.21V

*-iﬁu

U=136.07V 5 U= 146.15V

&

S 0 1\ W E W
'

£ W W M A W

U=192.71V

| 9

_U=202.4v U= 252.06V

o




Fig. 7: Distribution of E in model of muscle alone (A) and in the muscle model with the skin (B)

In most of the studies on skin electroporation [Prausnitz et al., 1993, Pliquett et al., 1995], a
pronounced change in skin resistance R [Ohm] was observed above 50 V for the experiments done
through a single skin tissue layer. In order to compare our analysis on changes in electric properties
in the skin layer in the complete muscle model to the data from the literature, we also calculated the
resistance R [Ohm] of the complete muscle model for each of the voltages applied and added
additional voltages (U < 186.86 V) that were not applied during in vivo experiments. The calcul ated
resistance-voltage relationship R(U) is shown in Fig. 8. From the R(U) curve it can be observed that
a visible drop in skin resistance was obtained at U > 100 V which is in agreement with
abovementioned studies, proven by our study on electroporating the double skin layer. The increase
in skin conductivity, thus the drop in skin resistance, in our skin fold (double skin layer) model was
also observed at U > 100 V, as shown in Fig. 6a. In asimilar experimental and numerical study on
cutaneous tumor electroporation, pronounced changes in skin conductivity were also observed at
100 V of applied voltage [Pavselj et a., 2005]. Therefore, the conductivity change and the geometry
of the skin layer numerically found in our complete muscle model are in agreement with previous
studies on skin.
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Fig. 8: Calculated resistance-voltage relationship for the complete model from Fig. 4 (muscle with skin)

In order to analyze the influence of the skin layer on muscle electroporation, we used in vivo
experimental data of *’Cr-EDTA uptake measured in muscle electroporated directly and
transcutaneously. The *'Cr-EDTA molecules from the extracellular compartments could enter only
the electroporated cells. Both measurements were done at the same applied voltages as in the tota
current measurement in vivo. The experimentally obtained *'Cr-EDTA (U/d) relationships for
muscle electroporated directly and transcutaneously are shown in Fig. 9a The start of the >'Cr-
EDTA uptake increase should correspond to the start of reversible electroporation, while the peak
and more importantly, the start of uptake decline should correspond to the point of irreversible
electroporation.



We then analyzed the electroporation parameters of muscles electroporated directly and
transcutaneously by comparing the local electric field distribution in the model of muscle without
skin (Fig. 3) with the local electric field distribution obtained only in the muscle inside the complete
muscle model with skin (Fig. 4). The loca electric field was analyzed at the end of the
electroporation process (i.e. at the end of the sequence analysis). Namely, the average electric field
intensities were calculated in the space between the two plate electrodes (the regions between
electrodes marked with the dashed square in Fig. 3 and Fig. 4) where the electric field was the most
homogeneous (i.e. where the electric field approaches U/d). In this way we virtually removed the
skin layer from the complete muscle model with skin shown in Fig.4. The numerical results of E in
the muscle from the complete model were then compared to the average E in the muscle
electroporated directly, as shown in Fig. 9b. The *’CrEDTA uptake values were normalized to the
maximum uptake **CrEDTAmax obtained in the directly electroporated muscle.
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Fig. 9: @) Measured *'CrEDTA uptake in muscle electroporated directly and transcutaneously at different applied
voltages U (U values are normalized to the interelectrode distance ratio (U/d). The interel ectrode distance used in all
experimentswas d = 5.7 mm) and b) *'CrEDTA at calculated average local electric field intensity E at the applied
voltages U.



The average value of E in the model of muscle alone calculated at U = 136 V (U/d = 238.72 VV/cm)
was Ee, = 242 V/cm, whereas the average E in muscle inside the complete model with skin at the
higher applied voltage U = 252 V (U/d = 442 V/cm) was calculated to be amost the same as in
muscle without skin E;e, = 238.56 V/cm, as shown in Fig. 9b. Similarly, the irreversible threshold
values calculated as average local E for muscle alone and the muscle with skin were Ejrrey = 443
V/icm (at applied U = 255 V) and Ejrre, = 414 V/cm (at applied U = 456 V), respectively. Based on
these calculations we can conclude that the skin layer has, as expected, no influence on the
thresholds of the local electric field needed to successfully electroporate muscle tissue. We did
however find that the presence of skin affects the >CrEDTA uptake into the muscle while being
electroporated through the skin which can be explained by the dependency of the electroporation
level on the duration and the number of EP pulses. Namely, due to the presence of the skin the
effective duration of the EP pulses can be shorter, which consequently resultsin alower *'Cr-EDTA
uptake in the muscle tissue. It is well known that the molecular flux through the permeabilized
membrane depends on the duration and number of electroporation pulses [Puc et a., 2003, Pucihar
et al., 2008].

The threshold values calculated in both the model of muscle alone and the complete model with
skin are similar to the threshold values obtained with sequence analysis in the model of muscle
alone E;e, = 240 V/cm and Ejre, = 450 V/cm. From Fig. 9 it can be seen that in the muscle
electroporated directly the average local electric field in the region between the electrodes (gray
curve in Fig. 9b), where the tissue is (region marked with dashed square in Fig. 3), is amost equal
to the voltage over the interelectrode distance ratio U/d (gray curve in Fig. 9a), and is thus almost
homogeneous. Consequently, the error we make using U/d values to approximately determine
threshold value of local electric field to successfully el ectroporate muscle without skin is acceptably
small. However, for precise determination of the local electric field threshold value needed only for
electroporation of muscle inside a complex tissue, a realistic numerical model that takes into
account realistic geometries, electric properties and electric field non-homogeneties due to the tissue
permeabilization of all composing tissues needs to be used in combination with corresponding in
Vivo experiments.

Our results are comparable with data obtained in a similar numerical and in vivo study for the same
type of pulses as used in our study (eight pulses, 100 us, 1Hz) [Pavselj et a., 2005], where the E;e,
and Ejres for muscle electroporated directly are estimated to be 200 V/cm and 450 V/cm,
respectively. In Gehl et a., 1999, the combination of in vivo experiments (transcutaneous muscle
electroporation using plate electrodes with d = 4 mm) and 2D numerical models resulted in a higher
electroporation threshold (450 V/cm) compared to the one obtained in our study (Ere, = 238 V/cm),
since in their study the tissue between electrodes was considered homogeneous in two dimensions,
showing the differences in skin and muscle electric conductivity and geometry were not taken into
account.



4. Conclusion

In this study we present the realistic numerical models of electroporated skin fold and skeleta
muscle tissue electroporated directly and transcutaneously which we developed in order to analyze
the electroporation process in skin and muscle tissue in vivo. The models are developed by
validating numerical calculations on in vivo experimental results. We determined how to map
electropermeabilization by identifying the local electric field distribition in skin and muscle tissue.
Namely, we found the functional dependency of tissue conductivity on electric field intensity o(E) to
be exponentia for skin with electroporation thresholds E;e, = 480 VV/cm and Ejre, = 1050 V/cm and
sigmoid for muscle tissue with E;e, = 240 V/cm and Ejrre, = 430 V/cm. The same electroporation
threshold values E, and Ej, were found for both muscle electroporated directly and
transcutaneously. We thus conclude that the skin layer has, as expected, no influence on the
thresholds of the local €lectric field intensity itself needed for successful muscle tissue
electroporation, but it does require higher voltage to be applied between the el ectrodes when muscle
is electroporated transcutaneously.

We also showed that the error of an approximate estimation of electroporation threshold valuesinin
vivo experiments by calculating the U/d ratio, without numerical calculations of local electric field
distribution, is small enough only if the plate electrodes are used and only for one type of tissue
placed between the electrodes. For more complex tissues with different geometric and electrical
properties, a combination of realistic numerical modeling and in vivo experiments approach needs to
be used for the precise determination of electroporation threshold values.

It is also important to note that the thresholds of the local electric field for tissue e ectroporation
depend on the type of molecules used for detection of in vivo tissue permeabilization [Kotnik et al.,
2000] and electroporation pulse characteristics (i.e. duration and number of pulses as well as pulse
repetition frequency). Thus, the threshold values determined in our study are relevant for the setting
of eight pulses of 100 pus duration at a frequency of 1 Hz. For precise electroporation threshold
determination for the other pulse parameters, our numerical models remains valid, but additional
experiments need to be done and the obtained results must be included in the models.

The findings of our study carry important practical information for treatment planning in
electroporation mediated therapies such as gene electrotransfer into the muscle, transdermal drug
and gene delivery and clinical electrochemotherapy.
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Abstract The aim of this study was to theoretically and
experimentally investigate electroporation of mouse tibialis
cranialis and to determine the reversible electroporation
threshold values needed for parallel and perpendicular
orientation of the applied electric field with respect to the
muscle fibers. Our study was based on local electric field
calculated with three-dimensional realistic numerical
models, that we built, and in vivo visualization of elec-
troporated muscle tissue. We established that electropora-
tion of muscle cells in tissue depends on the orientation of
the applied electric field; the local electric field threshold
values were determined (pulse parameters: 8 x 100 ps,
1 Hz) to be 80 V/cm and 200 V/cm for parallel and per-
pendicular orientation, respectively. Our results could be
useful electric field parameters in the control of skeletal
muscle electroporation, which can be used in treatment
planning of electroporation based therapies such as gene
therapy, genetic vaccination, and electrochemotherapy.
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1 Introduction

In vivo electroporation (also termed electropermeabiliza-
tion) is an effective method for administration of thera-
peutic drugs (such as chemotherapeutic agents) and one of
the most efficient and simple nonviral methods for gene
transfer into target tissue, provided appropriate electrical
parameters are chosen [19, 21, 22]. In vivo electroporation
is successfully applied in clinics for electrochemotherapy
of solid tumors [16]. Gene transfer by means of electro-
poration (gene electrotransfer) has also been performed in
humans and it seems likely it could be applied clinically for
nonviral gene therapy. Efficient in vivo gene electrotransfer
has been shown in a wide range of tissues [2, 4, 27, 33].
Skeletal muscle is one of the most attractive tissues for
administration of therapeutic genes by electroporation for
both local and systemic gene therapy, for genetic vacci-
nation against infectious agents (e.g. hepatitis B virus,
human immunodeficiency virus-1) as well as for basic
research of muscle physiology, due to a number of its
biological properties such as relatively easy access the
skeletal muscles, long term stable transgene expression and
excellent vascularisation [13, 17, 26, 35].

In order to assure optimal conditions for gene therapy
and genetic vaccination, the electrical parameters (such as
applied voltage, electrode shape, and position) need to be
chosen to assure reversible muscle electroporation just
above the reversible threshold value. After the application
of electric pulses the electroporated cell membrane needs
to be resealed in order to obtain efficient DNA transfer.
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This can be assured with appropriate pulse parameters that
induce reversible muscle electroporation, otherwise the
viability of the target muscle fibers is lost, due to the
irreversible membrane electroporation (i.e. leading to cell
death). The reversible electroporation is required also in
electrochemotherapy, so as to avoid exposure of healthy
tissues to high electric field (above irreversible threshold)
and possible ulceration and wound appearance.

Electroporation pulses establish a local electric field (E)
within the treated tissue, which depends on the amplitude
of the applied electroporation pulses, electrodes’ shape and
placement, and tissue geometrical and physical properties
[18, 24]. In order to obtain reversible tissue electroporation,
the target tissue has to be subjected to the local electric
field inducing reversible electroporation (E between
reversible and irreversible electroporation thresholds
E., < E < Ejey) [19], while the magnitude of E above
Ei.ev induces irreversible tissue electroporation [29].

By combination of numerical modeling and optimiza-
tion algorithms, the level and extent of the tissue electro-
poration can be controlled by appropriate amplitude of
electroporation pulses and electrodes shape and placement,
provided that the electroporation thresholds, E,., and Ej; ey,
for each tissue type are known [5, 31, 38]. In a study on
liver tissue electroporation, Miklavcic et al. [19] showed
that electroporation thresholds of local electric field and
electroporated-tissue extent can be efficiently determined
by comparing experimental observations (i.e. visualization
of electroporated tissue region) to the local electric field
distribution obtained by three-dimensional numerical sim-
ulations on realistic mathematical models that take into
account electric properties of the involved tissues. Since
muscle tissue exhibits anisotropic electric properties, its
sensitivity to electroporation is expected to be electric field
orientation dependent. Thus, determination of electropor-
ation thresholds for different electric field orientations with
respect to the muscle fibers is of great importance for
optimization of local electric field distribution and for
control of electroporation process in the target tissue. Most
of in vivo studies on skeletal muscle electroporation have
been done for the direction of the electric field perpen-
dicular to the long axis of the fibers [3, 7, 10, 11, 14, 25].
Only, Aihara and Miyazaki [1] experimentally examined
also the influence of parallel electric field orientation on
gene electrotransfer in skeletal muscle using two needle
electrodes. Analytical solution for the electric potential and
activating function in two dimensions established by nee-
dle electrodes in anisotropic tissue was reported by [12].

Our study was based on the comparison of local electric
field calculated using three-dimensional realistic numerical
models and in vivo visualization of electroporated target
tissue, which for skeletal muscle tissue has not been per-
formed before. The aim of our study was to (1) investigate
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electroporation of mouse tibialis for parallel and perpen-
dicular orientation of the applied electric field with respect
to the muscle fibers and (2) determine the electroporation
thresholds of mouse tibialis cranialis muscle using both
electric field orientations; theoretically and experimentally
using two plate electrodes.

2 Methods
2.1 Animals

Female C57B1/6 mice were housed and handled according
to recommended guidelines [34] and French legislation
concerning animal welfare. Prior to all procedures, mice
were anesthetized by administrating 12.5 mg/kg xylazine
(Bayer Pharma, Puteaux, France) and 125 mg/kg ketamine
(Parke Davis, France) by intraperitoneal injection in 150 pl
saline.

2.2 Electroporation protocol and electrodes

Electroporation was performed by applying eight rectan-
gular monophasic 100 ps electroporation pulses at a repe-
tition frequency of 1 Hz. The electroporation pulses were
delivered through two stainless-steel parallel plate elec-
trodes (10 mm long and 0.7 mm wide), which were in
direct contact with the tibialis muscle after skin incision
(Fig. 1). We carefully controlled the electrode placement
by marking its position on the muscle and contact surface
formed between the electrode and muscle surface (Fig. 1).
Namely, we carefully measured the position of electrodes
on the muscle during the in vivo experiments. Those
measurements were then taken into account when model-
ing the geometry of the muscle and the contact surface
between the electrodes and the muscle. We aligned the
images obtained in in vivo measurements with the images
from numerical models by using graphical software (i.e.
CorelDraw). Electrode tissue set-ups were examined for
perpendicular and parallel orientation of electric field with
respect to the long axis of the muscle fibers, as illustrated in
Fig. 1a, b, respectively.

Electroporation pulses of amplitude U < 60 V were
generated by a PS 15 electropulsator (Jouan, St. Herblin,
France), while the pulses of amplitude U > 60 V were
generated by a Cliniporator (Igea, Carpi, Italy).

2.3 Magnetic resonance imaging (MRI) experiments

For the detection of the electroporated muscle volume by
means of MRI we used Gd-DOTA (Dotarem, Guerbet,
Aulnay-sous-Bois, France), contrast agent. The assessment
of reversibly electroporated muscle volume was based on
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Fig. 1 Experimental electrode tissue set-up for a perpendicular and b
parallel orientation of electric field with respect to the long axis of
muscle fibers and the corresponding three-dimensional finite element
model geometries for ¢ perpendicular and d parallel electric field
orientation. The corresponding contact surfaces between the elec-
trodes and muscle model are depicted below the three-dimensional
models in a and d for perpendicular and parallel orientation,
respectively

48 mm|

16 mm

T1 relaxation time weighted images. The T1 weighted
images were expected to show the muscle areas where the
Gd-DOTA molecules were trapped inside the reversibly
electroporated muscle cells. T2 relaxation time weighted
images were used to detect the irreversibly electroporated
muscle areas by detecting the signs related to the cell
damage, such as leakage of Gd-DOTA molecules out of the
cells and edema [14] (in the absence of these signs the
images showed reversible muscle electroporation).

Twenty mice were anesthetised and Gd-DOTA was
injected intraperitoneally at the dose 10 ml/kg of a diluted
solution isoosmotic to plasma (1 ml of Dotarem and
2.77 ml of water). It was previously demonstrated that after
slow transperitoneal passage to the blood flow, the contrast
agent remained in the extracellular space at a roughly
constant concentration between 15 and 120 min after the
injection [23]. In our experiments, skin was incised and
electroporation pulses were delivered directly to the muscle
(Fig. 1) 20 min after the injection.

The amplitudes of the in vivo delivered electroporation
pulses were selected based on a preliminary numerical
analysis of electric field orientation with respect to the
muscle fibers. For the perpendicular orientation of applied
electric field (Fig. 1a) 18 muscles were treated with elec-
troporation pulses ranging from 30 to 164 V (voltage to
electrodes distance ratio ranging from 150 to 820 V/cm).

For the parallel orientation (Fig. 1b), 20 muscles were
treated with electroporation pulses ranging from 8 to 160 V
(voltage to electrodes distance ratio ranging from 20 to
400 V/cm). Distances between electrodes (d) were
d = 2 mm for perpendicular (Fig. la) and d = 4 mm for
parallel orientation (Fig. 1b). Two injected muscles were
not electroporated and served as controls.

After electroporation, skin incisions were sewed up. The
signal increase corresponding to the uptake of contrast
agent by the reversibly electroporated cells was measured
by MRI 3 days later, since complete elimination of the
contrast agent located within the extracellular space is
reached at day 3 after the injection [23].

2.3.1 MRI acquisition

MRI examinations were performed using a 4.7 Tesla sys-
tem equipped with a Tecmag spectrometer with a home
built bird-cage coil (inner diameter 32 mm). Mice were
positioned with legs extended inside a cylindrical holder
fitting inside the coil.

T1-weighted magnetic resonance images were obtained
using a T1-weighted spin-echo sequence with the following
parameters: TR 644 ms, TE 7.1 ms, spectral width 80 kHz,
4 accumulations, in-plane spatial resolution
120 pm x 150 pm, slice thickness 2 mm, and slice spac-
ing 2 mm. Eleven successive axial slices perpendicular to
the long leg axis and thus to the muscle fibers (i.e. MR
images of YZ cross-sections (Fig. 1)) were obtained in
11 min.

Figure 2 shows T1-weighted images of mice legs treated
at voltages producing E above the reversible threshold
values (Fig. 2a for perpendicular and Fig. 2b for parallel
orientation) and below the reversible thresholds (Fig. 2c
for perpendicular and Fig. 2d for parallel orientation). The
dotted white lines in Fig. 2 mark the corresponding elec-
trode positions on the treated mice legs. The zones of
increased muscle signal (i.e. electroporated muscle regions,
where the contrast agent remained inside cells 3 days after
the electroporation increased the muscle water signal by
shortening its relaxation time T1) are indicated by arrows
in Fig. 2a, b.

T2-weighted MR images were obtained using a T2-
weighted spin-echo sequence with the following parame-
ters: TR 2250 ms TE 50 ms, two averages, in-plane reso-
lution 400 pm x 400 pm, and slice thickness 2 mm. Five
successive axial slices perpendicular to the muscle fibers
(i.e. MR images of YZ cross-sections (Fig. 1)) were
obtained in 10 min.

Images were reconstructed with zero-filling to improve
in plane spatial resolution and analyzed using a home
written algorithm (MATLAB 2007a, The MathWorks,
Natick, USA).
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perpendicular orientation

U=101Vv
U/d = 505 Viem

u=30v
U/d= 150 V/em

Fig. 2 T1-weighted MRI images of four examined mice legs in ZY
cross-section: a U = 101 V, perpendicular, b U = 40 V, parallel, ¢
U = 30V, perpendicular, and d U = 15 V, parallel orientation. a
and b show the successfully electroporated muscles where the zones
of increased muscle signal (electroporated region EP) are indicated by
arrows. ¢ and d show the muscles with the E below the reversible

2.3.2 MRI image analysis

All slices (i.e. MRI images) where a zone of increased signal
was detected were taken into account for the analysis (elec-
troporation volume detection). The number of analyzed slices
for the perpendicular orientation was 1 (2 mm leg extent at
lower voltages applied) to 5 (10 mm, which corresponds to the
electrode length). The number of slices analyzed for the par-
allel orientation was 1 (2 mm) to 3 (6 mm leg extent—dis-
tance between the electrodes was 4 mm). The area with
increased signal indicating the successfully electroporated
area of tibialis cranialis muscle was analyzed by determina-
tion of two regions of interest (ROI—ROI; and ROI,, as
marked in Fig. 3) in each magnetic resonance image obtained.
Figure 3 shows an example of the marked ROI in the MRI
image obtained with U = 101 V (the corresponding position
of electrodes is marked in Fig. 2a).

The first region of interest (ROI;), as marked in Fig. 3 with
dotted black line, was carefully drawn by an expert around the
zone with increased signal indicating the successfully elec-
troporated area of the tibialis cranialis muscle, after win-
dowing the image to increase the contrast. The number of
pixels within the drawn ROI, region in each of the magnetic
resonance images was determined and the obtained sum of the
pixels from all magnetic resonance images was converted to
the labeled volume by its multiplication with the elementary

volume corresponding to one pixel V = 9.0 10> mm’.
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parallel orientation

U=40V
U/d= 100 Vicm

U=15v
U/d= 37.5 Viem

electroporation threshold (E < E.,). The electrode placements are
illustrated with dashed squares. Distances between electrodes for
perpendicular and parallel orientations are 2 and 4 mm, respectively.
In b and d (parallel orientation); the box corresponds to the position of
the two electrodes, one lying 2 mm above the image and the other
2 mm below

Fig. 3 T1-weighted MRI image of examined mice leg in ZY cross-
section obtained at applied U = 101 V in perpendicular orientation.
Regions of interest ROI, is marked with dotted black line. Region of
interest ROI, is marked with solid black line. The corresponding
electrode position for this experiment is shown in Fig. 2a

The second region of interest ROI, (as marked in Fig. 3
with solid black line), slightly larger than the previous one,
was manually drawn around the ROI; in each of the
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magnetic resonance images. The mean signal, S, inside this
zone was computed. A reference zone, where muscle was
not affected by electroporation pulses, was drawn in
another unaffected muscle and its mean reference signal,
So, was computed.

In the larger zone with increased signal (ROI,), the
signal of each pixel (i, j) is S(i, j) and S is the estimation of
the signal Sy(i, j) that would correspond to the local value
in the absence of modification due to electroporation.

An index of integrated muscle signal increase was
determined from the following relation (Eq. 1):

1=3"0j((SG.J) = So(i,1))/So(i.) (1)

The determined index, I, is robust compared to the
delimitation of the ROI where the signal increase is
determined, since the same sum is obtained in a larger
region of interest, ROI,, than in a closely drawn ROI;. The
index, I, evaluates the sum of local signal increase that is
related to the total amount of contrast agent inside muscle
cells as long as the relation between contrast agent
concentration and signal is linear [14], which is the case
at the dose injected in our experiments.

2.4 Propidium iodide (PI) uptake experiments

In order to visualize the extent of muscle electroporation in
XY cross sections of the examined muscles (Fig. 1), a
fluorescent dye, PI, (Sigma, Saint Louis, USA) was used.
The dye is essentially membrane impermeant, but can enter
the cells being electroporated. Because its fluorescence
increases several fold upon binding to DNA or mRNA, it
can be used to detect cell electroporation within the treated
tissue [28].

Eleven mice were anesthetized, the skin facing the
muscle was removed and 20 pl (10 mM) of PI was slowly
injected into the tibialis cranialis (injection dura-
tion = 30 s). The muscle was electroporated immediately
after the injection. The amplitudes of the electroporation
pulses delivered to the examined muscles were selected
based on a preliminary numerical analysis of electric field
orientation with respect to the muscle fibers. The muscle
electroporation was investigated for pulse amplitudes
U = 50, 60, 70, 80, and 100 V (U/d = 250, 300, 350, 400,
and 500 V/cm) for perpendicular orientation and U = 10,
20, 30, 40, 50 V (U/d = 50, 100, 150, 200, 250, and
300 V/cm) for the parallel orientation. In order to assess
the reproducibility of the fluorescence patterns we repeated
the measurements 2-3 times for each of the voltages
applied. Two injected muscles were not electroporated and
served as controls. Distance between electrodes (d) was
2 mm for both perpendicular (Fig. 1a) and parallel orien-
tation (Fig. 1b). The PI fluorescence was observed under

the stereomicroscope (Leica MZFLIII, Germany) and
photographed with a digital camera (Olympus® Camedia
C-5050 Zoom) 15 min after the electroporation. The
obtained PI fluorescence displayed the total sum of the
signal obtained within the entire muscle observed under the
microscope (from the top view). Mice were killed after the
experiment while still anesthetized.

2.5 Numerical modeling

The three-dimensional model of muscle tissue is based on
the numerical solution of partial differential equation for
steady electric current in anisotropic conductive media,
Eq. 2.

V(o (~Vu)) =0, )

where ¢ is conductivity tensor [S/m] describing anisotropic
electric properties of the muscle (Eq. 3), and the negative
gradient of the potential u [V] in the tissue volume defines
vector of electric field intensity E [V/m].

The numerical calculations were performed by means of
finite element method using COMSOL Multiphysics 3.4
software package in the 3D Conductive Media DC appli-
cation mode on a PC running Windows XP with a
3.00 GHz Pentium D processor and 2 GB of RAM.

2.5.1 Model geometry and electric properties
of muscle tissue

In our numerical model, the muscle tissue geometry is
represented as an ellipsoid (Fig. 1c, d), with radii 8§ mm
and 2.4 mm along X- and Y-axis, respectively, and the
radius 2 mm along Z-axis. The model is oriented in the
orthogonal Cartesian system so that the long axis of the
muscle fibers is aligned with the axis X. The contact sur-
faces between the electrode and muscle were modeled to be
as similar as possible to the contact surfaces obtained in in
vivo experiments.

2.5.2 Electric properties of the modeled tissues
and electroporation process modeling

Before applying electroporation pulses or if the amplitude
of the applied electroporation pulses was too low to pro-
duce the local electric field above the reversible electro-
poration threshold (E < E,.,), the muscle was modeled
with constant electric conductivity ¢[S/m]. The muscle
tissue was considered anisotropic, having higher conduc-
tivity along the muscle fibers (g,, = 0.75 S/m) compared
to the conductivities perpendicular to the fibers (o, =
g,, = 0.135 S/m), as represented with a diagonal conduc-
tivity matrix, Eq. 3.
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These values were selected considering both our previous
numerical and in vivo electroporation studies [7, 25] and
the measurements of muscle tissue conductivity found in
the available literature [20].

If the local electric field in the tissues exceeded the
value E., (E > E.,) the tissue conductivity changed
according to the function ¢(E). Namely, the dynamics of
the electroporation process (i.e. the conductivity changes
during the eight pulses) in the treated tissue was modeled
with a sequence static finite element models according to a
sequential permeabilization model, proposed by Sel et al.
[30]. In each step in sequence (i.e. static finite element
model k) the tissue conductivity was determined based on
electric field distribution calculated in the previous step in
sequence (i.e. static finite element model k — 1), as
described in equation Eq. 4

a(k,E) = f(E(k - 1)), (4)

where ¢ is electric conductivity of the modeled tissue, k is
number of static finite element models in sequence, and E
is local electric field distribution calculated in each of the
steps k. In our models the g(E) function was considered to
be sigmoid and electric conductivity at the end of the pulse
delivery increased by a factor of 3.5 in parallel direction
and by a factor of 0.135 in perpendicular direction com-
pared to the initial electric conductivity values (o, and
oy, = 0, Tespectively). The sigmoid shape of the o(E)
function and the electric conductivity values at the end of
the pulse delivery were determined based on comparison of
the electric current measured in vivo and the electric cur-
rent calculated in realistic numerical model in our previous
study (Corovic et al., 2010, submitted to Comptes Rendus
Physiques).

2.5.3 Boundary conditions and mesh parameters

Dirichlet boundary condition was defined by applying
constant voltages, U, between the electrodes. The Neu-
mann boundary condition, i.e., the insulation condition,
was set to the rest of the outer boundaries of the model. The
electric field distribution was calculated for each of the
applied voltage. The results of numerical simulations were
controlled by refining the mesh until the difference in
numerical solutions was negligible (less than 0.5%) when
the number of finite elements (i.e. mesh density) increased.
The resulting three-dimensional finite element muscle
models illustrated in Fig. lc, d, consisted of 90,213 and
89,420 elements, respectively.
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2.5.4 Analysis of the local electric field distribution

Experimentally determined reversible thresholds Ep.,| =
80 V/cm and E,.,, = 200 V/cm for parallel and perpen-
dicular electric field orientation, respectively, were inclu-
ded in the numerical muscle models (Fig. lc, d) to
calculate the volume (V) of the muscle tissue exposed to
the local electric field above the thresholds. The calcula-
tions of V were performed with an algorithm, which was
written in MATLAB 2007a and run together with the
numerical calculation using the link between MATLAB
and COMSOL. The numerically calculated volumes for
each of the applied voltages for parallel and perpendicular
electric field orientation were then compared to the
experimentally obtained labeled volumes of the muscles
examined by using MRIL

3 Results
3.1 MRI results and numerical calculations

The experimentally obtained labeled volume that corre-
sponds to the successfully eletroporated area of tibialis
cranialis muscle (i.e. the detection of signal increase in
T1-weighted images), obtained in all examined extremi-
ties with electric fields parallel and perpendicular to the
long axis of muscle fibers are shown in Fig. 4a. The
labeled volume is negligible at low voltages applied U/
d <75 V/em for parallel orientation and U/d < 195 V/
cm for perpendicular orientation. The comparison of
labeled volume determined in vivo and numerically cal-
culated volume above reversible threshold values for
parallel and perpendicular orientations is shown in
Fig. 4b, c, respectively. General agreement was obtained.
Based on this the electric field threshold values Ei.,| and
E..,, were determined to be 80 V/cm and 200 V/cm for
parallel and perpendicular orientation, respectively. The
labeled volume in Fig. 4 exhibits a plateau at about
35 mm® both with perpendicular electric field (from 250—
300 V/cm to 800 V/cm), and with the parallel electric
field (from 200 to 400 V/cm).

The detection of signal increase in T2-weighted images
showed muscle edema in two legs (at 800 V/cm, perpen-
dicular orientation, data not shown), which corresponds to
the irreversibly electroporated muscle, as previously dem-
onstrated [23]. The muscle edema was not observed at
electric field lower than 800 V/cm (which indicated that at
U/d < 800 V/cm the treated muscle tissue was not irre-
versibly electroporated).

Figure 5 shows the index of signal increase inside the
tibialis cranialis muscle obtained in all examined
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Fig. 4 In vivo MRI determined labeled volume within the tibialis
cranialis muscle, determined in all examined extremities with parallel
and perpendicular electric field (a) and the comparison of labeled
volume determined in vivo and numerically calculated volume above
reversible threshold values for parallel (b) and perpendicular electric
field orientation (c)

extremities for parallel and perpendicular electric field.
This index, defined by Eq. 1, is roughly proportional to the
quantity of contrast agent inside the treated zone. In con-
trast to the labeled volumes in Fig. 4, however, the index of
signal increase in Fig. 5 does not exhibit the plateau but
continues to increase with the applied voltage U, except at
the highest value of U (U/d = 800 V/cm) where the signal
decreases.
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Fig. 5 Index of MRI signal increase within the tibialis cranialis
muscle obtained in all examined extremities for parallel and
perpendicular electric field

3.2 PI fluorescence and numerical modeling

3.2.1 Parallel orientation of the electric field vs. muscle
fibers

Experimentally visualized PI fluorescence within the par-
allelly electroporated muscles for the applied U = 10, 20,
30, and 40 V (i.e. U/d = 50, 100, 150, and 200 V/cm) is
shown in Fig. 5a). The corresponding electric field distri-
bution calculated at the beginning (step 1 of sequence
analysis) and at the end (step 5 of sequence analysis) of
each of the voltage pulses of the same amplitude as applied
in in vivo experiments is shown in Fig. 6b, c. The revers-
ible electroporation threshold value E., = 80 V/cm,
previously determined experimentally by means of MRI,
was included in the numerical muscle model as a parameter
of sigmoid ¢(E) function for all the voltages applied. The
electric field is displayed in the range from the reversible
threshold value E,., = 80 to 800 V/cm. In order to com-
pare the shapes of experimentally and numerically detected
electroporated muscle regions, the numerically obtained
contour of local electric field strength, corresponding to the
reversible electroporation threshold (E.,| = 80 V/cm),
calculated at the end of permeabilization (Fig. 6¢c), was
added to the experimentally visualized images (white solid
line in Fig. 6a). The dotted white lines in Fig. 6 correspond
to the contact line formed between the electrodes and
muscle surface.

3.2.2 Perpendicular orientation of the electric field
versus muscle fibers

Experimentally visualized PI fluorescence within the per-
pendicularly electroporated muscles for the applied
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Fig. 6 Measured propidium
iodide fluorescence of in vivo
electroporated tibialis cranialis
(a) and local electric field
distribution E (displayed in XY
plane 0.3 mm below electrodes)
for applied U = 10, 20, 30 and
40 V (i.e. U/d = 50, 100, 150,
and 200 V/cm) calculated: b at
the beginning of the pulse and ¢
at the end of the pulse. The
calculated E is displayed in the
range from reversible threshold
value E.,| = 80 to 800 V/cm.
The dotted white line
corresponds to the contact line
formed between the electrodes
and muscle surface. The solid
white line in a denotes to the
contour of local electric field
strength, corresponding to the
reversible electroporation
threshold (E., = 80 V/cm),
calculated at the end of
permeabilization. The dotted
and solid white lines from the
numerical models were aligned
with the fluorescence images by
using graphical software

(i.e. CorelDraw)

A Propidium lodide (PI)

u=10Vv
U/d = 50 V/iem

e

S—

R}

U = 60, 70, 80, and 100 V (i.e. Uzd = 300, 350, 400 and
500 V/cm) is shown in Fig. 7a. The corresponding electric
field distribution calculated at the beginning and at the end
of each of the voltage pulse, U, of the same amplitude as
applied in in vivo experiments is shown in Fig. 7b, c. The
reversible electroporation threshold value E..,; = 200 V/
cm, previously determined experimentally by means of
MRI, was included in the numerical muscle model as a
parameter of sigmoid o(E) function for all the voltages
applied. The local electric field is also displayed in the
range from the reversible threshold value 80 to 800 V/cm.
The contour of electric field strength corresponding to the
reversible threshold for perpendicular orientation
(Erev. = 200 V/cm) is drawn by a solid white line. The
same numerically obtained contour at the end of pulse
(Fig. 7c) was added to the experimentally visualized ima-
ges in order to compare the shapes of experimentally and
numerically detected electroporated muscle regions (white
solid line in Fig. 7a). The dotted white lines in Fig. 7
correspond to the contact line formed between the elec-
trodes and muscle surface.

The obtained PI fluorescence in Figs. 6a and 7a displays
the total sum of the signal obtained within the entire
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muscle observed under the microscope (from the top view).
The local electric field is more pronounced (i.e. the fluo-
rescence is more intense) within the muscle region where
the electrodes are more pressed against the muscle due to
better contact obtained between the electrodes and the
muscle surface. The numerically calculated electric field
distribution is displayed in Figs. 6 and 7 in the largest XY
cross section plane of the muscle volume exposed to the
E > E.,. The electric field in Figs. 6b and 7b shows the
conditions describing the electric properties of muscle at
the beginning of the electroporation process (i.e. first step
in sequence analysis) when small changes in tissue con-
ductivity due to the muscle electroporation were expected
[25, 30].

From the Figs. 6b and 7b it can be seen that at the
beginning of the pulse the highest local electric field is
distributed around the electrodes. In the course of voltage
pulse the muscle region exposed to the highest local E is
being electroporated first, thus its conductivity increases
according to the o(E) function and subsequently reduces
the local £ in the muscle around the electrodes. During the
same voltage pulse applied, as in a voltage divider, the
electric field redistributes towards the tissue region with
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Perpendicular orientation

A Propidium lodide (PI)
U=60V Uld=300 Viem

U=70V Uid=350Viecm

U=80V Uid= 400 Viem
e

Fig. 7 Measured propidium iodide fluorescence of in vivo electro-
porated tibialis cranialis (a) and local electric field distribution E
(displayed in XY plane 0.3 mm below electrodes) for applied U = 60,
70, 80, and 100 V (i.e. U/d = 300, 350, 400, and 500 V/cm)
calculated: b at the beginning of the pulse and c at the end of pulse.
The calculated E is also displayed in the range from 80 to 800 V/cm.
The contour of local electric field strength corresponding to the

lower conductivity in the middle between electrodes [24].
Accordingly, at the end of the pulse we obtained higher
electric field in the middle between electrodes and lower
electric field in the muscle around electrodes (Figs. 6¢, 7c)
compared to the electric field distribution obtained at the
beginning of the same pulse applied (Figs. 6b, 7b). From
the comparison of in vivo experiments and corresponding
electric field distribution calculated at the beginning and at
the end of pulse we showed that the visualized PI fluo-
rescence corresponding to the in vivo electroporated mus-
cle (Figs. 6a, 7a) comprises both components: the
electroporated region obtained at the beginning (Figs. 6b,
7b) and at the end of pulse (Figs. 6c, 7c).

By comparing experimental and numerical results we
thus detected successfully electroporated area of the mus-
cle obtained for each of the applied voltages. In this way
we also detected the shape of the local electric field dis-
tribution above the electroporation thresholds (£ > 80 V/
cm for parallel and E > 200 V/cm for perpendicular ori-
entation) inside the muscle for each of the applied voltages.
As expected, muscle electroporation was detected at lower
voltages for parallel orientation of electric field versus long
axis of the muscle fibers (U = 10 V) compared to the
perpendicular orientation (U = 60 V).

B Calculated local £
at the begining of pulse

L.)( lBﬂHO Viem

C Calculated local £
at the end of pulse

reversible electroporation threshold for perpendicular orientation
(Erevi = 200 V/cm) is drawn by a solid white line. The dotted white
line corresponds to the contact line formed between the electrodes and
muscle surface. The dotted and solid white lines from the numerical
models were aligned with the fluorescence images by using graphical
software (i.e. CorelDraw)

4 Discussion

In our present study, we numerically and experimentally:
(1) determined the electroporation thresholds of mouse
tibialis cranialis muscle in vivo for parallel and perpen-
dicular orientation of the applied electric field with respect
to the muscle fibers (at given pulse parameters, i.e., eight
pulses, 100 ps, frequency 1 Hz) and (2) analyzed the dif-
ference in successfully electroporated muscle volume and
extent using both electric field orientations. Our study was
based on the comparison of local electric field calculated
with three-dimensional realistic numerical models and in
vivo visualization of electroporated target tissue, which for
skeletal muscle tissue (mouse tibialis cranialis) has not
been performed before.

The numerical calculations were performed using the
finite element method, which has proven to be effective in
numerical modeling and optimization of electric field dis-
tribution in cells and tissues exposed to electric pulses [6,
24]. The in vivo electroporation detection was performed
by means of two different in vivo tests: MRI detecting the
electrotransfer of a strictly extracellular contrast agent Gd-
DOTA [14, 23] and fluorescence visualization of PI bind-
ing to DNA or mRNA of the electroporated cells [9, 28].
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Both tests allowed for visualization of the level and the
extent of muscle electroporation and thus indirect deter-
mination of the local electric field distribution in the
examined muscles. We used parallel plate electrodes, thus
the error of an approximate estimation of local electric field
by calculating U/d ratio is small enough since the muscle
tissue was electroporated without skin, i.e., only for one
type of tissue placed between electrodes [7]. The in vivo
results were than compared to the numerical calculations.
Good agreement between numerical calculations and
experimental observations was obtained (Figs. 4, 6, 7). The
agreement between numerically calculated results and
experimental observations validated our three-dimensional
model. The main purpose of our study was to directly
compare the results of numerical calculations to the
experimental observations [i.e. muscle volume exposed to
the E > E,., in the model to in vivo electroporated muscle
volume detected by MRI (Fig. 4) and by PI fluorescence
measurements (Figs. 6, 7]. However, for a detailed statis-
tical analysis more experimental data would be needed.

We demonstrated that the local electric field distribution
in muscle tissue strongly depends on the orientation of the
electric field with respect to the muscle fibers and thus on
electrode placement. A lower magnitude of local electric
field was needed to electroporate muscle tissue when the
electric field was oriented parallel to the long axis of the
muscle fibers compared to the perpendicular orientation,
indicating lower electroporation threshold for electric field
parallel to the muscle fibers. By direct comparison of cal-
culated electric field distribution with the PI fluorescent
regions of the muscle we found that muscle electroporation
occurs at lower applied voltage when the electric field is
parallel to the muscle fibers for the same distance between
electrodes.

The electric field threshold values for the specific pulse
parameters Ep.,| and Ey, were determined to be 80 and
200 V/cm for parallel and perpendicular orientation of the
applied electric field with respect to the long axis of the
muscle fibers, respectively (Fig. 2). As the electroporation
thresholds depend on pulse characteristics, for other pulse
durations and frequencies it will be necessary to determine
corresponding threshold values experimentally and include
them in the model. It is to be noted that the labeled volume
exhibits a plateau at about 35 mm? both with perpendicular
electric field (from 250-300 V/cm to 800 V/cm), and with
the parallel electric field (from 200 to 400 V/cm) (Fig. 4),
while the index of the signal increase in this volume does
not show such a plateau (Fig. 5). Actually, the plateau
indicates the maximum volume of tissue that can be per-
meabilized with the electrodes used in our experiments
while the integral shows that the level of reversible elec-
troporation of the muscle fibers continues to increase with
increasing values of the voltage to electrode distance ratio
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[except at the highest value (800 V/cm), where integral
decreases, probably due to the fact that irreversible elec-
troporation occurred]. The plateau is obtained at approxi-
mately one half of total mouse tibialis cranialis volume
(which is approximately 60 mm®). A larger area of the
muscle could be treated with different shape and placement
of electrodes.

The behavior at 800 V/cm is coherent with the occur-
rence of muscle cell damage that causes the leakage of the
contrast agent out of the cells and the edema observed on
T2 weighted images [14]. Based on this we can conclude
that the irreversible threshold value Ej.., should be near
800 V/cm for transversal orientation of E with respect to
the long axis of the muscle fiber, while Ej..,|(for parallel
orientation of E) cannot be determined from the data
reported in Fig. 4, but is higher than 400 V/cm (i.e. max-
imum E at which the measurements were done).

The findings of our study on skeletal muscle tissue are in
agreement with recently published study on electric field
effects on isolated ventricular myocytes by [8], where the
myocytes were found to be more sensitive to the electric
field when it was applied parallel (versus perpendicular) to
the cell major axis. Also, the electroporation threshold
values determined in our study are consistent with other
studies on muscle tissue electroporation using electric field
perpendicular to the long axis of the muscle fibers, either in
vivo [7, 23] or in vivo and in silico [25]. The results of our
numerical modeling are in agreement also with findings of
numerical studies by [32] and [36] demonstrating that the
induced transmembrane potential in ellipsoidal cells ori-
ented parallel to the electric field is minimal, while it is
maximal for ellipsoidal cells that lie perpendicular to the
applied electric field. However, we found the electropora-
tion threshold for perpendicular orientation to be lower
compared to the voltage over distance between electrodes
ratio in muscle tissue reported by Gehl et al. [11], since in
our study the muscle electroporation was experimentally
and numerically (in three-dimensional models) examined
based on local electric field distribution without presence
of the skin. The E,., in our study is also significantly lower
compared to the ratio U/d (1,000-1,300 V/cm), which was
empirically determined for the electrochemotherapy of
cutaneous tumors, due to the fact that the electroporation
threshold value depends also on the type of the tissue.

In conclusion, the determined local electric field
thresholds of electroporation enable better control of
muscle tissue electroporation, and can be used to predict
the optimal window for gene electrotransfer, which can
facilitate the translation of gene therapy and genetic vac-
cination into the clinical practice. Results of our study can
also be of interest for clinical electrochemotherapy and
transdermal drug and gene delivery, since it provides
insight into sensitivity of underlying muscle tissue to the
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electroporation procedure [15, 37]. The findings of our
study can furthermore significantly contribute to the
understanding of electroporation process of other tissues
that exhibits anisotropic electric properties.
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Optimization of electrode position and electric pulse
amplitude in electrochemotherapy

Anze Zupanic, Selma Corovi¢ and Damijan Miklav¢ic¢

University of Ljubljana, Faculty of Electrical Engineering, Ljiubljana, Slovenia

Background. In addition to the chemotherapeutic drug being present within the tumor during electric pulse
delivery, successful electrochemotherapy requires the entire tumor volume to be subjected to a sufficiently
high electric field, while the electric field in the surrounding healthy tissue is as low as possible to prevent
damage. Both can be achieved with appropriate positioning of the electrodes and appropriate amplitude of
electric pulses.

Methods. We used 3D finite element numerical models and a genetic optimization algorithm to determine the
optimum electrode configuration and optimum amplitude of electric pulses for treatment of three subcutaneous
tumor models of different shapes and sizes and a realistic brain tumor model acquired from medical images.
Results. In all four tumor cases, parallel needle electrode arrays were a better choice than hexagonal needle
electrode arrays, since their utilization required less electric current and caused less healthy tissue damage.
In addition, regardless of tumor geometry or needle electrode configuration, the optimum depth of electrode
insertion was in all cases deeper than the deepest part of the tumor.

Conclusions. Our optimization algorithm was able to determine the best electrode configuration in all four
presented models and with further improvement it could be a useful tool in clinical electrochemotherapy
treatment planning.

Key words: electrochemotherapy; electroporation; subcutaneous tumor; finite element method, numerical
modeling; optimization

Introduction

Electrochemotherapy (ECT) is an effec-
tive local tumor therapy performed by
the administration of chemotherapeutic
drugs followed by the application of local
high-voltage electric pulses.!” ? The electric
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pulses cause transient structural changes
(electroporation) of tumor cell membranes
and thus increase the entrance of the chem-
otherapeutic drugs. This potentiates the
chemotherapeutic effect and lowers the re-
quired drug dose.®> Numerous studies have
demonstrated ECT to be a very efficient
treatment in various tumor types; in recent
years, it has become a treatment of choice
for cutaneous and subcutaneous tumor
nodules of different histologies.**

Two conditions have to be met for ECT to
be efficient: 1) a sufficient amount of chem-
otherapeutic drug has to be present in the
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Figure 1. 3D subcutaneous tumor geometries. a)
sphere (r;.3 = 2 mm); b) ellipsoid positioned deeper in
tissue (r; = 4 mm, 1,3 =2 mm); c) ellipsoid (r; , =2 mm,
ry = 8 mm); d) realistic tumor geometry from medical
images (r; = 3.8 mm, r, = 2.4 mm, r3 = 2.6 mm).

target tissue, when the electric pulses are
applied; 2) the electric pulses have to revers-
ibly electroporate the entire tumor volume,
which means that the electric field estab-
lished by the pulses should be of a magni-
tude between the reversible and irreversible
electroporation threshold (E,., < E < Ej;;ey)-
The optimal ECT protocol should thus de-
stroy all tumor cells, while minimising elec-
trically induced damage to healthy tissue
due to irreversible electroporation. This can
be achieved by choosing the most suitable
electrode configuration and the lowest am-
plitude of electric pulses that guarantees
whole tumor electroporation.!®!! Finding
the optimum treatment parameters is often
difficult, since it requires a complete un-
derstanding of the treatment mechanisms.
Since the electric field is one of the most
important factors in ECT efficiency, mode-
ling the electric field distribution is not only
necessary for understanding the treatment,
but is also a crucial step towards treatment
planning.!>! This study presents the first
use of an ECT optimization algorithm on
several different tumor geometries.
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Figure 2. Electrode geometries and polarities: a) three
needle electrode pairs (3 pairs); b) four needle electrode
pairs (4 pairs); c¢) hexagonal needle electrode array with
two electrodes on positive potential, two on negative
and two neutral (2x2); d) hexagonal needle electrode
array with three electrodes on positive potential and
three on negative potential (3x3). Distances between
electrodes d;; were among the optimized parameters
in our optimization process. Diameter of all electrodes
was 0.7 mm.

The goal of our study was to optimize the
electric field distribution in four different
3D subcutaneous tumor models (Figure 1)
by optimizing the electrode configuration
around the tumor tissue and the amplitude
of the electric pulses for each of the four
different electrode geometries that have
been used in clinics in recent years (Figure
2).115 Optimization was performed using
a combination of finite element numerical
modeling and a genetic algorithm. All tu-
mor/electrode cases were optimized for the
following parameters: distances between
electrodes (Figure 2), depth of electrode
insertion and amplitude of electric pulses.
Our optimization algorithm successfully
found the best parameters in all cases and
with some further improvement it could be
a useful tool in clinical ECT treatment plan-
ning as well as in treatment planning of
other electroporation based treatments.!*18
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Materials and methods
Tissue properties and model geometry

Each model of a subcutaneous tumor con-
sisted of two tissues: the target/tumor tis-
sue and the surrounding healthy tissue.
Four different tumor geometries were cho-
sen, a small sphere, an ellipsoid positioned
deeper in the tissue, an elongated ellipsoid
and a realistic tumor geometry taken from
a previous study and scaled for better com-
parison with the other tumor geometries
(Figure 1).1* All tissues were considered
isotropic and homogeneous, the assigned
conductivity values being 0.4 S/m for the
tumors and 0.2 S/m for the healthy tissue.
These values describe the conductivity at
the end of the electroporation process.!”
The values were chosen in accordance with
previous measurements of tumor and tissue
conductivity and models of subcutaneous
tumor and skin electroporation.’31¢20 The
electric field distribution was calculated for
three different electrode geometries: two
different parallel needle electrode arrays
(Figure 2a,b) and a hexagonal electrode ar-
ray with two different electrode polarities
(Figure 2c,d). These geometries and polari-
ties were chosen because they are frequent-
ly used in ECT research and therapy.

Numerical modeling

Numerical calculations were performed
with the commercial finite element soft-
ware package COMSOL Multiphysics 3.4
(COMSOL AB, Sweden). The electric field
distribution in the tissue, caused by the
electroporative pulse, was determined by
solving the Laplace equation for static elec-
tric currents:

~V-(©Ve)=0,
where ¢ and ¢ are the conductivity of the

tissue and electric potential, respectively.
The boundary conditions used in our cal-

K

E.<E E,<E<E E>E

irrev irrev

Figure 3. False color legend of Figs. 4, 5 indicating the
degree of tissue permeabilization. The white region
represents insufficiently permeabilized regions of
tissue (E < E,,) and the patterned region represents
irreversibly permabilized regions of tissue (E = E;..).

culations were a constant potential on
the surface of the electrodes and electric
insulation on all outer boundaries of the
model.

The electric field distributions obtained
in our models were displayed in the range
from the reversible E,,, = 400 V/cm to the
irreversible electroporation threshold value
Eirev = 900 V/em (Figure 3). These values
were taken from a previously published
study, in which we estimated them by com-
paring in vivo measurements and numerical
modeling of electroporation of a subcutane-
ous tumor.!>2!

Optimization

The genetic algorithm?? was written in
MATLAB 2007a (Mathworks, USA) and
was run together with the finite element
model using a link between MATLAB and
COMSOL. The initial population of pos-
sible solutions was generated randomly,
taking into account the following model
constraints: range of distances between
electrodes (d;: 0.7-4.0 mm; d,: 3.4-5.0 mm;
d;: 1.3-5.0 mm), range of depths of elec-
trode insertion into tissue (-1.0-5.0 mm
below the tumor) and range of amplitudes
of electric pulses (1-1200 V). These con-
straints were chosen so that the calculation
domain size, COMSOL meshing capabili-
ties and oncology experts’ demands for a
safety margin?® when treating solid tumors,
were all respected. Solutions for reproduc-
tion were selected proportionally to their
fitness, according to the fitness function:
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Table 1. Optimized distances between electrodes (d;_;), depth of electrode insertion below the tumor and amplitude
of electric pulse (U) are given for all analyzed tumor models and electrode geometries. Qualities of individual
optimized solutions are described by the calculated values of total electric current through tissue (I), fraction of
reversibly permeabilised target tissue (Vp,/Vr) and normalized volume of damaged healthy tissue (Vigrrew/Vspn)-

Tumor {oeeror d,[mm] d, [mm] d, fmm] (0000 UV TIAT Vi/Vs Vi / Vi
3 pairs 0.70 3.4 1.1 210  0.45 1 1.00
4 pairs 0.70 3.4 0.9 210  0.52 1 1.03
o 3x3 1.3 0.3 200 0.55 1 3.58
2x2x2 1.3 0.3 220 0.32 1 1.77
3 pairs 0.70 3.4 0.9 220 0.65 1 1.59
0 4 pairs 0.70 3.6 0.9 220 0.75 1 1.39
3x3 1.3 0.3 210  0.89 1 6.31
2x2x2 1.3 0.7 220 047 1 2.51
3 pairs 2.60 3.4 0.9 320 0.88 1 7.40
4 pairs 1.60 3.4 0.7 320 0.96 1 7.08
a 3x3 4.3 0.5 550  1.19 1 15.84
2x2x2 4.6 0.1 1160  1.25 1 31.22
3 pairs 0.75 3.4 0.9 270 0.65 1 3.17
G 4 pairs 0.70 3.4 0.7 270 0.70 1 3.39
3x3 1.8 1.1 320 1.07 1 11.44
2x2x2 1.6 0.9 320 055 1 5.45
F=124100-V,,,, ~10-V, . ~Vior Vi similar ratio gave similar results. The in-

where F stands for fitness, Ve, and Viyiey
stand for the tumor volume subjected to
the local electric field above E,,, and above
Eifrer and Vi, and Vi, stand for the
volume of healthy tissue subjected to the
local electric field above E,, and above
Eiev respectively. The weights in the fit-
ness function were set according to the im-
portance of the individual parameters for
efficient ECT. Namely, Vr,, is crucial for
efficient ECT, so its weight is largest (100)
in comparison to the weight of Viyi.e, (10),
which was in turn larger than the weights
of Vijrey and Vi e, since their significance
for successful electrochemotherapy is still
debated. Other weight values that kept a
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teger 12 is present only to ensure that the
fitness function is always positive.

The selected solutions reproduced by
cross-over or by mutation. The genetic al-
gorithm was terminated after 100 genera-
tions, when the fitness of the highest rank-
ing solution usually reached a plateau. The
average computation time of the algorithm
was two hours on a standard desktop PC
(Windows XP, 3.0 GHz, 1 GB RAM).

Results

The optimized parameters of electrochemo-
therapy (ECT) for all tumor/electrode cases
are given in Table 1. The optimum distance
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Figure 4. Electric field distribution for the optimized
models of subcutaneous tumors is shown. In each
case, only the best electrode configuration is given:
a) three needle pairs for the spherical tumor; b) four
needle pairs for the ellipsoid; c) four needle pairs for
the ellipsoid deeper in tissue; d) three needle pairs for
the realistic tumor. The electric distribution is shown
in two central perpendicular planes: YZ and XY both
passing through the center of the tumor. Corresponding
values of parameters are given in Table 1.

between electrodes in a parallel row (d;)
was similar for all tumor models, except,
due to its size, for the elongated ellipsoid
tumor geometry, for which successful elec-
troporation required the electrodes to be

further apart. The electrodes were as close
to each other as possible considering the
parameter constraints, which guaranteed
that the electric field distribution in the
target tissue was homogeneous as possible
(comparison of Figure 4b and Figure 4c).
The optimum distance between electrode
rows (d,) was also similar for all tumor
geometries and as small as possible, the
reason being that small inter-electrode dis-
tances required a lower voltage to ensure
electroporation, thus also requiring less
electric energy and causing less damage to
tissue. The same is true for the distance be-
tween electrodes in a hexagonal array (d;),
the reason this time being a combination of
both homogeneity of the local electric field
and lower required voltage. In contrast,
the optimum depth of electrode insertion
varied with the tumor and electrode geom-
etry. Nevertheless, the optimum position
for the electrodes was in all cases below
the tumor. The optimum electric pulse
amplitude did not differ much in cases of
a spherical tumor and ellipsoid tumor deep
in tissue but in other tumor geometries,
parallel electrode arrays required consider-
ably lower amplitudes than their hexagonal
counterparts.

We compared the quality of the opti-
mized solution in terms of total electric
current through the tissue and extent of
healthy tissue damage (Table 1 - Viged/
Vpn). We normalized the volumes of ir-
reversibly electroporated tumor with the
volume of a spherical tumor better to
compare the amount of tissue damage be-
tween individual treatment cases. Parallel
electrode arrays gave better results for all
four tumor geometries. Three needle pairs
always resulted in less total electric cur-
rent. However, four needle pairs produced
a more homogeneous field, which, in com-
bination, caused three needle pairs to be
a slightly better choice (less healthy tissue
damage) for the spherical and the realistic

Radiol Oncol 2008; 42(2): 93-101.
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Figure 5. Electric field distribution for the optimized
model of the realistic tumor with a) three needle pairs;
b) four needle pairs; c) 3x3 hexagonal needle electrode
array; d) 2x2x2 hexagonal needle electrode array
is shown. The electric distribution is shown in two
central perpendicular planes: YZ and XY both passing
through the center of the tumor. Corresponding
values of parameters are given in Table 1.

tumor geometry and four needle pairs to be
slightly better for the other two geometries.
The best electrode configurations for all tu-
mor geometries and the corresponding elec-
tric field distributions are shown in Figure
4. Hexagonal electrodes caused consider-
ably more healthy tissue damage (E > E,.,)
than parallel electrodes, which can be seen

Radiol Oncol 2008; 42(2): 93-101.

in Figure 5 for the realistic tumor geometry.
The 3x3 hexagonal electrode array caused
more healthy tissue damage than the other
three geometries and also required the high-
est total electric current, mostly because
the electric current ran between the closest
positive and negative electrodes, instead of
through the target tissue (Figure 5).

Discussion

The aim of our study was to optimize the
electrode configuration around the target
tissue and electric pulse amplitude for ECT
of four 3D models of subcutaneous tumors
treated with four different needle electrode
array geometries. In all 16 cases, the optimi-
zation resulted in reversible electroporation
of the entire tumor (Table 1: Vp,../V1 = 1),
which was the parameter with the highest
weight in our fitness function. At the same
time, the damage to healthy tissue was
minimal. When treating a spherical tumor,
only a volume of healthy tissue equal to the
tumor volume was irreversibly electropo-
rated (Table 1: Vijey/Vipn). Treatment of
larger tumors caused more healthy tissue
damage.

The usefulness of numerical modeling
in predicting electroporation outcomes has
already been demonstrated.!*1519.2426 We
examined the adequacy for ECT of needle
electrode array geometries by calculating
the values of total electric current through
the model (must be as low as possible to
avoid nerve stimulation?” and not exceed the
capacities of the electric pulse generator?®)
and volumes of reversibly and irreversibly
electroporated tumor tissue and healthy tis-
sue. Three-needle electrode pairs were best
for the spherical and the realistic tumor ge-
ometry; they required the lowest total elec-
tric current and caused only a small volume
of healthy tissue to be irreversibly electro-
porated (healthy tissue damage) (Figure 4).
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Four-needle electrode pairs caused the least
healthy tissue damage in the other tumor
geometries, but they required more electric
current (Figure 4), confirming previous re-
sults of our group - more electrodes mean
a more invasive procedure, higher required
current and lower required voltage to obtain
the same target tissue coverage. Parallel elec-
trode arrays gave much better results than
the 2x2 and 3x3 hexagonal needle electrode
arrays, mostly because they induced a much
more homogeneous field and, consequently,
a lower electric current density.

Our work built on a previous study by
our group that optimized the distance and
voltage between electrodes for a realistic
brain tumor (the same tumor geometry that
we used in a scaled form in this study).!*
Our present study took optimization one
step further by optimizing for four differ-
ent electrode geometries and for two ad-
ditional parameters, i.e. distance between
electrodes in a row and depth of electrode
insertion, which lead to perhaps the most
important practical result. It is very difficult
to guess the best possible insertion depth,
since it depends in complex ways on tumor
geometry, electrode geometry, electropora-
tion thresholds and the conductivities of
tumor and healthy tissue. However, based
on our results, electrodes should always be
inserted deeper than the deepest part of the
tumor (Table 1).

We chose a genetic algorithm as the opti-
mization method, since different linear and
non-linear constraints, such as the technical
limitations of the high-voltage electric pulse
generator (maximum output voltage and
current) can be easily taken into account.
A genetic algorithm also allows optimiza-
tion of a large number of continuous, dis-
crete and categorical parameters, e.g. type of
electrodes and can give as a result many so-
lutions of similar quality, which can never-
theless be topologically very different. This
gives the treating physician more alterna-

tives for the positioning of electrodes, which
can be very valuable if some of them are not
easy to access. The major drawback of a ge-
netic algorithm is the relatively long compu-
tation time. However, since it can be consid-
erably shortened by using a more powerful
computer or by making the optimization pa-
rameters discrete instead of continuous, we
do not consider this to be a significant issue
and believe that this approach is well suited
to the problem being addressed.

Even though our algorithm gives good
results, several challenges remain to be ad-
dressed before it can be used for treatment
planning of ECT. We must determine the
most appropriate level of complexity of our
numerical models. In this study, we did not
take into account changes to tissue conduc-
tivity due to electroporation, the possibility
of several consecutive pulses being used, of
changing the electric field orientation or of
moving the electrodes during treatment of
a larger tumor; all of which options must
be considered in the future.'>!>% Another
crucial development would be an algorithm
that would convert medical images of the
treatment area into 3D structures ready to
import into numerical modeling software.

In conclusion, we demonstrated that nu-
merical modeling and optimization can be
efficiently combined to control the extent
of tissue electroporation in ECT and to pro-
duce the optimum electrode configuration
and amplitude of electric pulses. Our algo-
rithm is a step towards effective treatment
planning, not only in clinical ECT, but also
in other electroporation based treatments,
such as gene electrotransfer, transdermal
drug delivery and irreversible tumor abla-
tion.16-18
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Electrochemotherapy is a treatment based on combination of chemotherapeutic drug and electroporation. It
is used in clinics for treatment of solid tumours. For electrochemotherapy of larger tumours multiple needle
electrodes were already suggested. We developed and tested electrode commutation circuit, which controls
up to 19 electrodes independently. Each electrode can be in one of three possible states: on positive or

negative potential or in the state of high impedance. In addition, we tested a pulse sequence using seven
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electrodes for which we also calculated electric field distribution in tumour tissue by means of finite-
elements method. Electrochemotherapy, performed by multiple needle electrodes and tested pulse sequence
on large subcutaneous murine tumour model resulted in tumour growth delay and 57% complete responses,
thus demonstrating that the tested electrode commutation sequence is efficient.

© 2008 Elsevier B.V. All rights reserved.

1. Introduction

Electroporation is a phenomenon that occurs in cell membranes
when cells are exposed to sufficiently high electric field [1-4]. Mole-
cules, such as some drugs or nucleic acids, which otherwise are unable
to cross cell membrane may then enter cells. This phenomenon is used
in combination with some chemotherapeutic drugs e.g. bleomycin and
cisplatin for tumour treatment, which is known as electrochemother-
apy [5-7].1tis used in clinics for transfer of chemotherapeutic drugs in
tumour cells by means of short high voltage electric pulses applied to
the tumour [8,9].

Generators of electrical pulses for electroporation are named
electroporators. For small tumours electric pulses are delivered to the
tissue usually via two metal (plate) electrodes [10,11]. Electroche-
motherapy of small tumours is already well investigated and good
results are obtained with a single pair of electrodes. To achieve good
electrochemotherapy the entire volume of the tumour needs to be
effectively permeabilized [12]. On larger tumours pair of electrodes
should be repositioned or higher voltage should be used [13].
However, repositioning of electrodes is not practical since positions
and amplitudes should be pre-calculated to achieve effective per-
meabilization over the whole tumour. Moreover, electroporators
certified for clinical use do not generate electric pulses with ampli-
tudes over a few kV [14]. Therefore, multiple needle electrodes were

* Corresponding author. Tel.: +386 14768 456; fax: +386 1 4264 658.
E-mail address: damijan.miklavcic@fe.uni-lj.si (D. Miklavcic).

1567-5394/$ - see front matter © 2008 Elsevier B.V. All rights reserved.
doi:10.1016/j.bioelechem.2008.03.001

suggested for effective tissue permeabilization in electrochemother-
apy, i.e. to cover the whole tumour with sufficiently high electric field.
Such electrodes allow for treatment of larger tumours and at the same
time using lower pulse voltages [15,16].

Electronic circuits which commutate electric pulses between the
electrodes are named electrode commutation circuits. Honeycomb
and square arrangements of electrodes were mainly suggested pro-
posed as multiple needle arrangements, which theoretically enable
the use of infinite arrays of needle electrodes with finite electrode
commutation circuit [17]. Therefore the design of electrode commu-
tation circuit does not depend on the number of electrodes but only on
the maximum voltage applied and current to be delivered through the
electrodes.

The aim of our study was to develop electrode commutation circuit
and test its efficiency in vivo by performing electrochemotherapy with
multiple needle electrodes on larger tumours, which with a single pair
of electrodes cannot be achieved. For this we developed an electrode
commutation circuit, which commutates the usual electroporation
single output signal from an electroporator to multiple electrodes. We
used seven-needle electrodes, for which we suggested and tested an
effective electrode commutation sequence for tissue electroporation.
We also calculated the corresponding electric field distribution in
tumour tissue by means of finite elements method (FEM) in 3D model
taking into account the increase of tissue conductivity due to elec-
troporation in order to demonstrate also theoretically that the entire
tumour volume is exposed to sufficiently high electric field leading to
tissue permeabilization and efficient electrochemotherapy.
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2. Materials and methods

2.1. Electroporator (EP-GMS 7.1) with embedded electrode commutation
circuit

Both electroporator (EP-GMS 7.1) and embedded electrode com-
mutation circuit for multiple electrodes were developed at the
University of Ljubljana, Faculty of Electrical Engineering. The EP-
GMS 7.1 electroporator was already used in previously reported
studies [18-20]. The main advantage of this electroporator is the
ability to automatically commutate electrical pulses between electro-
des with embedded electrode commutation circuit.

The user defines electrical parameters of applied electric pulse
through the interface of the electroporator (EP-GMS 7.1) on a personal
computer (PC). These parameters are then transferred to the executive
part of the electroporator. After this transfer the electroporator is
ready to generate defined electric pulses in defined sequence.

Electroporator (EP-GMS 7.1) generates square electric pulses from
80 to 530V, duration from 10 to 1000 s, repetition frequency from 0.1
to 5000 Hz and from 1 to 32 pulses. Particularity of this electroporator
is an embedded electrode commutation circuit which consists of
controlling part and executive part (Fig. 1).

The commutation control (Fig. 1) is compatible with external bus
interface of microprocessor MCF5204 (FreeScale, USA) or with any
other similar 16-bit bus interfaces. Computer board based on
microprocessor MCF5204 is a part of EP-GMS 7.1 and it can be
controlled by personal computer (PC) via serial port (RS-232). The
commutation control works like parallel input-output unit (PIO),
which can control up to 38 relays in the executive part of the electrode
commutation circuit which corresponds to 19 electrodes. The
commutation control registers the time of last command and thus
estimates the position of relays. This is necessary due to relatively long
switching time of relays. Commutation control functions are designed
on Field Programmable Gate Array (FPGA, XCS30-VQ100, Xilinx, USA).

Each executive module (Fig. 1) consists of fourteen relays TRK1703
(Iskra, Slovenia), which with their positions define states of seven
electrodes. The first half of relays defines the polarity of electrodes, while
the second part defines the impedance state of the electrodes. Each of

the electrodes can thus be in one of three possible states: positive,
negative or in high impedance. Positive state means that electrode is
connected to positive potential of electroporator, negative state means
that electrode is connected to negative potential of electroporator and
high impedance state means that electrode is disconnected from
electroporator. This concept and design of commutating the electro-
poration signal allows no possibility to short-circuit electroporator.

Maximal voltage of electroporation signal which can be connected
to the executive module is 1 kV. Maximal continuous current is 3 A per
executive module and 2 A per electrode. Maximal pulse current of
maximum duration 10 ms and more than nine times longer pause is
30 A per executive module and 10 A per electrode. Electric (galvanic)
separation between the commutation control and electroporation
signal is more than 4 kV.

Because of the presence of high voltage and high electric current in
the executive module the distance between the contacts and the weight
of the anchor in relays is very large. Therefore the switching time of such
a relay is relatively long. With proper selection of relays and especially
with adequate driving circuit we achieved switching time of 6 ms
(Fig. 2). The relay is driven by high voltage Darlington transistors and
paralleled by a zener diode. This allowed for optimization of the relay
turning off time. The fastest would be without the diode but sooner or
later this would result in the transistors break down. Due to ageing and
variations in elements, the time reserved for switching was extended to
12 ms. Embedded electrode commutation circuit can therefore auto-
matically commutate electrical pulses between electrodes with fre-
quencies up to 83 Hz.

2.2. Electric field in tumour tissue during the electroporation process

A three-dimensional finite-elements model of tumour tissue
(cylinder; diameter: 15 mm, length: 6 mm; Fig. 3) with inserted
seven-needle electrodes (honeycomb arrangement; diameter of nee-
dles: 0.5 mm, distance between two neighbouring needles: 5.5 mm) was
built according to specifications of in vivo electrochemotherapy
experiment using software package EMAS (ANSOFT Corporation, USA).
Applied voltage (+265 V) was modelled as Dirichlet's boundary con-
dition on the surface which presents the cross-section of electrode and

ELECTROPORATION SIGNAL

Executive
CON 20 module I —— 7-ELECTRODES
RS -232
Computer Commutation Exccutive
DIN 64 CON 20
board control module II —— 6-ELECTRODES
MCF5204 XCS30-VQl100
CON 20 Executive
module [l —— 6-ELECTRODES

Fig. 1. Block scheme of electrode commutation circuit, which commutates electroporation single output signal from an electroporator to up to 19 independent electrodes. Electrode
commutation circuit consists of controlling part (Commutation control XCS30-VQ100) and executive part (three Executive modules) and it can be controlled by personal computer

(PC) over serial port (RS-232) on computer board MCF5204.
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Fig. 2. Switching time of relay Iskra TRK1703. Signal 1 represents negative driving
voltage for relay and signal 2 represents the commutation of relay. Signal 2 shows us
that coil releases or pulls the anchor in 2 ms and that the anchor then bounces on the
contact for 4 ms. Therefore the whole switching time is about 6 ms.

tumour tissue. Dirichlet's boundary condition was also set on the surface
of disconnected (high impedance) electrodes to satisfy the conditions,
that electrodes are a lot more conductive then tumour tissue. Electro-
potential of disconnected electrodes was defined as zero, because our
model is symmetrical and disconnected electrodes were always in the
middle between the connected electrodes. Tumour tissue was mathe-
matically separated from surrounding area by Neuman's boundary
condition:

IN=0, (1)

where Jy is the normal electric current density [A/m?]. The distribution
of the electric field intensity in tumour tissue for given electrode
geometry was calculated numerically by means of finite-elements
method [21]. Tumour tissue was modelled as a quasi-stationary passive
and isotropic volume conductor in the quasi-stationary electric current
field. A condition in such structure is described by Laplace’s equation:

Adp =0, 2)

where ¢ is the electric field potential [V].

Due to a functional dependency of tumour tissue conductivity on
electric field intensity, a sequence analysis application for modelling of
electrical properties changes during electroporation process was used.
In each static model of the sequence analysis tissue conductivity was
determined based on electric field distribution in previous model of
the sequence analysis:

a(k) =f(E(k—1)), 3)

where ois the tissue conductivity [S/m], E is the electric field intensity
[V/m], k is the sequential number of static model in the sequence
analysis and f functional dependency of tumour tissue conductivity on
electric field intensity, which was obtained from previously reported
studies [22,23].

In in vivo electrochemotherapy experiment we used an electrode
commutation sequence as presented on Fig. 4. In the commutation
sequence used first (Fig. 4b) all outer electrodes were activated and
neighbouring needles were of the opposite polarity (+265 V), while
the middle electrode was in high impedance state (0 V in the finite-
elements model). After the commutation the second part (Fig. 4c) was
delivered in which all outer electrodes were positive (+265 V) and the
inner electrode was negative (-265 V).

ELECTRODE

TUMOUR TISSUE

Fig. 3. A geometry of 3D-model of multiple needle electrodes inserted into the tumour
tissue. Tumour tissue is in the shape of a cylinder with a diameter of 15 mm and length
of 6 mm. Inserted seven-needle electrodes are in honeycomb arrangement with a
diameter of 0.5 mm and the distance between two neighbouring needles is 5.5 mm.

The course of electrical conductivity changes inside the model of
the tumour tissue due to electroporation is presented in Fig. 5b, with
corresponding distribution of electric field intensity presented in
Fig. 5a. The electric field intensity and the specific conductivity are
given in XY cross-section (Z=2 mm plane) of the three-dimensional
finite-elements model. First part of electric field intensity and
electrical conductivity is presented on Fig. 5a1-3 and b1-3, while
second part of electrode commutation sequence is presented on
Fig. 5a4 and b4.

2.3. Electrochemotherapy

In vivo electrochemotherapy experiment was performed at the
Department of Experimental Oncology, Institute of Oncology, Ljubl-
jana, Slovenia in accordance with ethical provisions for research on
animals.

In experiment subcutaneous SA-1 fibrosarcoma syngeneic to A/J
mice was initiated by injection of 5% 10° cells into the left flank of the
animal. SA-1 cell suspension was cultivated in Eagle Minimal Essential
Media with 10% of Foetal Calf Serum (MEM, FCS; Sigma, ZDA). Ten days
after subcutaneous injection of cells, the tumours were large enough
(volume~300 mm?, diameter~12 mm) for electroporation with
multiple needle electrodes.

During the electrochemotherapy animals were anaesthetized with
ketamin and rompun (2 pl of ketamin+8 pl of 0.9% physiological
solution and 0.5 pl of rompun+9.5 pl of 0.9% physiological solution per
gram of mouse). Animals were divided into four experimental groups:
control, chemotherapy (CT), electric pulses (EP) and electroche-
motherapy (ECT). In each experimental group 7 mice were treated
independently. In all experimental groups multiple needle electrodes
were inserted into the tumour. Animals in CT and ECT experimental

a) b) c)
[ ) L )
2 1
) ° )
1 3 2
©

|| positive potential . high impedance

. negative potential . conductivity changes expected

Fig. 4. Electrode commutation sequence of two parts for honeycomb arrangement of
electrodes. Position of the electrodes and its numeration (a). States of the electrodes in
the first part of electrode commutation sequence (b). States of the electrodes in the
second part of electrode commutation sequence (c).
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Fig. 5. Electric field intensity [V/m] (a) and electrical conductivity [S/m] (b): the sequence analysis was not applied (1), the first static model in the first part (2), the final static model in
the first part (3) and the final static model in the second part of the electrode commutation sequence (4).

groups were injected intravenously with 100 pg of bleomycin.
Tumours in experimental groups EP and ECT were exposed to electric
pulses (2 intervalsx 8 square pulses, duration 100 ps, amplitude 530 V
and pulse repetition frequency of 100 Hz). Pulses in the ECT group
were delivered 3-4 min after the bleomycin injection.

Each day after the treatment on day O cranial/caudal, dorsal/
ventral and medial/lateral diameters of the tumours were measured.
Volumes of tumours were then modelled and calculated as spheroids.
Results are given in form of scatter graphs (SigmaPlot 9.0, Systat, USA),
where each point represents the mean volume of tumours in each
experimental group and the error bars indicate the standard error of
the mean (Fig. 6).

3. Results

Electric field intensity (Fig. 5a) in tumour tissue and consecutive
tumour tissue conductivity changes (Fig. 5b) were calculated for
suggested electrode commutation sequence (Fig. 4) by means of finite-
elements method. In Fig. 5a1 and b1 sequence analysis was not yet
applied. Fig. 5a2 and b2 represents first static model of sequence
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Fig. 6. Tumour growth after electrochemotherapy (ECT) on day 0 and three standard
control groups for ECT: control, chemotherapy (CT) and electric pulses (EP). Each symbol
represents an average tumour volume and standard error in specific experimental group.

analysis. And Fig. 5a3,4 and b3,4 represents final static model of
sequence analysis. In the first part of electrode commutation sequence
(all outer electrodes are activated and neighbouring needles are of the
opposite polarity, while the middle electrode is in high impedance
state; Fig. 4b) when sequence analysis was not yet applied electric field
intensity was strong only around outer electrodes (Fig. 5a1). When
sequence analysis was applied electric field intensity (Fig. 5a2) and
tumour tissue conductivity (Fig. 5b2) quickly iterated to its final value,
which was obtained with insignificant numerical error in only four
steps (Fig. 5a3 and b3). Strong electric field intensity around outer
electrodes distributed around all outer part of tumour tissue (Fig. 5a3).
We can see that after the first part of electrode commutation sequence
all outer part of tumour tissue changed its conductivity which can also
be considered as it was electroporated while the tumour tissue around
the middle electrode remained unchanged i.e. not porated (Fig. 5b3). In
the second part of electrode commutation sequence (all outer elec-
trodes are positive and the inner electrode is negative; Fig. 4c) electric
field intensity was particularly strong around inner electrode (Fig. 5a4)
also because outer tumour tissue was already electroporated.

After completed electrode commutation sequence tumour tissue
was thus well electroporated (Fig. 5b4), which was demonstrated also
by electrochemotherapy effectiveness (Fig. 6). The suggested electrode
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Fig. 7. Complete responses of tumour treatment on A/] mice after electrochemotherapy
(ECT) on day 0. Tumours were observed for 3 months after day 0.
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commutation sequence for honeycomb arrangement of seven-needle
electrodes was evaluated in in vivo electrochemotherapy (ECT)
experiment on larger tumours. Three standard experimental groups
for evaluating ECT were used: control, chemotherapy (CT) and electric
pulses (EP). Tumours in these experimental groups were not retarded
in growth and animals were sacrificed after 10 days due to large
tumours. In ECT group where tumours were subjected to the
electrochemotherapy on day 0, tumours were however significantly
reduced in volume and delayed in growth. In addition, 57% (4/7)
complete responses were obtained (Fig. 7).

4. Discussion and conclusion

The aim of our study was to develop and test an effective in vivo
electrochemotherapy on larger tumours by means of multiple needle
electrodes. We thus developed and tested an electrode commutation
circuit, which commutates the usual single output electroporation
signal between the seven-needle electrodes used in our study. We
suggested and tested experimentally by performing electroche-
motherapy an effective electrode commutation sequence for tissue
electroporation. Results of electrochemotherapy show a significant
reduction in tumour volume, delay in growth and 57% complete
responses (Fig. 6 and 7). We also calculated corresponding electric
field distribution in tumour tissue taking into account an increase of
tissue conductivity due to electroporation. Results of calculations
show that large volume of tumour tissue is successfully electroporated
by using suggested electrode commutation sequence (Fig. 5b4).

Electroporation is a dynamic process, meaning that tissue proper-
ties are changing during the constant voltage pulse from 0.3 to 0.7 S/m
[22,23]. Electric field intensity below the reversible threshold value
does not permeabilize the cell membranes and therefore no changes
in conductivity are expected. When the electric field intensity exceeds
reversible threshold cell membrane is permeabilized and tissue
conductivity increases. The membrane permeabilization is reversible
for electric field intensities below irreversible threshold.

The main purpose of the modelling was to foresee electroporated
tissue in treated tumours. We thus had to take into account the
influence of electric field intensity on tumour tissue conductivity and
that changes in tumour tissue conductivity retroact on electric field
distribution. Therefore sequence analysis was used to take into
account such retroactivity. Results obtained with this application
describe a sequence of static models, where each of them describes
the process at one discrete interval. Each discrete interval relates to a
real yet undetermined time interval. If we compare first (Fig. 5b2) and
the last (Fig. 5b3) result of sequence analysis iteration we can see such
retroactivity in results of tumour tissue conductivity. These results
demonstrate that larger volume of electroporated tumour tissue is
expected if sequence analysis is applied. Such expectations are in
agreement with electrochemotherapy results (Figs. 6 and 7).

In in vivo electrochemotherapy experiment multiple needle electro-
des in honeycomb arrangement were used, because such arrangement
of electrodes is preferable in electrochemotherapy as better coverage of
tumour tissue with electric field distribution can be achieved with single
amplitude of electric pulses. For such electrodes an effective and short
pulse electrode commutation sequence for electroporation is required.
In our study we used a combination of two parts, which are presented on
Fig. 4. Such sequence of voltage pulses application is quick, because it is
delivered in only two parts and therefore suitable for clinical use where
patients are subjected to muscle contraction and painful sensations. It is
also effective as the conductivity changes expected due to tissue
permeabilization are favouring electric field distribution through all the
area between the electrodes.

Embedded electrode commutator, which was developed and used
in our study, has been proven to be effective and was therefore built in
the Cliniporator device [24]. Moreover, such electrode commutator is
relatively easy to construct due to simple design and can be used for

any other single output electroporator. On the basis of our experi-
mental and numerical results we can conclude that suggested elec-
trode commutation sequence for honeycomb arrangement of
electrodes can be efficiently used in electrochemotherapy. Given out-
put amplitude allows for treatment of larger tumours using multiple
needle electrodes without repositioning of electrodes.
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Spremljanje, modeliranje in analiza
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Assessment, Modeling and Analysis of Cell Membrane Electroporation
In Vivo and Its Applications
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Membrana bioloske celice v splo§nem ni prepustna za ve¢je molekule. Dovolj visoko elektric-
no polje pa povzroci elektroporacijo celicne membrane in zacasno poveca njeno prepustnost,
tako da molekule, kot so zdravilne uc¢inkovine ve¢jih molekulskih mas ali DNA, lahko vstopijo
v celi¢no notranjost. Najbolj razsirjene biomedicinske uporabe elektroporacije so elektroke-
moterapija, vnos genov v celice in vnos zdravilnih uéinkovin v telo skozi koZo. Pri vseh teh
metodah je zelo pomembno, da dosezemo ucinkovito elektroporacijo in obenem ne poskodu-
jemo tkiva s previsokim elektri¢énim poljem. Uspesnost elektroporacije lahko zaznamo $ele po
koncu dovajanja pulzov (pri nekaterih metodah in vitro lahko Ze po nekaj minutah, in vivo pa
ponavadi po 24 ali ve¢ urah), z merjenjem spremembe prevodnosti permeabiliziranega tkiva
pa bi bilo mogoce potek elektroporacije spremljati Ze med dovajanjem pulzov. Poleg tega pa
opis elektroporacije v celicah in tkivih s pomocjo analiticnih in numeri¢nih metod predstav-
lja pomembno orodje za analizo in razlago kompleksnih dogajanj, nacrtovanje poskusov in vivo,
oblik in postavitev elektrod ter novih protokolov. Pri tem moramo biti pozorni na lastnosti tkiv,
ki jih opisujemo z modeli, spremembe njihove prevodnosti med elektroporacijo in na neka-
tere pozitivne ali negativne sekundarne in stranske ucinke. V ¢lanku predstavljamo
najpomembnejse vidike eksperimentalne elektroporacije in vivo in nacine, ki so nam na voljo
za spremljanje in analizo dogajanja, nas cilj pa je kasnejsa uporaba metode v klini¢éne namene.

ABSTRACT

KEY WORDS: cell membrane, electroporation, gene therapy, drug delivery systems

Cell membrane is, in general, impermeable to larger molecules. However, the application of
electric pulses to cells, either in suspension or as tissue, causes the electroporation of the cell
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membrane, increasing its permeability and making it possible for larger molecules which other-
wise cannot cross the membrane, such as drug molecules or the DNA, to enter cells. The most
widely used electroporation-based biomedical applications are electrochemotherapy, gene
electrotransfer and transdermal drug delivery. A high level of cell membrane electropora-
tion is the objective of all applications. However, caution should be exercised in order not to
damage the tissue with excessively strong electric fields. The outcome of electroporation-ba-
sed treatments can be assessed by various methods a certain time after treatment. The course
of tissue permeabilization can be evaluated by measuring tissue conductivity changes dur-
ing pulse delivery. Furthermore, cell and tissue electroporation can be described by means
of analytical methods or numerical modeling which offers useful insight into the understan-
ding of the underlying biological processes and can help us plan future experiments and develop

new electrodes and protocols.

uvobD

Membrana biologke celice v splosnem ni pre-
pustna za ve&je molekule. Ze kratkotrajni
visokonapetostni elektri¢ni pulz pa lahko
prepustnost celicne membrane poveca. S tem
omogoc¢imo molekulam, kot so nekatere zdra-
vilne ucinkovine vec¢jih molekulskih mas
in molekule DNA, za katere je sicer celi¢na
membrana neprepustna ali slabo prepustna,
neposreden vstop v celino notranjost. Meto-
do imenujemo elektroporacija celicne mem-
brane in je obi¢ajno reverzibilna, ob dovolj
visokem elektricnem polju in njegovem dovol;j
dolgem trajanju pa je lahko tudi ireverzibil-
na, kar povzrodi celicno smrt. Z elektropora-
cijo lahko v celice vhasamo DNA, citotoksi¢na
zdravila, olajsamo vstop specifi¢nim zaviral-
cem znotrajcelicne encimske aktivnosti ali pa
v celi¢no membrano vstavljamo beljakovine.
Prav tako lahko preuc¢ujemo nekatera doga-
janja, kot sta aktivnost encimov in vivo ali
celi¢na signalizacija preko nadzora koncen-
tracije ionov v citosolu. Nadalje lahko s po-
modjo elektroporacije celice tudi zlivamo
med seboj (1). Najpomembnejse in najpogo-
steje uporabljane biomedicinske elektropora-
cijske aplikacije so elektrokemoterapija, vnos
genov v celice in vnos zdravilnih udinkovin
v telo skozi koZo (2-5). Obstajajo razli¢ne raz-
lage za povecanje prepustnosti celi¢ne mem-
brane, ena od njih temelji na nastanku tako
imenovanih por, od tod tudi izraz elektropo-
racija, ki se med raziskovalci na tem podroc-
ju najpogosteje uporablja. Posledica dovajanja
dovolj visokih elektri¢nih pulzov pa je prav
gotovo povecanje prepustnosti celicne mem-

brane, zato se namesto besede elektropora-
cija pogosto uporablja izraz elektropermea-
bilizacija. Slednjega bomo v nadaljevanju
uporabljali predvsem takrat, ko bomo Zeleli
izpostaviti povecano prepustnost — (elek-
tro)permeabilnost — membran celic.

Elektropermeabilizacija celic je odvisna
od razli¢nih dejavnikov: prevodnosti medija,
parametrov elektri¢nih pulzov ter od velikosti,
oblike, orientacije in gostote celic. Parametri
elektri¢nih pulzov ter oblika in postavitev
elektrod so edini dejavniki elektroporacije
celic v pogojih in vivo, na katere lahko vpli-
vamo. Prav zato so bile objavljene Stevilne
raziskave, katerih cilj je bil razviti najbolj uspe-
$ne elektroporacijske protokole za razli¢ne
vrste celic, tkiv in aplikacij. Poskusi so poka-
zali, da tako $tevilo pulzov kot tudi njihova
amplituda in trajanje vplivajo na uspe$nost
elektroporacije. Nekateri predlagani protoko-
li zato zdruZujejo elektri¢ne pulze razlicnih
amplitud in trajanj (6).

V Klini¢ni praksi je zelo pomembno, da
se doseZe ucinkovita elektroporacija ob ¢im
manjsi poskodbi tkiva. Celicna membrana se
permeabilizira pri pragovni vrednosti tran-
smembranske napetosti, le-ta pa nastopi pri
pragovni vrednosti jakosti zunanjega elektric-
nega polja. Pri tem moramo paziti, da celic
zaradi previsokega elektri¢nega polja ne pos-
kodujemo. Zato Zelimo, da je njegova jakost
med reverzibilnim in ireverzibilnim pragom
permeabilizacije. To je $e posebej pomemb-
no za gensko transfekcijo in vivo, kjer Zelimo
dosecdi visoko stopnjo prepustnosti celi¢nih
membran in obenem preZivetje premeabilizi-
ranih celic. Zal uéinke elektroporacije zaznamo



MED RAZGL 2008; 47

Sele po dolocenem cCasu, zaZeleno pa bi bilo
spremljanje poteka elektroporacije in s tem
napovedovanje njenih uc¢inkov med samim
dovajanjem elektri¢nih pulzov. Mozna nadi-
na sta meritev spremembe prevodnosti tkiva
ali pa elektri¢na impedanc¢na tomografija.
Na tem podrodju so bile narejene Studije, ki
kaZejo na morebitno uporabnost impedanc-
ne tomografije za spremljanje elektropora-
cije v realnem casu, vseeno pa bo do njene
uporabe v klini¢ni praksi potrebno Se nekaj
dela (7-8).

Potek elektropermeabilizacije tkiva in vpliv
spremembe parametrov na porazdelitev elek-
tri¢nega polja v tkivu in tokove skozenj med
elektroporacijo in po njej lahko preucujemo
tudi z numeri¢nimi modeli. Teoreti¢na raz-
laga dogajanja nam namre¢ nudi pomemben
vpogled v proces elektropermeabilizacije
celic, tkiv in organov, pri ¢emer si lahko poma-
gamo z analiti¢nimi izra¢uni in numeri¢nim
modeliranjem. Predvsem slednje se je izkaza-
lo za nepogresljivo pri izracunih porazdelitve
elektri¢ne poljske jakosti v tkivih in organih,
kjer so obravnavane geometrije prevec zaple-
tene za uporabo analiticnih metod.

Poznavanje mehanizmov elektroporacije
celic v tkivih v pogojih in vivo razirja osnovno
znanje o delovanju elektri¢nih polj na celice
v pogojih in vitro. Teorijo elektroporacije
celiéne membrane in opis poskusov in vitro
smo v Medicinskih razgledih Ze opisovali (9).
Poskusi in vitro nam ne morejo podati opti-
malnih parametrov za uspesno elektroporacijo
in vivo, saj je gostota celic in s tem njihova
medsebojna interakcija mnogo vedja v tki-
vu (10-12). Prav tako v tkivu niso vse celice
enakega tipa. Tak$no nehomogeno sestavo
tkiva je mnogo teze raziskati kot posamezne
celice ali celice v suspenziji. Razli¢ne celice
ne bodo elektroporirane pri istih vrednostih
elektri¢nega polja, ki ga moramo prilagoditi
na ciljno skupino celic. Za izbolj$anje razume-
vanja elektroporacije v pogojih in vivo delamo
poskuse na malih laboratorijskih Zivalih in
tudi na vedjih Zivalih.

Pri poskusih potrebujemo opremo za
dovajanje elektroporacijskih pulzov. Oprema
obsega generator visokonapetostnih pulzov in
elektrode, preko katerih elektricne pulze
dovedemo tkivu. Elektrode izberemo glede na
ciljno tkivo in njegovo lokacijo in so lahko

invazivne (igelne) ali neinvazivne (plosca-
te) (13). Nas cilj je, da je elektricno polje, ki
se ustvari med elektrodama, visje od potreb-
nega za permeabilizacijo, da pokrije celotno
prostornino ciljnega tkiva in je hkrati ¢cimbolj
homogeno (14). Obenem pa bi radi v okoliskem
tkivu dosegli ¢im niZjo vrednost elektri¢nega
polja.

UPORABA ELEKTROPORACIJE
IN VIVO

Elekirokemoterapija

Problem uni¢evanja tumorskih celic s kemo-
terapevtiki je velikokrat njihova nespecificna
citotoksicnost, ki $koduje tudi zdravim celi-
cam, ter rezistenca tumorskih celic zaradi
genetskih sprememb. Za uspesno zdravljenje
je potrebna dovolj velika koncentracija ke-
moterapevtika, ki obi¢ajno vpliva tudi na
normalne celice in povzroéa neZelene stran-
ske ucinke. Poseben problem predstavljajo
kemoterapevtiki, ki tezko prehajajo celi¢no
membrano - v takih primerih so pri zdrav-
ljenju potrebni Se vecji odmerki zdravil.
Elektrokemoterapija je metoda hkratne upo-
rabe kemoterapevtikov in elektroporacije
ciljnega tkiva. S to metodo se ucinkovitost
kemoterapevtikov, ki zaradi slabe prepustnosti
celiéne membrane teZko vstopajo v notranjost
tumorskih celic (cisplatin, bleomicin), mo¢-
no poveca. Obenem pa se zmanjsajo stranski
ucinki, ker za ucinkovito zdravljenje zadosc¢ajo
nizki odmerki kemoterapevtikov. Prvi posku-
si na podrocju elektrokemoterapije segajo
vleti 1987 in 1988 (15-17). Stevilne raziskave
kaZzejo na vedlstokratno povecanje ucinko-
vitosti kemoterapevtika bleomicin ter do
70-kratno povecanje uc¢inkovitosti kemotera-
pevtika cisplatin in vitro, kadar ju uporabimo
v kombinaciji z elektroporacijo ciljnega tki-
va (18-19). Elektrokemoterapijo vedno bolj
uspes$no uporabljajo tudi v klini¢ni praksi za
zdravljenje koZnih zasevkov tumorjev razlic-
nih histologij (slika 1). Glavnina z elektro-
kemoterapijo zdravljenih tumorjev so bili
koZni zasevki malignega melanoma, koZnega
bazalno celi¢nega karcinoma, zasevki adeno-
karcinomov vratu in glave, tumorjev dojke,
pa tudi zasevki bolj redkih tumorjev, kot
sta Kaposijev sarkom in hipernefrom (2, 3,
13, 19-22). Trenutno se elektrokemoterapija
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Pred zdravljenjem

Po 8 tednih
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Po 4 tednih

Po 12 tednih

Slika 1. Profitumorski ucinek elekirokemoterapije na koZznem zasevku malignega melanoma. Flekirokemoterapiia je bila izvedena ob
intratumorskem injiciranju cisplatina. Po 12 tednih je viden popoln regres zdravijenega tumorskega nodula z rahlo pigmentacijo in dobrim

kozmeticnim ucinkom zdravljenega predela.

uporablja za paliativne namene in v pri-
merih, ko pride do ponovitve ali zasevanja
predhodno zdravljenih tumorjev (kirursko,
z obsevalno terapijo) in ti standardni pristo-
pi niso ve¢ mozni. Razvoj elektrokemoterapije
gre v zdravljenje tumorjev tudi v notranjih
organih, kar bo vsekakor povecalo nabor
indikacij za elektrokemoterapijo.

Vnos genov v celice
z elektroporacijo

Napredek na podrodju razkrivanja cloveskega
genoma je povzrocil pravo evforijo v farmacevt-
skih in medicinskih znanstvenih krogih.
Z vnasanjem genov namre¢ lahko zdravimo
nekatere dedne in celo nalezljive bolezni. Pri
genski terapiji gre za umestitev nove, delujoce
kopije okvarjenega gena v genom. V sploSnem
tu ne moremo govoriti o zamenjavi gena, ki
povzroca bolezen, z »zdravim« genom, temve¢
le dodamo delujoco kopijo, da bi nadomesti-
la funkcijo okvarjenega gena. Za vnos nove
kopije gena pa potrebujemo nek nosilec, tako

imenovani vektor, s katerim terapevtski gen
vnesemo v pacientove ciljne celice. Poleg
nacrtovanja ustrezne ucinkovite molekule
nukleinskih kislin pa je $e vedno problema-
ti¢en prav uspesen vnos genov v ciljne celice
in tkiva. Virusni vektorji, ceprav uspesni pri
vnosu svojega genskega zapisa s terapevtskimi
geni v ciljne celice, prinagajo mnogo vprasanj
glede z virusi povezanega tveganja za zdrav-
jeljudi (23). Veliko raziskav je zato v zadnjem
Casu posveceno razvoju nevirusnih metod
vnosa terapevtskih genov v ciljna tkiva in
organe (24-25). Ena od metod je tudi uporaba
elektri¢nih pulzov za povecanje prepustnosti
membrane, imenovana vnos genov z elektro-
poracijo (5). Uspesen vnos doseZemo z razli¢-
nimi protokoli, le-ti pa lahko vkljucujejo vlak
enakih pulzov ali pa kombinacije pulzov raz-
licnih trajanj in amplitud. Poskusi kaZejo
tudi na dvojnost delovanja elektri¢nih pulzov
za vnos genskega materiala v celice: z visoko-
napetostnimi pulzi poveCamo prepustnost
celicne membrane (elektropermeabilizacija),
s pomodjo daljSega nizkonapetostnega pulza
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pa elektri¢no negativne molekule DNA poti-
snemo v blizino permeabilizirane membrane
in v notranjost celice (elektroforeza) (26-27).
Pri vnosu genov v celice z elektroporacijo
moramo biti e posebej pazljivi, da s previso-
kim elektri¢nim poljem ne ogrozimo celicnega
prezivetja. To pri elektrokemoterapiji pred-
stavlja nekoliko manjsi problem, saj je unicenje
tumorskih celic pravzaprav nas cilj, paziti pa
moramo seveda, da s previsokim elektri¢nim
poljem ne poskodujemo okoliskega, zdrave-
ga tkiva.

Vnos zdravilnih véinkovin
v telo preko koie

Zdravilne ucinkovine lahko vnasamo v telo
skozi koZo. Zaradi majhne prepustnosti koze
si lahko pri tem pomagamo z razli¢nimi
metodami, kot so ultrazvok, iontoforeza (po-
tisk elektri¢no nabitih molekul zdravilne
ucinkovine s pomocdjo Sibkega elektri¢nega
toka iste polaritete) ali elektroporacija (28-31).
Tak$en vnos zdravilnih uc¢inkovin ima dolo-
Cene prednosti, saj je manj invaziven kot
intravenski vnos, izognemo pa se tudi Skodlji-
vemu vplivu prebavnih encimov in nizkih pH
vrednosti na ucinkovine, kar je lahko prob-
lem, kadar dajemo zdravilo peroralno. Nadalje
lahko s transdermalnimi terapevtskimi siste-
mi doseZemo postopen, konstanten vnos
zdravilne ucinkovine v telo namesto hitrega
dajanja z intravensko injekcijo. Vendar pa je
zaradi za$citne funkcije koZe in njene zelo niz-
ke prepustnosti vinos molekul v koZo teZaven.
Elektroporacija je ena od metod, s katero zaca-
sno povecamo prepustnost koze brez Skodljivih
posledic, elektri¢ni tok pa lahko dodatno pos-
pesi prenos ionov in elektri¢no nabitih molekul
v koZo (30, 32-33).

Odstranjevanje tkiva

Pri odstranjevanju benignih ali malignih
tumorjev je zelo pomembno, da to storimo na
nadzorovan nacin, ob ¢im manj$em poskodo-
vanju zdravega okoliskega tkiva. Z leti se
je razvilo kar nekaj minimalno invazivnih
metod, ki so alternativa invazivnim operaci-
jam. NeZeleno tkivo lahko odstranimo z vrsto
nacinov, kot so na primer radiofrekvenc¢na
ablacija, kriokirurgija, ultrazvo¢na koagulaci-
ja, v zadnjem Casu pa raziskujejo tudi moZnost

uporabe ireverzibilne elektroporacije. Pri
ostalih zgoraj nastetih uporabah elektropo-
racije in vivo, npr. pri elektrokemoterapiji in
elektrogenski terapiji, je nas cilj doseci elek-
tricno polje, ki omogoca permeabilizacijo
celic in obenem omogoca njihovo preZivetje,
pri ablaciji tkiva pa dovolj mocno elektricno
polje Ze samo povzrodi nekrozo tkiva. Meto-
da ni zahtevna, je minimalno invazivna in
ne zahteva uporabe dodatnih zdravilnih ucin-
kovin (34). Ireverzibilna elektroporacija je
netermicna metoda, s katero se izognemo
denaturaciji proteinov, struktura tkiva osta-
ne neposkodovana, prav tako ob njeni uporabi
ne pride do vnetja in brazgotinjenja. Metodo
uspesno uporabljajo za odstranjevanje tumor-
skega tkiva pri raku prostate in tkiva sréne
miSice pri zdravljenju nekaterih sr¢nih arit-
mij (34-35). Postopki so v zaCetni fazi Klini¢ne
rabe, v literaturi tako $e ne zasledimo poro-
¢il o neZelenih stranskih ucinkih in slabostih.

BIOLO§I$O TKIVO IN NJEGOVE
ELEKTRICNE LASTNOSTI

Za uspesno uporabo zgoraj opisanih nacinov
uporabe elektroporacije moramo najprej teo-
reti¢no in prakti¢no raziskati dogajanje v tkivu
med elektroporacijo in vivo. In vitro obi¢ajno
izvajamo poskuse na prostornini 50-100 p,
kjer 1 do 2% prostornine zasedajo celice,
98 do 99 % pa gojisce. V pogojih in vivo celi-
ce zasedajo od 10 do 80 % prostornine. Tako
v obicajnih pogojih in vitro posamezna celica
nima vpliva na permeabilizacijo ostalih celic,
razen v posebnih izredno gostih celi¢nih sus-
penzijah. V pogojih in vivo pa naceloma Ze
permeabilizacija ene same celice spremeni
prevodnost tkiva v okolici in s tem lokalno
porazdelitev elektricnega polja, kar lahko
vpliva na permeabilizacijo sosednjih celic.

Zaradi razli¢nih oblik celic in razli¢nih
nacinov njihove namestitve v tkivu ter razlic-
nih elektri¢nih lastnosti medcelicnega prostora
je namre¢ dogajanje v tkivih na mikro nivo-
ju precej kompleksno (36).

Razlike zaradi nehomogenosti
tkiv

Biolosko tkivo je zelo nehomogen material.
Celice v tkivih so razli¢nih velikosti in imajo
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razli¢ne funkcije. Med vrednostmi elektri¢nih
prevodnosti tkiv zasledimo velike razlike:
zaradi tekocdega tkiva, ki teCe po Zilah, mie-
linskih ovojnic, ki kot izolatorji ovijajo aksone
Zivénih celic, veznega tkiva, ki mora prene-
sti mehanski stres, kosti, zob, miSic, mrtvih
delov koZe, plinov v plju¢nem tkivu itn. Kri
je zelo dober prevodnik, jetra in vranica
manj. MoZgani prevajajo bolje, misica slabse.
Med najslabsimi prevodniki v telesih toplo-
krvnih Zivali so pljuca (zaradi visoke vsebnosti
plinov), mascoba (zaradi nizke vsebnosti
elektrolitov), koZa (zaradi neprevodne zuna-
nje plasti stratum corneum) in kosti (ker so
zgrajene pretezno iz nizkoprevodnega kalci-
jevega fosfata). Od vseh tkiv v cloveskem
telesu je prevodnost kosti tudi najbolj spre-
menljiva. To ni presenetljivo, saj je kost po
svoji strukturi zelo nehomogena. Lobanja
npr. je iz dveh gostih, slabo prevodnih kosov,
spuZvasto tkivo med njima pa je polno krvi,
ki je dober prevodnik. Podobno so tudi dol-
ge kosti v resnici slabo prevodni votli valji,
napolnjeni z visoko prevodnim Zilnatim kost-
nim mozgom.

Anizotropnost tkiv

Nekateri bioloski materiali imajo izrazite ani-
zotropne lastnosti, kar pomeni, da so njihove
fizikalne lastnosti v razliénih smereh razli¢ne.
Taksna je recimo misica (37). MiSi¢ne celice
so zaradi kréenja miSice usmerjene, zaradi
Cesar so elektri¢ne lastnosti odvisne od smeri
merjenja. Prevodnost v smeri vzdolZ miicnih
vlaken je tako vecja kot pre¢na prevodnost,
vendar pa se ta razlika z viSanjem frekvence
zmanjsuje.

Ostali fizioloski dejavniki

Tkiva se med seboj razlikujejo tudi v odvisno-
sti od Zivalske vrste, kateri pripadajo. Vseeno
pa lahko iz literature s primerjavo meritev pri
razli¢nih Zivalskih vrstah ugotovimo, da te
razlike niso sistemati¢ne in so lahko dosti
vedje znotraj iste vrste kot med razli¢nimi
vrstami (38). Vpliv na elektri¢ne lastnosti tki-
va imajo tudi sezonske spremembe, dejavniki
okolja, starost osebka in morebitna bolezen-
ska stanja (39).
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SPREMEMBA PREVODNOSTI
TKIVA MED ELEKTROPORACIJO

Spremljanje permeabilizacije tkiva v real-
nem casu je Zelja mnogih raziskovalcev in
uporabnikov. Povratno informacijo o poteku
elektropermeabilizacije tkiva bi lahko upora-
bili za prilagajanje elektri¢nih parametrov
med samo terapijo, kar bi izbolj$alo uc¢inek
terapije. V nasprotju s tem se danes Se ved-
no uporablja vnaprej doloene parametre
pulzov, ki so se izkazali za najucinkovitejse.
Med in po elektroporaciji se elektricne last-
nosti tkiva spremenijo. Najbolj pomembna
merljiva posledica je povecanje specificne pre-
vodnosti tkiva, podvrZenega elektroporaciji.
Ob dosegu praga elektri¢ne poljske jakosti, ki
povzro¢i permeabilizacijo tkiva, steCe skozenj
vi§ji tok, porazdelitev elektricnega polja pa je
drugacna kot na zacetku (40-41). Pri tem se
moramo spopasti s problemom razli¢nih
elektri¢nih lastnosti tkiv, ki jih elektroporira-
mo. Dovedena elektri¢na napetost se bo
v tkivih porazdelila po principu napetostne-
ga delilnika, ki pravi, da se bo pri zaporedni
vezavi elementov (tkiv) z razli¢no elektricno
upornostjo napetost po elementih (tkivih)
porazdelila v razmerju vrednosti upornosti,
tako da bo napetost najvecja na elementu
(tkivu) z najvedjo upornostjo. Najvedji padec
napetosti bo torej v tkivu z najvisjo specific-
no upornostjo, kjer bo tudi elektri¢no polje
najvi§je. Elektri¢ne pulze dovedemo tkivom
preko elektrod, ki so lahko neinvazivne, zuna-
nje, kjer pulze dovajamo preko koZe (ploscate
elektrode), ali pa invazivne, igelne, s kateri-
mi predremo koZo in tako dosezemo globlje
lezeca tkiva (42).

Za primer vzemimo elektrokemoterapijo
podkoZnega tumorja, kjer elektricne pulze
dovedemo z zunanjimi plo§¢atimi elektroda-
mi. Ob dovajanju elektri¢nih pulzov praktic-
no celoten padec napetosti prevzame koza,
ki je v okolici podkoZnega tumorja tkivo z naj-
vi$jo specifi¢no upornostjo. Ob uporabi dovolj
visoke napetosti pulzov povzro¢imo permea-
bilizacijo koZe, saj je elektri¢na poljska jakost
v njej nad kritiénim pragom permeabilizaci-
je. Elektri¢na upornost koZe se med permea-
bilizacijo zato mo¢no zmanjsa, kar spremeni
porazdelitev elektri¢ne poljske jakosti tudi
v podkoznih tkivih. Tako dovolj moc¢no elek-
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Primer 1: napetost 500V

Primer 2: napetost 1000V

Slika 2. Numericni model elektropermeabilizaciie podkoZnega tumorja in okoliskih tkiv. Pulzi so dovedeni preko ploscatih elektrod z razmikom
8 mm, napetost med njima je v prvem primeru 500V, v drugem pa 1000V, Elekirode so modelirane kot robni pogoj. Slike prikazujejo

porazdelitev elektricnega polja (E) a) pred permeabilizacijo tkiv; b) med procesom elektropermeabilizacije, ko se specificne prevodnosti

tkiv spremenijo; ¢) v koncnem stanju procesa elektropermeabilizaciie. Opis postopka numerichega izracunavanja je opisan v (40).

tri¢no polje »doseZe« tumor, s ¢imer povzro-
¢imo uspesno elektropermeabilizacijo tumor-
skih celic in s tem vnos kemoterapevtika (40).

Slika 8 prikazuje numeri¢ni izracun
porazdelitve elektri¢nega polja v podkoZznem
tumorju in okoliskih tkivih med elektropora-
cijo za dve razli¢ni napetosti med ploscatima
elektrodama: 500 V in 1000 V.

Ce pogledamo konéno stanje procesa
elektropermeabilizacije pri 500 V, ugotovimo,
da je elektri¢no polje v vedjem delu ciljnega
tkiva — tumorja - §e vedno pod reverzibilnim
pragom permeabilizacije (le-ta znaSa pribliz-
no 400 V/cm). Z uporabo napetosti 1000V pa
je elektri¢no polje v tumorju zadosti visoko
za uspe$no permeabilizacijo, v nekaterih
podrodjih pa celo preseZe ireverzibilni prag
(nad 800 V/cm). Ti rezultati se ujemajo tudi
z eksperimentalnimi rezultati elektrokemo-
terapije podkoZnega tumorja na Zivalskem
tumorskem modelu (19).

NUMERICNO MODELIRANJE
ELEKTROPORACUJE TKIV
IN VIVO

Za razumevanje poteka elektroporacije v tki-
vu in nacrtovanje poskusov in vivo je torej
pomembna teoreti¢na analiza dogajanja v tki-

vu, pri ¢emer uporabljamo analiti¢ne in
numeri¢ne metode. Dolociti Zelimo porazde-
litev vektorskih in skalarnih elektri¢nih velicin
v tkivu oziroma organizmu kot posledico
dovedenih elektri¢nih pulzov. Na podrodju
bioelektromagnetike predstavljajo numeric-
ni izrac¢uni porazdelitev elektri¢nih tokov in
elektromagnetnih polj znotraj bioloskih siste-
mov pomembno orodje za analizo in razlago
kompleksnih dogajanj v biologkih sistemih.
Z numeri¢nimi izraCuni porazdelitve elektri¢-
nih tokov in elektromagnetnih polj lahko
ovrednotimo razli¢ne elektri¢ne pogoje, kot
so velikosti tokov oz. napetosti, velikosti in
smeri polj, geometrijo elektrod, ipd. (43-44).
Eksperimentiranje na modelih je namrec
laZje kot na realnih bioloskih sistemih, kjer
v nekaterih primerih sploh ni mogoce ali
dopustno. Seveda pa moramo numeri¢ne
modele ovrednotiti, tako da jih primerjamo
z eksperimenti na realnih biologkih sistemih.

Spreminjanje elektri¢nega vzbujanja je
poenostavljeno, saj gre le za spremembe rob-
nih oziroma zacetnih pogojev na istem
modelu; le zaCetna faza — izgradnja modela -
zahteva precej ¢asa, natancnosti in izkusen;j.
Analiti¢ni izracun porazdelitve elektromag-
netnih polj je enostaven le takrat, ko lahko
geometrijo, nehomogenosti in anizotropnosti
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materialov ter robne pogoje opisemo v izbra-
nem koordinatnem sistemu (npr. pravokot-
nem, valjnem ali krogelnem). V nasprotju
s tem numeri¢ne metode re$evanja vecino-
ma omogocajo pribliZevanje dejanskim
oblikam in robnim pogojem. Pri vecini nume-
ricnih metod je mogoce materialom pripisati
nehomogenost in pri nekaterih tudi anizo-
tropnost. Za vecino biologkih sistemov je
znacilna zapletena in nepravilna geometrija
ter nehomogenost in anizotropnost materia-
lov, kar kaZe na nujnost uporabe numeri¢nih
metod v tovrstnih raziskavah.

Numeri¢na metoda kon¢nih elementov se
je izkazala za zelo ucinkovito pri analizi
porazdelitve elektri¢nega polja znotraj biolos-
kih struktur. Bistvo metode je v razdelitvi
geometrije na manjse sestavne dele — konéne
elemente. Iskane veli¢ine se znotraj elemen-
tov spreminjajo kot funkcije polinomov niZjega
reda, odvisno od vrste elementa. Snovne last-
nosti pa so znotraj elementov homogene.
V podrodjih, kjer pricakujemo dinamicno
spreminjanje ra¢unanih veli¢in, moramo
ponavadi postaviti gostejSo mreZo, prav tako
tudi v podrodjih, kjer nas porazdelitve elek-
tricnega polja Se posebej zanimajo. Mreza
mora biti gostejSa tudi v mejnih podrocjih
med dvema materialoma, katerih snovne
lastnosti se moc¢no razlikujejo. Slabo zgraje-
na mreza kon¢nih elementov je najpogoste;jsi
vzrok za slab izraCun, zato je treba gradnji
mreZe posvetiti e posebno pozornost. Eden
najosnovnejsih postopkov preverjanja mode-
la, ki ga obi¢ajno opravimo na samem zacetku
raziskave, je gostitev mreZe v opazovanih
podrodjih (na primer znotraj tumorja ali
v okolici elektrod). Ce se pri gostejsi mrezi
rezultati bistveno ne spremenijo, je mreZa
dovolj gosta. Gradnja mreZe je mo¢no poeno-
stavljena pri modelih, katerih geometrija je
pravilne ali simetri¢ne oblike. Z dolo¢itvijo osi
oziroma ravnin simetrije se zmanjsa tudi
potrebno Stevilo kon¢nih elementov in s tem
mocno poenostavi in skrajsa izracun.

DOLOCANJE ELEKTRO-
PERMEABILIZACIJE CELIC
V POGOJIH IN VIVO

Dober model, potrjen z rezultati meritev, nam
omogoca razlago dogajanja v tkivu med elek-
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troporacijo, nacrtovanje poskusov in vivo ter
geometrij elektrod. Kljub temu se moramo
zavedati dejstva, da so modeli zelo poenostav-
Jjena slika realnih razmer. Numeric¢ni izracuni
zato ne morejo nadomestiti eksperimental-
nega dela, ampak sluzijo kot vir dodatnih
informacij za osvetlitev dogajanj in nacCrtova-
nje eksperimentov in terapije. Zato morajo
teoreticnemu modeliranju slediti poskusi,
najprej v pogojih in vitro, kasneje neizogibno
tudi poskusi in vivo na laboratorijskih Zivalih.

S poskusi in vivo zato Zelimo doloditi
uspesnost elektroporacije oziroma stopnjo
permeabiliziranosti celic v tkivu. V pogojih
in vivo je zaznavanje permeabilizacije celic
oteZeno. Markerji ali ciljne molekule namrec
niso porazdeljeni enakomerno in v bliZini
celic, kot so to v pogojih in vitro, temve¢ neho-
mogeno in zaradi ovir (druge celice, ekstra-
celularni matriks, membrane kot je misi¢na
ovojnica v misici) tudi ne nujno v primerni
blizini. Vnos markerjev ali ciljnih molekul je
mozZen z lokalnim ali znotrajZilnim vnosom.
Slednje je moZno le, ¢e ima moc¢no razredce-
na molekula $e vedno bioloski ucinek (npr.
bleomicin) oz. ¢e molekulo $e vedno lahko
zasledimo. V nadaljevanju bomo na kratko
opisali nekaj metod, ki jih uporabljamo za
dolocanje elektropermeabilizacije celic v po-
gojih in vivo.

Vecina metod za dolocanje permeabiliza-
cije membran celic v tkivu temelji na lastno-
stih markerskih molekul in na dejstvu, da
z elektroporacijo membrane zacasno poveca-
mo njeno prepustnost za te molekule. Mar-
kerji ali ciljne molekule ne smejo prehajati
celicne membrane v obicajnih razmerah,
v primeru permeabilizacije celicne membra-
ne pa molekule vstopijo v membrano. Tak$ne
molekule so npr. bleomicin, EDTA, DTPA. Nji-
hova znacilnost je, da jih po dolo¢enem casu
v telesu ne zasledimo, razen v primeru nji-
hove akumulacije v celicah po elektropermea-
bilizaciji membrane. Ce ozna¢imo molekule
z radioaktivnim izotopom, jih lahko v tkivu
po dolodenem Casu zaznamo z gama kamero
in situ ali pa ex vivo. Ulinek neoznacenega
bleomicina pa lahko opazujemo na histolos-
kih preparatih, kjer ugotavljamo spremembe
v celi¢ni morfologiji. V drugi sklop molekul, ki
jih lahko uporabimo za detekcijo permeabi-
lizacije membran celic in vivo, sodijo npr. fluo-
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rescentne molekule propidijev jodid, GFP in
encim luciferaza, ki katalizira reakcijo lumi-
niscence. Vse te molekule nam omogocajo
dolocitev tako reverzibilnega kot tudi irever-
zibilnega praga. Prisotnost teh molekul pa lah-
ko z ustrezno opremo za detekcijo opazujemo
tako in situ kot tudi ex vivo. V tretji sklop metod
za dolocitev elektropermeabilizacije celic-
nih membran in vivo pa sodi merjenje elek-
tri¢nih lastnosti tkiva: impedancna spektro-
metrija in merjenje toka in napetosti ter
dolocitev dinamicne prevodnosti tkiva med
samim dovajanjem elektroporacijskih elektric-
nih pulzov. Merjenje elektri¢nih lastnosti
tkiva nam omogoca detekcijo praga reverzi-
bilne elektroporacije, ne pa tudi ireverzibil-
ne. Ireverzibilni prag elektroporacije lahko
dolo¢imo tudi samo z opazovanjem pojava
nekroze, vendar pa moramo tu najprej dolo-
Citi optimalni ¢as opazovanja po elektropo-
raciji (44).

1. Bleomicin. Metoda temelji na spoznanju,
da bleomicin prehaja plazmalemo z recep-
torsko posredovano endocitozo, z elektro-
poracijo pa se prepustnost membrane za
bleomicin izrazito poveca (44-45). Bleo-
micin povzrodi pri majhnih znotrajceli¢nih
koncentracijah mitoti¢no celi¢no smrt, pri
velikih pa sproZi procese, ki so znacilni za
apoptozo. Bleomicin po vstopu v celico
namre¢ tvori enojne in dvojne prelome
DNK vija¢nice. Ce je teh prelomov relativ-
no malo, celi¢na smrt nastopi Sele takrat,
ko se celica deli. Kadar pa je teh prelomov
veliko, pride do sprozenja apoptoze. Bleo-
micin lahko v vegjih koli¢inah vstopi le
v permeabilizirane celice. Ze v nekaj minu-
tah po vstopu bleomicina postanejo jedra
apoptoti¢na. Opazovanje karakteristicnih
morfoloskih sprememb celic je moZno na
histoloskih preparatih z mikroskopom. Ta
metoda nam omogoca dolocevanje rever-
zibilnega praga elektropermeabilizacije
tkiva, ne pa tudi ireverzibilnega praga (44).

2. ¥Co-Bleomicin je stabilna mesanica kobal-
ta in bleomicina z visoko specifi¢no radio-
aktivnostjo (46). Slabost metode je poca-
sno odvajanje molekul iz telesa preko
ledvic. Zato lahko dobimo rezultate Sele po
treh dneh, ko izmerimo stopnjo radioaktiv-
nosti ciljnega tkiva in tako ocenimo uspe-
$nost elektropermeabilizacije. Razpolovni

cikel ’Co je 270 dni, kar pomeni, da mora-
mo radioaktivne Zivali in odpadke zelo dolgo
hraniti v ustrezno za$citenih prostorih.

. S'Cr-EDTA. Radioaktivna snov, katere raz-

polovni ¢as je le 27,7 dneva. Tipi¢no damo
0,72 MBq v veno nekaj minut pred dova-
janjem elektri¢nih pulzov. Vnesena snov
se porazdeli v Zilnem in medceli¢cnem
prostoru, vendar ne more vstopiti v celice,
¢e ni zagotovljen dostop, npr. z elektropo-
racijo. V 24 urah se radioaktivna snov, ki
ni ujeta v reverzibilno permeabiliziranih
celicah, izlo¢i iz organizma. Takrat Zivali
usmrtimo, izreZemo ciljno tkivo, ga steh-
tamo in v gama Stevcu izmerimo stopnjo
radioaktivnosti. Vsebnost substance, ki je
rezultat reverzibilne elektroporacije tkiva,
izra¢unamo iz meritev in izrazimo v na-
nomolih *'Cr-EDTA na gram ciljnega tkiva.
Z metodo lahko dolo¢amo oba praga elek-
troporacije, reverzibilnega in ireverzibilnega.
Ob povecevanju amplitude dovedenih pul-
Z0V najprej zaznamo povecano zadrZevanje
SICr-EDTA v vzorcih tkiva, ki nara$ca do
amplitude pulzov, pri kateri se zacenja ire-
verzibilna elektroporacija. Od te amplitude
naprej se koli¢ina *'Cr-EDTA v vzorcih
ponovno zac¢ne zmanjsevati. Prag reverzi-
bilne elektroporacije je torej pri amplitudi
pulzov, kjer zaznamo povecanje *Cr-EDTA
v vzorcu, prag ireverzibilne elektropora-
cije pa pri amplitudi, kjer doseZemo maksi-
malno koli¢ino >'Cr-EDTA v vzorcu (42).

. mTc-DTPA. Radiofarmacevtska snov, ki

se uporablja v radionuklidni angiografiji,
staticnih mozganskih slikanjih ter raziska-
vah ledvic in se¢nih poti. Farmakokinetsko
je zelo podobna bleomicinu, saj se hitro
izloci iz telesa s seCem. Obe snovi sta hidro-
filni, kar pomeni, da ne prehajata skozi
celino membrano. Snov vbrizgamo v veno
pred elektroporacijo. Elektroporirano tki-
vo lahko slikamo z gama kamero Sest ur
kasneje in slike primerjamo s slikami tkiva
pred postopkom ter tako dobimo podatek
o reverzibilnem in ireverzibilnem pragu
elektroporacije (47).

. PI (Propidijev jodid) je fluorescen¢na mole-

kula, ki lahko preide v notranjost celic le
s povecano prepustnostjo membrane (48).
Propidijev jodid se v celici veze na DNA.
Sele na DNA vezan propidijev jodid fluo-
rescira z rdeco barvo. Rezultate uspesnosti
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elektroporacije pridobimo sorazmerno hitro,
ker fluorescenco lahko opazujemo Ze v pr-
vih 15 minutah po dovajanju elektropora-
cijskih pulzov. Zanimivost te metode je
tudi v tem, da med eksperimentom ohra-
nimo geometrijo tkiva, kar nam omogoca,
da na podlagi fluorescence tkiva izsledi-
mo tudi obliko porazdelitve elektri¢nega
polja oziroma reverzibilno in ireverzibil-
no pragovno vrednost elektroporacije tkiv.

. GFP (angl. green fluorescent protein) je pro-

tein, ki fluorescira zeleno, ko ga osvetlimo
z modro svetlobo. V in vivo pogojih v tki-
vo vnesemo gen, ki kodira protein GFP.
Tkivu dovedemo elektroporacijske pul-
ze, ki omogocijo vstop plazmida v celice.
Izrazanje gena GFP nekaj dni kasneje nam
omogocdi opazovanje elektropermeabilizi-
ranega tkiva in dolocitev pragov rever-
zibilne in ireverzibilne elektroporacije.
Fluorescenco lahko opazujemo pod kon-
fokalnim mikroskopom in tako dobimo
kvalitativen podatek o mestu izrazanja
gena, z opazovanjem moci fluorescence pa
dobimo semikvantitativen podatek o ko-
li¢ini prisotnega proteina GFP (49-50).

. Luciferaza je encim, ki katalizira reakcijo

luminiscence in ga lahko tako kot GFP upo-
rabljamo za merjenje uspesnosti elektro-
poracije in vivo in dolo¢itev pragovnih vred-
nosti elektroporacije. Luminiscenco tkiva
merimo z napravo luminometer nekaj dni
po vnosu plazmida, ki kodira protein luci-
ferazo, kateremu je sledila elektroporacija.
Podatek je kvantitativen in nam po ume-
ritvi z referencno vrednostjo pove vsebnost
proteina v tkivu (49).

. Impedan¢na spektrometrija. Obic¢ajno

merimo impedanco tkiva v obmodju 10 Hz
do 200kHz tik pred (Zpre ») in takoj po (Zpo)
elektroporaciji tkiva. Nato izra¢unamo
razmerje impedance pred in po elektropo-
raciji Zpred/ Z,y kar korelira z uspe$nostjo
elektroporacije (51). Uporabimo lahko
dvoelektrodni ali Stirielektrodni sistem. Pri
dvoelektrodnem uporabimo iste elektro-
de za merjenje impedance in za dovajanje
visokonapetostnih pulzov, pri Stirielek-
trodnem sistemu pa en par elektrod upo-
rabljamo za dovajanje pulzov, drugi par za
merjenje napetosti, impedanco potem dolo-
¢imo iz meritev na obeh parih elektrod.

9. Merjenje karakteristike toka in napetosti
(I/U metoda). Opazujemo potek toka v od-
visnosti od napetosti na elektrodah.
Permeabiliziranemu tkivu se namrec pove-
¢a prevodnost, skozenj stece vedji tok, to
pa se odraza v spremembi naklona pote-
ka I/U odvisnosti. Na ta nacin lahko
dolocamo predvsem reverzibilni prag elek-
troporacije, ireverzibilni je veliko manj
izrazit. Rezultati so odvisni tudi od homo-
genosti porazdelitve elektri¢nega polja,
torej od stopnje homogenosti tkiva in geo-
metrije elektrod (52).

Pri vseh nastetih metodah dolocanja rever-
zibilnega in ireverzibilnega praga elektropora-
cije in vivo pa je treba upostevati porazdeli-
tev elektri¢nega polja v tkivu, ki je odvisna od
uporabljenih elektrod - njihove geometrije in
postavitve glede na tkivo — in elektri¢ne pre-
vodnosti razli¢nih tkiv. Zavedati pa se
moramo tudi, da je doloditev praga reverzi-
bilne permeabilizacije tkiva odvisna tudi od
uporabljenega markerja ali ciljne molekule,
pa tudi od drugih uporabljenih parametrov
elektri¢nih pulzov poleg amplitude - to je od
trajanja, Stevila dovedenih pulzov in njihove
ponavljalne frekvence.

SEKUNDARNI UCINKI
ELEKTROPORACIJE

Uporaba visokonapetostnih elektroporacij-
skih pulzov ima poleg primarnega ucinka
permeabilizacije celicne membrane tumor-
skih celic tudi sekundarne ucinke. Glavni
mehanizem delovanja terapij, ki vkljucujejo
elektroporacijo, temelji na za¢asno mocno
povecani prepustnosti celiécne membrane za
molekule, ki drugace membrano tezko pre-
hajajo ali pa je sploh ne. V primeru elektro-
kemoterapije tumorjev lahko na ta nacin
moc¢no povecamo vnos kemoterapevtika
v notranjost tumorskih celic in s tem lokal-
no izrazen protitumorski u¢inek. Poleg tega
neposrednega ucinka pa imajo elektropora-
cijski pulzi velik vpliv tudi na lokalni pretok
krvi, tako v normalnih tkivih, kot je misica,
kot tudi v tumorjih (3, 53). Hitre spremembe
v pretoku krvi v tkivih na nivoju mikrocirku-
lacije lahko ovrednotimo z opti¢no lasersko
dopplersko metodo, pri kateri merimo spre-
membe v valovni dolZini laserske svetlobe, ko
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Slika 3. Primer spremembe v nivoju mikrocirkulacije zaradi uporabe elektroporaciiskih pulzov. Osnovni nivo pretoka predstavija spodnji

rob krivule, vidimo pa tudi motnjo zaradi dihanja in misicnih konfrakcij ob dovedenih pulzih. lzmerjeno z metodo loser Doppler v podkoznem

tumorju Sa-T pri misi seva A/ (60).

se ta sipa na premikajocih se krvnih celicah
v kapilarah, arteriolah in venulah. Na sliki 3
lahko vidimo, kako se lokalna tumorska mikro-
cirkulacija skoraj popolnoma zaustavi Ze med
dovajanjem elektroporacijskih pulzov. Ta
takoj$nji ucinek na pretok krvi je posledica
mocnega kréenja gladkih misi¢nih celic v ste-
nah krvnih 7il zaradi elektricnega toka in pa
tudi vedje prepustnosti Zil zaradi porusitve
struktur celi¢nega skeleta (54). Mikrocirku-
lacija se v tumorjih delno obnovi relativno
hitro po aplikaciji pulzov, kljub temu pa je eno
uro kasneje pretok krvi v tumorjih $e vedno
moc¢no zmanjsan, kar je razvidno iz slike 4.
Z metodama barvanja tkiva in vivo z barvilom
patent modro ter merjenja vsebnosti radioak-
tivnega izotopa rubidija v tkivu smo ugotovili
zmanjs$ano prekrvljenost tumorjev celo 48 ur
po elektroporaciji (55-56). V Casu, ko je zmanj-
$an pretok krvi v tumorjih, je povecano
zadrZevanje kemoterapevtika, kar je dodatni
pozitivni dejavnik, saj je z dalj$im delovanjem
udinkovitost kemoterapevtikov povecana.
Poleg tega je potrebno poudariti, da zmanj-
Sani mikrocirkulaciji sledi tudi zmanj$ana
oksigenacija tkiv, kar ima vpliv na delovanje
kemoterapevtikov in na izraZanje vneSenih
genov (57).

Zacetno zmanj$anje mikrocirkulacije in
dogajanje v prvih minutah do nekaj ur po elek-
troporaciji lahko ve¢inoma pripiSemo ucinku
elektri¢nih pulzov na celice gladkih misic in
prepustnosti Zilja. V kasnejSem obdobju po
elektroporaciji pa je v primeru elektrokemo-
terapije zmanj$an pretok krvi posledica pred-
vsem citotoksi¢nih ucinkov kemoterapevtika
na endotelne celice v stenah krvnih zil, ki
so podobno kot tumorske celice izpostavlje-
ne elektroporacijskim u¢inkom. Na ta nacin
prihaja do Zilno ciljanega zdravljenja saj pri
dolgotrajni zaustavitvi krvnega pretoka pride
do odmiranja celic, ki jih oskrbujejo prizadete
kapilare in s tem do posrednega delovanja na
tumorske celice (56, 58). To hipotezo podpi-
rajo tudi rezultati Studije u¢inka elektrokemo-
terapije na endotelne celice v pogojih in
vitro (59). Vedno vec je torej dokazov, da mora-
mo elektroporacijo obravnavati tudi s stali¢a
njenega vpliva na lokalno Zilje in na lokalni
pretok krvi. S tem pa se odpirajo tudi nove
moznosti za uporabo elektroporacije v zdrav-
Jjenju.

STRANSKI UCINKI
ELEKTROPORACIJE

Med elektrokemoterapijo in po njej se lahko
pojavijo tudi nekateri neprijetni stranski
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Slika 4. Vpliv elektroporacile na pretok krvi v podkoZnih tumarih Sa-1 pri misih seva A /1. Prikazane so srednje vrednosti pretoka s standardno

napako. lzmerjeno z metodo laser Doppler (60).

ucinki. Zaradi visokih lokalnih vrednosti tokov-
ne gostote med dovajanjem pulzov lahko na
koZi neposredno pod mestom stika z elektro-
dami nastanejo lokalne opekline, ki pa obicajno
v kratkem Casu (v nekaj urah do enega dneva)
izginejo (61). Mogoc je tudi nastanek edema
in bolj pogosto rdecice okrog mesta zdravlje-
nja, vendar sta tudi ta pojava zgolj kratko-
trajna. Za bolnike sta bolj neprijetni boleci-
na in nehoteno migi¢no kréenje, ki se pojavita
med dovajanjem elektricnih pulzov. Vsak
elektri¢ni pulz ponavljalne frekvence 1Hz
namre¢ povzroci zelo kratko ostro bolec¢ino
in mo¢no nehoteno misi¢no krcéenje, kar je
lahko za bolnika razmeroma neprijetno.
Z uporabo visjih ponavljalnih frekvenc, npr.
5kHz, se Stevilo boledinskih zaznav in mi$ic-
nih krcenj zniza (62-63). Protitumorski
ucinek obeh ponavljalnih frekvenc elektric-
nih pulzov je primerljiv, kar potrjujejo eksperi-
mentalni podatki in klini¢ni rezultati (63-64).

ZAKLJUCEK

Elektroporacijo kot metodo vnosa lahko upo-
rabljamo v razli¢ne bioloske, biotehnoloske
in medicinske namene. Narejene so bile Ste-
vilne raziskave, s katerimi so poskusali dolociti

vpliv razli¢nih parametrov celic, tkiv in elek-
tri¢nih pulzov na izid elektroporacije. Zelje,
da bi elektroporacijske metode prisle tudi
v Klini¢no prakso, dvigujejo pomembnost teh
raziskav, saj so u¢inkovitost, varnost in pacien-
tovo sprejemanje neke terapevtske metode na
prvem mestu. Kot pomembno dopolnilo eks-
perimentalnemu delu lahko s pomocjo
numeri¢nih modelov teoreti¢no opiSemo in
razloZimo rezultate poskusov in vivo, optimi-
ziramo parametre pulzov, napovedujemo izid
terapije in nacrtujemo nove pristope k pro-
tokolom elektri¢nih pulzov in geometrijam
elektrod. Uporaba elektroporacije za vnos gen-
skega materiala v celice ter uporaba za vnos
snovi v koZo sta $e v predklini¢ni fazi. Kom-
binacija kemoterapevtikov in elektroporacije —
elektrokemoterapija — pa se Ze uspesno upo-
rablja v klini¢nem okolju za zdravljenje koznih
in podkoZnih tumorjev.

ZAHVALA

Raziskave na podrocju elektroporacije in nje-
ne uporabe sta omogoc¢ili Agencija za razi-
skovalno dejavnost Republike Slovenije in
Evropska komisija.
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Abstract Electrochemotherapy is an effective antitumor
treatment currently applied to cutaneous and subcutaneous
tumors. Electrochemotherapy of tumors located close to the
heart could lead to adverse effects, especially if electro-
poration pulses were delivered within the vulnerable period
of the heart or if they coincided with arrhythmias of some
types. We examined the influence of electroporation pulses
on functioning of the heart of human patients by analyzing
the electrocardiogram. We found no pathological mor-
phological changes in the electrocardiogram; however, we
demonstrated a transient RR interval decrease after
application of electroporation pulses. Although no adverse
effects due to electroporation have been reported so far, the
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probability for complications could increase in treatment of
internal tumors, in tumor ablation by irreversible electro-
poration, and when using pulses of longer durations. We
evaluated the performance of our algorithm for syn-
chronization of electroporation pulse delivery with
electrocardiogram. The application of this algorithm in
clinical electroporation would increase the level of safety
for the patient and suitability of electroporation for use in
anatomical locations presently not accessible to existing
electroporation devices and electrodes.

Keywords Electrochemotherapy - Electrocardiogram -
QRS detection - Synchronization of electroporation pulse
delivery with ECG

1 Introduction

The combined treatment in which delivery of chemothera-
peutic drug is followed by application of high-voltage
electric pulses locally to the tumor has been termed electr-
ochemotherapy. The effect of local electropermeabilization
of the cell membrane (the disruption of the lipid matrix and
creation of aqueous pathways [10, 38]), also termed elec-
troporation, transiently enables the entry of anticancer drugs,
such as bleomycin or cisplatin, into the cells and hence
greater effectiveness of tumor treatment. Electroche-
motherapy has been successfully used for treatment of
cutaneous and subcutaneous tumors irrespective of their
histological origin in different animal tumor models and in
humans [19, 36, 51, 52]. In these studies, a typical electr-
ochemotherapy protocol involved eight electroporation
pulses (EP pulses) with amplitude of about 1,000 V, duration
100 ps, repetition frequency 1 Hz, and inter-electrode dis-
tance 8 mm. However, the protocol involving eight EP
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pulses at repetition frequency of 5 kHz has been suggested
and is currently replacing the 1-Hz protocol due to a lesser
discomfort and pain inflicted to patients [31, 57]. Electrodes
of three different configurations can be used for EP pulse
delivery during electrochemotherapy. EP pulses applied by
plate electrodes are used in case of superficial tumor nodules
whereas EP pulses to deeper-seated tumors (subcutaneous
nodules) are applied using needle row array electrodes (eight
needle electrodes arranged in two rows) or needle hexagonal
array electrodes (six hexagonally arranged electrodes with
the seventh electrode in the centre) [31]. The number of
applied EP pulses and pulse repetition frequency depend on
the electrode type and define the duration of electroporation,
which is 1.6 ms for plate and needle row array electrodes
[31] and approximately 200 ms for needle hexagonal array
electrodes [31, 45]. New protocols for delivery of EP pulses
are either already in use or are being developed. For gene
electrotransfer three different EP pulse protocols are in use:
short high-voltage EP pulses, EP pulses of a much longer
duration (in the order of milliseconds), or combination of
short high-voltage EP pulses with very long low-voltage
electrophoretic pulses (amplitude 50-100 V, duration
100 ms) [8, 18, 20, 40, 48]. Tumor ablation by irreversible
electroporation is another recently developed application,
where EP pulses with larger amplitudes (up to 3,000 V) and
longer durations (up to 24 ms) are delivered [3, 14, 28, 35].
New applications using endoscopic or surgical means to
access internal tumors are also being developed [21].
Electrochemotherapy is reported as an efficient and safe
method. No adverse effects have been reported so far.
Electrochemotherapy causes only minor side effects in the
patients such as the transient lesions in areas in direct
contact with the electrodes [37] and acute localized pain
due to contraction of muscles in vicinity of the electrodes
[36, 57]. The induced contraction could present a problem
if provoked in the heart muscle [46]. There is very little
chance that currently used electroporation protocols could
interfere with functioning of the heart since there is no such
practical evidence. However, this issue has not been sys-
tematically investigated yet. Given the increasing need for
palliative treatment of internal tumors, the possibility of EP
pulses interfering with functioning of the heart is emerging
for tumors located close to the heart muscle. Among pos-
sible irregularities of functioning of the heart that the
application of EP pulses could induce (e.g., atrial and
ventricular flutter and fibrillation, premature heartbeats),
the most dangerous is ventricular fibrillation [46]. Fibril-
lation can be induced if electrical stimulus is delivered
during late atrial or ventricular systole, during the so-called
vulnerable period of the heart [25, 46, 55] (Fig. 1). For
ventricular myocardium, the vulnerable period coincides
with the middle and terminal phases of the T wave [46], but
higher shock strengths cause the vulnerable period to occur
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several milliseconds earlier in the heartbeat [27]; therefore,
the whole T wave can be considered to be within the
vulnerable period of the ventricles. For the atria, the vul-
nerable period is somewhere in the S wave [46]. Externally
applied electric pulses delivered outside the vulnerable
period have extremely low probability of inducing ven-
tricular fibrillation [46]. According to this fact the
synchronization of EP pulse delivery with electrocardio-
gram (ECG) would increase safety of the patient. The
likelihood of electroporation to influence functioning of the
heart depends also on applied pulse voltage, duration,
number and repetition frequency of EP pulses, and electric
current pathway [46].

Although fibrillation can occur in normal and healthy
hearts, it is more likely in hearts with structural or func-
tional abnormalities [11]. Abnormalities of the heart
rhythm (arrhythmias) are indicated by significant deviation
of RR interval from its normal value [12, 46]. During some
arrhythmias the heart becomes more susceptible to external
stimuli due to a decreased threshold level for fibrillation.
Therefore EP pulses coinciding with some arrhythmias
could elicit fibrillation. This potential danger is most sig-
nificant after premature heartbeat, the extrasystole [46].

The main purpose of this study was therefore to inves-
tigate the possible effects of EP pulses on functioning of
the heart and to address the relevance of synchronization of
EP pulse delivery with ECG. In this context we also
evaluated the performance of our previously developed
algorithm for QRS detection and synchronization of EP
pulse delivery with ECG [30].

2 Methods and materials
2.1 Patients and electrochemotherapy
Fourteen human patients were included in this study.

Before electrochemotherapy treatment a signed consent
was obtained from each patient. Patients were treated
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according to the electrochemotherapy protocols as descri-
bed by Marty et al. [31] with the addition of ECG monitor-
ing. Electrochemotherapy drugs (cisplatin or bleomycin)
were administered locally to tumors. EP pulses were
generated by the electric pulse generator Cliniporator™™
(IGEA S.R.L., Carpi, Italy). Altogether 93 applications
of EP pulses were performed. Main characteristics of the
patients, tumors and electrochemotherapy are presented in
Table 1.

We recorded 16 ECG signals on 14 patients during
electrochemotherapy at the Institute of Oncology in
Ljubljana. Two patients were treated twice. Thus ECG
signals number 1 and 2 belong to the same person as well
as signals number 5 and 6 (Table 1). ECG signals were
acquired at sampling frequency of 250 Hz using a BIOPAC
data acquisition and measurement system (BIOPAC
Systems, Inc., USA). To enable early detection of QRS
complex we required an ECG lead, which results in a
distinctive ascendant QR junction, high R wave amplitude
and high dynamics within the QRS complex in comparison
to other parts of the ECG signal. Typical standard ECG
leads fulfilling these requirements include the chest lead V4
and standard limb leads I, II and III. We recorded ECG
signals from leads I and III by placing the electrodes
(disposable soft cloth ECG electrodes, diameter 6 cm,
3M™ Red Dot™) on wrists and ankles and computed the
third limb lead II by summing the leads I and III. The lead
with best dynamic characteristics was selected for the
analysis individually for each patient (see Table 5).

2.2 Analysis of electrocardiograms

The primary analysis of ECG signals recorded during
electrochemotherapy was made by using QRS detection
algorithm based on the analysis of a single lead ECG,
which enables EP pulse delivery prior to the vulnerable
period of the heart [30]. This algorithm for synchronization
of EP pulse delivery with ECG was developed and evalu-
ated using records of the Long-term ST database (LTST
DB database) [23] and was written in ANSI C program-
ming language. The algorithm is described in detail
elsewhere [30]. Briefly, it consists of two major compo-
nents (the detection phase and the decision-making phase),
which are preceded by the learning phase during which
architecture parameters are estimated from the ECG signal.
The detection phase is based on consideration of several
ECG signal features: the QR interval, the R wave ampli-
tude and the RR interval (see Fig. 1), in order to achieve a
reliable QRS detector performance and to assure clear
distinction between normal and abnormal individual
heartbeats. For implementation of such a detector the peaks
of Q and R waves and the isoelectric level are extracted
from the ECG signal. During the decision-making phase, a

decision is made whether the EP pulse can be delivered or
not based on evaluating deviations of R wave amplitude
and RR interval of individual heartbeat from moving
average values of these two parameters.

Further analysis of ECG signals recorded during
electrochemotherapy was performed to estimate the effect
of EP pulse delivery on ECG. For this purpose the peaks of
S waves and ends of QRS complexes were determined
using program routines written in Matlab. Since the longest
normal duration of the QRS complex is 120 ms [22] and
the R peak is located approximately at the centre of the
QRS complex, it is reasonable to expect the S peak within
an interval of 60-ms after the R peak. The algorithm cal-
culates the first derivative of the ECG signal in this 60 ms
interval and looks for the first occurrence of three succes-
sive samples with negative first derivative followed by a
sample with nonnegative derivative. The S peak is assigned
to the third of these four samples. Next, the algorithm
searches for the flattest part of the ST segment in order to
determine the end of the QRS complex. For this purpose an
interval of 40 ms after the S peak is analyzed. The average
value of five successive samples from this interval having
the minimal total deviation from their average value is
taken as the flattest part of the ST segment and the middle
sample is considered as the end of QRS complex, i.e., the
end of QRS interval. After this, the area under the QRS
complex is estimated. A similar routine is used for locali-
zation of the end of T wave except that an interval of
130 ms after the T peak is analyzed; the flattest part is
searched for and the middle sample of this flattest part is
considered as the end of T wave. The corrected QT interval
(QTc interval) is calculated as the QT interval divided by
the square root of the corresponding RR interval.

For evaluation of the effects of EP pulse delivery on
functioning of the heart we calculated the average values of
RR interval, QRS interval, QTc interval, QRS area and R
wave amplitude before and after the application of EP
pulses. The length of the averaging interval (8.5 s) was
chosen based on the minimum interval between two suc-
cessive applications of EP pulses, which was 8.5 s.

Testing and evaluation of this newly developed part of
the algorithm was performed by manual verification of
automatically defined locations of S peak, T peak, the end
of T wave, and duration of QRS interval on randomly
selected sequences of ECG signals included in our study. In
addition, since this was the first application of the newly
developed part algorithm, we also manually verified the
results of the algorithm on 8.5 s-long segments of ECG
signals before and after all 93 applications of EP pulses.

All ECG signals were manually examined by two medical
doctors (including a cardiologist), who classified all abnor-
mal heartbeats present in the signals. Other heartbeats were
considered as normal. They found no evidence of significant
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long-lasting heart arrhythmias (e.g., bradycardia, tachycar-
dia). For evaluation of QRS complex detection, we
calculated the following scores for each record: Ny, TP, FN
and FP (for definitions see Table 5). Based on these scores
obtained with a beat-by-beat comparison of the results of our
algorithm [30] with the medical expert-defined annotations
of the heartbeats, we calculated standard performance
measures of the algorithm: the sensitivity (Se), the positive
predictivity (+P) and the detection error rate (DER) for QRS
detection (Eqgs. 1-3, respectively). The performance mea-
sures for an ideal QRS detector would be Se = 100%,
+P = 100% and DER = 0%.

Se(%) = g % 100 (1)
d
+P(%) = % % 100 2)
DER(%) = 2N 100 3)
d

For evaluation of EP pulse delivery we calculated the
following scores for each record: N,, TP,, FN, and FP,
(for definitions see Table 5). Based on these scores and in
the absence of any standard performance metrics for EP
pulse delivery, we calculated the performance measures
analogous to QRS detection metrics: the sensitivity (Se,),
the positive predictivity (+P,) and the delivery error rate
(DER,,) for EP pulses. The performance measures for an
ideal algorithm for EP pulse delivery would be Se, =
100%, +P, = 100% and DER, = 0%.

The performance of our algorithm for QRS detection and
EP pulse delivery has previously been evaluated on ECG
signals from a standard LTST DB database [30]. The results
were: Se = 99.4%, +P = 100.0%, DER = 0.6%, Se, =
91.8%, +P, = 100.0% and DER,, = 8.3% (median values).

2.3 Numerical modeling

We performed numerical calculations of electric field and
current distribution for tissue models. The geometry of
models and electrode configurations are shown in Fig. 2.
The modeled conditions (needle row array, needle hexag-
onal array and plate electrode configurations and voltages
applied) were the same as actually used in clinical electr-
ochemotherapy (see Tables 3 and 4 for details). The
modeled tissues (the target tumor tissue and the sur-
rounding healthy tissue) are treated as isotropic materials
with ohmic behavior (only conductivity of the tissues was
taken into account). The assigned conductivity values were
set to be 0.4 S/m for the tumor and 0.2 S/m for the healthy
tissue according to previous measurements of tumor and
tissue conductivity [34], models of subcutaneous tumor and
skin electropermeabilization [43], a 3D finite element
model of thorax, where the sensitivity of defibrillation

parameters to the variations in model inhomogeneity and
approximation of skeletal muscle anisotropy was examined
for different paddle placements [9], and average con-
ductivity of tissues composing the thorax [26]. The
conductivity of cardiac muscle was reported to be in the
range between 0.17 and 0.25 S/m [9, 26]. The assigned
conductivity values for target tumor tissue (0.4 S/m) and
the surrounding healthy tissue (0.2 S/m) describe the con-
ductivity at the end of the electropermeabilization process,
thus incorporating the changes to tissue conductivity due to
exposure to external electric pulses.

The critical depth for electric field of 200 and 450 V/cm
(value for reversible and irreversible electroporation of the
muscle, respectively [43]), by solving the Laplace equa-
tion, and the critical depth for current of 100 mA (threshold
for ventricular fibrillation for 500 ps-long electrical stim-
ulus [46]), were estimated by means of finite element
method using COMSOL Multiphysics 3.3 software pack-
age (COMSOL AB, Sweden). Of the total electric current
flowing through the tissue during the EP pulse delivery, no
more than 100 mA (the threshold value for fibrillation) is
allowed to flow through the heart. Therefore we defined the
critical depth as a distance from the surface of the body (at
the site of EP delivery) below which the total electric
current flowing is equal to this threshold value. This is a
very conservative approach in which it is assumed that the
entire current flowing below the critical depth actually
passes through the heart. The validity of the model is
further discussed in the Sect. 4.1.

2.4 Statistical analysis

The performance of the algorithm and average values of
heartbeat parameters were compared using either the
Mann—Whitney Rank Sum or Wilcoxon Signed Rank test.
In all tests, a p value of less than 0.05 was considered as
indication of statistically significant difference. The statis-
tical analysis was performed using SigmaStat 3.1 software
package. Since the data were not normally distributed, we
give statistical summary of the results using both the mean/
standard deviation and the median/quartile values. How-
ever, when we say “on average” in the text we are referring
to median values, which are more representative of the
middle of the sample and population than the mean values.

3 Results

3.1 The effect of electroporation pulse delivery
on electrocardiogram

Our program-based analysis of heartbeat characteristics
(RR interval, QRS interval, QTc interval, R wave and QRS
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Fig. 2 The geometry of tissue
models with tumor for: a plate
electrodes (length 7 mm,
thickness 0.7 mm, distance
between the electrodes d is 4, 6
or 8 mm, tumor diameter is

1 mm larger than distance
between the electrodes);

b needle row array electrodes
(diameter 0.7 mm for each
needle, distance between two
rows of electrodes d = 4 mm,
tumor radius r = 4 mm, tumor
location 0.5 mm under the skin
surface); ¢ needle hexagonal
array electrodes (diameter

0.7 mm for each needle,
distance between two electrodes
8 mm, tumor radius

r = 15 mm)

area) revealed no pathological morphological changes
caused by EP pulses in patients subjected to electroche-
motherapy. This finding was confirmed independently by
two medical doctors. The significant change, however, was
detected in RR and QRS interval duration after each
application of EP pulses (see Table 2).

The medical doctors involved in the study confirmed
that EP pulses induced no heart arrhythmias. Moreover,
additional premature heartbeats were not triggered by EP
pulses in the cases where premature heartbeats were pres-
ent in ECG signal before the application of EP pulses.

The results of modeling the distribution of electric field
and current in tissue models are presented in Tables 3 and
4. Tt can be seen that in the worst-case scenario (needle
hexagonal array electrodes, 10 mm depth of insertion) the
critical depth for current of 100 mA is 4.10 cm. The largest
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Table 2 The change in heartbeat parameters after EP pulse delivery

Evaluated parameters Median  Percentile Statistical
change ———————— significance
25% 75% ®)
RR interval (ms) —5.43 —19.60 7.72 0.006
QRS interval (ms) —1.25 —-9.13 413  0.042
R wave amplitude (mV) 6.46 —28.50 3520 0.414
QRS area (mV ms) 515 —671 2,010 0.091
QTec interval (ms) 1.89 -9.73 11.40 0.380

Wilcoxon Signed Rank test, n = 93

critical depths for reversible and irreversible electropora-
tion are 1.30 and 1.07 cm, respectively, for needle row
array electrodes at insertion depth 10 mm.
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Table 3 Calculated critical depths for electric field and current in different plate electrode configurations

Distance between Tumor radius Applied Critical depth Critical depth for Critical depth for
electrodes (d) (mm) (r) (mm) voltage (V) for 100 mA (cm) 200 V/cm (cm) 450 V/cm (cm)
2.5 520 1.00 0.31 0.18
35 780 1.55 0.43 0.22
8 4.5 1,000 2.38 0.51 0.30

Table 4 Calculated critical depths for electric field and current in needle row array and needle hexagonal array electrode configurations

Depth of
insertion (/) (mm)

Needle row array electrodes
(400 V, tumor radius » = 2 mm)

Needle hexagonal array electrodes
(730 V, tumor radius » = 15 mm)

Critical depth for  Critical depth for

Critical depth for

Critical depth for  Critical depth for  Critical depth for

100 mA (cm) 200 V/cm (cm) 450 V/cm (cm) 100 mA (cm) 200 V/cm (cm) 450 V/cm (cm)
2 1.55 0.43 0.26 2.23 0.43 -
4 2.37 0.68 0.46 2.65 0.64 0.30
6 2.94 0.90 0.70 3.20 0.87 0.54
8 3.40 1.10 0.90 3.69 1.04 0.70
10 3.79 1.30 1.07 4.10 1.25 0.93

3.2 The algorithm for synchronization
of electroporation pulse delivery
with electrocardiogram

The performance of the algorithm for QRS detection and
synchronization of EP pulse delivery with ECG is sum-
marized in Table 5. On average, the algorithm correctly
detected 99.2% of all QRS complexes. The total number of
erroneously detected QRS complexes was 15. On average,
the algorithm would correctly deliver EP pulses in 94.6%
of normal QRS complexes. The average positive predic-
tivity for EP pulses (+P,) was 100.0% and thus ideal.

A comparison of performance between 16 ECG signals
recorded during electrochemotherapy and 42 ECG signals
from the LTST DB database [30] was performed. The
results showed that there is not a statistically significant
difference in the median values between all compared
performance measures (Se, +P, DER, Se, DER))
(0.142 < p < 0.924) except for the positive predictivity for
EP pulse delivery (+P,) (p = 0.026, Mann—Whitney Rank
Sum test). This performance measure was significantly
better for ECG signals recorded during electrochemother-
apy than for ECG signals from LTST DB database.

4 Discussion

4.1 The effect of electroporation pulse delivery
on electrocardiograms

We found no heart arrhythmias or other pathological
morphological changes of heartbeat as a consequence of

applied EP pulses. No additional premature heartbeats
were triggered even in cases when these were present in
ECG signal before the first application of EP pulses
(signals number 11, 12 and 16). This is in agreement
with the results of the work by Al-Khadra et al. [2] that
showed no arrhythmias in association with electropora-
tion applied directly on the heart. According to the heart
strength-duration curve a very large current would be
required to cause a single premature heartbeat [7, 15, 46]
for very short EP pulse duration (the microsecond range).
Since no additional premature heartbeats were detected,
it is highly improbable that EP pulses alone could create
the inhomogeneity (altered states of depolarization—
repolarization), which is a requisite for onset of
fibrillation.

The computer-based analysis demonstrated no signifi-
cant statistical change in the QTc interval but a significant
statistical decrease in the RR and QRS interval after each
application of EP pulses (Table 2). This transient effect
disappeared within 10 s after each application of EP pulses.
The RR and QRS intervals are tightly correlated because
they are both dependent on the heartbeat frequency [46].
A significant change in QT interval is one of the most
important indicators of arrhythmias [4]. However, its value
is also dependent on the heart rate (the faster the heart rate,
the shorter the QT interval) and has to be adjusted to aid
interpretation. For this reason the QTc interval is used in
practice. A significant change in the QTc interval would
indicate a clinically relevant effect of electrochemotherapy.
However, no such effect was observed in our study
(1.89 ms median change of QTc interval after application
of EP pulses, see Table 2).
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Table 5 ECG signals, ECG lead used, number of heartbeats of particular type, the results of QRS detection and the results of EP pulse delivery

Signal Lead P Ny TP FN FP Se (%) +P (%) DER (%) N, TP, FN, FP, Se, (%) +P, (%) DER, (%)
number name

1 I 0 461 460 I 1 998 99.8 0.4 461 452 0 98.0 100.0 2.0
2 I 0 609 607 2 0 99.7 100.0 0.3 609 602 0 98.9 100.0 1.1
3* I 0 462 455 7 2 985 99.6 1.9 462 415 47 0 89.8 100.0 10.2
4 I 0 354 351 3 2 992 994 1.4 354 334 20 0 94.4 100.0 5.7
5 I 0 1,716 1,714 2 0 999 100.0 0.1 1,716 1,702 14 0 99.2 100.0 0.8
6 II 0 1,822 1,819 3 0 998 100.0 0.2 1,822 1,809 13 0 99.3 100.0 0.7
7 I 0 1,635 1622 13 1 992 99.9 0.9 1,635 1,548 87 0 94.7 100.0 5.3
8 I 0 415 415 0 O 100.0 100.0 0.0 415 412 30 99.3 100.0 0.7
9 I 1 1405 1,397 8 2 994 99.9 0.7 1,404 1,359 45 0 96.8 100.0 32
10* I 1 1,264 1,260 4 0 99.7 100.0 0.3 1,263 991 272 0 78.5 100.0 21.5
11* I 131 795 664 131 O 835 100.0 16.5 664 422 242 0 63.6 100.0 36.4
12 I 17 1,348 1,330 18 0 98.7 100.0 1.3 1,331 1,307 24 0 98.2 100.0 1.8
13* I 1 678 666 12 0 98.2 100.0 1.8 677 589 55 0 87.0 100.0 8.1
14* I 0 1,009 1,001 8 6 992 99.4 1.4 1,009 540 469 0 53.5 100.0 46.5
15 I 8 798 784 14 0 982 100.0 1.8 790 746 44 0 94.4 100.0 5.6
16 I 18 1,384 1,358 26 1 98.1 99.9 2.0 1,366 1,291 75 0 94.5 100.0 5.5
Total - 177 16,155 15,903 252 15 - - - 15,978 14,519 1426 0 - - -
Min - 0 354 351 0 0 835 99.4 0.0 354 334 30 53.5 100.0 0.7
25% - 0 536 534 3 0 984 99.8 0.3 536 437 14 0 88.4 100.0 1.5
Median — 0 904 893 8 0 99.2 100.0 1.1 900 674 45 0 94.6 100.0 54
75% - 5 1,395 1,378 14 2 99.7 100.0 1.8 1,385 1,333 81 0 98.5 100.0 9.1
Max - 131 1,822 1,819 131 6 100.0 100.0 16.5 1,822 1,809 469 0 99.3 100.0 46.5
Mean - 11 1,010 994 16 1 982 99.9 1.9 999 908 89 0 90.0 100.0 9.7
St. dev. - 33 501 504 32 2 4.0 0.2 39 505 516 129 0 13.6 0.0 13.6

P premature heartbeats of ventricular, supraventricular or ectopic origin; N, total number of possible detected QRS complexes (normal and
abnormal), the sum of 7P and FN; TP true positive for QRS detection (the number of correctly detected QRS complexes); FN false negative for
QRS detection (the number of missed QRS complexes); FP false positive for QRS detection (the number of false QRS detections); Se sensitivity
for QRS detection; +P positive predictivity for QRS detection; DER detection error rate for QRS detection; N, total number of normal QRS
complexes (total number of possible delivered EP pulses), the sum of TP, and FN,,; TP, true positive for EP pulses (the number of EP pulses
delivered at correctly detected normal QRS complexes); FN,, false negative for EP pulses (the number of correctly detected normal QRS
complexes, where no EP pulse was delivered); FP), false positive for EP pulses (the number of EP pulses delivered in the absence of correctly
detected normal QRS complexes); Se,, sensitivity for EP pulses; +P,, positive predictivity for EP pulses; DER,, delivery error rate for EP pulses

# ECG signals with relatively poor values of performance metrics

Several studies suggested that there is a link between
negative emotions (e.g., anxiety) and the oscillations of RR
interval [1, 16, 24, 32, 53, 56]. The most frequently
reported symptoms in panic attacks, which are character-
ized by episodes of intense anxiety, are heart pounding and
tachycardia [16, 32]. Another possible reason for RR
interval decrease is intrinsic sympathetic activation of the
nervous system, occurring in response to stress, exercise, or
heart disease [1, 53]. The applications of electrochemo-
therapy to internal tumors could also directly affect the
cardiac tissue if tumors were located close to the heart
muscle. However, this effect is highly unlikely for current
applications of electrochemotherapy because of relatively
large distance between treated tumors and the heart (at

@ Springer

least several centimeters) and due to small inter-electrode
distances (8 mm or less). This assumption is further sup-
ported by the calculated critical depths for electric current
threshold values discussed later in the text. Therefore, we
suggest that the observed changes in RR interval can be
largely if not completely attributed to anxiety and stress of
the patient undergoing electrochemotherapy.

In our study almost one third (30.5%) of the 93 non-
synchronized EP applications were delivered within the
vulnerable period, which is in accordance with the fact that
the duration of the vulnerable period is around one third of
the duration of heart cycle [46]. The study of occurrence of
ventricular fibrillation after atrial cardioversion performed
with transthoracic electrodes pointed out that delivery of
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electric pulse, which was not synchronized with the R wave
consistently resulted in ventricular fibrillation if the pulse
was delivered within the T wave, the vulnerable period of
the ventricles [5]. The probability for ventricular fibrilla-
tion was decreased but not eliminated with the arrival of
synchronized defibrillators for cardioversion [5]. A high
percentage of EP pulses delivered during the vulnerable
period in our study, when EP application is not syn-
chronized with ECG, underlines the importance of
synchronization.

The values of electric field and current in the heart
muscle during electroporation are important for evaluation
of the danger for inducing ventricular fibrillation. For tissue
models (Fig. 2) we estimated critical depths by calculating
threshold value of electric field for reversible and irrevers-
ible electroporation of the muscle (200 and 450 V/cm,
respectively [43]), and threshold value of current for ven-
tricular fibrillation (100 mA for 500 ps-long stimulus [46])
(see Tables 3 and 4). In the study by Galvao et al. [17] they
showed that the threshold current that stimulates the heart
strongly depends on the age of the animal (i.e., old animals
have lower threshold levels). Due to the relatively old
patients included in our study (median value 70.8 years) we
can therefore assume that the current threshold value is
lowered. On the other hand, the EP pulses used in electro-
chemotherapy are much shorter (100 ps) and therefore the
threshold value should in theory be approximately five
times greater than for the 500 ps-long stimulus [15, 46].
Furthermore, amplitude threshold for fibrillation for pulsed
direct currents is considerably higher than for alternating
currents [46]. Currently we have no conclusive information
regarding the influence of the repetition frequency of pulsed
direct currents on the threshold for fibrillation. Therefore
we adopted the threshold value of 100 mA as an estimate of
true threshold value. For the needle row array and needle
hexagonal array electrodes the critical depth depends on the
depth of insertion. The results showed that for the plate
electrodes with 8 mm distance between the electrodes the
critical depth for threshold current was 2.38 cm (see
Table 3). For needle row array and needle hexagonal array
electrodes at depth of insertion of 10 mm, the critical depths
for threshold current were 3.79 and 4.10 cm, respectively
(see Table 4). The critical depth for threshold current for
plate electrodes is smaller in comparison to the needle row
array or needle hexagonal array electrodes because most of
the voltage drop occurs on the skin [33].

With electrodes positioned distantly from the heart (e.g.,
on a single limb), as in the majority of EP pulse delivery
cases (see Table 1), the current traversing the heart is
negligible and therefore a smaller risk of accidental cardiac
stimulation exists [44]. EP pulses frequently provoke
strong and painful muscle contractions [S7]. In contrast
to the heart muscle, the motor neurons innervating the

skeletal muscles, which are located in relative proximity to
the electrodes, are always stimulated by EP pulses.

In electrochemotherapy applications included in our
study, plate electrodes with distances between the elec-
trodes of 6 and 8 mm and needle hexagonal array
electrodes with small depths of insertion (2 or 3 mm) were
used (see Table 1). The majority of the EP pulses were
delivered on extremities and even when delivered on the
trunk they were delivered distantly from the heart. How-
ever, two applications of EP pulses were delivered on the
chest relatively close to the heart (distance approximately
5 cm) with plate electrodes. Since the heart lies at least
3 cm beneath the skin surface [54], for the applications
involved in our study the results of modeling indicated that
it is highly unlikely that EP pulses even when applied on
the trunk directly above the heart could affect functioning
of the heart (critical depths 2.23 and 2.38 cm for needle
hexagonal array and plate electrodes, respectively). Fur-
thermore, the most vulnerable part of the heart, the apex,
lies behind the breast and is thus additionally protected
from the external stimulation by breast tissue. Additionally,
if the electrodes were located above sternum or above a rib,
the risk of affecting the heart would be further reduced due
to low conductivity of bones (range from 0.01 to 0.06 S/m)
[34] and larger dimension of sternum and ribs in compar-
ison to the distance between the electrodes. However, if the
electrodes were not located directly above the sternum or a
rib, the critical depths would be larger due to higher con-
ductivity of the underlying tissues. In this case according to
the results of modeling there exists a theoretical chance to
affect the functioning of the heart in case of deep insertion
of either needle hexagonal or row array -electrodes
(approximately 4 cm for both types of electrodes at inser-
tion depth of 10 mm). This should be considered in future
applications of electrochemotherapy.

For the modeled tissues only the conductivity was taken
into account. The capacitive behavior of the tissues was
neglected since the transient effects are present only during
the charging time of the cell membrane, which lasts around
1 ps [39]. The membrane charging time is much shorter
compared to the EP pulse duration used in electrochemo-
therapy. It was also shown in several studies that static
analysis of the electric field distribution during electro-
poration without taking into account the transient effects
are adequate [43, 49, 50], since after the transient effect the
tissue exhibits only ohmic behavior [13]. Using current-
voltage measurements on cells in vitro [42] or tissues in
vivo [13] it was shown that electroporation occurs after the
transient time and that the dynamic behavior at the start of
the pulses (that includes capacitive behavior of the tissue)
is not crucial for the process of electroporation. On the
other hand, this transient effect induces a rapid initial
current increase followed by an exponential decrease and a

@ Springer



754

Med Biol Eng Comput (2008) 46:745-757

constant level. The applied current during electrochemo-
therapy is limited to 16 A. Since the transient effect lasts
only 1 ps and according to the heart strength-duration
curve it is very unlikely that the transient part of an EP
pulse could induce ventricular fibrillation [7, 15, 46].

Since the electrode dimensions (electrode—tissue con-
tact surface area) and distance between electrodes used in
electrochemotherapy for tumors analyzed in our study are
significantly smaller compared to the electrode dimen-
sions and positions used for cardiac defibrillation, we can
assume that the differences in thorax tissues conductivi-
ties should not change the electric field and current
distribution calculated with our numerical models.
Therefore, based on the previous studies [9, 26, 34, 43]
we can conclude that our numerical models with chosen
electrical properties can be used for the evaluation (rough
estimate) of critical electric field and current for pro-
truding cutaneous tumors or subcutaneous tumors, which
are located immediately under the skin surface (0.5 mm
under the skin surface in our study). However, for more
deeply located tumors the exact conductivities of all tis-
sues should be incorporated in the numerical model of the
thorax.

Recently a new method of local and drug-free tissue
ablation called irreversible electroporation has been
developed for clinical use as a promising approach to
solid tumor therapy [3, 14, 35], prostate ablation [41] and
cardiac tissue ablation [28]. In these studies EP pulses
with larger amplitudes (up to 3,000 V [11]) and longer
durations (range from 100 to 24 ms) are used. The
application of EP pulses during irreversible electropora-
tion is therefore more likely to influence functioning of
the heart than EP pulses usually applied in electroche-
motherapy. However, the results of a recent study by
Lavee et al. [28] using irreversible electroporation for
epicardial atrial ablation for the treatment of atrial fibril-
lation showed that ablation pulses (amplitudes of 1,500—
2,000 V, duration 100 ps, frequency 5 Hz) caused no
permanent arrhythmia or any other rhythm disturbance
apart from the rapid atrial pacing during the pulse
sequence application. The immediate resumption of sinus
rhythm following the ablation was recorded. Similarly, the
results of study by Al-Khadra et al. [2] demonstrated lack
of any evidence of spontaneous arrhythmias (reentrant or
focal) associated with electroporation of the endocardium
or the papillary muscles. In their study they presented
experimental evidence suggesting that electroporation
might even transiently reduce myocardial vulnerability to
arrhythmias. But on the other hand, they pointed out that
electric pulses of high energy are known to produce a
permanent damage, perhaps associated with electropora-
tion. This effect of electroporation may provide a substrate
for arrhythmogenesis [2]. Our results of modeling showed
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that the critical depths for irreversible electroporation of
the muscle/heart (450 V/cm) are 1.07 and 0.93 cm for
needle row array and needle hexagonal array electrodes,
respectively, at insertion depth 10 mm (Table 3). The
critical depth for the plate electrodes is smaller (0.30 cm
for 8 mm distance between the electrodes). Since the heart
lies at least 3 cm beneath the skin surface [54], for the
applications involved in our study the results of model-
ing indicated that it is impossible to affect functioning of
the heart by irreversible electroporation even when EP
pulses were applied on the trunk directly above the heart.
That would not be the case for electrochemotherapy
treatment of internal tumors located close to the heart
muscle.

Considering these facts, it is nevertheless advisable to
incorporate synchronization of EP pulse delivery with ECG
in medical equipment for electroporation in order to
maximize safety of the patients especially in future clinical
applications. Synchronization of EP pulse delivery with the
refractory period of the cardiac cycle is always advisable
whenever there is a possibility of EP pulses influencing the
functioning of the heart.

4.2 The algorithm for synchronization
of electroporation pulse delivery
with electrocardiogram

The algorithm for QRS detection and EP pulse delivery
reliably detected QRS complexes in all signals recorded
during electrochemotherapy (see Table 5). The algorithm
would allow for EP pulse delivery only for correctly
identified heartbeats with no abnormalities. The perfor-
mance of our algorithm for QRS detection is similar to that
of some other detectors with comparably simple algorithms
[6, 47]. The algorithm performed poorly (large DER,
marked with # in Table 5) for ECG signals with either very
unstable R wave amplitudes or RR intervals, or heavy
contamination with high-frequency noise with amplitudes
similar to R wave, or presence of premature heartbeats not
satisfying the dynamic requirements within the QRS
complex [12, 29]. In total we found 15 false positive
detections (FP), which were caused by the occurrence of
transient noise having the morphology and the time of
appearance so similar to a normal QRS complex that the
algorithm could not distinguish them. Many of the false
negative detections (FN) were due to our self-imposed
strict requirements for as few as possible false positive
detections (FP).

The most appropriate time for EP pulse delivery is
before the onset of the vulnerable period since the vul-
nerable period can sometimes be prolonged (e.g., after
premature heartbeat) [46]. Thus delivery of EP pulses
immediately after the R wave detection but within the QRS
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complex is the most reasonable. The delivery of EP pulses
during the vulnerable period of the atria does not present a
serious threat for the patient’s life. The hemodynamic
effects of atrial flutter and fibrillation, which could be
potentially caused by EP pulses during the vulnerable
period of the atria, are slim and patients are frequently
unaware of them [46]. The time reserve for safe EP pulse
delivery after the R wave detection and before the onset of
the vulnerable period of the ventricles is approximately
60 ms. This time reserve is long enough for safe EP pulse
delivery by plate or needle row electrodes and even avoids
the vulnerable period of the atria. The requirement for
avoiding the delivery of EP pulses at the moments of
potential danger for the patient would be fulfilled excel-
lently as indicated by the ideal +P, values for all ECG
signals (see Table 5). However, when using hexagonal
electrodes the synchronization becomes irrelevant due to
200 ms-long EP pulse sequence which extends into the
vulnerable period of the atria and ventricles. Therefore, a
modification of the existing EP pulse delivery protocol for
hexagonal electrodes would be needed for safer application
in the immediate vicinity of the heart. The suggested
solution is to delay the delivery of EP pulses by approxi-
mately one half of the current RR interval, which would
result in EP pulses being delivered after the vulnerable
period provided that the following heartbeat was normal.
However, delayed EP pulses would be delivered exactly
within the vulnerable period in case of the appearance of
premature heartbeat. The other possibility is to synchronize
the switching between the electrodes and partial pulse
delivery with ECG.

The statistical comparison of performance of the algo-
rithm  between ECG  signals recorded  during
electrochemotherapy and ECG signals from the LTST DB
database [30] generally showed no statistically significant
differences except for positive predictivity for EP pulse
delivery (+P,). This performance measure was signifi-
cantly better for ECG signals recorded during
electrochemotherapy than for ECG signals from LTST DB
database thus showing that the algorithm was developed
for worser conditions than encountered during clinical
application of electroporation. In spite of numerous ar-
rhythmias in some ECG signals from the LTST DB
database the algorithm performed excellently [30]. The
clinical electrochemotherapy was so far indicated only for
patients without clinically significant or severe heart dis-
ease, which reflects in ideal value +P, = 100% in all ECG
signals recorded during electrochemotherapy. However,
mostly old patients are included in electrochemotherapy
treatment nowadays because of the emerging need for
palliative treatment of tumors with electrochemotherapy.
With the increasing age of the patients, the probability for
encountering pathological ECG is also increasing,

therefore, the synchronization of EP pulse delivery with
ECG would maximize safety of the patient.

5 Conclusions

Currently used electroporation protocols could interfere
with functioning of the heart although no such practical
evidence exists till now. Because no systematic study
regarding this topic has been done yet, we examined in our
study the effects of EP pulses on functioning of the heart.
We measured ECG signals during electrochemotherapy
and analyzed their characteristics. We found no arrhyth-
mias or other pathological morphological changes due to
application of EP pulses. The only demonstrated effect of
EP pulses on ECG is a transient RR interval decrease. The
facts contributing to a belief that EP pulse delivery during
electrochemotherapy cannot affect functioning of the heart
are: short EP pulse duration, use of direct current, appli-
cation mainly on locations relatively distant from the heart
(i.e., on extremities), and small inter-electrode distance. On
the other hand, there are some open issues regarding
electrochemotherapy that need to be considered, for
example: EP pulses delivered by plate or needle row
electrodes that are not synchronized with ECG could be
delivered within the vulnerable period, EP pulses delivered
by hexagonal electrodes mainly coincide within the vul-
nerable period, the threshold levels of the heart for elderly
patients are lowered, possible use of electrochemotherapy
on patients with clinically significant heart disease, new
applications with longer durations and/or higher ampli-
tudes of EP pulses as well as applications involving
endoscopic or surgical means to access internal tumors are
being developed. Even though no practical evidence for
electroporation having an effect on functioning of the heart
has been observed so far, we can still maximize safety of
the patients by incorporating the algorithm for synchroni-
zation of EP pulse delivery with ECG in medical
equipment for EP pulse delivery. The usual application of
eight EP pulses with duration 100 ps each can benefit from
synchronizing delivery of EP pulses with electrocardio-
gram but this is not the case for hexagonal electrodes or
combination of high- and low-voltage EP pulses and pulses
with higher amplitudes as used in tumor tissue ablation by
irreversible electroporation.
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Abstract

Background: Gene electrotransfer is a non-viral method used to transfer genes into living cells
by means of high-voltage electric pulses. An exposure of a cell to an adequate amplitude and
duration of electric pulses leads to a temporary increase of cell membrane permeability. This
phenomenon, termed electroporation or electropermeabilization, allows various otherwise non-
permeant molecules, including DNA, to cross the membrane and enter the cell. The aim of our
research was to develop and test a new system and protocol that would improve gene
electrotransfer by automatic change of electric field direction between electrical pulses.

Methods: For this aim we used electroporator (EP-GMS 7.1) and developed new electrodes. We
used finite-elements method to calculate and evaluate the electric field homogeneity between these
new electrodes. Quick practical test was performed on confluent cell culture, to confirm and
demonstrate electric field distribution. Then we experimentally evaluated the effectiveness of the
new system and protocols on CHO cells. Gene transfection and cell survival were evaluated for
different electric field protocols.

Results: The results of in-vitro gene electrotransfer experiments show that the fraction of
transfected cells increases by changing the electric field direction between electrical pulses. The
fluorescence intensity of transfected cells and cell survival does not depend on electric field
protocol. Moreover, a new effect a shading effect was observed during our research. Namely,
shading effect is observed during gene electrotransfer when cells are in clusters, where only cells
facing negative electro-potential in clusters become transfected and other ones which are hidden
behind these cells do not become transfected.

Conclusion: On the basis of our results we can conclude that the new system can be used in in-
vitro gene electrotransfer to improve cell transfection by changing electric field direction between
electrical pulses, without affecting cell survival.
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l. Background

Gene therapy is an experimental method used in clinics
proven to be successful in in-vitro and in-vivo conditions.
For gene therapy, DNA or RNA molecules are transferred
into living cells to replace, change or silence gene expres-
sion. Consequently cells change their biological nature in
therapeutical purposes [1,2]. Effective and potentially safe
transfer of DNA molecules into living cells has been a goal
of scientific research for many years. This research is now
divided into two main fields: viral and non-viral gene
delivery. Viral vectors are considered to provide the high-
est effectiveness of DNA transfer, but they are often asso-
ciated with immune responses [3] and insertional
mutagenesis [4-6]. That is why non-viral methods of DNA
transfer are being sought for [7-9].

An exposure of a cell to adequate amplitude and duration
of electric pulses leads to temporary increase of cell mem-
brane permeability while preserving cell viability. This
phenomenon, termed electroporation or electropermea-
bilization, allows various otherwise non-permeant mole-
cules to cross the membrane and enter the cell. Both in-
vitro and in-vivo, reversible electropermeabilization allows
for internalization of a wide range of substances [10,11].
When DNA molecules are transferred into cells by elec-
tropermeabilization, this method is called gene electro-
transfer. Gene electrotransfer is therefore a non-viral
method used to transfer DNA molecules into living cells
by means of high-voltage electric pulses [11-16]. Being
extensively investigated, gene electrotransfer is becoming
more and more effective and therefore gaining impor-
tance as a non-viral gene therapy method [7,9].

Electropermeabilization of the cell occurs in the area of
cell membrane facing negative and positive electro-poten-
tial regarding intercellular potential [17,18]. However,
DNA molecules do not spontaneously interact with mam-
malian cell membrane but are driven to the membrane by
electrophoretic forces. Therefore, negative DNA molecules
only interact with the cell membrane facing negative elec-
tro-potential. Thus, only one side of cell membrane is sus-
ceptible for transfer of DNA molecules. Any increase in
the susceptible area for transfer of DNA molecules there-
fore increases the effectiveness of transfection [19,20].

Changing the electric field direction between electrical
pulses presumably increases the area of successful elec-
tropermeabilization [21] and therefore increases suscepti-
ble area for transfer of DNA molecules. This method is
especially effective for cells in-vivo and also for plated cells
in-vitro, because their cell shapes and their orientations in
the electric field are important for successful electroper-
meabilization [22-24]. Changing the polarity of electric
field during the electric pulse delivery is also important for
gene electrotransfer as it allows interaction of DNA mole-

http://www.biomedical-engineering-online.com/content/6/1/25

cules on both sides of the cell membrane perpendicular to
direction of electric field (changing the electric field polar-
ity corresponds to changing the electric field direction for
180°). Changing the electric field direction between elec-
trical pulses therefore improves the efficiency of gene elec-
trotransfer indirectly by increasing the area of successful
electropermeabilized membrane, or directly by interac-
tion of DNA molecules with the cell membrane on both
sides.

The protocol that defines changes of electric field direc-
tion between electrical pulses is referred to as the electric
field protocol. Researchers who had already investigated
influence of electric field protocol on the gene electro-
transfer did not use any of the existing systems for auto-
matic change of electric field direction between electrical
pulses. That is because they did not have any electrodes
which would allow delivery of electric field protocols with
relatively homogeneous electric field intensity. Because of
that they had to change the electric field direction by rotat-
ing the electrodes manually, which however is not always
possible [20]. Nevertheless similar research, with or with-
out such automatic system, had also been done in electro-
chemotherapy, but predominantly with the aim of
improving electric field distribution including its homo-
geneity [21,25].

The aim of our research was to develop and test new sys-
tem and protocol which would improve gene electrotrans-
fer by automatic change of electric field direction between
electrical pulses. For this we chose an electroporator,
which can control at least four electrodes. In addition, we
designed new electrodes made of four cylindrical rods that
provides as homogeneous electric field distribution as
possible. We calculated the distribution of electric field
numerically for given electrode design and electric field
protocol. New system and protocols were tested experi-
mentally on Chinese Hamster Ovary cells. In-vitro gene
transfection and cell survival were evaluated for different
electric field protocols by fluorescence microscopy. A
shading effect, previously not yet described in scientific
literature was observed during our research.

2. Methods

A new system for gene electrotransfer was developed
which consists of an electroporator (EP-GMS 7.1, Fig. 1a)
and specially designed new electrodes (E-S 4.1, Fig. 1b).
Both were developed at the University of Ljubljana, Fac-
ulty of Electrical Engineering. The EP-GMS 7.1 electropo-
rator was already used and described in previously
reported studies [26,27]. The main advantage of this elec-
troporator is the ability to automatically change the elec-
tric field direction between electrical pulses at various
frequencies, without rotation or movement of electrodes.
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Figure |

A new system for gene electrotransfer. Photograph of
the electroporator EP-GMS 7.1 (a), photograph of the elec-
trodes E-S 4.1 (b) and electrodes E-S 4.1 geometry design (c).
Electrodes are numbered. Their diameter is 3.5 mm. Elec-
trodes | and 2 or 3 and 4 are opposite electrodes and are 5
mm apart. Adjacent electrodes are 2.5 mm apart, which is a
half distance between opposite electrodes.

2.| Electroporator (EP-GMS 7.1) and electrodes (E-S 4.1)
The user defines electrical parameters of applied electric
pulse through the interface of the electroporator (EP-GMS
7.1) on a personal computer (PC). Parameters are then
transferred to the executive part of the electroporator.
After this transfer the electroporator is ready to generate
defined electric pulses in predefined directions.

Electroporator (EP-GMS 7.1) generates from 1 to 32
square electric pulses from 80 to 400 V, duration from 10
to 1000 ps and repetition frequency from 0.1 to 5000 Hz.
Particularity of this electroporator is an embedded elec-
trode commutator which controls up to seven electrodes.
This commutator applies one of three possible states to
each of the electrodes: positive, negative or high imped-
ance state. Electrode state change is accomplished within
12 ms thus the electric field direction between the elec-
trodes can be changed.

The electrodes (E-S 4.1) were designed as four cylindrical
rods that allow delivery of electric field in different direc-
tions and at the same time providing relatively homoge-
neous electric field distribution. Delivery of electric field
in all directions can be achieved by two sinusoidal signals
phase shifted for 90°, which are delivered on two pairs of
opposite electrodes (e.g. 1-2 and 3-4, Fig. 1c). However,
for that different electroporator should be used, which
allows delivery of such sinusoidal signals.

The electrodes are made of stainless steel; their diameter is
3.5 mm, adjacent electrodes are 2.5 mm apart, opposite
electrodes are 5 mm apart, their length is 18 mm (Fig. 1c).

http://www.biomedical-engineering-online.com/content/6/1/25

Electrodes are connected to 4-wire cable and fixed with
polyester resin, which assures constant distance between
the electrodes and also protects the user against high-volt-
age.

Four different electric field protocols were used with this
new system (electroporator and electrodes) in our experi-
ments: single polarity (SP), both polarities (BP), orthogo-
nal single polarity (OSP) and orthogonal both polarities
(OBP; Fig. 2). When SP electric field protocol is used, sin-
gle polarity electric pulses are applied between two oppo-
site electrodes (Fig. 2a). When BP electric field protocol is
used, both polarities electric pulses are applied between
two opposite electrodes (Fig. 2b). When OSP electric field
protocol is used, single polarity electric pulses are applied
alternately between two pairs of opposite electrodes (Fig.
2¢). And when OBP electric field protocol is used, both
polarities electric pulses are applied alternately between
two pairs of opposite electrodes (Fig. 2d).

2.2 Electric field intensity

Electric field intensity between the electrodes during the
electric pulse delivery was calculated numerically by
means of finite-elements method (Fig. 3a-c) [28] and a
quick practical test was performed to confirm the correct-
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Figure 2

Electric field protocols. In single polarity (SP) electric field
protocol direct electric pulses are applied between two
opposite electrodes. While in both polarities (BP) electric
field protocol alternating electric pulses are applied between
two opposite electrodes. In orthogonal single polarity (OSP)
electric field protocol direct electric pulses are applied
between both opposite pairs of electrodes. While in orthog-
onal both polarities (OBP) electric field protocol alternating
electric pulses are applied between both opposite pairs of
electrodes. Signals in the middle represent applied voltage to
the electrodes. Symbols on the right represent electric field
protocols in which arrows represent directions of electric
field in the centre between the electrodes.

Page 3 of 11

(page number not for citation purposes)



BioMedical Engineering OnLine 2007, 6:25

http://www.biomedical-engineering-online.com/content/6/1/25

x 10* [V/im]
—15 ™10

C 145
® s

®4 v=® 2 13
@

25
2
15
1
05

N WO B G N 0 O

-

at200V at400V

Figure 3

Calculated electric field intensity between the electrodes. Calculated electric field intensity between the electrodes
during the electric pulse delivery of 200 V (+100 V, -100 V) and 400 V (+200 V, -200 V), when electrical pulses are applied
between electrodes | and 2 (a) and when they are applied between electrodes 3 and 4 (b). Calculated local maxima of electric
field intensity between the electrodes in orthogonal single polarity (OSP) and orthogonal both polarities (OBP) electric field
protocol (c). Dashed circles represents position of electrodes. Symbols on the left represent electric field protocols. Electric
field intensity scale is given for 200 V and 400 V. Experimental electric field intensity between the electrodes E-S 4.1 during the
electric pulse delivery (d), when electrical pulses are applied between electrodes | and 2 (d1) and when they are applied
between electrodes 3 and 4 (d2). Experimental local maxima of electric field intensity between the electrodes, when electrical
pulses are applied between electrodes | and 2 and between electrodes 3 and 4 (d3). A train of eight electric pulses with ampli-
tude of 400 V (+200 V, -200 V), duration | ms and repetition frequency | Hz was applied.

ness of calculations and demonstrate electric field inten-
sity distribution (Fig. 3d).

A three-dimensional finite-elements model of an electro-
poration medium in culture dish with inserted electrodes
(E-S 4.1) was designed using software package EMAS
(ANSOFT Corporation, USA). Applied voltage was mod-
elled as Dirichlet's boundary condition on the surface
which presents the cross-section of electrode and cell sus-
pension. Electro-potential of disconnected electrodes was
defined as zero, because our model is symmetrical and
disconnected electrodes are always in the middle between

the connected electrodes. Electro-potential of discon-
nected electrodes was also defined as zero, to satisfy the
conditions that electrodes are a lot more conductive then
electroporation medium and that the sum of current
through the entire surface to disconnected electrodes is
always zero. Electroporation medium was mathematically
separated from surrounding area by Neuman's boundary
condition:

Jn=0, (1)
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Figure 4

Fraction of transfected CHO cells. Fraction of trans-
fected CHO cells after gene electrotransfer experiment in
different electric field protocol. Cells were exposed to a
train of eight pulses with amplitude of 200 V, duration | ms
and repetition frequency | Hz. Results were obtained by
means of fluorescence microscopy. Each value in the graph
represent mean of four independent experiments, * standard
deviation. Electric field protocols result in different fraction
of transfected cells (ANOVA: P = 0.002).

where ] is the normal electric current density [A/m?].
Electroporation medium was modelled as a constant i.e.
independent of electric field applied, passive, homogene-
ous and isotropic volume conductor in the quasi-station-
ary electric current field. A condition in such structure is
described by Laplace's equation:

Ap=0, (2)

where ¢ is electric potential [V]. Results of electric field
intensity obtained by such linear model are scalable by
applied voltage ratio (Fig. 3).

To calculate the electric field intensity, when electrical
pulses are applied between electrodes 1 and 2 (Fig. 3a),
boundary conditions on the surface of the electrode 1
were set to +100 V and on the electrode 2 to -100 V. Elec-
trodes 3 and 4 were in this case set to 0 V and thus defined
as disconnected. Calculation of electric field intensity,
when electrical pulses are applied between electrodes 3
and 4 (Fig. 3b), was done in the similar way as calculation
of electric field intensity, when electrical pulses are
applied between electrodes 1 and 2. Local maxima of both
electric field intensities (Fig. 3c) were calculated to evalu-
ate effectiveness of OSP and OBP electric field protocol
[29].

http://www.biomedical-engineering-online.com/content/6/1/25

Results of calculations have shown that electric field
intensity in the space between the electrodes is very
homogeneous compared to electric field intensity
between two cylindrical rods, because of the two addi-
tional rods, which are highly conductive with respect to
electroporation medium, are equalizing the distances
between the equipotential lines in the space between the
electrodes.

Quick practical test was performed on confluent cell cul-
ture in plastic culture dish. To confirm and demonstrate
electric field distribution, plastic culture dish was sepa-
rated into three sections (Fig. 3d). A train of eight electric
pulses with amplitude of 400 V (+200V, -200 V), duration
1 ms and repetition frequency 1 Hz was applied to kill the
cells exposed to highest electric field intensity. In the first
section electric pulses were applied between electrodes 1
and 2 (Fig. 3d1). In the second section electric pulses were
applied between electrodes 3 and 4 (Fig. 3d2). In the third
section electric pulses were applied between electrodes 1
and 2 and between electrodes 3 and 4 (Fig. 3d3). After 24
hours, killed cells were washed out and living cells were
fixed in plastic culture dish with methanol for 10 minutes
and stained with crystal violet.

2.3 Cells, cell survival and gene electrotransfer

Chinese Hamster Ovary (CHO; European Collection of
Cell Cultures, Great Britain) cells were used. Cells in sus-
pension were cultured in Eagle's Minimum Essential
Medium (MEM; Sigma, USA) supplemented with 10 %
Foetal Calf Serum (FCS; Sigma, USA). When cell suspen-
sion density reached 2 x 10° cells/ml, it was diluted with
culture medium. For experiments, 5 x 105 cells were
plated in a plastic culture dish (growth surface: 9.2 cm2,
diameter: 40 mm, height: 11 mm; TPP, Switzerland) and
grown in the incubator (37°C, 5% CO,) for 24 hours.
During that time they attached to the surface of the culture
dish and started to divide.

For gene electrotransfer experiments, plasmid DNA
pEGFP-C1 (Clontech, USA; 4649 base pairs), which
expresses green fluorescent protein (GFP, excitation 488
nm, emission 507 nm) under promoter cytomegalovirus,
was added in concentration 40 pg/ml to the electropora-
tion medium (10 mM phosphate buffer K,HPO,/
KH,PO,, 1 mM MgCl, 250 mM sucrose; pH: 7.4, conduc-
tivity: 0.14 S/m). Culture medium was removed and 100
pl drop of electroporation medium containing plasmids
was placed between electrodes. A train of eight electric
pulses with amplitude of 200 V (+100V, -100 V), duration
1 ms and repetition frequency 1 Hz was applied according
to previous results [19,20]. Four different electric field
protocols were used as described previously in subsection
2.1: single polarity (SP), both polarities (BP), orthogonal
single polarity (OSP) and orthogonal both polarities
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Figure 5

Fluorescence intensity of transfected CHO cells. Fluo-
rescence intensity of transfected CHO cells after gene elec-
trotransfer experiment in influence of electric field protocol.
Cells were exposed to a train of eight pulses with amplitude
of 200 V, duration | ms and repetition frequency | Hz.
Results were obtained by means of fluorescence microscopy.
Each value in the graph represent mean of four independent
experiments, * standard deviation. Different electric field
protocols did not result in different level of fluorescence
intensity (ANOVA: P = 0.246).

(OBP) (Fig. 2), to determine gene expression. In the con-
trol, cells were not exposed to electric pulses.

After electroporation, cells were left for 15 min at room
temperature for cell membrane resealing. Then 2 ml of
culture medium was added and culture dishes were then
placed into incubator (37°C, 5% CO,). 24 hours after
electroporation, cells were investigated under inverted flu-
orescence microscope (Axiovert 200, Zeiss, Germany).
Five photos of phase contrast and fluorescence images
were taken per sample randomly in the area in the centre
between the electrodes with cooled CCD camera (12 bit;
VisiCam, Germany). Objective magnification was 20x
and approximately 100 cells per image were observed. For
fluorescence imaging, excitation wavelength 425 nm
(Polycome 1V, Visitron Systems, Germany), dichroic mir-
ror (460 DCLP; Chroma, USA) and emission filter (D505/
40 m; Chroma, USA) were used.

MetaMorph (Version 5.0r7, Universal Imaging Corpora-
tion, USA) was used for image analysis. The fraction of
transfected cells was calculated as the ratio between trans-
fected cells and all viable cells in a given treatment. The
fluorescence intensity of transfected cells related to quan-
tity of GFP inside the transfected cells was quantified on
acquired images by MetaMorph. The fraction of cell sur-
vival was calculated as the ratio between viable cells in

http://www.biomedical-engineering-online.com/content/6/1/25

treatment and viable cells in control, which were not
treated with electric pulses. Independent experiments of
gene electrotransfer were repeated four times. Results (the
fraction of transfected cells, the fluorescence intensity of
transfected cells and the fraction of cell survival) are given
in a form of bar graphs (SigmaPlot 9.0, Systat, USA),
where every point represents the mean of four independ-
ent experiments and the error bars indicate the standard
deviation (Fig. 4, 5). Statistical tests One way analysis of
variance (One Way ANOVA) were performed on all
results (SigmaStat 3.1, Systat, USA). Bonferroni t-test was
performed on results if there was indication of a statisti-
cally significant difference between different electric field
protocols used.

To visualize interaction of DNA with cell membrane
immediately after application of electric pulses, we
stained plasmid DNA pEGFP-C1 with thiazole orange
homodimer dye (TOTO-1, excitation 514 nm, emission
533 nm; Molecular Probes, USA). Plasmid DNA pEGFP-
C1 was mixed with TOTO-1 by base pair to dye ratio of 5
and placed on ice for 1 hour [30]. Electropermeabilization
procedure was the same as for gene electrotransfer, except
that only two different electric field protocols were used as
described previously in subsection 2.1: single polarity
(SP) and both polarities (BP; Fig. 2), to determine areas of
DNA interaction with cell membranes (Fig. 6a, b). Up to
5 minutes after electropermeabilization photos of phase
contrast and fluorescence images of cells were taken under
inverted fluorescence microscope (Fig. 7, 8). For fluores-
cence imaging excitation wavelength 480 nm (Polycome
IV, Visitron Systems, Germany), dichroic mirror (Q505LP;
Chroma, USA) and emission filter (HQ535/50m;
Chroma, USA) were used.

3. Results

Effects of four different electric field protocols: single
polarity (SP), both polarities (BP), orthogonal single
polarity (OSP) and orthogonal both polarities (OBP) on
in-vitro gene electrotransfer were evaluated by determin-
ing the fraction of transfected cells (Fig. 4) and the fluores-
cence intensity of transfected cells (Fig. 5). At the same
time also the fraction of cell survival was determined.

The results of our in-vitro gene electrotransfer experiments
show that the fraction of transfected cells increases by
changing the electric field direction between electrical
pulses. This increase is almost quadrupled at OBP electric
field protocol with respect to SP electric field protocol.
The largest fraction of transfected cells was observed at
OBP electric field protocol and was 24 % (Fig. 4). One
way ANOVA indicates that there is a statistically signifi-
cant difference between different electric field protocols
(P = 0.002). Bonferroni t-test indicates that there is a sta-
tistically significant difference in comparison of OBP ver-
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Figure 6

Schematic drawing of competent areas for DNA
interaction with cell membrane. Schematic drawing of
competent cell membrane areas for DNA interaction with
cell membrane in influence of electric field protocols: single
polarity (a), both polarities (b), orthogonal single polarity (c)
and orthogonal both polarities (d). Black areas represent
regions of permeabilized membrane where DNA interacts
with cell membrane.

sus SP electric field protocol (P = 0.001) and OBP versus
OSP electric field protocol (P = 0.023).

The fluorescence intensity of transfected cells does not
however depend on electric field protocol (Fig. 5). One
way ANOVA indicated that there is no difference between
the electric field protocols (P = 0.246), although trans-
fected cells exposed to orthogonal polarities show higher
intensity.

Cell survival after electric pulses applied at 200 V is in the
range 96 - 102 % at all four electric field protocols (data
not shown). One way ANOVA indicated that there is no
difference between the electric field protocols and control
(P =0.963).

Visualization of interaction between DNA and cell mem-
brane showed that DNA molecules interact with the cell
membrane facing negative electro-potential (Fig. 7). If SP
electric field protocol is used, DNA interacts with cell
membrane only from one side of the cell (Fig. 7a) whereas
if BP electric field protocol is used, DNA interacts with cell
membrane from two sides of the cell (Fig. 7b).

http://www.biomedical-engineering-online.com/content/6/1/25

Shading effect is observed when cells are in clusters (Fig.
8). In such clusters we can observe that cells facing nega-
tive electro-potential are shading other cells so that DNA
molecules can not interact with them (Fig. 8c). Therefore
if SP electric field protocol is used the cells in clusters,
which are exposed to one side of negative electro-poten-
tial during SP electric field protocol, interacts with DNA
molecules (III and V, partially: I; Fig. 8c1) and the cells,
which are hidden behind this cells in clusters, does not
interact with DNA molecules (II and 1V, partially: I; Fig.
8cl). And if BP electric field protocol is used the cells in
clusters, which are exposed to one of both sides of nega-
tive electro-potential during BP electric field protocol,
interacts with DNA molecules (VI and VIII, partially VII;
Fig. 8¢c2) and the cells, which are hidden behind this cells
in clusters from both sides, does not interact with DNA
molecules (partially: VII; Fig. 8c2).

4. Discussion and Conclusion

The aim of our research was to develop and test new sys-
tem and protocol which would improve gene electrotrans-
fer by automatic change of electric field direction between
electrical pulses. For this we chose electroporator with
embedded electrode commutation circuit, which controls
up to seven electrodes and applies one of three possible
states to each of the electrodes: positive, negative or high
impedance. Although any other electroporator could be
used for such experiments. Since previous observations
already demonstrated that homogeneity of electric field
distribution affects the effectiveness of electropermeabili-
zation [29,31], we developed electrodes that allow as
homogeneous electric field distribution as possible.

An ideal homogeneous electric field distribution can only
be achieved between two infinite flat electrodes. In prac-
tice we achieve a very close approximation to such electric
field distribution if we use sufficiently large flat parallel
electrodes that are relatively close to each other. But
between two parallel electrodes only two directions of
electric field are possible. To generate electric field in more
that two directions we need to use more electrodes. We
could use four plate electrodes, but in this case we get very
inhomogeneous electric field distribution between the
electrodes, since the current predominantly flows through
the metal of the adjacent electrodes and less through the
sample (cells suspension or tissue). That is why in the
development of new electrodes (E-S 4.1) we focused on
conductivity between opposite electrodes and between
adjacent electrodes. Our hypothesis in the development
of electrodes was that the most homogeneous electric
field distribution between four cylindrical electrodes is
achieved when conductivity between opposite electrodes
is twice the sum of conductivity between adjacent elec-
trodes (Fig. 1¢).
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Figure 7
Visualization of interaction between DNA and cell membrane. Visualization of interaction between DNA and cell
membrane after single polarity electric field protocol (a) and both polarities electric field protocol (b). Photos of phase contrast
(1) and fluorescence (2) images were taken under inverted fluorescence microscope. Symbols on the right represent electric
field protocol used.

To evaluate homogeneity of electric field between the
electrodes, we designed a three-dimensional finite-ele-
ments model of an electroporation medium in culture
dish with inserted electrodes. Calculations of electric field
intensity in this model showed that the electric field dis-
tribution is relatively homogeneous between the elec-
trodes for all four different electric field directions (Fig. 3).
Results of calculations have also shown that orthogonal
single polarity (OSP) and orthogonal both polarities
(OBP) electric field protocols are efficient only in the
space between the electrodes, because only there the elec-
tric field direction can be rotated for 90°. In addition, a
quick practical test was performed to confirm the correct-
ness of calculations and demonstrate electric field inten-
sity distribution (Fig. 3d). In this test, cell survival was
depended on electric field intensity. At highest electric
field intensity all cells where killed and at low electric field

intensity all cells survived. Good agreement was obtained
between calculated and experimental data.

In the next step we experimentally evaluated effectiveness
of new system and electric field protocols to improve in-
vitro gene electrotransfer on Chinese Hamster Ovary cells.
Results show that changing the electric field direction
between electrical pulses increases the fraction of trans-
fected cells (Fig. 4), with no statistically significant influ-
ence on fluorescence intensity of transfected cells (Fig. 5)
and cell survival. Therefore, the results obtained in our
research support previous observations that changing the
electric field direction between electrical pulses improves
gene electrotransfer with no significant effect on cell sur-
vival [20,32].

Plated cells are of various shapes and often elongated.

Because of this, their orientation in electric field is impor-
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Figure 8
Shading effect. Photos of phase contrast (a) and fluorescence (b) images were taken under inverted fluorescence micro-

scope. Symbolic picture (c) was made for better representation of the observed shading effect. Drawn shapes represent cells
and black areas represent regions of permeabilized membrane where DNA interacts with cell membrane. Symbols on the right
represent electric field protocol used.

http://www.biomedical-engineering-online.com/content/6/1/25

tant [23]. If they are elongated in the direction of electric
field, they have higher probability to be permeabilized
and that DNA interacts with this part of the membrane
(Fig. 6a, b). If we change the direction of electric field dur-
ing electric pulse delivery, cumulatively more cells are
elongated in the direction of electric field and therefore
DNA interacts with the membranes of more cells (Fig. 6¢,
d). Consequently there are more transfected cells (Fig. 4).

We observed another effect during our research i.e. a shad-
ing effect, which is also important for efficient gene elec-
trotransfer of plated cells. Shading effect is observed
during gene electrotransfer when cells are in clusters,
where only cells facing negative electro-potential in clus-
ters become transfected and other ones which are hidden

behind these cells do not become transfected (Fig. 8cl).
And if we change electric field direction between electrical
pulses, cumulatively more cells face negative electro-
potential (in case of inhomogeneous electric field distri-
bution the direction of electric field is not always the same
as direction towards electrodes, therefore the term facing
electro-potential is used instead of the term facing elec-
trodes) in cluster and more cells in cluster become trans-
fected (Fig. 8c2). Therefore changing electric field
direction between electrical pulses improves fraction of
transfected cells in clusters, which is another reason why
it is advisable to use orthogonal both polarities (OBP)
electric field protocol instead of single polarity (SP) elec-
tric field protocol.
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For each electric field protocol we used the same cumula-
tive number of pulses (Fig. 2). Thus, if we used more direc-
tions of electric field during electric pulse delivery, fewer
pulses were delivered in each direction. Therefore from
each direction a lower "degree" of membrane permeabili-
zation is obtained and less DNA interacts with the cell
membrane. But overall, our results indicate that fluores-
cence intensity of transfected cells is not affected when
using our protocols.

Cell survival was also not significantly affected by electric
pulse application, which is important for gene transfec-
tion as damaged cells difficultly express genes [33]. This
means that our protocol is also appropriate for cells which
are valuable, such as human primary cells, which are
taken directly from a donor or patient [34].

On the basis of our results we can conclude that although
homogeneity of electric field distribution between the
newly designed electrodes presented in this paper is not as
good as between two parallel plate electrodes, the results
of gene electrotransfer are improved. By automatic change
of electric field direction, electric pulses can be delivered
at precise frequencies, which enables new experiments for
better understanding of DNA interaction with cell mem-
brane. In addition, the new system can be used wherever
manual rotating is not possible, like in case of multiple
electrodes, when they are used with different electric field
direction between electrical pulses. Such an embedded
electrode commutator is being built in the Cliniporator
device [35]. In conclusion, the main advantage of the new
system and electric field protocol is that it can be used in
in-vitro gene electrotransfer to improve fraction of trans-
fected cells without affecting fluorescence intensity of
transfected cells and cell survival by using automatic
orthogonal both polarities electric field protocol.
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Electrochemotherapy is an effective local treatment of solid tumours which combines
delivery of chemotherapeutic drug and electric pulses. Electric pulses increase permeability
of plasma membrane transiently and reversibly, leading to increased transport of the drug
into the cell. As all clonogenic cells in the tumour need to be eradicated for effective treat-
ment, all cells have to be permeabilised, i.e. all cells in the tumour have to be exposed to
appropriate electric pulses. Electric pulses are delivered to tissue by electric pulses gener-

Keywords: ator via electrodes. In general there are two types of electrodes, plate electrodes and needle
Neoplasms electrodes. The target tissue, i.e. tumour, is to be positioned well in-between the electrodes.
Electroporation The electrodes should thus fit the size of the tumour for good electric field distribution.
Electrochemotherapy Plate electrodes which are noninvasive are better suited for tumours on the surface on

Local tumour treatment the skin, whereas needle electrodes which are used invasively with appropriate and suffi-

Electrodes cient depth of their insertion are more appropriate for treating tumours seeded deeper in
Numerical methods the skin.

Chemotherapy © 2006 Elsevier Ltd. All rights reserved.

1. Cell in electric field and
electrochemotherapy

lised, i.e. all cells in the tumour have to be exposed to
appropriate electric pulses. Effectiveness of electrochemo-
therapy thus depends on drug availability in the tumour

Electrochemotherapy is an effective local treatment of solid  and coverage of the whole area of the tumour by sufficiently

tumours which combines delivery of corresponding drug
and electric pulses.™ Drugs with hindered transmembrane
transport and having intracellular target are good candidates
for electrochemotherapy. Bleomycin and cisplatin proved to
be the best candidates so far.'*"*? Electric pulses with appro-
priate parameters, amplitude, duration, number, repetition
frequency and shape, will increase permeability of plasma
membrane transiently and reversibly, leading to increased
transport of the drug into the cell. This increased transport
will thus allow the drug to enter the cell in sufficient amount
and reach its intracellular target, consequently killing the
cell. As all clonogenic cells in the tumour need to be eradi-
cated for effective treatment, all cells have to be permeabi-

* Corresponding author: Tel.: +386 1 4768 456; fax: +386 1 426 46 58.

E-mail address: damijan.miklavcic@fe.uni-lj.si (D. Miklavcic).

high electric field/pulses.

When a cell is placed into electric field, its geometrical and
material properties cause a transmembrane voltage to be in-
duced and superimposed on the natural resting transmem-
brane voltage. The amplitude of the induced transmembrane
voltage depends on the position on the membrane and is dic-
tated by the following equation:

Adp, :%ER cos 0, (1)
where A¢,, is the induced transmembrane voltage on the
membrane, 6 is the angle between the direction of the electric
field E and radius vector R on the membrane'* (see also Fig. 1).

1359-6349/$ - see front matter © 2006 Elsevier Ltd. All rights reserved.
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Fig. 1 - A schematic presentation of a cell having diameter
2R, membrane thickness d, where 0 is the angle between the
direction of the electric field E and radius vector R on the
membrane.

If the induced transmembrane voltage is sufficiently
high,’® the membrane permeability non-selectively increases
and molecules which otherwise cannot cross the plasma
membrane can now enter (or leave) the cell. The transport
of small molecules like bleomycin and cisplatin across the
membrane is predominantly diffusion-driven due to concen-
tration gradient.’® When electric pulses are applied, mem-
brane permeability of cells in the tissue exposed to
sufficiently high electric field will non-selectively increase. If
the drug is present in the tumour (surrounding the tumour
cells, but not being able to penetrate the cell through its mem-
brane), this increased membrane permeability will allow en-
trance of the drug into the cells, increasing drug cytotoxicity.

Induced transmembrane voltage can easily be calculated
for a spherical cell and it follows Eq. (1).** What we can see
from this equation is that for a given cell the induced trans-
membrane voltage is proportional to the electric field; more
precisely, it is proportional to the local electric field in which
the cell is placed. The induced transmembrane voltage for
non-spherical irregular shapes, such as cells are, can, how-
ever, be calculated by numerical methods or measured

100 ms

1500 ms

hyperpolarisation depolarisation

Fig. 2 - Induced transmembrane voltage (ITV) on an
irregularly shaped CHO cell. Electric field E was directed
from left to right. (a) The 8-bit fluorescence image of a cell
stained with di-8-ANEPPS and acquired during the exposure
to 40 V (100 V/cm), 100 ms rectangular pulse. The brightness
of the image was automatically enhanced. Bar represents
10 pm. (b) Changes in fluorescence of cell obtained by
subtracting the control image (not shown) from the image
with pulse and shifting the greyscale range by 50%. The side
of the cell coloured in white represents an increase in
fluorescence (depolarisation), and the side of the cell
coloured in black, a decrease in fluorescence
(hyperpolarisation). The brightness of the image was
automatically enhanced.

(Fig. 2).% 1t is important to note that if the induced voltage
is not sufficiently high, no flow will occur as the membrane
will not become permeabilised. Nevertheless, the flux of the
drug occurs only through parts of the membrane where the
induced transmembrane voltage exceeds a critical threshold
(Fig. 3). Thus the flux of the drug through the membrane is
established through areas where sufficiently high induced
transmembrane voltage was induced, but also depends on
pulse duration and number of pulses.

If pulse parameters are selected appropriately, the cell
membrane will become transiently permeabilised, and will
reseal afterwards, thus preserving cell viability. This is termed
reversible permeabilisation. However, if the amplitude of
pulses, their number is too large and/or duration is too long,
the membrane will not reseal and the cell will lose its viabil-
ity. This is termed irreversible permeabilisation.

The electric field in a tissue and electric current passing
through the tissue are coexisting and are connected by Ohm’s
law (Eq. 2)

3 min

Fig. 3 - Electropermeabilisation of a CHO cell shown in Fig. 2. (A) Fluorescence of the cell 100 ms, (B) 1500 ms, and (C) 3 min
after pulse delivery. The cell was exposed to a single 400 V (1000 V/cm) rectangular unipolar pulse (200 ps). The images were
corrected for the background fluorescence and the brightness was automatically enhanced. Propidium Iodide (100 pM), which
was here used as a marker of membrane permeabilisation, was added to suspension before the pulse was applied to

visualize the permeabilised regions. Bar represents 10 pm.
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j=oE, )

where j is current density, o is tissue electric conductivity, and
E the electric field. The corresponding integral values are elec-
tric current I, conductance G (which is the reverse of resis-
tance R), and voltage U. The Ohm’s law then takes the form of:

U=R-1 or I=G-U. (3)

Current passes through the tissue if voltage i.e. potential dif-
ference exists between two points in the tissue, and the cur-
rent loop is closed. In practice, we generate the potential
difference (voltage) on electrodes with an electric pulse gener-
ator. When both electrodes (one needs at least two electrodes
to close the loop) are placed on/in the tissue (which is a con-
ductive material where charge carriers are ions as in electro-
lyte solutions), the current loop is closed and the current
passes through the tissue.

As the electric current passes through a biological tissue,
it is distributed through different parts of the tissue, depend-
ing on their electrical conductivity. In general, better per-
fused tissues have higher conductivity. So blood is highly
conductive, liver and muscles as well, whereas bone and
fatty tissue have low conductivity. The current will flow eas-
ier and for the same voltage in higher proportion through
more conductive tissues (e.g. muscles, liver). On the contrary,
the electric field in these tissues will be lower than in tissues
with low conductivity for the same current. Since the same
voltage in higher conductive media will give higher currents
and because conductivity of the tissue increases as it be-
comes permeabilised, rather high currents pass through
the tissue during electrochemotherapy.*®*?

Nevertheless, as the electric current takes the shortest and
easiest path through the tissue, the current will be contained
predominantly between the electrodes if they are close en-
ough to each other. This property allows for relatively good
control and containment of electric field distribution predom-
inantly between the electrodes.?

Solid tumours usually have somewhat higher conductivity
than the surrounding tissue due to its rich, irregular and fen-
estrated vasculature. This causes electric current to pass
mainly through the tumour, but the electric field will be
somewhat lower than in its surroundings. Nevertheless,

when the tissue becomes permeabilised (i.e. plasma mem-
brane becomes permeable) its conductivity also increases,
which leads to electric field redistribution in the tumour
and its surroundings. This phenomenon is most obvious in
subcutaneous tumours.?! Namely, the skin, serving as a natu-
ral barrier protecting internal tissues from exposure to chem-
ical and physical trauma and bacteria, has an extremely low
electric conductivity. When two electrodes are placed on the
skin, practically the entire voltage drop rests on the skin (on
its outermost layer, the stratum corneum, being the least con-
ductive skin layer), where the electric field is by far the high-
est. The electric field, when applying high voltage pulses as in
the case of electrochemotherapy, “breaks through” the skin,
forming structures known as Local Transport Regions that
make skin more conductive.’? Now the current can pass
through the skin more easily and the voltage drop and electric
field in the skin are lowered (Fig. 4). Consequently, other skin
layers and tissues under the skin are exposed to higher elec-
tric fields.

In conclusion, cells in tissues which are exposed to suffi-
ciently high electric field will become permeabilised, render-
ing electrochemotherapy effective. If pulse parameters are
selected correctly and sufficiently high (but not too high -
see below) local field is assured and cells will become revers-
ibly permeabilised, i.e. allowing for the uptake of cytotoxic
drug and resealing of the membrane. This will allow the drug
to exert its cytotoxic activity selectively to tumour cells and
not to normal cells. If, however, the cells are exposed to too
high an electric field (at given pulse parameters), cells will
be killed nonselectively and instantly, losing selectivity and
therapeutic index of electrochemotherapy, leading to local-
ised tissue necrosis. Electric field associated with reversible
permeabilisation is noted as E,e, Whereas the electric field
associated with irreversible permeabilisation is noted as Ejyey
in Figs. 6 and 7.

2. Selection and positioning of electrodes

In general there are two types of electrodes, plate electrodes
and needle electrodes®>** (Fig. 5). Plate electrodes are nonin-
vasive, usually parallel and separated by a distance d. The

before after

before

Fig. 4 - Modelled electric field distributions in the subcutaneous tumour and the surrounding tissues before and after tissue
electropermeabilisation at 500 and 1000 V between two plate electrodes of 8 mm distance. The electric field distributions are
shown in V/em. The geometry of the numerical model is shown on the left. The electrodes are modelled as a boundary

condition.
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R
5 mm 2.5 mm

Fig. 5 - Geometry of tissue models with the given electrode
configurations: (a) 3D model of cutaneous and subcutaneous
tumour with two parallel plate electrode configuration and
corresponding XY and YZ cross-sections across the target
tissue i.e. tumour geometry and (b) 3D model of cutaneous
and subcutaneous tumour with needle electrode
configurations and corresponding XY and YZ cross-sections
across the target tissue i.e. tumour geometry. Tumour was
for demonstration purposes placed at two different
positions in the model: as cutaneous and subcutaneous
tumour. Each time only one tumour was considered in
calculations and explanations.

target tissue, i.e. tumour, is to be somehow placed in-between
these two plates. The tumour is pinched or pushed between
electrodes. The electrodes should fit the size of the tumour
for good electric field distribution. Electrodes “too far” from
the tumour will not allow for efficient electropermeabilisa-
tion. Either fixed distance electrodes (most often) or variable
distance electrodes are used. In both cases it is important to
assure good electrical contact between metal electrodes and
tissue - this is usually assured by using conductive gel (see
Figs. 6a and 7a) and exerting sufficient pressure to create
and maintain good contact even in the case of tissue move-
ment due to muscle contractions provoked by the electric
pulses. Also, the applied voltage needs to be determined/cal-
culated with respect to the distance between electrodes, their
shape and tissue-electrode geometry, as well as tissue
anatomy.

Needle electrodes are used invasively. In this way good
electrical contact is assured. However, the electric field distri-
bution is more inhomogeneous and depends on the electrode
diameter, number of electrodes, distance between the elec-
trodes and depth of their insertion (Figs. 6 and 7)?>?°. In prin-
ciple, thinner electrodes, larger distance and shallower
insertion lead to more inhomogeneous electric field distribu-
tion. This causes extremely high current density and high
electric fields in immediate vicinity of the needle electrode.
But at even a short distance from the needle electrode the
field amplitude is already very low — possibly too low to cause

7 7

YA EIIIIIIIIY Y

E > Eirrev

Erev < E £ Eirrev

E < Erev

Fig. 6 - The comparison of electric field distribution for
different electrode configurations shown in XY cross-sec-
tion of cutaneous and subcutaneous 3D models from Fig. 5:
(a) two parallel plate electrodes - cutaneous tumour
including the electric field distribution within the gel layer
surrounding the target tissue; (b) two parallel plate
electrodes - subcutaneous tumour; (c) two parallel needle
electrodes - cutaneous tumour; (d) two parallel needle
electrodes - subcutaneous tumour; (e) six parallel needle
electrodes - cutaneous tumour and (f) six parallel needle
electrodes - subcutaneous tumour. In all cases the applied
voltage U =300 V. Black circle represents the target tissue
and the patterned region represents part of tissue where
E > Ejrrev-

cell membrane permeabilisation. Furthermore, the effective
electric field between the electrodes occurs at a lesser depth
than needle electrode insertion. Thus needle electrodes gen-
erally need to be inserted deeper than the deepest part of
the tumour.

For improving electric field homogeneity and local field
distribution using needle electrodes at least two strategies
can be proposed. More needle electrodes positioned in paral-
lel rows improve the homogeneity, whereas multiple needle
electrodes arranged into a matrix allow larger volumes of
the target tissue to be treated.>®*’ Such an array of electrodes
connected to an electroporator through a commutation/
switching device can deliver well designed sequences of
pulses that increase the probability for cell membrane perme-
abilisation. Usually electrodes are used in pairs and pulses are
delivered in more than one direction to the same cells, which
increases the probability of a cell to become permeabilised.?®
Also, improved coverage of tumour with a sufficiently high
electric field can be achieved. The same can be done with
plate electrodes.?*°
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Fig. 7 - The comparison of electric field distribution for
different electrode configurations shown in YZ cross-section
of cutaneous and subcutaneous 3D models: (a) two parallel
plate electrodes - cutaneous tumour including the electric
field distribution within the gel layer surrounding the target
tissue; (b) two parallel plate electrodes - subcutaneous
tumour; (c) two parallel needle electrodes - cutaneous
tumour; (d) two parallel needle electrodes - subcutaneous
tumour; (e) six parallel needle electrodes - cutaneous
tumour and (f) six parallel needle electrodes - subcutaneous
tumour. In all cases the applied voltage U =300 V. Black
circle represents the target tissue and the patterned region
represents part of tissue where E > Ejrrey.

Adequate pulse amplitudes, set and delivered by a pulse
generator, were initially and are all too often still determined
empirically. Now they can be calculated by means of numer-
ical models and tested.'>?®3%! The electric pulses voltage
that needs to be applied depends on electrode type, number
of electrodes and electrode geometry. Next necessary step is
correct positioning of the electrodes into/onto the tumour,
which will assure sufficiently high electric field in the whole
tumour as to cause membrane permeabilisation of all clono-
genic cells. In principle, after visualising the tumour, deter-
mining the size and position, the best suited electrode type
has to be selected and plan has to be made as to where and

how the electrodes need to be placed with respect to the tu-
mour. Most of the time, however, physicians can be very rap-
idly trained to use the electrodes appropriately. Especially in
treatment of cutaneous and subcutaneous tumours, a single
training session is sufficient. Moreover, the electrical coverage
of the vicinity of the tumour is recommended, particularly
when the drug used is the bleomycin injected intravenously,
due to the absence of toxic effects on the neighbouring nor-
mal tissue (see L.M. Mir, this issue).

3. Possible pitfalls and side effects of electrical
nature

As in every treatment, there are number of possible mistakes
that can be made. It is the procedures that have to be defined
to minimize the risk of making mistakes,?? which is why the
Standard Operating Procedures for the Electrochemotherapy
were prepared and reported in this issue. In addition, to be
used in Europe, an electroporator has to be certified as a CE
medical device, which assures safety of patients, physicians
and members of medical staff performing the treatment. Be-
sides the CE mark, the minimal requirement of a clinical elec-
troporator, the equipment used to deliver the pulses can also
include features allowing detecting potential mistakes of the
operator. Indeed, after injecting the drug into the tumour or
systemically, and allowing for distribution of the drug in the
tumour, one selects and positions the electrodes and applies
the appropriate electric pulses. It is of utmost importance to
have a possibility to monitor and control the current and
the voltage of the pulses being delivered.?* This can either
be achieved by using external oscilloscope, which can be dif-
ficult if not impossible in a clinical setting, or by using an elec-
troporator that has such monitoring of pulses built in.

In addition, since high voltage electric pulses are deliv-
ered, they usually provoke muscle contraction. If, as it was
often the case in the past, a 1Hz repetition frequency is
used, each single pulse leads to a twitch, which may result
in losing electrical contact if insufficient pressure is exerted
by the operator. This happens momentarily and is difficult
to notice without proper monitoring of pulse delivery (as
mentioned in the previous paragraph). Too high a pressure
may on the other hand lead to large contact area, which re-
quires high electric current - too high for the comfort of the
patient and/or for the electroporator to deliver. Namely,
some electroporators will, for security reasons, discontinue
pulse delivery if the current exceeds a given level (e.g.
12 A). This kind of protection will prevent damage of the
electroporator. Such discontinuation of pulse delivery may
pass unnoticed and will result in lower or nonexistent elec-
tropermeabilisation, causing electrochemotherapy to fail.
The undesired consequences of the twitch, caused by the
first pulse in the train of “standard” eight electric pulses
most often delivered to achieve a good cell permeabilisation,
can also be completely avoided using a 5000 Hz pulse repeti-
tion frequency, instead of the classical 1 Hz frequency. When
using this high pulse repetition frequency, the whole train of
pulses is then delivered in 1.5 ms, that is before the twitch is
provoked and the electrode displacement can occur. This
high repetition frequency thus ensures the quality of the
treatment and reduces patient discomfort. Moreover, in the
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ESOPE study using the Cliniporator™ we have demonstrated
good clinical results of electrochemotherapy, irrespective of
pulse repetition frequency.

Finally, when plate electrodes are used, burn marks can
appear on the skin where electrodes were in contact with it.
This can be due to an insufficient electrical contact during
pulse delivery. Good electrical contact can be assured by using
conductive gel and exerting more pressure to the electrodes
to avoid sparking and very local high current leaving burn
marks on the skin, especially if the electrodes are placed per-
pendicularly to the skin, having small contact area. However,
we have to be careful not to use too much conductive gel. Fill-
ing the gap between the electrodes with an excess of conduc-
tive gel may shunt the electrical path through the tissue,
rendering electrochemotherapy inefficient. Hairy skin may
cause sparking and give rise to unpleasant smell of burning
hair. Thus it may be appropriate to shave and clean the skin
above the tumour if possible.

In conclusion, the target tissue, i.e. tumour, is to be posi-
tioned well in-between the electrodes. The electrodes should
fit the size of the tumour for good electric field distribution.
Noninvasive plate electrodes are better suited for tumours
on the surface on the skin, whereas needle electrodes, which
are used invasively, with appropriate and sufficient depth of
their insertion, are more appropriate for treating subcutane-
ous tumours seeded deeper in the skin.
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ELEKTROPORACIJA CELIJE I NJENA
PRIMENA U MEDICINI

Sazerak: Kada se hiolosko thive izlozi vrlo krat-
kim naponskim impulsima visoke amplitude nastaje
elekiricno polje. Ukoliko se intenzitet nastalog elek-
trifnog polja poveda iznad odgovarajude kritiene vred-
nosti ¢elijska membrana postaje propustljivija za jone 1
molecule, koji inade ne mogu da predu u éeliju. Ova-
kva modulacija propustljivosti ¢elijske membrane pod
uticajem elekiritnog polja naziva se elektroporacija
(takode pornata 1 pod imenom elektropermeabilizaci-
Ja) i omogucéava pojadan transporl jona i molekula u
celiju. Ovaj fenomen ima Siroku in viva 1 iy vitro biolo-
sku 1 medicinsku primenu u cilju da olak3a transfer ra-
znih lekova u ¢eliju, kao $to su hemoterapeutici i DNA.
U ovom radu predstavijamo sledece oblike primene ée-
lijske elektroporacije u medicini: elektrahemoterapija.
elektrogeni transdermalin transport lekovitih supstanei.

Kljuéne redi: clektropermeabilizacya, elektropo-
racija, elektrohemoterapija, matemati¢ko modeliranje.

CILJ RADA: Cilj rada je predstaviti 1 istaci mo-
gucnost upotrebe clektroporacije za povedanje propu-
stljivosti celijske membrane kako bi se olakSao trans-
port lekovitih supstanci u ¢eliju. Ova metoda, koju na-
zivamo i elektropermeabilizacija, je u mnogim istrazi-
vackim studijama pokazala velik potencijal za primenu
u medicini, Ovim radom istaknucemo nekeliko osnov-
nih dostignuca u primeni elektroporacije u elektrohe-
‘moterapiji, elektrogenskoj terapiji 1 transportu lekovi-
tih supstanci transdelmalnim putem,

UVOD

Elektropermeabilizacija, poznata 1 pod imenom
elektroporacija, ¢elijske membrane je metoda za pove-
tanje propustljivesti ¢elijske membrane pod uticajem
elektritnog polja [Neumann et al, 1989, Weaver et al
1996, Gehl et al., 2003, Miklaveic and Kotnik, 2004,

I Elektrotehnitki fakultet, Univerzitet u Ljubliani, Slovenija,
2 Onkoloski institut u Ljubljani, Slovenija.

Ovom metodom oliksava se transport vedih molekula
kroz éelijsku membranu, $to inace membrana u stabil-
nam stanju spredavi. Tako se elekuopermenbilizaci-
Jum elakSava transport mnogih lekovitih supstanci kao
imolekula DNK. Zato je ova metoda veoma popularna
straZivadka tema, a njena upotreba je pored drugih
rodrudia dokazana i na podrugju bumane medicine. Na
primer u onkologiji se elektroporacijom selektivno po-
vedava transport citostatika o tumorske delije, u bio-
tehnologiji se¢ na ovaj nadin olakiava transport mole-
kula DNK #a modifikaciju ¢elija, a potela je i primena
ove metode u terapiji genima (elektrogenska terapija),
Jedan od glaviih faktors u postizanju optimalnih re-
zultata elektropermeabilizacijom  predstavlja  elek-
tri¢no polje. Zato vrlo bitnu ulogu u razvoju ove meta-
de 1gra refavanje mnogih mZenjerskih problema, naro-
¢ito na podrucju elektrotchnike. Tako je jedna ad istra-
#ivackih aktivnosti kojom s bave autori ovog rada
upravi oplimizacija elektropermeshilizacije celija 1
tkiva. lzmedu ostalog istrazivanje obuhvata eksperi-
mentalnu optimizaciju u in vitro ©in vive uslovima,
kompjutersku simulaciju pomedu numeridkih modela i
razvoj elekronskih komponenata »a proizvodenje
clektri¢nog polja [http:/bk feane-lpsi).

Definicija elektroporacije
(elektropermeabilizacije)

1. Celijska membrana Je selektivoo propustljiva,
Sto celiji omogudavy da kontrolide razmenu materije i
da na, taj natin, obavljs svoje funkeije 1 ocuva svaj
unutrasngi sastav.

2. Pod uticajem dovoljno jakog elekiriénog polja
dolazi do promena u struktun hipidnog dvosloja i do
promene trunsmembranskoz napona, odnosne razlike
povriinskog | potenciala mirovanja na membrani. Ovo
poslediéno utice na nadin na koji celija obavlja razme-
nu materija sa neposrednim okruZenjem,
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3. Sa elektrotehnitkog vidika éelijska membrana
pod uticajem elektri¢nog polja ispoljava karakteristike
elektri¢nog izolatora. Njena specifi¢na provodljivost
(S/m) je milion puta manja od provodljivosti izvanée-
lijskog i unutarcelijskog prostora. Zato je potrebno
proizvesti jako elektrino polje dovoljnog intenziteta
da bi se ova barijera prevazisla.

Slika 1: Graficki prikaz Celije precnika 2R, debljine
membrane d i ugla © izmedu elektri¢nog polja E
i vektora polupreénika R

Elektri¢no polje potrebno za elektropermeabiliza-
ciju postiZe se vrlo kratkim naponskim impulsima (tra-
janja oko 100 ps) visoke amplitude (high-voltage HV
pulses). Ovakve pulseve éelijama ili tkivu treba dopre-
miti preko elektroda iz provodnog materijala odgova-
rajudeg oblika.

Pod uticajem elektri¢nog polja, izmedu unutra-
$njeg i spoljadnjeg dela membrane indukuje se razlika
potencijala, odnosno formira se indukovani transmem-
branski napon. Ako je posmatrana éelija okruglog obli-
ka, kao §to to prikazuje Slika 1, indukovani transmem-
branski napon (A®) odreduje se prema sledeéoj formu-

li (1):
A¢=%-E-Rcos9 \ €))

U navedenoj formuli £ je amplituda elektri¢nog
polja, R je polupre¢nik celije, a 0 je ugao izmedu prav-
ca elektri¢nog polja i vektora polupreénika R koji po-
vezuje centralnu tatku Celije sa proizvoljnom tatkom
na povrsini membrane. Vrednost indukovanog tran-
smembranskog napona je, dakle, srazmerna intenzitetu
elektri¢nog polja E i dimenzijama éelije, i zavisi od po-
zicije posmatrane tatke na membrani (srazmerno kosi-
nusu 0).

Indukovani transmembranski napon formira se u
vrlo kratkom vremenskom intervalu (nekoliko us), a
kada prevazide odredenu kritinu vrednost struktura
¢elijske membrane se menja formirajuéi prosirenja, ta-
kozvane pore, u lipidnom dvosloju membrane [Sem-
rov et al., 1995, Pavlin et al, 2002]. Otuda ovaj proces
dobija ime elektroporacija. Prema podacima iz litera-

ture, kriti¢ni transmembranski napon koji elektri¢nim
poljem treba obezbediti éeliji kako bi se membrana
elektropermeabilizovala kreée se u rasponu od 200 mV
do 1 V. Najzanimljivija &injenica u procesu elektropo-
racije je ta da je preko ovako nastalih pora moguce pre-
neti bilo koju vrstu jona ili molekula u unutra¥njost ée-
lije. Upravo zbog ove ¢injenice elektroporacija ima ve-
liki potencijal na podru¢jima kao §to su medicina, bio-
tehnologija i farmacija.

U nastavku uvodnog dela ovog rada predstaviée-
mo znadaj elektropermeabilizacije i raspodele elek-
trinog polja za elektrohemoterapiju, EGT i transport
lekovitih supstanci transdelmalnim putem. Detaljnije
¢emo opisati elektrohemoterapiju, jer se ova metoda
vec primenjuje na &oveku, odnosno u klinici, kao pali-
jativna metoda za letenje koZnih i potkoznih tumora
razli¢itih histologija.

Elektrohemoterapija

Zahvaljujudi elektropermeabilizaciji tkiva hemo-
terapija moZe postati lokalna metoda za selektivno od-
stranjivanje tumora. U tom slu¢aju citostatik deluje sa-
mo na deo tkiva koji je izloZen delovanju elektri¢nog
polja, a to je tkivo izmedu elektroda.

Osnove hemoterapije

Hemoterapija, kao metoda za ledenje rakastih
oboljenja, predstavlja koris¢enje odredenih lekova koji
obi¢no deluju na celo telo kako bi se unistile éelije raka
koje su metastazirale ili su se ragirile u one delove tela
koji se nalaze daleko od primarnog tumora. Postoji vi-
Se vrsta lekova koji se koriste u hemoterapiji. Iako se
svaki od njih moZe koristiti pojedina&no u letenju raka,
poznato je da je njihovo dejstvo snaZnije kada se kori-
sti kombinovano, jer se na taj na¢in unistava vise kan-
cerogenih ¢elija, a ujedno se i smanjuje verovatnoéa da
pacijent postane rezistentan na odredenu vrstu leka. Iz
tog razloga, lekar obi¢no propisuje odredenu kombina-
ciju lekova kao i duZinu trajanja tretmana, koje su za
pacijenta najprimerenije. Sve odluke u vezi sa hemote-
rapijskim le¢enjem zavise od tipa raka, njegove lokaci-
Je, stadijuma razvoja, kao i od toga kako uti¢e na nor-
malne telesne funkcije i opste zdravlje pacijenta. -

Sve odluke u vezi le¢enja hemoterapijom zavise
od tipa raka, njegove lokacije, stadijuma razvoja, kao i
toga kako uti¢e na normalne telesne funkcije i general-
no zdravlje pacijenta.

Osnovni princip delovanja lekova koji se koriste u
hemoterapiji je takav da unigtavaju éelije koje se brzo
razvijaju. Medutim, posto ovi lekovi putuju kroz celo
telo, oni mogu da utitu i na normalne, zdrave, celije
koje se takode prirodno brzo dele. Ovakve su, na pri-
mer, Celije koStane srzi, éelije korena kose i éelije ga-

5
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trigno polje u celoj zapremini tumara mora prekordin
kriti¢nu, odnosno, reverzibilnu, vrednost kajom se po-
stize elektropermenbilizacija, Ova vrednost elektridno:
polja u literatun se oznacava kao £ U sludaju kads
vrednost elekiriénog polja u tkivy prekoradt irevers-
bilnu vrednost (u literaturi aznadeny kao £, ) nastupe
permanentnag ofledenja u celijsko] membran: Sto dovo-
di do nekroze éelije.

Ia Slici 3 prikazana je raspodela elekiriénog pal-
ja, kao resultal dovoderja impulsa plocastim (Slika
3A) 1 iglicastim elektrodama (Slika 3B} koje se najée-
S¢e konste u klinicnoy elektrohematerapiji. Intenzitet
elektritnog polja u thivu oenagen je skalom koja se na-
lazi u donjem delu Slike 3, Muogim in vive 1 i viir
studijama je dokazano da je ciikasnost elekiropermea-
bilizacije éclija u korelaciji sa vrednoséu clekincnog
polia, na osnovu Sega tvrdimo da 1 uspesnost clekiro-
hemolerapije zavisi od raspodele clektticnog palju u
tumorn [Gehl e af. 1999, Miklaveis efal . 2000, Payv-
Selj eral., 2005, Miklaveid ef al., 2006]. Vrednost elek-
ri¢nog polja u tretiranom tkivu moze se regulisati pu-
rametrima koji odreduju njegovu jatinu, a to su dimen-
zje, orijentacija i oblik upotrebljenih clektroda, kao i
amphituda dovedenih clektrienih impulsa. Pomenuti
parametri moraju se odrediti u skladu sa elekiricnim
karakieristikama 1 geometrijom tumnorskog thiva, kao i
zdravog tkiva u njegovo] neposrednoy blizing, kako bi
5¢ wtumeru postiglo edgovaraiuée lokalno elekincno
polje (£ = £ ), a ujedno i zastitilo zdravo tkiva, Za di-
zajniranje odgovarajucih elektroda i ektrienih impuisa
za tretman elekirohemoterapijom veliki znacaj pred-
stavijaju matematiéke numericke simulacije. Ll Laba-
ratoriji za biokibernetiky, na Elektrotehni¢kom fakul-
tetu u Ljubljani, bavimo se dizajnom i takozvanim
prediretmanskim  (pre-treatment) planiranjem, LI a-
radnji sa Onkoloskim institutom u Ljubljani dragim
wtrazivadkim centrima razvijamo optimizacijske me-
tade kako bi elektrohemoterapii bila sto efikasnija |
pribvacena kao uobicajena metoda u ledeniu rakastih
obolienja [Miklaveic eral., 2006, Sl et al., 2007]. Ma-
tematicko modeliranje koristi se takode, za optimizaci-
lu elektromermeabilizacije u elektrogenskoj terapiji |
trunsportu lekovitih supstancija transdermalnim prii-
tem. U madeliranju za numeri¢ko retavanje hiolodkih
problema najiesdée Koristimo metodu konatnih eleme-
nata [Sel 1 al., 2005]. Validacija matematickih modeta
VISl se na osnovu uskladivanja rezultata numeriékil si-
mulacijasa odgovarajuéim i vive il in vitn cksperi-
mentima |Miklaviad er el , 2000].

Kao 2o je pokasano na Slici 3 jading elektri¢nog
polja odreduje stepen, odnosno rezim. elektropermen-
bilizacije u thivu: elektriéno polje slabije od £ -
rucje na shicl oznateno kao £ < £_) ne povedava pro-
pusnost éelijske membrane; polje jaéine izmedu { DR

PLOCE: IGLE:

\\C\\

Raspodela eleltnitnog polia kae remukat aplikacie HV impulsa:

A.

Skala koja cznadawva iadnu elektninng polja u tkivu

-

E < Enew Ewv 5 E 4 8mpy E» Ermuy

- E = Erev — thve nige elekiropermeaabii sovano
- Erev £ E < Elrev - tkiva je revermbiing elektroparmeabdizovanc
- E = Eirev — tklve jo ireverzibling elektropermeabilizovang

Sika 30 Jadina elehtricnog polja
Sim elektropermeabilizacije: 4. Plodaste fplate) elee-
trade; B. Iglicaste (needle) electrode

Shenen S 1=

£ teverzibilno elektropermeabilizuje celije tako da
sunakon prestanka elektri¢nih mipulsa sposobne da se
oporave; dok clektrieno polje nad ireverzibilnim pra-
gom £, (Srafirano podrugie) prousrokuje ablaciju ce-
lija. Ul elektrohemoterapiji je pozeljno da se elektrisni
parametri dizajniraju tako da na ¢elije tumora deluje
elektritno polje reverzibilng elektropemeabilizacije.
Jer se nataj nacin obesbeduje da tumorske cel fje uming
usled delovanja citostatika, Reverzibilnom elektroper-
meabilizacijom 1 eitostaticima 1, clektrohemoterapi-
jum postize se vrlo brzo zarastanje tkiva i dobar ko-
zmetiCki efekat, dok se reverzibilne elektricno polje
hez primene citostalika kosist xa ablaciju thiva kao al-
ternativa hirurSkim metodama odstranjivanja tumora
[Davalos e al., 2005].

Treba istaci da je kod koniséena elektritnog polja
u terapiji gemima i transdermalnom transportu lekova
obaverna primena reverzibilne elektropermeabilizaci-
je, jer nam je cilj da sve elektropermeabilizovane éelije
predive

DISKUSIJA

. Primena elektrohemoterapije u klinici

Prva klinicka studija elektrohemoterapije obja-
vijena je 1991 godine [Mir er al., 1991]. Nakon togd
sledile su brojne klimicke studije faze 11 11, koje su po-
kazale vrlo pozitivau klinicku primenu clektrohemote-
rapije bleomicinom 1 cisplatinom. U tim studijama le-
¢eni su Kozni 1 potkesni tumorski noduli pacijenaty sa
mnogim napredovanim maligmitetima, kao $to su sur-
komi, karcianomi, a najesce maligni melanomi. Tako
Je ovom metadom leceno ukupno 247 pacijenata u svim
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strointestalnog trakta. Sporedni efeku se javijaju upra-
vo usled oktedenja zdravih tkiva, koji nestaju nakon za-
vrietka tretmana kada se zdrave celije oporave.

Konvencionalne klinitke metode za lokalno od-
stranjivanje glavnog tumora 1 oblitnjeg zarazenog tki-
va su hirurgija 1 radioterapija, Cesto se nakon operacije
glavnog tumora hemoterapya kKonst kao metoda za
udstranjivanje preostalih celija raka u telu, Hemotera-
P se primenjuje | kao metoda za smanjivanje tumora,
kako bi hirurgu bilo lakse da ga odstram, 15to ko ova
metota se u klinici primenjuge 120 olakiavanje simpto-
M 2 pacijente 891 je rak neizlediy

Osnove clektrohemoterapije:

Za lokalno odstranjivanje Ko2nih 1 potkeZnih -
mara u kline konsti se i elektrohemoterapija — meto-
diy koja predstavlja kombinaciju tretmana hemoterapi-
jorm 1 elekirnim poljem [Serda er al, 2003, Serfa er
al, 2006], Radi se o odstranpivanu tumora lekovima
kaji se i inade upatrebljavaju o hemoterapiji, a éija se
citotoksiénost moke anatno povecati primenom elek-
ri¢nog polja. LU elekirohemoterapiyi se kao citostatic
trenuino koriste bleomicin 1 cisplatin. Pod uticajem
elektriénog polja citotoksiénost cisplating moke se po-
vecati do 8O puta, dok se citotloksiénost bleomicing na
avaj nadin moZe povecati ¢ak 1 do 8000 puta [Serda et
al., 1995, Orlowskn et wl., 1988]. Zato je jedna od naj-
enatajnijih prednost elektrohemoterapije ta, da je za
uspedan tretman dovoljna vrlo mala koncentracija anti-
tumorskog leka, koja bez aplikacije elekinénog polja
nemsa nikakvog citotoksiénog efekta, 5to je Cinjenica
koja je dokazana brojnim studijama [Serda ar al., 2000],
Na ovaj naéin, znadajno se mogu redukovati sporedni
efekti koji mogu biti 1zazvam delovanjem antitumor-
skih lekova na zdrave celije. Isto tako, dokazano je da
jatima clektnénog polja koja se konst u elekrohemo-
terapijt bex delovarnja hemolerapeutika nema efekta u
ledenju tumora. Dakle, dok primenom samo hemotera-
pije 1li samo elekiridnog polja nema nikakvog antitu-
morskop efekia, kombinacijom fa dva trefmana mogu
se postici izuzemo dobr rezulian,

Kako se primenjuje elektrohemoterapija?

Tretman elektrohemoterapijom izvodi se kombi-
nacijom ubrizgavanja antitumorskog leka, odnosno ci-
tostatika, koje se moZe sprovesti sistemskim intrave-
noznim ili lokalnim intratumorskim putem 1 primenom
elektriemih (HV-high voltage pulses) impulsa. Kao 5to
je ved refeno, citostatici koji se koriste u elektrohemo-
terapiji su bleomicin i cisplatin, a njihova antitumorska
efikasnost znatno se povecava aplikacijom elektri¢nih
impulsa. Aplikacija elekinénih impulsa, protzvedenth
generatorom napona, ni tumorsko tkivo vrdi se preko

provadnickih elektroda. Oblik elektrode zavisi od obli-
ka 1 lokacije tumora. Elektrohemoterapija koZnih tu-
mora koji su locirani na povedini koze, i zato lako do-
stupni za neinvazivne elektrode, sprovodi se plodastim
elektrodama. dok za tretman potkoznib tumora koji su
se razvili daleko od povrsine koZe, koristimo mvaziv-
ne, odnosno, ightaste clektrode [Miklaveid er ol |, 2006].

Elektri¢ni impulst koji se primenjuju u elekirohe-
moterapi)i pravougaonog su oblika, o protokol pod ko-
jim s¢ ova) tretman evodi sastofl se 12 nizaod 8 pravo-
ugnonih impulsa sirine 100 ps, frekvencije | Hz 16 S
kHz, dok je proporeya izmedu amplitude impulsa (L) i
razdaljine rmedu elektroda (o) obitno v opsegu od
1300 Viem do 1500 Viem. Ovay protokol je odreden u
okviry preklinickib i klinickih i vive studijo [Marty ef
al., 2006]

Ma Sher 2 tlustrovan je redosled postupaka pri tz-
vodenju elektrohemoterapije; brag jedan (1.) na slie
oznadave injekeiju antitumorskog leka (bleomicing ili
cisplatina) 1 mpegovu mspodelu u vanéelijskom prosto-
ru, broy dva (2.) oenadava aphikaciju pravougaonih
elekiriénih impulsa 1 ulazak leka u mmorsku celyu
kroz elektropermeabilizovanu ¢elijsku membranu, dok
1e brojem tri (3.) tlustrovano vracanje ¢elijske mem-
brane u prvebitmo stanje nakon prestanks clekiri¢nih
impulsa. Citostank ostaje u éehyi 1, aktvirgudr proces
mitotitke éelijske smrti, unitava je [Mir er al, [996],

Electrochematherapy
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Slika 2: llustracija primene elektrohemaoterapije {po S,

B. Dev, Cancer Waich, 1994): |, injekcija antitumor-

skog leka (hleomicing i cisplating), 2. aplikacija

elektricnil impulsa na tkive § wlazak leka n tumorsku

Celiju kroz elektropermeabilizovanu éelijsku membra-

nu i 3. povratak celijske memhrane u prvebitno stanje
nakon prestanka impudse,

Raspodela elektriénog polja
i elektropermeabilizacija

L cilju uspesnog lecenja tumora elektrohemotera-
pijom, potrebno je postici uspednu elektropermeabili-
zaciju svih delija tumorskog thiva, 3to gnadi da elek-
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objavljenim klini¢kim studijama od 1991, do 2003, go-
dine (ukupne je bilo leéenih 1009 tumorskih nodula).
L svim om studiama je pokazano da je elektrohemote-
rapija praktiéng, jednostavna 1 efikasna metoda za lo-
kalno lecenje kodnih i potkoZnih tumorskih nodula, pr
Cemu su nepozeljng efektl uelavnom  zanemarljivi
[Gothelf gr af.. 2003, Serda ef al, 2003, Bunan et al.,
2003, Byrne et al., 2005],

Ot tretmani sprovodent su prema protekolima
koji su bili poschno prilagodent za svaki od pojedi-
naénih onkoloskih centara. 5to znatl da se elekirohe-
moterapija u svakom od njih izvedila upotrebljavajud
razlitite citostatike, razlicite parametre elektrinih im-
pulsa (frekvencija 1 amplituda), razli¢ite generatore
elekiricnih impulsi, kao i razhigite konliguracije clek-
troda [Puc et al, 2004) 2003, godine pokrenut je
evropski projekat (ESOPE — European Standard Ope-
ritting prosedures of Electrochemaotherapy) o cilju od-
redivan)a standardnog protokola za sprovodenje clek-
trohemolerapije. Ovim projekiom izvesila se procena |
potvrdila efikasnaost 1 bezbednost elekrohemoterapije
ko#nih i potko#nih umorskih nodula primenom bleo-
micina i cisplatina na pacijentima sa razliditim malig-
nim melanomima i drugim malignitetima u tetinl onko-
loska istrazivacka centra primenjujud: jednake proto-
kole. U klinicko) studiji uéestvovali su slededét onkolo-
ski centri: [nstitut Gustave-Roussy (IGR), Villejuif,
Francuska; Onkologki institut u Ljubljani, Slovenija;
Univerzitet u Kopenhagenu Harlev bolnica, Herlev,
Danska | Bolnica univerziteta Mercy (National Uni-
versity of Irland (CCRC), Cork, Irland,

Glavni eiljevi klimicke studije bili su slededi; od-
rediti objektivid 1 kompletan odgovor na legenje (ob-
Jeetive OR and complete responce rate) nakon same
jednog tretmana; ispitati efikasnost bleomicina @ ci-
splatina, kao i optimalan nacin njihove primene; odre-
diti reeultal terapije u odoosu na histologiju tumora,
konfiguraciju primenjenth elekiroda, frekvenciju i am-
phitudu elektriénil impulsa; odredit rezultat terapije u
odnosu na centar u kome se terapija sprovodila Kao 1
oceniti toksiénost 1 bezbednost elektrohemoterapije,

Svi onkolodki centri koristili su jednak generator
elektriénih impulsa koji je u okviro projekia Chinipora-
tor (kaji je prethodio projekiu ESOPE) bio poschno di-
Fapnitan a primenu clektrohemoterapije u klinicl. Ge-
neralor je nazvan istim imenom, dakle C ]ini[:u::lrzm:rr'I o
a sada ga komercijalno proizvedi italijansko preduzece
[GEA Sl u Karpiju, Talija.

Za potrebe ESCOPE projekta razvijen je centralizo-
vani elektronski sistem za sakupljanje podataka o paci-
jentima koji su uéestvovali u klimickoy studiy. (Web-
-hased electronic data collection system [Pavlovic er
al. 20077 Sakupljeni podaci su ukljuéivall informaci-
je o stanju pacijenta pre tretmana, apis tretman, kao |

podatke o rezultatima elektrohemoterapije u penodu
(follow-up peried) 60) dana nakon terapije. Dimenzije
twmorskih nodula pre wetmana 1 tokom follow-up-a
merene su 1 pracene prema keiterijumima propisanimu
WHO Handbook for Reporting Resulis of Cancer Tre-
atement [W1HO Handbook].

Na kraju follow-up perioda stanje svakog od treti-
ranih tumorskih nodula edredeno je prema pomenutim
WHO kriterijumima: CR — complete response rate za
potpuni nestanak nodula; PR — partial responce rate
va redukenju noduls za vise od 30%; NC — no change
v uvecan]e nodula do 25% 111 P} — progressive dise-
ase 74 uvecanje nodula ra vise od 25%.

Unos podataka iz svakog pojedinaénog centra u
clektronski sistem vriio se preko elektronskih formula-
ra (case report forms — CRF) dostupnih na Internetu.
Informacije iz svih enkoloikih centara sakupljane su
ceniralnoj bazi podataka, 5to je omogucilo neprekidno
pracenje toka studije, kao 1 azumu statisticku obraduo
sakupljenih padataka tokom seme studije 1 po zavrdet-
ku studije, Swuktura 1 sadeza) CRFEF formuolara su inter-
aktivni. Ont, na primer, sadrée interaktivnu mapu tela
coveka na kojoj je moguce oznacit lokaciju tumor-
skog nodula 1 unetl pdgovarajuce podatke o karakten-
stikama tumeora (Slika 4). U obrasce je takode moguce
dodati digitalne fotografije tumorskih nodula, podatke
o nadinu tretmana i postignutim rexultatima tokom fol-
lovw-up-a,

Slika 4 Interaltivea mapa coveka wradena n Macro-

medio Flash-n, Omadivil lekaciju tumarskog nodula

4’1".’{”'“ Ly o r”.'r(H.l‘r{fi".i'.{'f' HH:’H Hr{}glfﬁ”r’l.‘.‘f Zd HHON nrfgmﬂ-
rajucth podataka v digitalne mapu,

Kao i u prethodnim slicnim studijama i u toku
ESOPE studije takode leceni su, takode, kozni 1 potko-
#ni tumorski noduli pacijenata sa mnogim napredova-
nim malignitetima razhicite histologje: malign mela-
nomi, sarkomi i karcianomi. Projekat je trajao od 31,
marta 2003, do 20k aprila 2005, godine.

U odredivanje efikasnosti elektrohemoterapije
toverall treatement response), u skladu sa definisanim
pratokolom, ukljuéen je bio 41 pacijent, sto ukupna 1z-
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nost 171 wmorski nodul, Od toga je odgovor na elek-
trohemoterapiju postignut 0 tretmano 145 nodulova
(54.8%), pri Cemu je potpuno ozdravljenje (complete
response) postignuto kod 73.7% nodula, a delimicéno
ozdravljenje {partial responce) kod 11.1%. Negativan
odgovor (negative response) imalo je 15.2% nodula, a
procenat napredovanih tumora bio je 4.7%. Opisani re-
zultati prikazani su grafikonom na Slici 3.

100 4

aa FaT %

% nodules
(3]
[
i

F.N
=]

5]
(=]

1005 %

CR NC RO

Slika 3 Effkasnost eleftrohemoterapije koinil i potko-

Inil tumova razlicitth histologifa: CR — complete re-

sponse rate; PR — partial responce rate; NC — no
change and PD — progressive disease

Reeultati postignuti u toku ESOPE projekta potve-
dili su prethodna dostignuca na podrugju elektrohemo-
terapije [Marty et al., 2006].

Broj pacijenata 1 broj leenih tumorskih nodula u
objavljenim studijaoma pre ESOPE studije kao i onih le-
cenih tokom ESOPE studije, te uspednost lecenja elek-
trohemoterapijom dati su v tabel 1,

B T Broi o) Rexulta

u|ek:;:hl:$i::;rr:;;im E'asijTer;a | tumorskih | {Response rale) %
PETIR nodulz |OR CR PR |NC|PD

009 (83 64 19]11] 8

Pre ESCOPE studij |~ 247 |
71 (85174 11w s

ESCOPE studija 4|
fabela [0 Efikasnast elektrohemijoterapije
u objavijenim studijama pre ESOPE projelia | tokam
ESOPE projekta

Na osnovu postignutih rezultata tokom ovog pro-
Jekta, uzimajuéi u obzir znanje i iskustvo postignuto
pre ove studije propisani su protokoli (Standard Opera-
ting Prosedures SOP) za primenu elektrohemoterapije
u klinict. Ovim protokolima precizno su definisani pa-
rametri kao $to su primeny anestezije, koncentracija i
na¢in davanja citostatika (blcomicina ili cisplating), iz-
bor odgovarajucih elektroda, amplituda 1 frekvencija
elektriénih impulsa u odnosu na karaktenstike tumor-
skih nodula (dimenzije pojedinacnog tumora, broj -
mora i njihova lokacija), kao i propisi u vezi sa prace-

njem toka lecenja (follow-up perod). Protokol je de-
taljnoe definisan u [Mir er al,, 2006],

Ma psnovu iskustva steéenog v elektrohemotera-
piji do sada, obulvatajuéi rezultate ESOPE stpdije,
prednosti koje ovaj tretman priza mogu se rezimirati
na sledeci nadin [Sera ef ol 2006, Marty er af,, 200061]:

— CR — complete response tezultat ledenja tu-
mora moeguée je postici nakon sama jednos retmana
elektrohemoterapijom.

Efikasnost metode ne zavisi od histologije -
maora: terapijom melanoma, kao i tretmanom karcino-
ma i sarcoma postignuti su jednaki rezultati u efikasno-
sti elektrohemoterapije (OR — objective response 8 1%,

— Mumimalni sporedni elekti: usled primene virlo
niske doze citostatika i lokalnog delovanja elektriénog
polja ne dolazi do sistemskih sporednih efekata, nakon
tretmiana nije potrebna posebna nega pacijenta, prema
rezultatima evaluacijskog testa o bolnost ovog tretma-
na 93% ispitanih pacijenata ponovilo bi ovaj tretman
ako bi to bilo potrehno,

— Jednostavna primena: elektrohemoterapija se
uglavnom primenjuje ped lokalnom anestezijom 1 nije
putrebna hospitalizacija, primena je kratkotrajna (tra-
Janjes do 25 min) i daleko jednostavnija u poredenju sa
radijoterapijom il metodama isolated extremity perfu-
sion i infusion (prema S0P protokolu obuka medicin-
skog osoblja mode seizvesti u toku jednog dana),

— Mogude je ponavljanje terapije sa jednakom efi-
kasnoséu u lefenju tumora vecih dimenaja kao i vedeg
broja tumora. U ovom sluéaju tumor se moZe ponovo po-
Javiti u marginalnim podudjima koja nisu hila dovoljne
elektropermeabilizovana usled upotrebe elektroda &ije
dimenziie su manje od dimenzija fumora 1 u ovakvim
slutajevima, kuda je tretrman trebalo ponovit, rezultat te-
rapije bio je poztivan, Sto takode mmadt da pacijent usled
ponavljanja tretimana ne postaje rexistentan ma citostatik
[Mir e el , 19987, [Serfa et ol , 2000], Mavedimo i slufaj
efikasnosti tretmana nodula Kaposi sarkoma ponavljaju-
com elektrohemoterapijom [Garbay ef af., 20061,

— Metoda je efikasna 1 u tretmanu tumora koji su
se pojavili nakon tretmana konvencionalmm metoda-
ma. Naime, elektrohemoterapija primenjena na pacije-
nitima (u terminalnagj fazi), naro&ito v slugaju kads su
se tumorn pojavili nakon hirurgije [Mir ef al, 1998] 1
radioterapije [Serda ef ol , 1998], pokazala se vrlo efi-
kasnom u odstranjivanju tumorskih nodula. Na osnova
ovih rezultata moZe se zakljuditi da se elektrohemote-
rapijorm moZe uspeino intervenisati u slu¢ajevima ka-
da ostale konvencionalne metode vise nije mogude pri-
meniti i na taj nadin doprineti u olakSavanju simptoma
pacijentima kod kojih je rak neizleciv,

Prema do sada postignutim rezullstima mofemo za-
kljucit da elektrohemoterapija u klinicl moze bit faweet-
no korisna u slededim sluéajevima [Sersa ef al, 2006];
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— kae palijativil tretman (paliative treaterment)
poodmakle bolesti (melanom u fazi V), naroéito kod
starijih vsoba,

— kao nepadjuvantini tretman {neoadjuvant trea-
tement), odnosne citoredukiivna terapija pre hirurske
intervencije, kitko bi se ofuvao Sto ved: deo organa, a
ujedno i njegova funkcionalnost. Wavedimo primer
uspeinog odstranjivanja analnog melanoma, pde je
kombinacijom clektrohemoterapije 1 hirurgije sacuvan
sinkter [Snoj er al., 2005]. Isto tako, kombinacijom
elektrohemoterapije 1 hirurgije postizu se dobri rezul-
tats digital chondrosarcoma, gde se prat spasava od am-
putacije, koja bi bez primene elektrohemoterapije bila
neizbefna [Shimizu e al., 2003].

u ofuvanju oreana | njihove funkcije (orzan and
funcoion sparing), bududi da je elekirohemoterapiju
mogudée primeniti na bile kojem delu tela ukljucujuci
lobanju, lice, usnu duplju, kao i analno podrudje. Za te-
rapiju tumara na pomenutim delovima tela elekirohe-
moterapija bila bi adekvatnija od radioterapije 1l hirur-
gije. Navedimo primer uspeine elektrohemoterapije
bazalnih karcinoma na podrudju lica [TTeller ar al., 1998].

— kao tretman hemoragicnib i bolnih tumorskib no-
dula, Pod uticajem clekinénog polja dolazi do vaskula-
tornih promena u tkivi, odnosno dolazi do redukeije pro-
toka krvi u tumoru, Usled ovog fenomena, takozvanog
wyascular locke-a, produfava se delovanje citostatika, za-
ustavlja krvarenje i ublaZava bol. Navedimo primer efi-
kasnog paliativiog tretmana hemoragicnih kodnih meta-
stara, gde je elektrobemoterapijom zaustavljeno krvare-
nje [Ghel et al., 2000] i sluéay pacijenta (sa vrlo bolnim
squamous caremoma of supraglotis) keme je elekirohe-
moterapijom ublaZen bol [Seria et al., 1998].

Opsti zakljuéak: Elektrohemoterapija je jedno-
stavna, bezbedna i efikasna metoda koja moze dati vrlo
dobre rezultate nakon jednog samog tretmana. Trenot-
no seu klinel korist kao palijativna metoda za odstea-
njivanju kodnih maligniteta razlicitih histologija. Raz-
vojem endoluminarnih elektroda u kombinaciji sa hi-
rurskom intervencijom ova metoda trebala bi da pocne
da se primenjuje i #a ledenje tumora na unutraSnjim or-
ganima, Otckuje se da e se bududim razvojem, kao i
Sirenjemn stedenog znanja i iskustva, indikacije za pri-
menu elektrohemoterapije u klinic rasiniti,

2. Elektroporacija u trasnferu DNK:

Sa desifrovanjem ljudskog penoma dolaz do re-
volucionamnog napretka u istraZivanjima na podrucju
farmacije i medicine, jer se transferom gena, pruza mo-
gucnost za lefenje mnogih naslednib 1 infektivaih ho-
lesti. Uprkos obedavajuéim rezultatima postignutih
uspeinom terapijom genima koji su unedeni pomodu
virusnih vektora, postoji jos mnogo nereSenih pitanjau
vezi sa nedeljenim efektima koji mogu nastupiti usled

negativiog odgovora imunskog sistema. Zato se unau-
i puno paznje posvecuje nevirusnim metodamsa tran-
stera terapijskih gena u eiljna thiva 1 organe [Parker et
al., 2003; Mehicr-Humbert and Guy, 2005]. Jedno od
mogucih nevirusnih redenja za transfer pena u celije Je
primena elekiriénih impulsa, odnosno elekiriénog pol-
i, kako bt se povecaly propustljivest membrane. Ovu
metodu nazivamo elektrogenska terapija [Cemazar ef
al , 2006]. Eksperimenti potvrduju da se najbolji rezul-
tati transfera genetskog materijala kroz éelijsku mem-
branu mogu postiét kombinacijom kratkih impulsa vi-
soke amplitude | dugotrajnih impulsa niske amplitude.
Ma taj nadin, prvim impulsom postiZzemo povecanje
propustljivosti  éelijske membrane, odnosno njenu
elektropermeabilizaciju, Naredni, duzi impuls manjeg
mtengiieta, vri elekiroforezuy, pri cemu negativio nae-
lektrisani malekuli DNK bivaju potisnuti prema pret-
hodno elektropermeabilizovano) membrani 1§ unutra-
injosti celije [Satkauskas er al, 2002; Satkauskas ef
al,, 2003]. Pri unosu gena ovom metodom moramao bitj
jako oprezni kod dizajniranja elekiriénog polja koje ne
sme dit bude previsoko kako b reverzibilno elekiroper-
meabiliziovali ¢elijske membrane, 1 time ofuvali celi-
je. Sa druge strane, ireverzibilna elektropermeabiliza-
cija pri eleklrohemoterapiji nije narodito opasna, jer je
unistavanje tumoerskih celija cilj ove terapije.

Prva klimicka ispitivanja (odnosno klimicke studi-
je faze LUl 2a primenu elektropermeabilizacije u gen-
skoj terapiji ved su u toku.

3. Elektroporacija u transdermalnom
transportu lekovitih supstanci

Lekovite supstance moguée je unositi u telo i tran-
sdermalnim putem, koji u odnosu na pnmenu lekova
imvazivoim intravenornim putem ima odredene pred-
nost medu kojima su spreéavanje nepozelinog delova-
nja probavnih encima na supstance koje se unose, kao i
postepen, konstantan unos lekavite supstance u telo,
nasuprot brzom intravenoznom unosu. Za unes lekova
transdermalnim putem koriste se sledece metode: ul-
trazvuk, jontoloreza i elektropermeabilizacija (elektro-
poracija) [Prausnitz, 1997; Barry, 2001; Denet and
Préat, 2003; Prausnitz ef al., 2004 ). Zhog svoje zadtitne
funkcije 1 velikog elektnénog otpora, koza predstavlja
veliku barijeru za transdermalni transport supstancl.
Pod uticajem elektriénog polja. odnosno procesom
elektropermeabilizacije, moguée je privremeno sma-
njiti elekiniéni otpor koZe 1 na taj nadin privremeno po-
vedati propustljivost koZe kako bi se omogucio trans-
port leka u telo. Elektropermeabilizacija kofe moZe se
postici bez nastanka nepoZeljnih i Stetnih efekata, a tre-
ba istaknuti da elektriéng sbruja tokom ovog procesa
dodatmo ubrza transdermalni prenos jona 1 naelektrisa-
nih malekula [Prausnitz, 1996; Prausnitz, 1999],
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Summary

APPLICATION OF CELL ELECTROPORATION IN MEDICINE

Selma Corovi¢,' Ivan Paviovié, Gregor Sersa,” Damijan Miklaviie

I — School of Electrical Enginecring, University of Ljubljana; 2

When a biological tissue is exposed to the high
voltage pulses a local electric field distribution within
its volume is created. If the magnitude of the local elec-
tric field exceeds a critical threshold value the cell
membranes become more permeable for ions and mol-
ecules, which otherwise can not enter the cell. Such a
modality of cell membrane permeabilization by means
of electric ficld is named electroporation (also termed
electropermeabilization) and allows for increased en-
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A web-application that extends functionality of medical device
for tumor treatment by means of electrochemotherapy

Ivan Pavlovic, Peter Kramar, Selma Corovi¢, David Cukjati, Damijan Miklav¢i¢
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Electrochemotherapy (ECT) is a novel method for efficient tumor treatment in clinical environment. It com-
bines local drug delivery and application of short high voltage pulses, which permeabilize the plasma mem-
brane by electroporation. Drug can enter only the cells with permeabilzed membrane. Recently, medical de-
vice Cliniporator™ for controlled electroporation was developed. Here, we present a web-application that
extends the functionality of this medical device. The aim of the application is to collect, store and to allow
the analysis of every ECT application using this medical device. The application helps transferring data col-
lected by device during the electroporation process to the central database, and enables filling of medical
records through the web-forms. The application is based on technologies ASP, HTML, Flash, JavaScript,
XML and others. The application main advantages are easy and rapid data access, scalability and inde-
pendence of client computer operating system as well as easy application debugging and upgrading.

Key words: neoplasms-drug therapy; drug delivery systems; electroporation-instrumentation; internet

Introduction
In the cooperation with the European part-
ners, the medical device called Cliniporator™
(IGEA s.r.., Carpi, Italy) was developed, in
the frame of the Cliniporator project (2000-03)
funded by European Community. This device
was designed for controlled in vivo cell per-
meabilization by electroporation. Electro-
poration is used to provide access to mole-
cules distributed freely in the vascular and
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extracellular compartments that normally do
not enter the intracellular compartments.’?3
This technique is already used clinically to de-
liver cytotoxic molecules like bleomycin and
cisplatin to solid tumors by electrochemo-
therapy (ECT).*5

For a successful cell electroporation a volt-
age applied for a given electrode tissue geom-
etry, pulse duration and number of pulses
should always be in the range between re-
versible and irreversible threshold value. If
the voltage applied exceeds the irreversible
threshold value, a change in a cell membrane
becomes permanent and destroys the cell.
The most commonly very short (100 us) high-
voltage pulse or a sequence of such pulses are
delivered. Pulses are generated in the high-
voltage generator of Cliniporator™ and deliv-
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ered through the needle or plate electrodes to
the tissue. By measuring both current and
voltage simultaneously the device is monitor-
ing electrical property changes of tissue in re-
al time.

Cliniporator™ is also the first medical de-
vice designed for in vivo DNA electrotransfer
in clinical applications. The two key steps of
DNA electrotransfer are the electroporation
of the target cells and the electrophoresis of
the DNA within the tissue. Therefore, the de-
vice delivers to the target cells a combination
of short high-voltage pulse(s) that permeabi-
lize the cells without substantial DNA trans-
fer/transport, and a long low-voltage pulse(s)
that do not cause permeabilization but facili-
tate DNA transfer into the cells. This non vi-
ral gene therapy method is called electro-
genetherapy (EGT) and has many advantages
with respect to viral methods.®

Indeed, the medical device Cliniporator™
is already used in clinical trials. They are per-
formed in four approved medical centers in
Europe, funded by European Community in a
frame of ESOPE project (2003-2004). The aim
of the project is to define Standard Operating
Procedures (SOP) for electrochemotherapy
and electrogenetherapy. Definition of the
SOP can only be based on the wide study of
ECT and EGT efficiency. Therefore, it is nec-
essary to carefully follow and collect out-
comes of ECT and EGT clinical trials.

For collection of data acquired in ECT clin-
ical trials a standard paper forms (Clinical
Report Forms - CRF) were prepared. The CRF
consists of a number of subforms, of which
extent depends on the number of treated tu-
mors and number of sessions required to
treat the tumor. The CRF include patient’s
general data, his/her medical history, tumor
treatment data and response data. A tumor
treatment can be repeated if necessary. The
melanoma nodules can efficiently be treated
by ECT, therefore patients with this type of
tumors were included in the study. For every
patient, medical personnel has to fill in 40
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pages of forms on average. Since all forms are
predefined and same for all patients, we de-
cided to set up a unified database (central data-
base) for collection of data from all four med-
ical centers involved in the study. For sub-
mission of relatively high number of data in-
to the central database we developed a web-
application, which enables access to the cen-
tral database and filling of forms from any
computer connected to the World Wide Web.

Cliniporator™

Cliniporator™ is a medical device for elec-
trochemotherapy and electrogenetherapy. It
consists of two parts: a console (industrial PC
compatible computer) for local collection of
treatment data and user friendly interface;
and an electroporator. Electroporator consists
of a control unit, high voltage amplifier and
low voltage amplifier. Control unit consists of
a processor board, a measurement card for
current and voltage measurement, a control
card for driving voltage amplifiers and a con-
trol-relay card for switching between the elec-
trodes.

A user controls the electroporator through
graphical display and a keyboard of the con-
sole unit. He/she can enter relevant patient
data, choose appropriate electrodes, and de-
fine pulse parameters such as number (e.g. 8
pulses), amplitude (up to 1000 V), duration
(e.g. 100 ws), and repetition frequency (e.g. 1
Hz) of pulses. All users’ presets are stored in
a local database, which is integrated into the
console. By pressing a foot switch, the user
triggers pulse generation. Square-shaped
pulses are delivered. During the pulse deliv-
ery, the control unit measures voltage and
current through the load (a cell suspension or
a tissue). After the pulse application voltage
and current measurements are stored into the
local database. User can use the local data-
base for later analysis of performed treat-
ments. Based on collected data we intend to
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develop an algorithm, which will allow device
to adjust pulse voltage according to the cur-
rent and voltage measurements in the real
time and thus prevent irreversible changes in
the cell membranes.

Central database

The central database (Microsoft SQL Server)

stores following data collected from all the

medical centers involved in study:

- patient data (demography, medical histo-
ry, physical examination,...etc.),

- treatment data (sessions, evaluation visits,
follow-ups,...etc.),

- data submitted from local databases of

Cliniporator™ medical devices,

- images of tumor nodules in a different
phases of treatment.

A backup copy of central database is auto-
matically generated once per week.

Each medical center has limited data ac-
cess. Users from one medical center cannot
read or modify data entered by other centers.
Entered data are protected by username and
password. Every medical center can have
more authorized users, who all have access to
the same data. Users can lock selected data,
so they cannot be accidentally modified (it is
like signing medical forms).

Web-application

Since medical centers that share data in the
central database are spread all over Europe,
we had to develop an application for user in-
teraction with the database, which is easy to
install, debug and upgrade. It also had to be
very intuitive for using, so the users (a med-
ical personnel) should not require any com-
puter knowledge background or excessive
training. It had to involve functionalities like:
filling the clinical report forms (CRF), interac-
tive human map for marking location of nod-

ules, uploading images to the central data-
base, image gallery, uploading local databas-
es to the central database, and review of al-
ready submitted data. In order to follow the
progress of individual centers the application
also involves statistical representation of the
submitted data. An important prerequisite,
common in research studies, was that the sys-
tem has to be upgradeable.

A client-server application would be costly
to maintain and upgrade, therefore such solu-
tion was not acceptable. Therefore, we devel-
oped a web-application (called Cliniporator
Web-Recorder), which is in our opinion an op-
timal solution. Such solution does not need
any installations on a client computer. Clients
can access the central database through the
web-application from any computer connect-
ed to the World Wide Web and installed in-
ternet browser (Internet Explorer, Netscape,
Mozzila,...). The web-application is executing
on a web-server. The application speed de-
pends only on the web-server capabilities and
the internet communication bandwidth while
the client computer does not affect the appli-
cation speed. By submitting username and
password users can access all the application
functionalities according to their level of au-
thorization.

Cliniporator Web-Recorder maintenance
and upgrade is performed exclusively on the
web-server. This is the quickest and the most
effective and inexpensive way for debugging
and upgrading the system. During the appli-
cation development users have a possibility
to participate in testing, which is very impor-
tant for timely detection of irregularities in
the system.

Cliniporator Web-Recorder functionalities
are:

- web-forms (digital clinical report file

(CRE));

- interactive human map for marking loca-
tion of tumor nodules;

- image upload;

- local database upload;
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- basic statistics (statistical processing of the
submitted data).

Web-forms (digital CRF) are form-like web
pages (Figure 1). Through digital CRF users
submit patient and treatment data to the cen-
tral database. Digital CRF have the same form
as the paper-based CRF. They are organized
in the following sections: pre-study visit, ses-
sions, adverse events, concomitant medica-
tions, follow-up and end of study. The partic-
ular section is divided into several pages. Pre-
study visit consists of few pages where users
enter patient’s demography data, medical his-
tory (history of cancer, previous treatments
and history of chronic non malignant dis-
eases), vital signs, physical examinations, tu-
mor lesions, laboratory results, inclusion cri-
teria and exclusion criteria. Users can add any
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Figure 1. A digital CRF page.
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An important advantage of the digital CRF
is an automatic data checking. The web-ap-
plication warns a user if he/she mistypes or
enters erroneous data. The other advantage is
a simple navigation through numbered
forms.

At the end of every section users have an
opportunity to »digitally sign« the completed
section. By signing a section the correspon-
ding forms are »locked« and all further modi-
fications are disabled.

The purpose of the interactive human map
is a visual representation of the tumor loca-
tions. According to the patient’s sex, appro-
priate body map is displayed. Users can
switch between four views: front, rear, left
and right. By simply clicking on the map, user
can »add« a tumor, and then submit some
principal data about the tumor (location,
measurement lesion, date and method of ex-
amination) and corresponding images.
During the sessions, users can select on the
map which of the pre-registered tumors are
treated. The interactive human map is shown
on the Figure 2.

Image upload enables storing of tumor im-
ages into the central database. Images, cap-
tured by a digital camera, can be uploaded in
the original size. A smaller image, suitable for
displaying, as well as a thumbnail of the im-
age, are dynamically generated and also
stored in the database. Users can add a cap-
tion and a description to every image. Images
can be added in every phase of the treatment
(pre-study, sessions, follow-up,...). In the im-
age gallery (Figure 3) users can review all the
uploaded images of one patient, or only the
pictures of a particular phase of the treat-
ment. This is very useful for the visual obser-
vation of tumor changes.

Local database upload is also performed
trough the internet browser. The user simply
selects the local database file and fills in com-
ments. The rest of the process is automatic:
application saves uploaded file on the server,
records some upload information (date and

time, user id, name of the file,...), and then
copy data from the uploaded file to the cen-
tral database. Application takes care of a du-
plicate data and their overwriting - the newer
data will overwrite the older ones. At the end
of the upload process user is informed about
the upload success. In the list of the uploaded
data user can check all the data uploaded
from his/her center.

EERERES

Figure 2. Interactive human map.
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Figure 3. Image gallery: images are grouped by nodule
and sorted by time.
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Basic statistics, which allow the follow-up
of the project progress, are dynamically gen-
erated from the data in the central database.
Therefore, it offers information about the
number of treated patients per center as well
as number of ended therapies, number of tu-
mor sessions and uploaded corresponding lo-
cal databases, distributions of applications of
different electrode types and different drugs.
Every center has access to these statistics and
can compare its activities with others. Some
statistics (usually local statistics) can be dedi-
cated to a particular center and therefore hid-
den from other users.

Conclusion

We have developed a web-application,
Cliniporator Web-Recorder, for user interaction
with the database of medical records collect-
ed during the testing period of medical device
Cliniporator™. It also supports central collec-
tion of data stored in local databases of
Cliniporator™ medical devices. This is im-
portant for fast detecting of possible device
malfunctions and for following the single-use
electrode stocks. The amount of data collect-
ed in the central database gives us an oppor-
tunity to perform a wide analysis of clinical
trial results. The results of analysis will con-
tribute to establish standard operating proce-
dures (SOP) for electrochemotherapy and lat-
er for electrogenetherapy. These results will
also help us in improving the Cliniporator™
medical device and determining algorithms
for intelligent pulse delivery. A large collec-
tion of medical records can also be helpful to
clinicians in choosing optimal treatment pro-
tocol for a particular tumor lesion. Our aim is
to build a decision making system that will be
able to suggest an optimal therapy for a par-
ticular tumor.

The advantage of the Cliniporator Web-
Recorder is that the system can easily be up-
graded without any users” disturbance. Due
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to the web-application and database central-
ization all system modifications are imple-
mented locally on the server, while users are
just informed about the improvements.
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Abstract

Electropermeabilization is a phenomenon that transiently increases permeability of the cell plasma membrane. In the state of high
permeability, the plasma membrane allows ions, small and large molecules to be introduced into the cytoplasm, although the cell plasma
membrane represents a considerable barrier for them in its normal state. Besides introduction of various substances to cell cytoplasm,
permeabilized cell membrane allows cell fusion or insertion of proteins to the cell membrane. Efficiency of all these applications strongly
depends on parameters of electric pulses that are delivered to the treated object using specially developed electrodes and electronic devices—
electroporators. In this paper we present and compare most commonly used techniques of signal generation required for
electropermeabilization. In addition, we present an overview of commercially available electroporators and electroporation systems that

were described in accessible literature.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction

The use of high voltage electric pulse technology, elec-
tropermeabilization, in cell biology, biotechnology and
medicine has attracted significant interest ever since first
reports were published several decades ago [1-3]. Electro-
permeabilization is a transient phenomenon that increases
permeability of the cell plasma membrane. In the state of
high permeability, the plasma membrane allows ions, small
and large molecules to be introduced into the cytoplasm,
although the cell plasma membrane in its normal state
represents a considerable barrier for them. Besides intro-
duction of different substances to the cytoplasm, the per-
meabilized cell membrane allows cell fusion or insertion of
proteins into cell membrane (Fig. 1) [4—7]. Efficacy of
electropermeabilization and its applications strongly
depends on many parameters that can be divided into
parameters of the electric field (i.e. pulse amplitude, pulse
duration, pulse repetition frequency, number of pulses and
pulse shape) [8—13], and parameters that define the state of

* Corresponding author. Tel.: +386-1-4768-456; fax: +386-1-4264-
658.
E-mail address: damijan@svarun.fe.uni-lj.si (D. Miklavcic).
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doi:10.1016/j.bioelechem.2004.04.001

cells, their surroundings and cell geometry (i.e. temperature,
osmotic pressure, cell size and shape, etc.) [7,14]. With
properly chosen values of the electric field parameters, the
process of electropermeabilization is reversible and cells
return into their normal physiological state. If these param-
eters exceed certain values (e.g. amplitude of pulses is too
high or duration of pulses is too long), cells are irreversibly
permeabilized and lose their viability (Fig. 1) [5—7].
Permeabilization of cell plasma membrane is achieved by
exposure of the cell to a short but intense electric field. The
basic quantity underlying this process is presumably the
induced transmembrane potential difference, which is in the
first approximation proportional to the product of the applied
electric field strength £ and cell radius R [7,16]. Furthermore,
it has been shown that electric field controls the permeabi-
lization of cell membrane in two ways. (1) Electric field
initiates permeabilization of cell membrane in the regions
where transmembrane potential difference exceeds the
threshold value (between 200 and 300 mV) [7,9]. (2) Electric
field strength defines the size of permeabilized area of cell
membrane [7,9,11]. This means that permeabilization of cell
membrane will occur only if the applied electric field is larger
than the threshold value. Since the induced transmembrane
potential difference is also proportional to the cell radius, it is
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Fig. 1. Exposure of a cell to an electric field may result either in permeabilization of cell membrane or its destruction. In this process the electric field
parameters play a major role. If these parameters are within certain range, the permeabilization is reversible, therefore it can be used in applications such as
introduction of small or large molecules into the cytoplasm, insertion of proteins into cell membrane or cell fusion.

evident that threshold value of electric field varies with cell
size. This means that large cells are more sensitive to lower
electric field strengths than small cells [7,9]. Moreover, it has
been shown that induced transmembrane potential difference
also depends on cell density, arrangement and cell position
[17-19]. Considering this, it is very difficult to generalize the
electric field parameters for different experimental conditions
(i.e. single cell permeabilization, in vitro, in vivo, etc.), or for
different cell types (i.e. animal, plant, fungi, prokaryotic). In
addition, different applications require different time varia-
tion of electric fields (i.e. exponentially decaying, square
wave, etc.) and different exposure times.

It is not an aim of this paper to focus on further
description of electric field parameters that are required in
different applications of electropermeabilization. Instead,
we would like to present and compare advantages and
drawbacks of the existing and most commonly used con-
cepts of electric signal generation and available devices that
fulfill electrical requirements of applications such as: elec-
trochemotherapy, electrotransfection, insertion of proteins
into cell membrane, cell fusion and transdermal drug deliv-
ery [5-7,15,20-23].

2. Techniques of signal generation required for
electropermeabilization

Effectiveness of electropermeabilization in either in vitro,
in vivo or clinical environment depends on the distribution
of electric field inside the treated sample [24-26]. To
achieve this, we have to use an appropriate set of electrodes
(e.g. needle, parallel plates, cuvettes, etc.) and an electro-
permeabilization device—electroporator that generates re-
quired voltage or current signals. Although both parts of the
mentioned equipment are equally important for effective-
ness of electropermeabilization, electroporator has substan-
tially more important role since it has to be able to deliver

the required signal to its output loaded by impedance of
sample between electrodes.

Probably the major problem that every engineer faces
during the design of electroporator is characterization of the
load, which in principle has resistive and capacitive com-
ponent. The value of each component is defined by geom-
etry and material of electrodes and by electrical and
chemical properties of the treated sample. In in vitro
conditions these parameters that influence on impedance
of load can be well controlled since size and geometry of
sample is known especially if cuvettes are used, furthermore
by using specially prepared cell mediums electrical and
chemical properties are defined or can be measured [27—
30]. On the other hand, in in vivo or clinical conditions, size
and geometry can still be controlled to a certain extent but
electrical and chemical properties can only be estimated.
But what is practically impossible to predict during the
development of the device are changes in the electrical and
chemical properties of the sample due to exposure to high-
voltage electric pulses. Besides electropermeabilization of
cell membranes which increases electrical conductivity of
the sample [31-33,38,39], electric pulses also cause at least
two known side effects: heating and electrolytic contami-
nation of the sample [10,34—37]. Furthermore, there are
several other side effects that evolve from interactions
between electrodes and treated sample, but we will not
explain their influence on electrical and chemical properties
of the sample because this is beyond the scope of this paper.

When most of the electrical parameters that electropo-
rator should provide are determined, engineer has to choose
the type of electroporator he is going to design. In principle,
electroporators can be divided in several groups depending
on the biological applications, but from the electrical point
of view only two types of electroporators exist: devices with
voltage output (output is voltage signal U(¢)) and devices
with current output (output is current signal /(¢)). Both types
of devices have their advantages and disadvantages, but one
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point definitely speaks in favor of devices with voltage
output. For example, if we perform in vitro experiments
with stainless steel parallel plate electrodes with plate sides
substantially larger than the distance between them, the
electric field strength E that is applied to the sample can
be approximated by the voltage-to-distance ratio U/d, where
d is the electrode distance and U the amplitude of applied
signal obtained from an electroporator with voltage output.
On the other hand, if an electroporator with current output is
used, the same approximation could be used only if addi-
tional measurement of voltage difference between electrodes
is performed or if the impedance Z of the sample is known,
measured or approximated and voltage difference between
electrodes is estimated using Ohm’s law U=1Z. This exam-
ple shows that if an electroporator with voltage output is
used, estimation of applied electric field strength can be
made without additional measurements or knowledge of
samples passive electrical properties.

Since electroporators with voltage output are much more
widespread than the electroporators with current output, we
will concentrate on most commonly used techniques to
generate voltage signals required for electropermeabilization.

2.1. Discharge of a capacitor

This is the oldest technique used to generate signals for
electropermeabilization primarily in in vitro environment.
The device consists of: high voltage power supply, capac-
itor, switch, and optionally resistance (Fig. 2). The device
operates in two phases, charge and discharge, and gener-
ates exponentially decaying pulses. During the charge
phase, the switch (S) is in the position 1 and variable
high voltage power supply (V) charges the capacitor (C) to
the preset voltage. In the discharge phase, the switch is in
the position 2, and the capacitor discharges through the
load connected to the output. Time constant of discharge ©
can be approximated by product Z;C, where C is the
capacitance of capacitor and Z; is the absolute value of the
load impedance. But most commercially available devices
have built-in resistances that are connected in parallel to
the load. Their main purpose is to define exactly the time
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Fig. 2. Discharge of a capacitor (generator of exponentially decaying
pulses). The basic setup comprises: variable high-voltage power supply (V),
capacitor (C), switch (S), and optionally resistance (R). The device operates
in two phases: charge (switch is in position 1 and capacitor charges to the
preset voltage) and discharge (switch is in position 2 capacitor discharges
through the load connected to the electrodes).
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Fig. 3. Switching high voltage power supply with power transistors
(generator of square wave pulses). The device consists of power supply part
and pulse generator. The variable high-voltage power supply (V)
continuously charges the capacitor (C) that stores energy required during
the pulse. To deliver the pulse to the electrodes, the triggering circuit
generates low-voltage pulse, usually around 10 V, that opens transistor (Q)
(e.g. fast power MOSFET or IGBT) for the duration of the low-voltage
pulse.

constant of discharge, since the impedance of load (e.g.
cell suspension) varies [38—40]. If additional resistors are
connected in parallel to the output the time constant of
discharge is defined by: (R||Z) C, where R is resistance of
the internal resistor. If absolute value of the impedance of
load Z; is at least 10 times larger than the resistance R
(Z1, = 10R), the time constant can be approximated by the
RC product.

The presented concept is very simple and the generated
pulse could be used even for gene transfection since it
includes the high voltage part for permeabilization and low
voltage electrophoretic part [54]. Although the transition
from high voltage to low voltage is smooth, the respective
lengths of each part is ill-defined. Definition of electric field
parameters is probably the major drawback of the presented
technique. Moreover, repetition frequency of signal delivery
is low due to a long charge phase, and the flexibility of
electric field parameters is in general poor. Besides this, the
presented technique usually requires additional circuits to
prevent sparking that might be caused during the change of
switch position.

2.2. Square wave generators

For better control of electric field parameters, square
wave pulse generator has been introduced. The device still
comprises a variable high voltage power supply (V) and a
capacitor (C) for energy storage, yet the switch is replaced
with a fast power MOSFET (metal oxide silicon field effect
transistor) or IGBT (insulated gate bipolar transistor) (Q)
and a triggering circuit (Fig. 3). In principle, such a device
can continuously deliver square wave pulses to the output,
provided that the high voltage power supply is able to
recharge the capacitor during the delay between two con-
secutive pulses. The output amplitude of pulses is defined
by amplitude of variable power supply, while pulse dura-
tion, pulse repetition frequency and possibly number of
pulses are programmed by a computer that also comprises
triggering circuit.
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Despite improved control over the electric field param-
eters, this technique still has drawbacks that limit flexibil-
ity and accuracy of pulse parameters available to the user.
The main problem lies in limited power capabilities of
high voltage power supply. The charging current of ca-
pacitor that is delivered from power supply is usually
much smaller than the discharging current that flows
through the load during the pulse. Since more charge is
taken from the capacitor than delivered, the voltage on
capacitor decreases, which results in a decrease of pulse
amplitude. The decrease of voltage can be limited by
increasing capacitance of the capacitor, or it can be totally
eliminated by using power supply that meets power
requirements of the load. Because the first solution to
the problem is more common, the accuracy of pulse
amplitude of delivered pulses is within the range of few
percent of the maximum value. In addition, limited power
supply also influences the limitation of pulse duration and
pulse repetition frequency. If consecutive pulses are gen-
erated, it is usually required that each pulse has the same
amplitude as the first one that was generated. Due to the
decrease of voltage on the capacitor during the pulse, next
pulse can be delivered only after the capacitor is recharged
to the preset voltage.

Despite these drawbacks, square wave pulse generators
are still very often used to generate pulses especially in
combination with pulse transformers (Fig. 4). This tech-
nique requires a square wave generator that generates low
voltage pulses, while pulse transformer (T) outputs a high
voltage pulse due to translation function that is defined by
its properties. Furthermore, this configuration provides great
safety margin because by using pulse transformer, the
output floats and pulse transformer can be built to saturate
if the pulse length exceeds the maximum pulse length
[41,42].

Improved safety reduces the flexibility of pulse param-
eters, and while amplitude of pulses can be as high as 3
kV, pulse duration and pulse repetition frequency are
limited by the characteristics of the pulse transformer.
Despite the safety feature of the pulse transformer, it has
to be stressed that development of such a transformer is
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Fig. 4. Square wave pulse generator with pulse transformer. Similarly to the
previous technique (see Fig. 3) the device comprises power supply and
pulse generator, but between the load Z; and pulse generator there is also
pulse transformer (T) that additionally increases the amplitude of pulses.
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Fig. 5. Simplified circuit of an analogue generator of arbitrary signal. The
signal generated by function generator Fg is delivered through the unity
gain amplifier to the voltage stage, where the amplitude of signal is
increased. The amplitude of signal delivered from driving stage (i.e.
function generator and unity gain amplifier) defines the output amplitude of
voltage stage. The signal then enters the current stage, which ensures the
power required by the load Z;.

complex due to nonlinear relationship between magnetic
field density (B) and magnetic field strength (H) in the
core of transformer. Beside this, additional output circuits
are usually necessary to demagnetize the transformer after
the end of the pulse. With no additional circuit at the
output, demagnetization is carried out through the load,
and consequently the shape of the signal is distorted (i.e.
quasi bipolar pulses are produced).

2.3. Analogue generator of unipolar arbitrary signals

Although square wave and exponentially decaying pulses
were and probably still are most frequently used signals for
electropermeabilization, in some experiments pulses of
different shape (e.g. trapezoidal pulses with possibility of
control of rise and fall time or square wave pulses modu-
lated with high-frequency sinusoidal signals) have been
used [13,43].

For generation of arbitrary unipolar signals, technique
requires at least two amplification stages (voltage and
current) and appropriate driving stage (Fig. 5) [44]. The
driving stage consists of a signal generator (Fg), which is
usually a computer with a digital-to-analog converter, and a
unity-gain amplifier (Ap) that meets power and impedance
requirements at the input of a voltage stage. The voltage
stage in the presented case is composed of a MOSFET (Qv/)
and a resistor network connected to the source of the
transistor. The signal delivered to the input of the voltage
stage opens the transistor according to the transfer function,
thus the output voltage changes (e.g. input of 4 V results in
200 V at the output). The major drawback of such voltage
stage is that the ground of voltage stage must be electrically
isolated from the ground of the driving stage. The signal is
then delivered to the current stage, which is a classical
source follower made of power MOSFETs connected in
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Fig. 6. Simplified circuit of an analogue generator of bipolar arbitrary
signal. The signal generated by an arbitrary signal source (Fg) is delivered
to the input stage where the signal is subtracted from attenuated output
signal delivered through the feedback network. The differential signal is
delivered to the inputs of two transconductance stages that increase voltage
of signal (upper stage for positive signal and lower stage for negative
signal). The two signals from each transconductance stage are then
delivered to two output stages, where signals are recombined and amplified
to meet power requirements required by load Z; [47].

parallel. This last stage meets the power requirements
determined by the impedance of load (Z;) between the
electrodes [45].
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Fig. 7. Simplified circuit of modular high-voltage source. Operation of the
device is based on a principle of digital-to-analogue converter, thus the
device comprises several (N) individually controlled electrically isolated DC
voltage modules, where the amplitude of the particular voltage source V y is
twice as high as in the preceding module. With an appropriate control of
output transistors Q; —Qy the modules are connected in series and a total of
2N different output voltage levels with the resolution of V; are obtained [48].

This design allows wide flexibility of all electrical
parameters, yet some drawbacks still exist. The driving
stage is much more complex than in previously described
techniques, and besides this, it must have electrically
isolated power supplies. With this design it is possible
to generate signals with maximal amplitudes that are
approximately 20 to 30 V lower than supply voltage
(+Ucc). Probably the major problem remains general
limitation of output voltage and current due to limitations
of semiconductor technology (SOA-safe operation area of
transistors).

2.4. Analogue generator of bipolar arbitrary signals

Until now we presented techniques that are only able to
deliver unipolar signals. But some researchers in the field
of electropermeabilization tend to utilize bipolar signals
[9,10,46]. Today probably one of the best techniques that
have been evaluated is a class AB bipolar amplifier, in
other words the closed-loop push—pull amplifier (Fig. 6)
[47].

The signal generated by an arbitrary signal source (Fg) is
delivered to the input stage where the signal is subtracted
from appropriately reduced output signal delivered through
the feedback network. The difference of the two signals is
delivered to the input of a bipolar voltage amplifier that
comprises two transconductance stages, one for the positive
and one for the negative period of the signal. Each ampli-
fying stage is composed of two bipolar transistors (PNP-

Table 1
Comparison of presented techniques of signal generation for electro-
permeabilization

Technique Advantages Disadvantages

Discharge of capacitor ~ —simple and —poor flexibility of
inexpensive parameters
construction

Square wave
generator (power
transistors)

Square wave
generator (pulse
transformer)

Analogue generator of
unipolar arbitrary
signals

Analogue generator of
bipolar arbitrary
signals

Modular high voltage
source

—simple construction
—better control of
pulse parameters

—very safe
(possibility to use in
clinical environment)
—very high pulse
amplitudes

—wide flexibility of
pulse parameters
—arbitrary signal
shape

—genuine bipolar
arbitrary signals
—arbitrary signal
shape

—high dynamics
—high currents and
voltages

—limitation of output
parameters due to
semiconductor
technology
—limitations of pulse
duration and
repetition frequency
—complex design of
pulse transformer
—limitation of output
current and voltage
due to semiconductor
technology
—limitation of
bandwidth, output
current and voltage
due to semiconductor
technology

—price
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Table 2
List of commercially available electroporators with their parameters, biological applications and possible signal generation technique
Company/product  Output Voltage range Time constant Charge time (¢.)/pulse  Biological application  Possible signal
characteristics (t)/pulse length (7) repetition frequency generation technique
)
ADITUS MEDICAL http://www.aditusmedical.com
CythorLab Arbitrary LV: 0 V=600 Vpp, LV: T=400 ms NA in vitro, in vivo NA
HV: 0 V-3000 Vpp HV: T=5 ms
AMAXA Biosystems http://www.amaxa.com
Nucleofector NA NA NA NA in vitro transfection NA
BIORAD http://www.biorad.com
Micro Pulser Exponential ~ 200-3000 V t=1-4 ms t.=5s bacterial, yeast Capacitor discharge
Gene Pulser Xcell Exponential ~ 10-3000 V t=0.5ms-33s t.=5s all cell type, eukaryotic Capacitor discharge
Square wave 7=0.05-10 ms f=0.1-10 Hz and prokaryotic cells
BTX http://www.btxonline.com
ECM 399 Exponential ~ LV: 2-500 V LV: 1=157 ms t.<5s bacterial, yeast, Capacitor discharge
HV: 10-2500 V HV: 1=54 ms mammalian
ECM 630 Exponential ~ LV: 10-500 V LV: 1=25 pus-5s t.<5s bacterial, yeast, Capacitor discharge
HV: 50-2500 V HV:1=625 pus—78 ms mammalian, plant,
in vivo
ECM 830 Square wave LV: 5-500 V LV:T=10 pus—10s  f=0.1-10 Hz bacterial, yeast, LV: square wave
HV: 30-3000 V HV: T=10-600 ps mammalian, plant, generator HV: pulse
in vivo, in ovo transformer
ECM 2001 Square wave LV: 10-500 V LV: T=10 ps—99 ms NA mammalian, plant, LV: square wave
HV: 10-3000 V HV: T=1-99 ps NA electrofusion generator
Sinus (AC) 0 V-150 Vpp fac=1 MHz HV: pulse transformer
AC: NA
HT 3000 Square wave  LV: 0-500 V LV: T=10ms—1s  f=0.1-10 Hz in vitro LV: square wave
HV: 0-3000 V HV: T=10-600 ms generator HV: pulse
transformer
CLONAID http://www.clonaid.com
RMX2010 Square wave 5-200 V T=10 ps—990 ms f=1-10 Hz gene transfection Square wave generator
CYTO PULSE SCIENCES http://www.cytopulse.com
PA-2000 Square wave 5-1000 V T=1 ps—2 ms f<8 Hz in vitro, in vivo, Square wave generator
ex vivo
PA-4000 Square wave 5-1100 V T=1 ps—2 ms f<8 Hz in vitro, in vivo, Square wave generator
ex vivo
PA-101 Sinus (AC) 10—-150 Vpp fac=0.2-2 MHz dielectrophoresis AC: NA
EPPENDORF SCIENTIFIC http://www.eppendorf.com
Electroporator Exponential ~ 200-2500 V =5 ms 1.<8s bacterial, yeast Capacitor discharge
2510
Multiporator:
Eukaryotic Exponential ~ 20-1200 V T=15-500 ps 1.<30s mammalian, plant, Capacitor discharge
module oocytes
Bacterial module ~ Exponential ~ 200—-2500 V =5 ms 1.<30s bacterial, yeast Capacitor discharge
Fusion module Square wave 0-300 V T'=5-300 ps f=1Hz mammalian, plant Square wave generator
sinus (AC) 2-20 Vpp fac=2 MHz AC: NA
EQUIBIO http://[www.equibio.com
Easyjec T Plus Exponential ~ 100—3500 V =10 us—7 s NA all cell types Capacitor discharge
Easyjec T Optima Exponential ~ 20-2500 V t=1.5ms-7s NA all cell types Capacitor discharge
Easyjec T Prima  Exponential ~ 1800-2500 V =5 ms NA bacterial Capacitor discharge
GENETRONICS http://www.genetronics.com
MEDPULSER Square wave NA NA NA electrochemotherapy, =~ NA
clinical device
IGEA http://www.igea.it
Cliniporator Square wave LV: 20-200 V LV: T=10 ps—20 ms f=1 Hz—10 kHz electrochemotherapy,  unipolar arbitrary
HV: 50-1000 V HV: T=30-200 ps gene therapy, clinical  generator

device
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Table 2 (continued)

Company/product  Output Voltage range Time constant Charge time (7.)/pulse  Biological application  Possible signal
characteristics (t)/pulse length (7) repetition frequency generation technique
()
JOUAN
Electropulsator Square wave  0—1000 V T=5 pus—24 ms f=1-10 Hz bacterial, yeast, Square wave generator
PS10 mammalian, plant
Electropulsator Square wave 0—1500 V T=5 pus—24 ms f=1-10 Hz bacterial, yeast, Square wave generator
PS15 mammalian, plant
PROTECH INTERNATIONAL http://www.protechinternational.com
CUY-21 Square wave LV: 0.1-199 V LV: T=0.1-999 ms f=0.1-10 Hz in vitro, in vivo, Square wave generator
HV: 200-500 V HV: T=0.1-100 ms in ovo, in utero

LF101 Square wave 0-999 V T=5-99 ms f=0.1-10 Hz mammalian, plant, Square wave generator
electrofusion

TRITECH RESEARCH http://www.tritechresearch.com

Mammo Zapper Exponential ~ NA NA t.=15s mammalian Capacitor discharge

Bacto Zapper Exponential <2000 V 7<10 ms t.=5s Bacterial Capacitor discharge

THERMO ELECTRON CORPORATION http://www.savec.com

CelljecT Uno Exponential 1800 or 2500 V T=5ms NA bacterial, yeast Capacitor discharge

CelljecT Duo Exponential ~ 20-2500 V t=15ms-7s NA all cell type, Capacitor discharge
eukaryotic and
prokaryotic cells

CelljecT Pro Exponential ~ 20V-3500V =10 us—7s 1.<30s bacterial, yeast, Capacitor discharge

mammalian, plant

Signal generation techniques that are given for each device were anticipated according to the output characteristic. During our investigation we did not have
access to the electrical schemas of the devices nor had we any of the listed device in our hands.

NA stands for not available.

type for positive and NPN-type for negative period)
connected in cascade and a resistor network necessary for
normal operation. At this point it has to be stressed that
complementary transistors have to be used (i.e. NPN and
PNP type which are close match) otherwise symmetry
between positive and negative part of amplifier cannot be
achieved. The two signals amplified in each transconduc-
tance stage are delivered to two output stages, again one for
positive and one for negative period of signal. The output
stages are composed of power MOSFETs, if possible
complementary (N-type for positive and P-type for negative
period), that are connected in cascade as source followers.
These last two stages recombine two signals from voltage
amplifier and meet the power requirements defined by the
impedance of the load between electrodes [47].

Although, the design by itself has no problems and is
given as an example in any electronic design book, the major
problem originates in poor availability of semiconductor
components (i.e. high voltage and high power complemen-
tary transistors) necessary to build each of the amplifying
stage. Since those transistors exist only up to 250 V, undesired
cascades that gradually reduce dynamics have to be used to
generate signals required for electropermeabilization.

2.5. Modular high voltage source
Another possible improvement of a square wave generator

is a modular high voltage source that consists of several (V)
individually controlled and electrically isolated DC voltage

modules (Fig. 7). Its operation is based on a principle of a
digital-to-analog converter, thus the amplitude of the partic-
ular source Vy is twice as high as the predecessor
(Vny=2Vy_1). The voltage of the individual source is con-
stant and can participate in a generation of a common output
pulse at any time. With an appropriate control of output
transistors Q;—Qy that operate as switches and connect the
modules in series, a total of 2" different output voltage levels
with the resolution of V| are obtained [48]. Although the
design of each individual source is similar to the design of
previously described square wave pulse generator, the indi-
vidual source used in this concept has no problems with the
shortage of power. For correct operation, each source (even
the smallest one) must be able to produce and sustain the
maximum possible current during the pulse generation. If this
is not ensured, the pulse amplitude will decrease.

The presented modular topology has many advantages
due to very high dynamics and high power that can be
delivered to its output. Furthermore, with a supplemented
single-phase transistor bridge on the output, bipolar pulses
can be generated as well. Besides the electrode polarity
change, the transistor bridge also increases the incorporated
safety measures of the device in case of malfunction, which
could result in a delivery of huge power to the output.
Namely, for any given pulse amplitude at least three power
transistor switches have to be turned ON (two for the
selection of the pulse polarity and at least one for the
selection of the desired output pulse amplitude). The mod-
ular solution and consequently the increased number of
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Table 3
List of commercially available electrodes with their properties and biological applications suggested by manufacturer
Company/product Number of Electrode Needle length (L)/electrode Electrode Biological

electrodes distance size (shape)/Volume (V) material application
BIORAD http://www.biorad.com
CUVETTES: Compatible with Micro pulser, Gene Pulser Xcell

2 1 mm V=100 pl Aluminum in vitro

2 2 mm V=400 ul Aluminum in vitro

2 4 mm =800 pl Aluminum in vitro
BIOSMITH http://www.biosmith.com
CUVETTES: Compatible with electroporation devices from all major manufacturers
72001 2 1 mm V=100 pl Aluminum in vitro
72002 2 2 mm V=400 ul Aluminum in vitro
72004 2 4 mm =800 pul Aluminum in vitro
BTX http://www.btxonline.com
2-NEEDLE ARRAY: Compatible with: ECM 830, 630, 395, 399, 600, T820
Model 531 2 10 mm L=200 mm Stainless in vivo

steel
Model 532 2 5 mm L=200 mm Stainless in vivo
steel

GENETRODES: Compatible with: ECM 630, 830, 2001, 600, T820
Model 508 2 1-10 mm L=5 mm Gold plating in vivo
Model 510 2 1-10 mm L=10 mm Gold plating in vivo
Model 512 2 0—13 mm L=35 mm (L-shaped) Gold plating in ovo
Model 514 2 0—13 mm L=3 mm (L-shaped) Gold plating in ovo
Model 516 2 0—13 mm L=1 mm (L-shaped) Gold plating in ovo
CALIPER: Compatible with: ECM 830, 600, 630, 2001, T820
Model 384 2 1-130 mm 10 X 10 mm (square) Stainless steel in vivo
Model 384L 2 1-130 mm 20 X 20 mm (square) Stainless steel in vivo
TWEZERTRODES: Compatible with: ECM T820, 630, 830, 2001
Model 520 2 1-20 mm 7 mm diameter (disk) Stainless steel in vivo
Model 522 2 1-20 mm 10 mm diameter (disk) Stainless steel in vivo
GENEPADDLES: Compatible with: ECM 830, 2001, 630, 600, T820
Model 542 2 1-10 mm 3 X 5 mm (rectangle) Gold plating in vitro, in vivo
Model 543 2 1-10 mm 5 X7 mm (rectangle) Gold plating in vitro, in vivo
PETRI PULSER: Compatible with: ECM 830, 630, 600, 399, 395, T820
PP35-2P 13 2 mm V=0.5-30 ml Gold plating in vitro
PETRI DISH ELECTRODES: Compatible with:ECM 830, 630, 2001, 600, T 820

24 2 mm V=10-50 ml Stainless steel in vitro

BTX http://www.btxonline.com
MICROSLIDE: Compatible with: ECM 630, 830, 395, 399, 2001, 600, T820

Model 450 2 0.5 mm V=20 ul
Model 450-1 2 1 mm V=40 pl
Model 453 2 3.2 mm V=0.7 ml
Model 453-10 2 10 mm V=22 ml
FLAT ELECTRODE CHAMBER: Compatible with: ECM 630, 830, 2001, 600, T820
Model 484 2 1 mm V=0.5 ml
Model 482 2 2 mm V=1 ml
MEANDER FUSION CHAMBER: Compatible with: ECM 630, 830, 2001, 200, 600, T820

2 0.2 mm -
Electroporation plates:
Model HT-P96-2B/W 96 2 mm V=150 ul
Model HT-P96-4B/W 96 4 mm V=300 pul
Model HT-P384-2B/W 384 2 mm V=700 ul
MULTI-WELL COAXIAL ELECTRODES: Compatible with: ECM 630, 830, 2001, 600, T820
Model 491-1 1 1.6 mm V=0.3 ml (circular)
Model 747 8 1.6 mm V'=0.3 ml (circular)
Model 840 96 1.6 mm V=0.3 ml (circular)

Flatpack chambers:
Model 485 2 1.83 mm V=15 ml

Stainless steel
Stainless steel
Stainless steel
Stainless steel

Stainless steel
Stainless steel

Silver

Gold plating
Gold plating
Gold plating
Gold plating
Gold plating
Gold plating

Stainless steel

in vitro, fusion
in vitro, fusion
in vitro, fusion
in vitro, fusion

in vitro, fusion
in vitro, fusion

in vitro, fusion
in vitro
in vitro
in vitro
in vitro
in vitro
in vitro

in vitro
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Company/product Number of Electrode Needle length (L)/electrode Electrode Biological

electrodes distance size (shape)/Volume (V) material application
Model 486 2 0.56 mm V=85 ul Stainless steel in vitro
Cuvettes:
Model 610 2 1 mm V=20-90 pl Aluminum in vitro
Model 620 2 2 mm V'=40-400 pl Aluminum in vitro
Model 640 2 4 mm V=80-800 pl Aluminum in vitro
EPPENDORF http://www.eppendorf.com
CUVETTES: Compatible with Multiporator, Electroporator 2510

2 1 mm V=100 pl Aluminum in vitro

2 2 mm V=400 ul Aluminum in vitro

2 4 mm V=800 pul Aluminum in vitro
CYTOPULSE http://www.cytopulse.com
COAXIAL ELECTRODES: Compatible with PA-101
Model FE-C25/400 2 2.5 mm V=350 ml NA in vitro, fusion
Model FE-C25/800 2 2.5 mm V=750 ml NA in vitro, fusion
Model FE-C20/1000 2 2 mm V=1000 ml NA in vitro, fusion
Tweezers:
TE-5-10 2 Adjustable 5 % 10 mm (rectangular) NA in vivo
TE-5R 2 Adjustable 5 mm diameter (circular) NA in vivo
2-row needle array:
NE-4-4 8 4 mm NA in vivo
NE-4-6 12 4 mm NA in vivo
NE-6-4 8 6 mm NA in vivo
NE-6-6 12 6 mm NA in vivo
Cuvettes:
CUV-01 2 1 mm V=100 pul NA ex vivo
CUV-02 2 2 mm V=400 ul NA ex vivo
CUV-04 2 4 mm =800 ul NA ex vivo
Electrode array:
96W-A 96 wells 5.5 mm V=300 pl/well NA ex Vvivo
EUROGENTEC http://www.eurogentec.com
CUVETTES: Compatible with most existing electroporation systems

2 1 mm NA Aluminum in vitro

2 2 mm NA Aluminum in vitro

2 4 mm Aluminum in vitro
ICHOR http://www.ichorms.com
Trigrid

multiple NA NA NA in vivo

IGEA http://www.igea.it.
TYPE I: Compatible with Cliniporator

Plate electrodes 2 6—8 mm
TYPE II: compatible with cliniporator

Needle rows 8 4 mm
TYPE III: Compatible with Cliniporator

Hexagonal needle array 7 8 mm

10 X 30 mm (rectangular)
L=20-30 mm

L=20-30 mm

Stainless steel

Stainless steel

Stainless steel

clinical applications
clinical applications

clinical applications

NA stands for not available.

assembly parts (isolated DC modules, IGBT driver circuitry,
etc.), on the other hand, increase the costs of the device,
which is a subject of optimization during the design stage.

3. Discussion

Nowadays electropermeabilization is widely used in var-
ious biological, medical, and biotechnological applications

such as electrochemotherapy, gene transfer, electroinsertion
of proteins into cell plasma membrane, electrofusion of cells,
transdermal drug delivery, water treatment and food preser-
vation [5—-7,15,20—-23,55—-57]. Efficiency of all these appli-
cations strongly depends on parameters of electric pulses,
which are delivered to the treated object using specially
developed electrodes and electronic devices—electropora-
tors. Both parts of equipment play equally important role in
process of electropermeabilization, but in this paper we
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have focused exclusively on electroporators and advantages
and disadvantages of techniques used for generating re-
quired signals (Table 1). At this point we did not discuss
how each of the presented techniques can solve different
problems like tissue burning, electrolytic contamination,
etc., since this would require additional analysis of electrode
designs and materials.

Besides reviewing known techniques of signal genera-
tion, we also investigated the world market of electropora-
tors. A list of existing commercially available electroporators
with their parameters, biological applications and possible
signal generation technique are given in Table 2. Devices
are grouped by manufacturer and each device is presented
with the following parameters: output characteristics, volt-
age range, time constant (t)/pulse length (7), and charge
time (z.)/pulse repetition frequency (f). The value of last
two parameters depends on output characteristic if the
device produces exponentially decaying pulses, time con-
stant and charge time are given as parameters. On the other
hand, if the device generates square wave pulses, pulse
length and pulse repetition frequency are given as param-
eters. Since some of manufacturers also offer different
electrodes for different applications we have also made a
list that is given in Table 3. Electrodes are grouped by
manufacturers and each electrode is presented with the
following parameters: electrode type, electrode distance
and biological applications.

We can see that it is practically impossible to compare
the listed devices due to difference in their characteristics.
Even if we compare devices with identical output charac-
teristic (e.g. exponential, square wave, arbitrary) we see that
either their voltage range or their time constant/pulse length
vary in incomparable range. We believe that with each of the
listed devices adequate experimental results can be
achieved, yet some questions still remain. Do we need
any special buffers for electropermeabilization of cells?
How can we set the required parameters for electropermea-
bilization (i.e. user friendliness of the device)? Is the device
modular or non-modular type (i.e. with addition of new
module we extend working parameters)? From this we can
conclude that manufacturers of the electroporators have to
standardize electrical parameters of devices, which would
also include list of required buffers that have to be used for
efficient electropermeabilization. This has already been
done by some manufacturers (Eppendorf, BioRad, BTX,
etc.) who supply protocols and standardized buffers for
different procedures.

Besides standardization of parameters of devices, manu-
facturers should also start offering a built-in module for
current and voltage monitoring. It is very important that
researcher has an immediate feedback about the electro-
permeabilizing signal that has been delivered to the electro-
des. Monitoring of voltage and current can be performed by
use of an oscilloscope, but this requires additional space for
another electronic device in already overstuffed laboratory
and also additional wiring for signal measurements. In

addition, researcher must also be able to set the oscilloscope
before the experiments, which requires additional training.
Probably there are many more drawbacks (e.g. expensive
high voltage probes and current probes) of using the
oscilloscope that could be overcome by built in current
and voltage monitors.

Although today we can find several new studies showing
biological effects of nanosecond pulsed electric fields
[51,52], we did not review the parameters and technologies
used, since this has already been done by Mankowski et al.
[49]. In this review, they have presented several short pulse
generator technologies such as discharge of capacitor, pulse
forming line (PFL), Marxx-generator, etc. Besides this they
also offer a list of commercially available short pulse
generators.

In conclusion we can say that even though manufacturers
offer a brand variety of electroporators and electroporation
systems, these devices still have specific limitations. This
was probably the main reason why many researchers have
developed their own custom-designed devices or systems.
Since many of these custom-built devices are poorly de-
scribed in the articles, we were unable to explore their
parameters in details. What we offer instead is a list of
articles describing the devices (see Refs. [43,44,47—57]).
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3. Conclusions and future prospects

Development of realistic mathematical models (i.e. numerical models of biological tissues
validated by corresponding in vivo experiments) plays an important role in the prediction of
the successful outcome of an electroporation-based therapy, treatment or experiment.

The general conclusion of our study is that calculation and visualization of local electric field
distribution in realistic numerical models allows for the selection of parameters, such as
electrode configuration, electrode positioning and amplitude of electroporation pulses, so that
the optimal permeabilisation of a treated tissue is achieved (i.e. electroporation of al cells
within the target tissue by exposing them to the local electric field between reversible and
irreversible threshold values (Erey < E < Eirrev), While minimizing the total electric current
flowing through the tissue and the el ectrically-induced damage to the healthy tissue) .

Our results can significantly contribute to more efficient tissue electroporation used in
electroporation based therapies and treatments (e.g. clinical electrochemotherapy of tumors
and gene electrotransfer) by the selection of electric parameters based on calculation and
visualization of local electric field. Realistic numericall models are aso useful tool in
experiment planning in order to precisely determine the parameters to be tested and to reduce
the number of animals used in experiments and to help understanding underlying in vivo

mechanisms in tissues being electroporated.
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To summarize our main conclusions and describe future prospects:

1) Calculations and visualization of the local electric field distribution in numerical models
of cutaneous and subcutaneous tumors

- We performed 2D analytical and numerical analysis in order to determine relevant
parameters that have to be taken into account for development of 3D realistic tissue models
and optimization of local electric field. We systematically quantified and compared |ocal
electric field in the tissue of different most widely used electrode configurations (plate and
needle) in electrochemotherapy and gene electrotransfer in past years. We anayticaly and
numerically calculated and visualized local eectric field distribution inside an example of
modeled treated tissue (a spherical target tissue and its surroundings) in 2D for the plate and
needle el ectrode configurations and compared the local electric field distribution to parameter
U/d, which is widely used parameter in currently defined electroporation protocols. We show
that the parameter U/d can differ significantly from the actual calculated values of the local
electric field inside both homogeneous tissue and in tissue with more conductive target tissue
compared to its surroundings. We showed dependency of local electric field distribution on
the electrical parameters such as applied voltage on the electrodes, electrode placement with
respect to the target tissue, electrode shape (plate or needle), number of eectrodes, and
distance between electrodes. We demonstrated that the local electric field in the treated tissue
can be successfully controlled by the aforementioned electrical parameters. Furthermore, our
results also demonstrate that local electric field is influenced by electric properties of the
target tissue and its surroundings. We also presented analytical solutions, which provide a
convenient, rapid, but an approximate method for a pre-analysis of electric field distribution

in treated tissue [Paper 1].
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- We extended 2D numerical study to a 3D numerical study i.e. calculation, visualization and
optimization of loca electric field distribution in spherical subcutaneous tumors treated with
needle electrodes’ configurations used in clinics and research in past years. Higher electric
conductivity was considered for tumor tissue with respect to the conductivity of the
surrounding healthy tissue. The results show that voltage applied, distances between
electrodes and depth of electrode insertion are all relevant for the control of local electric field
distribution in the model and were thus chosen for optimization procedure. By using a genetic
optimization algorithm developed in our institution we examined the adequacy of the needle
electrode geometries by calculating electric current through the model and volumes of
reversibly and irreversibly electroporated tissue. Based on the optimization analysis, we
concluded that paradlel array electrodes (three electrode pairs) gave the best results. they
assured local eectric field in tumor tissue to be above E;e, and required the lowest total
electric current and caused a small volume of healthy tissue to be reversibly and even less to
be irreversibly electropermeabilised.

Based on visuadlization of local electric field distribution we a'so demonstrated that inserting
needle electrodes deeper than necessary, using inadequate electrode geometries, polarities and
arrangement with respect to the target tumor tissue can result in unsuccessful tumor
permeabilisation (E < E;e/). Moreover, the local electric field within the healthy tissue below
the tumor can be higher compared to the local electric field inside the tumor. This effect can
be even more pronounced if the tumor is much more conductive than the surrounding tissue,
because the local eectric field is then lower in the tumor and higher in the surrounding tissue

[Paper I1].

- In addition to the spherical subcutaneous tumor models, we performed the same 3D

numerical calculation and visualization analysis and the genetic algorithm optimization to
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determine the optimum electrode configuration and optimum voltage amplitude for
subcutaneous tumor models of different shapes and sizes (spheres and ellipsoids) and for a
realistic brain tumor model acquired from medical images. In all tumor cases, parallel needle
electrode arrays were a better choice than hexagona needle electrode arrays, since their

utilization required less electric current and caused |ess healthy tissue damage. [Paper V1]

- We demonstrated numerical calculation and visualization of local electric field distribution
in 3D can be successfully used in electrode design for in vitro and in vivo settings. The results
obtained with our numerical modeling supported the design of new electrodes for in vitro
gene electrotransfection integrated into the new system allowing for automatic changing of
electric field direction [Paper VIII]. The new system can be used in in vitro gene
electrotransfer to improve cell transfection by changing electric field direction between
electrical pulses, without affecting cell survival. The results of our numerical modeling were
useful in development and testing of the new multiple electrode commutation circuit,
suggested for in vivo electrochemotherapy of larger tumors. Namely, we tested a pulse
sequence using seven electrodes for which we also calculated local electric field distribution
in tumour tissue by means of finite elements method. Electrochemotherapy, performed by
multiple needle electrodes and tested pulse sequence on large subcutaneous murine tumour
model resulted in tumour growth delay and 57% complete responses, thus demonstrating that

the tested electrode commutation sequence is efficient [Paper XI].

- We demonstrated numerically and experimentaly in vivo the influence of the contact surface
between electrode and treated tissue on the coverage of the tumor tissue by sufficiently high
local eectric field (E > Ee,). We demonstrated that the placement of electrodes giving larger

electrode-tissue contact surface leads to improved electrochemotherapy outcome. These
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results provide guidance on electrochemotherapy for treatment of protruding cutaneous
tumors using paralel plate electrodes [Paper Il11]. We aso observed that the electrode
placement with smaller contact surface resulted in deeper penetration of local electric field
distribution in the tissue below electrodes, compared to the electrode placement with larger
contact surface. This observation also supports clinical findings reported by Sersa and
colleagues [Sersa et al., 2003] that pain can be avoided by lifting the treated tumor nodule
while applying electric pulses through parallel plate electrodes. In addition, it was observed
that obese patients had less sensation and less muscle contractions, because adipose tissue

prevented electric field distribution deeper into the underlying tissue.

- We built 3D numerical models of cutaneous and subcutaneous tumors and calculated local
electric field and total electric current considering safety level of electoporation when
electrochemotherapy is performed on tumors localized on the trunk close to the cardiac
muscle. The modeled conditions (i.e. needle row array, needle hexagona array and plate
configurations and voltages applied) were the same as those actually used in clinical
electrochemotherapy. We proposed safety protocols of depth of insertion of needle electrodes
and distance between plate electrodes for reversible and irreversible electroporation and
fibrillation of cardiac muscle. For the safety limits of local electric field distribution between
reversible and irreversible electroporation thresholds we used values determined in our
realistic models (E;ey = 200 V/cm and Ejrrey= 450 V/cm), while for the safety limit for cardiac
muscle fibrillation we considered threshold current (100 mA) for ventricular fibrillation taken
from the literature. We concluded that the results of our models can provide safety protocols
for electrodes and voltages currently used in electrochemotherapy of cutaneous and

subcutaneous tumors. However for internal (orthotopic) tumors located close to the heart safe
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and precise el ectrochemotherapy requires treatment planning that includes optimization of the

electrode and voltage applied [Paper X].

Our findings can aready be used in guiding to practitioners in how to choose the most
suitable electric parameters (such as the amplitude of electroporation pulses and electrode
configuration — plate or needle, electrode placement, number and insertion) in order to
perform the treatment as efficiently as possible: to target the tumor with E > Ee, and destroy
all tumor cells, while minimizing electrically induced damage to the hedthy tissue and
avoiding pain sensations. Selection of electric parameters based on calculation and
visualization of local electric field distribution can be useful for refinement of the currently
used protocols for clinical electrochemotherapy in order to even further improve the complete
response rate of cutaneous and subcutaneous tumors. An important step towards the
optimization of local electric field for effective ECT has been made recently by IGEA
Company [www.igea.it] currently providing the electroporator designed specificaly to be
used in the clinical practice for el ectrochemotherapy. They recomend the voltage for different
distances between electrodes (for plate el ectrode configuration) which was provided based on

calculation and vizualization of local eectric field distribution in our models.

il) Calculations and visualization of the local eectric field distribution in numerical models
of muscle tissue

- We developed realistic numerical models of skeletal muscle tissue electroporated directly
and transcutaneoudly in order to investigate the influence of skin on muscle electroporation.
The numerical calculations were validated on in vivo experimental results using >*CrEDTA
indicator. We found the functiona dependency of tissue conductivity on electric field

intensity o(E) to be exponentia for skin with electroporation thresholds E,e, = 480 V/cm and
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Eirrev = 1050 V/cm and sigmoid for muscle tissue with E;e, = 240 V/cm and Ej ey = 430
V/cm. The same electroporation threshold values E,, and E;;e, Were found irrespective of
whether muscle was electroporated directly (i.e. whitout skin) or transcutaneously. We thus
conclude that the skin layer has no influence on the thresholds of the local electric field
intensity itself needed for successful muscle tissue electroporation, but it does require higher

voltage to be applied between the electrodes when muscle is el ectroporated transcutaneously.

- We aso showed that the error of an approximate estimation of electroporation threshold
values in in vivo experiments by calculating the U/d ratio, without numerical calculations of
local electric field distribution, is small enough only if the plate electrodes are used and only
for one type of tissue placed between the electrodes. For more complex tissues with different
geometric and electrical properties, a combination of realistic numerical modeling and in vivo
experiments needs to be used for the precise determination of electroporation threshold
values. It is aso important to note that the thresholds of the local electric field for tissue
electroporation depend on the type of molecules used for detection of in vivo tissue
permeabilization and el ectroporation pulse characteristics (i.e. duration and number of pulses
as well as pulse repetition frequency). Thus, the threshold values determined in our study are
relevant for the setting of eight pulses of 100 ps duration at a frequency of 1 Hz. For precise
electroporation threshold determination for the other pulse parameters, our numerical models
remains valid, but additional experiments need to be done and the obtained results must be

included in the models.

- We also developed a redlistic 3D numerical model of the mouse tibialis cranialis muscle

(electroporated directly (i.ewith skin removed)) in order experimentally and numericaly

investigate muscle electroporation for parallel and perpendicular orientation of the applied
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electric field with respect to the muscle fibers by using parale plate electrodes. The
agreement between numerically calculated results and experimental observations validated
our 3D model. The electroporated muscle regions were visualized with two in vivo methods:
magnetic resonance (Gd-DOTA) and fluorescence imaging (propidium iodide). We
established that electroporation of muscle cells in tissue depends on the orientation of the
applied electric field; the local electric field reversible threshold values were determined
(pulse parameters: 8 x 100 ps, 1 Hz) to be 80 V/ecm and 200 V/cm for parallel and
perpendicular orientation, respectively. We present the first results of different electroporation
thresholds with respect to electrode vs. tissue orientation for the tissue with anisotropic

electric properties [Paper VI].

- The findings of our study carry important practical information on the voltage to be applied
to the electrodes, and on how to orient the electric field with respect to the muscle fibers in
order to reversibly electroporate the target area of the muscle. The determination of local
electric field electroporation thresholds enables control of muscle tissue electroporation, and
can be used to predict the optimal window for gene electrotransfer.

In addition to gene electrotransfer, our findings on e ectroporation thresholds and on influence
of the skin on muscle electroporation can be of interest also for planning of other
eletroporation based therapies and treatments (e.g. €l ectrochemotherapy and trandermal drug
and gene delivery) so asto avoid:

1. an invasive procedure when it is not necessary, by using plate €l ectrodes;

2. painful sensations (unnecessary anesthesia) due to the electrode or electric field penetration
deeper than necessary;

3. theirreversible damage of underlying or surrounding healthy muscle tissue and

4. fibrillation of cardiac muscle
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iii) Development of a web-based learning application on electroporation based therapies
and treatments such as el ectrochemotrapy and gene el ectrotransfer

- We developed an e-learning application to provide an interactive educational content in
order to simulate the “hands-on” learning approach about the parameters being important for
successful electroporation based therapies and treatments as electrochemotrapy and gene
electrotransfer. The presented e-learning application provides an easy and rapid approach for
information, knowledge and experience exchange among the experts from different scientific
fields, which can facilitate development and optimization of electroporation based treatments

[Paper 1V].

Future prospects

-Future prospects using a presented approach can be treatment planning of
electrochemotherapy for precise and safe therapy of orthotopic tumors that are located close
to vital organs (for example tumors localized in deep brain which can not be treated whtout

appropriate treatment planning).

-Similarly to the numerical model we developed for in vitro settings [Paper XI], further
improvement of the realistic models for in vivo therapy and treatments could include the
possibility to change the electric field orientation during the electroporation pulse in order to
successfully control the electroporation with lower local electric field and lower electric
current. For larger tumors the realistic models could include also the possibility to calculate,

visualize and optimize the local eectric field for an arbitrarily applied sequence of
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electroporation pulses to the electrodes (as aready shown in our study for a pulse sequence

using seven electrodes [Paper V1I11]) or moving the electrodes during the treatment.

-Another important development would be development of a realistic numerical model based
on an agorithm that would convert medical images and in vivo measurements of electric
conductivity of the treatment area into 3D structures ready to import into numerical software

for calculation, visualization and optimization of local electric distribution.

Further development of our realistic numerical models of muscle and muscle with skin could
include optimization of local electric field distribution and design of new plate electrodes for
noninvasive in vivo gene electrotransfection by automatic change of electric field orientation
in order to obtain precise delineation of the muscle region to be transfected with a local
electric field as low as possible in both the target tissue and its surroundings, as the efficient
gene electrotransfection requires an E just above E;e. Similar system for muscle
electroporation control could be developed also for invasive gene electrotransfection by using

needle e ectrodes.

The modular structure of the web based e-learning application alows for upgrade with new

educational content collected from the clinics and research, and can be easily adapted to serve

as acollaborative e-learning tool aso in other electroporation-based treatments.
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5. Original contributions to the scientific area

Based on results in this doctoral dissertation | claim for the recognition of the following

original scientific contributions to the research area:

- We developed 3D redlistic numerica model of cutaneous tumor and demonstrated the
influence of contact surface between electrodes and treated tissue for electrochemotherapy
outcome of cutaneous tumors. The larger the contact surfaces the more homogeneous the
local electric field in the target tissue and the better treatment outcome. These results can
significantly contribute to more efficient and safe electrochemotherapy of protruding
cutaneous tumors and can be used as a protocol for the positioning of plate electrodes on the
treated tissue. Our suggestion can prevent painful sensations due to electric field penetration
deeper than necessary while more precisely targeting the tumor and avoiding damages in the

surrounding healthy tissue.

- Based on calculation and visualization of local electric field distribution in our 3D numerical
models we conclude that the treated tissue (e.g. tumour) is to be positioned well in-between
the electrodes. The electrodes should thus fit the size of the tumour for good coverage of
tumor tissue with sufficiently high electric field. Plate electrodes which are noninvasive are
better suited for tumours on the surface on the skin, whereas needle electrodes which are used
invasively with appropriate and sufficient depth of their insertion are more appropriate for

treating tumours seeded deeper in the skin.

- We systematically compared and quantified the local electric field distribution in tissue

model for different electrode configurations used in research and clinics in the past years.
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Based on our analytical (in 2D) and numerical models (in both 2D and 3D) we calculated and
visualized the local electric field distribution for the electrode configurations used. We have
shown that the electric parameters (such as amplitude of the voltage applied, electrode
geometry and position with respect to the target tissue, electrode number, distance between
electrodes and depth of electrode insertion) need to be chosen specificaly for each individual
case of treated tissue and are relevant parameters for an optimization procedure. Redlistic
numerical modeling of the local electric field distribution can be used to optimize the
appropriate electrode configuration and adequate voltage for each individual case of target
tissue (taking into account its geometry, position and electric properties) in order to predict
optimal level of permeabilization. Selection of suitable electric parameters based on
calculation and visualization of local electric field distribution in realistic numerical modelsis
thus a step forward towards the treatment and experiment planning in the electroporation-

based therapies.

- We have shown that numerical calculation and visuaization of local electric field
distribution in 3D can be successfully used in electrode design for in vitro and in vivo settings
for prediction of the needed permeabilization level of the treated sample. The results obtained
with our numerica modeling support design of new electrodes for in vitro gene
electrotransfection integrated into the new system allowing for automatic changing of electric
field direction. The new system can be used in in vitro gene electrotransfer to improve cell
transfection by changing electric field direction between eectrical pulses, without affecting
cell survival. The results of our numerical modeling were useful in development and testing of
the new multiple electrode commutation circuit, suggested for in vivo electrochemotherapy of
larger tumors. Electrochemotherapy, performed by multiple needle electrodes and validated

pulses sequence on large subcutaneous murine tumours resulted in tumour growth delay and

75



Doctoral thesis

57% complete responses, thus demonstrating that the tested electrode commutation sequence

is efficient.

- We developed 3D redlistic models of muscle tissue and determined electroporation
thresholds for muscle for two different orientations of electric field with respect to the muscle
fibers: parallel and perpendicular. We present the first results of different electroporation
thresholds with respect to electrode vs. tissue orientation for skeletal muscle. The
determination of local electric field thresholds for electroporation enables control of the
muscle tissue level eectroporation and can be used to predict the optimal window for gene
electrotransfer. These results carry important information for defining protocols (i.e. selection
of suitable electrical parameters) needed for successful gene electrotransfer, which can
facilitate the translation of gene therapy and genetic vaccination into the clinical practice.

The findings of our study on muscle tissue carry important practical information for further
development of gene eectrotransfer into the muscle, and subsequently for development of
local and systemic gene therapy and genetic vaccination. Since the electroporation based gene
therapy and vaccination are cost-effective and easily implementable methods of
administration they can be useful for treatment of chronic diseases where patients must be
treated for years of even for their whole lifetime. Trandation of these two methods into
clinical settings might potentially be of great help in developing countries aso for treatment

of severevira diseases such as HIV or HCV and malariainfections.

- We developed realistic numerical models of skeletal muscle tissue electroporated directly
and transcutaneously in order to investigate influence of skin on muscle electroporation. The
same electroporation threshold values E;e, and Ejo, were found for both muscle

electroporated directly (i.e. with skin removed) and transcutaneoudly (i.e. skin present). We
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thus conclude that the skin layer has, no influence on the thresholds of the local electric field
intensity itself needed for successful muscle tissue electroporation, but it does require higher
voltage to be applied between the electrodes when muscle is el ectroporated transcutaneously.
In addition to gene electrotransfer, our study can be of interest also for the planning of clinical
electrochemotherapy of cutaneous and subsutaneous tumors and transdermal drug and gene
delivery, since it provides knowledge on sensitivity of underlying muscle tissue to the

electroporation procedure.

- Based on our numerical models we proposed safe protocols (i.e. taking into account critical
depth of insertion and distance between electrodes for needle and plate configurations and
voltage amplitudes currently used in clinical electrochemoterapy for cutaneous and
subcutaneous tumors) in order to avoid fibrillation and reversible and irreversible
electroporation of cardiac muscle. However for internal (orthotopic) tumors located close to
the heart, safe and precise electrochemotherapy requires treatment planning that includes

optimization of the electrodes and voltages applied.

- We aso showed that the error of an approximate estimation of electroporation threshold
values in in vivo experiments by calculating the U/d ratio, without numerical calculations of
local electric field distribution, is small enough only if the plate electrodes are used and only
for a single type of tissue placed between the electrodes. For more complex tissues with
different geometric and electrical properties, a combination of realistic numerical modeling
and in vivo experiments needs to be used for the precise determination of electroporation

threshold values.
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- We developed an e-learning application on electroporation based therapies and treatments.
The presented e-learning application provides an easy and rapid approach for information,
knowledge and experience exchange among the experts from different scientific fields, which

can facilitate development and optimization of electroporation based therapies and treatments.
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€ Résumé de la thése en francais

Modélisation et visualisation del’ éectroperméabilisation
dans des tissues biologiques exposés aux impulsions éectriques d’ haute voltage

L’efficacité des traitements médicaux, tel que électrochimiothérapie et la thérapie génique non-virale
par électrotransfer d’ADN, est due a I’électroperméabilisation des cellules constituant le tissue ciblé par
un champ électrique local d’intensité supérieure & une valeur seuil réversible. Une cellule
électropermeabilisée est ainsi plus sensible a un médicament cytotoxique (e.g. la bléomycine) aussi
bien qu’aux molécules de I’ADN. La premiere partie de la these s’est intéressée aux modeéles
mathématiques des tissues ciblés afin de visualiser la distribution du champ électrique local par des
simulations numériques, ce qui permet d’optimiser le choix du type d’électrodes a utiliser et
I’amplitude du voltage a appliquer de telle sorte qu’une thérapie basée sur I’électroperméabilisation
soit la plus efficace possible. La deuxiéme partie expérimentale a consisté a valider les modelés
mathématiques par des expériences in vivo chez les animaux. La derniere troisiéme partie de la these
concerne le développement d’une application internet pour la formation a distance sur les mécanismes
de I’électroperméabilisation au niveau des cellules et des tissus.

Mots clés: Electroporation, électroperméabilisation, impulsions électriques, modélisation
mathématique, expériences in vivo, muscle, tumeur

€ Résumé de la thése en anglais

Modeling and visualization of electr oper meabilization of biological tissues exposed to high-
voltage electric pulses

In vivo electroporation is used as an effective and safe tool for administration of a variety of
extracellular agents such as chemotherapeutic drugs (e.g. bleomycin), DNA or other molecules, which
in normal conditions do not cross the cell membrane, into many different target tissue cells. The main
focus of the present doctoral theses is the analysis of in vivo electroporation and corresponding local
electric field distribution used in electrochemotherapy and electroporation based gene therapy and
vaccination. The aims of this doctoral thesis cover three important issues in the development of
electroporation based technologies and treatments: development of realistic numerical models of
different tissues (i.e. muscle, tumor and skin) and calculations and visualization of local electric field
distribution in the models; validation of the realistic numerical models by in vivo experiments and
development of a web-based interactive e-learning application on electroporation of cells and tissues
and on electroporation based therapies and treatments. (e.g. clinical electrochemotherapy of tumors and
gene electrotransfer).

Key words: Electroporation, electropermeabilisation, electrical pulses, mathematical modeling, in vivo
experiments, muscle, tumor
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