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Abstract

An electric field of sufficient strength can cause an increase of conductivity and permeability
of cell membrane. Effect is known as electroporation and is attributed to creation of aqueous

pathways in the membrane.

Quantifying mass transport in connection with electroporation of biological tissues is an
important goal. The ability to fully comprehend transport processes has ramifications in improved
juice extraction and improved selective extraction of compounds from plant cells, improved drug

delivery, and solutions to environmental challenges.

While electroporation is intensively investigated, there is a lack of models that can be used to
model mass transport in complex structures such as biological tissues with relation to
electroporation. This thesis presents an attempt at constructing a theoretical mathematical
description — a model, for studying mass (and heat) transfer in electroporated tissue.

The model was developed employing conservation and transport laws and enables coupling
effects of electroporation to the membrane of individual cells with the resulting mass transport or
heat transfer in tissue. An analytical solution has been found though the model can be extended
with additional dependencies to account for the phenomenon of electroporation, and solved

numerically.

Thesis comprises five peer-reviewed papers describing electroporation in the food industry,
model creation for the problem of diffusion, translation of the model to the mathematically-related
case of juice expression, model validation, as well as suggestions for possible future development,
extension, and generalization. An additional chapter is dedicated to transfer of heat in tissue.

Keywords: electroporation; mathematical modelling; mass transport; plant tissue; diffusion,

filtration-consolidation; electric field strength; mechanistic model; cell membrane; electropores



Titre en francais : Effets de prétraitement électrique et thermique sur le transport de la matiere

dans les tissus biologiques

Résumé

Le champ électrique d'une puissance suffisante peut provoquer une augmentation de
conductivité et perméabilité de la membrane cellulaire. L'effet est connu comme I'électroporation,

attribuée a la création de voies aqueuses dans la membrane.

Quantifier le transport de la matiére dans le cadre d'électroporation est un objectif important.
Comprendre ces processus a des ramifications dans 1’extraction du jus ou I’extraction sélective des
composés de cellules végétales, I'amélioration de I'administration de médicaments, et des solutions

aux défis environnementaux.

Il'y aun manque de modéles qui pourraient étre utilisés pour modéliser le transport de la matiere
dans les structures complexes (tissus biologiques) par rapport a I'électroporation. Cette these
présente une description mathématique théorique (un modele) pour étudier le transport de la

matiére et le transfert de la chaleur dans tissu traité par 1’électroporation.

Le modele a été développé en utilisant les lois de conservation et de transport et permet le
couplage des effets de I'électroporation sur la membrane des cellules individuelles au transport de
la matiéere ou la chaleur dans le tissu. Une solution analytique a été trouvée par une simplification,
mais le modele peut étre étendu avec des dépendances fonctionnelles supplémentaires et résolu

numériquement.

La thése comprend cing articles sur I'électroporation dans I'industrie alimentaire, la création de
modele pour le probleme de diffusion, la traduction du modéle au probléme lié a I’expression de
jus, validation du modele, ainsi que des suggestions pour une élaboration future du modele. Un

chapitre supplémentaire est dédié au transfert de la chaleur dans tissu.

Mots-clés: électroporation; modélisation mathématique; transfert de la matiére; tissu végétal;
diffusion, filtration-consolidation; intensité du champ électrique; modele mécaniste; membrane

cellulaire; électropores



Naslov v slovenskem jeziku: Ucinki elektricne in toplotne obdelave na transport snovi v

bioloSkem tkivu

Povzetek

Elektri¢no polje dovoljsne jakosti lahko povzro¢i znatno povecanje elektri¢ne prevodnosti in
prepustnosti celicne membrane. Pojav je poznan kot elektroporacija in je pripisan vzpostavitvi

vodnih kanalov v lipidnem dvosloju imenovanih pore.

Elektroporacija je bila in je $e vedno predmet intenzivnih raziskav na stevilnih podro¢jih, kot
so biomedicina (za gensko transfekcijo, elektrokemoterapijo, vnos zdravil preko koze, in ablacijo
mehkih tkiv, npr. tumorjev); v predelavi hrane in kemijskem inZenirstvu (za povecanje koli¢ine
ekstrakta pri pridobivanju sokov ali dragocenih snovi, izboljsanju kakovosti pridobljenih snovi, ali
konzervacijo hrane); prav tako pa tudi v okolijskih znanostih (pri predelavi odpadnih voda,
pridobivanju lipidov iz mikroorganizmov, ali stimulaciji rasti rastlin). Skoraj na vseh teh podro¢jih

nas zanima izbolj$anje vnosa snovi v bioloske celice ali pa pridobivanja snovi iz bioloskih celic.

Razumevanje in kvantifikacija transporta snovi v povezavi z elektroporacijo sta pomembna
cilja pri raziskavah elektroporacije. Sposobnost dobrega razumevanja procesov transporta snovi
ima pomembne posledice za, na primer, nadaljnje izboljSanje selektivnega pridobivanja snovi ali
sokov iz rastlinskih celic, za izbolj$anje dostave zdravil v ciljna tkiva oziroma celice, in za uspesno

reSevanje trenutnih okolijskih izzivov.

Pri elektroporaciji med dovajanjem elektri¢nih pulzov skozi obdelovano tkivo tece elektri¢ni
tok, kar lahko do doloCene mere tkivo tudi segreje. To je Se posebej pomembno v industrijskih
aplikacijah, kjer so lahko dovedene energije zaradi visoke amplitude in Stevila pulzov tudi zelo
velike. Zato je pomembno poznati poleg transporta snovi tudi toplotne razmere v tkivu pri
elektroporaciji, ter kakSen vpliv ima poviSana temperatura na transport snovi v elektroporiranem

tkivu.

Ceprav so elektroporacija in z njo povezani pojavi predmet intenzivnih raziskav, je ob&utiti
pomanjkanje kompleksnejsih oziroma popolnejsih modelov, ki bi se lahko uporabljali za
modeliranje transporta snovi v kompleksnih strukturah, kakrSna so bioloSka tkiva, Se posebej v
povezavi z elektroporacijo. PricujoCa dizertacija predstavlja poskus izgradnje teoretiCnega

matematicnega opisa — tj. modela — za proucevanje transporta snovi v elektroporiranem tkivu.

Model, poimenovan model dvojne poroznosti, je osnovan na podlagi obstojeCe teoreti¢ne

analize tlaénih razmer (hidrodinamike) v prsteh, sedimentih, prodnih nanosih ter lomljenih



kamninah. Med temi sistemi ter strukturo bioloskih tkiv obstaja analogija, ki je izkoriS¢ena za
vzpostavitev ekvivalentne matemati¢ne obravnave bioloSkih tkiv z ze obstoje¢imi metodami in
pristopi, ki so bili prvotno razviti v geoloSkih znanostih, so pa bili Ze uporabljeni tudi v povezavi

z bioloskimi materiali, denimo pri obravnavi procesa presanja z oljem bogatih semen.

Model dvojne poroznosti je bil razvit upostevaje zakone o ohranitvi mase in zakone masnega
transporta (termodinamika sistemov Vv neravnovesju), in omogoca sklapljanje efektov
elektroporacije na membrano posameznih celic z rezultirajoim transportom snovi preko
membrane in v izvenceliénem prostoru. Slednje predstavlja tudi poglavitni izvirni prispevek
znanosti, saj model dvojne poroznosti Se ni bil zapisan za difuzijo in v preteklih delih ni
predstavljen v povezavi z elektroporacijo. Predstavljena je tudi pou¢na analiti¢na resitev modela,
ki dovoljuje fizikalno interpretacijo, model pa se lahko enostavno nadgradi z dodatnimi

odvisnostmi in s tem modelira uc¢inke elektroporacije, ter nato re$i numeri¢no.

Dizertacijo sestavlja pet znanstvenih c¢lankov. Prvi podaja pregled nad aplikacijami
elektroporacije v industriji predelave hrane ter biorafineriji. Drugi znanstveni ¢lanek zajema
konstrukcijo modela dvojne poroznosti za problem difuzije topljenca v elektroporiranem tkivu po
elektroporaciji. V tretjem ¢lanku je zajeta prilagoditev oz. predelava modela dvojne poroznosti za
difuzijski problem (koncentracijske razmere) v formo primerno za obravnav problema iztiskanja
soka iz elektroporiranega tkiva oz. problem konsolidacije elektroporiranega vzorca rastlinskega
tkiva (tlaéne razmere). Cetrti ¢lanek zdruzuje oba modela, model difuzije ter konsolidacije, ter
dodaja potrebno validacijo modela prek primerjave eksperimentalno pridobljenih podatkov z
rezultati pridobljenimi prek simulacij na modelu. Sledi poglavje posvec¢eno modeliranju prenosa
toplote v bioloskem tkivu in povezavi med modelom porazdelitve temperature ter modeli
transporta snovi. Sklepno poglavje podaja e kratek oris najnovejsih rezultatov v smeri izboljSav
modela z vkljucitvijo drugih pomembnih dejavnikov v model kot so izguba turgorja in
elektroosmoza, ter predloge za mozne prihodnje nadgradnje modela, njegovo razsiritev in

posplositev.

Kljucne besede: elektroporacija; matematiéno modeliranje; transport snovi; rastlinsko tkivo;
difuzija, filtracija-konsolidacija; elektri¢na poljska jakost; mehanisti¢éni model; celicna membrana;

elektro-pore
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1 Extended abstracts in French and Slovene

1.1 Résumé substantiel en francais
1.1.1 Introduction

Comme le montrent les expériences sur des bicouches lipidiques, les cellules et les tissus
biologiques, le champ électrique d'une intensité suffisante peut provoquer une augmentation
significative de la conductivité et de la perméabilité de la membrane lipidique. L'effet est connu
comme I'électroporation ou 1’électroperméabilisation, et comme il est réalisé par exposition de
tissue a des impulsions électriques, il est également connu sous le nom de « traitement a champ
électrique pulsé ». L'électroporation est décrite comme la création de voies aqueuses, c'est-a-dire
les pores, dans la bicouche lipidique.

En fonction de la durée de I'exposition de la cellule au champ électrique, I'intensité locale du
champ (c'est-a-dire le facteur limitant I'énergie électrique maximale qui est potentiellement
livrable a la membrane par I'intermédiaire du champ électrique imposée de I'extérieur), et le taux
de récupération de la membrane, il y a trois résultats possibles de I'application d'un champ
électrique. Si l'intensité du champ et le temps d'exposition ne sont pas suffisantes, il n'y a pas
d'électroporation, et la perméabilité de la membrane de cellule ainsi que la viabilité des cellules ne
sont pas affectées. Si l'intensité du champ dépasse ce qui est connu comme I’intensité du seuil et
I'exposition est d'une durée suffisante, 1’électroporation dite réversible se produit; la membrane est
perméabilisée et reste dans un état de plus grande perméabilité pour une période de temps, mais
est finalement en mesure de revenir a son état d'origine par des moyens de refermeture de la
membrane, un processus dans lequel les pores se ferment et la membrane cellulaire restaure son
état normal, ca veut dire la perméabilité sélective qui est seulement possible si les conditions
environnementales restent favorables pour la survie et la fonction des cellules. Si l'intensité du
champ et la quantité d'énergie délivrée sont trop élevés, I'électroporation irréversible se produit
résultant en une perte de I'homéostasie cellulaire (et éventuellement une rupture de la membrane

cellulaire), effectivement tuer la cellule.



I'exposition

cellule viable N . .
a un champ électrique

. . ; V2 .
irréversible réversible 1
] + electrophoresis + dielectrophoresis
la mort " introductionde  extraction introduction de .
. ] . . B h la fusion cellulaire
cellulaire . petites molécules de molécules grosses molécules

Figure 1.1: Applications d'électroporation, avec les résultats possibles de I'application du

traitement.

Les deux, I’électroporation réversible et irréversible, ont trouvé leurs applications dans des
domaines tels que la biomédecine, la transformation des aliments, la biotechnologie et les sciences
de I'environnement. Dans la biomédecine, I'électroporation réversible est utilisé pour introduire
des médicaments cytotoxiques dans des cellules tumorales dans un processus connu sous le nom
d’électrochimiothérapie, pour I’administration des médicaments et des matériels génétiques par la
voie transdermique, pour la fusion cellulaire, ainsi que pour I’insertion des protéines dans la
membrane plasmique, tandis que I'électroporation irréversible est utilisé comme un moyen
d'ablation de tissu pour I'ablation de tissus mous, y compris le traitement du cancer.

Dans la transformation des aliments et de la biotechnologie, I'électroporation a montré des
résultats prometteurs pour I'extraction de jus de fruits et d'autres composes intéressants de tissus
végétaux et de micro-organismes, tels que les microalgues, la déshydratation des tissus, et la
conservation non thermique et la stérilisation par I’inactivation microbienne. Electroporation
réversible peut également aider a créer de nouvelles méthodes de cryoconservation de tissus
biologiques, et la stimulation de métabolisme de la plante. Parmi les applications
environnementales, nous trouvons le traitement des eaux usées et la production de biocarburants,
les deux toujours en cours de recherche et développements intensifs comme les applications
d'électroporation prometteurs.

Tout au long des divers domaines de la recherche et les applications de I'électroporation, la
compréhension et étre en mesure de quantifier le transport de la matiere dans le cadre
d'électroporation de tissus biologiques est un objectif important, puisque dans la majorité de ses
applications, nous sommes a la recherche de moyens pour soit introduire la matiere (solutés ou

solution) dans les cellules, ou d'extraire le jus intracellulaire et des composés intracellulaires hors



des cellules. La capacité de comprendre pleinement ces processus de transport a des ramifications
dans, par exemple, ’amélioration d’extraction sélective des composés de cellules végétales,
réduisant ainsi les colts de raffinage, I'amélioration de I'administration de médicaments conduisant
a des modalités de traitement plus efficaces ou nouveaux pour lutter contre les maladies, et des
solutions pour les défis environnementaux actuels tels que la disponibilité de sources d'énergie
propres.

Alors que les phénomenes d'électroporation et connexes continuent d'étre des recherches
intensives, il y a un manque de modéles intégrales qui pourraient étre utilisés pour modéliser le
transport de la matiere dans les structures complexes telles que sont les tissus biologiques, en
particulier par rapport a I'électroporation. Cette these présente une tentative de construire une
description mathématique théorique, ¢a veut dire un modele, pour étudier le transport de la matiere
dans le tissu traité par 1’électroporation.

Le modele a été développé en utilisant les lois de conservation (de la matiére et/ou de 1’énergie)
et de transport de la matiére, et permet le couplage des effets de I'électroporation a la membrane
des cellules individuelles au transport de la matiere transmembranaire ainsi que extracellulaire
résultantes. Une solution analytique instructive pour le modele a été trouvée par une simplification,
mais le modele peut étre étendu avec des dépendances fonctionnelles supplémentaires pour mieux
prendre en compte des phénomeénes de I'électroporation, et puis résolu numériquement.

Puisque les effets thermiques dans les tissus pendant 1’électroporation parfois ne peuvent pas
étre négligés (dans certains applications, le chauffage associé a électroporation est une composante
majeure de la modalité de traitement), cette thése explore également théoriquement en bref de
quelle importance sont les relations thermiques au transport de la matiére dans le tissu traité (ou
pas) par I’électroporation. A cette fin, un analogue thermique au modeéle a double porosité est
présenté pour le transfert de chaleur dans les tissus traités par 1’électroporation, par une étude
paramétrique utilisant les modéles de transport de la matiere (diffusion et expression). Ces modéles
sont couplés avec le modele de distribution de la chaleur, a laquelle une section plus courte de
cette thése est consacrée afin d'introduire des moyens par lesquels on pourrait, dans une simulation
simple par ordinateur, évaluer I'effet d'augmentation de la température dans le tissu suivant
1’electroporation a des processus de transport de la matiere. Le modele de transfert de chaleur et
son couplage avec les modeles de transport de la matiére représentent un travail en cours de
réalisation qui reste a étre validée.

Cette these comprend cing articles publiés, décrivant les applications d'électroporation dans
Iindustrie alimentaire, la création de modele pour le probleme de la diffusion, la traduction du

probléme au probleme mathématiquement lié a I'expression de jus, validation du modele, une



section sur son extension a un modele décrivant les relations thermiques, ainsi que des suggestions

pour le développement futur possible du modeéle, son extension, et sa généralisation.

1.1.2 Matériels et méthodes

Cette section donne des deétails que sur les matériaux physiques et les méthodes utilisées dans
les expériences sur deux tissus modeles qui ont été menées afin de valider le modele a double
porosité nouvellement développé. Le modele a double porosité représente le résultat principal et
la majeure partie des efforts entrepris dans le cadre de cette thése, et sa construction est présenté

dans la section suivante avec toutes les dérivations théoriques.

1.1.2.1 Les essais de diffusion

Les expériences de diffusion qui sont décrits dans 1’Article 11 et I’ Article 1V ont été réalisées
selon le méme protocole. L’ Article 111 concerne les expériences du pressage uniquement, et par
conséquent, les expériences décrites ici ne le concernent pas.

Selon le protocole d'expériences de diffusion, des échantillons cylindriques (disques) de la
racine de betterave a sucre et des pommes (sans la peau) ont été obtenus a partir des tranches de 5
mm d’épaisseur prises de la racine de la betterave a sucre ou de pommes (dans le texte continue
désignés comme le tissu de betterave a sucre ou le tissu de pomme, respectivement). Tous les
échantillons ont mesuré 25 mm de diametre. Chaque échantillon a été soumis premiérement a un
traitement d’électroporation par l'application de 150, 200, 300, ou 400 V entre deux électrodes a
plaques paralleles en acier inoxydable de 5 mm distance inter-électrodes (égal a I'épaisseur de
I'échantillon). L'intention était de soumettre le tissu traité au champ de I’intensité de 300, 400, 600,
et 800 V/cm, respectivement (& noter I'épaisseur de 5 mm des échantillons). L’intensité du champ
électrique souhaitée n'a pas éte atteinte de fagcon homogéne dans le tissu, car il ne s’agit pas d’un
matériau homogeéne, et de plus en raison de dimensions d'électrodes finis I’intensité atteint sa
valeur maximale (souhaitée) que dans la zone centrale loin de bords de I'électrode (voir les figures
1 et 5 dans I’Article V pour une illustration). Impulsions rectangulaires de polarité alternée (voir
Figure 1.4 dans la section 1.1.2.3) ont été livrés en deux trains de 8 impulsions, ou chaque
impulsion était de 100 ps en durée et la fréquence de répétition des impulsions dans le train était
1 kHz. Deux de ces trains ont été livrés avec une pause d'une seconde entre les deux trains. Ce
protocole est considéré comme le protocole du traitement A. Les impulsions ont été fournis par un

génerateur d'impulsions fait sur mesure avec un courant de sortie maximal de 38 A a la tension



maximale possible de 400 V, assemblé par le Service Electronique UTC, Compiégne, France (voir
la section 1.1.2.4 ci-dessous).

Ensuite, les échantillons ont été retirés de la chambre de traitement électrique apres le traitement
d’¢électroporation, apres quoi les surfaces des disques d’échantillons ont été mises en contact avec
du papier absorbant et ainsi les surfaces ont éte séchées pour éliminer le liquide sucré accumulé
au niveau des surfaces. Ce liquide est présent a cause du coupage (en petites quantités) et,
éventuellement, en raison des effets électroosmotiques ou des effets de changement de pression
(perte de turgescence) qui se produisent pendant I’application du traitement d'électroporation (une
plus grande mesure). N’avaient pas les surfaces été séchées, le jus sur la surface provoquerait une
augmentation immédiate de la concentration en sucre dans la solution au début de I'expérience de
diffusion, ce qui entraine une cinétique également connu sous le nom « étape de lavage » du
processus (voir section 2.2.3.3 de la revue de la littérature). Cet effet n’est pas capturée par le
modele ni facile a soustraire du cinétiques enregistrées en raison de la différence de concentration
de sucre dans le jus et la quantité de ce liquide de surface qui varie entre les échantillons. Les
échantillons de surface séchés ont été placés dans un ballon équipé d'un agitateur magnéetique. Ce
mélange d'échantillon liquide a été constamment agité et échantillonné a intervalles réguliers; la
concentration des solides solubles totales (principalement le sucre) a été analysée avec un
réfractométre numérique (détails donnés dans la section 1.1.2.5 ci-dessous). Le rapport liquide-
solide était de 2:1 dans toutes les expériences.

La quantité mesurée par le réfractometre numérique est la concentration de sucre (pour étre
précis — la concentration de solides solubles totaux) en liquide et est affiché en unités degrés Brix
(°Bx), ou un degré Brix est de 1 gramme de saccharose dans 100 grammes de solution et représente
la concentration de la solution sous forme de pourcentage en poids (% p/p). La teneur initiale en
sucre de la solution aqueuse °Bxo est connu et normalement égale a zéro, et durant I’expérience,
la teneur actuel en sucre °Bx(t) est mesurée. Mesures connectés tracent la courbe de la cinéetique
d'extraction, et la concentration finale de sucre °Bxgq peut étre déterminée séparément.
Théoriquement, °Bxq est la concentration des solutés totaux en solution dans des conditions idéales
de tissu completement perméabilisée et apres un temps infini de la diffusion. Dans la pratique, il
peut facilement &tre obtenu en mesurant la concentration des solutés dans le fruit pur / jus de racine,
et la mise a I'échelle de mesures en fonction du rapport massique liquide / jus (également connu
comme étant le rapport solide-liquide). Puisque les concentrations initiales ainsi que maximales
sont connus, le degré Brix normalisé au temps t — c’est-a-dire B(t), peut étre exprimé et calculé

comme



B(t) = °Bx(t) - °BXx,
°Bx, —°BX,

Brix normalisé est utilisé dans les travaux décrits dans le présent mémoire en tant qu’une
mesure de la quantité de soluté (par exemple sucre) qui a diffusé hors de I'échantillon de tissu a
partir de l'instant to jusqu’a l'instant t. Elle prend des valeurs de l'intervalle 0 < B(t) < 1, et est sans
dimension. Elle peut étre calculée selon I'équation donnée ci-dessus a partir des mesures obtenues
avec le réfractometre. La représentation schématique de I'expérience de diffusion est donnée par

la Figure 1.2.
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Figure 1.2: Représentation schématique de la configuration d’expérience de diffusion - le

traitement d'électroporation (a gauche) et I'étape de diffusion ultérieure (a droite).

1.1.2.2 Lesessais de pressage

Comme dans les expériences de diffusion, des échantillons cylindriques de betterave a sucre et
de pomme ont été utilisés, 25 mm de diameétre et de 5 mm d'épaisseur. Les échantillons ont été
placés entre deux électrodes a plaques paralléles en acier inoxydable, et des impulsions
d'électroporation ont été appliquées en utilisant trois protocoles différents (voir la Figure 1.4).
Protocole A: On a fait varier la tension, a l'aide de 150 V, 200 V, 300 V, 350 V ou 400 V appliquée
aux électrodes. Impulsions de polarité alternée ont été livrés en deux trains de 8 impulsions par
train, avec une fréquence de répétition de 1 kHz dans le train, 1 seconde de pause entre les deux

trains, et 100 us durée de chaque impulsion. Protocole B: La tension a été modifiée de méme



maniere que dans le protocole A, cependant, seulement deux impulsions unipolaires ont été livrés
de 800 ms chacune, et avec un temps de retard de 1 s entre les deux impulsions. Protocole C: La
tension a été modifiée que dans le protocole A et B, sauf que 8 impulsions monopolaires (de méme
polarité) ont été livrés, 100 us de durée a chaque seconde (c’est-a-dire la fréquence de répétition
des impulsions était de 1 Hz). Ce protocole est aussi connu comme I'un des protocoles standards
pour I'électrochimiothérapie. Notez que le t; — temps de traitement total (produit de la durée d'une
impulsion t,, nombre d'impulsions np, et le nombre de trains ni) — calculé a partir du protocole de
I’électroporation, était le méme pour les protocoles A et B (t; = 1,6 ms), et était inférieur de 50%
dans le cas du protocole C (t: = 0,8 ms) par rapport aux deux autres protocoles. L'énergie délivrée
dans la configuration calculée sur la base du courant électrique mesuré a variée entre 6 J/kg
(minimum atteint pour la betterave a sucre, le protocole C, a 150 V) et 250 J/kg (maximum atteint
pour les pommes, Protocole B, a 400 V). En termes de distribution d'énergie et la durée du
traitement, ces protocoles de traitement ne sont généralement pas rencontrés dans le domaine de
la transformation des aliments, ou les énergies de I'ordre de plusieurs kJ/kg sont généralement
livrées aux tissus. L'énergie total maximum délivrée de I'ordre de 0,25 kJ/kg entraine, dans le pire
des cas et ne prenant pas en compte de toute dissipation de la chaleur par l'intermédiaire
d'électrodes ou surfaces de la chambre de traitement, une augmentation négligeable de la
température d’échantillon inférieure a 0,1 K. Cette estimation est fondée sur la capacité thermique
des tissus de pomme, et de I'énergie maximale connue qui a été livré. Les raisons et les
conséquences de ce choix particulier du traitement de faible intensité, ¢a veut dire des protocoles
de traitement « douces », sont données et discutées dans la section « Résultats et discussion » du
Article 111 et Article V.

Dans tous les cas, quel que soit le protocole d'électroporation, le traitement électrique est suivi
par le pressage. Echantillons traités par 1’électroporation ont été immédiatement placés dans une
chambre de traitement spécialement fabriqué et soumis a une charge de 300 N — c’est-a-dire
d’environ 580 kPa (betterave a sucre), ou 150 N — environ 290 kPa (pomme), en utilisant un
texturometre (analyseur de texture, détails dans la section 1.1.2.5). Le déplacement du piston a été
enregistré par le texturomeétre sous pression (force) constante lors de I'application d'une heure.

Le déplacement du piston est égal a la déformation de I'échantillon le long de l'axe de
I'application de pression. Cette déformation d’échantillon est théoriquement liée a la perte de
pression du liquide dans le tissu par le premier modéle présenté dans 1’ Article 111. Cela permet la
comparaison des résultats expérimentaux et modeles. La représentation schématique de

I'expérience de pressage est donnée par la Figure 1.3.
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Figure 1.3: Représentation schématique de l'installation de I'expérience de pressage —

traitement d'électroporation (a gauche) et I'étape suivante de pressage (a droite).

1.1.2.3 Les protocoles de traitement utilisés

Trois protocoles de traitement d'électroporation différents ont été utilisés pour obtenir les
résultats présentes dans les articles 11-IV. Les protocoles sont précisés en détail dans 1’ Article 1V,
section 2.3, et illustrés au moyen d'une figure donnée dans 1’ Article 1V, Figure 3.2 (reproduite ci-
dessous comme la Figure 1.4 pour référence). Trois protocoles de traitement différents ont été
utilisés dans le but d'examiner s’il y a une différence détectable dans la fagon dont les différents
protocoles de traitement influencent la formation et I'évolution des pores dans les membranes
cellulaires, ce qui pourrait se refléter dans la cinétique de la consolidation du tissu, et ensuite

modélisé par le modele a double porosité. Résultats de la comparaison sont donnés dans la section

appropriée de I’ Article V.
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Figure 1.4: Une représentation graphique des trois protocoles d’application d’impulsions:
Protocole A (), protocole B (b), et le protocole C (c). Des durées d'impulsions et les distances
sont a I'échelle, sauf si désigné autrement — le signe « // » indique une discontinuité dans I'axe

(c’est-a-dire qu’il y a une pause d’une seconde entre tous les deux impulsions entre lesquelles la

discontinuité est indiqué).

1.1.2.4 Générateurs

Pour réaliser les expériences rapportées ou mentionnés dans cette mémoire, trois générateurs
différents ont été utilisés pour provoquer I'électroporation dans le tissu traité; deux générateurs a
I'échelle laboratoire et un a 1’échelle pilote industriel. Toutefois, un seul générateur a été utilisé
pour obtenir les résultats présentés dans les articles I1-1V qui constituent le corps principal du
travail rapporté dans cette mémoire. Le générateur utilisé pour traiter la betterave a sucre et tissu
de pommes utilisé dans les expériences de validation pour le modéle a double porosité a été
fabriqué par le Service Electronique de I'Université de Technologie de Compiegne (UTC). Il est
capable de délivrer une tension maximale de 400 V et son courant maximal est de 38 A. Le
génerateur produit des impulsions exclusivement bipolaires de forme quasi-rectangulaire (temps

de montée / descente de I'ordre de quelques ps).
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Les deux autres générateurs ont été utilisés dans les travaux ultérieurs sur la relaxation de
turgescence et 1’effet d’électroosmose qui sont brievement référé dans le dernier chapitre de cette
mémoire. Les deux produisent des impulsions exclusivement unipolaires, et sont capables de
délivrer des impulsions électriques rectangulaires a des tensions supérieures a 400 V. Comme il
est souhaitable que des tensions supérieures a 400 V sont appliquées dans des expériences de
relaxation de turgescence (pour des intensités de champ électrique plus €levés), et des impulsions
unipolaires résultent en courant monodirectionnel et il est considéré comme nécessaire de
désassocier les effets de I'électroosmose et les autres, la tension de 400 V maximale de générateur
d'impulsions bipolaires ne convenait pas a ces deux séries d'expériences. Parce qu’aucune
discussion détaillée n’est pas donnée sur la perte de turgescence et les expériences d’électroosmose
et leurs résultats dans cette mémoire, les specifications des deux générateurs d'impulsions

unipolaires sont hors de portée de la these et sont par conséquent omis de cette section.

1.1.25 D’autres équipements

Afin d'obtenir la cinétique d'expression, une pression faible constante a été appliquée a des
échantillons de tissus en utilisant un texturometre (un analyseur de texture) de haute précision,
fabriqué par Stable Micro Systems, modéle « TA.XT plus ». La force maximale laquelle cet
analyseur de texture peut exercer sur un échantillon est de 50 kg (500 N), avec une résolution de
1 N. Le texturomeétre a été utilisé dans le mode de fonctionnement a force constante, ce qui signifie
qu'une force choisie a été appliquée sur les échantillons du tissu par le piston du texturomeétre pour
une période de temps spécifié et le déplacement a été mesuré et enregistré a haute résolution de
0,001 mm avec une précision de + 0,001 mm.

Afin de mesurer la concentration totale de solutés solubles dans les expériences avec la
betterave a sucre et tissu de pomme, deux réfractometres numériques ont été utilisés. Les résultats
rapportés dans I’Article Il ont été obtenus en utilisant le réfractométre numérique ATAGO PR-
32a (alpha), et les nouveaux résultats rapportés dans 1’Article IV avec 1'aide de réfractometre
numérique ATAGO PR-101a (alpha). Tous les deux ont une résolution de 0,1 % Brix, ainsi qu’une
précision de mesure de 0,1 % Brix, cependant la plage de mesure du modéle PR-32a est de 0,0 %
Brix & 32,0 % Brix, tandis que pour le modéle de PR-101a l'intervalle respectif est de 0,0 % Brix
a 45,0 % Brix. Les deux réfractometres ont éte étalonnés avant I'utilisation par I'eau distillée et une

solution de reférence (mélangé sur place) de saccharose et de I'eau distillée.
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1.1.3 Résultats et discussion

1.1.3.1 Le modeéle a double porosité

Le modele a double porosite tel que est présenté dans cette mémoire a des analogies avec les
modéles développés dans la mécanique des roches pour les relations de I'eau dans les sols et les
roches fracturées, ainsi que les modeéles de la thermodynamique de non-équilibre. Pour une revue
de la littérature et des informations plus amples, voir la section 2.2.4.2 et sections d'introduction
dans les articles Il - 1V.

L'idée de base derriére la construction du modéle a double porosité suit a partir de la nécessité
d’associer les effets d'électroporation sur les membranes cellulaires avec soit flux de diffusion dans
le tissu ou le comportement filtration-consolidation (¢a veut dire 1’expression liquide) du tissu.
Pour modéliser les effets de I'électroporation dans un modéle de transport de la matiére dans les
tissus, il faut d'abord introduire un nouveau niveau de complexité dans le concept d'un bloc de
matériau de I'échantillon. Nous suivons la théorie développée pour I'écoulement de liquide dans
les matériaux poreux tels que les sols et les roches fracturées, ou le concept de médias de porosité

multiples a été intensivement étudié.
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Figure 1.5: Une représentation schématique (simplifiée) de tissu végétal avec des phases
identifiés: (a) I'extracellulaire; et (b) I’intracellulaire.

Tissu biologique, si on le compare a une suspension simple (des solutés, des cellules, etc.), est
morphologiquement plus complexe et ne peut pas étre représenté comme matériau homogéne et
non plus comme comprenant que des solides et des liquides (voir la Figure 1.5); plut6t, il est
constitué d'au minimum deux phases ou deux espaces — I’espace intracellulaire et 1’espace
extracellulaire. Chacune de ces espaces est ensuite composée de solides et de liquide contenant le
soluté. L'interface qui sépare les deux phases est la membrane cellulaire semi-perméable, la
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perméabilité de laquelle est une fonction du traitement de I'électroporation. Ce concept de base est
commun au probléme de diffusion ainsi qu’au probléme de consolidation car il concerne la
modélisation d'une propriété inhérente de la structure du matériau cible. Cependant, lorsqu’on
commence a discuter le transport de la matiére, les principes fondamentaux commencent a différer
et il est nécessaire de prendre des approches différentes (méme s’clles sont mathématiquement

similaires ou bien équivalentes).

1.1.3.2 Le modéle a double porosité pour le probleme de diffusion

Les équations fondamentales du modele pour la concentration dans 1’espace extracellulaire et

intracellulaire sont, respectivement,

ace(z.t) o %(zt) 1-g, . _
p” Ds.c p- k-[ci(z,t)—ce(z,1)]=0 (1.1.1)
%H«[ci (z,)—Ce(z,1)]=0 (1.1.2)

ou Ce et ¢j sont des concentrations de soluté extracellulaires et intracellulaires, respectivement, Dse
est le coefficient de diffusion intrinséque du soluté espece s dans l'espace extracellulaire, ¢ est la
porosité du tissu (la fraction du volume extracellulaire, soit ¢ = 1 —F, ou F est la fraction volumique

de cellules), et k est le coefficient d'écoulement transmembranaire défini par éq. 1.1.14.

I'axe z
(axe principal de la diffusion)

condition a la limite
de la surface supérieure

échantillon cylindrique

condition a la limite de la
surface inférieure

(égal a CL supérieure)

Figure 1.6: Une représentation schématique d’un eéchantillon de tissu utilisé dans les expériences
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de diffusion — la géométrie du modele, le systéme de coordonnées et les conditions aux limites
(CL).

Pour déterminer les conditions aux limites, il faut examiner la représentation schématique d'un
échantillon de tissu qui est I’objet de modélisation (reportez-vous a la configuration des
expeériences de diffusion comme le montre la Figure 1.2). Car on a seulement besoin de modéliser

la moitié d’un échantillon de tissu cylindrique, les conditions aux limites sont les suivantes

¢ ()], ), =0 (1.1.3)

G ()], =Cioe™ (1.1.4)

wOF (1.1.5)
2 z=0

a® g (1.1.6)
2 z=0

Pour déterminer les conditions initiales, une répartition homogene de la concentration initiale
du soluté a travers l'échantillon est supposée. Les concentrations initiales ne sont pas
nécessairement égales dans l'espace extracellulaire et intracellulaire, ce qui est une hypothése
valable pour le tissu intact ou mal perméabilisé ou soluté reste intracellulaire. Constantes Ceo et Cio
sont definis comme
C.(z,0) =cyg (1.1.7)
ci(z,0)=c¢ (1.1.8)

La solution du systeme d'équations aux dérivées partielles (ég. 1.1.1-1.1.2) pour les conditions

aux limites et les conditions initiales (ég. 1.1.3-1.1.8) est

n
Co(2, t)—4c'02 Y cos(2nz)| Cp i€ Ind 4q +Cp 087" 2 g1, (1.1.9)
n+1 ‘ k k
4cio & (1)
¢i(z,t)=—102 Z o708 ﬁ,nz)(Cnlle“lt +Cp 08" —e‘kt)+cioe‘kt, (1.1.10)
T
ou
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((;eo_lj k ~7n,2
Cpy =20 (1.1.11)

Yn1~7n2
[1_%0jk+7n,1
Cpp =10 . (1.1.12)
Yn1 = 7n2
et
B 2 2 V¥ g 2
((+Dk+ 2)2Dg ) #[((5+ Dk + 2Dy )~ 4k 27D
T, = , (1.1.13)

2
ou, pour simplifier I'algebre, on a mis 6 = (1 — ¢)/e. Les valeurs propres A, sont égales a An = (2n+1)
/.

Le coefficient d'écoulement transmembranaire (aussi appelé le coefficient de transfert de la
matiere) k est le constituant essentiel du modéle qui décrit I'électroporation de la membrane
cellulaire. Si les cellules peuvent étre modélisés comme des spheres parfaites de rayon R et de la
membrane d’épaisseur dm, Dso est la constante de diffusion du soluté dans I'eau a une
température donnée, ys est le coefficient d'empéchement de diffusion a travers les pores et f, est
la fraction de surface des pores stables (f, = Np-Ap/Ao, 0U Np est le nombre de pores par cellule, Ap
la zone de pores moyenne unique et Ao la zone de la cellule égalant 41R?), on peut exprimer et
déterminer k comme
(= 3s0¥s Ty (1.1.14)

d,R

L'électroporation affecte la fraction de surface des pores f, ainsi que le coefficient

d'empéchement ys, en supposant que le rayon moyen d’un pore stable est dépendant de parametres

de traitement. Pour plus de détails sur les coefficients k et ys, voir 1’ Article I1.

1.1.3.3 Le modéle a double porosité pour le probleme de filtration-consolidation sous la

pression extérieure

Il y a une analogie évidente de point de vue de la mathématique et physique entre la loi de
diffusion de Fick et de la loi de Darcy d'écoulement du liquide dans les milieux poreux. Le modéle
a double porositée donnée par ég. 1.1.1-1.1.2 peut donc également étre éecrit pour décrire le
comportement de filtration-consolidation du tissu sous la pression appliquée. La formulation du
modele reste la méme, sauf pour certains remplacements, omissions, et quelques détails mineurs a

changer. A savoir, le coefficient de diffusion Ds, est remplacé par la perméabilité hydraulique ke
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du tissu divise par la viscosité u, c¢’est-a-dire par ke/u, et le coefficient de transport de la matiére k
est remplacé par le coefficient de proportionnalité o divisé par la viscosité u, c’est-a-dire par a/u.
La porosité initiale ¢ du tissu est déja pris en compte par la perméabilité ke et le module de
compressibilité G qui ne sont pas des parametres intrinseque, mais plutét des quantités moyennes
en volume entier de 1’échantillon du tissu, et il est donc possible d’omettre le facteur (1 — &)/e.
Enfin, les gradients de concentration sont remplacées, comme les forces d'entrainement des
processus de transport, par les gradients de pression de liquide, et donc les concentrations ce et Ci
sont remplacés par des pressions de liquide pe et pi, respectivement. En conséquence, comme
analogues aux équations de diffusion fondamentaux du modele (éq 1.1.1-1.1.2.), on obtient les

équations suivantes

L%_ﬁ(k_e%j_ﬂ(pi_pe):o (1.1.15)
Goe Ot Oz\poz) u

1 8p, (24

s B 1.1.16
5 (e (1.1.16)

Ces équations sont, méme comme dans le probleme de la diffusion, dérivée de la loi de
conservation de la matiere. Cependant, par opposition a la concentration du soluté, qui est a la fois
la quantité mesurée et la quantité observé ainsi que (par I'intermédiaire de son gradient) la force
originaire du flux de soluté par la diffusion, la pression du liquide, si une force motrice, n’est pas
elle-méme un objet de la loi de conservation de la matiére. Elle doit étre liée a la densité conservée
et, par conséquent, la porosité des espaces respectifs par les modules de compressibilité. Le module
d’élasticité ou de compressibilité est traditionnellement défini comme une variation relative de
volume en réponse a un changement de pression donnée. Si le rapport de vide e désigne le rapport
entre le vide (liquide) et une phase solide au sein de I'espace intra- ou extracellulaire, des modules
de compressibilité peuvent étre déterminées a partir des équations

%__8pe_ aee _iape
ot &t opes G, ot

(1.1.17)

%:_%.%:é% (1.1.18)

Les modules de compressibilité Ge et G; concernent le changement de rapport de vide avec la
perte de pression du liquide. Dans les expériences, le déplacement du piston est mesurée, et par le
déplacement, la déformation de I'échantillon de tissu. La déformation mesurée est plus étroitement
liée a la porosité & (rapport de vide total du volume) plutét qu’au rapport de vide e. Pour cette
raison, les modules de compressibilité ont été redéfinies via la porosité moyenne de chaque espace,

de sorte que
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Gpe =Ge (1+8,) (1.1.19)

G,i =Gi(1+8) (1.1.20)

Notez que dans toutes les équations sauf éqg. 1.1.19-1.1.20, la notation des valeurs moyennes a
été omise. Cette définition rend des estimations initiales pour les modules faciles a obtenir a partir
de points de la déformation totale ou finale atteint dans les expériences. Cependant, il y a un
compromis. Le rapport de vide moyenne, une fonction a la fois de I'espace et du temps, et qu’on
suppose soit constante, rétrécit I'applicabilité générale du modele. 1l est maintenant valide pour un
segment particulier de I'espace des parameétres qui exige le déplacement du piston soit faible par
rapport a I'épaisseur de la totalité de I'échantillon. Cette condition est remplie si le tissu n’est pas
gravement endommagé par le traitement appliqué, quelque chose a garder a I'esprit au moment
d'interpréter les résultats des modeles. Une approche plus générale en omettant ces simplifications

est tres exigeante en termes mathématiques et difficile en termes du traitement analytique.

condition a la limite

I'axe z
de la surface supérieure (axe principal d'application
(imperméable) de la pression)

échantillon cylindrique

I'axe y

condition a la limite de la
surface inférieure (perméable, poreux)

I'axe x

n.b.: pas de plan de symétrie au milieu

Figure 1.7: Une représentation schématique d’un échantillon de tissu utilisé dans les expériences
du pressage — la géométrie du modéle, le systeme de coordonnées et les conditions aux limites
(CL).

Pour résoudre le systeme d'éqg. 1.1.15-1.1.16, les conditions aux limites et conditions initiales

appropriées sont nécessaires. Les conditions initiales peuvent étre réécrites a partir des éq. 1.1.7—
1.1.8 par un remplacement simple de la concentration avec la pression du liquide, on obtient
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Pe(2,0) = pgo (1.1.21)
Pi (z,0) = pio (1.1.22)

Dautre part, les conditions aux limites sont un peu différentes, car il n'y a pas de plan central
de symeétrie dans la section médiane de I'échantillon de tissu (voir la Figure 1.7). Au lieu de cela,
il y a une limite de non-flux a la surface de contact du échantillon—piston, exigeant que

ape _ api

- e} I (1.1.23)
oz |,., Oz

z=h

et la libre circulation de liquide a la surface de contact de 1’échantillon—support poreux
Pel,o =0 (1.1.24)

tandis que le calcul de condition limite de la pression liquide intracellulaire sur cette surface suit

la méme logique que pour le probleme de la diffusion, donnant

aG, ;
_ 2\ ¢

pi|Z:0 = Pt “ (1.1.25)

La solution des éqg. 1.1.15-1.1.16 sous conditions initiales et aux limites éqg. 1.1.21-1.1.25 est
analogue a celle pour le probleme de diffusion, avec les seules exceptions de sinus remplacer le
cosinus dans la série de Fourier et de modifications mineures aux valeurs propres en raison des

différentes conditions aux limites, produisant

4pip — 1 t t\ . ((2n+D)7x
z,t)=—10 —( +1)Ce ™t + +1)C,e’? )sm[—z) 1.1.26
Pe(z,1) i r§)2n+1 (7n,17 )1 (7n,27 ) 2 2h ( )
4pp = 1 t t 4\ ((@n+D)7x ol
(z,t)=—12 (C e/ +CeM"2 —e7" )sm(—z +pige”” 1.1.27
p|( ) ju §2n+1 1 2 2h Pio ( )
ou
[I;:O_J-Jr_l_?/n,Z
C, - 'Oy - (1.1.28)
nl~ /n2
[1 peO]T 1"'7/n1
C, = ;'0 . (1.1.29)
nl n,2
et

(o4 2 v) 2 \/(r_15+ﬂn2v>2 —a vt
2

Pour simplifier I'algebre, les remplacements suivants ont été réalisés

Yoy = (1.1.30)
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k.G G, G
R 5:(1+ G‘”J (1.1.31)

et les valeurs propres i, sont égales a An = (2n+1) -n/2h.
Une fois que des pressions de liquide sont connues, éqg. 1.1.17-1.1.20 peut étre utilisées pour
calculer la déformation de I'échantillon. S’y on utilise les déformations sans dimension s(t)

normalisées par rapport a la hauteur de I'échantillon initial, la formule est

g(t)_S (t)__j J‘pe(ZO) D, -d __[ IP.(ZO) b -d (1.1.32)

Pe(z.t) pi(z.t)

Le parameétre restant dans le besoin de quelques explications est le facteur sans dimension a,
qui représente l'influence du traitement d'électroporation sur la perméabilité hydraulique de la
membrane cellulaire. Selon la théorie présentée dans 1’Article |11, pour une cellule sphérique de
rayon R, avec une fraction de surface de pores stable f, consistant en Ny pores d'un rayon moyenne
Ip, il peut étre écrit sous la forme

_9fyry

~ 8R?
ou kp = rp?/8 est la perméabilité hydraulique d'un seul pore.

(1.1.33)

1.1.3.4 Validation du modéle et une démonstration de son application

Les matériels et méthodes, sections 1.1.2.1 — 1.1.2.3, décrivent les expériences de la diffusion
et du pressage qui ont été menées pour tester et valider le modéle a double porosité. Cette section
donne des rapports sur les résultats de ces expériences (des cinétiques mesurées) et une
comparaison des mesures avec les cinétiques simulées obtenues en utilisant le modele a double
porosité. Les résultats combinés sont représentés graphiquement a la Figure 1.8 ci-dessous et
brievement discuté. Les résultats reproduits ici ont été obtenues exclusivement par I'application du
traitement électrique selon le protocole de traitement A des échantillons de tissus. Le lecteur
intéresse est référée a la section « Résultats et discussion », a voir la Figure 10 de 1’ Article IV pour
plus de résultats avec d'autres protocoles de traitement.
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Figure 1.8: Résultats des expériences de diffusion (a — b) et de pressage (c — d) effectuées selon
la méthodologie expérimentale décrite, et les cinétiques d'extraction obtenues par des simulations
du modele avec les tissus de la betterave a sucre (a, c) et de la pomme (b, d).

Comme la Figure 1.8 le montre, le modéle a double porosité est capable de modéliser les
cinétiques obtenues expérimentalement avec une grande précision. Etant donné un ensemble varié
et large de réponses a I'électroporation et I'extraction ultérieure de soluté ou de jus, les parametres
du modéle peuvent étre ajustés en conséquence pour obtenir une bonne correspondance entre les
simulations et les expérimentations. Néanmoins, plusieurs questions peuvent étre soulevées lors
de I'examen des valeurs des paramétres qui ont été émis par la procédure d'optimisation de
simulation utilisé pour trouver leurs valeurs optimales. Les valeurs de ces paramétres semblent
indiquer que la fraction de surface de pores n’est pas le seul paramétre important, et d'autres
paramétres doivent impérativement faire varier pour obtenir un bon ajustement du modele aux
cinétiques expérimentales. Ce doit étre mis en conformité avec la théorie de I'électroporation, ou

le modele doit encore étre améliorée et sa sensibilité aux différents parameétres évaluée
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indépendamment pour chaque parametre. 1l serait également souhaitable de réduire le nombre de
degrés de liberté qui sont représentés par le grand nombre de parametres qui influencent la
cinétique finale de la méme maniere, ¢a veut dire ils présentent une tendance commune. Le lecteur
est invité a ce point de se référer a la section « Résultats et discussion » de 1’ Article 1V pour une
discussion tres détaillée des résultats reproduit ici dans la Figure 1.8, et une critique
d'accompagnement plus rigoureuse sur les points forts de modele et ses rétractions.

La figure suivante (Figure 1.9) illustre I'idée fondamentale et principale du modele a double
porosité. Cette représentation est présenté ensemble avec les résultats de la Figure 1.8, car elle
donne les profils de pression de liquide dans la phase intra- et extracellulaire, tels que ceux qui ont
ensuite été intégrés pour obtenir la cinétique de I'expression du liquide, comme présentée sur la
Figure 1.8 (c — d). Cette figure démontre clairement I'effet de retard de chute de pression (ou la
concentration dans le probleme de diffusion) intracellulaire en raison de la perméabilité de la
membrane qui est inférieur par rapport a la perméabilité de la phase extracellulaire.

- e
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. - =] . .
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- 1
- =
5 e
613(1() -------- tso T— . B -
________________ t=8sF
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= 3% _ —— — F oo e e o e e mm o e e e s e e . —
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coordonnée matériellew (m) x10 : coordonnée matérielle w (m) x10
support piston support piston
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Figure 1.9: Les profils de pression le long de la coupe transversale de I'échantillon de tissu pour
différents moments de I'expérience simulée. Notez que sur I'abscisse les coordonnées matérielles
sont utilisées car ces profils simulés de pression ont été obtenus en utilisant un modéle a double
porosité amélioré, plus complexe et résolu numeriquement pour le probleme de
filtration/consolidation du tissu traité par 1’électroporation. Ce modele n’est pas élaboré dans

cette thése (manuscrit sous rédaction).
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1.1.3.5 Relations thermiques dans le tissu — analyse par le modele a double porosité et les
relations entre la distribution de température et le transfert de la matiére

Par analogie de la loi de la diffusion de Fick et la loi de Darcy pour I'écoulement de liquide, le
modele a double porosité de diffusion a été traduit au probléme de filtration-consolidation d'un
tissu biologique lors du pressage (comparer I’ Article Il et 1’ Article I11, ou se référer a I’ Article 1V).
Par une analogie physiquement et mathématiquement équivalente de la loi de Fourier de transfert
de la chaleur, et en utilisant les relations de base de la thermodynamique de non-équilibre, on peut
postuler qu'un modele a double porosité peut étre écrit aussi pour décrire les relations thermiques
dans les tissus biologiques, ce qui devrait, en principe, étre applicable si le tissu est traité par
1’électroporation ou non.

Les equations du modele thermique pour le cas de flux thermique le long d'un axe principal,
dans l'espace extracellulaire et intracellulaire sont, respectivement
oT, ko 07T, f,h,

a pCy o2° - Jolo

(T,-T.)=0 (1.1.34)

2
ai Kk 5T2i+ h (T,-T,)=0 (1.1.35)
ot pc, o= pCy

Dans 1’ég. 1.1.34, le nouveau paramétre — le rapport volumétrique f, — est un facteur
multiplicatif qui représente le déséquilibre de la distribution volumétrique de l'espace (intra- et
extracellulaire) et est égal a F/(1 — F). D'autres quantités sont les suivantes: Te et Ti sont la
température extracellulaire et intracellulaire en [K], respectivement; ke et ki sont les conductivités
thermiques dans 1’espace extracellulaire et intracellulaire en [W/(m.K)], respectivement; z est la
coordonnée d’espace et t celle du temps; ¢ est la capacité thermique de tissu [J/(kg.K)]; p la densité
de tissu [kg / m3]; hy est le coefficient de transfert de chaleur volumétrique en [W/(m3.K)]. Le
coefficient hy reflete la conductivité thermique de la membrane plasmique et la géométrie
particuliere d'interface d’échange de chaleur, et une dépendance spatio-temporelle de ce paramétre
en fonction de I'électroporation peut étre postulée pour maintenir une généralité compléte du
modele a ce stade. Si une telle dépendance existe ou non doit étre théoriquement et
expérimentalement évalué.

Une remarque sur la différence entre les équations 1.1.34 ou 1.1.35 et les équations
correspondantes pour le probleme de la diffusion/du pressage. Dans les deux cas, ceux de la
diffusion ainsi que dans la version du modéle a double porosité pour 1’étude de la consolidation-
filtration sous pression, la porosité intracellulaire et les gradients de la concentration ou de pression
associés ont été négligés, ce qui simplifie I'équation de I'espace intracellulaire. Cette simplification

a éte basée sur I'nypothese que le facteur limitant dans le transport de solutés ou de I'écoulement
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du liquide est la perméabilite limitée de la membrane cellulaire, qui a été supposé étre des ordres
de grandeur plus faible par rapport a la diffusivité ou de la perméabilité hydraulique correspondant
dans I'espace extracellulaire. Toutefois, le probleme thermique, si I'on compare les conductivités
thermiques de cytoplasme, de membrane de plasma et de liquide extracellulaire, elles ne sont pas
differentes dans des ordres de grandeur. Par consequent, une simplification en omettant le flux
thermique intracellulaire ne peut pas étre justifiée, et ce terme doit étre gardé dans I'équation, ce
qui complique substantiellement la solution analytique pour le cas général ou ke # ki, et seulement
une allusion est faite a la solution de ce type du probléme général dans I'annexe au chapitre 5.
Pour le cas moins général, ou ke = ki, il est possible de trouver facilement une solution analytique

pour Te et T;, égalant

4( fTo+Tey To-Teo —peyt | (<) A2
T(z,t)=—| v i0 " leo i e0 —AB(1+f,) AN Aot 1.1.36
i(2.t) ﬁ[ frl o f4l ¢ ,§)2n+1cos(ﬂ"‘z)e —
T (Z t)zi fvTiO +Te0 _ fV (TiO _TEO)e_:B(1+fv)t iﬂcos(ﬂnz)e_lﬂzm (1137)
e\ & T fv+1 fv+1 n:02ﬂ+l

ou a = kipcp et B = hvlpcy. Cette solution est également présentée au paragraphe 5.1.2 du chapitre
5 du mémoire de cette thése. Les simulations donnent, pour différentes valeurs du parametre hy (le
coefficient volumétrique de transfert de chaleur transmembranaire) et la géométrie du modéle
typique utilisée dans les études de transport de masse, résultats présentés dans la Figure 1.10. Notez
qu’en raison de 1’équivalence ke = ki, une perturbation initiale dans le systeme est nécessaire (faite
ici par la mise en Teo # Tio) afin de montrer une différence entre la température de I'espace intra-
et extracellulaire. 1l est évident d'apres ces résultats simulés que la valeur du paramétre hy doit se
situer entre 10* Wm=3K? et 10° Wm3K pour que la différence de température initiale puisse

produire une réponse non-instantanée du systeme sur I'échelle de temps de quelques secondes.
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est grand, I'échange de chaleur transmembranaire est trop rapide, et il n'y a aucune différence
détectable entre les profils de température intra- et extracellulaires. Cela confirme I'importance du
paramétre hy dans l'approche a double porosité et cette approche est montrée comme raisonnable
pour I'étude des relations thermiques dans les tissus en ordre du temps de quelques secondes. Une
analyse théorique sur I’estimation réaliste de paramétre hy pour le tissu modéle de pomme est
présentée dans la continuation du chapitre 5 (voir section/paragraphe 5.1.4).

Selon l'analyse présentée dans la section 5.1.4, le coefficient de transfert de chaleur
volumétrique hy est égal a

3k; 3-0.559

h=—"1= ~=8.385-10"
2R 2(100-10*6)

W
meK

: (1.1.38)

une estimation réaliste en vue que la conductivité thermique finie de le cytoplasme cellulaire et
celle de I’espace extracellulaire ont été pris en compte. Cependant, la valeur est encore plus grande
que la plus grande valeur utilisée dans des simulations a I'aide de la solution analytique (voir Figure
1.10). La conclusion qui peut étre tirée de cela, sur la base du comportement observé pour les
températures dans la Figure 1.10 pour les valeurs de hy supérieures a 108, est que tout gradient
thermique transmembranaire qui résulterait d’inhomogénéités du champ électrique local ou de sa
distribution actuelle, serait instantanément (c’est-a-dire sur une échelle de temps de moins qu’une
seconde) équilibrée en raison du transfert thermique rapide a travers la membrane.

Cette constatation ne doit pas conduire a la conclusion que le modele thermique a double
porosité est inutilement compliquée avec le terme source, car I'analyse est instructive, et toutes les
dérivations mathématiques présentées dans la section 5.1 peuvent étre utilisées pour faire
progresser I'état de connaissance des analogues du modele a double porosité sur le transport de la
matiere. En outre, la solution numérique, c’est-a-dire la solution qui permet que la conductivité
thermique intra- et extracellulaire soient différentes, pourrait encore étre pertinent pour I'étude des
relations thermiques dans les tissus, que ce soit traité par électroporation ou pas, si les conductivités
thermique de chaque phase/espace sont significativement différentes.

Le reste du chapitre 5 est consacré a I'étude des effets de la température sur les processus de
transport de la matiere par l'intermédiaire de parameétres dépendant de la température dans les
modeles de transport de la matiere, tels que le coefficient de diffusion et la viscosité. Solutions
numériques des modéles a double porosité de transport de la matiere par diffusion et pendant le
pressage ont été trouvés afin de tenir compte de I’effet de la température et de la dépendance
spatio-temporelle de ces coefficients de transport (Dso(T(z, t)) = Dso(z, t) and #(T(z, t)) = #(z, t))
dans I'étude de la cinétique de transport de la matiére. Les résultats d'une étude paramétrique sont

donnés sur la Figure 1.11 et semblent indiquer que, étant donné la température ambiante fixe de
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20 °C, méme une augmentation substantielle de la température des tissus initialement au début de
la diffusion ou de 1’étape de pressage ne conduit pas a une augmentation substantielle de la vitesse
de diffusion ou de I'expression du jus. Cela est di a une dissipation relativement rapide de la
chaleur du tissu dans le milieu environnant. Notez que ces résultats simulés ont été obtenus pour
des échantillons minces de 5 mm d'épaisseur et la supposition sur I'état de la température ambiante
restant constante est valable uniqguement dans des conditions spécifiques, telle que développée
dans le paragraphe/section 5.2.2. D'autres travaux pris en charge par la validation expérimentale
seront necessaires pour élucider ce sujet, cependant, ce qu'il est malheureusement hors de portée

de cette thése.
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01- 0.2

0.09 0.18¢
0.08- 016

0.07 - 0.14r

0.06- 0.12

T . =10°C
el
---T,=20°C
- TQU=30°C
| —T,=40°C
-=-=T,=50°C
-=T,=60°C
—T =70°C
el

005 T 01
[1a] ®

0.04 0.08

0.03- 0.06

0.02- 0.04|

0.01

0 20 40 60 80 100 120 0 20 40 60 80 100 120
t[s] t[s]

Figure 1.11: L'étude paramétrique pour les tissus traité par 1’électroporation avec les modéles a

double porosité de diffusion de soluté et pressage, illustrant I'effet de parametres de ces modeles

dépendant de la température (coefficient de diffusion, viscosité). Seul le coefficient de diffusion
et / ou la viscosité étaient variés afin d'obtenir des cinétiques différentes, et ceux-ci étaient

dépendants de I'augmentation de la température initiale (le paramétre varié).

1.1.4 Contributions a la science et conclusion

La contribution originale principale a la science de cette these est le modéle a double porosité
nouvellement développé pour I'étude des processus de transport de la matiere liés a
I’electroporation dans les tissus, plus specifiquement, de la diffusion de soluté et de la
consolidation du tissu ou la filtration (expression) du jus.

La thése démontre (voir les articles Il — IV) le modéle est capable de modéliser avec haute
précision les cinétiques d'extraction obtenus par diffusion ainsi que par les experiences de
pressage. Lors de la construction du modeéle, un paramétre de modele, la fraction de surface des

pores, a été identifié comme le paramétre le plus important qui est une fonction de paramétres de
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traitement d'électroporation — pour rappel, ce sont I'intensité locale du champ électrique, le nombre
d'impulsions, et la durée d'une impulsion. Une méthode d'analyse de I'estimation de I'importance
de ce parametre pour le transport transmembranaire a été développée, et couplée au flux diffusif
transmembranaire dans le probléme de la diffusion, ainsi qu’au flux du liquide transmembranaire
dans le probleme de I'écoulement de liquide lors de 1’étape de consolidation (pressage). Dans le
travail le plus récent qui est présenté dans cette these sur la validation des modeles, d'autres facteurs
importants ont été identifiés (surtout changements de perméabilité et de compressibilité des tissus
en raison de modifications structurelles) qui refletent la nature complexe des effets de champ
électrique sur la texture et le transport de la matiére dans le tissu traité par 1’électroporation.

Pour développer davantage le modele, les travaux futurs auront tres probablement besoin de se
concentrer sur I'évaluation et la description mathématique de I'influence d'autres effets importants,
pour arriver a un modeéle plus généralisé, dont la solution sera capable de prédire la cinétique
d'extraction en fonction des parametres de traitement et des caractéristiques des matériaux qui peut
étre obtenu soit a partir de la littérature ou estimés par des expériences indépendantes.

Les travaux préliminaires déja effectués au-dela de la portée de cette thése indiquent que des
mécanismes tels que la perte de pression de turgescence (applicable uniquement dans les tissus
comportant des parois cellulaires) ainsi que I’électro-osmose pourraient jouer un role important
dans le transport de la matiére et doivent étre évaluées indépendamment, puis incorporé dans le
modele a double porosité. Les progres récents dans les méthodes de détection et d'imagerie de la
force du champ électrique dans les tissus offrent de nouvelles possibilités intéressantes pour
coupler les modeéles de distribution de champ électrique avec des modeles d'évolution des pores et
le modele a double porosité. Le modéle résultant, un modele spatio-temporelle fortement couplé,
pourrait étre complété par I'ensemble d'équations de Nernst-Stokes pour électrodiffusion, tiendrait
compte des effets de I'électro-osmose, et représenterait une traduction bien nécessaire de
connaissances et de savoirs acquis au niveau de I'électroporation d’une seule cellule au niveau
beaucoup plus complexe tel que des tissus biologiques réels.

Néanmoins, l'auteur est convaincu que le modeéle a double porosité peut déja étre appliquée
avec succes pour évaluer I'efficacité du traitement par 1’électroporation par rapport au transport de
la matiere, qu'il peut étre utilisé pour I'optimisation des parameétres de traitement avec la prévision
des résultats du traitement, et que la poursuite de son développement permettra aider a comprendre
les phénomenes liés a transport de la matiére et propriétés texturales de matériel biologique traité

par I’électroporation.
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1.2 RazSirjeni povzetek v slovens¢ini

1.2.1 Uvod

Kot je bilo pokazano s poskusi na lipidnih dvoslojih, celicah in bioloskih tkivih, lahko
elektricno polje dovolj$ne jakosti povzroci znatno povecanje prevodnosti in prepustnosti lipidne
membrane. Ucinek je znan kot elektroporacija, elektropermeabilizacija, in ker je dosezen s
pomocjo izpostavitve elektricnim pulzom, tudi kot obdelava s pulzirajo¢im elektri¢ni poljem.
Elektroporacijo opisemo kot ustvarjanje vodnih poti, tako imenovanih por, v lipidnem dvosloju.

Glede na cas trajanja izpostavitve celice elektricnemu polju, lokalno porazdelitev elektricne
poljske jakosti (le ta je omejujoci dejavnik za najvecjo mozno dovedeno elektri¢no energijo, ki jo
potencialno lahko membrani preda zunanje elektricno polje), ter glede na hitrost in sposobnost
celjenja membrane, obstajajo trije mozni izidi apliciranja elektriénega polja. Ce je poljska jakost
premajhna in/ali ¢as izpostavljenosti premajhen, do elektroporacije ne pride, in propustnost celicne
membrane ter sposobnost preZivetja celice ostaneta nespremenjena. Ce elektri¢na poljska jakost
preseze prag, znan kot reverzibilni (tj. povratni) prag in je izpostavljenost celicne membrane polju
dovolj dolgo trajajoca, pride do tako imenovane reverzibilne elektroporacije; membrane je
permeabilizirana in ostane v stanju zviSane propustnosti za neko obdobje, a se po dolocenem casu
propustnost membrane zniZza na normalno v procesu celjenja celicne membrane. Tokom tega
procesa se pore v membrani zapro in celicha membrana vzpostavi normalno, tj. selektivno
propustnost, kar pa je mozno le, ¢e so pogoji v okolju ugodni za prezivetje in funkcioniranje celice.
Ce je poljska jakost ali koli¢ina dovedene energije prevelika, pride do ireverzibilne elektroporacije,
kar rezultira v izgubi celicne homeostaze (in morda tudi v popolnem razpadu plazma membrane),

kar efektivno povzroci celi¢no smrt.

E
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Slika 1.12: Razli¢ne opcije uporabe elektroporacije z moznimi izidi.
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Tako reverzibilna kot ireverzibilna elektroporacija sta nasli svoje mesto uporabe na podro¢jih
kot so biomedicine, predelava hrane, biotehnologija, in v okolijskih znanostih. V biomedicini se
reverzibilna elektroporacija uporablja za vnos citotoksi¢nih zdravil v tumorske celice v procesu
poznanem kot elektrokemoterapija, za vnos genov in transdermalni (tj. preko koze) vnos zdravil,
fuzijo celic, in za vnos proteinov v celicno membrano, medtem ko se ireverzibilna elektroporacije
uporablja kot metoda ablacije tkiva, vkljuéno z mehkimi tkivi pri zdravljenju raka.

Na podroc¢ju obdelavi ali predelavi hrane in biotehnologije, kaze elektroporacija obetavne
rezultate pri ekstrakciji sokov in drugih dragocenih snovi iz rastlinskih tkiv in mikroorganizmov
kot so mikroalge, pri dehidraciji tkiv, in ne-termiéni konzervaciji in sterilizaciji prek inaktivacije
mikrobov. Reverzibilna elektroporacija pa lahko pomaga pri ustvarjanju novih metod
krioprezervacije bioloskih tkiv in pri stimulaciji rastlinskega metabolizma. Med okolijskimi
aplikacijami najdemo predelavo odpadnih voda in proizvodnjo biogoriv, obe podrodji sta trenutno
predmet intenzivnih raziskav in razvoja kot obetavni aplikaciji elektroporacije.

Skozi celoten raznolik nabor raziskovalnih podro¢ij moznosti uporabe elektroporacije, je
pomemben cilj zmoZnost razumeti in ovrednotiti transport snovi v povezavi z elektroporacijo
bioloskih tkiv, saj pri vecini aplikacije elektroporacije skuSamo z njeno pomocjo najti nov ali
izboljsati obstoje¢ nacin, kako v celico ali vnesti snov (topljenca/-e ali raztopino), ali pa iz celice
pridobiti znotrajceli¢ne sokove ali druge snovi. Zmoznost popolnega razumevanja transportnih
procesov snovi ima pomembne posledice, na primer, za morebitno izboljsanje selektivnega
pridobivanja snovi iz rastlinskih celic, kar znizuje stroske poznejSe rafinerije, ali pa denimo za
izboljSanje vnosa zdravil v ciljna tkiva, kar rezultira v novih ali bolj ucinkovitih metodah
zdravljenja in spopadanja z boleznimi. Na podro¢ju okolijskih znanosti nam lahko elektroporacija
morda pomaga nasloviti trenutno perece okolijske izzive, kot je dostopnost Cistih virov energije.

Ceprav so elektroporacija in z njo povezani pojavi e naprej predmet intenzivnih raziskav, pa
ostaja pomanjkanje popolnih modelov, ki bi jih bilo mogoce uporabiti pri modeliranju transporta
snovi v kompleksnih strukturah kakr$na so bioloska tkiva, $e posebej v povezavi z elektroporacijo.
Ta dizertacija predstavlja poskus kreiranja teoreticnega matemati¢nega opisa, tj. modela, za
proucéevanje transporta snovi v elektroporiranem tkivu.

Ker v dolocenih primerih rabe elektroporacije ni mogoce zanemariti spremljajocih toplotnih
ucinkov oziroma pojavov v tkivu (pri nekaterih rabah elektroporacije je segrevanje povezano z
elektroporacijo celo ena poglavitnin komponent obdelave), dizertacija na kratko teoreti¢no
obravnava tudi vpliv termi¢nih razmer v tkivu na transport snovi. Predstavljen je toplotni analog
modelu dvojne poroznosti, ki opisuje prenos toplote v elektroporiranem tkivu, skupaj s

parametri¢no Studijo na modelih transporta snovi (difuzija in iztiskanje). Ta dva modela sta
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povezana z modelom prenosa in razporeditve toplote, ¢emur je posveéen krajsi del dizertacije,
katerega namen je predstaviti enega od moznih pristopov k ovrednotenju (s pomocjo preproste
racunalniske simulacije) uc¢inka dviga temperature v tkivu po elektroporaciji na transport snovi.
Podan model prenosa toplote v povezavi z modeli transporta snovi je delo v procesu razvoja, ki ga
je potrebno Se validirati.

Model je bil razvit na podlagi zakonov o ohranitvi mase in zakonitosti transporta snovi, ter
omogoca spojitev ucinkov elektroporacije na membrano posamezne celice z rezultirajo¢im
transportom prek membrane ter izvencelicnim transportom snovi. Prek poenostavitev je bila
poiskana tudi pouc¢na analiticna reSitev modela, kljub temu pa se model lahko razsiri z dodatnimi
funkcijskimi odvisnostmi, ki opredeljujejo pojave elektroporacije, in resi numeri¢no.

Dizertacija obsega pet objavljenih znanstvenih c¢lankov, ki zajemajo opis aplikacij
elektroporacije v industriji predelave hrane ter s tem umeséajo delo v §irsi kontekst podrocja,
postopek ustvarjanja modela za problem difuzije snovi v elektroporiranem tkivu, prevod problema
difuzije na matemati¢no-ekvivalenten problem iztiskanja sokov, validacijo modela, ter predloge

za mogoce prihodnje nadgradnje, razvoj, in posplositve modela.

1.2.2 Materiali in metode

To poglavje podaja podrobnosti le o fizikalnih materialih in metodah, ki so bili uporabljeni v
eksperimentin na dveh vzorénih tkivih z namenom validirati novo-razviti model dvojne
poroznosti. Model predstavlja glavni rezultat ter vecino predstavljenega dela opravljenega in
opisanega v tej dizertaciji, zato je njegov razvoj opisan v sledeCem poglavju skupaj z vsemi

teoreti¢nimi izpeljavami.

1.2.2.1 Difuzijski eksperimenti

Difuzijski eksperimenti, ki so opisani v ¢lankih IT in IV, so bili opravljeni po enakem protokolu.
Clanek I1I pa zadeva izkljuéno poskuse z iztiskanjem, zato na tem mestu opisana metodologija teh
poskusov ne zadeva (namesto tega, glej sledece poglavje 1.2.2.2).

Po protokolu za poskuse z difuzijo, so bili iz gomolja sladkorne pese ter sadeza jabolka (brez
koze) najprej pridobljeni (izrezani) 5 mm debeli cilindri¢ni koS¢ki tkiva. V nadaljevanju se na ti
dve vrsti tkiv sklicujemo kot na tkivo sladkorne pese in jabolka. Vsi vzorci so merili 25 mm v
premer. Vsak izmed vzorcev je bil najprej izpostavljen elektroporaciji prek aplikacije 150, 200,
300, ali 400 V napetosti na vzporednih jeklenih ploscatih elektrodah, ki sta bili fiksirani na razdaljo

5 mm druga od druge, z vzorcem tkiva med elektrodama. Namen taksne konfiguracije je v
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izpostavitvi tkiva elektricnim poljskim jakostim 300, 400, 600 in 800 V/cm (izraCunano po
priblizni formuli poljska jakost = napetost / razdalja med elektrodama, zato 5 mm razdalja med
elektrodama). Zelena poljska jakost ni bila dosezena homogeno v tkivu, saj tkivo ni elektriéno
homogen material (dielektricnost, prevodnost, idr.), poleg tega so elektrode kon¢nih dimenzij in
polje doseze maksimalno (ciljno) vrednost le v centralnem delu dovolj dale¢ od robov elektrod
(glej slike 1 in 5 v ¢lanku V za ilustracijo). Pravokotni pulzi izmenjujoce polaritete (glej Sliko 1.15
v poglavju 1.2.2.3) so bili aplicirani v dveh vlakih po 8 pulzov, kjer je bil vsak pulz dolg 100 ps,
s frekvenco ponavljanja pulzov 1 kHz. Dva taka vlaka sta bila dovedena z medsebojnim ¢asovnim
razmakom ene sekunde. Ta elektroporacijski protokol je poimenovan Protokol A. Pulzi so bili
dovedeni s pomocjo po meri narejenega pulznega generatorja z maksimalnim izhodnim tokom 38
A ter maksimalno dosegljivo napetostjo 400 V na elektrodah. Generator je bil izdelan oz. prirejen
v Service Electronique UTC, Compiegne, France (ve¢ o generatorju v poglavju 1.2.2.4).

Po elektroporaciji so bili vzorci tkiva odstranjeni iz obdelovalne komore, nato pa so bile
povrsine vzorcev za kratek ¢as v kontaktu z vpojnim papirjem, zato da so se osusile in je bil na ta
nacin s povrSine odstranjen sladek sok, ki se je pojavil na povrSini vzorcev po elektroporaciji. Ta
tekocina je prisotna na povrsini v doloceni manjsi meri zaradi rezanja vzorcev, predvsem (v vecji
meri) pa zaradi elektroosmotskih ter tla¢nih razmer v tkivu med in po elektroporaciji (izguba
turgorja). V kolikor povrsine vzorcev ne bi bile osusene, bi sok nabran na povrsini povzrocil
takojSen dvig koncentracije sladkorja v raztopini ze takoj na zacetku difuzijskega poskusa, kar bi
rezultiralo v izmerjeni kinetiki difuzije poznani kot »faza izpiranja« (glej poglavje 2.2.3.3 v
pregledu literature). Tega pojava model dvojne poroznosti ne zajema, in njegov doprinos k
izmerjeni koncentraciji je tezko odsteti od izmerjene kinetike zaradi razli¢ne vsebnosti sladkorja
ter koli¢ine tekoCine na povrsinah, ki se razlikujeta med posameznimi vzorci. Tako osuseni (le
povrsine) vzorci so bili dani v bucko skupaj z magnetnim mesalom ter destilirano vodo. Tako
pripravljena vzor¢na meSanica je bila konstantno meSana s pomoc¢jo magnetnega mesala na nizki
frekvenci vrtenja. Vzorci tekocine so bili odvzeti v vnaprej dolocenih intervalih, pri cemer je bila
z digitalnim analizatorjem koncentracije vodotopnih snovi — refraktometrom (podrobnosti v
poglavju 1.2.2.5 spodaj), izmerjena koncentracija vseh topnih snovi, med katerimi prevladujejo
sladkorji. Ves ¢as je bilo razmerje med teko¢ino ter skupnim volumnom vzorcev tkiva 2 proti 1, v
vseh poskusih z difuzijo.

Veli¢ina, katero meri digitalni refraktometer, je koncentracija sladkorja (natancneje —
koncentracija vseh vodotopnih snovi) v teko€ini, in je podana v enotah stopinje Brix-a (°Bx), kjer
je ena stopinja Brix-a enaka 1 gramu raztopljene saharoze v 100 gramih teko¢ine in predstavlja

koncentracijo snovi v raztopini kot razmerje v teZi topljenca proti raztopini. Zac¢etna koncentracija
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sladkorja v vodni raztopini °BXo je znana in obicajno enaka ni¢, med poskusom pa merimo
vsebnost 0z. koncentracijo sladkorja, s ¢emer dobimo funkcijsko odvisnost °Bx(t). Ta odvisnost
predstavlja ekstrakcijsko kinetiko (kinetiko izvlecenja) sladkorja iz vzorcnega tkiva. Konc¢no
koncentracijo sladkorja v raztopini oznaceno kot °Bxq lahko izmerimo posebe;j. Teoreti¢no je °Bxqd
koncentracija topljencev v raztopini v idealnih pogojih popolnoma permeabiliziranega tkiva in po
neskon¢no dolgem c¢asu za difuzijo. V praksi lahko °Bxgq ocenimo enostavno prek meritve
koncentracije topljencev (sladkorjev) v ¢istem sadnem soku oz. soku pridobljenem mehansko iz
gomolja. Nato je potrebno dobljeno koncentracijo v soku le sorazmerno povecati ali zmanjSati
glede na v poskusih uporabljeno razmerje med masnim delezem tkiva ter raztopine (vode). Ker sta
zaCetna ter koncna ali maksimalna koncentracija znani, lahko vpeljemo tako imenovano
normalizirano stopnjo Brix-a v ¢asu t, tj. B(t), ki jo lahko izrazimo in izracunamo po formuli

Normalizirana stopnja Brix-a B se uporablja v vseh delih predstavljenih v tej dizertaciji, Ki
zadevajo difuzijske poskuse. B se uporablja kot mera za mnozino topljenca (tj. sladkorja), ki je
difundiral iz vzorcev tkiva od ¢asa to do t. Vrednosti B so vedno z intervala 0 < B(t) < 1, in mera
je brez enot. RaCunamo jo po zgornji enacbi iz izmerjenih vrednosti z refraktometrom ob znanih

°BXq ter °Bxo. Shemati¢na ilustracija difuzijskih poskusov je podana na sliki 1.13.
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Slika 1.13: Shemati¢na predstavitev konfiguracije difuzijskih poskusov — faza elektroporacije

(levo) ter sledeca faza difuzije (desno).
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1.2.2.2 Tlacni eksperimenti / Eksperimenti z iztiskanjem

Kot pri poskusih z difuzijo, so bili pri poskusih z iztiskanjem uporabljeni cilindri¢ni vzorci tkiva
sladkorne pese ter jabolk premera 25 mm in debeline 5 mm. VVzorci so bili dani med dve vzporedni
ploscati elektrodi iz nerjavecega jekla, nakar so bili dovedeni elektroporacijski pulzi glede na tri
razli¢ne protokole (glej sliko 1.15). Protokol A: Napetost se je med poskusi spreminjala, in je bila
150 V, 200 V, 300 V, 350 V, ali 400 V na elektrodah. Pulzi spreminjajoce polaritete so bili
dovedeni v dveh vlakih po 8 pulzov na vlak, s frekvenco ponavljaja pulzov znotraj posameznega
vlaka 1 kHz, eno-sekundno pavzo med prvim ter drugim vlakom, Sirina posameznega pulza v
vlaku je bila 100 ps. Protokol B: Napetost je bila ponovno variabilna kot pri Protokoli A, le da so
bili tokrat dovedeni unipolarni pulzi dolzine 800 ps vsak, s ¢asovnim zamikom 1 sekunde med
obema pulzoma. Protokol C: Napetost je bila variabilna kot v primeru protokolov A in B,
dovedenih pa je bilo 8 unipolarnih pulzov dolzine 100 ps vsako sekundo, torej s frekvenco
ponavljanja 1 Hz. Ta protokol je znan tudi kot eden od standardnih protokolov za
elektrokemoterapijo. Celotni ¢as obdelave t: (produkt dolzine pulza tp, Stevila pulzov np ter Stevila
vlakov ny) izraGunan glede na elektroporacijski protokol je bil enak za protokola A in B (tt = 1.6
ms), medtem ko je 50 % kraj$i v primeru protokola C (t; = 0.8 ms) glede na preostala dva protokola.
Dovedena elektri¢na energija v opisanih poskusih, izratunana s pomoc¢jo meritev toka, je bila med
6 J/kg (minimum doseZen pri sladkorni pesi, protokol C, 150 V) ter 250 J/kg (maksimum dosezen
za jabolko, protokol B, 400 V). S stalis¢a dovedene energije ter ¢asa obdelave, so ti protokoli
neobicajni za podroc¢je predelave ali obdelave hrane z elektroporacijo, kjer so obiCajnejSe energije
dovedene tkivu reda nekaj kJ/kg. Maksimalna celotna dovedena energija okrog 0.25 kJ/kg rezultira
— v najslabSem primeru, torej ne upostevaje prehajanje toplote s tkiva na elektrode ali povrSine
obdelovalne komore — v zanemarljivem dvigu temperature vzorca za vsega manj kot 0.1 K. Ta
ocena je osnovana na toplotni kapaciteti tkiva jabolka, ter znani maksimalni koli¢ini energije.
Razlogi za izbiro in implikacije izbire prav teh, »neznejSih« protokolov elektroporacije, so
podrobneje navedeni ter komentirani v poglavju Rezultati pri ¢lankih III in IV.

V vseh primerih, ne glede na elektroporacijski protokol, je elektri¢ni obdelavi sledilo iztiskanje
(apliciranje tlaka). Elektroporirani vzorci so bili nemudoma po elektroporaciji vstavljeni v posebej
za te na namen izdelano obdelovalno komoro ter izpostavljeni obremenitvi 150 N — priblizno 580
kPa (jabolko), oziroma 300 N — priblizno 290 kPa (sladkorna pesa) s pomocjo analizatorja teksture
(podrobnosti v podpoglavju 1.2.2.5). Analizator teksture je med obremenitvijo vzorca s konstantno
silo belezil premik bata v obdobju ene ure.

Premik bata je enak deformaciji vzorca vzdolz iste osi, v smeri katere na vzorec deluje sila

analizatorja teksture. Ta deformacija vzorca je teoreticno povezana z izgubo tlaka tekocine v tkivu
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(model je prvi¢ predstavljen v ¢lanku III). To omogoca primerjavo eksperimentalnih rezultatov z

rezultati modela (simulacijami). Shemati¢no predstavlja poskuse z iztiskanjem Slika 1.14.
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Slika 1.14: Shemati¢na predstavitev konfiguracije poskusov z iztiskanjem — faza elektroporacije

(levo), ter sledeca faza iztiskanja soka z analizatorjem teksture (desno).

1.2.2.3 Uporabljeni protokoli obdelave z elektri¢nim poljem

Trije razliéni elektroporacijski protokoli so bili uporabljeni v postopku pridobivanja
eksperimentalnih rezultatov, predstavljenih v ¢lankih II-IV (v ¢lanku II samo protokol A).
Protokoli so specificirani podrobneje v ¢lanku IV, podpoglavje 2.3, in ilustrirani s pomocjo
shemati¢nega prikaza na sliki 3.2, ki je bila prvi¢ objavljena v ¢lanku 1V (slika je reproducirana
spodaj kot slika 1.15 v pomo¢ bralcu). Trije razli¢ni protokoli so bili uporabljeni z namenom
poskusiti ugotoviti ali obstaja zaznavna razlika med vplivom razli¢nih protokolov elektroporacije
na snovanje por v celicni membrani ter njihov razvoj, kar bi lahko odrazale konsolidacijske
krivulje (tj. deformacija vzorca kot funkcija ¢asa) in kar bi posledi¢no lahko modeliral model

dvojne poroznosti. Rezultati primerjave so dani v ustreznih poglavjih v ¢lanku IV.
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Slika 1.15: Grafi¢na predstavitev treh protokolov elektroporacije: Protokol A (a), Protokol B (b),
in Protokol C (¢). DolZine pulzov in razdalje so v razmerjih, razen tam, kjer je to oznaceno z
uporabo znaka ‘//’, ki oznaCuje prelom na osi (znak oznacuje eno sekundo trajajo¢ premor med

pulzi povsod, Kkjer je vrisan na 0s).

1.2.2.4 Generatorji

V poskusih omenjenih ali opisanih v tej dizertaciji so bili uporabljeni trije razli¢ni generatorji
za dosego elektroporacije v obdelovanem tkivu; dva laboratorijska ter en industrijski / pilotni
generator. Kljub temu pa je bil za pridobitev eksperimentalnih rezultatov predstavljenih v ¢lankih
I1-1V, ki predstavljajo glavnino dela opisanega v tej dizertaciji, uporabljen samo eden od teh
generatorjev. Generator, uporabljen za elektroporacijo gomolja sladkorne pese ter sadeza jabolka
pri validacijskih eksperimentih za potrditev modela dvojne poroznosti, je bil izdelan oziroma
prirejen s strani sluzbe UTC Service Electronique (Elektrotehni¢ni oddelek na Université de
Technologie de Compiegne), in je sposoben dovesti maksimalno napetost pulza 400 V ter
maksimalni tok 38 A, ter proizvaja izkljuéno bipolarne pulze skoraj kvadratne oblike (Cas

vzpona/padca napetosti je reda nekaj ps).
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Druga dva generatorja sta bila uporabljena v poznejSih poskusih na temo izgube turgorja ter
elektroosmoze, katere na kratko opisuje sklepno poglavje te dizertacije. Oba generatorja
proizvajata izklju¢no le unipolarne pulze, in sta sposobna dovesti pravokotne pulze pri napetostih
vi§jih od 400 V. Ker je bilo pri omenjenih poskusih z izgubo turgorja zazeleno, da napetosti
presezejo 400 V (za visje elektri¢ne poljske jakosti), in pa ker so unipolarni pulzi potrebni za
enosmerni elektri¢ni tok, ki bi naj bil potreben za dosego zaznavnih ucinkov elektroosmoze v
tkivu, za tovrstne poskuse ni bil primeren prvi generator, ki dovaja bipolarne pulze pri maksimalni
napetosti 400 V. Ker dizertacija ne podaja podrobnih informacij ali diskusije o poskusih s
turgorjem ali elektroosmotskih poskusih in rezultatih teh poskusov, so specifikacije obeh
unipolarnih generatorjev zunaj okvirja pri¢ujoCe dizertacije in so zato izpuSCene iz tega

podpoglavja.

1.2.2.5 Druga oprema

Pri meritvah, ki tvorijo konsolidacijske krivulje (gl. 1.2.2.2), je bil apliciran konstanten tlak na
vzorce tkiva, in sicer s pomocjo analizatorja teksture nizke moc¢i in visoke natan¢nosti proizvajalca
Stable Micro Systems, model “TA.XT plus”. Maksimalna sila, s katero ta analizator teksture lahko
pritiska na vzorec je 50 kg (500 N), z lo¢ljivostjo sile 1 N. Analizator teksture je bil uporabljan
izkljuéno v nacinu delovanja s konstantno silo (angl. constant force), kar pomeni, da je bila Zelena
sila pritisnjena na vzorce tkiva prek bata analizatorja za zeleno ¢asovno obdobje, v tem ¢asu pa je
analizator meril ter beleZil premik bata z visoko natan¢nostjo 0.001 mm in to¢nostjo meritve *
0.001 mm.

Za meritve koncentracije vseh vodotopnih snovi pri poskusih s tkivom gomolja sladkorne pese
in sadeza jabolka sta bila uporabljena dva digitalna refraktometra. Rezultati, objavljeni v ¢lanku II
so bili pridobljeni s pomocjo digitalnega refraktometra ATAGO PR-32a (alfa), medtem ko so bili
novi rezultati difuzijskih poskusov, predstavljeni v ¢lanku IV, pridobljeni s pomocjo digitalnega
refraktometra ATAGO PR-101a (alfa). Oba sta natan¢na do 0.1 % Brix, in imata merilno to¢nost
0.1 % Brix. Razlikujeta se merilni obmo¢;ji; merilno obmocje modela PR-32a je od 0.0 % Brix do
32.0 % Brix, medtem ko je to obmocje pri modelu PR-101a nekoliko veéje, od 0.0 % Brix do 45.0
% Brix. Oba refraktometra sta bila pred uporabo kalibrirana z uporabo destilirane vode ter

referen¢ne raztopine (pripravljene v laboratoriju) saharoze in destilirane vode.
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1.2.3 Rezultati in razprava

1.2.3.1 Model dvojne poroznosti

Model dvojne poroznosti, predstavljen v tej dizertaciji, ima analogijo z modeli razvitimi v
mehaniki kamnin za vodne razmere v lomljenih kamninah, sedimentih in prsteh, ter je osnovan na
osnovnih zakonitostih termodinamike sistemov v neravnovesju. Za pregled literature ter ve¢
informacij, glej podpoglavje 2.2.4.2 ter uvodna poglavja v ¢lankih 1l — V.

Osnovna ideja modela dvojne poroznosti izhaja iz potrebe po sklopitvi u¢inkov elektroporacije
na celiéne membrane s transmembranskim difuzijskim  fluksom v tkivu ali filtracijsko-
konsolidacijskim obnaSanjem tkiva pod tlakom (iztiskanje tekoc¢ine). Da bi lahko modelirali
ucinke elektroporacije v modelu transporta snovi v tkivu, je potrebno najprej vpeljati nov nivo
kompleksnosti v koncept vzorénega volumna materiala. Pri tem sledimo teoriji, razviti za pretok
teko¢ine v poroznih materialih kot so prsti ali lomljene kamnine, kjer je koncept multiplih

poroznosti dobro raziskan, poznan in uporabljan.
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Figure 1.16: Poenostavljen shemati¢ni prikaz strukture rastlinskega tkiva z identificiranimi

prostori: (a) izvenceli¢ni prostor; ter (b) znotrajceli¢ni prostor.

Biolosko tkivo je, v primerjavi Z mnogo preprostejSimi suspenzijami (topljencev, celic, idr.),
morfolosko mnogo bolj kompleksen, in ga ni mo¢ predstaviti kot homogen material ali material
sestavljen le iz trdnih snovi in tekoc¢ine (glej sliko 1.16). Namesto tega ga predstavimo kot
sestavljenega iz vsaj dveh prostorov ali faz — znotrajceli¢nega ter izvenceli¢nega prostora. Vsak
prostor je nato dalje sestavljen iz trdnih snovi ter tekoCine, v kateri so topljenci ter netopne »trdne«

snovi. Stik med obema prostoroma, ki ju loCuje, je polpropustna celicna membrana, katere
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propustnost se spreminja zaradi elektroporacije. Ta osnovni koncept je skupen tako difuzijskemu
kot konsolidacijskemu problemu, saj zadeva modeliranje inherentne lastnosti ciljne snovne
strukture materiala. Osnovni principi pa se pri¢no razlikovati, ko govorimo o transportu snovi.
Pristop pri obravnavi transporta snovi je v smislu nastopa veliin pri obravnavi povsem razlicen,
vendar so matemati¢no gledano reSitve lahko povsem ekvivalentne, saj gre za analogne zakonitosti

iz termodinamike neravnovesja.

1.2.3.2 Model dvojne poroznosti za difuzijski problem

Osnovne enacbe modela dvojne poroznosti za koncentracijo v izvenceliCnem ter

znotrajceli¢nem prostoru so

ace(z.t) o %(zt) 1-g, . _
p” Ds.c p- k-[ci(z,t)—ce(z,1)]=0 (1.2.1)
%H«[ci (z,)—Ce(z,1)]=0 (1.2.2)

Kjer sta ce in Ci izvenceli¢na ter znotrajceli¢na koncentracija topljenca, Dsg je intrinzi¢ni difuzijski
koeficient topljenca vrste s v izvenceli¢nem prostoru, ¢ je poroznost tkiva (volumetri¢ni delez
izvenceli¢nega prostora v tkivu, torej ¢ = 1 — F, Kjer je F volumetri¢ni deleZ celic), in k je koeficient

transmembranskega difuzijskega pretoka topljenca, ki je definiran z enacbo 1.2.14.

_ _ Z-0S
robni pogoj (glavna os difuzije)

na zgornji strani

cilindri¢en vzorec

2445
; ,,;.;'II/IIIIIIII,

il %

s y

y-0s

robni pogoj
na spodniji strani
(enak kot na zgornji)

Slika 1.17: Shemati¢na predstavitev vzorca tkiva, kakrSen je bil uporabljen v poskusih z difuzijo

— geometrija modela, koordinatni sistem in robni pogoji.
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Robne pogoje dolocata narava procesa ter specificna konfiguracija difuzijskega poskusa (glej
shemati¢ni prikaz difuzijskega eksperimenta kot je prikazan na sliki 1.13). Ker je potrebno

modelirati samo eno polovico cilindri¢nega vzorca tkiva (glej sliko 1.17), so robni pogoji enaki

Ce(®)], 1, =0 (1.2.3)

Gi(®)],_,, =Cioe™ (1.2.4)

%Ol g (1.2.5)
oz |,

a®  _y (1.2.6)
oz z=0

Za zacetne pogoje je predpostavljena homogena zacetna razporeditev koncentracije topljenca
Cez celoten vzorec tkiva. Zacetna koncentracija naj v splo$nem ne bodo enake tako v
izvenceli¢nem kot znotrajcelicnem prostoru, kar je utemeljena predpostavka za neposkodovano ali
le rahlo elektroporirano tkivo, kjer topljenec lahko ostane v znotrajceliénem prostoru. Konstanti
Ceo IN Cio Sta definirani kot
C.(z,0) =cyg (1.2.7)
Ci(z,0)=c¢ (1.2.8)

Analiti¢na reSitev sistema parcialnih diferencialnih enacb (en. 1.2.1-1.2.2) za robne ter zaetne

pogoje (en. 1.2.3-1.2.8) je

Ce(z,t)=—10 4C'° Z )1008 %Z)(Cnle“‘t(yﬁl+1j+cn 27" [%HB (1.2.9)
N+ ,
4cy & (-1)
¢i(z,t)=—12 Z TV ﬂﬂz)(Cnlley“’lt +Cp 08" —e_kt)+cioe‘kt, (1.2.10)
v
Kjer so
(Zeo_ljk 7n,2
Cq =0 , (1.2.11)
Yn1 = 7n2
(1—260jk+7n‘1
Cno = 10 , (1.2.12)
Ynl = 7n2
in
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~((&+2)k +/1n2Ds|e)i\/((5+l)k + 7 2Dg )2 — 4k 2,2Dy ¢
2

kjer je bila zavoljo lazjega zapisa vpeljana nova konstanta d = (1 — ¢)/e, lastne vrednosti A, pa so

enake An = (2n+1) -m/h.

, (1.2.13)

n, =

Koeficient transmembranskega difuzijskega toka (poimenovan tudi koeficient transporta snovi)
k je klju¢ni sestavni del modela, ki zajema ucinke elektroporacije na celicno membrano v relaciji
s transmembranskim transportom snovi, in kvalitativno opisuje ucinke elektroporacije na
propustnost celiéne membrane. Ce je mo¢ celico modelirati kot popolnoma sferi¢en objekt radija
R in debeline membrane dm, Dsp je difuzijski koeficient za topljenec vrste s v vodi pri dani
temperaturi, ys je koeficient oviranja difuzije v pori, in f, povrSinski delez stabilnih por (fp =
Np-Ap/Ao, Kjer je Np stevilo por na celico, Ap je povprecna povrsina posamezne povprecne pore ter
Ao povrsina celice enaka 4nR?), lahko k izrazimo kot
k = M (1.2.14)

d,R

Elektroporacija u¢inkuje na povrsinski delez pore fp, prav tako pa tudi na koeficient oviranja

difuzije v pori ys ob predpostavki, da je radij povprecne stabilne pore odvisen od parametrov

elektroporacije. Za ve¢ podrobnosti glede koeficientov ys ter k, glej ¢lanek I1.

1.2.3.3 Model dvojne poroznosti za filtracijsko-konsolidacijski problem

Z vidika fizike in matematike obstaja ocitna analogija med Fickovim zakonom difuzije ter
Darcyjevim zakonom, ki narekuje hidrodinami¢ne razmere v poroznih materialih. Model dvojne
poroznosti, kot ga podajajo enacbe 1.2.1-1.2.2, je torej moc¢ zapisati tudi za opis filtracijsko-
konsolidacijskega obnasanja tkiva pod pritiskom, pri ¢emer matemati¢no gledano ostaja
formulacija enaka z izjemo nekaterih zamenjav, opustitev ali dodanih podrobnosti. Difuzijski
koeficient Dse namre¢ v primeru konsolidacijskega modela zamenja hidravli¢na propustnost tkiva
ke deljena z viskoznostjo y, tj. ke/u, in koeficient transporta snovi k podoben proporcionalnostni
koeficient a, ponovno tudi ta ulomljen z viskoznostjo, tj. a/u. Zacetna poroznost tkiva ¢ je Ze zajeta
v koeficientu ke ter s stisljivostnim modulom G, ki nista intrinzi¢ni, temve¢ prostorsko-
povpreceni veli¢ini na celoten vzorec tkiva, in zato je moc¢ opustiti faktor (1 — &)/e. Zamenjani so
tudi koncentracijski gradienti, in sicer z gradienti tlaka tekocine, saj so pri iztiskanju pod tlakom
slednji primarno odgovorni za transport snovi, ki je v tem primeru tekoc¢ina skupaj z raztopljenimi

snovmi. Posledi¢no so koncentracije Ce in Ci nadomescene s tlaki tekocin pe in pi. Kot rezultat sta,
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analogno osnovnim enac¢bam za difuzijski problem (en. 1.2.1 — 1.2.2), pridobljeni slede¢i dve

osnovni enacbi

L%_Q(k_e%j_ﬂ(pi_pe):o (1.2.15)
Goe Ot Oz\p oz ) u

1 8p, (24

B 1.2.16
5 ﬂ(p. Pe) (1.2.16)

Ti dve enacbi tako kot njun difuzijski analog izhajata iz zakonov o ohranitvi mase. Vendar pa,
Vv nasprotju s koncentracijo topljenca, ki je tako merjena/opazovana veli¢ina kot (preko svojega
gradienta) tudi izvorna gonilna sila procesa transporta snovi, je tlak tekocine v konsolidacijskem
problemu sicer izvorna sila in promotor transporta, ni pa tudi direktno merjena ali opazovana
veli¢ina in ni predmet zakona o ohranitvi mase. Tlak mora zato biti povezan z maso ali volumnom
tekocine, ki se ohranjata, in posledi¢no s poroznostjo posameznega prostora v tkivu, kar je v
modelu dosezeno z vpeljavo tako imenovanih stisljivostnih modulov (angl. compressibility
moduli). Stisljivostni modul ali njegova obratna vrednost, stisljivost (angl. bulk modulus), je
obi¢ajno definiran kot razmerje med relativno spremembo v volumnu (tako imenovano razmerje
prostega volumna — angl. void ratio), ki jo povzro¢i dana sprememba tlaka, in to tlatno
spremembo. Ce razmerje prostega volumna € oznaluje razmerje med prostim volumnom
(tekocino) ter trdnimi snovmi v znotraj- in izvenceli¢nem prostoru, sta lahko stisljivostna modula
dolocena iz relacij

%__8pe' oe, _iape
ot Ot Opes G ot

(1.2.17)

o _ b %8 _1op

P M G a (1.2.18)

Stisljivostna modula Ge in Gi povezujeta spremembo v razmerju prostega volumna z izgubo
tlaka tekocine. V poskusih je merjen premik bata, ki ustvarja v sistemu pritisk, s ¢imer postane
poznana deformacija vzorca tkiva, ki je tesneje povezana s poroznostjo (razmerje med prostim
volumnom ter celotnim volumnom tkiva) kot pa z razmerjem prostega volumna, ki podaja, kot zZe

rec¢eno, razmerje med volumnom tekoc€ine in volumnom trdnih snovi. Zato so stisljivostni moduli

ponovno definirani prek povprecne poroznosti obeh prostorov, tako da velja
Goe =G (148, ) (1.2.19)
G,i =G (1+5)’ (1.2.20)

Povsod, razen v enacbah 1.2.19-1.2.20, je notacija, ki oznacuje povprecne vrednosti izpuScena,

¢eprav implicitno vsebovana. Ta definicija omogoca enostavno pridobitev zacetnih ocen za
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stisljivostne module na podlagi kon¢ne deformacije tkiva, ki je dobljena eksperimentalno. Vendar
gre pri tem za kompromis. Povpreéenje razmerja prostega volumna e, ki je v splosnem tako
prostorska kot ¢asovna funkcija, ki pa se pri poenostavitvi smatra za konstanto, mocno zozi
splosno uporabnost modela. Tako poenostavljen je namre¢ veljaven za tocno dolocen segment v
parametri¢nem prostoru, ki zahteva, da so premiki bata majhni v primerjavi z debelino celotnega
vzorca tkiva, torej je model veljaven za majhne deformacije. Ta pogoj je izpolnjen samo, e je
tkivo relativno neposkodovano s strani dovedene obdelave (tj. ne intenzivno elektroporirano), kar
zahteva pozornost pri interpretaciji rezultatov. Bolj sploSen pristop, ki ne vkljuCuje tovrstnih

poenostavitev je mnogo bolj matemati¢no zahteven ter neprimeren za analiticno obravnavo.

robni pogoj na zgornji
povrsini (nepropustna)

Z-05
(glavna os aplikacije tlaka)

cilindri¢en vzorec

y-0s

spodnja povrsina (porozna, propustna)
(robni pogoj NI enak zgornjemu)

opomba: ni ravnine simetrije na sredini vzorca

Slika 1.18: Shemati¢na predstavitev vzorca tkiva, kakrSen je bil uporabljen v poskusih z

iztiskanjem — geometrija modela, koordinatni sistem in robni pogoji.

Da bi bilo mo¢ najti reSitev sistema enacb 1.2.15-1.2.16, so potrebni tudi primerni robni ter
zacetni pogoji. Zacetne pogoje je mo¢ ponovno zapisati glede na enacbi 1.2.7-1.2.8 s preprosto

zamenjavo koncentracij s tlakom tekocine, kar da

Pe(2,0) = Peg (1.2.21)
p;i (z,0) = pig (1.2.22)
Po drugi strani pa so pri robnih pogojih razlike. Pri iztiskanju v konfiguraciji kakr$no prikazuje

slika 1.14 ni ravnine simetrije na sredini vzorca (glej sliko 1.18). Namesto centralne simetrije je v
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tem primeru popolna zapora za pretok tekocine na kontaktu med batom in vzorcem, kar za robni
pogoj pomeni, da je

ape api

Pel M) _o, (1.2.23)
oz |, Oz

z=h

medtem ko tekoc¢ina na spodnji kontaktni povrSini prosto zapusca vzorec tkiva ¢ez zunajceli¢ni
prostor in je tukaj njen tlak enak nic, torej

Pel,o =0 (1.2.24)

medtem ko izracun poteka znotrajceli¢nega tlaka tekocine za ta robni pogoj sledi enaki logiki kot

pri difuzijskem problemu, kar da

aG,
_ ey

Pil,_o = Pice # (1.2.25)

Resitev en. 1.2.15-1.2.16 z zaCetnimi ter robnimi pogoji (en. 1.2.21-1.2.25) je povsem
analogna re$itvi difuzijskega problema, z edino razliko, da sinus v Fourierjevi vrsti zamenja
kosinus, prav tako pa se zaradi robnih pogojev rahlo spremenijo tudi lastne vrednosti, in kon¢na

analiti¢na reSitev je

4pip — 1 t t\ . ((2n+D)7x
z,t)=—10 ( 7 +1)Ce"™ +(y, o7 +1)Ce""? )sm[—z) 1.2.26
Pe(z,1) n r§)2n+1 (7n,1 ) 1 (7n,2 ) 2 2h ( )
4pig = 1 t t %\ ((@n+D)x "

(z,t)=—12 (C e +C,e"M7 7" )sm(—z +Pige " 1.2.27
p|( ) ju §2n+1 1 2 2h Pio ( )
Kjer so

(I;(_eo_lJT_l_?/n,Z
C, = 10 (1.2.28)
Yn1 = 7n2
(l_peojf_l‘m/n,l
c, -+ Pio (1.2.29)
Yn1~7n2
in
—(r‘lamnzv)i\/(fl&mnzv) 45 2vr
Zavoljo lazjega zapisa, so bile narejene sledeCe zamenjave
k.G G, G
y = ee. e I (1.2.31)
H H G

in lastne vrednosti A, SO enake /n = (2n+1) -/2h.
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Ko sta tlak tekoCine v znotraj- in izvenceli¢nem prostoru znana, je moc¢ uporabiti enacbi 1.2.17—
1.2.20 za izraun deformacije vzorca. Po zapisu za brezdimenzijsko deformacijo s(t), ki je

normalizirana na zacetno debelino vzorca, je izra¢un deformacije iz znanih tlakov sledec

5. (t) = S (t) J' J'pe(z 0) . J' J'ID.(Z 0) ;- (1.2.32)

Pe (2, t) Pe pi(z, t)

Zadnji parameter, ki zahteva obravnavo, je brezdimenzijski faktor o, ki povezuje vpliv
elektroporacije na hidravlicno propustnost celicne membrane. Glede na teorijo, predstavljeno v
¢lanku 111, velja za sferi¢no celico radija R s povrSinskim delezem stabilne populacije por fp, Ki jo
sestavlja Np por povpre¢nega radija rp, relacija
9f,rs

8R?

kjer je ko = rp?/8 hidravli¢na propustnost posamezne pore.

o= (1.2.33)

1.2.3.4 Validacija modela in demonstracija njegove uporabe

Podpoglavja v Materiali in metode 1.2.2.1 — 1.2.2.3 opisujejo difuzijske in tlacne /
konsolidacijske eksperimente, Ki so bili izvedeni z namenom testiranja in validacije modela dvojne
poroznosti. To poglavje podaja glavne rezultate teh poskusov (izmerjene ¢asovne profile difuzije
in konsolidacije — tj. kinetike) in primerjavo meritev s simuliranimi ¢asovnimi poteki,
pridobljenimi z modelom dvojne poroznosti. ZdruZeni rezultati so grafi€no prikazani na sliki 1.19
spodaj in na kratko komentirani. Tu predstavljeni rezultati so bili dobljeni izkljuéno z uporabo
elektroporacijskega protokola A, po katerem so bili vzorci tkiva elektroporirani. Bolj poglobljeno
diskusijo rezultatov ter interpretacijo, prav tako pa rezultate za druge protokole obdelave, je mo¢

najti v ustreznem poglavju v ¢lanku I'V.
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Slika 1.19: Rezultati poskusov z difuzijo v vodni raztopini (a — b) in iztiskanjem/presanjem
vzorcev tkiva (c — d). Poskusi so bili izvedeni v skladu s predstavljeno eksperimentalno
metodologijo na vzorcih tkiva sladkorne pese (a, c) in jabolk (b, d). Rezultati predstavljajo

kinetiko, pridobljeno eksperimentalno ter prek simulacij na modelu.

Kot prikazuje slika 1.19, je model dvojne poroznosti zmozen modelirati eksperimentalno-
pridobljene podatke z visoko natanénostjo. Glede na raznolik in Sirok spekter moznih odzivov
tkiva na elektroporacijo v povezavi s posledi¢nim transportom snovi, je mo¢ parametre modela
ustrezno prilagoditi, da je dosezeno dobro ujemanje med simulacijo in eksperimenti. Na tem mestu
je glede na vrednosti parametrov, ki so rezultat optimizacije modela, da dobro modelira
eksperimentalne podatke, potrebnega nekaj komentarja. Vrednosti parametrov namrec¢ indicirajo,
da delez povrsine por fp ni edini pomembni parameter, ki odraza elektroporacijo, temve¢ morajo
tudi nekateri drugi parametri nujno variirati, da bi bilo dosezeno dobro ujemanje med modelom in
eksperimentom. To je potrebno razloziti v okviru teorije elektroporacije, ali pa mora biti model Se

izboljsan ter njegova obcutljivost ocenjena neodvisno od drugih parametrov za vsak posamezen
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parameter. Prav tako bi bilo zazeleno oziroma potrebno zmanjsati Stevilo prostostnih stopenj
modela, ki jih vnasajo Stevilni parametri modela, ki vplivajo na rezultate simulacije istosmiselno,
tj. izkazujejo istosmiseln vpliv na kon¢ni rezultat. Bolj podrobna analiza omenjene problematike
je predstavljena v poglavju »Results and discussion« v ¢lanku IV, in vkljucuje bolj rigorozno
kritiko modela, njegovih prednosti ter slabosti.

Sledeca slika 1.20 ilustrira poglavitno in temeljno idejo modela dvojne poroznosti. Prikazana
je na tem mestu skupaj z rezultati (slika 1.19) zato, ker podaja tla¢ne profile teko¢ine v znotraj- in
zunajceliénem prostoru. Ti profili so bili integrirani (glej npr. en. 1.2.32) v postopku izracuna
simuliranih kinetik iztiska tekocine, kot jih podaja slika 1.19 (c — d). Ta slika jasno prikazuje
ucinek zakasnjenega padca tlaka tekocine (ali koncentracije pri analognem problemu difuzije) v
znotrajcelicnem prostoru glede na zunajceli¢nega, do katerega pride zaradi niZje propustnosti

membrane v primerjavi s propustnostjo zunajcelicnega prostora.
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Slika 1.20: Profili tlaka vzdolZz pre¢nega prereza vzorca tkiva za razli¢ne trenutke tekom
simuliranega poskusa z iztiskanjem. Ker so bili ti profili pridobljeni s pomo¢jo nadgrajenega,
kompleksnejSega ter numeri¢no resljivega (ter reSenega) modela dvojne poroznosti za opis
filtracijsko-konsolidacijskih lastnosti elektroporiranega tkiva, je na abscisi navedena snovna
koordinata w namesto realne fizi¢ne koordinate z, ki sicer odraza dejanske dimenzije vzorca.
Pretvorba prostorske koordinate z v snovno koordinato w sicer ni opisana v tej dizertaciji

(znanstveni Clanek v pripravi).
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1.2.3.5 Toplotne razmere v tkivu — analiza z modelom dvojne poroznosti in relacija med

distribucijo temperature v tkivu ter transportom snovi

S pomocjo analogije med Fickovim zakonom difuzije ter Darcyjevim zakonom o pretoku
tekocine, je bil model dvojne poroznosti za difuzijski problem preveden in prilagojen za uporabo
pri proucevanju filtracijsko-konsolidacijskega obnasanja elektroporiranega tkiva med iztiskanjem
s pomocjo zunanje apliciranega tlaka (primerjaj teorijo v ¢lanku II ter ¢lanku III, ali pa glej ¢lanek
IV). Prek fizikalno in matemati¢no enake analogije zakonov s Fourierjevim zakonom prenosa
toplote s kondukcijo (angl. thermal conduction), ter uposStevaje osnovne zakonitosti iz
termodinamike neravnovesnih stanj, lahko postuliramo, da je mo¢ model dvojne poroznosti
zapisati tudi za opis toplotnih razmer v bioloskih tkivih, kar bi moralo v principu veljati ¢e je tkivo
elektroporirano ali ne.

Enacbe toplotnega modela za primer toplotnega fluksa vzdolZ ene glave osi prevajanja toplote,

se za izven- ter znotrajceli¢ni prostor glasijo

2
oMo _ ke 0 -I;e _ by (Ti -T,)=0 (1.2.34)
ot pc, oz PCh

2
i _ ki 5T2|+ N1 o1,)=0 (1.2.35)
ot pC, ozt pey

V enacbi 1.2.34 nastopa nov parameter, volumsko razmerje fy; ta multiplikativni parameter
omogoca upostevanje prostorskega (volumskega) deleza celic v celotnem volumnu tkiva in je
enak F/(1-F). Ostale veli¢ine so sledece: Te in Ti sta temperaturi v izven- in znotrajceliénem
prostoru [K]; ke in ki sta izven- ter znotrajceli¢ni toplotni prevodnosti [W/(m.K)]; z je prostorska
in t ¢asovna koordinata; cp je specifi¢na toplotna kapaciteta tkiva [J/(kg.K)]; p gostota tkiva
[kg/m®]; in hy volumski koeficient prenosa toplote [W/(m3.K)]. Koeficient hy odraza toplotno
prevodnost celicne membrane in znacilne geometrije sistema izmenjave toplote. Na tej tocki lahko
privzamemo, da je koeficient funkcija tako prostora kot ¢asa v odvisnosti od elektroporacije, pri
¢emer ohranimo popolno sploSnost obravnave problema. Ali takSna prostorsko/Casovna odvisnost
od elektroporacije obstaja ali ne, pa je potrebno Se teoreticno oceniti in eksperimentalno preveriti,
v kolikor je to mogoce.

Opomba k razliki med ena¢bama 1.2.35 ali 1.2.34 ter ustrezajoCimi enacbami za difuzijski /
tla¢ni problem. Tako pri difuzijskem modelu dvojne poroznosti kot pri modelu dvojne poroznosti
za opis filtracijsko-konsolidacijskega obnaSanja elektroporiranega tkiva, je vpliv koncne
znotrajceli¢na poroznost ter z njo povezanih koncentracijskih ali tlacnih gradientov zanemarjen.,
kar poenostavi ravnovesno enacbo za znotrajceli¢ni prostor. Ta poenostavitev je osnovana na

predpostavki, da je nizka transmembranska propustnost za difuzijo topljenca ali iztok
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znotrajcelicne tekoCine omejujo¢ dejavnik pri transportu snovi, in je ta propustnost membrane
nekaj velikostnih razredov manjSa od difuzijske konstante v izvencelicnem prostoru oz.
hidravli¢ne prepustnosti izvenceli¢nega prostora.. Pri toplotnem problemu (gl. en. 1.2.34-1.2.35)
pa se toplotne prevodnosti citoplazme, celicne membrane ter izvencelicnega prostora bistveno ne
razlikujejo. Zato neupostevanje znotrajceli¢nega toplotnega toka ne more biti upraviceno, in ¢len
v enacbi, ki opisuje prevajanje toplote prek znotrajceli¢nega prostora, mora ostati prisoten v enacbi
energijskega ravnovesja v znotrajcelicnem prostoru (en. 1.2.35), kar znatno zaplete postopek
razvoja analiti¢ne reSitve za sploSen primer, pri katerem je ke # ki. Zato je v pri¢ujo¢em delu

analitiCna reSitev sploSno zastavljenega problema samo orisana v dodatnem podpoglavju k

poglavju 5.
Za manj sploSen primer, ko velja ke = ki, je moc€ najti analiti¢no resitev za Te in Tj, Ki je enaka
; - B o (—1)"
T, (z,t):i fTio + Teo , Tio —Teo o-p(t+f,: Z(—)cos(}an)e_ﬂ“ﬂz("t (1.2.36)
V4 f,+1 f, +1 o2n+1
. f,(Tig—To) - o (-1)"
_I_e (Z,t) :i fVTIO +Te0 _ V( i0 eO)e ﬂ(1+fv)t Z ( ) COS(ﬂnZ)e_lnzat (1237)
7 f,+1 f,+1 o2n+1

in je podana v podpoglavju 5.1.2 poglavja 5, pri ¢emer je a = kilpcp in f = hvlpcp. Simulacija z
modelom da, za razliéne vrednosti parametra hy (transmembranski prostorninski/volumski
koeficient prenosa toplote) in tipi¢no geometrijo problema, kot je Ze bila uporabljena pri studijah
transporta snovi, rezultate podane na sliki 1.21. Ker je ke = ki, je potrebno v sistem vnesti zac¢etno
neravnovesje (perturbacijo), ki je v tem primeru izvedena prek izbire razli¢nih zacetnih vrednosti
temperature (Teo # Tio), zato da se razlika med znotraj- in zunajceli¢no temperaturo sploh pojavi v
sistemu. Iz simuliranih rezultatov je razvidno, da mora biti vrednost parametra hy nekje med 10*
Wm3K1in 10° Wm3K, da bi zadetna razlika v temperaturah povzro¢ila prehoden odziv sistema,

ki bi ga bilo moc¢ opazovati tekom Casovnega obdobja nekaj sekund.
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pomen transmembranskega volumskega koeficienta prenosa toplote (hy). Ce je ta koeficient velik,
je izmenjava toplote prek membrane prehitra, in v obdobju opazovanja dolgem nekaj sekund ni
zaznavne razlike med znotraj- in zunajceliénim temperaturnim profilom. To potrjuje pomen
parametra hy pri odgovoru na vprasanje, ali je pristop z modelom dvojne poroznosti sploh smiseln
pri proucevanju toplotnih razmer v tkivu. Da bi dokon¢no lahko odgovorili na to vprasanje, je v
nadaljevanju podana teoreticna analiza za realisticno oceno vrednosti tega parametra za vzorcni
tip rastlinskega tkiva (jabolko). Analiza je predstavljena v podpoglavju 5.1.4.

Glede na zgoraj omenjeno teoreticno analizo, je transmembranski volumski koeficient prenosa
toplote hy enak

3k; 3-0.559

h==—"1-= - =8.385-107¥ (1.2.38)
2R 2(100-20°°) m°K

kar je realisticna ocena upostevaje kon¢no toplotno prevodnost citoplazme ter izvenceli¢nega
prostora. Vrednost, dobljena z enacbo 1.2.38, je kljub konzervativni realisti¢ni oceni (v
idealiziranem primeru je vrednost Se ve¢ja) Se vedno vecja, kot najveéja vrednost uporabljena v
simulacijah z analiti¢no obliko modela (gl. sliko 1.21). Zakljucek, ki ga je mo¢ narediti na podlagi
te analize opirajo¢ se na temperaturne profile s slike 1.21 in vrednosti hy ve&je od 10° je, da so
kakr$nikoli transmembranski gradienti temperature, ki bi se pojavili zaradi nehomogenosti v
lokalni porazdelitvi elektricne poljske jakosti ali toka, prakti¢no takoj (tj. v casovnem obdobju
krajSem od ene sekunde) uravnoveseni in iznieni zaradi hitrega prenosa toplote prek membrane.

Ta ugotovitev pa ne pomeni, da je model dvojne poroznosti za toplotne razmere po
nepotrebnem kompleksen, saj je analiza problema zelo poucna, in vso matemati¢no analizo,
predstavljeno v podpoglavju 5.1, je moc€ uporabiti za nadaljnje izboljSave in razvoj sorodnih oblik
modela dvojne poroznosti za primer transporta snovi z difuzijo ali zaradi gradientov tlaka tekocine
(iztiskanje). Poleg tega numeri¢na reSitev omogoca, da se znotraj- ter zunajceli¢ni toplotni
prevodnosti razlikujeta, kar se $e lahko v prihodnje izkaze kot uporabno in relevantno pri
proucevanju toplotnih razmer v tkivu, ¢e je le to elektroporirano ali ne, pod pogojem, da se toplotni
prevodnosti znatno razlikujeta.

Preostanek poglavja 5 je posvecen proucevanju vpliva temperature na procese transporta snovi
prek temperaturno odvisnih parametrov v modelih dvojne poroznosti za problem transporta snovi.
Primer taks$nih parametrov sta difuzijski koeficient topljenca Dso ter viskoznost tekoc¢ine (soka) u.
Razvite so bile numeri¢ne resitve modelov dvojne poroznosti za transport snovi z difuzijo in
iztiskanjem/preSanjem, zato da je moc¢ upostevati lokalno in casovno porazdelitev temperature v
tkivu in torej prostorsko-¢asovne funkcijske odvisnosti parametrov Dsg ter u od temperature, torej

velja Dso(T(z, t)) = Dso(z, t) in 5#(T(z, t)) = n(z, t) pri simulacijah transporta snovi. Rezultati
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parametri¢ne Studije so podani na sliki 1.22 in kaZejo, da v kolikor temperatura okolice ostane
enaka 20 °C, celo znaten prehodni dveh temperature tkiva v za¢etku simuliranega eksperimenta
na zaCetku difuzijske faze ali faze iztiskanja ne rezultira v znatnem dvigu hitrosti difuzije ali
pospeseni konsolidaciji tkiva oz. pospeSenem iztiskanju tekoc¢ine iz vzorca. Vzrok temu gre
pripisati relativno hitremu odvajanju toplotne energije iz tkiva v okoliski medij (raztopina oz.
elektrode/bat). Seveda analiza velja za tanke vzorce tkiva debeline 5 mm in stalno temperaturo
okolice, kar sta pogoja, veljavna le v posebnih pogojih, kateri so podrobneje opredeljeni v
podpoglavju 5.2.2. Potrebno je nadaljnje delo na validaciji modela in predpostavk z eksperimenti,
da bi bilo mo¢€ bolje osvetliti to problematiko, vendar pa je takSna poglobljena analiza izven obsega

tega doktorskega dela.

a Simulacija difuzije b Simulacija iztiskanja
0.2r

0.18F
0.16

0.14

012F
0.1+

s [-]

0.08
0.06 -
0.04F
0.02

0 ZIO 4ID 66 BIO 1 60 1 éO 0 2i0 4IU Bb 80 1 EJU 1 éD
t[s] t[s]

Slika 1.22: Parametri¢na Studija elektroporiranega tkiva z modelom dvojne poroznosti za
difuzijski problem in problem iztiskanja/tla¢ne deformacije tkiva, ki ilustrira vpliv temperaturne
odvisnosti nekaterih parametrov v teh modelih (difuzijski koeficient, viskoznost). Samo
vrednosti difuzijskega koeficienta in/ali viskoznosti so variirale glede na zac¢etno nadtemperaturo

(variabilni parameter) v procesu simulacije za izraCun predstavljenih krivulj ekstrakcije/tlacne

deformacije.

1.2.4 Prispevki znanosti in zakljucek

Glavni izvirni prispevek znanosti te dizertacije je novo-razviti model dvojne poroznosti za
proucevanje z elektroporacijo povezanih pojavov transporta snovi v tkivih, oziroma bolj natan¢no,
povezanih s pojavi difuzije topljenca in konsolidacijsko-filtracijskega obnasanja elektroporiranega
tkiva pod pritiskom (iztiskanje sokov).

Kot je prikazano v pri¢ujo¢i dizertaciji (znanstveni ¢lanki Il — IV), je odlika modela natan¢na

in verna reprodukcija kinetike ekstrakcije snovi iz tkiva s pomocjo difuzije ali mehanskega
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tlacnega iztiskanja. Tokom konstrukcije modela je bil en parameter, povrSinski delez por,
identificiran kot najpomembnejsi parameter, ki je funkcija elektroporacijskih parametrov —
elektri¢ne poljske jakosti, Stevila pulzov, in dolzine pulzov. Bila je poiskana analiti¢na metoda za
pridobitev ocene pomembnosti parametra, ki je odgovoren za iznos transmembranskega
transporta, in sklopljena s transmembranskim difuzijskim tokom v difuzijskem problemu, prav
tako pa z transmembranskim tokom tekoCine v konsolidacijskem (tlacnem) problemu. V
najnovejSem delu, ki je predstavljeno v dizertaciji, je podana Studija validacije modela, tokom
katere so bili prepoznani tudi drugi pomembni dejavniki (poleg povrSinskega deleza por na
membrani), ki jih je potrebno upostevati pri modeliranju transporta snovi v elektroporiranem tkivu.
Med najpomembnej$imi dejavniki so spremembe v propustnosti in kompresibilnosti tkiva zaradi
strukturnih sprememb, povzroCenih z elektroporacijo ali apliciranjem tlaka. Ti dodatni vplivni
dejavniki odrazajo kompleksno naravo u¢inkov elektri¢nih polj na teksturo ter masni transport v
elektroporiranem tkivu.

Da bi bilo mo¢ model nadalje nadgraditi in dopolniti, bo prihodnje delo verjetno osredotoceno
na ovrednotenje in matemati¢ni opis vpliva drugih pomembnih dejavnikov na transport snovi v
tkivu (elektroosmoza, relaksacija turgorja, ipd.), da bi se model razvil v bolj splosno razli¢ico,
katere reSitev bi posedovala odliko zmoznosti predvidevanja (predikcije) na podlagi danih
parametrov elektroporacije ter znanih snovno-fizikalnih lastnosti obdelovanega tkiva, katere je
moc¢ pridobiti iz obstojece literature ali oceniti s pomocjo neodvisnih eksperimentalnih metod.

Uvodno delo na podro¢ju nadaljnjih raziskav, ki so izven obsega te dizertacije, nakazuje, da
mehanizmi kot so izguba turgorja (primerno izkljuéno v tkivih, kjer so prisotni gradienti tlaka —
npr. rastlinska tkiva s celi¢no steno in hiperosmotskimi razmerami), in pa elektroosmotski pojavi,
lahko igrajo pomembno vlogo v transportu snovi in kli¢ejo po neodvisnem ovrednotenju, ter
eventualni vkljucitvi matemati¢nega opisa teh pojavov v obstoje¢ model dvojne poroznosti.
Nedavni napredek pri metodah detekcije in zanimive nove moznosti za zdruzevanje modelov
razporeditve elektricne poljske jakosti z modeli evolucije por ter modelom dvojne poroznosti.
Rezultirajo¢, v visoki meri sklopljen prostorsko-casovni model bi bilo mo¢ dopolniti tudi z Nernst-
Stokesovim setom enacb za elektrodifuzijo, ki opisuje u¢inke elektroosmoze ter elektroforeze, kar
bi predstavljalo prepotrebno translacijo znanja in uvida pridobljenega v poskusih na posameznih
celicah na mnogo bolj kompleksno raven realisticnih bioloskih tkiv.

Kljub vsemu napisanemu glede moznosti nadgradnje modela v prihodnje, pa je avtor
prepri¢anja, da je mo¢ model dvojne poroznosti zZe uspesno uporabiti za ovrednotenje u€inkovitosti
elektroporacije v odnosu do transporta snovi, da ga je mo¢ uporabiti za optimizacijo parametrov

obdelave za predvidevanje rezultatov obdelave pri danih parametrih, ter da bo njegov nadaljnji
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razvoj prinesel doprinos k boljSemu razumevanju pojavov, ki so povezani s transportom snovi ter

teksturnimi lastnostmi elektroporiranega bioloSkega materiala.
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2 Introduction

2.1 Paper I: A review article “Electroporation in Food Processing and

Biorefinery”

The following paper introduces the process of electroporation and presents a review of current
applications of this phenomenon and related technologies in the food processing and biorefinery
sectors of industry. It also highlights the state of the art and contains a brief overview of some of
the challenges encountered and the approaches taken to overcome them that have been recently
reported on in literature.

The article was conceived as an introductory work intended for a broad audience of researchers
interested in electroporation and its applications in the food processing and biorefinery industries.
A more narrowly focused review of literature pertinent to the problems of mass transport in
electroporated tissus is given in the section following the review article, i.e. section 2.2 entitled “A

literature review on mass transport in electroporated biological tissue”™.
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brief discussion on perspectives for future research and
development in the field. The paper is a review in the very
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Introduction
The Electroporation Phenomenon

Electroporation (also termed electropermeabilization or
pulsed electric field treatment) is a process in which
induced transmembrane potential by means of an exter-
nally applied electric field of sufficient strength causes an
increase in cell’s plasma membrane conductivity and pet-
meability. This increase is attributed to creation of aqueous
pathways i.e. pores in the lipid bilayer and has been
demonstrated by experiment on lipid bilayers, cells in
suspension, monolayers and biological tissues. See e.g.
{Krassowska and Filev 2007a; Neu and Neu 2009; Kotnik
et al. 2012a) as essential reading in fundamentals of elec-
troporation. Although other terminology is also in use, such
as electropermeahilization and PEF treatment, we will
continue to refer to the process in the remainder of this
paper as electroporation.

Depending on the duration of cell’s exposure to the
electric field, the local field strength (i.e. the maximum
amount of energy deliverable to the membrane via the
external electric field), and the rate of membrane recovery,
there are three possible outcomes of electric field appli-
cation. If the field strength and exposure time are insuffi-
cient, there is no electroporation, and cell’s permeability
and viability remain maffected. See (Kotnik et al. 2012a})
for the basic principles of the electroporation phenomena.
If the field strength exceeds what is known as reversible
threshold and exposure is of sufficient duration, so-called
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Fig. 1 A schematic
representation of cell
electroporation with possible
outcomes depending on the
pulsing protocol (amplitude,
shape, duration of pulses} and
additional cell manipulation

viable cell

E
exposure to

electric field

|
e

techniques, e.g. irreversible [
(di)electrophoresis. Schema
redrawn based on Fig. 16.1 in
(Rebersek and Miklaveic 2010) ;
e
cell death

4 e o
introduction of extraction of introduction of
small molecules

reversible |
+ dielectrophoresis

+ electrophoresis

e ¢
- b (]

cell fusion
molecules large molecules

reversible electroporation occurs (Rols and Teissié 1990;
Phoon et al. 2008; Corovié et al. 2012} the membrane is
permeabilized and remains in a state of higher permeability
for a period of time, but is eventually able to spontanecusly
return to its original state by means of membrane resealing,
a process in which the pores close and the cell restores its
normal transmembrane potential. We should point out that
this is only possible provided the environmental conditions
stay favourable for cell survival and function. If the field
strength and amount of delivered energy are too high,
however, irreversible electroporation occurs (Davalos et al.
2005; Al-Sakere et al. 2007), resulting in loss of cell
homeostasis {(and possibly in a complete breakdown of the
plasma membrane), effectively killing the cell. Figure 1 is
a schematic representation of some of electroporation
applications depending on the outcome of the treatment
and on whether additional low-voltage electric fields are
used in combination with electroporation facilitating other
phenomena, such as electrophoresis and dielectrophoresis
{(Kanduser et al. 2009; Usaj et al. 2010; Hu et al. 2013;
Rems et al. 2013).

Both reversible and irreversible electroporation have
found their applications in fields such as biomedicine,
biotechnology and the environmental sciences {Haberl
et al. 2013; Yarmush et al. 2014). In biomedicine, revers-
ible electroporation is used in electrochemotherapy to
introduce cytotoxic drugs into tumour cells in a process
known as electrochemotherapy (Miklavcic et al. 2012;
Mali et al. 2013), for gene and transdermal drug delivery
{Gehl 2003; Denet et al. 2004; Pavselj and Miklavcic 2008;
Chiarella et al. 2013), cell fusion (Hu et al. 2013; Rems
et al. 2013), as well as inserting proteins into the plasma
membrane (Raffy et al. 2004), while non-thermal irre-
versible electroporation (NTIRE—mnon-thermal irreversible
electroporation) is being used as a means of tissue ablation
for cancer treatment (Davalos et al. 2005; Garcia et al.
2011).
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In food processing, electroporation has shown promising
results for extraction of juices and other valuable com-
pounds from plant tissue and microorganisms, such as
microalgae (Fincan et al. 2004; Vorobiev and Lebovka
2008; Donsi et al. 2010; Puertolas et al. 2012; Vanthoor-
Koopmans et al. 2013), tissue dehydration (Ade-Omowaye
et al. 2001; Lebovka et al. 2007h; Shynkaryk et al. 2008;
Jaeger et al. 2012) and nonthermal preservation and ster-
ilization by microbial inactivation {(Qin et al. 1996; Jaya-
ram 2000; Yeom et al. 2002; Wesierska and Trziszka 2007,
Mosqueda-Melgar et al. 2012; Bermudez-Aguirre et al.
2012; Marsellés-Fontanet et al. 2012). Reversible electro-
poration may also help in creating new methods for cryo-
preservation of biological tissues (Phoon et al. 2008;
Shayanfar et al. 2013), and plant metabolism stimulation
(Sabri et al. 1996; Ye et al. 2004; Saw et al. 2012; Dymek
et al. 2012; Straessner et al. 2013). Among the environ-
mental applications, we find wastewater treatiment (Rieder
et al. 2008; Gusbeth et al. 2009; Junfeng et al. 2013) and
biofuel production (Vanthoor-Koopmans et al. 2013;
Zhinden et al. 2013; Eing et al. 2013; Grimi et al. 2014),
both currently under intensive research and development as
promising electroporation applications.

This paper focuses on the applications of electroporation
in the field of food processing and valuable compounds
recovery (biorefinery). We first give a brief overview of
potential electroporation applications in the food process-
ing mdustry, followed by a more detailed review of the
carrent state—of-the-art within the scope of each of the
applications. We then present some of the problems
encountered and common challenges facing researchers in
the field. Thereon, we continue by describing approaches
taken when transferring theoretical knowledge to practical
implementations and conclude with electroporation in food
processing and environmental technologies in light of
perspectives for future research and development. For more
comprehensive reviews on electroporation as an emerging
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Fig. 2 A schematic representation of plant tissue before (left) and
after electroporation (rightf). The pores created in the plasma
membrane facilitate influx and/or efflux of water and solutes into

technology in food processing, see e.g. (Vorobiev and
Lebovka 2010; Knorr et al. 2011).

Overview of Fundamentals and Applications
of Electroporation in Food Processing

As shown by the schematic representation of plant tissue in
Fig. 2 (left-hand part) in plant tissue cells are embedded
into a structure formed by the extracellular matrix—the cell
wall. The cell wall provides support to the plasma mem-
brane, enabling it to withstand enormous pressure differ-
ences across the membrane due to turgor and gives shape to
the cell. The cell wall is a selective filter that allows water
and ions to diffuse freely, but is a limiting factor in dif-
fusion or convective flux of large molecules of more than
20 kDa in size. However, molecules of up to 10 kDa can
pass between cells of some higher plants through structures
known as plasmodesmata, i.e. specialized cell-cell junc-
tions that extend through the cell wall (Lodish et al. 2008).
Note that these junctions are not shown in Fig. 2. Although
in intact plant tissue the plasma membrane is the structure
providing the largest resistance to intercellular (i.e. cell-to-
cell) transport, as well as to transport between intracellular
and extracellular space, we must bear in mind also the
hindrance and filtering behaviour of the cell wall when
considering mass transport in plant tissues {Buttersack and
Basler 1991), as opposed to animal tissues where cells are
not embedded in a porous extracellular structure akin to the
cell wall. The cell wall thus presents an additional com-
plexity and must be considered when studying electropor-
ation and related mass transport phenomena in plants
(Janositz and Knorr 2010; Janositz et al. 2011).

Figure 2 (right-hand part) gives a simplified schematic
representation of plant tissue that has been electroporated.
The plasma membrane has increased permeability due to
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Electroporated ol I 4
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the cells from the extracellular space or from the cells into the
extracellular space. Redrawn based on Fig. 17 in (Halder et al. 2011}

electroporation {depicted by the dashed line representing the
permeabilized membrane) and has lost the ability to selec-
tively control influx and efflux of water and of those solutes
that are, depending on their hydrodynamic size, able to pass
through the membrane. According to current knowledge, see
e.g. (Galindo et al. 2008; Ganeva et al. 2014; Stirke et al.
2014), electroporation may also affect the cell wall and either
decrease orincrease its permeability (results of recent studies
seem to be rather comtradictory, and further studies are
needed). The effect of electroporation on cell wall appears to
depend on cell configuration (cells in suspension, mono-
layers or tissues), species of organism (yeast, plants) and
treatment protocol. However, the increase in permeability
and conductivity of electroporation-treated plant tissue is by
general consensus attributed predominantly to the increased
permeability of the cell membrane. As mentioned in “The
Electroporation Phenomenon™ section, electroporation may
cause the cell membrane to break down completely (irre-
versible electroporation}, in which case the cytosol, parts of
disintegrated membrane, and the intracellular material
remain trapped in the extracellular matrix.

The described phenomenon of plant cell membrane
increased permeability or destruction via electroporation
opens up a plethora of interesting possibilities from the
food processing point of view. The mass transport facili-
tated by the disrupted plasma membrane and promoted by
concentration gradients (diffusion} or pressure gradients
{process is often referred to as expression), is of interest in
many applications in food industry. Tn Table 1, we list
applications where the interest is predomiinantly in mass
transport enhancement by electroporation, also identifying
the primary mechanism or objective of processing
improved by electroporation, as well as the required field
strength and specific energy consumption per unit mass of
the treated material.
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Table 1 Electroporation applications to food materials with focus on improving mass transport

Application Electric field Energy Primary mechanism of action Typically studied (model) materials
strength® consumption®
(kV/iem) (klkg}
Juice extraction 0.1-5 1-15 Extraction of intracellular water with  Apple, carrot, potato, sugarbeet
solutes
Valuable compounds  0.1-10 0590 Extraction of intracellular Apple, carrot, chicory, rapeseed, red
recovery compounds e.g. phenols beetroot, sugarbeet
Wine quality 2-10 04-10 Release of polyphenols into grape Cabernet sauvignon, Riesling, Aglianico, and
enhancement juice other local varieties
Dehydration 0.1-3 05-25 Extraction of water Apple, carrot, mango, pepper, potato,
strawberry, green biomass
Bioreﬁnery" 1.5-50 10-60 Lipid, protein extraction, release of  Microalgae, veast, alfalfa, grapes, rapeseed
other extractives
Cryopreservation® App. 0.5 nfa Reversible electroporation, infusion  Spinach leafs
of cryopreservant
Meat processing 2-3 10 Infusion of curing agent (e.g. salts) Pork (ham, sausages, minced meat)

(meat curing.;)d

Consolidated from data given in (Donsi et al. 2010), except where otherwise indicated

* A range of averages is given to consolidate findings from most of the reviewed studies. See reference(s) for details
b See e.g. (Gachovska et al. 2006; Liu et al. 2012, 2013; Grimi et al. 2014}

¢ See e.g. (Phoon et al. 2008)
4 See e.g. (Toepfl 2006; Toepfl and Heinz 2008)

In case of water or solute introduction into or extraction
out of tissue, we are applying the electric treatment via a
series of trains of electric pulses of moderate field strength’
{MEF—moderate electric field), i.e. several 100 V/em up
to 1-2 kV/cm (see Table 1; Puertolas et al. 2012}. How-
ever, the augmenting effect of electroporation to mass
transport has also been observed in applications of low
intensity electric fields to the biological material, on the
order of less than 100 V/cm (Asavasanti et al. 2010). If the
applied electric pulses are of high intensity (HPEF—high
pulsed electric field), on the order of about 5-50 kV/cm,
they may cause irreversible damage to cells of bacteria,
yeasts and moulds, and can therefore be used to preserve
material through inactivation and destruction of these
microorganisms; the ohjective in this case is to pasteurize
or sterilize the biological liquids: foods or sludge (Alvarez
et al. 2006; Mosqueda-Melgar et al. 2008a, 2008b; Guer-
rero-Beltran et al. 2010; Bermudez-Aguirre et al. 2012).
This is often achieved through a combination of electro-
poration treatment and other traditional techniques of food
preservation—e.g. thermal, chemical or pressure based
{Martin-Belloso and Sobrino-Lopez 2011)—as many of the
harmful microorganisms, such as bacterial spores, prove to
be hard to destroy by pulsed electric fields alone (Shin et al.

L Though no formal definition exists, the electric field strengths are
often referred to in the literature as per the defined ranges or
abbreviations, and these designations do not necessarily represent the
actual local electric field strength the cells are exposed to.
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2010; Bermudez-Aguirre et al. 2012} and are considered as
one of the hurdles in pasteurization and sterilization pro-
cesses. Table 2 summarizes the applications where elec-
troporation is employed primarily with intent to inhibit
microbial activity in the treated liquid. Additional infor-
mation in terms of the required field strengths and energy
consumption is also given. By comparing data in Table 2
with data presented in Table 1, note the higher field
requirements and specific energy consummption in microbial
inactivation applications. To understand why microbial
inactivation generally requires significantly higher field
strengths and energy consumiption in comparison with e.g.
extraction applications, it is important to understand the
mechanisms of action of electroporation and related phe-
nomena. The process of exposing a viable cell to an
external electric field can be divided into several stages
(Saulis 2010}. First, the transmembrane potential increases
with time due to charging of the plasma membrane by the
electric field. The amplitude of the transmembrane poten-
tial reached is determined by cell size and shape, mem-
brane and medium conductivities (intra and extracellular)
and pulse parameters (shape, duration, field strength). A
critical transmembrane potential is required in order for
pore initiation stage to begin, when a population of small
metastable hydrophilic pores appears in the plasma mem-
brane. This population evolves in time, during which the
number of pores as well as their sizes change. Following
the electric treatment, in the post-treatment stage lasting
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Table 2 Electroporation applications with focus on microbial inactivation

Application Electric field strength® (KV/cm)

Energy consumption® (klkg) Reference(s)

2-30
Solid and semisolid food products Comparatively higher than in

Juice preservation

preser’wfationIJ juice preservation
Enzyme deactivation 10-90
Sludge disintegration (wastewater 10-20

treatment)

5-250

Comparatively higher than in
juice preservation

(Toepfl 2011)

(Gudmundsson and Hafsteinsson
2005)

100-2500 (Manas and Vercet 2006;
Buckow et al. 2013)
50-200 (Toepfl et al. 2006)

Typical field strengths and energy consumption

* A range of averages is given to consolidate findings from most of the reviewed studies. See reference(s) for details

® The subject of electroporation-assisted microorganism deactivation in solid products lacks reliable studies. It has been found that high field
strengths required for inactivation (higher than for juices) have a detrimental effect on texture and structure, rendering the treatment application
to these materials for preservation unrealistic (Gudmundsson and Hafsteinsson 2005}

from milliseconds to hours, leakage of intracellular com-
pounds, entrance of substances present in the extracellular
space into the cell and ultimately pore resealing or cell
death as well as other processes, occur. The result of
electroporation treatment, either a viable or a dead cell, is
thus determined by conditions and processes that are
occurring during all stages of electroporation treatment.
These conditions can vary considerably for different
applications. Considering an exemiplary microorganism—a
pathogenic bacterial species for example—as a typical
prokaryotic organism only several micrometres in length,
the induced transmembrane voltage is calculated to be an
order of magnitude lower at the same external electric field
strength, as compared to a small eukaryotic cell several
tens of micrometres in diameter. The presence (and struc-
ture} of cell wall should also be considered {Aronsson et al.
2005; Golberg et al. 2012). For a more thorough and in-
depth treatment of microbial inactivation from the point of
view of electroporation theory, see for instance (Saulis
2010). We also give further references in discussions of
pasteurization and sterilization by electroporation, found
within “Inactivation and Destruction of Microhial Con-
taminants, Parameters Influencing the Success of Electro-
poration Treatment Application and Methods of Evaluating
Their Tmportance, and Pasteurization and Sterilization of
Liquid Foods: A New Arms Race?” sections.

In addition to the described enhanced mass transport or
membrane destruction and applications based on these
effects of electroporation, pulsed electric fields may also be
used at low intensities (less than 100 V/em) for induction
of stress response in plant and yeast cells (Ye et al. 2004,
Dymek et al. 2012; Straessner et al. 2013). Though a very
limiited body of research is available in this field of elec-
troporation, we will briefly discuss the subject in the suc-
ceeding chapter, in which we examine the state of the art of
electroporation research in food processing.
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Figure 3 gives a schematic representation of exposure of
a biological cell to an extemal electric field and applica-
tions of electroporation in food, biomaterials and waste-
water processing.

Electroporation in Food Processing
Extraction of Juices

Juice is the liquid naturally contained in cells of fruits and
vegetables and is generally extracted from tissue via
application of one or several pre-treatment procedures,
followed by pressing or passive diffusion. The pre-treat-
ment processes, such as mechanical, thermal, chemical,
enzymatic, etc. (Lebovka et al. 2011), are designed to
damage the biological tissue {(cells and the extracellular
matrix), and are followed by application of pressure, which
further facilitates the release of the liquid phase of cell
interior by exerting force causing cell membrane break-
down. The pre-treatment may also be followed by sus-
pending tissue in a solvent (e.g. water), thus facilitating
extraction via diffusion that occurs due to the concentration
gradient which is established as tissue with high concen-
tration of solutes in juice is submerged into the solvent of
higher purity (Bouzrara and Vorobiev 2003; Bazhal et al.
2003; Lopez et al. 2009).

For the food industry, optimizations in juice yield,
quality and energy consumiption have traditionally been at
the forefront of interest. Since juices are often consumed
for their favourable organoleptic properties and perceived
benefits to health, it is highly undesirable that these prop-
erties should be lost during the pre-treatment and extraction
processes {Puertolas et al. 2012). Enhancing hydraulic
pressing efficiency, diffusion rate and increasing the yield
in production of fruit and vegetable juices through
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membrane electroporation and damage are some of the
beneficial effects of applying electroporation te plant tis-
sues as a pre-treatment.

Initial attempts at electroporating plant tissue for
improving juice extraction suffered from uncontrolled
increase of food temperature and thus product quality
deterioration due to high-intensity electric fields applied. In
recent years, however, effective electroporation of plant
cell membranes has been demonstrated at moderate electric
pulse amplitude, avoiding excessive temperature increase
and opening possibilities for numerous applications for
juice extraction enhancenient.

Some of the products for which efficiency of electro-
poration has been shown are alfalfa, apples, carrots, pep-
pers, potatoes and sugar beet (Gachovska et al. 2006; Donsi
et al. 2010; Vorobiev and Lebovka 2010). Electroporation-
assisted extraction was shown to give increased juice yields
of up to 70 % when applied as the sole pre-treatment
technique, improving the quality of juice in terms of purity
{as compared to thermal treatiment), while also increasing
concentration of valuable juice solutes such as proteins,
minerals, B-carotene and others up to 60 %. In sugar beet, a
100 % increase in total soluble solids in juice was obtained
with electroporation followed by pressing (Mhemdi et al.
2012). Synergistic effects between electroporation and
ohmic heating have also been demonstrated, giving juice
extraction yields up to 85 % higher as compared to tradi-
tional thermal or enzymatic pre-treatments. See e.g.
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Microbial inactivation
15-40 kV/cm, 40-1000 kl/kg

{(Vorobiev and Lebovka 2008, 2010; Puertolas et al. 2012}
for a comprehensive review of the studies in electropora-
tion-assisted juice extraction.

Recovery of Valuable Compounds

Extraction of several valuable metabolites that may be
found in plant cells and inside cell organelles such as
vacuoles is of great commercial interest. Electroporation in
this context has been studied as means to enhance extrac-
tion of colourants (pigments), antioxidants {e.g. polyphe-
nols), flavonoids and other secondary metabolites, sugars
and lipids (e.g. oils) from plants and microalgae.
According to recent reviews in {Domsi et al. 2010;
Vorobiev and Lebovka 2010, Puertolas et al. 2012), it has
been demonstrated that applying electroporation treatment
prior to extraction enhances the release of chlorophylls,
carotenoids, betalains and flavonoids, especially anthocy-
anins. In a study with microalgae of species Chlorella
vulgaris for instance, improvement in chlorophyll and
carotenoids extraction by 80 and 52 %, respectively, was
obtained after application of electric pulses. In a similar
study with betanin extraction from red beetroot, 90 % of
total red colourant was extracted from electroporated
sample, in comparison with less than 5 % from the
mntreated control. Since these organic compounds are
normally sensitive to light, temperature and oxidation,
traditional extraction techniques are mild in nature {(mild
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before electroporation

Fig. 4 Upper half Two slices of sugar beet before (left) and after
(right) treatment with electroporation. Lower half The moisture
imprints left on the semi-absorbent paper by the sugar beet slices

thermal or pressing), and their efficiency can be greatly
increased through combination with electroporation pre-
treatment.

In sugar from sugar beet extraction, traditional process
involves slicing the roots into cossettes (beet cuts) followed
by extraction by diffusion in hot water at 70-75 °C. This
unfortunately leads to release of pectin into the juice,
which requires complicated and costly purification. The
combination of lower temperature and electroporation
allows obtaining comparable results in terms of sugar yield,
but at a much higher juice purity and hence lower energy
and material costs for purification (Bouzrara and Vorobiev
2000; Eshtiaghi and Knorr 2002; Bluhm and Sack 2009).
Figure 4 shows a cut through sugar beets before and after
treatment by electroporation together with the corre-
sponding moisture imprints left by the samples on a semi-
absorbent sheet of coloured paper. The yield of juice
obtained by cold pressing of electroporated sugar beet is
considerably higher as compared to the control, i.e. non-
treated sugar beet tissue. In addition to increased yield of
juice, higher transparency of juice indicating higher purity
has also been observed (Bluhm and Sack 2009).

Market-driven development of foods with health bene-
fits promotes interest of the food and pharmaceutical
industries in extraction of health-protecting compounds
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paper

(shown above), illustrating increased spontaneous (i.e. no pressure or
mechanical treatment) release of sugar beet juice from the electro-
porated sugar beet slice. (Source: authors’ own photograph)

such as polyphenols, well known for their antioxidant, anti-
inflammatory and anti-tumour properties. Since these bio-
active compounds are sensitive to thermal and/or chemical
processing, electroporation has been studied in relation
with enhancement of polyphenols extraction. At high
amounts of energy delivered during electroporation by the
electric pulses, some deterioration and degradation of
valuable compounds was observed, however, in general,
electroporation treatment results in only a marginal
reduction of bioactive compounds available for extraction
and presents a promising method of increasing food quality
with respect to health (Donsi et al. 2010). Recently, there
has been an increase in scientific interest in recovery of
valuable compounds from grape seeds and skins, waste by-
products of the winemaking process, via the application of
high-intensity electric fields, and even electric discharges,
in order to extract the polyphenols from waste grape
material (Boussetta et al. 2011).

Electroporation treatment has also been studied for
enhancement of oil extraction from maize, olive, soybeans
and rapeseed tissues. According to some studies, to achieve
an observable benefit of electroporation application to oil
yield, longer, high-energy pulses must be used with total
energy delivered reaching as high as 90 kJ/kg. Even at
these energies, however, the benefit to yield is only
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marginal, while the treatment does, however, seem to
improve the composition profile of the extracted oils; an
increase in content of phytosterols and isoflavonoids in
extracted oil after electroporation has been observed (Gu-
derjan et al. 2005, 2007; Donsi et al. 2010). Other studies,
summarized in (Puertolas et al. 2012) indicate an up te
30 % increase in oil yield from maize, and an increment of
55 % in the extraction yield in rapeseed oil production, as
well as higher concentrations of tocopherols, polyphenols,
antioxidants and phytosterols in oils produced using
electroporation.

Electroporation in Winemaking

The potential of electroporation uvse for improvements in
the wine making industry depends strongly on whether the
treatment is applied in production of white or red wines. In
white wine production, wine is made by fermenting the
must obtained from crushing the white grapes. High-qual-
ity white wine is obtained from must with a low content of
solid particles, low concentration of colour pigments and
with reduced pressing time which limits the activity of
enzymes that catalyse polyphenol oxidation causing must
browning. Electroporation may be used to increase the
yield of extracted grape juice of higher purity but with
higher polyphenol content as opposed to juice obtained by
traditional pressing method. Results of first laboratory-
scale studies are promising, but need to be evaluated on the
pilot plant scale (Praporscic et al. 2007; Luengo et al.
2012).

In red winemaking, however, wine is produced by fer-
menting must of red grapes together with grape skins. This
step of the process is known as maceration. During mac-
eration, polyphenolic compounds are extracted from grape
skin and enhance the quality of the red wine by affecting
the colour, flavour and ageing. Additionally, polyphenols
are, as mentioned in the preceding section, associated with
beneficial effects on health. Recently, a review giving
sources to the essential reading material in the field of
electroporation-enhanced polyphenol extraction in red
winemaking was presented in (Luengo et al. 2012). The
results of the studies reviewed indicate an up to 62 %
increase in colour intensity, up to 43 % increase in
anthocyanins content, and up to 45 % increase in total
polyphenols during maceration as compared to the control
samples, if the grape skins underwent electroporation prior
to the start of the maceration process. When up-scaled from
laboratory to a continuous-flow industrial-scale environ-
ment, studies show a 48-h decrease in maceration time and
a higher content of polyphenols at the end of fermentation
as compared to the control. From the sensory point of view,
the wine produced by means of electroporation did not
exhibit any unusual flavours or changes in taste. These
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results also come at a low energy cost (0.4-6.7 kl/kg) and
processing time {(less than one second). For other recent
studies on red grapes, see for instance (Delsart et al. 2014;
Cholet et al. 2014).

As briefly mentioned in “Recovery of Valuable Com-
pounds” section, electroporation-assisted extraction of
polyphenols is also interesting in light of reuse of waste or
by-products of winemaking industry. These by-products
represent a vast and cheap source of polyphenols, and
several authors have investigated the potential in harvest-
ing these valuable compounds from biological waste. The
energy requirements, however, appear to be higher in
recovery of compounds from grape by-products as com-
pared to those in applications for increasing polyphenol
richness of must during maceration or fermentation (El
Darra et al. 2013). The field of harvesting biological waste
for valuable compounds is in its early research stages, and
much more insight needs to be gained to evaluate its full
industrial potential (Luengo et al. 2012).

Dehydration of Plant Material

The intact cell membranes in food materials represent a
highly limiting factor (barrier) to water transport during
drying of food matrices. Electroporation can, through
increasing cell membrane permeability, enhance the mass
transport and thus enable faster and more energy-efficient
process of tissue dehydration. As shown in the Introduction
in Fig. 2, cells and cell walls in plant tissue form the
structure of a porous medium. Electroporation of cell
membranes can thus greatly increase the porosity of tissue,
increasing its hydrodynamic permeability as well as mass
and heat transfer rates (Shynkaryk et al. 2008; Donsi et al.
2010; Jaeger et al. 2012; Mahnic-Kalamiza et al. 2014).
Drying of foods in the food industry is mostly accom-
plished through thermal or hot-air dehydration. Since these
processes come at a high energy cost and affect the orga-
noleptic properties of food material, osmotic dehydration
has been proposed as an alternative solution. In osmotic
dehydration, food material is introduced into a hypertonic
solution, causing water to leave the material through
osmosis and solute from the solution is introduced by
diffusion into the biological tissue. This is, however, a slow
process and not without negative effects to properties of
dehydrated food (Amami et al. 2006; Puertolas et al. 2012).
Several studies have been conducted where conventional
thermal drying or osmotic dehydration were combined with
electroporation. Recent reviews and summaries of the
findings of these studies are found in (Donsi et al. 2010;
Vorobiev and Lebovka 2010; Puertolas et al. 2012; Jaeger
et al. 2012). In summary, products that were studied and
positively responded to electroporation treatment with an
increase in mass transport and thus drying rate includes
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potatoes, carrots, bell pepper, okra, raisins, red beet,
mangoes, strawberries, coconuts and apples. In conven-
tional dehydration, electroporation decreased drying time
by up to 30 % while not exceeding the drying temperature
of 60 °C. In osmotic dehydration, an up to 30-50 %
increase in water release as well as improved dehydration
kinetics in samples pre-treated with electroporation were
observed. Regarding the final product quality, in conven-
tional thermal dehydration quality is enhanced due to lower
drying temperature, while the results appear to be incon-
clusive for osmotic dehydration due to increased water
release causing a proportional decrease in content of
metabolites of interest, e.g. vitamin C.

Cryopreservation

Freezing is a fairly widespread method of food preserva-
tion. Formation of crystals during freezing and recrystal-
lization after freezing often result in deterioration of frozen
food characteristics such as texture and flavour. For this
reason, attempts have been made to improve the resistance
of raw food products to freezing damage through cryo-
preservation. This method involves infusing tissue with
cryoprotectants, a group of substances that prevent for-
mation of crystals during freezing. Sugars or other cryo-
protectants {e.g. sugar alcohols such as mamnitol) can be
forced into the tissue via osmotic dehydration in hypertonic
solution or by vacuum impregnation (Velickova et al
2013). In intact tissue, however, these processes have
limited effect since the intact plasma membrane is poorly
permeable. The cryoprotectant is withheld mainly in the
extracellular matrix and does not reach the intracellular
space, which allows crystals to form during freezing
{Phoon et al. 2008). Reversible electroporation, due to its
transient increase in membrane permeabilization, enables
introduction of ions and molecules into biological cells.
This enables the cryoprotectant to efficiently permeate into
the cells, protecting them from damage that would other-
wise be incurred during freezing. Promising studies have
been conducted on laboratory scale in recent years dem-
onstrating the effectiveness of combining cryoprotectant
with permeabilizing effects of pulsed electric fields for
cryopreservation. Quality (texture, firmness, colour, etc.) of
spinach leaves and potato strips was retained by impreg-
nating the material with trehalose (Phoon et al. 2008;
Shayanfar et al. 2013) or calcium chloride (Shayanfar et al.
2013).

Inactivation and Destruction of Microbial
Contaminants

The most effective method of preserving food quality and
assuring microbial safety of raw materials during
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production and processing is preventing contamination
with microorganisms. Unfortunately, it is also the most
difficult, if not impossible to achieve in industrial practice.
The objective in food industry is thus to attempt and con-
trol the activity of microorganisms once the contamination
has taken place {Alvarez et al. 2006), by either deactivating
them temporarily (heating/cooling/freezing, addition of
preservatives, changes in pH, changes in atmospheric
composition, etc.) or destroying them completely. The idea
of using electricity in food preservation has a long history,
and application of pulsed electric fields for microbial
inactivation has been stadied for over 50 years (Barbosa-
Canovas et al. 1997; Toepfl et al. 2007, Sobrino-Lopez and
Martin-Belloso 2010; Saulis 2010; Knorr et al. 2011;
Morales-de la Pena et al. 2011). During the last couple of
decades, the potentials and aspects of electroporation in
food preservation have been thoroughly studied, and a
variety of microorganisms have effectively been inacti-
vated in various aqueous solutions, e.g. juice, apple cider,
milk, yakju, whole egg, pea soup, nutrient broths, model
beer, algae extracts and miscellaneous model buffer solu-
tions. In addition, synergistic effects between electropora-
tion and other methods, e.g. nisin, acid treatment, mild
heating, low temperatore and high pressure, have been
demonstrated (Toepfl et al. 2006; Saulis 2010).

The success of electroporation treatmient of microor-
ganisms strongly depends on a number of critical factors.
Among others, these include processing parameters (e.g.
treatment time, electric field strength, pulse number and
duration), treatment medium characteristics (e.g. conduc-
tivity), as well as microbial characteristics (e.g. shape, size,
cell wall structure and composition). The main process
parameters that determine efficiency of treatment include
electric field strength, shape and duration of the pulses,
treatment time, pulse repetition frequency, energy deliv-
ered and temperature. Of these, field strength, treatment
time and—on these two dependent—amount of energy
delivered, are the most critical. Microbial characteristics of
greatest importance were shown to be the type of micro-
organism, cell size and shape, and growth conditions.
While yeast and bacterial cells are susceptible to high-
energy electroporation treatment, bacterial spores seem to
be largely resistant to electrical treatment. Therefore, the
focus of studies and efforts in electroporation application
for microbial inactivation can be found in pasteurization
rather than sterilization (Alvarez et al. 2006).

Electric field strengths required for efficient inactivation
of microbes in vegetable juices are within the range of
1540 kV/cm, and energy requirements fall into the range
between 50 and 1,000 kJ/kg (see Fig. 3). Treatment at
these parameters causes electroporation of not only
microbial, but also animal and plant cells, causing
destruction of tissue integrity and structure, which are
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highly undesirable in food processing industry. Thus, it
appears that the technique is mostly applicable for
achieving pasteurization of liquid foods, e.g. preservation
of vegetable juice, milk, eggs, etc. (Toepfl et al. 2006).

The main strength of electroporation application in food
industry for microbial inactivation seems te be in its ability
to affect less and thus better preserve the nutritional and
sensory properties of food material as compared to thermal
treatment (Odriozola-Serrano et al. 2013). Also important
are the observed synergistic effects of electroporation when
combined with existing treatments {thermal for instance).
There are also several other effects of electroporation that
were noticed and might benefit its future widespread nse in
food industry and its acceptance with the consurmers, such
as sulphur dioxide and pesticide reduction in treated juices
{(Marsellés-Fontanet et al. 2012).

Other Food Processing Applications and the Effect
of Electroporation on Enzymes and Food Constituents

In addition to the applications of electroporation for food
processing described in the preceding subsections, several
other applications have been proposed, particularly in
recent years. Inactivation capability of pulsed electric fields
has been extended to attempts at controlling enzyme
activity and metabolism activity with applications in food
preservation (Manas and Vercet 2006) and organism
growth stimulation {Jaeger et al. 2008; Frey et al. 2011).
The required pulse amplitudes for enzyme inactivation are
even higher than for microbial inactivation due to higher
resistance to treatment of enzymes as compared to micro-
organisms, and such ftreatment was not possible until
introduction of powerful-enough generators. Since plant
and fungi growth stimulation {metabolism control) requires
low-energy fields as it is undesirable to negatively influ-
ence the organisni’s viability, pulses on the order of
nanoseconds in duration and strengths of up to 530 kV/cm
were used in some of the preliminary studies (Frey et al.
2011). Reversible electroporation has only recently gained
interest among researchers as a siressing mechanism to
promote production (biosynthesis) of metabolites, enabling
large amounts of phytochemicals to be produced in biore-
actors by stressing selected plant species using low-energy-
pulsed electric fields (Jaeger et al. 2008; Mattar et al.
2013).

Several applications in preparation, curing and cooking
of meat and vegetable products have also been proposed.
While very limited literature exists on the subject, there is
growing interest in the potential of electroporation appli-
cation for meat and fish products. For instance, a weight
increase of brine-marinated cod fillets has been observed
following treatment by electroporation, and treatment
impact on chicken muscle as well as salmon meat has been
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Fig. 5 NutriPulse® by IXL Netherlands B.V., an appliance marketed
under claims of “cooking with the help of pulsed electric fields” (IXL
Netherlands B.V. 2014)

investigated. Electroporation has also been shown to
accelerate fermentation of sausages by improving the
availability of intracellular liquid for fermenting cultures
{Toepll et al. 2006). Although no mechanisms of action of
electroporation on proteins have yet been proposed (Toepfl
et al. 2006) and the subject invites further elucidation,
a commercial “cooking” device, whose manufacturer
advertises as capable of preparing food with help of elec-
troporation (literally: “pulsed electric fields™), is in the
testing phase (see Fig. 5, courtesy of IXI. Netherlands B.V.
2014). Additionally, electroporation was shown to enhance
peeling of some fruits (e.g. tomato, prune, mango),
equalling the ease of skin removal to that of steam treat-
ment, at the energy cost of an applied electroporation
treatmnent of 1-7 kl/kg (Toepfl 2012). Interesting changes
in texture and viscoelastic properties of the treated tissues,
presumably caused by the loss of turgor pressure during
and following electroporation, were also observed (Grimi
et al. 2009; Leong et al. 2014). These changes may facil-
itate easier handling of produce and more efficient pro-
cessing (reduction in cutting force and wear of cutting
implements).

Biorefinery (integrated biomass conversion processing)
of microalgae for food, feed, chemicals and pharmaceuti-
cals is a digression from existing and established attempts
in environmental engineering to harvest microalgae for
biofuel. Biofuel production, though facilitated by energy-
efficient electroporation, is currently not in itself econom-
ically feasible (de Boer et al. 2012; Vanthoor-Koopmans
et al. 2013). This is due to high energy demands required
for mixing, concentrating and finally cracking the tough
cell wall of the microalgae to obtain their products. Nev-
ertheless, the application is interesting since harvesting
microalgae constituents with high market value might, in
combination with optimization of energy use, make
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production and harvesting of these microorganisms eco-
nomically viable. For this application, electroporation is
investigated as a mild and effective mechanism of cell
disruption, facilitating extraction of unaltered constituents
at low emergy costs (Vanthoor-Koopmans et al. 2013;
Grimi et al. 2014; Flisar et al. 2014).

Valuables produced by microalgae include lipids, pig-
ments, unsaturated fatty acids, proteins and polysaccha-
rides. These compounds are stored intracellularly and a cell
disintegration method has to be applied in order to extract
this valuable material from within the algae (Goettel et al.
2013; Coustets et al. 2013). Up to now, different cell dis-
ruption methods have been investigated, including chemi-
cal, mechanical, thermal and enzymatic methods. These
methods are, however, normally unable to preserve all of
the valuable fractions in the obtained algae extract. This is
due to the fact they are mostly focused on harvesting one of
the valuable compounds, while inadvertently damaging the
rest. Within this context, electroporation presents itself as
an interesting mild or gentle extraction techmnique, pre-
serving all extracted fractions and making them available
for further biorefinery. Electroporation treatment thus
enables an indostrial-scale harvesting of the complete
potential of microalgae (Vanthoor-Koopmans et al. 2013).
Several studies have demonstrated that although electro-
poration treatmient does not seem to cause a spontaneocus
increase in release of lipids, it does greatly enhance solvent
extraction of lipids {Zbinden et al. 2013; Eing et al. 2013;
Goettel et al. 2013). Use of electroporation is therefore
envisioned as a part of a multi-stage process, where electric
treatment would be used first as a cell disruption method,
followed by two stages of biorefinery. During the first
stage, high-value water-soluble compounds are extracted
and dispatched for further processing. In the second stage,
using an environmentally friendly organic solvent such as
ethanol, the lipids and other compounds insoluble in water
are extracted. This can be done with high efficiency in
terms of both yield and energy, as the wet extraction of
lipids during second stage of biorefinery does not require
the conventional energy-consuming drying of hiomass
{Eing et al. 2013).

The number of technologies and applications harvest-
ing the power of electroporation applied to biological
material seems to be growing at an ever increasing rate.
New ideas are constantly being put to the test as industrial
processing is studied and optimized in every detail in light
of what electroporation-based treatments can offer to the
industry and the market. The task of reviewing the mias-
sive amount of knowledge accumulated in the field and
the numerous applications currently under consideration is
a difficult one, as we are continuvally surprised by the
expanding field of electroporation applications in the food
industry.
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Challenges and Approaches to Problems Solving

This section is an attempt at giving a brief review of some
of the more technical aspects of electroporation in food
processing. We begin by presenting an established method
of assessing changes in biological tissue due to electro-
poration, and continue with a brief overview of some of the
parameters that determine success of electroporation
application. Following, this is a short introduction to
modelling in electroporation-assisted food processing, and
we conclude the section with a glance at industrial equip-
ment design and implementation, a major research domain
within the field of electroporation.

Assessing the Degree of Electroporation in Biological
Tissues

Commonly used methods for detecting cell memibrane
permeabilization range from microscopic observations of
cells and tissues, often entailing the use of dyes, to mac-
roscopic observations such as measuring release of liquid
or the electrical conductivity of the released liquid, ana-
lysing the textural properties of treated tissues or measur-
ing the electrical impedance of the tissues. The latter of
these methods seems particularly suitable for quick, on-line
and in-process evaluation of effects of electroporation in
tissues and is the least invasive. A recent addition to this
list of conventional methods is based on the nuclear mag-
netic resonance (NMR) technology, which is, due to its
nature, a non-invasive technique of analysis.

Vorobiev and Lebovka (2008} defined the so-called
damage degree P as the ratio of damaged {meaning elec-
troporated) cells to the total number of cells in tissue. Studies
have shown a possibility of estimating, approximately, the
damage or electroporation degree P via measurements of
effective diffusion coefficients of known solutes in biologi-
cal materials (Jemai and Vorobiev 2002). In this case, P is
approximated as P = (D — D)) /{Dq — D;), where D is the
measured effective diffusion coefficient, and indices d and i
refer to totally destroyed and intact cellular material,
respectively. The effective diffusion coefficient D is mea-
sured via diffusion or drying experiments; however, these
methods are indirect and invasive. Moreover, the measured
effective diffusion coefficient captures not only the effect of
membrane electroporation, but also the effect of electro-
poration of cells to the rate of solute diffusion through
extracellular pathways in tissue (hence the coefficient is
termed “effective”). As it is not easy to decouple these
effects using a single measured parameter, this measure of
tissue electroporation miust, therefore, be considered as a
rough estimate, but is nevertheless particularly useful for
comparison of different treatment parameters and species of
diffusing solute. A more practical measurement in terms of
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invasiveness and speed of assessment is via the mote con-
ventionally used conductivity measurements. A conductivity
disintegration index Z can be defined as Z = (o — @)/
(¢4 — 1), where o is the electrical conductivity (the real
component of complex admittance, measured at low fre-
quency of about 1-5 kHz) and indices d and i refer to totally
destroyed and intact cellular material, respectively (I.ebovka
et al. 2000). Thus, the defined index gives Z = 1 for com-
pletely electroporated tissue and Z = 0 for intact tissue.
Although this method is useful, fast and relatively simple to
use, it requires supplementary measurements to determine
the conductivity of completely damaged tissue, using either
freeze-thawed tissue samples or samples of electroporated
tissue using very high electric field strengths and/or treat-
ment times (Lebovka et al. 2007a). The connection between
Z and P has not yet been explained theoretically. A phe-
nomenological, experimentally determined empirical
Archie’s equation giving Z = P™ has been proposed, with
coefficient m determined experimentally for some food
produce, e.g. potatoes, carrots and apples {Lebovka et al.
2002).

A more direct approach of assessing changes caused by
electroporation in plant tissues in situ was proposed by
Fincan and Dejmek (2002) and involves samples of tissue
between electrodes arranged in a setup suitable for
microscopy with the ability to record and analyse, post-
experiment, the images during or after application of
electroporation. In light of difficulties presented by pre-
paring samiples of quality suitable for microscopy, onion
epidermis tissue presents a clear advantage in ease of
sample preparation and was used in the cited study, with
neutral ted (NR) as the staining agent used to visually
detect electropermeabilization of the cell membrane. Direct
observation of NR-stained tissue was found useful in sup-
porting previous permeabilization estimates based on
conductivity measurements (index 7), as well as allowed
for the detection and observation of individual permeabi-
lized cells. Studies with microscopy and ion leakage
measurements with electrically damaged plant tissues
{particularly onions) and plant cells (e.g. tobacco), have
recently experienced a renewal in interest from the scien-
tific commumity (Asavasanti et al. 2010; Ersus and Barrett
2010; Janositz and Knorr 2010). The findings of these
studies highlight and point at the complex behaviour of
cells in biological tissues under exposure to electroporative
pulses, in particular in relation to the structural inhomo-
geneity (e.g. variable cell size, shape, etc.) which is
affecting the degree of cell membrane permeabilization.
TIon leakage, alliin lyase enzyme activity, and textural
property measurements were also used to determine critical
field strengths required to reversibly and/or irreversibly
electroporate cells in onion tissue (Asavasanti et al. 2010).
A recent work with tobacco cells with and without cell
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walls studied under the microscope has shed more light on
the impact of cell wall on the efficacy of electroporation of
plant cells, evaluating sensitivity of cells to electric pulses
with and without cell wall and measuring the resulting
changes in cell size {Janositz and Knorr 2010). In a more
recent study (Cholet et al. 2014), authors combined histo-
cytological observations with a study of levels of poly-
saccharide fractions and total amounts of tannins in treated
red grape skins to determine that a specific electroporation
treatment substantially and profoundly modified the orga-
nization and composition of the skin cell walls. In another
recent study, authors evaluated the suitability of NMR
imaging for assessing cell membrane integrity in electro-
porated samples (Brsus et al. 2010).

Parameters Influencing the Success of Electroporation
Treatment Application and Methods of BEvaluating
Their Importance

Parameters determining membrane permeabilization and
thus the success of application of electroporation in treat-
ment of food materials are related with all aspects of the
produce and processing. This means that in addition to the
physicochemical and electrical properties of the treated
material (medium and cytosol conductivities, membrane
composition, presence or absence of an exterior envelope,
etc.), also the electrical treatment parameters used during
electroporation {pulse shape, pulse amplitude, pulse dura-
tion, pulse repetition frequency, etc.), as well as other
processing parameters (pH, temperature, etc.), all play an
important role and determine the outcome of treatment
(Barbosa-Canovas et al. 1997; Raso and Heinz 2010;
Puertolas et al. 2012). For a review of the influences of
various parameters on success of microbial mactivation by
electroporation, see e.g. (Barbosa-Canovas et al. 1997,
Alvarez et al. 2006; Sobrino-Lopez and Martin-Belloso
2010; Saulis 2010; Knorr et al. 2011). In the field of juice
and valuable compounds extraction from plant materials or
osmotic dehydration of vegetable tissues, work has been
focused predominantly towards characterizing the damage
degree index Z (as a relative measure of treatment perfor-
mance) in relation to different parameters of the applied
electric field (pulse duration, number, amplitude), various
species and varieties of treated plants {e.g. potatoes, apples,
carrots,...) and the combined effects of electroporation and
other treatments, applied either concurrently or in succes-
sion. The treatments, often researched for their potential
synergistic action with electroporation to enhance diffusion
of solutes in tissue or expression of juices, are heat pro-
cessing {(temperature increase), pressure processing
{pressing) and chemical processing (addition of enzymes,
lime, lye, etc.}. For relevant reviews and a listing of per-
tinent literature, see e.g. (Vorobiev and Lebovka 2008;
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Donsi et al. 2010). For a recent study of pulse parameter
effects on extraction from microalgae, see (Goettel et al.
2013).

To successtfully electropermeabilize the membrane, the
field strength experienced by the cell exposed to the elec-
troporating pulses must achieve a certain minimum value,
termed the threshold of electroporation, critical field
strength or reversible electroporation threshold (Kotnik
and Miklavcic 2000; Fincan and Dejmek 2002; Asavasanti
et al. 201(), in order to induce the critical transmembrane
voltage across the membrane required for the onset of
increased permeability. Recent works, already mentioned
in the preceding subsection on assessing the degree of
electroporation, describe studies performed using onion
tissue or tobacco cells as model materials (Asavasanti et al.
2010; Ersus and Barrett 2010; Janositz and Knorr 2010).
Their findings indicate that the electroporation threshold or
field strength required to reversibly permeabilize the
membrane depends on the externally applied electric field
strength, and on the method employed to detect perme-
abilization. The field strength reported as required for
permeabilization falls in the range of 50-500 V/cm, with
duration of treatment (treatiment duration being an integral
quantity given as the product of pulse duration and number
of pulses) in range of 100-10,000 us (Puertolas et al
2012). When using pulses of shorter duration and/or shorter
total treatment time (<100 ps), higher electric field
strengths are required to permeabilize the membrane (Lo-
pez et al. 2009). This is consistent with ohservations of
Pucihar et al. (Pucihar et al. 2011a). Experiments with
onion tissues reported by Asavasanti et al. indicate that
higher electric field strengths are required also in order to
permeabilize the tonoplast (membrane of the vacuole, an
intracellular organelle), the permeabilization of which is
necessary to release the solutes of interest, often contained
within the cell’s organelles (Asavasanti et al. 2010). The
importance of cell wall presence has also been evaluated by
microscopy (Janositz and Knorr 2010). These results sug-
gest that the well-established descriptions of pulse protocol
that are based on reporting only the total specific energy
delivered to the material, as established by Knorr and
Angersbach (Knorr and Angersbach 1998), might be
insufficient to adequately describe the electrical treatment
parameters. This consideration seems to be of greater
importance in applications where the objective is the
achievement of selective or reversible permeabilization of
target cells, i.e. in applications of what could be referred to
as ‘gentle electroporation treatment’. A lot of insight on
this subject is available in the biomedical field of electro-
poration research, which we will now briefly discuss.

A massive body of work done on eukaryotic cells is
available in the biomedical domain of electroporation
applications, where the primary interests most often lie in
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either molecule delivery, i.e. drug or gene delivery (Gehl
2003; Denet et al. 2004; Miklavcic et al. 2012; Mali et al.
2013; Chiarella et al. 2013; Zorec et al. 2013; Miklavéic
et al. 2014), or in irreversibly permeabilizing cells causing
tissue ablation (Davalos et al. 2005; Garcia et al. 2011). We
illustrate this by citing two examples.

In a recent study of Pucihar et al., equivalent pulse
parameters for achieving electroporation were sought for
{Pucihar et al. 2011b). A calcium-sensitive dye was used to
detect electroporation, and the relations between the
amplitude and duration/mumber of pulses resulting in the
same fraction of electroporated cells were determined.
Pulse duration was varied between 150 ns and 100 ms, and
number of pulses from 1 to 128. To achieve the same
fraction of electroporated cells, the field strength had to be
adjusted within range of 100 and 10,000 V/cm. These
ranges with respect to pulse number, duration and electric
field strength, are sufficient to capture conditions and
parameters in many if not all electroporation applications
for food processing, the most obvious exception being
microbial inactivation, whose primary targets are pre-
dominantly prokaryotic cells susceptible only to high-
intensity electric fields {Alvarez et al. 2006). The insights
gained by the study should thus be applicable to materials
and conditions encountered in food processing applica-
tions, e.g. in juice and valuable compounds extraction,
tissue dehydration, cryopreservation, growth stimulation
and others. The findings, if indeed applicable to plant
materials, indicate that even when using different values of
treatment parameters (pulse duration, pulse length, pulse
number), if these values are carefully controlled and
adjusted in relation to each other, we can arrive at the same
degree of electropermeabilization. However, the relation-
ship between pulse amplitude and pulse duration as well as
the relationship between pulse amplitude and number of
pulses were found to be highly nonlinear and best descri-
bed using two-parameter power or three-parameter expo-
nential functions. This implies that even though the energy
input during treatment may be very high (for instance in
using low-field-strength, long-duration pulses), it might not
be as effective in permeabilizing the cells as a treatment
protocol of same specific energy input, but using very high-
intensity fields of shorter duration.

In a different, modelling and sinwlation study (Mik-
lavecic and Towhidi 20103, the authors developed a chem-
ical-kinetics and trapezium barrier models, supplemented
with a molecular transport model across a permeabilized
membrane to study the effects of varying pulse shape
parameters {e.g. unipolar rectangular pulses with different
rise/fall times, triangular, sinusoidal, unipolar rectangular
modulated pulses, etc.). Their results show that rectangular
pulses are mwore effective than sinusoidal or triangular
pulses, but more importantly, that the rise and fall times of
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mnipolar rectangular pulses do not significantly affect the
uptake of molecules by the cells. The work is significant
because it provides a possible framework for evaluating
effects of different pulse shapes and effects related with
transitional effects in electric field generation in relation
with cross-membrane mass transport, an issue which has
not been theoretically studied in the field of electroporation
applications for the food processing in much detail.

Additional insight may also be gained by experimenting
with molecular dynamics (MD) simulations, whose feasi-
bility has increased due to rapid progression in computing
power especially over the last decade. In an MD simula-
tion, a segment of the lipid bilayer representing the mem-
brane of a biological cell is simulated in detail, meaning
that phiysical interaction between its individual constituents
{atoms and molecules) is described as an N-body problem
using classical Newtonian physics. In addition to simulat-
ing occurrence, evolution and disappearance of pores in
lipid bilayers induced by miechanical stress (Leontiadou
et al. 2004), the mfluence of an externally superimposed
field and the associated electrical stress can be also be
accounted for in this manner. Recently, MD simulations on
lipid bilayers were performed in order to, in example,
evaluate the role of water in pore formation and evolution
{Ho et al. 2013b), to examine pore conductance of mono-
valent salts—mnote the connection between membrane
conductance and tissue electrical conductivity—(Ho et al.
2013a), and to determine electroporation thresholds with
respect to the lipid bilayer composition (Polak et al. 2013).
Although the segments of the simulated hilayer are
{over)simplified and as of yet far from being complete
digitized atom-by-atom replicas of living hiological
membranes, careful interpretation of results reported by the
cited and related studies can significantly aid in corrobo-
rating or explaining experimentally obtained evidence,
observed at the microscopic {macroscopic as compared to
the scale of MD simulations) level (Delemotte and Tarek
2012).

Mathematical Modelling of Electroporation-Related
Phenomena in Food Processing Assisted
by Electroporation

Within the demain of electroporation in food processing,
we can identify several directions in the published litera-
ture. A typical example would be modelling of a treatment
chamber for purposes of thermal monitoring and control,
optimizing treatment parameters or energy efficiency.
Another purpose is to gain theoretical insight into the
process-governing phenomena, but using food products as
model materials. A good example of this is a through-pore
solute diffusion model—the industrially relevant implica-
tions may be hinted at, but its main purpose lies in
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advancing knowledge in basic principles of phenomena
and theoretically evaluating the importance of variations in
parameters. These variations may result from either bio-
logical variability of material or differences in process or
electrical treatment parameters.

With respect to the method of model construction, we
encounter applications of purely phenomenological and
empirically derived models, sometimes transferred to the
field due to similarities in process physics from an unre-
lated scientific or engineering field. As an example, con-
sider the empirical Archie’s equation, briefly discussed in
“Assessing the Degree of Electroporation in Biological
Tissues” section. These models can be very useful, in
particular if the purpose of their construction is of an
engineering nature {optimization). Their drawback is that
they are only valid within the range of parameters for
which they were validated and may completely fail outside
of this range. Also, their coefficients need to be experi-
mentally determined directly or estimated based on com-
parable experiments. On the other hand, a model can be
constructed using a combination of basic laws of thermo-
dynamics (e.g. conservation of mass, energy, etc.), laws of
classical electrodynamics (Maxwell’s equations), some
phenomenologically derived transport laws (e.g. Darcy’s,
Fourier's, Fick’s, etc.), models of electroporation (the
background of most of which are the thermodynamics of
lipid bilayers) and if needed, biological laws {(e.g. cell
survival models). For examples, see works such as {(Kra-
ssowska and Filev 2007b; Pucihar et al. 2008; Rauh et al.
2010; Golberg and Rubinsky 2010; Kotnik et al. 2010; Li
and Lin 2011; Salengke et al. 2012; Kotnik et al. 2012b;
Rems et al. 2013; Mahni¢-Kalamiza et al. 2014).

These models can reach a high degree of complexity, are
usually difficult to validate using experimental methods,
and are seemingly not as attractive for use in industrial
applications as are empirical models. In the electropora-
tion-assisted food processing domain, these models have,
however, gained a foothold in the subject of treatment
chamber analysis and design, predominantly in the field of
microbial inactivation research. They have yet to appear in
problems of valuable compounds and juices extraction and
dehydration {(on the level of biological tissue) and micro-
bial inactivation (on the level of cells).

As described in the applications review {“Electropora-
tion in Food Processing™ section), electroporation is being
studied as a method of non-thermal food preservation, i.e.
microbial inactivation, either as a single treatment or in
combination with other processing techniques (e.g. thermal
or high pressure) to achieve pasteurization or sterilization
of liquid foods. During treatment, material as a liquid
passes through a treatment chamber equipped with elec-
trodes via which pulses are delivered. The flow of fluid can
be described as a fluid dynamics flow field, with the
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electrodes creating an electric field. The ohmic dissipation
of energy within the fluid field, resulting from the appli-
cation of electric pulses to conductive media, establishes
also a thermal field (Joule heating). The challenge with
utilization of these treatment chambers is in their optimal
design and use of treatment parameters. This is in order te
ensure that there are no dielectric breakdowns and under-
treatment {electric field highs or lows) or overheating of the
material (temperature highs), and that the treatment is
efficient in addition to being effective (Rauh et al. 2010;
Salengke et al. 2012). Numerical methods and models are
used to describe the fluid, electric and thermal fields in the
treatmment chamber in order to facilitate design and
parameter optimization. For a recent review on the coupled
modelling approach, see e.g. (Gerlach et al. 2008), as well
as individual studies for electric field and temiperature
distribution {Salengke et al. 2012) and differentiation
between the electric and thermal field effects in the con-
tinnous-flow treatment chamber (Jaeger et al. 2010}. For
modelling of high pressure processing {HPP) in combina-
tion with electroporation and thermal effects, see for
instance works of Rauh et al. (2010).

Saulis (2010) in his review on fundamentals of elec-
troporation applications in food processing, focused pre-
dominantly on food pasteurization and sterilization,
includes a listing with relevant sources of some of the often
used models of the inactivation process by electroporation.
As some of the most frequently employed models in order
to describe the dependencies of the efficiency of inactiva-
tion on the different process variables, he cites the Weibull
distribution, logarithmic, sigmoid, polynomial as well as
other miscellancous functions, adapted to approximate
descriptions of experimental results. For more engineering
perspectives and a more detailed review of models of
microbial and enzymatic inactivation, see (Morales-de la
Pena et al. 2011).

In the field of electroporation application for enhancing
mass transport in treated material (valuable compounds and
juices extraction, dehydration, winemaking, etc.), the
models concemn the effect of applied electroporative pulses
on the diffusion rate of solutes, the transport rate of water
molecules, or to the hydraulic permeability of cells and
tissues if pressing is the chosen mode of intracellular
compounds extraction. The mass transport models used in
these cases to describe solute diffusion are often simiple,
analytically derived and based on known solutions of dif-
fusion problems. For a comprehensive review of these
models in electroporation-assisted extraction, see {Pataro
et al. 2011).

The models used in analysing mass transport phenom-
ena in electroporated biological tissues are based on either
analytical solutions, or they are to some degree {(or even
completely) phenomenological in natare. As an example,
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see for instance (El-Belghiti et al. 2005) for an approach to
a model study of two-stage solute extraction by diffusion,
or (Lebovka et al. 2003) for a problem description with
Juice extraction from treated biclogical tissue. The phe-
nomenological models of filtration—consolidation found in
literature that describe juice extraction, are based on poro-
mechanics approaches, found in theory of fractured rocks
and soils. Their application to expression from hiological
material was already proposed by Lanoiselle et al. (1996)
and can be found used in e.g. {Grimi et al. 2010). The
diffusion models described above are considering material
as homogeneous, i.e. not comprising cellular structure.
Recently, some new or modified models were proposed
{Petryk and Vorobiev 2013); Mahni¢-Kalamiza et al. 2014,
Mahnic-Kalamiza and Vorobiev 2014}, rooted in the theory
of porous media, introducing the cell membrane mto the
mass transport model. This allows the authors to couple the
effects of electrical treatment to the cell membrane, thus
offering an opportunity to theoretically study mass trans-
port in relation to electroporation parameters. The impor-
tance and influence of these parameters have already been
studied to a large degree not only in the food processing,
but mainly in the biomedical field of electroporation
applications. We believe it is necessary, in order to advance
insights on the impact of electroporation treatment to mass
transport in biclogical material, to couple a mass transport
model with a model of pore evolution, e.g. (Krassowska
and Filev 2007a). Furthermore, we should account for the
effects of tissue as a packed multicellular structure (Essone
Mezeme et al. 2012), material property discontinuities and
inhomogeneity (Becker 2012), cell wall (Janositz and
Knorr 2010), tissue electrical conductivity (Neal et al.
2012), effect of electrical field thresholds and conductivity
changes (Sel et al. 2005; Corovic et al. 2013), pulse
duration and number (Pucihar et al. 2011b} and electroki-
netic effects such as electrophoresis (Li and Lin 2011; Li
et al. 2013) and electroosmosis (Movahed and Li 2012).

Industrial Equipment Design, Implementation
and Commercial Applications

An important aspect of an emerging processing technology
is its integration and acceptance into the industrial envi-
ronment. Ever since electroporation was first proposed as
an application of relevance to the food industry in the
1960s, the fields of industrial equipment design for
applying electroporation to food materials, as well as the
implementation of this technology, have experienced
interest from the scientific community and also several
attempts from the industry to commercialize the process
{Toepfl 2012). Historically, the major hurdles in imple-
mentation were posed by the poor reliability and perfor-
mance of pulsed power switches required for continuous
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delivery of high amounts of electrical energy and high
electric field strengths required for industrial-scale appli-
cations. The scaling up from laboratory to industrial-level
processing requires a corresponding scale-up from several
kW to more than 100 kW in terms of power requirements
{Toepfl 2011). The first commercial application in Europe
was, therefore, introduced only relatively recently, in 2009,
in the form of a juice preservation line (microbial inacti-
vation) with processing capacity of 1,500 1/h. Encouraging
results were obtained on an industrial pilot of 4.5 t/h for
cider production (Turk et al. 2012a) and with a pilot for
grape mash treatment (Sack et al. 2010a). This was fol-
lowed in 2010 with the first industrial system for pro-
cessing vegetables with capacity of 50 tons/h (Toepfl
2012). Recently, an industrial pilot for sugar beet pro-
cessing {sucrose extraction and purification) was setup with
the capacity of 10 tons/h (Vidal 2014).

Electroporation systems for food industry typically
comprise a pulse power supply and a treatment chamber
(Bluhm 2006; Sack et al. 2010b). Up to the last decade of
the past century, spark gaps and vacuum tubes were pre-
dominantly employed for achieving power switching, but
these systems were poorly reliable and of short lifetime.
Recently, advances in high-performance semiconductor
industry have provided interesting possibilities for the
power switching applications on industrial scale with high-
performance thyristors and transistors, though the imple-
mentation at present continues to pose challenges due to
high power requirements. For this reason, recent designs
are predominantly modular configurations allowing use of
standard components, both for reasons of scalability, as
well as for providing reliability and lower maintenance
costs. An important issue that needs to be considered in the
design is regulations that need to be followed, and demands
pertaining to hygienic standards and operational safety in
the industry, that need to be met (Toepfl 2012).

The selection or design of a suitable pulse generator is
broadly determined by four parameters: the peak voltage
required, which is highly dependent on the desired appli-
cation {microbial inactivation vs. exfraction in example,
see Fig. 3); the peak current, determined by the product
maximum conductivity and the geometry of the treatment
chamber; the average power required, dependent on the
desired processing capacity (tons, litres per hour); and the
pulse waveform, which is typically either rectangular or
exponentially decaying. Common generator designs com-
prise either setups of pulse transformers or semiconductor-
based Marx generators. The typical average power these
setups are capable of delivering falls within range of
30-400 kW. Although it is the average power level that
determines the maximum treatment capacity, the peak
power has been shown to present a greater challenge, since
when using treatment chambers of large cross sections,
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required peak power can range up to several hundred MW
{Toepfl 2012). At these extremely high currents and current
densities, electrode erosion was studied as a possible con-
cern. However, provided that stainless steel or in extreme
cases titanium electrodes are used, electrochemical reac-
tieons and metal release to the product do not exceed
acceptable limits (Morren et al. 2003; Roodenburg et al.
2005).

The other key component in addition to the power
supply in a typical treatment system is the ftreatment
chamber, the part in which electric pulses are delivered to
the biological material. As opposed to the laboratory scale,
in industrial-scale implementation setups capable of con-
tinuons processing are highly desirable. For batch or con-
tinuous processing, different chamber designs were
proposed throughout the years, see e.g. (Huang and Wang
2009) for a review in treatment chamber designs as used
for microbial inactivation. Broadly speaking, the parallel-
plate, co-axial and co-linear designs are the most prevalent
types. These different chamber designs present various
advantages and drawbacks, mainly in relation to the
homogeneity of the field to which the passing material is
exposed, accessibility for cleaning and maintenance, and
the average load resistance. The electric field distribution
homogeneity is important in order to achieve uniform
treatment of the product. This is especially important in
microbial nactivation {in areas of field strength below
critical the treatment may fail to achieve the mnecessary
reduction in microorganism activity) and treatment of
temperature-sensitive food materials (problem of local
hotspots and overheating). The average load resistance is
important because it determines, at a fixed peak pulse
voltage, the maximum power (current) the power generator
must be capable of delivering. In general, the low load
resistance in parallel-plate configuration requires more
powerful generators, but provides good field homogeneity,
while co-linear and co-axial designs are easier to clean and
have higher load resistance, thus lowering the current
necessary to establish the required electric field strength
{Morales-de la Pena et al. 2011). Researchers are working
on improving the design of co-linear and co-axial chambers
in terms of optimizing the homogeneity of electric field
strength. For example, introduction of grids in the chamber
as mechanic obstacles to the hydrodynamic flow of the
particle suspension or juice, homogenizes the flow in the
area where the electric field is applied, thus homogenizing
the application of the treatment to the material. This pre-
vents undesired overheating or insufficient f{reatment
effects (Jaeger et al. 2009).

For applications where the material cannot be pumped
(solid products treatment), a different design is required.
For this purpose, belt or rotating systems were developed.
Products are submerged in water (water is used as an
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electrolyte, “extending” the electrodes to the product,
delivering the energy to the target tissue} and conveyed
through an electrode chamber by a belt. Parallel-plate
electrodes apply the electroporating pulses, which are
generally larger in comparison to those in tubular chamber
designs for liquid food. Since the chamber has also a higher
cross-section, resulting power consuniption for equivalent
field strength is thus significantly higher (as compared to
tubular designs). Currently, systems with capacity up to
50 tons/h are available {Toepfl 2012). A special chamber
with an added device for compaction of sliced particles and
treatmment of compacted slices without addition of liquid
was recently patented (Vidal and Vorobiev 2011) and
successfully tested in the sugar industry (Vidal 2014). Such
a chamber permits electroporation of plant materials with
no addition of liquid, thus significantly decreasing the
energy consumption.

For additional reviews and more information on basic
principles in designing gemerators of electric pulses and
equipment used for electroporation, see for example
{Bluhm 2006; Maged and Amer Eissa 2012; Rebersek et al.
2014, as well as (Sack et al. 2005, 2010a; Turk et al
2012a, b) for some examples in implementation of elec-
troporation devices on the industrial scale.

Perspectives for Future Research and Development

In this section, we indicate, in short, which direction the
latest research and development into applications of elec-
troporation for food processing seem to be pointing in.
Along with these indications reflected in some of the more
recent publications and some potential hurdles awaiting
researchers in the long term, we also give a personal
opinion on where we are currently at, and what we will
most likely be reading about in the future in the field of
electroporation-assisted food processing and bhiorefinery.

Modelling Electroporation-Related Phenomena
in Electroporation of Food Materials
and Environmental Applications

Comparing recent developments in modelling of electro-
poration-related phenomena in the biemedical domain with
those in the field of food processing, we can roughly discern
two modelling paradigms: the more theoretical, phenome-
non-driven approach in biomedicine, focusing on modelling
the effects of treatment protocol on biological material from
the basics of the electroporation phenomena point of view,
and the industry and engineering-oriented phenomenologi-
cal and empirical models, prevalent in the food processing
domain and used for more direct comparison or optimization
of treatment parameter variations to the efficiency of the
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electroporation application. While empirical models may
without argument present an invaluable source of informa-
tion on the treatment efficacy and efficiency for the industry
trying to implement this new technology into its processing
lines, they may be—as already discussed (see “Mathemati-
cal Modelling of Electroporation-Related Phenomena in
Food Processing Assisted by Electroporation™ section)—
reliably applied only within the ranges of parameters for
which they were experimentally derived and validated.
Moreover, if they are not based on the physics of the process,
optimization must be performed on data obtained at the
laboratory scale and transferred to the scale of operation and
the applied treatment parameters, and this transfer and val-
idation are normally performed through construction of and
experimentation with setups at the level of pilot plants. More
efforts need to be directed towards interdisciplinary collab-
oration, thus connecting researchers from disparate electro-
poration application domains working on modelling
electroporation-related phenomena.

Modelling the phenomena of electroporation on the cell
membrane, cell, and tissue levels, while including the mass
transport, will allow for determination of necessary and/or
optimal pulse parameters. From there, we can then derive
what electrode chamber (providing local electric field) and
finally what pulse generator is needed for a particular
application. We can thus expect multi-scale models which
incorporate electric, mass, temperature, and eventually
chemical reactions models. This kind of models can then
be directly coupled with electronics design software used
in pulse generators design.

The Future of Electroporation in Valuable Compounds
Recovery and Juice Extraction

As shown in the preceding sections of this paper, electro-
poration application for valuable compounds recovery and
Juice extraction has been extensively studied from the
engineering and industrial points of view. There remains,
however, some lack of understanding of basic principles of
interaction of electric pulses, particularly of longer dura-
tion (order of ms) and high intensity (several kV/cm), with
plant cells, tissues, and the bioactive compounds contained
therein that are targeted for extraction.

Several recent works have shed more light on the sub-
ject, whilst opening a plethora of new questions into
electroporation effects on cell structure. For instance, it
was demonstrated that electric pulses of a given {(sufficient})
strength and duration modify not only the cell membrane,
but also the cell wall and the internal membranes (of
vacuoles and organelles). Electroporation can also modify
molecular connections of intracellular components, thus
modifying the properties of extracted components (Delsart
et al. 2014, Cholet et al. 2014).
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Another subject that beckons further elucidation is the
influence of the pulse application frequency, particularly in
the very high frequency range (nanosecond-scale pulses), a
subject under intensive development in the biomedical field
of electroporation applications, but poorly researched and
understood in relation to food products and constituents
under electric field treatment. Conversely, the low fre-
quency, long pulse duration spectrum of potential effects
and applications seem almost completely unexplored, i.e.
there is a lack of research on electrokinetic effects in
relation to mass transport (electroosmosis, electrophoresis).
To again give analogy with biomedicine, use of electro-
phoretic low-voltage and long pulses post-permeabilization
{after application of high-voltage, short-duration pulses) is
an established method of increasing post-electroporation
mass fransport in transdermal drug and gene delivery
(Satkauskas et al. 2002; Kanduser et al. 2009; Zorec et al.
20313). Given that enhanced mass transport in the electro-
porated material is the main objective of extraction appli-
cations, these augmenting effects of electrically driven
transport must be evaluated also for the food processing
applications.

Last but not least, following the trends in food pro-
cessing applications of the recent decade or so, there is an
increased interest and focus towards combining different
treatments to food materials for achieving the given
objective. In example, the combined (synergistic) effects of
electroporation and heating (so-called thermo-electropora-
tion)} or of electroporation in combination with heating and
high pressure treatment {so-called mano-thermo-electro-
poration) seem to be the directions of recent trends in
research of electroporation for wvaluable compounds
recovery and juice extraction, though they have tradition-
ally been present for a mwuch longer time in electroporation
applications for microbial inactivation and sterilization.

Microalgae: A (Re)discovery of Bioreactors

Microalgae have been considered as a potential source of
proteins, lipids as well as other valuable compounds
{Becker 2007, Gouveia and Oliveira 2009; Wijtfels et al.
2010; Chacon-Lee and Gonzalez-Marino 2010). They are
considered to be extremely promising organisms for our
sustainable future, as they can be grown on non-arable land
and have high growth rate (Dismukes et al. 2008). In
particular, microalgae can serve as a potential source of
energy (Hannon et al. 2010), food (Draaisma et al. 2013),
feed (Skrede et al. 2011; Kiron et al. 2012), cosmetics and
pharmaceunticals (Pulz and Gross 2004; Gong and Jiang
2011), owing to their high photosynthetic efficiency, higher
biomass production and faster growth compared to other
energy crops (Widjaja et al. 2009). On the other hand,
algae are already a relevant model for wastewater treatment
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and CO, sequestration, which is connected to solution of
global environmental problems (Lam et al. 2012). Aquatic
microalgae are among the fastest growing photosynthetic
organisms, having carbon fixation rates an order of mag-
nitude higher than those of land plants, as microalgae uti-
lize CO, as one of the main building blocks for their
hiomass. Concerning energy, microalgae can be converted
directly into energy sources, such as biodiesel, and there-
fore it appears to be a promising source of remewable
energy (Gouveia and Oliveira 2009). Moreover, microalgae
cultivation allows for the production of biomass containing
a variety of valuable products that generate revenues con-
tributing to the return of the investment {Olaizola 2003;
Spolaore et al. 2006). Concerning food, microalgae are an
attractive food and food supplement source, since they are
rich in proteins, peptides, carbohydrates, lipids, polyun-
saturated fatty acids, trace elements and other essential
nutrients with protective and detoxifying roles (vitamiins,
minerals, pigments) (Gong and Jiang 2011).

The main problems are digestibility and availability.
Various extraction techniques have been proposed with
limited success (Wivarno et al. 2011; Adam et al. 2012;
McMillan et al. 2013; Biller et al. 2013). There are few
reports at this stage on use of electroporation as an
extraction technique in microalgae for water-soluble pro-
teins (Coustets et al. 2013; Grimi et al. 2014), where the
authors report selective extraction by means of electro-
poration and an increased, but limited success has been
reported so far in extraction of lipids (Goettel et al. 2013).
Suitable choice of pulse parameters and combination with
other extraction techniques may place electroporation on
the stage also in microalgae research (Coustets et al. 2013;
Flisar et al. 2014).

Pasteurization and Sterilization of Liquid Foods:
A New Arms Race?

As discussed in the preceding sections, microbial inacti-
vation by electroporation presents interesting new possi-
hilities for extending the shelf-life of food products to the
processing industry. However, as we are constantly and
consistently reminded on all open fronts against microor-
ganismis, evolution is an inescapable and tireless process,
opening a new arms race with every new method applied
for an attempted control of microorganism proliferation.
For example, the widespread use of antibiotics for agri-
cultural purposes has rendered much of the antibiotics
arsenal useless against selected resistant strains of patho-
gens, harmful not only to livestock, but also to humans,
creating an arms race between research into finding new
antibiotics on one side and the adaptation of pathogens on
the other (Mathew et al. 2007). As demonstrated in a recent
study by Sagarzazu et al. (Sagarzazn et al. 2013),
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application of electroporation for inactivation of microor-
ganisms raises similar concerns. The authors of the study
report of an acquisition of resistance to electroporation
treatment in a Salmonella serovar (specifically in S
ryphimurinm  S11344). They consistently observed an
increased resistance to electric treatment after repeated
rounds of electroporation and outgrowth of survivors. In
addition to the acquired resistance to the electric treatment,
higher tolerance to acidic pH, hydrogen peroxide and
ethanol were also found. It is possible to assume—based on
the results of the cited study—that significant risks could
be taken in case of wide-scale application of the technol-
ogy. The risk is that microorganisms, exhibiting increased
tolerance to electric treatment, could be released into the
uncontrolled natural environment. This suggests that more
research is needed in future to insure the long-term efficacy
and safety of applying electroporation techmology for
microorganism inactivation in large scale industrial
deployments (as opposed to controlled laboratory-scale
experiments). Tsolation of “resistant” strains on the other
hand could provide valuable insight in exact mechanisms
of microbial inactivation mechanisms, providing us with
leverage to engineer more efficient treatments.

The Future of Technology Transfer from Research
to Industrial-Scale Processing

Final remarks and conclusions in relevant modemn literature
on industrial scale-up of electroporation-assisted food
processing (see “Industrial Equipment Design, Implemen-
tation and Commercial Applications™ section) almost
invariably contain two bottom-line observations: primarily,
that electroporation applications for food treatment, as
evaluated based on research and pilot plant scale experi-
mental setups, show promising prospects for application;
and secondly, there are still major hurdles that need to be
dealt with before electroporation will be accepted and
firmly established in the food industry. Namely, highly
resistant spores of many pathogenic microorganisms are
problematic. Their inactivation calls for treatment param-
eters that considerably increase energy and equipment
costs. The most commonly identified obstacles from the
technical or economic point of view are the high initial cost
of the systems that need to be introduced into an existing
processing line; the availability of such systems, specifi-
cally in terms of commercial units available on the market;
the lack of research on reliability and optimization of
processing parameters in the industrial environment; and
the lack of standards and regulative in this field of an
emerging novel technology, which is related both with the
industrial and consumer acceptance. On the other hand, the
identified benefits of the techmology that will help establish
it in the industry are low energy requirements and
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processing costs; easy implementation and suitability for
continuous operation; and the many advantages of elec-
troporation in processing of high value-added foods (Sack
et al. 2010b; Morales-de la Pena et al. 2011; Toepfl 2012).
Structural changes of food material in particular {meat,
fruit and vegetables, juice extraction, etc.) seem to have a
bright future in the industry.

Concemning legislation and regulations, electroporation
in food processing as a novel technology must be autho-
rized by regulatory bodies, in order to certify the technol-
ogy and its application to food materials as safe and
effective. Two major concerns are raised in this respect: the
efficacy of electroporation for food pasteurization and
sterilization as compared to the traditional and well-
established (e.g. thermal) treatment; and the possible
interactions between the treated product and electropora-
tion processing equipment with possible undesired effects
and changes to the material (e.g. electrode erosion, elec-
trochemical effects, etc.). In the U.S., the adoption of
technology into the food processing industry is subject to
the regulations of the Food and Drugs Administration
(FDA), and in BEU, it falls under the Novel Foods Regu-
lation (EC) 258/97 (Buropean Comimission Regulation
258/97 1997, Géngora-Nieto et al. 2002; Jaeger et al
2008).

Knowledge Transfer Within the Field
of Electroporation Research and with the Industry

In July 2012, a European project COST? Action TD1104—
EP4Bio*Med was launched (Miklavcic 2012), bringing up
mtil now together more than 500 researchers coming from
35 countries and over 180 institutions and enterprises
throughout the world, with one common denominator—
they are all working with or are interested in electropora-
tion. The Action’s purpose is to facilitate better exchange
of knowledge and collaboration among researchers work-
ing with electroporation in different domains of its appli-
cations; this ranges from the biomedical field to food
processing and environmental applications. The member
institutions, individual researchers and industrial partners
connected through their participation and involvement in
the project, are divided into five working groups. One of
these groups is dedicated to those primarily interested in
basic mechanisms and the theory of electroporation, one
each to the fields of biomedical, food processing and
environmental applications, and the fifth to the aspects of
technology development and transfer. The ultimate goal is
to establish lines of communication and transfer of
knowledge and people within and between these groups, so

2 COST stands

Technology.

for FEuropean Cooperation in Science and
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that every research field as well as the industry may benefit
to a greater extent from the current state-of-the-art in the
related, but up to now evolving virtually in parallel
domaing of research. One of the principal purposes of
putting this Action into place is to prevent duplication of
research efforts on the Eurcpean and also global scale, so
that the national and European research funds can be spent
more efficiently and findings from, in example biomedi-
cine, need not be arrived at independently also by those
focused on food processing. The underlying premise is that,
among these diverse fields where electroporation has found
its place, the basic principles and mechanisms of its action
on biological material remain similar, if not the same.

Within the scope of the TD1104 Action, the interna-
tional School on Electroporation-based Technologies and
Treatments or EBTT was and will be organized in the years
203122015 (for more information on the upcoming School,
visit 2014.ebtt.org or simply ebtt.org). The School has been
organized biennially since 2003 in Ljubljana, Slovenia and
annually since 2011. The purpose of the EBTT School is to
provide all those interested in basic principles and tech-
niques in electroporation-related applications with a quick
and intensive course, transmitting knowledge gained by the
last 30 years or so of electroporation research by means of
lectures given by faculty members and invited lecturers,
supplemented by practical hands-on laboratory work and
an e-learning session. Traditionally, it was focused towards
electroporation in biomedicine, but has recently (since it is
being supported by the Action) expanded in scope towards
food processing applications, covering also some topics on
the design of industrial equipment for electroporation.

In January 2014, the first intermational School on
Applications of Pulsed Electric Fields for Food Processing
{PEFSchool) was organized at the Faculty of Veterinary
Medicine of University of Zaragoza in Zaragoza, Spain
{Raso et al. 20144, b). Co-organized by COST TD1104, it
was dedicated to applications of electroporation in the food
processing industry and research and aimed at everyone
academically or professionally interested in basic concepts
of using electroporation for food materials manipulation.
The School is planned to become an annually organized
event, with venues selected every year in a different Action
member institutions, one that is capable of organizing and
hosting the School. The next edition is scheduled to be held
on February 8-12, 2015, organized jointly by the ProdAl
S.c.arl. consortium and the University of Salemo, Fisci-
ano, Italy.

Conclusions

In this paper, we gave a quick introduction to important
concepts in electroporation of biological cells and tissues,
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followed by a brief review of some of the well investigated
and promising applications of electroporation in food
processing. Among these, we find applications with many
different objectives, such as extraction of juices and other
valuable compounds, e.g. anthocyanins, proteins, lipids;
tissue dehydration and impregnation (cryopreservation);
microbial inhibition and inactivation for pasteurization
and/or sterilization; enhancing organoleptic properties of
food materials {e.g. winemaking); growth stimulation; and
even “cooking” by electroporation. We conclude by a
general overview of some important methods for assessing
effects of electroporation in plant materials; of factors that
influence the success of electric treatment of food materi-
als; of contemporary approaches in the field using model-
ling techniques and of considerations in industrial-scale
equipment design and implementation. The final section on
perspectives for future research and development high-
lights more issues related with tramsferring the knowledge
from research into the industrial environment; possible
future applications where electroporation may prove to be
the treatment of choice for effective and efficient harvest-
ing of valuable compounds, thus solving some of the
pressing economic and environmental problems, and a
seemingly hidden caveat of applying the technology to
treatment of microorganisms. This paper is a review in the
broadest sense of the word, written with the purpose of
orienting the interested newcormer to the field of electro-
poration applications in food technology towards the per-
tinent, highly relevant and more in-depth literature from
the respective subdomains of electroporation research.

In conclusion, the field of research into applications and
phenomena related with electroporation of food products
and raw materials is well established and its growth is
gaining momentum with alimentation and energy sources
becoming ever greater global issues. With increasing
market demands for calories and nutrients that are safe and
of high quality motivated by the evolving educated and
conscientious consumer on the one hand, and pressing
demands by the food industry to cut on processing costs
predominantly due to globalization of production on the
other, electroporation might present a large step in arriving
at the next optimal equilibrium state between these two
competing forces.
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2.2 A literature review on mass transport and thermal relations in

electroporated biological tissue

Mass transport in electroporation is a complex phenomenon or rather a set of multiple physical
phenomena, the understanding of which is crucial for a sound understanding and evaluation of
electroporation effects on treated material. This literature review is a brief overview of the current
published works on the subject, summarizing the main results and conclusions as well as
methodology, where the main purpose is to present approaches to elucidate this important aspect

of electroporation and the applications based on this treatment.

2.2.1 Introduction

Electroporation or pulsed electric field application, as introduced in the 2.1 section of this thesis,
is a method using the electric field, established in the treated medium or material using one or a
series of electrical impulses of high voltage, ultimately resulting in changes of the cell membrane
properties of biological cells. These changes then facilitate mass transport into or out of the cell
across the membrane [1], [2], which would normally inhibit or prohibit this transport as cell
membrane normally possesses a quality of the so-called selective permeability.

Electroporation is used in a multitude of different applications from various domains of
research, clinics, and industry. In biomedicine, we find applications for cancer treatment [3], [4],
gene transfection [5], [6], transdermal transport of drugs and genes [7], [8]. In the food processing
industry, electroporation is more commonly referred to as pulse electric field treatment and used
as means of vegetable or animal tissue pre-treatment for enhancing extraction of juices or valuable
compounds [9]-[11], pasteurization and / or sterilization [12]-[14], tissue impregnation [15], [16]
and even cooking [17]. There are also intensively researched environmental applications e.g.
wastewater treatment [18] and harvesting biocompounds from bioreactors such as algae [13], [19].
With a number of these applications, the principal objective is the insertion of a solute or solution
into the biological cell, or their extraction. This is especially the case with biomedical applications
and food processing applications, where transport of either genes or drugs, or of valuable
intracellular juices and compounds is the principal objective of electroporation application.

To be able to evaluate and possibly quantify mass transport from the extracellular medium into
the cell, or in the opposite direction, and to be able to determine the optimal parameters of the
electroporation protocol for reaching our objective, one should be capable of evaluating and
characterizing the processes governing mass transport and the factors influencing the extent of this

transport. To this end, numerous studies have been and still are being conducted in research
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laboratories worldwide. These studies comprise advances in development of theoretical models of
electroporation and mass transport, mathematical modelling techniques of the basic principles (e.g.
modelling pore formation and evolution) as well as macroscopic level (e.g. modelling kinetics),
computer-aided simulations (e.g. calculating field distribution in tissue, simulated extraction
kinetics), and on the other hand, these theoretical advances and models are supplemented by or
validated by conducting in vitro, ex vivo and in vivo experiments for model validation and further
improvement, as well as trials in pilot plants and industrial implementations for evaluations of
treatment economic feasibility.

The purpose of this literature review is to give a short overview over the results of some of the
more recent studies in this domain, and to evaluate the current state of the art in the field of
electroporation research and knowledge on related mass transport processes. This should also point
the reader in the direction of further reading on the advances and future heading of electroporation

research.

2.2.2 Analysis of processes and physio-chemical models
2.2.2.1 Modelling mass transport in agueous solutions

The medium of a biological cell both extra- and intracellularly is an aqueous solution. These
solutions contain, alongside the substances of interest, also a varying quantity of small ions. If
these ionic concentrations are high in comparison to concentrations of solutes of interest, we can
exclude the contribution of these small ions to mass transport from further analysis. This is
important since many models already exist that consider the electrolyte-cell system and the related
phenomena are extensively studied and understood [20], [21].

When the externally-imposed electric field is present in the medium, the charged particles are
subject to an electric force. This results in an additional mass transport (electrophoresis) or the
transport of the medium together with the solutes (electroosmosis). These two contributions are
superimposed to the effect of passive thermodynamic diffusion. Diffusion is the transport of solute
particles due to a difference in the solute concentration, i.e. the presence of a concentration gradient
and the thermic energy of the particles. We can consider the resulting (i.e. sum of the
electrokinetic effects and diffusion) net mass transport as electrodiffusion with a current density
(of electrodiffusion). The electrodiffusion current is related via a continuity equation with a local
change in solute concentration. The result is a differential equation with temporal and spatial
derivatives, whose analytical solution cannot be obtained, in general for a 4-D space (3-D plus
time). This is why we find, in [20], a simplification to a single dimension, and a discretization of

the 1-D space. The final result is a non-linear model for the current of electrodiffusion that can be
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used to analyse the influence of solute concentration and the electro-thermic potential to mass
transport in discrete spatial units called compartments. Studies using this model incorporate a local
quantification of the final solute concentration due to electrodiffusion, and permit the
characterization of the stationary state (at the impermeable barriers), the velocity of
electrodiffusion, etc. This model is of potential importance since it forms a theoretical basis for
coupling a model of mass transport with existing models of electric field distribution in aqueous
solutions and an electroporation (pore evolution) model. This is an important modelling paradigm
that the present thesis aims to further support by presenting a similar model, given in the section 4
of the thesis (Paper I1), but built for application to study of tissues rather than aqueous suspensions

of cells.

2.2.2.2 Modelling mass transport in and out of a single cell

When reviewing literature presenting studies on mass transport in or out of individual cells (i.e.
cells not forming tissue nor embedded into an extracellular matrix) that have been subjected to
electroporation, several different approaches can be identified. Since the subject of study is
transmembrane transport through via the supposed defects (termed pores) in the cell membrane,
problem treatment usually begins with a model of electroporation. Such a model solves the
electrical problem (field strength and energy delivered to the membrane) and the thermodynamic
problem (a statistical description of the stochastic pore formation, evolution and annihilation
processes) for the cell membrane during pulse application. In a sense, the model attempts to link a
description of pore (population) formation and evolution with the electroporation treatment
parameters (field orientation, pulse length, shape, amplitude, and number, pulse repetition
frequency, etc.) and material properties (conductivity, solution composition, membrane
composition, cell size and spatial distributions).

One of the first models describing mass transport between a cell and its exterior medium is
presented in [22] and constructed as a two-compartment pharmacokinetic model. Its parameters
are tuned in the sense that allows the model to give a good approximation of the Lucifer Yellow
(LY) dye into DC-3F cells for various electroporation protocols. Thus, it models mass transport in
experiments in vitro using small molecules such as those of the LY dye. Since it is a
pharmacokinetic model, it gives no information on the contributions of individual components of
the transport to the total observed transport, i.e. it cannot be used to differentiate between the net
effects of electrophoresis, electroosmosis and free solute diffusion. In this respect it is an empirical

model.
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Contrary to the model just presented, an important reference in the field is described in [23],
whose authors report on results of an in vitro study of propidium iodide (PI) uptake by CHO cells
during and after electroporation, and compare the observed experimental results with the
mathematical Nernst-Planck model of transport by electrodiffusion, which is also found used by
many other sources (see e.g. [20], [20], [24]-[26]). Important conclusions of the study presented
therein seem to indicate that transport of small molecules such as Pl starts during the
electroporation pulse, however, not immediately after the electric field is established. The delay
depends on the parameters of the electric pulses applied. The authors noticed a slower uptake of
PI molecules following pulse application, which was explained by the lack of the electrophoretic
component that is no longer driving transport since there is no externally imposed electric field
present. The resulting transport is governed by free solute diffusion, which is significantly slower
than electrophoresis, and is eventually quenched by the resealing of the membrane and the re-
establishing of the normal selective permeability of the membrane (provided that the membrane
can recover). Taking into consideration the dominant contribution of electrophoresis during pulse
application and of diffusion afterwards, the Nernst-Planck set of equations successfully
approximated the experimental data with high fidelity. The main conclusion of the cited study is,
that the bulk of the Pl molecule transport takes place after the electric pulse, and should therefore
be attributed to diffusion. This analysis applies to relatively small molecules of Pl whose transport
was studied. By contrast, we find in e.g. [27], a report on a study with introduction of very large
molecules (DNA) into target cells, where electrophoresis has been identified as the necessary
component to transmembrane transport and diffusion to be of negligible significance.

One of the more recent works from the field of modelling mass transport in single cells is
described in [24], heavily references the previously described work presented in [23], and directly
compares simulation results with results of in vitro experiments reported on in [28]. In [24], the
model is a based on a temporal and spatial description of free ion and small molecule
concentrations (P1, some drugs of size smaller than several kDa, etc.), and uses the Nernst-Planck
set of equations with addition of equations describing a drain or source of solutes due to chemical
reactions and equations accounting for the electrokinetic mechanism known as FASS (i.e. Field
Amplified Sample Stacking, see [29]). As a model of electroporation (statistics on pore size,
number, etc.), the authors employ the Asymptotic Smoluchowski Equation (ASE) [30], [31],
which represents one of the possible thermodynamics-based models of electroporation. Coupled
to this model is a modified system of Nernst-Planck equations for electrodiffusive current, where
additionally the effect of chemical reactions is also considered. These chemical reactions

contribute to the solute distribution with local drains or sources of the solute that enters as a reagent
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or is produced in a chemical reaction. Results of simulations with this model lead to several
interesting conclusions. The mechanism of field amplified sample stacking, caused by the spatial
gradient in particle velocity in electrophoretic drag during the pulse, can significantly (by a factor
greater than 10) increase the intracellular concentration of the observed solute as compared to its
extracellular concentration. Under ideal conditions, the FASS mechanism is the factor limiting the
maximal attainable intracellular concentration, which would, under these ideal conditions, be
proportional to the ratio between the extra- and intracellular electric conductivity. The results also
give evidence of the robustness of this mechanism, since a change in two orders of magnitude in
the degree of simulated permeabilization (indicative of the number and size of the pores) did not
cause a significant difference in final extra- and intracellular concentrations of the studied solute.
We could consequentially draw a conclusion that post-electroporation diffusion has a negligible
effect to final solute concentration, however, this would be irreconcilable with results presented in
[23]. The authors thus do admit, that the effect of FASS needs to be evaluated on a model
membrane with a realistic estimate of its permeability, and that the used ASE model of
electroporation probably overestimates the velocity of pore resealing and transmembrane transport
inhibition by the membrane in recovery. Parameters of electroporation such as the amplitude,
number and duration of the pulse are also thought to play an important role [32], as well as the
species of the ions or molecules under study. In order to compare simulation results with those of
experiments using Pl dye in vitro, these parameters would most likely have to be more closely
matched for a direct comparison and evaluation. The latter finding indicates a strong need for
future research in this direction.

The significance of electrokinetic phenomena — electrophoresis and electroosmosis — is also
highlighted in [26]. In this study, the authors focused on the problem of extremely low pore
dimensions on the nanometre scale (called nanopores) that appear as a result of electric pulse
application. These small dimensions are problematic since they can cause classic models of
electrokinetics to fail to describe the phenomena at this scale. One issue in example is the electric
field which is established in such a nano-channel by the surface charges and the local ionic
distribution. Taking the transmembrane voltage into account and the electric potential due to the
external electric field, the authors write the Poisson equation to calculate the electric potential
distribution in the nano-channel (nano-pore). For three spaces or compartments — the extracellular
compartment in the immediate vicinity of the pore, the pore itself, and the intracellular
compartment in the immediate vicinity of the pore — they give the Nernst-Planck equations for the
electroosmotic, electrophoretic, and diffusive influence on the ionic concentrations, as well as the

continuity equation and the Navier-Stokes equations for liquid flow (pressure, velocity). The
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complete system of these highly coupled equations represents a complex numerical model of mass
transport through a narrow nano-channel in the cell membrane. Model results (simulated) indicate
that there is a significantly high electric field present in the pore, which strongly influences the
electrophoretic effects. During the pulse, this field and its effects render the influence of free solute
diffusion insignificant. Also, the contribution of electroosmosis, which has been largely
overlooked or neglected and whose influence on transport is poorly understood in the field of
electroporation, seems to increase if the radius of the pore increases, with respect to the
contribution of electrophoresis. In the discussion, the authors compare their results with the
experimental study presented in [23]. The conclusion of this comparison is that although diffusion
during the electric pulse is about a thousand times slower and insignificantly contributes to the net
transport of the solutes, it is on the other hand a thousand times longer after the pulse application
when there is no longer an external field present and the electrokinetic mechanisms are negligible.
The effect of diffusion in electroporation is therefore not negligible, however, it can be neglected
for the short period of time of several micro- to milliseconds during pulse application (note that
“classical” electroporation with pulses of micro- to millisecond duration has been considered and
not “nano-electroporation” using extremely short pulses of higher intensity). These observations
and deductions confirm the experimental results reported on in [23] and explains the importance
of free solute diffusion. Among the other important results of this study is also the observed
difference between the “front” and the “back™ side of the cell (respective of the electric field
orientation), between which there is a significant difference in mass transport (in terms of solute
flux intensity).

In recent years, there has been an ever increasing interest in the scientific community working
with electric fields and biological material in electroporation using extremely short pulses, termed
nanopulses. The work presented in [33] attempts to introduce a model to estimate the mass
transport before vs. after application using nanopulses. The model is based on the Nernst-Planck
equation for electrodiffusion, modified by an addition of a factor accounting for the interaction
between the solute and the pore due to comparable sizes of the two, and for the effect of the charges
on the solute and those on the surface of the lipid pore during transport. The conclusions of the
analysis using model simulations indicate that the majority of the transport facilitated by
nanopulses occurs after the pulse application, while the transport during the pulse is insignificant
due to the extremely low pulse duration (~ns). The primary consequence of the nanopulses is
therefore most probably establishing and/or maintaining a large population of small pores in the
membrane that facilitate diffusion of small ions after the pulse application, when the electrokinetic

components of transport are no longer a factor.
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2.2.2.3 Modelling mass transport in dense suspensions, monolayers, and tissues

As compared to studies of mass transport in idealised model suspensions of cells or isolated
cells in suspensions, for which there exists already a substantial body of literature, only few sources
exist presenting approaches for studying more realistic situations, where cells are not spherical,
but attached to the bottom of a dish and of irregular shapes, or connected into a 3-D structure
forming tissue. One study, presented in [34], concerns itself with the connection between the
induced transmembrane voltage on molecule transport in cells of various shapes, in monolayers
and in tissues. The findings indicate that mass transport in electroporation is limited for both cells
of regular as well as of irregular shapes to the surface areas of the cells where the induced
transmembrane voltage is the highest. The theoretical models were found to reflect well the
conditions in real isolated cells, while for clusters of cells, additional information is required about
the electrical properties of the contacts between the cells. In other words, knowledge is required
as to whether the cells are electrically interconnected (coupled) or not. The answer to this question
is not necessarily invariable, since the response of the cells in clusters predominantly depends on
the electric field strength of the field to which the cells are exposed. At field strengths that are
sufficient for electroporation, the cells respond as electrically isolated, while at lower fields, they
behave as electrically connected. These results indicate that high electric field strengths influence
the intercellular channels, thus changing the response of the cells as compared to an electrically

unexcited state or normal conditions.

2.2.3 Specific approaches by domain of application
2.2.3.1 Enhancing drug transport by electroporation

Since electroporation has become an important technique in medicine, as it is used in e.g. gene
therapy and electrochemotherapy, one must be able to predict or quantify the resulting mass
transport during and after electroporation. In [35] we find an account of the development of a
macroscopic-level mathematical model intended for analysis of mass transport in cells in tissue
electroporation. The model combines a macroscopic model of the electric field distribution in
tissue in the vicinity of the inserted needle electrodes, with the model of mass transport on the
cellular level and the tissue level. 1t was designed to model a typical setup in electrochemotherapy,
where we attempt to use reversible electroporation to introduce the chemotherapeutic drug

bleomycin in cells of cancer tissue.
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The model is based on a model published in [30], [31], that describes pore evolution in

electroporation. To this model, the Fick’s law of diffusion is added (coupled), relating the diffusive
flux with the transmembrane concentration gradient, the diffusion constant and the membrane
thickness. To this system, an additional equation is added describing extracellular diffusion. The
model provides for two very long, parallel, thin needle electrodes inserted into tissue, which
renders the problem two-dimensional.
The main result of the model is a spatio-temporal drug (bleomycin) distribution in cells comprising
cancerous tissue, indicating, where there is a sufficient permeation of the drug into the cells and
how long the process takes to complete (i.e. achieve sufficient levels of intracellular drug
concentration).

Since electroporation is a complex phenomenon, dependent on a large number of parameters, a
simple model as described in [35] gives a valuable framework for modelling phenomena in
electrochemotherapy and is a promising invitation for further development of more complex and

reliable models.

2.2.3.2 Skin applications

The skin is an important subject of interest in electroporation research, since electroporation
can facilitate the transport of drugs into the organism via the skin — i.e. the transdermal transport,
but also for DNA vaccination [8]. The layer of skin that represents the greatest barrier to the
transdermal introduction of drugs is its top layer, called the stratum corneum. In [7] (see also [36]),
a model of skin electroporation is presented, accounting for the physiological skin structure and
the thermos-physical behaviour of the stratum corneum. The results of previous works indicate to
the existence of microscopic aqueous pores or defects in the stratum corneum, whose creation can
be attributed to the effects of electroporation. These defects improve the otherwise poor
permeability of the stratum corneum layer for mass transport. These defects also result in a
substantial decrease in the electrical resistance of the skin, and facilitate secondary effects that
were observed such as electrophoresis and heating. All of these effects have been identified as
important factors influencing transdermal drug delivery, and are analysed in [7]. The analysis
presented is based on the model of heat distribution and a mass transport model. The influence of
changes or variations in parameters are evaluated with the aid of observing the so-called Local
Transport Regions or LTRs, regions of highly increased conductivity (electrical, ionic, etc.). The
analysis involves a study of the development and properties of these transport regions and of the
resulting mass transport via these regions. The conclusions of the study indicate that the transport

itself and the local transport regions are heavily dependent on the parameters that are influencing
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the electric field distribution in the stratum corneum, and additionally, the changes in the electrical
conductivity of the stratum corneum have a stronger effect on the mass transport through the skin
as compared to changes in permeability to a specific substance (i.e. so-called “molecular
permeability”’). Moreover, for charged molecules of high molecular weight (e.g. DNA), the
electrophoretic forces dominate in importance over diffusion. The final conclusion of this study
indicates that electroporation-facilitated transdermal transport is more sensitive to parameters
influencing the electrical conductivity, than to parameters that influence the transport coefficients.

Problems, similar to the ones facing researchers in studying transdermal transport, are in
treating highly heterogeneous tissues in plants, such as leaves. These also can be coated on the
surface with material or substances that in their permeability for molecules and electrical
properties closely resemble skin. While models of electric field distribution have recently been
proposed [37] in these plant tissues, there is a lack of models of mass transport that would
complement this knowledge and help elucidate the phenomena in valuable compounds recovery

from various leafs and stems of plants.

2.2.3.3 Modelling mass transport in the field of food processing applications of

electroporation

Electroporation or pulsed electric field treatment is often used as a method of pre-treating the
raw material to enhance drying, juice extraction, etc. (see the introductory section 2.1 (Paper 1) for
a comprehensive review of applications).

The basic mathematical model in studying mass transport in food processing applications is
often the so-called two-exponential model, as described in e.g. [38]-[41]. The model describes the
two-stage kinetics of either solute diffusion or juice extraction by pressing post-electroporation. If
studying solute transport only (without pressing), the first stage or the first kinetic is governed by
and modelled as the contribution of washing — the convective component. Due to the loss of turgor
pressure, juice is usually expressed out of the electroporated tissue without any external pressure
application and collects at or near the surface of the sample. During the initial stage of diffusion,
this solute-rich juice is mixed with the solute (water) into which the samples are submerged, and
results in a rapid increase in the measured solute concentration in the surrounding liquid. This
kinetic normally follows a rapidly decreasing exponential function. The second component, also
following an exponentially decreasing function, albeit a slower one, models the much slower
transport due to diffusion of solute out of the tissue sample, which occurs due to the difference

between the concentration of solute in the cellular juices and the liquid used to “wash” the sample.
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The described two-exponential model provides a good correspondence between simulated and
experimentally observed kinetics of solute extraction, and is relevant to industrial processes. Its
deficiency is that it is fundamentally an empirically-obtained phenomenological model, whose
parameters are difficult or possibly impossible to couple to existing models of electroporation,
electric field distribution, etc. This difficulty to upgrade or extend the model stems from the fact
that it essentially treats electroporated tissue as completely homogeneous material, and there are
no parameters reflecting the phenomena at the interfaces (such as the cellular membrane) in the
model that could be used to couple these models of mass transport with other models. These
models are also not applicable in any other field of electroporation application, and cannot help in
understanding e.g. transdermal transport or transport of drugs/genes in electrochemotherapy/gene

therapy.

2.2.4 Other literature relevant to problems of mass transport in biological material
2.2.4.1 Vascular permeability and the blood brain barrier

Electroporation has been shown to have important effects with beneficial consequences when
studied in applications to complex biological tissues. In particular, several effects on the vascular
system and the blood-brain barrier (BBB) have been observed and studied in the field of
biomedical applications of electroporation.

Electroporation of living animal tissue is known to result in a state known as vascular lock [42],
[43] with important consequences for electrochemotherapy (ECT), as it results in a prolonged
retention of the chemotherapeutic drug that is administered intratumorally in the region of the
tumour following electroporation. This in turn, due to higher extracellular concentrations of the
drug in the tumour region, improves delivery of the chemotherapeutic into the cell by diffusion
across the permeabilized cell membrane. The effect of vascular lock has been studied more closely
and generally to characterize the effects of electroporation on the vascular structures and system,
and it has been determined, that electroporation also increases the permeability of the vascular
endothelium that under normal conditions controls the transport of plasma contents across the
blood vessel wall. Electroporation has been shown to increase the permeability of the blood vessel
wall for macromolecules, which normally do not extravasate from blood into skin interstitium in
homeostatic conditions. A study presented in [44] combines mathematical modelling with in vivo
measurements to study extravasation of two molecules of different sizes (comparable to antibodies
and plasmid DNA) to evaluate the effect of electroporation on the ability of these molecules to
extravasate from blood into the skin interstitium. The authors have calculated the apparent

diffusion coefficients for both types of molecules by comparing the model with experimental
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studies, which represents an important step in development of realistic mathematical models for
prediction of extravasation and mass transport for therapeutic molecules of different sizes in
electroporated animal tissues with a vascular structure.

Similarly, electroporation has been shown to have an effect on the blood brain barrier (BBB).
The poor permeation of therapeutic drugs administered peripherally for treatment of brain
pathologies across the blood brain barrier is one of the main reasons for inefficiency of such
treatment. Reversible electroporation was found to have a disruptive effect on the blood brain
barrier. Irreversible electroporation is a treatment modality for tissue ablation used, among other,
in treatment of brain tumours. A recent study presented in [45] on rats demonstrates the feasibility
of both reversible and irreversible electroporation for transient blood brain barrier disruption or
permanent damage, respectively, and highlights the importance of determining the appropriate
electrode positioning (see Paper V presented in this thesis) and characterization of the disruptive
effects of reversible electroporation to the blood brain barrier, which is, in other words, the

improved mass transport between the vascular system of the brain and brain tissue.

2.2.4.2 Modelling the consolidation-filtration behaviour of biological solid-liquid mixtures

—i.e. water transport relations in biological tissues

Processes involving dehydration (drying) of biological tissue, mechanical extraction of juices
or oils from fresh roots, fruit, or oil seeds and oleaginous fruits, are common in the food processing
industry. In these applications, the considerable complexity of the structure of the source material
presents a challenge to the understanding of mass transport processes. This is especially the case
when thermal, mechanical, electrical, or chemical treatment is used to alter the cellular and
extracellular structures to facilitate improved mass transport, thus increasing quality or yield and
decreasing processing time and costs.

Purely phenomenological and kinetics models such as presented in section 2.2.3.3 are
commonly found addressing the challenge of modelling mass transport in the above-described
cases, however, a number of publications have been published over the past couple of decades
presenting a more mechanistic approach based on a combination of empirically-supported
understanding of tissue structure and physiology under altered conditions (treatment) on the one
hand, and of mathematical models of water evaporation and/or liquid flow in porous materials on
the other. The latter theory is largely based, in physical and mathematical terms, on the theory of
water relations in sediments, soils, and fractured rocks, where liquid flow in a network of matrixes

and fissures is mathematically described [46].
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In [47], the authors describe the concept of extracellular, extraparticle, and intracellular space
when modelling solid/liquid expression for cellular materials. They propose a complex model
based on mass conservation laws in the three compartments or phases that are comprising the
sample volume of material from which, by means of mechanical force (pressing), liquid is
expressed. The model has since been extended and generalised [48], [49], however, none of the
accounts written on the multiple-porosity modelling paradigm try to link the phenomenological
relations of mass transport in biological material (i.e. the equations of non-equilibrium
thermodynamics) with the effects of electrical treatment.

2.2.4.3 Thermal relations in electroporated tissue

Tissue electroporation and related thermal effects represent a vast and diversified field of
research that deserves a substantial review of the subject area such as is presented for
electroporation applications in food processing and biorefinery (see Paper 1). Since this work is
only marginally concerned with thermal effects on mass transport, only some of the most recent
and essential works that are important for understanding the theory presented in section 5 on
thermal relations with mass transport in electroporated tissue are mentioned and briefly discussed
in this section.

As mentioned, thermal relations in biological material treated with electromagnetic fields have
been studied extensively across a range of applications and on different scales by using various
approaches, ranging from molecular dynamics studies to theoretical non-equilibrium
thermodynamics models to in vivo studies on model animal tissues. An early consideration of the
effects of Joule heating associated with electroporation is presented in [50]. The authors present
an account of model development, whereby a theoretical model was developed to estimate the
power dissipation in individual cells during electroporation. They concluded that although heating
that may be considered as insignificant at the macroscopic level of a cell suspension or tissue, may
actually be substantial on the level of the cell membrane. This supposed rise in temperature could
be responsible for a lowering of the threshold required for electroporation, as thermal energy is
additionally raising the energy level of the bilayer. This has recently been re-evaluated and
examined in a study presenting an analytical model for calculating the cell membrane temperature
gradient [51]. The authors of the study show that electric field generates cell membrane
temperature gradients, particularly during sequential pulsing over a sustained period of time. They
conjecture that thermal gradients may contribute to electroporation through induced

transmembrane voltages.
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A recent study in molecular dynamics simulations [52] shed light on the heat conduction
characteristics of the cell membrane, by studying heat conduction characteristics of a DPPC lipid
bilayer. Thermal conductivity of the lipid bilayer that was evaluated in this molecular dynamics
simulation was found to be anisotropic, and lower than that of bulk water. This is thought to be
mainly due to the lipid constituents at the centre of the bilayer, where acyl chains of lipid molecules
face each other due to a loss of the covalent-bond and low number density, and thermal
conductivity is the lowest. Even lower than thermal conductivity across the bilayer was found to
be the thermal conductivity along the bilayer, and thus the bilayer was found to exhibit strong
anisotropic behaviour in terms of heat conduction.

Thermal effects associated with electromagnetic fields are of high importance in biomedical
applications, such as electrochemotherapy and tissue ablation by irreversible electroporation [53]-
[55] or radiofrequency ablation [56]. In these applications, much attention is dedicated to ensuring
that the damage to healthy tissue that should not be harmed by the treatment is under control and
kept at the lowest possible extent, and various modelling techniques have been employed to
evaluate Joule heating and subsequent thermal accumulation and dissipation. Numerical finite
element models are often employed due to the complexity of the system (tissue heterogeneities
and anisotropy) and the relatively complex form of the Pennes bioheat equation [57] that is
normally used to describe thermal relations in perfused tissues.

Another field of electroporation applications that has seen considerable efforts in studying and
modelling thermal effects with and without relation to mass transport is skin electroporation, where
electric fields are used for breaching the impermeable stratum corneum for topical drug or gene
delivery. See the literature presented already in section 2.2.3.2 and [58] in particular for a thermal
study, or [59] for a more comprehensive review. Modelling thermal relations in skin
electroporation is a challenging task, mainly due to highly variable properties between various
layers of skin. A recent study [60] presents the development of a complex analytical bioheat model
for studying temperature increases in electroporation of a subcutaneous tumour, accounting for the
multi-layer heterogeneous structure of the skin.

Very different considerations and approaches as compared to the field of biomedical
applications can be found in the food processing, industrial applications of electroporation. In these
applications, it is not a rarity to find treatment protocols delivering high energies to target
biological material, and high currents that are present in tissues during long treatment times can
cause substantial rise in temperature due to ohmic heating [61]. Ohmic heating using lower
voltages for longer periods of time can, with or without electroporation, also be intentionally used

as mild treatment of raw material to improve mass transfer within tissue [62], [63]. Modelling with
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the purpose of studying thermal effects in this field is mainly limited to various models dealing
with the generation and distribution of heat in continuous-flow treatment chambers [64], [65], with
the purpose of optimising their design thus avoiding hot spots that can otherwise cause electrode
material degradation or treatment chamber deterioration. Theoretical studies relating thermal
relations in electroporated plant tissue in industrial applications focusing on enhancing mass
transport are virtually non-existent, and presently studies mainly comprise phenomenological

models relating electrical or thermal damage to tissue with treatment parameters.

2.2.5 Conclusions

The modelling of mass transport in electroporation of biological cells and tissues is a complex
task. For many application areas in electroporation, it is of vital importance to be able to evaluate
and if possible quantify the resulting mass transport to evaluate the treatment efficacy. For this
reason, a substantial body of literature exists on the subject, however, as this literature review aims
to illustrate, the approaches taken are diverse and their results are difficult to compare. The
experimental studies are often limited by the finite temporal and spatial resolution of
measurements, difficulties in obtaining measurements in complex materials (e.g. living tissues), a
large set of possible treatment parameters of high importance that vary substantially from
experiment to experiment and within an experiment, and the specific responses that are obtained
due to biological diversity and material inhomogeneities.

Computer simulations using mathematical models on the other hand suffer from similar
deficiencies; due to the complexity of the phenomena, the models need to be kept simple (reduced
and discretised space and/or time) to facilitate computation and resolving of complex sets of
equations; there is a number of competing models of electroporation available; phenomena on the
microscopic level can lead, due to interactions between the many influencing factors, to erroneous
identification of importance of parameters (e.g. if parameters are coupled or are influencing the
observed quantity in the same sense); and a lack of independent methods of measurement and
available literature on anatomical, physiological, and physio-chemical properties of the material
makes determining parameters in mechanistic or realistic models (as opposed to
phenomenological) difficult to estimate to within even a few orders of magnitude.

For now, it remains difficult to connect individual contributions to the understanding of this
subject into a unifying theory that would fit all or most of the existing applications. Solutions still
largely need to be developed on a case-to-case basis. However, detailed and complex fragments
do exists, but are sometimes irreconcilable due to discrepancies in their main conclusions

(contradictory results) that can be (too) often observed. An additional difficulty is presented by the
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enormous range of scales that we can choose to observe electroporation-related phenomena: from
the level of individual components of a biological membrane (molecular level), to the level of a
macroscopic sample of tissue or cell suspension, between which there is a several orders of
magnitude difference. The understanding of mass transport in electroporation is an intensely
developing field of science, in which the major directions are still under development.

Note that this literature review is a general introduction into a wide and diverse area of problems
of mass transport in electroporation with highly specific approaches. For a review that is more
detailed and pertinent to the subject of this thesis and the developed models of transport, see the

introductory sections of the individual papers (1, 111 and 1V) presented in section 4.
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3 Materials and methods

3.1 Diffusion experiments

Diffusion experiments that are described in Paper Il and Paper IV were conducted according to
the same protocol. Paper Il concerns pressing experiments only, therefore the experiments
described herein do not concern it.

According to the diffusion experiments protocol, cylindrical samples (disks) of sugar beet
taproot and apple fruit tissue (without skin) were obtained from 5 mm thick sugar beet taproot or
apple fruit slices (in continuing text referred to as sugar beet and apple tissue respectively). All
samples measured 25 mm in diameter, and each sample was first subjected to electroporation
treatment by applying 150, 200, 300, or 400 V between two stainless-steel parallel plate electrodes
at 5 mm inter-electrode distance (the thickness of the sample). The intent was to subject the treated
tissue to field strengths of 300, 400, 600, and 800 V/cm, respectively (note the 5 mm thickness of
the samples). The desired target field strength was not reached homogeneously within the tissue,
as it is not homogeneous material, and since due to finite electrode dimensions the field reaches
the maximum (desired) value only in the central area away from electrode edges (examine figures
in Paper V for an illustration). Rectangular pulses of alternating polarity (see Figure 3.4 in section
3.3.1.2) were delivered in two trains of 8 pulses, where each pulse was of 100 us in duration, and
pulse repetition frequency within the train was 1 kHz. Two such trains were delivered with a pause
of one second between the two trains. This protocol is referred to as Protocol A. The pulses were
provided by a custom-built pulse generator with peak output current of 38 A at the maximum
attainable voltage of 400 V, assembled by Service Electronique UTC, Compiegne, France (refer
to section 3.3.1.2 below).

Figure 3.1: The electrical treatment chamber.
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The samples were removed from the treatment chamber following electrical treatment. The
surfaces of the sample disks were then were put into contact with absorbent paper and thus the
surfaces were dried in order to remove the sugary liquid accumulated at the surfaces. This liquid
is present due to cutting (in small amounts) and possibly due to electro-osmotic or pressure-change
effects (turgor loss) that occur during the electroporation treatment (to a greater extent). Had the
surfaces not have been dried, the juice on the surface would cause an immediate increase in the
sugar concentration in the solution at the beginning of the diffusion experiment, resulting in
kinetics also known as the “washing stage” of the process (refer to section 2.2.3.3 of the literature
review). This effect is not captured by the model, neither is it easy to subtract it from the recorded
kinetics due to differing juice sugar concentration and amount of this surface liquid that is variable
between samples. The surface-dried samples were placed into a flask together with a magnetic
stirrer. This sample-liquid mixture was constantly agitated and sampled at regular intervals; the
total soluble solids (i.e. mostly sugar) concentration was analysed with a digital refractometer
(details given in section 3.3.2.2 below). The liquid-to-solid ratio was 2:1 in all experiments.

The quantity which the digital refractometer measures is the sugar concentration (to be precise
— concentration of total soluble solids) in liquid and is displayed in units degrees Brix (°Bx), where
one degree Brix is 1 gram of sucrose in 100 grams of solution and represents the concentration of
the solution as percentage by weight (% w/w). The initial sugar content of the aqueous solution
°Bxo is known and normally equal to zero, and during experiment the current sugar content °Bx(t)
is measured. Connected measurements trace out the curve of extraction kinetics, and the final sugar
concentration °Bxg can be determined separately. Theoretically, °Bxq is the total solutes
concentration in solution in ideal conditions of completely permeabilized tissue and after infinite
time of diffusion. In practice, it can easily be obtained by measuring the solutes concentration in
pure fruit/root juice, and scaling the measurement according to the extracting liquid/juice mass
ratio (also known as the solid-liquid ratio). Since initial and maximum concentrations are known,
the normalized degree Brix at time t — i.e. B(t), can be expressed and calculated as
0=,

Normalized Brix is used throughout the works described in this thesis as a measure for the
amount of solute (i.e. sugar) that has diffused out of the tissue sample from time to to time t. It
takes the values from the interval 0 < B(t) < 1, and is dimensionless. It can be calculated according
to the above equation given measurements obtained with the refractometer. The schematic

illustration of the diffusion experiment is given by Figure 3.2.

105



I. TREATMENT STAGE : [I. DIFFUSION STAGE
|
|
thermocouple | thermocouple
(temperature control) | {temperature control) )
I sampling
cylindrical : (pipette-tip opening)
|
tromper] e (Y
. diffusion
: chamber
|
I tissue samples
J_I_I_ pu|se : (random distribution)
generator |
(bi-polar) |
I
L —toplelectrode |
£ hdilow neck |
VA ST I |
s BNl @ —tissue sample | porous—
aﬁmu— | support %
bottom : magnetic water
electrode | stirrer solution

Figure 3.2: Schematic representation of the diffusion experiment setup — electroporation

treatment (left) and subsequent diffusion stage (right).

3.2 Pressing experiments

The pressing experiments that are described in Paper I11 and Paper IV were conducted according
to the same protocol. Paper Il concerns diffusion experiments only, therefore the experiments
described herein do not concern it.

As in the diffusion experiments, cylindrical samples of sugar beet and apple tissue were used,
25 mm in diameter, and of 5 mm thickness. The samples were placed between two parallel plate
stainless-steel electrodes, and electroporation pulses were applied using three different protocols
(see Figure 3.4). Protocol A: The voltage was varied, using 150 V, 200 V, 300 V, 350 V, or 400
V applied to the electrodes. Pulses of alternating polarity were delivered in two trains of 8 pulses
per train, with repetition frequency of 1 kHz within the train, 1 second pause between the two
trains, and 100 ps pulse duration. Protocol B: The voltage was again varied as in Protocol A,
however, only two unipolar pulses were delivered of 800 us each, and with a time delay of 1 s in
between the two pulses. Protocol C: The voltage was varied as in Protocol A and Protocol B, and
8 pulses of single polarity were delivered, 100 ps in duration each second (i.e. at pulse repetition
frequency of 1 Hz). This protocol is also known as one of the standard protocols for
electrochemotherapy. Note that the total treatment time t: (product of pulse duration tp, number of
pulses n, and number of trains ny) as calculated from the pulsing protocol was the same for

Protocols A and B (t: = 1.6 ms), and was 50 % lower in case of Protocol C (t: = 0.8 ms) as compared
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to the two other protocols. The delivered energy in the described setup as calculated from the
measured current falls between 6 J/kg (minimum attained for sugar beet, Protocol C, 150 V) and
250 J/kg (maximum attained for apples, Protocol B, 400 V). In terms of delivered energy and
treatment time, these treatment protocols are generally not encountered in food processing, where
energies on the order of several kiJ/kg are commonly delivered to target tissues. The maximum
total delivered energy on the order of 0.25 kJ/kg results — in worst case, i.e. not accounting for any
heat dissipation via electrodes or treatment chamber surfaces — in a negligible increase in sample
temperature by less than 0.1 K. This estimate is based on the thermal capacity of apple tissue, and
known maximum energy that was delivered. The reasons for and implications of this particular
choice of low-intensity, “gentler” treatment protocols, are further given and discussed in the
Results and discussion section of Paper Il and Paper 1V.

In all cases, regardless of the electroporation protocol, the electric treatment was followed by
pressing. Electroporated samples were immediately placed into a specially fabricated treatment
chamber and subjected to a load of 150 N — about 580 kPa (apple), or 300 N — about 290 kPa
(sugar beet), using a texture analyser (details in section 3.3.2.1). The piston displacement was
recorded by the texture analyser under constant pressure (force) application during one hour.

Piston displacement equals the sample deformation along the axis of the pressure application.
This sample deformation is theoretically linked to the liquid pressure loss in tissue by the model
presented first in Paper Il1. This enables the comparison of experimental and model results. The

schematic illustration of the diffusion experiment is given by Figure 3.3.
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Figure 3.3: Schematic representation of the pressing experiment setup — electroporation

treatment (left) and subsequent pressing (right).

3.3 Equipment and treatment/measurement protocols used

3.3.1 Pulse generation
3.3.1.1 Protocols

Three different electroporation treatment protocols were used to obtain the results presented in
papers 11-1V. The protocols are specified in detail in Paper IV, section 2.3, and illustrated by means
of a figure given in Paper IV, Figure 3.2 (reproduced below as Figure 3.4 for reference). Three
different treatment protocols were used in order to examine whether there is a detectable difference
in how various treatment protocols influence the formation and evolution of pores in the cell
membranes, which could be reflected in the tissue consolidation kinetics, and subsequently
modelled with the dual-porosity model. Results of the comparison are given in the appropriate

section of Paper IV.
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Figure 3.4: A graphic representation of the three pulse delivery protocols: Protocol A (a),
Protocol B (b), and Protocol C (c). Pulse widths and distances are to scale, except where denoted
otherwise — the ‘//’ sign indicates a break in the axis (i.e. there is a one second long pause

between every two pulses in between which the axis brake is indicated).

3.3.1.2 Generators

In the experiments reported on or mentioned in this thesis, three different generators were used
to achieve electroporation in treated tissue; two laboratory-scale generators and one industrial /
pilot-plant scale generator. However, only one generator was used to obtain results presented in
Papers 11-1V which form the main body of the work reported on in this thesis. The generator used
to treat sugar beet taproot and apple fruit tissue used in the validation experiments for the dual-
porosity model has been manufactured by the UTC Service Electronique (Electronics department
of the Université de Technologie de Compiegne), and is capable of delivering a maximum voltage
of 400 V and a maximum current of 38 A, and produces exclusively bipolar pulses of near-
rectangular shape.

The other two generators were used in subsequent work on turgor relaxation and electroosmosis
experiments that are briefly referred to in the concluding section of this thesis. Both produce
exclusively unipolar pulses, and are capable of delivering rectangular electric pulses at voltages
higher than 400 V. For these two reasons, the 400 V maximum voltage bipolar pulse generator
was not suitable for these experiments. As no detailed discussion is given on the turgor relaxation
and electroosmosis experiments and their results in this thesis, the specifications of the two

unipolar pulse generators are out of scope of the thesis and are omitted from this section.
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3.3.2 Other equipment
3.3.2.1 Measurements of tissue sample deformation — texture analysis

In order to obtain the expression kinetics, constant pressure was applied to tissue samples using
a low-power high-precision texture analyser manufactured by Stable Micro Systems, model
“TA.XT plus”. The maximum force this texture analyser can exert on the sample is 50 kg (500 N),
with a force resolution of 1 N. The texture analyser was employed in the constant force mode of
operation, meaning that a specified force was applied to the tissue samples via the piston of the
texture analyser for a specified amount of time and the displacement was measured and recorded

at a high resolution of 0.001 mm with a measurement accuracy of + 0.001 mm.

Figure 3.5: The used texture analyser TA.XT plus (image taken at the laboratory). One of the
laboratory generators (an industrial-scale model, manufactured by Hazemeyer) is visible in the
background.

3.3.2.2 Digital refractometry

In order to measure concentration of total soluble solutes in sugar beet taproot and apple fruit
tissue experiments, two digital refractometers were used. Results reported on in Paper Il were
obtained using the digital refractometer ATAGO PR-32a (alpha), and new results reported on in
Paper 1V by using the ATAGO PR-101a (alpha) digital refractometer. Both have a resolution of
0.1 % Brix, and a measurement accuracy of 0.1 % Brix, however the measurement range of the
PR-32a model is from 0.0 % Brix to 32.0 % Brix, while for the PR-101a model the respective
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range is from 0.0 % Brix to 45.0 % Brix. Both refractometers were calibrated before use using

distilled water and a reference solution (mixed on site) of sucrose and distilled water.

Figure 3.6: The digital refractometers ATAGO PR-32a (left) and the ATAGO PR-101a (right).
Images courtesy of ATAGO CO., LTD, source:
http://www.atago.net/product/?l=en&f=products_pr.html
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4 Papers on the subject of mass transport by diffusion or pressing in

electroporated tissue published in international scientific journals

4.1 Paper I1: “Dual-porosity model of solute diffusion in biological tissue

modified by electroporation”

4.1.1 Introduction

The problem of mass transfer during and after application of electroporation pulses has been
treated both experimentally and theoretically, and in studies combining both approaches, but
mainly employing less complex systems, e.g. cell suspensions and monolayers of cells (see the
literature review section). This focus on systems of lesser complexity seems to hold particularly
true for theoretical models.

The model that is presented in this paper is an attempt at advancing the basis of theoretical
modelling of mass transport in electroporation applications. It has been developed in order to
model experimental results in a particular case of plant tissue electroporation with purpose of
solute extraction, but can, with modification, also be applied to applications in biomedicine (e.g.
electrochemotherapy) and other fields of electroporation research where there is a need to model
solute transport on the level of tissue. This first attempt at building a dual-porosity model is
concerned only with free diffusion of small molecules (several kDa in size) post-pulse, when the
effects of the electric field are either no longer present, or are negligible. It features, however, the
coupling of diffusion with the effects of electroporation through its effects on membrane

permeability.

4.1.2 Summary

In the model presented in this paper, tissue is modelled as a dual-porosity medium. One medium
is represented by the intracellular and the other by extracellular space, with cell membrane
separating the two compartments. In the model study that follows, the transport modelled is that
of sucrose extracted from sugar beet tissue. A comparison is included of model results with
experimental data for purposes of model validation, as well as an illustration of the model
application. A parametric study is presenting the effects of various model parameters on extraction
kinetics (theoretical work only). The parametrical study is also an attempt at analysing the
influence of some of the electroporation parameters on model predictions, as well as gauging the
sensitivity of the model to potential errors in parameter estimation. Since the model presented is a

proof of concept and the interpretation of its results has illustrative value, the model has been kept
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simple enough in this first account, so that an analytical solution could be readily found and
discussed. A clear and complete demonstration of applying the model to problems in a different
field of electroporation research, e.g. in electrochemotherapy or intra/transdermal drug transport,
requires and deserves a study and paper of its own. For brevity, the paper only presents, in theory,
the necessary modifications to the model, which the authors believe are necessary to adapt it to

problems of drug diffusion in tissues for biomedical applications.

4.1.3 Conclusions

The model is designed as an attempt to provide a framework for future work in both computer
modelling and experimental design. The paper demonstrates how it can be applied to a typical
problem of solute extraction by diffusion in tissue that has been pre-treated with electroporation,
and how it can be adapted to model mass transport-related phenomena in a disparate field of
biomedical electroporation applications. The authors are confident that the dual-porosity model
can be further improved and adapted to solve problems in mass transfer in many applications of
electroporation, whether the object of interest is animal or plant tissue, whether the interest is in
(selective) extraction of solute from the cells or introduction of solute into the cells, and even
whether the species of interest are small ions or large organic compounds. The basic physical
phenomena underlying the processes after application of electroporation treatment exhibit
differences predominantly in details, which renders a general approach such as described by this

paper, possible.

113



Biochimica et Biophysica Acta 1838 {2014) 1950-1966

Contents lists available at ScienceDirect

Biochimica et Biophysica Acta

journal homepage: www.elsevier.com/locate/bbamem

Dual-porosity model of solute diffusion in biological tissue modified
by electroporation

Samo Mahni¢-Kalamiza ***, Damijan Miklav¢ic b Eugéne Vorobiev *

2 University of Technology of Compiégne, Centre de Recherches de Royallieu, BP 20529, 60205 Compiégne Cedex, France
 University of Liubijana, Faculty of Electrical Engineering, TrZaska c. 25, SI-1000 Ljubljana, Slovenia

ARTICLE INFO ABSTRACT

Article history:

Received 10 January 2014

Received in revised form 6 March 2014
Accepted 12 March 2014

Available online 19 March 2014

In many electroporation applications mass transport in biological tissue is of primary concern, This paper
presents a theoretical advancement in the field and gives some examples of model use in electroporation appli-
cations. The study focuses on post-treatment solute diffusion.

We use a dual-porosity approach to describe solute diffusion in electroporated biological tissue. The cellular
membrane presents a hindrance to solute transport into the extracellular space and is modeled as
electroporation-dependent porosity, assigned to the intracellular space (the finite rate of mass transfer within

Keywords: : 5 Ha |
Diffusion an individual cell is not accounted for, for reasons that we elaborate on). The second porosity is that of the
Electroporation extracellular space, through which solute vacates a block of tissue.

The model can be used to study extraction out of or introduction of solutes into tissue, and we give three exam-
ples of application, a full account of model construction, validation with experiments, and a parametrical analysis.
To facilitate easy implementation and experimentation by the reader, the complete derivation of the analytical
solution for a simplified example is presented,

Validation is done by comparing model results to experimentally-obtained data; we modeled kinetics of sucrose
extraction by diffusion from sugar beet tissue in laboratory-scale experiments. The parametrical analysis demon-
strates the importance of selected physicochemical and geometrical properties of the system, illustrating possible
outcomes of applying the model to different electroporation applications. The proposed model is a new platform
that supports rapid extension by state-of-the-art models of electroporation phenomena, developed as latest

Mass transfer

Solute extraction
Mathematical modeling
Analytical solution of PDE

achievements in the field of electroporation.

2014 Elsevier B.V. All rights reserved.

1. Introduction

As shown by experiments on lipid bilayers, cells in suspensions,
monolayers and biological tissue, electric field can, if of sufficient
strength, cause a significant increase in the conductivity and permeability
of the lipid membrane [1]. This effect is known as electroporation and
has been attributed to creation of aqueous pathways in the lipid bilayer
[2,3]. Throughout this paper we will assume that solute diffusivity in
biological tissue can be enhanced by electroporation by means of apply-
ing one or a series of electroporative pulses of a particular amplitude
and duration to the tissue.

Electroporation is studied in a number of diverse fields [4,5], such as
in biomedicine for gene delivery [6-8], electrochemotherapy [9-12],
transdermal drug delivery [13-16], or tumor ablation by irreversible
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de la Matiére Renouvelable, Centre de Recherches de Royallieu, BP 20529, 60205
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http://dx.doiorg/10.1016/j.bbamem.2014.03.004
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electroporation [17,18]; in food engineering and chemistry for increas-
ing extraction yield [19-21], improving the quality of extract [22-24],
or food preservation [25-27]; as well as in environmental sciences for
waste water treatment [28,29], lipid extraction [30], or plant growth
stimulation [31,32]. In all domains we encounter the need for introduc-
ing into or extracting out of the biological cells the solutes of interest.
These range from small chemical compounds such as sucrose molecules
[33,34] in food processing to larger and more complex drugs for
electrochemotherapy [35] and to still larger lipids [30], and finally to
the very large RNA and DNA molecules in gene therapy research [36].
This variability poses a challenge when determining parameters of elec-
troporation, and recommended treatment protocols for their respective
applications [37,38], as well as protocol optimization [39], are subjects
of intensive research.

The problem of mass transfer during and after application of
electroporative pulses has been treated both experimentally [40-42]
and theoretically [43-48], and in studies combining both approaches
[49-52], but mainly employing less complex systems, e.g. cell suspen-
sions [43] and monolayers of cells [50,53]. This reservation to systems
of lesser complexity seems to hold particularly true for theoretical
models.
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In many important electroporation applications, e.g. electroche-
motherapy or extraction of valuable compounds from plant tissue, the
object of interest is heterogeneous tissue composed of cells in close
contact that are of variable size [54], shape [55], and that may be inter-
connected via intercellular junctions [56]. These factors influence - to a
varying extent - the electroporation process, electrotransfer and diffu-
sion of solute, both during and after electroporation. Additionally,
membrane contacts of adjacent cells in animal tissues reduce the effects
of the electric field, as shown by studies on dense cell suspensions [57],
while the effects of the cell wall in plant tissues and the porosity of
extracellular space have not yet been evaluated in relation to electropo-
ration. Furthermore, we often come across clearly defined sources and/
or sinks of observed solute. These introduce the need for not only
temporal observation and inclusion of reaction kinetics in the model
[45], but also the need to determine the spatial distribution of solute
concentration in tissue [46].

With respect to electroporation and its effects on cell membrane
transport, we have to examine the nature of solute transported in rela-
tion to the electric pulse parameters and electrical properties of tissue
[58,59], as well as the local electric field distribution [60,61]. Several
mechanisms of transport were reported in addition to free diffusion,
such as electrokinetic effects facilitated by the electric field. The list of
these comprises electrophoresis [45], electroosmosis [47] and FASS
{(Field-Amplified Sample Stacking)} [45,62], as well as cellular and
membrane processes such as endocytosis [63]. The importance of indi-
vidual mechanisms depends not only on the nature of solute, but also
on the parameters of delivered electric pulses [48,64] and the time of
observation of the system. The time of observation is important since
it delineates two modeling paradigms — we either model periods dur-
ing as well as after electric pulse application with electrokinetic effects,
or we focus on the post-pulse period only, where the dominant mass
transport is by diffusion through long-lived pores [50,59,65].

The model that we present in this paper is an attempt at advandng
the basis of the theoretical modeling of mass transport in electropora-
tion applications. Tissue is modeled as a dual-porosity medium. One
medium is represented by the intracellular and the other by extracellu-
lar space, with cell membrane separating the two media. It has been
developed in order to model experimental results in a particular case
of plant tissue electroporation with purpose of solute extraction, but
can, with modification, also be applied to applications in biomedicine
(e.g. electrochemotherapy) and other fields of electroporation research
where there is a need to model solute transport on the level of tissue.
In this first attempt at building a dual-porosity model, we are
concerned only with free diffusion of small molecules (several kDa)
post-pulse, when the effects of the electric field are either no longer
present or are negligible. We have, however, coupled diffusion with
the effects of electroporation through its effects on membrane
permeability.

In our model study, the transport modeled will be that of sucrose ex-
tracted from sugar beet tissue. We are including a comparison of model
results with experimental data as model validation and an illustration of
the model application, while also presenting a parametric study. By
means of the latter we attempt to both analyze the influence of some
of the electroporation parameters on model predictions as well as
gauge the sensitivity of the model to potential errors in parameter
estimation.

Since the model presented is a proof of concept and the interpre-
tation of its results has illustrative value, we have kept the model in
this first account simple enough, so that an analytical solution could
be readily found and discussed. A clear and complete demonstration
of applying the model to problems in a different field of electropora-
tion research, e.g. in electrochemotherapy or intra/transdermal drug
transport, requires and deserves a study and paper of its own. For
brevity, we therefore only present, in theory, the necessary modifica-
tions to the model, which we believe are necessary to adapt it to
problems of drug diffusion in tissues for biomedical applications.
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For a schematic representation on how the paper explores the
dual-porosity modeling paradigm and how its contents are divided
into subsections, see Fig. 1.

2. Theoretical formulation of the problem, model construction, and
its application

2.1. System of solute diffusion equations in a dual-porosity medium

The rationale behind the use of the following model equations
comes from the theory of porous media [66], more precisely from the
observations of liquid flow in soils and fractured rocks. From the
mathematical point of view, we exploit the analogy of fluid flow and
heat transfer in porous media with problems in mass transport by
diffusion [67]. The same (mathematical} treatment is thus applicable
that has been thoroughly studied in problems of heat and mass transfer
in porous media [68,69].

We model a block of tissue as composed of essentially two media,
the extracellular and the intracellular. At their respective volume
fractions, they occupy the same block of tissue, as is illustrated by
Fig. 2. Tissue is modeled as comprising cells’ interior volume that collec-
tively forms the intracellular space. The intracellular space is separated
by the cell membrane from the extracellular space, which comprises
primarily the cell wall (in plants) or collagen (e.g. in skin tissue}, as
well as miscellaneous and other biomolecules in addition to the
entrapped liquid (and air in plants} in the intercellular compartments.
Electric field primarily acts on membranes, rendering them permeable
thus effectively affecting the porosity of the intracellular space; electro-
poration of membranes is therefore enabling diffusive transport of
solutes through the membrane.

If we imagine a sample of tissue of finite thickness {e.g. a few
hundred layers of cells}, we can identify two diffusive flows of solute.
Assuming that initially there is a higher concentration of solute within
the cells as compared to the extracellular space, first, the solute has to
diffuse out of individual cells (ie. from intracellular space} into the
extracellular space. This is the transmembrane flow. Second, the solute
diffuses through the block of tissue via the extracellular route; this
diffusion is driven by the gradient that appears in the block of tissue
due to conditions at the tissue sample boundaries. In extraction applica-
tions, the boundary condition can ideally be assumed constant and
equal to zero (i.e. infinite dilution into surrounding solvent). In
electrochemotherapy or transdermal drug transfer applications, the
boundary condition is non-zero, Le. constant or time-varying (depending
on application}, e.g. a skin reservoir of finite capacity; or a local drug
plasma concentration dependent on locally {unjobstructed blood flow,
etc. The extracellular path results in an extracellular flow in the presence
of concentration gradients imposed by the boundary and initial
conditions. Solute leaving the cells results in a decrease of intracellular
concentration, and an increase in extracellular concentration. On the
other hand, solute leaving the tissue sample in effect decreases extracel-
lular concentration. This gives us, for intrinsic concentration {i.e. concen-
tration averaged over the volume fraction of each phase} in extracellular
space and intracellular space respectively, the following set of partial
differential equations (PDEs):

2 —
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In Egs. {1)}-(2), ¢; and ¢. denote intrinsic volume-averaged intracel-
lular and extracellular (respectively) molar concentrations in units
mol-m—3, Ds o 1s the diffusion coefficient of solute species s in extracel-
lular space with units m?-s~ !, z is the spatial coordinate aligned with
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Fig. 1. The dual-porosity modeling paradigm as explored in this article.

(i.e. parallel to) the principal axis of diffusion, and k(¢; — c.) is the
volume-averaged flow in units mol-m™~2.s~ ", This member as well as
the multiplicative factor (1 — &)/e will be further deconstructed and
explained during the course of the following analysis. We have sup-
posed only one principal axis of diffusion is relevant, and that is the
axis perpendicular to the largest surface of the tissue sample. In other
words, we have simplified the problem to one spatial dimension, our ra-
tionale supported by an assumption that the thickness of the studied
block of tissue is small as compared to its largest surface. The model as
given by Eqgs. {1)-(2) does not account for convective flow or chemical
reactions, but can readily be expanded with additional terms if neces-
sary. The model geometry (as illustrated by Fig. 3) appears in a number
of electroporation applications; in industrial extraction of solutes from
plant tissues, tissue is sliced or grated into thin blocks or cossettes to
facilitate faster diffusion; in transdermal drug delivery, skin patches
can be modeled as thin reservoirs with large surface area in contact
with the skin; while in subcutaneous tumor electrochemotherapy for
example, large tumors not protruding deep into the subcutaneous tissue
exhibit properties that can be, by in no means excessive stretch of imag-
ination, approximated using the proposed model geometry.

Cell Membrane

/ (in plants) LG
[Extracellular Space,
\ " Void Space” /
SR

Intracellular Space

Influx/Efflux through
an Electropore

The given system of model equations describes what is commonly
referred to in the relevant established literature as a LNE (Local Non-
Equilibrium) model. See e.g. [67] for a recent review of LNE models as
applied in theory of mass transport in biological tissue modeled as a
porous medium.

In order to support further theoretical treatment and procurement
of an analytical solution, we must establish the following set of assump-
tions and simplifications: (i) — as indicated by Eq. (1), diffusion coeffi-
cient of solute in extracellular space is assumed to be constant. For
spatial dependence, the second member in Eq. {1) has to be revised to
0/82| Ds ¢0ce(z,t)/0z], rendering the system complex and cumbersome
for analytical treatment, while for temporal dependence D;. = fit), a
new timescale T has to be introduced, so that dT = f{(t) dt. Fortunately,
there are no strong arguments from the physics of the process point of
view that would necessitate taking either spatial or temporal depen-
dence of Ds, into account; (ii) — the tissue is modeled as consisting of
perfectly spherical cells of radius R, collectively occupying a volume
fraction F of the tissue block and forming the intracellular space. The
rest of the volume is extracellular space, occupying the volume fraction
1 — F. Thus, the porosity (ratio of void volume to total volume) denoted

Electroporated
Cell Membrane 1|

/

Fig. 2. Schematic representation of biological tissue, before electroporation (left) and after electroporation (right). Note that a segment (e.g. block) of modeled tissue may consist of several

hundred layers of cells.
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ed BC)

z-axis
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Fig. 3. Tissue sample geometry. An oblate spheroid modeling the subcutaneous tumor geometry; and a thin cylinder as a model of a sugar beet tissue sample as used in many laboratory
experiments. The boundary conditions are prescribed either on the both surfaces or on one surface and at the central plane due to symmetry, depending on the modeled system.

gisequal to 1 — F; (iii) — the electrical field applied to the tissue during
electroporation is assumed spatially homogeneous. This is a valid
assumption for the bulk volume of tissue in an electroporation setup
with parallel plate electrodes, or even a small block of tissue with
an otherwise heterogeneous field distribution (local homogeneity);
(iv) — since all cells are modeled as being of equal size and shape
and the electrical field homogeneous throughout the modeled
block of tissue, application of electroporating pulses to the tissue
inflicts an equal distribution of pores, irrespective of the location of
an individual cell in tissue; (v) — pores created by electroporation
are of various sizes according to some statistical distribution. All
further analysis operates with an average size of a pore created in
the cellular membrane. The same logic of averaging applies to the
number of pores created, which is assumed to be dependent only on
electroporative pulse parameters (e.g. maximum field strength,
number and duration of pulses, etc.) and not on local inhomogeneity
(in either field strength, geometry or conductivity — these are
considered homogeneous throughout the sample).

Returning now to the initial model Equations (1)-(2), we need to es-
tablish how volume-averaged intra-to-extracellular (i.e. transmembrane/
pore) flow, denoted k{¢; — c.), depends on electroporation. We start by
writing Fick’s first law of diffusion for flow through pores in membrane
of total (pore) area Ay, in spherical geometry of an idealized spherical
cell of radius R

: dc
Jsp = _Ds,eﬁApa—r- (3)
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Integrating across the membrane where the gradient of concentra-
tion is non-zero, we obtain

X R+d,, Ca
jSP/R dr=— S,eﬁAp/ dc
(5

giving

D. A
Jsp =%(ci—ce) (4)

where d,;, is membrane thickness on the order of several nanometers,
and Ds s is the effective diffusion coefficient of solute species s
through a single pore in the cell membrane, which can be approxi-
mated as

Ds,eff = Ds,oys (5)

where Dy ¢ is the diffusion coefficient of solute species s in water ata
given temperature and y; is the dynamic hindrance coefficient,
accounting for hydrodynamic drag and steric exclusion effects.

The change in concentration of solute in intracellular space is en-
tirely due to the trans-pore flow of solute into the extracellular
space, i.e.

ac,-_js_’p
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If the pore flow j,, is that across a single cell membrane, volume V; is
that of one cell and equals V; = 4AmR?/3. Since the surface of a single cell
Ao is 4TR?, we can rewrite Eq. (6) as

9 3isp
ot AgR

3D ﬂf
- e 7)

where f;, is the pore surface fraction ratio calculated as A,/Ap. This
formulation using pore surface fraction ratio is useful, as this con-
struct is often encountered in relevant literature (see e.g. [65]).
Note that the pore area A, is the total pore area per cell, and can be
expressed as A, = TNpr3, where Ny, is the number of pores per cell
and r;, the average radius of a single pore.

Comparing now Eq. (2) with Eq. (7), flow coefficient k (also termed
mass transfer coefficient) can immediately be expressed as

- 3Dsfp 3
=g = Py )

where P is the membrane permeability coefficient [70] and the term 3/R
accounts for spatial averaging of transmembrane flow within the
volume of a single cell and its exact value results from the idealized
spherical geometry.

Furthermore, if the volume fraction F of cells in tissue would be ex-
actly 0.5, the transmembrane flow would result in a change in intrinsic
intracellular concentration equal to the change in intrinsic extracellular
concentration. However, since in tissue in general the cells can occupy a
significantly larger (e.g. in plant tissues [71]) or smaller {in e.g. tumor
tissues [72]) volume fraction, as compared to extracellular space, the
flow of solute out of the cells will also cause a significantly larger or
smaller (but proportional) change in intrinsic extracellular concentra-
tion, as compared to the change in intrinsic intracellular concentration.
Neglecting for a moment extracellular diffusion (in Eq. (1)), we write an
equation analogous to Eq. (6), but for the extracellular space

js‘pviivi A — I (e —
V.V _V—ek (€ Ce}—Tk (g—ce) 9

where we have taken into account that in homogeneous tissue, for any
arbitrarily chosen, finite and limited (i.e. on the order of comprising only
several cells) volume of tissue AV, intracellular volume V; to total
volume AV ratio can be expressed as F = 1 — &, and extracellular V, to
AV ratio as 1 — F = & Note that if flow coefficient k were defined
using extracellular volume as opposed to the intracellular, the factor
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(1 — &)/e would not be present in Eq. (1). Instead, k would have been
multiplied by £/(1 — €) in Eq. (2), giving exactly the same model results.

What remains is to explain the behavior of the dynamic hindrance
coefficient y;. This coefficient captures the effects that hinder solute dif-
fusion through an aqueous pore due to comparable size of the solute
molecule to that of the pore as well as any effects of electrical forces
due to net surface charges on pore walls and the solute. A number of
models have been proposed to describe hindered diffusion through
aqueous pores, and comprehensive reviews were published by Deen
| 73] and Dechadilok and Deen [74]. The suitability of a particular
model depends on the application, due to the varying physicochemical
properties of the solute of interest that are of primary importance. For
the model study with sucrose that we present later on in this paper,
we follow a recent study by Liesche and Shulz [75], who modeled
sucrose diffusion through plasmodesmata and used a model already
proposed in [74], which is based on a modified model previously
described by Higdon and Muldowney |76]. According to this model, if
A; is the solute to pore ratio, A; = ry/1p, the hindrance coefficient y, as
a function of A; can be given as

yi(a) =1+ g;,, In,—1.560344, + 0.5281554,° + 1.915214,° 10,
! /

—2.819034," +0.2707884,° + 1.101154,° —0.4359335,".

A slightly simpler but comparable alternative is the Renkin equa-
tion [77], given by

Volhe) = 1—4.14, +5.23,°—0.014,° —4.187,* + 1.144,°
+1.92,°-0.95,". 11

Both functions, plotted for A, within the interval [0, 1] and within
[0.5, 0.9], are presented in Fig. 4. As evident, the difference in model
results for A, = 0.3 is practically insignificant.

In order to determine D, the solute diffusion coefficient in extracel-
lular space, in general we would have to consider the tortuosity of the
extracellular pathways as well as the porosity. However, since we are
operating with intrinsic concentrations ¢; and ¢, and not concentrations
averaged to the total tissue volume (see [67], Section 3.2.1.1 for a de-
tailed explanation of the difference), D;. is not a function of porosity.
It is, however, reduced considerably and to a non-negligible extent
due to the tortuosity of the extracellular pathways. In our simplified
model of spherical cells, the solute has to diffuse, in order to move a
net distance dz along z in the extracellular space, around the model
spherical cell. On the level of a single cell, to diffuse by one cell diameter

06 07 08 09
!

—— Dechadilok&Deen | |
— — — Renkin
LT | L

05 06 07 08 09 1
?\r[_]

Fig. 4. Effect of steric exclusion and hydrodynamic drag on the dynamic hindrance coefficient ys of solute througha pore in the membrane-model comparison. The insert is a closer look for

A, within the bounds [0.5, 09].
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2R along z, it has to cover a total distance of nR along the hemi-sphere.
The tortuosity T then equals T = mR/2R = /2. The extracellular
diffusion coefficient, if intrinsic concentrations are cbserved, is then
Do = Do o/T = Dy 2/, where Dy, is the diffusion coefficient of solute
species s in water at a given temperature.

2.2, Analytical selution

In some, albeit few, electroporation applications we are operating
with a more or less homogeneous tissue that can also be relatively ho-
mogeneously treated with electroporation due to the particular
implementation of the treatment application. Such is the case in some
industrial applications of electroporation {e.g. extraction, drying, im-
pregnation}. This makes coefficients Ds. and k constant in space and
time-invariant. Under such conditions, an analytical solution of the
dual-porosity model can be obtained. The complete derivation is given
in Appendix A.

In order to solve the system of Egs. (1)-(2}, we need to define initial
and boundary conditions. To demonstrate the use of the dual-porosity
model and provide validation, we will study sucrose extraction from veg-
etable (sugar beet) tissue. For the purposes of this study, we will model a
thin slice of tissue pretreated with electroporation and suspended into a
diffusion chamber in a prescribed solid-to-liquid volume ratio, and the
liquid medium well stirred. Such setups can readily be found described
in the literature, e.g. in [20-22]. The geometrical data for the tissue sam-
ples can be found in the table of parameters, Table 1.

We assume that sucrose is initially homogeneously distributed with-
in the intracellular phase and within the extracellular phase {but not
necessarily equal in the two media), giving initial conditions

Ce (z= 0) = Cep (l 2)

Gi(z,0) = ¢p. {13)

During the modeled diffusion experiment, a tissue sample is sub-
merged in distilled water which is constantly agitated. The setup allows
us to model one half of a tissue sample due to symmetry. We have the
following boundary conditions (BC) for extracellular concentration
{1 is the thickness of the tissue sample}

ac.(t) B
dz |z:0 =0 (14)
Cal(t)lpmyyz =0 (15)

The BC for intracellular concentration at the plane of symmetry
{mid-section of tissue block at z = 0} also equals 0 {no-flux boundary)

doi(t) _
oz |z=0 =0 (16)

while the BC for intracellular concentration at the sample surface is not
immediately apparent. It is governed by Eq. (2), and can easily be
determined due to the homogeneous BC just given by Eq. (15). Writing
Eq. (2) for z = 1/2, we get an ordinary differential equation

de;(t)
[ dt :|Z:I/2 + k[ci(t)]zzuz = [Ce(tﬂzzuz -0 (] 7)

with initial condition as already given by Eq. (13}. The solution of this
ordinary differential equation, as can easily be verified, is

-
Cil)],myz = G .. (18)
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The system of Eqs. {1)}-{2} with initial and boundary conditions as
defined above represents a mathematical model of solute diffusion
according to the theory of mass transfer in porous media.

The solution of the PDE system is

4C'0 - (_1)11 Yuil 'Yn,l Vool ’Yn,z
Ce(z,1) 7’; - cos(Ag2) €™ (R4 1] +Cpe™ (2241

2n+
(19)
o n
cz,t) = % én J]r)] cos(A,z) (Cmey“‘1E + C,,‘ze”“-ztfefl‘t) e
=0
(20)
where
N Nl @
n, m,
(] - QLO) k+ '}'n"l
Co=—"ri®/ (22)
! Y1~ Va2
and
2
- ((5 + Dk + P\HZDS'E) + \/ ((6+ 1)k + }\HZDS‘E) —4kA, %D,
Yoy, = 7

(23)
where for the sake of algebra we have set (see also Appendix A)

5178
£

The eigenvalues A, equal A, = (2n + 1} -m/L

Observing Eqs. (19) and (20} we notice that process kinetics is
determined entirely by the roots of the characteristic polynomial
{given by Eq. (23)) of the hyperbolic equation (see Eq. A.15). If there
is no electroporation and k — 0, Eq. (23} can be simplified and gives
Vo1 — 0and v, — —A2Ds. At these conditions, diffusion kinetics is
governed entirely by the rate of diffusion in extracellular space, i.e. D,
and there is no transmembrane flow (since k — ). Eq. (1} becomes
an ordinary one-dimensional diffusion equation, whose solution is
well-known and can be found in e.g. [69]:

- 2 2
_4cy (_])n 7Ds‘e(2n + 1yt (2n+ Dym
C{z, 1) = ;2]1 T exp cos 7}

T 12
(24)

We should point out however that the analytical solution given by
Eqs. (19}-(20) becomes extremely unstable during numerical evalua-
tion for k — 0. As k decreases, numerical errors due to finite machine
precision (32- or 64-bit floating point representation and operations}
are amplified and the model results become unstable. For machine
precision on the order of 10~ 15, this effect becomes observable around
k =107"3 and the results become completely unusable for k< 10~ 4 At
these extreme conditions however, there is no justification for use of the
dual-porosity model whatsoever, and analysis of free diffusion in extra-
cellular space is well described by a much simpler model, such as given
by Eq. (24}.

At the other extreme, for highly electroporated tissue (f, — 1), forf,
values above approximately 107>, the membrane appears to disinte-
grate, i.e. to lose its barrier function for solute diffusion. In Eq. (23} we
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Table 1

Parameters used for model validation and the parametric study of the model.
Parameter Symbol Value
Diffusion coefficient — sucrose in water at 20 °C Dsp 45 107" m? s [34]
Hydrodynamic radius of sucrose molecule Ie 041to 0.5 % 167° m [59,78]
Average stable pore radius o 0.5 x 107° m [27,79]
Cell membrane thickness s 53 1077 m [80]
Long-lasting pore surface fraction ratio for one 100 ps pulse fo 14 x 1078 [85]
Sucrose initial concentration? Cetn Cin 1 molm™3
Volume fraction of cells F 0.6 to 0.8 [71]
Diffusion coefficient of sucrose in extracellular space® D Dip = DypfT = Dy 2/
Average cell size (radius) R 253 107° m [81]
Tissue sample size (cylinder radius) Il 0.0125 m
Tissue sample size (thickness) I 0.00Z m

* The absolute value of initial concentration is irrelevant for model analysis, since the model is linear and thus the resulting profiles of concentration kinetics are linearly scalable.
b Diffusion in extracellular space is assumed to occur at the rate of diffusion in water but reduced by the factor of tortuosity of the extracellular space. See the last paragraph of Subsec-

tion 2.1 for a detailed explanation.

then have (& + 1)k > > A2D; .. This results in extremely fast kinetics
{Iyal = (6 + 1)k > > 1) of transmembrane transport and instantaneous
diffusion of solute from the intracellular into the extracellular space,
provided there is a concentration gradient. This is again unrealistic
and outside the scope of the model, as the finite rate of intracellular
diffusion is not captured by model equations. The other exponential
however, C;exp(yit), is governed primarily by D, ., which limits diffu-
sion out of the tissue block through the extracellular space. Since
(; ==, this results in almost identical diffusion kinetics in extracellu-
lar space as in non-electroporated tissue, but with comparatively higher
concentrations at a given time. This is as expected, since the extracellu-
lar space has to facilitate vacation of not only the solute initially present
in the extracellular phase, but of the solute present within the cells as
well (determined by the initial condition for intracellular concentration}.

As emphasized by this analysis, there are limitations of the proposed
dual-porosity model and its analytical solution. These limitations must
be kept in mind during experimentation with the model, and one
should maintain a critical view at the results in light of these observa-
tions to avoid analysis under unrealistic or extrerme conditions.

2.3, Parameters and experimental methodology for the model study of
sugar extraction and the parametric study

To provide model validation, we performed diffusion experi-
ments with sugar beet tissue pretreated with electroporation. The
experimental setup was then modeled by the dual-porosity model
and results were compared with experimental measurements. We
also present a parametric study (see Results and discussion}, by
means of which we evaluate the sensitivity of the model to five param-
eters. Table 1 summarizes the parameters of the model that were used
in the model study for validation of the model and for the (purely
theoretical) parametrical study. The references are given in square
brackets where applicable.

A brief note on the initial concentration; the parameters presented
in Table 1 will be used for parametrical model analysis in the special
case of plant tissue electroporation, and since we start observing diffu-
sion in tissue about two to three minutes after the electric pulse applica-
tion, we believe this pause is long enough to assume that initial
concentrations inside and outside the cells are equal at the beginning
of simulation. This initial state is supposed to result from release of in-
tracellular fluid from electroporated cells containing solute of our inter-
est (among other dissolved substances) into the extracellular space, a
process that begins after applying electroporative pulses, presumably
leading to local equilibrium in concentration before the start of the sim-
ulated diffusion experiment. Note that this supposition is only valid if

treatment is applied to the sample. In a non-electroporated sample,
we would have to suppose an initial imbalance between the intra- and
extracellular concentration.

The details of the experimental setup have been previously de-
scribed elsewhere [22], though some important differences do exist
in the particularities of the geometry and experiment execution.
Cylindrical samples (disks) of sugar beet tissue were obtained from
5 mm thick sugar beet slices. The samples measured 25 mm in diam-
eter. Each individual sample was electroporated by applying 400 V
between parallel plate electrodes at 5 mm distance (sample thick-
ness). Bipolar pulses rectangular in shape, of 100 us duration each
and pulse repetition frequency of 1 kHz were delivered within each
train of 8 pulses. Two such trains were delivered with a pause of
one second between the two trains. The samples were removed
from the treatment cell, after which the surfaces of the disks were
dried with absorbent paper to remove sugary liquid on the surfaces.
This liquid is present due to cutting and possibly due to electro-
osmotic or pressure-change effects that occur during the electropo-
ration treatment. Note that had this step been omitted, the surface
liquid would cause an immediate increase in sucrose concentration
in the solution at the beginning of the experiment, an effect which
is not captured by the model. The surface-dried samples were then
placed into a flask with a magnetic stirrer. The liquid was constantly
agitated and sampled atregular intervals; sucrose concentration was
analyzed with a digital refractometer. The liquid-to-solid ratio was
21

The quantity measured by the digital refractometer is sugar con-
centration in liquid with unit degrees Brix (*B). One degree Brixis 1 ¢
of sucrose in 100 g of solution and represents the concentration of
the solution as percentage by weight (% w/w). If we know the
initial sugar content of the aqueous solution (*Bxg) and the final con-
tent ("Bx4) — which in an ideal situation would be equal to the total
sugar content in a tissue sample - we can define normalized degree
Brix at time t — Le. B(t}, as

°Bx(t)—"Bxy

B(t) — :
U = =5 =" Bx,

(25)

Normalized Brix will be our measure for the amount of solute (e.g.
sugar} that has diffused out of the tissue sample in time ¢. It takes the
values 0 < B(t) £ 1 and is dimensionless. It is obtained by a trivial calcu-
lation from measurements with the refractometer, according to
Eq. (25). To arrive at the same quantity from the spatio-temporal
intra- and extracellular concentration profiles given by the model (see
Fig. 7}, these profiles must be integrated on the spatial coordinate z to
obtain the observable and measurable bulk concentration of sucrose in
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the solvent outside the tissue samples. The total mass left in the sample
equals

12 172
m(t) = 215" | | .z )dz + (1—5) [ iz, t)dz|. (26)
/ /

On the other hand, the total initial mass of solute is equal to
my = m(0) = p’l[zc. + (1—8)c). (27)

Normalized Brix for the solution into which the sample is submerged
is then

Iz 172
2 8/ ce(z,t)dz-i-(]fs)f Gz, t)dz
mit) 0 0
BO= w1 leceo + (1—2)Cp] ' @8)

A subtraction of m(t)/my from 1 is necessary since we are interested
in the extracted solute and not the amount remaining in the sample.

2.4. The dual-porosity model of tissue electroporation in biomedicine —
model generalization

To demonstrate the universal applicability of the dual-porosity
model in modeling tissue electroporation, we describe in this section
the necessary modifications to the model that are required to study
transport phenomena in two biomedical applications of electropora-
tion: electrochemotherapy (ECT) [10], and trans- or intradermal drug
transport [16].

The objective of ECT is to facilitate introduction of chemotherapeutic
drugs into tumor cells by applying electroporation [82]. The two most
commonly used drugs in ECT are bleomycin and cisplatin. Bleomycin
is a highly potent drug that binds to DNA where it causes DNA cleavage
resulting in eventual cell death at mitosis; it however poorly permeates
the intact cellular membrane. Electroporation enhances the drug uptake
and thus low local or systemic drug concentrations can be used for
effective local chemotherapy. As a model example, we examine the
situation illustrated by Fig. 5. The subcutaneous tumor is modeled as
an oblate spheroid embedded into the subcutaneous tissue immediately
under the skin layer. In this model configuration, the tumor is separated
from the surrounding tissue by two interfaces; the tumor—subcutaneous
tissue boundary surface and the tumor-skin boundary surface. For the
purposes of further analysis, we establish the following set of assump-
tions: a} In our example, bleomycin is given intravenously, not
intratumorally. Due to interstitial fluid pressure that is present inside
the tumor before electroporation [83,84], the initial drug concentration
inside the tumor region for both intra- and extracellular spaces is zero,
as the drug cannot extravasate into the tumor region; b} If surface-
applied plate electrodes are used, the skin is electropermeabilized
along with the tumor, the resulting vascular lock [85,86] and damage
due toirreversible electroporation in the dermis warrant the supposition
that skin presents a negligible sink or source of bleomycin, i.e. from the
point of view of pharmacokinetics, the skin does not represent a com-
partment; ¢} Provided the perfusion of subcutaneous structures remains
unaffected by electroporation, it can be represented, locally, as an infinite
reservoir of bleomycin, since the localized drop in concentration due to
cellular uptake is immediately replenished via convective transport by
the vascular system; d) If the drug has difficulties entering tissue (e.g.
due to interstitial fluid pressure}, its concentration locally may be low
within the tumor region. In those areas, bleomycin that is reacting with
the DNA and is getting used up decreases the drug concentration,
which may be important. We thus include in the model the bleomycin
reaction rate Ry, where Ry < 0; ¢} Achieving local tumor coverage with
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fields above the threshold of reversible electroporation is critical for
permeabilizing the cells and facilitating bleomycin uptake. Electrode
configuration, placement, pulsing protocol, and tissue electrical proper-
ties determine field distribution and the energy delivered. These factors
should not be neglected as the research field is highly advanced on this
subject and importance of local field distribution has been strongly
emphasized in numerous works, see e.g. [87-89].

The model equations for tumor intra- and extracellular concentra-
tions ¢; and c,, respectively, are

ac;

a0 T ke—c)—Rg =0 (29)
%+v‘(70 V-c)f]_gtk(c-fc)zo (30)
at Be e Z i~ Le

where Dy, is the bleomycin diffusion coefficient in the extracellular
space and & is the porosity of tumor tissue. Note that in
Eqs. (29)-(30) the concentrations are functions of all 3 spatial
coordinates and time. Ry is the reaction rate of bleomycin as it binds
to DNA. There is also a difference in the flow coefficient k as compared
to the expression previously given by Eq. (8). In Eqgs. (29)-(30) above,

3Dg e[ (1)
d R

m

kit, E) = u(E) (31)

where

(e =4y B -

o ) e

The introduced function u{E} is a unit step that models the effects of
the inhomogeneous electric field established in tissue and is a time-
invariant function of local maximal electric field strength distribution.
Frey 15 the reversible field strength threshold (scalar value) that must
be reached locally to successfully permeabilize the cells [61,90].
Additionally, the pore surface fraction f; of long-lasting pores is now
time-dependent to capture the effects of pore resealing [59]. Due to the
interstitial fluid pressure within the tumor {see model assumption a),
initial conditions are:

Gp=6{t=0)=0 (33)

Cop=Cu(t=01=0 (34)

and boundary conditions {according to model assumptions b and ¢) are

[eels, =c.’(1) (35)

where S; 15 the tumor—subcutaneous tissue boundary surface and S»
the tumor-skin boundary surface (see Fig. 5). For intracellular
bleomycin concentration, both boundaries are reflective { no-flux},
while for the extracellular concentration the tumor-skin boundary
surface is reflective and the tumor-subcutaneous tissue boundary
surface has a prescribed time-dependent concentration ci(t}. This
is the extracellular concentration of bleomycin in the subcutaneous
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))W«(Z/%? Dermis and viable dermis

Tumor tissue

BZ272 subcutaneous tissue (fat, muscle, ..)

Stratum corneum

Tumor-subcutaneous
tissue boundary S,

Tumor-demis boundary S,

Fig. 5. Model of a subcutaneous tumor.

tissue (comprising fat and muscle tissue, and the vascular system)
and is determined by the amount of drug given intravenously, the
body mass of the animal and the time passed since the moment of in-
jection. Solving the system of Eqs. (29)-(37) is out of the scope of
this paper and requires a numerical approach. Finite element soft-
ware supporting immediate and direct implementation and analysis
of this exemplary model is readily available on the market (e.g.
COMSOL Multiphysics, COMSOL AB, Sweden).

In the second example of applying the dual-porosity model in the
biomedical field we examine the trans- and intradermal drug transports
[16]. For transdermal drug transport, perhaps the most interesting effect
of electroporation application to the skin is the disruptive effect of elec-
tric pulses to the skin's most protective barrier layer — the stratum
corneum (SC). Due to formation of the so-called local transport regions
(LTRs) [14,15] during electroporation, the permeability to molecules of
the skin's outermost protective layer can be increased by orders of
magnitude. During electroporation, this occurs rather rapidly and as
subsequently the electrical resistance of the SC drops, this allows for
electroporation of underlying skin layers (see Fig. 6). The disruption of
the barrier function in SC facilitates diffusion of molecules with
molecular weight even greater than 7 kDa, though the process is

relatively nonspecific and dose control difficult [16]. To enhance
the passive transport, application of low-voltage electrophoretic
pulses after high-voltage electroporation has been proposed and is
a subject of recent studies [91]. If the therapeutic molecules (e.g. DNA
material, or fentanyl [92]) are present in the dermis, electroporation fa-
cilitates uptake of these molecules by viable electroporated cells of the
dermis and/or underlying tissues [16]. This is the intradermal applica-
tion, used, in example, for intradermal gene transfection for DNA vacci-
nation [93]. Given the structure of the skin (stratum corneum, viable
epidermis, dermis, follicles, etc.) there are several routes available
for transport. Which route is more important depends on the treat-
ment protocol and the properties of the drug (charge, size, partition
coefficient). In example, lipophilic molecules can permeate via the
transcellular route, while hydrophilic molecules generally do not. If
the epidermal cells are electroporated however, the hydrophilic
molecules can enter the cells of the epidermis with expressed
therapeutic effect.

To model this situation with the dual-porosity model, we examine
the situation conceptualized with the help of Fig. 6. A patch (reservoir)
containing the therapeutic drug is placed on the electroporation-
treated section of the skin, and we are interested in the amount of

I Drug patch (reservoir)
%ﬁ Stratum corneum (SC)

Viable epidermis

_ Dermis (collagen, elastin, ...)

Patch-SC boundary S,
SC-epidermis boundary S,

Epidermis-dermis boundary S;

Fig. 6. The conceptual skin model for the transdermal drug delivery example.
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drug reaching the bottom-most layer, i.e. the basal layer, of viable epi-
dermis. Following the model of SC permeabilization established by
Becker [15], we write, for the SC layer,

5¢
aac—t = Tlsc [V (pve)] (38)
where ¢*C is the intrinsic (not accounting for porosity! } drug concen-
tration in the lipid pathways between comeocytes in the 5C and T5¢
is the tortuosity of the SC phase. D is the effective diffusion coeffi-
cient of the permeating drug in the porous lipid-filled spaces be-
tween the corneocytes in the 5C layer. Assuming the SC layer is
homogeneous and the patch containing the drug as well as the
electroporated area are large as compared to the thickness of the
SC layer, only the gradient along the principal axis of diffusion can
be considered and diffusion coefficient moved outof the gradient op-
erator, yielding

aCSC B DL aZCSC

T o Tse azz (39)
with initial condition ¢*“(z, 0) = 0, and boundary conditions
] o =& (40)
) _[E
U = 1, (1)
£5cD, D™ _ |EeD: act (42)
Ty 0z . T 0z .

where g5 is the porosity of the SC layer, £; and D¢ are the porosity
and effective drug diffusion coefficient in the epidermis, respective-
ly, ¢ is the reservoir (drug patch) concentration that can be modeled
as constant if the drug is poorly permeable and the reservoir volume
large, cE is the epidermis extracellular intrinsic concentration, and ¢
is the tortuosity of the lipid-filled pathways in the epidermal layer. If
the cells of the epidermis are electroporated and this significantly
influences the drug's ability to enter viable cells, we can now write
the dual-porosity model equations for the epidermis

ot Do 1—g EoE
o s kE(ci fce)_O (43)

E
aait‘+kE(c§—c§)—Rd:0 (44)
where cE is the epidermis intracellular intrinsic concentration, Ry
the reaction rate of the drug species d as it reaches its intracellular
target, and kg the epidermis permeabilization coefficient calculated
according to Eq. (8). The rest of the boundary conditions, in addition
to Eqgs. (41)-(42} are all homogeneous Neumann (i.e. no-flux)
boundaries

E E E
wlE L “
z |, z |, Z |,
and initial conditions are c.*{z,0) = ¢;*(z, 0) = 0.
If the finite dimensions (capacity} of the drug patch are not negligi-
ble, i.e. the emptying of the reservoir is significantly fast due to high rate

of trans- or intradermal diffusion, we have to account for the fact the
patch concentration of drug cg is time-dependent. In this case, the
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concentration cg can be expressed according to the law of mass conser-
vation as

¢3,.5C
) = o= 28 [0 (46,
where dy is the thickness of the patch or more precisely, the patch vol-
ume to SC-patch contact surface ratio, Dgc is the effective drug
diffusion coefficient where the complete SC layer is taken into account
(Dsc = Drése/Tse), and cgg 15 the reservoir initial drug concentration.

The two examples given above illustrate how the dual-porosity
model can be incorporated into or coupled with existing models devel-
oped within their respective fields of biomedical electroporation appli-
cations. Further development of these models, parameter estimations
and validation extend beyond the scope of this paper and are the subject
of our future work.

3. Results and discussion

3.1. The intra- and extracellular concentration profiles — visualization of
model results

All of the following figures were made with MATLAB version 2012a
(MathWorlks, Massachusetts, USA), an engineering software package by
means of which the analytical solution was implemented in computa-
tional terms, and built-in functions provided by this package were
used to draw the calculated results. The meshing coefficient (number
of vector elements for space and time} was 100 in all cases, providing
good spatial and temporal resolutions. Fig. 7 presents the extracellular
(Fig. 7a, ¢} and intracellular (Fig. 7b, d} concentrations as a function of
space and time, obtained via the analytical calculation for the set of pa-
rameters presented in Table 1 (upper limit values were used where a
range is given). In terms of the spatial dimension, only one half of
the tissue slab is modeled since we have assumed symmetry along
the central plane (see Fig. 3). We can observe (Fig. 7a, b} that while
in intact tissue solute diffuses out of the extracellular space and
into the space surrounding the tissue block relatively unhindered
at a rate determined by D ., it is mostly retained in the intracellular
space. This is consistent with observation, since the surface fraction
ratio of pores close to 1.4 x 10~ ° corresponds to a single 100 s
pulse of amplitude that is generally considered insufficient to
successfully permeabilize the membrane [49,65,94].

Fig. 7c-d shows the results for a situation very similar to that illus-
trated in Fig. 7a—b, but with a change in one model parameter. To obtain
results given by Fig. 7c-d, we have made an increase in value of f, from
1.4 % 107 %t0 2.5 % 1075, effectively increasing the pore surface fraction
{and thus k) by about an order of magnitude. As a result, solute diffuses
noticeably from both the intracellular space as well as the extracellular
space. Notice that the extracellular concentration at the end of the sim-
ulation (7200 second, Fig. 7d) is higher than the corresponding con-
centration in Fig. 7a due to the contribution of intracellular solute
diffusing out of the cells.

Fig. 8 shows intracellular intrinsic concentration calculated analyti-
cally for n = 0 (Fig. 8a}, n = 0...3 (Fig. 8b) and n = 0...10 (Fig. 8¢}
for the same set of parameters used to obtain Fig. 7d, where n is the
index of the infinite series in Eqs. (19)}-(20}. Fig. 8 demonstrates rapid
convergence of the series given by Eq. (19). If we look carefully at
Fig. 8a, we may observe a slight overestimate of concentration near
z = 0, which is almost completely gone if we account for 4 members
of the series (Fig. 8b} and for even higher accuracy, becomes impossible
to detect by merely examining concentration profiles, as is evident in
comparing Fig. 8b and 8c. This rapid convergence makes the analytical
model highly suitable for use in optimization algorithms, in which
optimal values of parameters may be determined given a set of
experimentally-obtained data. Note that the boundary condition for ex-
tracellular concentration in combination with constant initial condition
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(an artifact of modeling only for the steady-state conditions) resultsin a
sharp discontinuity atz = /2. This makes the series in Eq. (20) converge
rather poorly. To overcome this limitation, we calculate intracellular
concentration first according to Eq. (19), then perform (numerically)
differentiation, multiplication and addition according to Eq. A.1 (see
Appendix A) to obtain extracellular concentration, avoiding the use of
the poorly convergent infinite series (Eq. (20)) altogether.

3.2. Model study with extraction experiments — model validation
In this section we evaluate how well the described model per-

forms at the task of modeling a particular process and explaining

c(zt

oy

S I<:Io [-]

5000

5000

10000
t[s]

1 10000 4

t[s]

Fig. 8. Analytical solution for intracellular concentration according to the dual-po

1 Table 1. The spatio-temporal dependence of intrinsic concentration in the extracellular (a) and
ase of the pore surface fraction f;, by about one order of magnitude; extracellular (c) and intra-

experimentally obtained data. The details of the experiment have
been previously described in the literature [22]. Important devia-
tions from the published setup were described in Section 2.3 of this
paper. Data obtained during the course of these experiments was used
for the purposes of the following analysis.

In the experiments, cylindrical blocks of sugar beet tissue were
pretreated with electric field according to a protocol ensuring a low
degree of membrane permeabilization (see section 2.3). Following
the electroporation treatment, samples were placed into a diffusion
chamber. In the literature where such or similar experiments have
been described, quantitative analysis of the results is often done by
fitting the experimental data to the model of diffusion kinetics in a

c(zb c(zb)

(@]

C/g [l
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rosity model. (a) For n = 0 (see Eq. (19)); (b) forn = 0...3; and (c) forn = 0...10.
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homogeneous plane sheet of uniform thickness, found in e.g. [69]
and obtainable by integration of Eq. (24) (see section 2.2). The nor-
malized Brix according to this model is

8 & 1 —D.i(2n + 1’1t
B=1—= ex eff | ’ 47
n2§(2n+]}2 p( ? “7)

where [ is, contrary to the definition in [62], the total sample thick-
ness (not half-width) as defined and used in this paper. Note that
Derrin Eq. (47) is the effective diffusion coefficient in the (homoge-
neous!) material forming the plane sheet, and must not be confused
with the effective pore diffusion coefficient Dy ey as defined earlier in
this paper. As the series in Eq. (47) converges rapidly for large values
of time, about five of the first members of the series are usually
accounted for to find the effective diffusion coefficient by fitting
the model to the experiment with the least-square error method.
In doing so however due to the nature of the one-exponential
model we sacrifice a good fit for either low or for high values of
time. In Fig. 9, we show experimental data and three results of
modeling. Two were obtained using Eq. (47) and the third is a result
of parametrical optimization on the dual-porosity model. From com-
parison of all three model results (RMSD equal to 0.173 and 0.092 for
model in Eq. (26) using Doy = 0.15 x 10 % and Dr = 0.34 % 10 1°
m?s~!, respectively; and to 0.014 for the dual-porosity model) it is
evident that the dual-porosity model provides for a superior fit and
can explain what the one-exponential model of homogeneous mate-
rial cannot; that is the approximately linear increase in sucrose con-
centration during the experiment (except at the very beginning), as
aresult of hindered diffusion of the sucrose deposited in the intracel-
lular space leaving the tissue block via the extracellular route. The
model as given by Eq. (47) is insufficient to capture this phenome-
non as it has been derived for a sheet of homogeneous material
with one effective and constant rate of diffusion (governed by Deg).
The dual-porosity model however offers this possibility since its tempo-
ral solution is based on a description of the system via a 2@ order hyper-
bolic differential equation (see Appendix A). This means we have, in
terms of kinetics, two additive exponential members in the solution de-
termined by the parameters of electroporation and its impact on the po-
rosity of the membrane separating the two phases. According to the
theory of electroporation and our understanding of its effects on cells

0.3f dual-porosity model
*  experiments
0.25H - — - HM model, D,;; =0.15107"°
~ — HM model, Dy, = 0.34 107"° -~
0.2f =
T 2
o 0.15} - e
0.1+ - - e
Ve ’ S -7
0.05+ 7
p
/

4000 5000 6000 7000

t[s]

o 1 1 1
0 1000 2000 3000

Fig. 9. Fitting the model to experimental data. The experimentally obtained data and the
best-fit dual-porosity model results are given along with two plots of Eq. {47 using
different value of parameter Dugy. The two values were selected in order to obtain a good
agreement either during the initial 1000 s or towards the end of the experiment. Parameters
of the dual-porosity medium used (those that differ from Table 1): f, = 0.9 x 103,
[ = 0.005 m. HM in figure legend stands for homogeneous material.
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in tissue, such a model is needed to capture the contribution of presum-
ably faster extracellular diffusion and that of slower, hindered diffusion,
out of electroporated cells through a semi-permeable membrane. What
is even more important is that the effective diffusion coefficient as ob-
tained from fitting experimental data by Eq. (47) has no physiological
meaning. It is purely phenomenological, as it does not equal either the
rate of extracellular diffusion, neither the rate of transmembrane
diffusion, nor the solute diffusion coefficient in the liquid medium (i.e.
water). On the contrary, all of the parameters used in the dual-
porosity model reflect properties of the tissue before or after electropo-
ration treatment. The parameter values are either obtained from or
estimated based on published literature,

Anote about the method used for initial estimation of f;, the fraction
of long-lived pores, used to model experimental data as shown in Fig. 9.
Table 1 gives f, determined based on experiments as described in [65],
where the authors give an estimation of the fraction of long-lived pores
for a single 100 us pulse of 860 V/cm, as well as a train of 2, 4 and 8 such
pulses. Since we used a similar protocol, applying 800 V/cm in two
trains of 8 pulses {details can be found in Section 2.3), we linearly
extrapolated the results of the cited study, and we arrived to an initial
estimate for pore surface fraction on the order of 10—, However, via
model simulation and optimization of results to match the experimen-
tal data, we had to reduce this estimate by 10% to 0.9 x 10~ 7, in order to
obtain the best agreement between the model and the experimental
results.

Also note that since the experimental data used to evaluate the
model in this specific example was obtained at a relatively low de-
gree of membrane electroporation (disintegration index Z [38]
equal to about 0.35), the potential for quantitative analysis of this
model cannot be accurately assessed from a single experimental
study alone. The low degree of permeabilization also results in a
higher discrepancy between the dual-porosity model results and re-
sults of the model of homogeneous material, thus demonstrating the
better performance of the dual-porosity model under such condi-
tions. During experiments at various treatment intensities (pulse
number and duration) we observed that as tissue is being treated
by electroporation of ever increasing intensity, it also tends to be-
have more and more as though it were a homogeneous material.
Thus, further work is needed in order to evaluate the model in
relation to experimental results, especially at higher degrees of
membrane electroporation.

3.3. Parametrical study — analysis of model behavior and sensitivity

We begin by analyzing the influence of pore surface fraction, .
Fig. 10a gives B(t) for a number of values of this parameter, equally
spaced on a logarithmic scale. We observe that for very low values
of pore surface fraction, B reaches the value 0.2, which is the volume
fraction of extracellular space used in this model study (Table 1).
This makes sense, as only the solute present in the extracellular me-
dium is extracted. For highly porous membranes on the other hand,
the final B is just below 0.7, a consequence of simulation time
which is not long enough (relative to the extracellular diffusion
rate and sample dimensions) to allow for all the solute to vacate
the tissue sample completely (see Fig. 7). In between these two ex-
tremes, the total yield of solute at simulation end changes rapidly for
pore surface fractions between 10~° and 10~ This is clearly demon-
strated in Fig. 10b, where the value of B at simulation end is plotted for
sixteen (arbitrarily chosen number) distinct values of f, in the range
25x107 10 <f,<75x1077%

Next, we analyze the impact of varying A, the solute to pore radius
ratio. This is perhaps the most difficult and problematic of the parame-
ters of the model we present, since it displays a strong nonlinearity (see
Eqs.(10)-(11) and Fig. 4) and very rapidly approaches 0 as the radius of
solute becomes comparable to the radius of an average pore, which is
our case since the sucrose hydrodynamic radius of about 0.4 nm is
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comparable to a 0.5 nm radius of a stable electro-pore, Often the solute
radius is unknown and pore size is hard to determine, but even at best it
is always a result of a statistical model or estimation based on particular
experiments. The value used in this study (A, = 0.85) is based on rough
estimates of both the solute and average pore size from literature and
should be understood as a best guess that enables this model to present
results and the parametric study consistent with literature. A detailed
analysis and development of the model in this direction are matters
of future research. The impact of A; on the effective pore diffusion co-
efficient is already given in Fig. 4, We varied this parameter linearly
within the range 0.05 < A; < 0.95 and the effect on normalized Brix
is shown in Fig. 11a.

In Fig. 11b we examine the impact of volume fraction ratio of cells in
tissue F, as defined in section 2.1 {see model assumptions). The fraction
ratio is very important for extraction dynamics since it defines the
porosity of tissue ¢ (where £ = 1 — F), and porosity determines the
macroscopically observable rate of diffusion, as viewed within the con-
text of the complete block of tissue. If rate of diffusion is averaged over
the entire volume of the tissue sample, the extracellular diffusion coef-
ficient is dependent on the extracellular porosity, Dy = &/7-Dsg, and
thus on the volume fraction of cells in tissue. However, the effects of
electroporation on these parameters, or indeed on the porosity, are
not well known and will have to be evaluated in the future, We have

included this parameter in the analysis, since experimental and theoret-
ical evidences exist that the cell volume fraction ratio is a function of
electroporation [95,96]. The effective change (an increase) of cell
volume ratio has been observed to occur in animal tissues due to
colloid-osmotic swelling [95] and presumably cell shrinkage in plant tis-
sue due to loss of turgor [96] during and after electroporation causes an
effective decrease of the cell volume fraction. Moreover, with very high
degrees of damage to tissues in extraction processes, a fraction of cells
may be irreversibly electroporated. Irreversible electroporation leads
to cell lysis, and we can reasonably assume that after the complete
loss of the barrier function of the cell membrane, we can no longer con-
sider the space previously occupied by the cell as intracellular space, We
also need to consider that cell volume fraction ratio is dependent on the
tissue sample and origin, as it varies between species of animal or
plant whose tissue we are subjecting to the electroporation treat-
ment. Plant tissues, in example, exhibit various volume fractions by
virtue of natural diversity alone, among different species and even
samples taken from a single species, depending on growing, harvest,
and storage conditions [71].

Since some of the processes in electroporation-facilitated mass
transfer also occur at temperatures higher than room temperature,
e.g. in extraction of compounds from plant tissues, a combination of
electroporation and temperature as high as 80 °Cis used [22,97] and
for clinical electrochemotherapy the temperature is that of the patient's
body, we present model results at different temperatures by means of
varying the diffusion coefficient Ds ¢ (see Fig. 11c). The diffusion coeffi-
cient at various temperatures was recalculated from measurements re-
ported in the literature (34| with the help of the Einstein-Stokes
relation and data on viscosity of water as a function of temperature [98].

Fig. 11d shows the influence of the more realistic assumptions about
initial extracellular concentrations for low degrees of membrane
permeabilization. To obtain Fig. 10a, we assumed that initial intrinsic
concentrations are equal in the extracellular space and the intracellular
space, i.e. ¢;o = Cp. The rationale is that since some time passes between
the electrical treatment of a sample and the beginning of a diffusion
experiment, for high degrees of electroporation the intra- and extracel-
lular concentrations equilibrate. At low permeability of the cell mem-
brane however, this assumption is no longer valid. We therefore
illustrate extraction kinetics if at f, = 1.4 x 10~ the c.o/cg ratio varies
within the range [0.2, 1].

Notice that A, (Fig. 11a) does not dramatically decrease the
speed of diffusion at around the value of 0.20, but has a very strong
impact at values of 0.45 and above, where the transmembrane
through-pore flux due to constriction is brought almost to a halt.
This is explained by the highly nonlinear relation between A, and
the effective diffusion coefficient, as previously shown by the insert in
Fig. 4. An interesting point is made by interpreting the results at very
low values of A.. Under these conditions, we have low permeabilization
(f, = 14 x 10 ®) but a high yield of solute that has diffused out of the
tissue. We can suppose the transport modeled at these parameter values
is that of small molecules (much smaller than sucrose) and that of ions.

Not surprisingly, the dependence on volume fraction of cells
(Fig. 11b) shows a linear dependence on extracted solute yield due to
low pore surface fraction used in simulation {see Table 1), resulting in
the bulk of diffused {extracted) solute being the solute found initially
in the extracellular medium.

Results in Fig. 11c quantify the effect of increasing the temperature
of extraction if only the thermal effects on diffusion rate are supposed,
with no influence of heat on cell or tissue structure. The values of D, g
used correspond to 20, 30, 40, 50, 60 and 80 °C.

The model results given by Fig. 11d confirm our expectations and are
in accordance with performed diffusion experiments (as published in
the literature, see e.g. [22]). If membrane permeabilization is low or
nil, only extracellular sucrose diffuses and as the sucrose is primarily
stored in the intracellular vacuoles, the final yield is low. Note that the
range of values on the ordinate axis is [0, 0.5].
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Fig. 11. Parametrical analysis of the model. (a) Varying the solute to pore radius A.. (b) Varying the cell volume fraction F. (c) Effect of temperature through its influence on diffusion

coefficient of sucrose. {d) Varying co/cio at no membrane permeabilization, i.e. f, = 1075,

4. Conclusions

This paper gives an account of the development of a dual-porosity
model of solute diffusion in tissue treated with electroporation. The
fundamental assumptions in developing this model are based on
phenomenological observations of liquid flow in porous media
such as fractured rocks and soils. The model is designed as an at-
tempt to provide a framework for future work in both computer
modeling and experimental design. We demonstrated how it can
be applied to a typical problem of solute extraction by diffusion in
tissue that has been pretreated with electroporation, and we illus-
trated how it can be adapted to model mass transport phenomena
in a disparate field of biomedical electroporation applications. We
are confident that the dual-porosity model can be further improved
and adapted to solve problems in mass transfer in many applications
of electroporation, whether we are observing animal or plant tissue,
whether we are interested in extraction of solute from the cells or in-
troduction of solute into the cells, and even whether our species of
interest are small ions or large organic compounds. The basic physical
phenomena underlying the processes after application of electropora-
tion treatment exhibit differences predominantly in details, which
renders a general approach such as described by this paper, possible.
The main focus of future work on the model will be verification by
further experimentation, consolidation, as well as further inquiry
designed to determine the influence of four important factors: pore
evolution in number and size as a function of time; solute diffusivity
through permeated membrane with pores evolving according to a
model of electroporation; effect of net electric charge of solute and the
effects of electroosmosis and electrophoresis; and the impact of electrical

tissue damage to the effective cell volume fraction and consequent effect
on the porosity of biological tissue, which influences the rate of solute
diffusion within the extracellular phase. The model is easy to adapt and
extend and can be thus further enhanced, albeit at the cost of losing
the possibility of obtaining an analytical solution and having to solve
the model numerically.
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Appendix A. Derivation of the analytical solution for constant
coefficients k and D .

In this Appendix we give a complete and detailed derivation of
the analytical solution, given by Eqs. {19)-(23) in the main body
of the paper, as it is derived from model Eqs. (1)-(2) taking appro-
priate initial and boundary conditions (Eqgs. (12)-(18)) into the
account,
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We begin by joining the two first-order PDEs, Eq. (1}-(2}, into one
second-order PDE for solute concentration in intracellular space. From
Eq. (2}, we express . as

6, =13 o (A1)

k dt

and carry this into Eq. (1), obtaining

d /10 d /a1 1—¢ 1dc; _
Fr (k 3 C) D“E(Bz(k 7 C))__g k(ci_(iﬁ“i)) -0
and after rearrangement, multiplication by k and on introducing § =

(1 —e)/e

2 3 2
agi+(8+])k%7D &g d“c,

Fra o Dsegmz Duekgz =0 (A3)

To resolve the inhomogeneous boundary condition (Eq. (18)), we
introduce a new function i(z,t} as

b= G—Goe (Ad)

with boundary conditions

a —kt aCi
_ — i -0 AS
R G ) -3l (AS)
— — —

Wlomgn = Cilzyz —Cio€ "= Cip€ ct*Cme “=0 (A.6)

and initial condition

)

=p(z,0) = (Cio—Cioe ﬂ) o = Cio{z,0)=Cip = 0. (A7)

Inserting A.4 and its temporal derivatives into A.3 following rear-
rangement, yields

Py Py azw

0 _
w7 Dsegmty Dkt (04 Dk ”i’ = scokie ™

(A8)

We proceed with separation of variables on the homogeneous form
of Eq. A.8, and assemble the complete solution as

iz, t) = iz, 1) + iy (1) (AD)
where the homogeneous solution iy (z,t) is a solution of

D% R R s

o Dicgae Duek g + 0+ kG =0 (A.10)

According to the method of separation of variables, we represent the
solution of a PDE as a product of two constituents, one a function of z
and the other of t

iz, t) (A11)

=Z{z) - T(t).
We insert Eq. A.11 into Eq. A.10 and after rearrangement, separating
the two functions and their derivatives, we obtain

zZ T +g8+])kT’. A12)
7 Dol =Dy KT

Eq. A.12 can only hold if both sides are equal to a constant. For the
sake of subsequent algebra we set the constant to —A”. For z, we obtain

(A13)

of which the solution is a linear combination of trigonometric functions

Z(z) = Ay sin(A,z) + By, cos(A,.2) (A14)
m=1
while the right-hand side of A.12 can be written as
' 2z 2z
+ (64 D+ N0, )T+ 27D, kT = 0 (A15)
of which the characteristic polynomial is
- ((6 +k+ }\ZDS‘E) + \/((6 +k+ }\ZDS‘E) —AN%D,
Y12 = ; “(a16)
finally giving the solution
T(t) = K,e"" + K, e (A17)
The complete solution is thus
Wz, 1) = Z{z) - T(t)
= Y Ay sinAp) + By cos(hp2)) (Kre" 4 ™). (A18)
m=1

Note that since <y, and ‘y, are functions of Ay, they get updated as
well with every increment in the summation index m.

We now look for the particular solution of the inhomogeneous PDE,
Eq. A.8, via the method of undetermined coefficients, of which the
details we will omit. The particular solution is

—a

ip (1) = —Cpe (A19)

We can now complete Eq. A9 to obtain i(z,t)

Uiz, 1) = > (Aqsin(Apz) + By cos(Ay2)) (K1 ght 4 Kzew—cme_m).
m=1

(A20)

Next, we turn to the boundary conditions to determine coefficients
Am, Bm and eigenvalues An,. The following must be met

{Am SIN{ARz) + By €oS(An2))|,0 = O (A21)

{(AqAg cos{ALZ)—B Ay sinfA 2))|._, =0 (A22)

from Eq. A.21 follows that Ay, equals 0, while from Eq. A.22 we get A,

(2n+Dm

A=

(A23)

where summation index m was replaced with n, the latter running from
0 to infinity. The coefficient B, can be calculated via the general formula
for Fourier series coefficients

B 1/2/ ((ZHH )dz=§§;l):'

(A24)
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Inserting By into Eq. A.20 and setting An to 0, we obtain

Y1t Yol . e (2?’! + ])T!
iz, 1) E 2n+]( e’ + K et —cpe )cos(—I z).
{A25)

For K; and K, we need two algebraic equations. One is immediately
evident from Eq. A.7

Y10 Y20 —k0 (2ﬂ+])
Wi(z,0) = 22n+l(K1e + K2 —cpe )cos(—I

iTz):()

{A.26)
resulting in

Ki+K;=¢p (A.27)
while the other equation introduces the extracellular concentration ini-
tial condition into the solution for the intracellular concentration. We
recall Eq. A.1, and write it by replacing ¢; with the correct expression fol-
lowing from Eq. A4, giving

19 10y

e =ra (”b + Gt kt) * (”b * Cmeim) “ract (A.28)

Carrying out the differentiation and writing Eq. A28 for t = 0 gives
the second equation for Ky and K>

K (7] +1) + K, (72 +1) = e

. : (A29)

Solving the system of Egs. A.27 and A.29 determines K, and K as

& e
Ky=co

A30
Y12 ( )
(] fi")k +Y
K2 =C‘10%. (AB])

Taking the constant ¢;y out of the summation and inserting the solu-
tion for i into Eq. A4, we finally obtain the expression for intracellular
intrinsic solute concentration ¢;(zt), already given in the main body of
this paper (see Egs. (19)}-(23)}.

In order to obtain the extracellular intrinsic solute concentration, we
must perform a time derivative on Eq. (20}, multiply it by 1/k and add
the product to Eq. (20) (in accordance with Eq. A.1). These operations
yield

4510 1
Tk

o (_.UH

G20 = s2n+1

cns(A,2) (Cm’)’m L S TR 7 ’“) —cpke ¥ +

(A32)

-

4C10 n (— 0" Yorl Yaat ut 3
E cosl\z(c et 4 Cpae’ —e )+c-e .
£ 02ﬂ+1 J n1 72! 10/

We see that the exponentials ¢;gexp(—kt) subtract to 0. Joining the
summative members with same constants together into one infinite se-
ries after dividing the first series by k, we finally obtain for extracellular
intrinsic solute concentration the equation already given as Eq. (19} in
the main body of this paper.
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4.2 Paper Ill: “Dual-porosity model of liquid extraction by pressing from

biological tissue modified by electroporation”
4.2.1 Introduction

Pressing is an important industrial operation for extraction of valuable liquid from biological
tissue. Intact biological tissue exhibits considerable resistance to pressure, i.e. low compressibility
and permeability. To alleviate this problem, a range of treatments exists in order to enhance and
economise juice extraction and tissue dehydration. One amongst a plenitude of these treatments is
electroporation.

The permeability of cells in intact plant tissue is about five orders of magnitude lower than
permeability of the extracellular matrix. Therefore, the primary objective of pre-treatment is the
permeabilization of the cellular membrane. Since different treatments influence the tissue structure
differently, the resulting yield and quality of extract or degree of dehydration do not depend only
on the specific amount of energy delivered to the material. They are also functions of the chosen
treatment and the protocol of treatment application. An electrical treatment such as electroporation
can leave the extracellular structures largely intact, while damaging or even completely destroying
the cellular membrane (irreversible electroporation). This selective property of electroporation
makes electroporation an interesting process for enhancing juice extraction and dehydration, while
preserving quality and organoleptic properties of juice and solids.

In order to gain a better understanding of the processes governing juice extraction and material
consolidation behaviour in tissue electroporation, mathematical models can be constructed. Due
to the complexity and variability in properties of biological material and the many parameters and
treatment effects on tissue, few complete and comprehensive models exist. Research in this
direction is focused mainly on modelling the mechanism of filtration—consolidation during
pressing, and less towards the electroporation-induced damage to the cell membranes.

This article aims to show how an extendable model can be constructed for describing filtration—
consolidation behaviour of electroporated vegetable tissue. The model is named the dual-porosity
model of liquid expression, and its construction is based on an analogy (follows from) the previous

work (presented in Paper I1).

4.2.2 Summary

The presented model has been named the "Dual-porosity” model since one porosity is that of
the intercellular matrix of tissue, and the second the porosity of the plasma membrane of each

individual tissue-constituting cell. The presented theory directly relates electroporation effects
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with important filtration—consolidation parameters, namely hydraulic permeability. The
intracellular and the extracellular space are considered separately, and a theoretical approach to
describe effects of electroporation on cell membrane hydraulic permeability is provided.
Theoretical analysis and fitting of experimental data from pressing experiments are used as
initial estimates for model parameter values, and optimization algorithms were employed to fine-
tune some of the parameters for good agreement with experiments. Tissue and membrane
hydraulic permeability are estimated based on published literature where available, while
compressibility moduli were estimated from analysis of pressing experiments that was conducted.
A demonstration on the use of the model for modelling experimental extraction kinetics and a brief
parametrical study are given. The model can easily be extended by a theoretical model of
electroporation (analogous to the diffusion model — Paper 1), and invites further development. In
order to keep the model comprehensive in this first account and to focus more on the concept of
the dual porosity modelling paradigm in tissue electroporation, simplifications with respect to

rather complex theory of porous media were made.

4.2.3 Conclusions

A fully developed and validated model based on the dual-porosity approach could in future be
used for research into optimization of treatment parameters, or for simulations of system responses
under treatment conditions impractical or costly for realisation. The main novelty of the model in
relation to previous works is in connecting the theory of electroporation with the consolidation—
filtration theory applied to study expression Kinetics in biological tissues. The experiment-based
estimation is necessary at this stage in model development, as biological complexity and diversity
render theoretical estimations scarce and unrealistic. The authors propose means of relating the
effects of electroporation on the plasma membrane with membrane hydraulic permeability. This
point of model construction invites further development and verification, since theoretical models
of electroporation give pore distribution (size, number) as a function of electric field application.
There is also an increasing number of experimental studies available, which study pore resealing
dynamics and selectivity of the permeabilized plasma membrane. The findings of these studies
seem promising for model enhancement, since they describe a temporal dependence of
permeability coefficients that are assumed as time-invariant in this work. Inclusion of such

dynamics will, however, most likely require a numerical approach.
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The objective of this study is to provide insight into the phenomena related with juice expression from
electroporated tissue. We propose an analytical model and study consolidation behaviour of a block of
tissue during pressing; before and after electroporation. By the dual-porosity approach, we treat com-
pressibility and hydraulic permeability of intracellular and extracellular space separately. Initial param-
eter estimations are based on previously published studies (for hydraulic permeability), or analysis of
modelled data (for compressibility moduli). Good agreement between simulations and experiments per-

gf::&rdé;mon formed is then obtained by optimization (i.e. fitting). [mpact of electroporation on membrane permeabil-
Juice e)]:traction ity is theoretically estimated and elucidated via the extraction-consolidation model; results are
Pressing compared with experimental kinetics for validation and evaluation of model performance. Permeability

coefficient estimates from literature proved valuable as initial approximations, and the model results
were able to fit experimental data with high accuracy, clearly demonstrating the power of the proposed

Tissue porosity
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Analytical process modelling approach.
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1. Introduction

Pressing is an important industrial operation for extraction of
valuable liquid from a solid-liquid mixture that constitutes biolog-
ical tissue (Schwartzberg, 1997), or tissue dewatering if the objec-
tive is material dehydration (Aguilera et al.,, 2003). To aid in the
understanding of the governing processes, the solid-liquid expres-
sion (i.e. extraction by pressing) from vegetable tissues has been
studied and modelled (Lanoiselle et al., 1996; Schwartzberg, 1997).

Intact biological tissue exhibits considerable resistance to pres-
sure, i.e. low compressibility and permeability (Buttersack and
Basler, 1991). To alleviate this problem, a range of treatments
exists in order to enhance and economise juice extraction and tis-
sue dehydration. By nature, these treatments are mechanical,
chemical (Binkley and Wiley, 1981), enzymatic (Shankar et al,,
1997), thermal (Poel et al., 1998; Praporscic et al., 2006), or electri-
cal {Bazhal and Vorobiev, 2000; Knorr et al,, 1994; Luengo et al,,
2013; Sack et al., 2008; Vorobiev and Lebovka, 2010; Wiktor and

* Corresponding author at: Université de Technologie de Compiégne (UTC),
Département de Génie des Procédés Industriels, Laboratoire Transformations
Intégrées de la Matiére Renouvelable, Centre de Recherches de Royallieu - BP
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samo.mahnic@gmail.com (S. Mahni¢-Kalamiza).

http:/fdx.doi.org/10.1016/j.jfoodeng.2014.03.035
0260-8774@ 2014 Elsevier Ltd. All rights reserved.

Witrowa-Rajchert, 2012). Application of one or of a combination
of several of these treatments damages cellular material, thus
increasing its permeability. The treatments can be applied before
or during pressing {(Bazhal et al., 2001), however, simultaneous
application often demands modifications of the existing industrial
setup and therefore these operations are most interesting as pre-
treatments, applied before the pressing stage.

The permeability of cells in intact plant tissue is at least five
orders of magnitude lower than permeability of the extracellular
matrix (Buttersack and Basler, 1991). Therefore, the primary objec-
tive of pre-treatment is the permeabilization of the cellular mem-
brane. However, different treatments influence the tissue structure
differently. The resulting yield and quality of extract or degree of
dehydration do not depend only on the specific amount of energy
delivered to the material. They are also functions of the chosen
treatment and the protocol of treatment application, For example,
mechanical treatment (e.g. slicing, grinding) or thermal treatment
damage not only cell membranes, but also cell walls (Poel et al,
1998; Llano et al., 2003; Vicente et al., 2005). On the other hand,
electrical treatment such as electroporation (also known as pulsed
electric field treatment or PEF) can leave the extracellular struc-
tures largely intact (Bouzrara and Vorobiev, 2003; Fincan and
Dejmek, 2002). While electroporation seems to have no profound
effect on cell walls, it is inducing cell permeabilization to a varying
degree, or even leading to complete destruction of cellular

133



S. Mahnic-Kalamiza, E. Vorobiev/ Journal of Food Engineering 137 (2014) 76-87 77

Nomenclature

A cell average surface {also pore surface, membrane sur-
face - see subscripts) (m?)

e void ratio (liquid to solid volume) (-)

Ge G compressibility moduli of extrajintracellular space as

defined through void ratio e (Pa)
Gee Gei compressibility moduli of extrafintracellular space as
defined through porosity & (Pa)

fo average pore surface fraction per cell {—)

h tissue sample thickness (m)

k intrinsic hydraulic permeability (m?)

L hydraulic permeability as measured by experimerits
(mMPa!'s1)

! length of the fluid conduit {membrane thickness, pore

length, tissue sample thickness in L, measurements)

(m)

m, n summation indices ()

P externally applied pressure {via piston) (Pa)
Pe, Pi liquid pressure in extra/intracellular space (Pa)
Des Pis  solid pressure in extrafintracellular space (Pa)
q liquid flux (flow per area) velocity (ms™')

Q liquid flow velocity (m3s~1)

R spherical cell radius (without membrane) {m)
r integration variable

e pore radius {m)

A} tissue sample deformation (m)

s relative {normalized) deformation (-)

t model/experiment time (s)

v average cell volume (m?)

Vo membrane volume (m?)

z spatial coordinate

Subscripts

C cell

e extracellular space {medium]}
i intracellular space {medium)
m membrane

p pore (except in Lp)

5 solid

00 infinity

Greek letters

proportionality coefficient in b_. ()

finite difference {in e.g. pressure drop)

short-hand for 1+ GgofGe; (—)

porosity (—)

liquid viscosity (Pa s)

short-hand for k.G, o/ (m®s™1)

geometrical configuration constant relating o with k

TR M W R

(=)
o fluid density {g/m?)
T characteristic time constant, short-hand for u/foGe; (s)
Di_a rate of intra-to-extracellular liquid flux (s=")

membranes {(Ersus and Barrett, 2010). This selective property of
pulsed electric fields makes electroporation an interesting process
for enhancing juice extraction and dehydration, while preserving
quality and organoleptic properties of juice and solids (Lebovka
et al., 2004; Schilling et al., 2007).

Electroporation {also termed electropermeabilization) is a pro-
cess where an externally applied electric field of sufficient strength
induces a transmembrane potential, causing an increase in plasma
membrane permeability and conductivity. This increase has been
attributed to creation of aqueous pathways {pores) in the lipid
bilayer, and has been demonstrated by experiments on lipid bilay-
ers, cells in suspension, monolayers, and biological tissues. For
essential reading in fundamentals of electroporation, see e.g.
{Haberl et al., 2013; Kotnik et al., 2012; Krassowska and Filev,
2007; Neu and Neu, 2009).

In order to gain better understanding of the processes governing
Jjuice extraction and material consolidation behaviour in tissue
electroporation, mathematical models can be constructed. These
models need to be validated, before they are used to study the phe-
nomena. The purpose of modelling can be, for instance, to facilitate
optimization of industrial processes in terms of required energy or
product quality {Bazhal et al., 2003; Schilling et al., 2007 ). However,
due to the complexity and variability in properties of bioclogical
material and the many parameters and treatment effects on tissue,
few complete and comprehensive models exist. Research in this
direction is focused on modelling the mechanism of filtration-con-
solidation during pressing (Shirate et al., 1986; Lanciselle et al,,
1996; Zhu and Melrose, 2003; Petryk and Vorcbiev, 2007, 2013;
Halder et al., 2011), and less towards the electroporation-induced
damage to the cell membranes. Even less is known, in terms of the-
ory, about the effect of electroporation on permeability and com-
pressibility of treated material. For a recent review of some of the
fundamental concepts of applying porous media theory to mass
transport in biclogical systems, see {de Monte et al., 2013).
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In this article we aim te show how an extendable model can be
constructed for describing filtration-consolidation behaviour of
electroporated vegetable tissue. We have named this model the
dual-porosity model of liquid expression. “Dual-porosity” since
one porosity is that of the intercellular matrix of tissue, and the
second the porosity of the plasma membrane of each individual
tissue-constituting cell. We directly relate electroporation effects
with important filtration—-conseclidation parameters, namely
hydraulic permeability. We consider the intracellular and the
extracellular space separately, and provide a theoretical approach
to describe effects of electroporation on cell membrane hydraulic
permeability. Theoretical analysis and fitting experimental data
from pressing experiments are used as initial estimates for model
parameter values, and then optimization algorithms were
employed to fine-tune some of the parameters to obtain good
agreement with experimental data. Tissue and membrane hydrau-
lic permeability are estimated based on published literature
where available, while compressibility moduli were estimated
from analysis of pressing experiments that we conducted. We
demonstrate how the proposed model can be used to model
experimental extraction kinetics for both intact and electropora-
ted tissue. We also provide a brief parametrical study. The model
can easily be extended by a theoretical model of electroporation,
and invites further development. By constructing the dual-poros-
ity model we attempt to advance the field of modelling transport
phenomena in electroporated biological tissues of industrial
importance. A fully developed and validated model based on this
approach could in future be used for research into optimization
of treatment parameters, or for simulations of system responses
under treatment conditions impractical or costly for realisation.
The main novelty of the model in relation to previous works by
our group is in connecting the theory of electroporation with the
consolidation-filtration theory applied to study expression kinet-
ics in biclogical tissues.
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2. Theoretical formulation of the problem and derivation of an
analytical model

2.1. System of liquid pressure equations in a dual-porosity medium

In order to study the expression of liquid from vegetable tissue
treated with electroporation, we consider tissue as comprising two
media - the intracellular, and the extracellular. The cell membrane
on which electric field acts during electroporation delineates these
two media in every tissue sample. The effects of electroporation on
tissue permeability are introduced into the model via the mem-
brane, by representing it as a semi-permeable boundary. The
model membrane has its own hydraulic permeability, which is a
function of electroporation. The extracellular space, represented
as consisting of an intricate structure formed by the cell wall,
extracellular liquid, and air (see Fig. 1), also has its own hydraulic
permeability.

According to previous works based on filtration-consolidation
theory of biosolids (Lanoiselle et al., 1996; Petryk and Vorobiey,
2007, 2013), the following set of equations can be written for the
extracellular and intracellular space, respectively

dpee) olpg)
~or oz PUeT0 M
ape) opq) o _

o T Tap  tPUie=0 2)

Egs. (1) and (2) result from application of the law of mass conserva-
tion, and are presented in a form typical for non-equilibrium mass
transfer processes in porous media. In Egs. (1) and (2), p is the
liquid medium density; €. and & are the porosities; g. and g; the
liquid flow velocities; and v is the source term that represents the
flow of liquid through the plasma membrane from the intracellular
to the extracellular space. Indices i’ and 'e’ in Egs. (1) and (2) corre-
spond to the intracellular and the extracellular phase, respectively.
The permeability of extracellular space is several orders of magni-
tude greater than that of intact cellular membrane (Buttersack
and Basler, 1991; Tomos, 1988), This should still hold for tissue
damaged by electroporation below the threshold that results in pre-
dominantly irreversible damage to the cell membranes. This is pos-
tulated in accordance with the theoretical derivations for
permeability of electroporated cell membrane (see Section 2.5)
and surface fraction of stable, long-lasting pores in the plasma
membrane, as estimated in e.g. (Pavlin and Miklavcic, 2008). If
treatment conditions support these assumptions, the liquid path
is primarily from within the cells into the extracellular space and
via compression of the extracellular space then out of the tissue
block. Fig. 2 is in aid of illustrating the individual constituent

/0 Cellwall™ P
|Extracellular Space,

\ " Void Space”™ /
“fair & liquid),

Intracellular Space’

Influx/Efflux through
an Electropore

Liquid flow velocity  ©(04,)
gradient (filtration flow) A

Electroporated
Cell Membrane

L

Cell Wall ™

c'(P&;A)

/ o
1 liquid accumulation/
H depletion in

% Extracellular Space
Void Space~"
(air & liquid) " |

a(pz,)
ot
liquid accumulation?

depletion in
Intracellular Space

Transmembrane liquid
flow through an electropore pu,.,

Fig. 2. A schematic representation of vegetable tissue after electroporation with
identified member terms of the continuity Eqgs. (1-2, also 3-4) in aid of illustrating
the dual-porosity principle.

members of Eqs. (1) and (2), simplified by neglecting the filtration
path through the intracellular space {see Eq. (4) below).

The experimental setup and a simplified representation of
experiment physics are given in Fig. 3. The piston is applying pres-
sure to the tissue in the -z direction, and liquid is flowing out of the
tissue sample at z =0, where a porous support (metallic mesh or
filter cloth) is placed in order to hold the block of cellular tissue
in place, while allowing free flow of extracted juice. The piston dis-
placement during experiment is recorded, and the tissue block
deformation can be calculated.

Assuming constant juice density p, and the supposition that fil-
tration flow inside the cells can be neglected, Egs. (1) and (2) sim-

plify to

dee(z,t)  0q.(z 1)

at az - Ui—e(z: I') =0 (3)
dei(zt) _
S ez 0) =0 (4)

We reformulate the above set of equations to express the quantities
in terms of the two variables of known initial and boundary condi-
tions, i.e. liquid pressures p; and pe. Pressure p; is the intracellular
liquid pressure, and p. the extracellular liquid pressure. The poros-
ities €. and & are related to the solid pressures pes=Pr — pe and
Pis = Pr — p; via the compressibility moduli G, and G;, and the void
ratios e. and e;, where &, = e./(1 + e.) and ¢; = ¢;/(1 + ¢;). The relation-
ships between void ratios and solid pressures are given by
(Lanoiselle et al., 1996)

de. _ de. Opes _

Qe _ dec dpe _ 1 9p.
8t Opes ot

Cdpes 9t Ge

()

Electroporated .
Cell Membrane | '\\

Fig. 1. A schematic representation of vegetable tissue before (left) and after (right) electroporation. The cell wall and void space, occupied by air and some liquid, are the solid
and liquid phases forming the extracellular space in tissue (no external pressure applied). Redrawn based on Fig. 17 in Halder et al. (2011).
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upper surface
boundary condition (BC)

porous support piston applying pressure Pe
vegetable tissue

retained expressed liquid

lower surface BC

z-axis: the principal axis
of expression

ey

bottom plane/surface
(fixed porous support)

cylindrical sample

Fig. 3. A schematic representation of a typical pressing experiment (left) and a representation of the modelled block of tissue placed within a coordinate system (right).

dei _ dei Ipis  dei dp _ 1dp; (6
T aps ot dps ot Goat )
where pes and p;s are the pressures of total insoluble solids in
extracellular and intracellular phase, respectively. These solid pres-
sures increase in time proportionally to the decrease in respective
liquid pressures, i.e. Opes/dt=—0pe/0t and &p;s/ot = —Op;/dt. Note
that this is valid for constant-pressure expression, when &P/
ot = 0. From Eqgs. (5) and (6) we see that Ge and G, if assumed con-
stant, can be estimated from G.= —0p.s/de. and G; = —dp;/de;, i.e.
the slopes of the linear functions that relate the decrease in void
ratio with an increase in solid pressure, Note that G. and G; are
always positive-value quantities, as an increase in solid pressure
is a consequence of a decrease in void ratio (expression of liquid).
In experiments, we measure the changes in deformation of the tis-
sue sample due to loss of liquid, rather than measuring the liquid
pressure. Therefore, we rewrite Egs. (5) and (6) not for the liquid-
to-solid void ratio, but for porosities €, and &, as

%zape,s_ CF)‘ge — ape_ CF)Se _ ] ape {7)
ot Ot Opes 9t p.s G Of
%:6;3,5_88,__% c%,_ 1 % (8)
ot ot aps at dp;s Gei Ot

The compressibility moduli G. and G; as defined in cited literature
and G, and Gg; defined in Egs. (7) and (8) are related, as follows
from the relations

dee _ape,s_ a ( A ) ap. dee 1

a ot 8pe=s 1+e. at é)pE!S (1 +ee)2
:L ] 8pe _ 1 8pe {9)
Ge (1 ,ge)z ar GEe ar
m W 0 (e .m e |
ot ot ops\lre t Ipis (1 +e)
1 1 ap 1 ap,
B El (1+ Ej)z g G ot (10)

According to the Eqs. 9-10, Gge=Ge(1+e.)? and Gy =Gi-(1+¢).
By introducing compressibility moduli defined through porosity,
we have made a simplification that comes at a cost. The G;. and
G do not depend only on material properties and treatment,
but also on the spatially- and temporally-dependent void ratios
ee and e; during the pressing experiment. This is a trade-off we
have opted for in order to keep the model simple and comprehen-
sive. As a consequence, the model results are valid for small piston
displacements in cases where tissue is not severely damaged. The
moduli Gg . and Gg; that we use, should be understood as averaged
values, i.e.

Cgp:Ge{]-i-ee)Z_ E(]-4-——/ [eg(zt dt- dz) (11)
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C=G(l+e)?=C (1—--/ fe.(zr dt- dz) (12)

where T is the time duration of the experiment and h is the initial
sample height. We omit the bar notation denoting average values
in the following text. The minimum values of compressibility mod-
uli can be directly estimated from experiments (see Section 2.4,
where parameter estimation is presented), and average values as
given by Egs. (11) and (12), will be determined based on fitting of
model results to experimental data. Another simplification limiting
model applicability to small piston displacements is the assumption
of linear elastic deformation of tissue. Compressibility moduli Gg.
and Gg; are, more strictly following definitions of thermodynamics
and stress mechanics, in fact non-normalized bulk elastic moduli. A
more in-depth and rigorous treatment in filtration-consolidation
theory would require introduction of material coordinates dz,, = (1 -
— &)-dz (Petryk and Vorobiev, 2013) to account for time and space-
variable porosity.

The liquid flow velocity in extracellular space g. is given by
Darcy law as

_ ke 9p, :

9=t (13)
assuming unidirectional flow in direction of the principal axis of
applied pressure (z).

The source term v;_¢(z,t) giving liquid flow through the porous
membrane can be written in terms of local pressure difference
between the intracellular and extracellular liquid pressure, giving

ol
iie =—(Pj — Pe 14
¥ u(p De) (14)

wherein we notice the proportionality coefficient &, whose origin
and estimation are discussed in Section 2.4,

Combining Eqs. 3-14 and dropping the notation of spatial-
temporal dependency of both liquid pressures gives the following
final form of the model equations:

1 ap, ke dp.\ o B
Goe 0 _(F Bz) E(pi p)=0 (15)
1 dpy o
Pt o S £ -0 16
GS!i ar + ’Lt (pl pE) ( )
The initial and boundary conditions for Eqs. (15) and (16) are
Peo = PeolZ,0) = Pio = Pio(2,0) = Pe (17)
Pel,o=0 (18)
Pil,0 = n"-’iof’f_“ir (19)
ap.|  _
=0 20

aZ z=h 62 z=h ( )
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The boundary condition given by Eq. {19) can be obtained by solv-
ing Eq. {16) for the boundary condition given in Eq. (18) and initial
condition in Eq. (17). As the matter is trivial, we leave the details of
verifying Eq. (19) to the interested reader. A note on initial condi-
tion, Eq. {17); Externally applied pressure can be assumed as
equally distributed throughout the tissue sample on both the intra-
and extracellular liquid phase in case the sample thickness is rela-
tively small {in relation to the number of cell layers and piston-tis-
sue contact surface). If the sample thickness impact to pressure
distribution cannot be neglected due to sample dimensions, a more
suitable approximation for pressure distribution might be linear, for
details, see e.g. {Lanoiselle et al., 1996). In experiments we per-
formed, the conditions {use of thin samples) justify applicability
of this initial condition. This is consistent with consolidation theory
of porous material mechanics (Suklje, 1969}, We also suppose that
pressure Py redistributes itself equally onto the liquid phase of both
the extracellular (po) as well as the intracellular space {p;o) at the
beginning of a pressing experiment, after the extracellular air is
eliminated and replaced by liquid at the beginning of the consolida-
tion stage (Lanoiselle et al., 1996).

2.2. Analytical solution for liquid pressure

We give the analytical selution of PDEs Eqs. (15) and (16) for
initial and boundary conditions Eqs.(17)-(20). The mathematical
details of the derivation can be found for the case of an analegous
problem of solute diffusion in electroporated tissue, given in full
details in our recent publication {(Mahni¢-Kalamiza et al., 2014).
For brevity, we only give the selution in final form below.

The intracellular liquid pressure p; can be expressed as

pi(z,t) :%Z 1 (Cretm’ 4 Cyetet — e~ 't sin (Mz)
n=0

2n+1 2h
pget (21}
where
1)t -y,
C :Mg (22)
yn,‘l - “/n,z
1Bty
G :M (23)
yn,‘l - “/n,z
and

T+ \/(1:*15 1 2y 4yt

Vay, = 5 ) (24)
where for the sake of algebra we have set
kEGE e 1 OCGEi ( GE e)
Ve=— T =— &= 1+_'; = Az?(]-?
}u ,Ll Gg‘i plU pl( )
pel) = pe(zr 0)
The eigenvalues i, equal i, = (2n+ 1){2.w/h.
For extracellular liquid pressure p., we have
o~ 1 ot ot i (@R DT
p(z,0) T§2n+l(@n,1f+1)cle 2 (Vo2 T+ 1)C20"2) sin ¢
{25}

where all coefficients are calculated according to expressions
already defined for intracellular pressure.

The infinite series in Eq.(21), as can easily be verified, converges
extremely rapidly, even if few members of the infinite series are
taken for summation. On the contrary, the series in Eq. {25) is more
demanding and converges slowly, as it has to approximate the
discontinuity present at z=0, where the extracellular pressure

drops immediately from the constant {initial condition) value to
0. In practice though, it is far more efficient in computational terms
to not use Eq. (25), but calculate p{z,t) according to Eq. (21). As few
as 3-5 members of the series suffice to achieve accuracy required
by most practical applications. Once the intracellular pressure is
known, we can use relation given by the following equation, which
has been rewritten by expressing p. from Eq. (16)

to numerically calculate the extracellular pressure pofz,t), whichis a
matter of numerical derivation and some arithmetic. The calcula-
tion of both pressures on an average modern laptop computer using
the software package MATLAB {MathWorks, Massachusetts, USA)
and employing an algorithm based on Eqgs. (21) and (26) as
described abhove, requires between 10 and 20 ms for a spatial and
temporal resolution of 100 nodes. This makes the model suitable
for use in optimization algorithms, and is one of the reasons why
we opted for model simplification and derivation of a relatively
simple analytical solution, rather than computing liquid pressures
numerically.

Another advantage of the analytical solution is it provides the
possibility for analysing model behaviour. From Eqs. (21) and
{25), we can determine that process kinetics is governed entirely
by the roots of the characteristic pelynomial (given by Eq. (24)).
If there is no electroporation and 7! - 0, Eq. (24) can be simplified
and gives y,1 — 0 and 2 — —2Zv. At these conditions, expres-
sion—consolidation kinetics is governed entirely by the rate of
expression through extracellular space, i.e. ko, and there is no
transmembrane flow (since ¢! — 0). Eq. (1) becomes an ordinary
one-dimensional filtration-consolidation equation. We should
point out that the analytical solution given by Egs. (21) and (25)
becomes extremely unstable for numerical evaluation when
77! 5 0. As 77! decreases, numerical errors due to finite machine
precision (32- or 64-bit floating point representation and opera-
tions) are amplified and the model results become unstable. For
machine precision on the order of 1 078, this effect becomes ohser-
vable around 7! = 10~'% and the results become completely unus-
able for 7! < 1012, At these extreme conditions however, there is
no justification for use of the dual-porosity model whatsoever, and
analysis of filtration-consolidation behaviour in extracellular
space can be better described by a simpler model.

At the other extreme, for highly electroporated tissue {f;, — 1,
see Section 2.5 for the definition), for f, values above approxi-
mately 1073, the membrane appears to disintegrate, i.e. to lose
its barrier function for liquid flow. In Eq. (24) we then have
714> AZv. This results in extremely rapid kinetics {|y;| =7 !4
3 1) of transmembrane filtration and instantaneocus expression
of liquid from the intracellular into the extracellular space, pro-
vided there is a liquid pressure gradient. This is again unrealistic
and outside the scope of the model, as the intracellular filtration
pathway is not captured by model equations. The other exponen-
tial however, Ciexp{y,t), is governed primarily by k., which limits
vacation of liquid out of the tissue block via the extracellular space.
Since C; = G this results in almost identical expression-consolida-
tion kinetics in extracellular space as in non-electroporated tissue,
but with comparatively higher extracellular liquid pressure at a
given time. This is expected, since the extracellular space has to
facilitate vacation of not only the liquid initially present in the
extracellular phase, but of the liquid initially present within the
cells as well.

As emphasized during the analysis, there are limitations of the
proposed dual-porosity model and its analytical selution, in addi-
tion to those already discussed in connection with the compress-
ibility moduli. These limitations must be kept in mind during
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experimentation with the model, and one should maintain a criti-
cal outloock on the results in light of these ohservations to aveid
analysis under unrealistic or extreme conditions. We will further
comment on the issue in the Results section.

2.3. Model application - from theory to experimentally measured
kinetics

In pressing experiments set up as shown schematically in Fig. 3,
the quantity observed is most commonly the deformation of the
sample block of tissue (Grimi et al., 2010; Mhemdi et al, 2012).
Our model thus far concerns liquid pressures in the extracellular
and intracellular space. In order to compare model results with
experiments, we must find an expressicn giving deformation as a
function of the cumulative change of pressure throughout the sam-
ple. The relationship between loss of liquid pressure and deforma-
tion is already given by Eqs. {(5) and (6). Since total deformation is
the sum of deformation of extracellular and of intracellular space,
we have

S(t) = Se(t) + Si(t), (27)

Total deformation can be expressed as a spatial integral of local
infinitesimal differences in void ratioc e, therefore

ee{zt] e;(z,0)
S(t) = f f dz f f de; - dz
ea{Zt) e{z,£)
pe(ZO 2 (20
f f . dzt = f f (28)
GE Pelzt) n{zt)

Since we are working with porosity ¢ instead of void ratic e, and
for reasons of convenience, we define relative deformation s

s (f)

1 T pnz0) 1 1 e
_ f f dp, - dz +—— f f dp, - dz, (29)
Ga,e o Palzit] i Jo nilzt)

where h is the tissue sample height. Eq. (29) gives relative deforma-
tion as a function of loss of liquid pressure within the tissue. We
will use it to obtain model results and compare them with experi-
mental data.

Se(t) =

2.4. Estimation of permeability and compressibility coefficients

2.4.1. Compressibility moduli G, Gg;

We imagine two experimental scenarios. In the first experi-
ment, freshly cut intact tissue is subjected to pressing under pres-
sure of insufficient strength to cause cell rupture. Under these
conditions, when equilibrium between the pressure applied via
piston and the intracellular liquid pressure is reached (neglecting
the extracellular solid pressure}, we will have obtained a certain
measurable but small deformation. If the pressure applied is suffi-
cient to completely express extracellular fluid while not compro-
mising the integrity of the cell plasma membrane, this measured
deformation is only due to the compression of extracellular space.

We write
1 1 peefz0)
] ] dp, - dz
Ga,e 0 Pelz,i—ca)

1 1 Py PE
= dp. - dz = 30
Gs,e /0 0 pe Ga,e ( )

Sepa = Se(t — 00} =

Eq. (30) provides means to estimate Gg. directly from pressing
experiments done on intact, untreated (non-electroporated) tissue.
With known deformation at “infinite” time and known applied
pressure Pz, we have

138

(31

Since Ge, is a function of void ratio, which is not constant in time
{and is only approximately constant throughout the tissue block
along z, provided the sample is thin), the value obtained by Eq.
{31) is a rough initial estimate, and a good approximation for
untreated tissue only. It is expected to decrease with increasing
treatment intensity, since it is not a material property but depends
on e. We will have to determine the average value (as defined by Eq.
{11)) by optimization against experiments.

We propose another conceptual experiment for estimating G, ;.
If we permeabilize the cell membranes {by e.g. electroporation),
under applied pressure liquid will flow from intracellular to extra-
cellular space and through the latter cut of the tissue block. At
complete equilibrium {i.e. after “infinite” time}, all liquid will be
expressed from the sample, and the externally applied pressure
will be balanced by the sum of solid pressures of intracellular
and extracellular space. We write

Sea :Sg(f — oo) + 5t — oo}

Detz,0) 1 1 oppEn
-dz +— f dp, - dz

De(Z i—ca) G e o)

1 Fe P
_ “dp, - dz + — f dp, - dz —
Gf of o P T E P = e Gal

_ PE (Ga,i + Ga,e)
Ga,eGa,i

{32

If Geo is known, e.g. determined according to Eq. (31), and we
measure deformation in an experiment with strongly permeabilized
tissue, by expressing G.; from Eq. (32), we get
~ PEGE,E

Geg = 5uGor — P2 {33)
which is a function of either previously known or measurable
parameters. This estimate gives an approximate value for Gg; in
case of damaged tissue. The average value (as per Eq. {12)) for
untreated or only moderately electropermeabilized tissue is
expected to be much higher. As with G, the value corresponding
to the particular degree of electropermeabilization will be deter-
mined by fitting model results to experimental data.

2.4.2. Intrinsic hydraulic permeabilities k. and k;

Hydraulic permeability of tissue is almost always measured
rather than calculated {(Buttersack and Basler, 1991), due to high
complexity of water pathways within tissue that makes theoretical
estimates hard to obtain, and the biological diversity, which ren-
ders these estimates unreliable across different plant species and
across samples of a single species. Measurements on a number of
plant tissues and yeast cells show a wide range of values for per-
meability, spanning several orders of magnitude, for both tissue
as well as plasma membrane of individual cells (Buttersack and
Basler, 1991; Tomos, 1988).

This paper is concerned with juice expression from untreated
and electroporated sugarbeet. Since sugarbeet is of great industrial
importance, it is one of the few crop species that have been more
extensively studied in terms of its water transport and consolida-
tion properties. In literature, it is possible to find several accounts
of measurement of hydraulic conductivity {L;) of sugarbeet roots
and cells comprising the root tissue. Here, we demonstrate how
it is possible to recalculate these measurements in order to esti-
mate the intrinsic hydraulic permeability coefficients required by
our model.

The hydraulic conductivity L, found in literature is normally
calculated based on an experiment where a tissue sample is sub-
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jected to a pressure difference and liquid volume flux is measured.
With known flux and pressure, the hydraulic conductivity is

4q

L =35 34}

On the other hand, the Darcy law relates the pressure drop
across a conduit of length I with the liquid flux g as

k Ap
I
Note that we write the absolute value of g since we are not inter-

ested in the direction of the flow. Inserting g from Eq. {34) into
Eq. (35) and expressing k gives

k=L, pu-l (36)

lg| = {35}

Eq.(36) can be used to calculate the intrinsic hydraulic permeability
of tissue from measurements obtained via experiments described
above. For instance, Amodeo et al. (Amodeo et al, 1999) measured
conductivity of 3 mm slices {osmotic flow length I) of untreated
sugarbeet roots in the axial and radial direction, obtaining in the
radial direction (perpendicular to the major water transport chan-
nels) a conductivity of 510°°% mMPa~!s!. Using Eq. (31) and
water viscosity of 107%Pas, we obtain (for [=3mm)
k=1.5.10""" m% Assuming negligible symplastic flow {i.e. only apo-
plastic), this is the sought hydraulic permeability of extracellular
space, ke.

The intracellular hydraulic permeability k; is in fact the
hydraulic permeability of the plasma membrane of thickness I. This
coefficient is expected to change when treatment, be it mechanical,
thermal, chemical, enzymatic or electrical, is applied to the tissue.
Its initial value {i.e. for untreated tissue) can be estimated from
pressure-probe experiments. Tables of cell membrane hydraulic
permeability are given in literature for many plant and yeast
species, including sugarbeet. In {(Tomos, 1988) we find for
hydraulic conductivity of sugarbeet cell membrane the value of
0210 mMPa~'s~'. Given a membrane thickness of 5nm,
Eq. (26) yields membrane intrinsic hydraulic permeability
ki=10"%* m?

2.5. Electroporation effects on plasma membrane permeability - the
proportionality coefficient o

The proportionality coefficient o« {dimensionless) proposed in
the model definition (Eq. (14)), relates the intracellular and extra-
cellular deformation due to transmembrane flux with the pressure
drop across the plasma membrane. It needs to be, according to
model design and assumptions, a function of membrane perme-
ability &;, multiplied by a corrective geometrical factor ¢ with units
m~2. This corrective factor ¢ accounts for the geometrical configu-
ration of the cell and its porous membrane by relating intracellular
space porosity with volume-averaged transmembrane flux {further
explanation can be found in the Appendix). For negligible mem-
brane thickness as compared to the size of the cell, £ equals the
square of specific surface (surface-to-volume ratio), i.e. ¢ = (A/V)*.
On the level of a biological cell, where transmembrane fluid trans-
port occurs, the surface A and volume V are those of a single cell.
For an idealized, average, spherical cell of sugarbeet tissue with a
radius of 25 pm {Buttersack and Basler, 1991), the corrective factor
¢ equals 1.44.10'°, Consequently, the proportionality coefficient &
is written as & = 1.44.10"%.k;. For a detailed theoretical derivation
which is also applicable in cases where membrane is not of negli-
gible thickness, see the Appendix.

We now turn to the effect of electroporation treatment on the
hydraulic permeability coefficient, k;. According to the theory of
electroporation {Neu and Neu, 2009; Kotnik et al.,, 2012; Haberl
et al, 2013), electric field of sufficient strength creates pores in

the plasma membrane. These pores nucleate at an initial radius
of about 0.5 nm, and can expand in both number and size during
the application of electric field. The effect has a transient as well
as a long-lasting component, i.e. transient and long-lasting pores
are created in the membrane (Pavlin and Miklavcic, 2008). It has
been demonstrated by several experiments, see e.g. {Saulis and
Saule, 2012), that long-lasting pores permeable to molecules of
e.g. bleomycin (about 1.6 nm in diameter) or sucrose (0.44-
0.52 nm diameter), can exist in an electroporated membrane for
minutes after the application of electric pulses, though they are
subject to resealing if physiological conditions are favourable. We
can, assuming an average stable pore diameter and pore fraction
ratio (i.e. the surface fraction of all pores per one cell), estimate
how electroporation changes the hydraulic permeability of the cell
membrane.

We start by relating membrane permeability k; with permeabil-
ity of a single aqueous pore. The absolute value of membrane flux
is, according to Darcy law,
Qu =0 2P

[T

but it is also the sum of all single-pore fluxes, of which there are as
many as there are pores, i.e. N,. We write

Nokoflp Ap
TR

From equating transmembrane flux in Egs. (37) and (38) we obtain
the relation

(37)

Q| = Np|Qy| = (38)

l = % = fokp, (39)

where f, = NJA, /A, is the pore surface fraction.

According to literature {(Pavlin and Miklavcic, 2008), surface
fraction of long-lasting pores in B16F1 {mouse melanoma) cells
for 8 pulses of 100 ps duration and strength of 1 kV/cm is on the
order of 0.5.107" In experiments with electroporation treatment
of vegetable tissue for enhancing liquid extraction by pressing,
many more pulses are normally used {100, 1000 or more), and cells
in treated tissue can measure more than 10 times the size of cells
in animal cell lines used most often in electroporation studies (i.e.
Chinese hamster ovary - CHO, mouse melanoma - B16F1, etc.).
Therefore, the upper limit of the range into which long-lasting pore
fraction is expected to fall should be generously increased. Extrap-
olating results published in {Pavlin and Miklavcic, 2008}, where a
similar treatment protocol to ours was used, places the initial esti-
mate for f, at around 2-107°. However, this value must be under-
stood as a highly unreliable estimate, as various phenomena
invelved in pore formation and stabilization were not accounted
for {e.g. media conductivity, cell suspension vs. biclogical tissue,
differences in cell size, etc.). Optimization with model results to
fit experimental data in our model study resulted in estimates of
pore surface fraction an order of magnitude higher {see Table 2,
Section 3.1) as compared to the initial estimate. One possible rea-
son we can suggest to explain this discrepancy is the much higher
induced transmembrane voltage in large plant cells {our study) as
opposed to smaller animal cells (cited reference). According to
electroporation theory, pore surface fraction is strongly dependent
on induced transmembrane voltage. More work should be dedi-
cated to determining the parameters that describe membrane
long-term permeability with respect to the treatment protocol.
More specifically, if the radius of an average stable pore is under-
estimated - and due to persistence of large pores several minutes
after pulse application it most probably is (Saulis and Saule, 2012)
- the resulting pore surface fraction according to pressing
experiments will be overestimated, as higher surface fraction will
compensate for the lower single pore hydraulic permeability.
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Table 1
Expressions for model parameter estimations — a summary.

Parameter Value Method

Gee From experiments

Gei From pressing experiments

ke Osmotic flow measurements (I is tissue sample thickness)

ki Pressure probe measurements (! is membrane thickness)

kp Hagen-Poiseuille theoretical estimation

kigp Theoretical estimation (k) and estimate based on fitting the model to experimental data (f;)

o Theoretical estimate based on pressure probe measurements

Stgp ki g (AJVY Theoretical estimate based on fitting the model to experimental data
Table 2

Parameters used to obtain model results, simulation results are plotted against experiments in Fig. 4.

Parameter Value Method/source

P 582 x 10°Pa As used in experiments

Gep (initial estimate) 129 x 10° Pa From final deformation of intact tissue - experiments

Gip (initial estimate) 8« 10° Pa Recalculated from final deformation of electroporated tissue given known G — experiments
Gep (optimized) 130 x 10° Pa Optimization using experimental results

Gip (optimized) 16 x 10° Pa Optimization using experimental results

keo (initial estimate) 15 x 1077 m? Osmotic flow measurements (Amodeo et al, 1999)

ke (optimized) 3.75 x 1077 m? Optimization using experimental results

ki (initial estimate) 107 m? Pressure probe measurements (Tomos, 1988)

k; (optimized) 107 m? Optimization using comparison with experimental results (k; = f,-k,)
ki ep (optimized, at 400 V, 28 x 1072 m? Optimization using comparison with experimental results (k; = f,-kp)

Protocol A)

Hagen-Poiseuille theoretical estimation based on estimated average stable pore size
Extrapolation of experimentally-obtained estimates (Pavlin and Miklavcig, 2008)
Optimization using comparison with experimental results

kp 125 <107 m?
foo 25 x107°
fp (optimized, at 400V, Protocol 222 x 107*
A)
o 144 <107 m 2 k;
oEp 144 x 10 '%m—2 k],Ep

(see fp and k,)

Theoretical estimate for &=1.44 x 107" m 2, k; from pressure-probe experiments
Theoretical estimate for &=1.44 x 107 m =, k;gp from experiments and pore size/population estimates

The remaining parameter to be estimated is the single pore
intrinsic hydraulic permeability, k, To that end, we use the
Hagen-Poiseuille equation for cylindrical pores of length ! and
radius rp in combination with Darcy law. We get

Ap — 8ulQ, 8ulQ, plQ,
Comrh A, kA,

From Eq. (40) ky, can be expressed as r%}B. We now assume that the
average size of a stable pore can be estimated from models of pore
evolution during and after treatment, such as those reviewed by
Saulis (Saulis, 2010). If we remain conservative, and suppose an
average pore radius of about 1 nm with lifetime of minutes up to
hours after treatment, k; equals 1.25-10~'® m?. This gives for mem-
brane (and intracellular space) permeability in electroporated tis-
sue kigp the value of 2.7-107%3, which is about 30-times higher
than what has been estimated for intact cellular membrane, and
can be found in literature (Tomos, 1988), The cited estimate is based
on one particular study utilising a pressure probe technique,
available only to the author of the cited review as an unpublished
manuscript. We are therefore unable to analyse the methodology
and calculations to evaluate the reliability and accuracy of this
estimate. Parameter estimations are summarized in Table 1. Note
that the model tissue under consideration is sugarbeet.

(40)

3. Results and discussion
3.1. Modelling experimental extraction kinetics for model validation

In order to demonstrate how the proposed model can be used in
practice to explain experimentally-obtained kinetics, we present a
comparison between experimental data obtained by pressing
cylindrical sugarbeet slices, and the model simulation results. All
parameters were initially estimated as described in the preceding
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sections, and kept constant, except for the two compressibility
moduli Gg . and G;, the pore surface fraction of electroporated tis-
sue f,, and the extracellular permeability coefficient k.. These
parameters were sought for by means of optimization against the
experimental data, with estimates (obtained via methods in Table 1)
used as initial guesses. Using an optimization search to correct the
values of these parameters is justified by the fact their estimate is
prone to inaccuracy due to biological variability, and the compro-
mises we made in theory to keep the model simple. We have
however managed to remain well within one order of magnitude
difference between the initial guess and the optimized value, sug-
gesting the methods used for estimation are fairly reliable.

Fig. 4 below shows relative tissue sample deformation as a
function of time. The simulated expression curves were obtained
using parameters summarized in Table 2. Compressibility moduli
were first estimated from modelled experiments as explained in

0.8
T o7
=
& 06 madel no-PEF
c — — —model 200V, p.A
o 05 model 300V, p.A
"t-u' ‘ — model 400 V, p.A
E = = = model 400 V, p.B
5 041 p x  exp. no-PEF
“d_.) exp. 200V, p.A
© 03¢ exp. 300V, p.A
(0] exp. 400 V, p.A
a g2 ) . . exp. 400V, pB
£
1]
L]

0.1 At B B B L DA B B By B A A B b B AR
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Fig. 4. Experimental data and model results. An optimization using RMSE as a
criterion function was run to determine the parameters resulting in the best fit.
Note that “p.A” stands for Protocol A and “p.B" for Protocol B.
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Section 2.4.1, and then an optimization search for global minima of
RMSE between experimental and model data was used to identify
optimal values. The total relative deformation calculation follows
Eq. (29) based on liquid pressures calculated using Egs. (21) and
(26). Detailed descriptions of the experimental setup used for data
acquisition have previcusly been published in literature {Grimi
et al.,, 2010). In short; we used cylindrical samples of sugarbeet (is-
sue, 25 mm in diameter and 5 mm thick. The samples were placed
between two parallel plate electrodes, and electroporation pulses
were applied using two protocols. Protocol A: The voltage was var-
ied, using 200V, 300 V or 400 V applied to the electrodes. Bipolar
pulses were delivered in two trains of 8 pulses per train, with rep-
etition frequency of 1 kHz within the train, 1 s pause between the
two trains, and 100 ps pulse duration. Protocol B: The voltage was
fixed at 400V, 20 unipolar pulses of 1 ms duration were applied
with repetition frequency of 0.5 Hz. In all cases, regardless of the
electroporation protocol, the electric treatment was followed by
pressing. Electroporated samples were immediately placed into a
specially fabricated treatment cell and subjected to a load of
300 N using a texturometer. The piston displacement was recorded
by the texturometer under constant pressure application during
one hour.

To fit experimental results, parameter f, had to be increased
from 8.0.107° for untreated tissue to 2.0.10~ for the electrode volt-
age of 200 V; further to 8.5.10~° for 300 V; and finally to 2.2.10-4
for 400 V (Protocol A). In case of treatment according to Protocol
B at 400 V, f; had to increase only slightly as compared to Protocol
A at the same voltage, to 3.3 10~ This is consistent with electro-
poration theory and observations; pore surface fraction is a func-
tion of maximal electric field strength {Pavlin and Miklavcic,
2008). What had to be significantly altered comparing Protocol A
at B at 400V were the compressibility moduli and k.. This was
expected, as compressibility moduli reflect the extent of the bulk
tissue damage (fraction of permeabhilized cells), and in highly elec-
troporated tissue, additional liquid paths {increase in k,) should be
created by vacant cell compartments of destroyed cells. One sur-
prising and unexpected observation is the highly significant differ-
ence in compressibility modulus of the extracellular space,
especially when comparing tissue treated with 400 V pulses and
two different Protocols, A and B. This marked discrepancy cannot
be explained as resulting from model (over)simplifications. The
theory of electroporation however does offer a plausible explana-
tion; Electroporation is a threshold phenomenon. Depending on
the treatment parameters, a cell remains either undamaged, is
reversibly permeabilized {and recovers if conditions are favour-
able), or is irreversibly electroporated. Irreversibly electroporated
cells lose the ability to control transmembrane liquid and solutes
flow. From the porous medium point of view, they can no longer
be regarded as intracellular space. From this perspective, irrevers-
ible electroporation is responsible for transformation of the intra-
to the extracellular phase; it is modifying the volumetric ratio of
intra- and extracellular space, i.e. the volume fraction of cells. For
field strengths and protocols that result in irreversible electropora-
tion, we must take these effects into account, as the transmembrane
filtration law {source term v;_{zf) in Egs. {1) and {2), governed by
Jp) cannot describe behaviour of irreversibly damaged membranes.
This suggests that future model development should head towards
coupling the filtration-consolidation model with models of field
strength distribution, pore evolution, and the resulting cell damage
distribution. Moreover, the effect of electrically induced damage to
tissue on extracellular permeability k. must be evaluated.

3.2, Parametrical study

To study the sensitivity of the model to parameter variations we
present a parametrical study for four parameters. Note that the

parameters that remain constant as each examined parameter is
varied were taken from Table 2 and were estimated for sugarbeet
tissue from literature or experiments. This tissue thus represents
our model tissue throughout the parametrical study.

First, we varied the viscosity of the liquid medium g {Fig. 5a) to
demonstrate the effect of different temperatures of the material
during pressing. If the process is not isothermal, a possibility of
heat accumulation and temperature elevation exists. In industry,
pressure processing is also often combined with heat processing
{in oil extraction for example). The range of viscosities chosen is
based on a range of temperatures between 10 and 50 °C, and given
for water. If applied to material with markedly different composi-
tion of liquid media (e.g. oil), these viscosities should be adapted to
the application. We limited the temperature to 50 °C as the model
is no longer applicable at higher temperatures, as it does not
account for temperature damage to the material. The remaining
parameters were the same as determined for sugarbeet, treated
according to Protocol A at 300V pulse amplitude. Model results
are also presented for several ratios of compressibility moduli in
intact tissue G, ofG:; (Fig. 5b), to demonstrate possible expression
kinetics in highly porous tissues containing considerably larger
fractions of extracellular space occupied predominantly by air, as
in e.g apple tissue (Harker et al, 2010). We used parameters
obtained for sugarbeet in experiments {Protocol A, 300 V) and var-
ied G .. Furthermore, Fig. 5¢ shows model results for varying k;, not
as a function of electroporation, but as a function of plant species,
as membrane permeability seems to vary considerably between
various tissues of different plant species. Modelled tissues include
pea epicotyl epidermis (k= 102 m?), ripe apple tissue (k;=5-
107 m?), maize leaves midrib mid parenchyma (k= 10723 m?)
and soybean hypocotyl elongating epidermis (k; = 3-10723 m?). All
permeability coefficients were recalculated from hydraulic
conductivities obtained from {Tomes, 1988), and model results
calculated for the intact tissue permeability (no effects of
electroporation). Finally, Fig. 5d shows deformation as a function
of time for electroporated sugarbeet tissue {Protocol A, 300V)
when varying external pressure Pz Validating all of these depen-
dencies is out of the scope of this paper, whose purpose is to intro-
duce the basic model by its theoretical formulation and basic proof
of concept.

Results in Fig. 5a show the system is stable with regard to the
temperature-dependence of viscosity. However, elevated tempera-
tures damage biological tissues, and the model does not capture
these effects. Varying the compressibility modulus of extracellular
space and thus changing the G ./G:; ratio has, for fixed G, f;, and
Pg, a profound effect on the compressibility of the sample during
the initial compression stage (Fig. 5b). As the model does not
account for the volumetric relationship between the intra- and
extracellular phases and G, in reality varies with time and treat-
ment parameters, the effects as shown in this simulation should
be viewed as overestimations. They do however demoenstrate pos-
sible behaviour of expression kinetics in tissues with different tex-
tural properties. In example, apple tissue has large extracellular
compartments of air, and is more compressible than sugarbeet or
similar, more compact biological materials. Fig. 5¢ demonstrates
the relative unimportance of intrinsic hydraulic permeability of
intact cellular membrane {note the scale on the ordinate axis),
which depends on the plant species, originating tissue {epidermal,
parenchyma, etc.), moisture content at harvesting, and other con-
ditions. We performed these simulations for an intact membrane
only, using available permeability data in literature (Tomos,
1988). We chose to exclude electroporation effects since it would
be difficult to reliably estimate compressibility coefficients for
electroporated tissues cross-species, since they exhibit significant
differences in textural properties. Finally, Fig. 5d gives filtration—
consolidation kinetics for different constant external pressures.
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Fig. 5. Results of the parametric model study. (a) Effect of varying the viscosity of the liquid medium p (temperature variation 10-50°C); (b) effect of varying the
compressibility moduli ratio G /G ; (c) effect of varying the intracellular/membrane hydraulic permeability k;; and (d) effect of variable external pressure Pg.

As anticipated, the resulting profiles are linearly scalable, which is
also consistent with various experimental observations, see e.g.
experimental results in (Grimi et al., 2010). Since compressibility
moduli were determined based on a single pressing experiment
at constant external pressure, slight discrepancies between simu-
lated results and experimental data at higher pressures are
expected. The compressibility G, based on total press-cake defor-
mation is a nonlinear function of pressure for electroporated tissue.
See e.g. Fig. 8, pp. 34 in Grimi et al. (2010) for details. Due to this
nonlinearity, the compressibility modulus of intracellular space
must be recalculated at high pressures.

4. Conclusions

In this work we presented a dual-porosity model for liquid
expression from tissue treated by electroporation. The fundamen-
tal theory for model construction is rooted in phenomenological
observations of liquid flow in porous media.

We connect experiments with the theoretical model through
parameter estimation. The experiment-based estimation is neces-
sary at this stage in model development, as biological complexity
and diversity render theoretical estimations scarce and unrealistic.
We propose means of relating the effects of electroporation on the
plasma membrane with membrane hydraulic permeability. This
point of model construction invites further development and veri-
fication, since theoretical models of electroporation give pore dis-
tribution (size, number) as a function of electric field application.
There are also an increasing number of experimental studies

available that study pore resealing dynamics and selectivity of
the permeabilized plasma membrane. The findings of these studies
seem promising for model enhancement, since they describe a
temporal dependence of permeability coefficients that we assumed
as time-invariable. Inclusion of such dynamics will however most
likely require a numerical approach.

In order to keep the model comprehensive in this first account
and to focus more on the concept of the dual porosity modelling
paradigm in tissue electroporation, we made simplifications with
regard to the theory of porous media, which is much more
advanced. We intend to elaborate on this issue and develop a more
complex model from the consolidation theory point of view in the
future, A more complete and complex model is expected to have an
added value of reliable predictive capabilities.

We verified the model by fitting simulated consolidation kinet-
ics to experimental data. Based on estimated parameters, we mod-
elled a pressing experiment. The results calculated using optimized
initial parameter estimates (compressibility moduli and tissue/
membrane permeability) were in good agreement with experi-
mental data; since membrane and tissue permeability are highly
variable parameters, we improved our estimates by varying the
coefficients within an optimization algorithm. The optimized
values were found to be within one order of magnitude from initial
estimates, which is acceptable, given the wide range that these
parameters normally exhibit, even for a single variety of plant
species.

Further work will be dedicated to verification with additional
experiments and to extension by combination with a model of
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electroporation  pulse protocol effects, pore resealing, etc.). Valida-
tion by changing the model material {e.g. apple, carrot, red beet tis-
sue) also poses a potentially interesting challenge.
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Appendix A

In this appendix we give a theoretical derivation of factor ¢,
which is a constitutive member of the dimensionless parameter
a, found in model equations (Eqs. (15) and {16)). Factor ¢ relates
the intrinsic hydraulic permeability of the cell membrane and
the pressure drop across the membrane with the resulting
decrease in intracellular porosity {related to liquid pressure via
compressibility) and the increase in extracellular porosity due to
expression of liquid from the intracellular to the extracellular
space.

We begin the derivation by writing Darcy law for transmem-
brane flow for a single individual cell
Qn  kndp

4mrz p o dr (A1)

O =

and integrate both sides across the membrane, where the pressure

drop p; — pe OCcurs, obtaining
R g ke
m o A T dp, (A2}

where I is the thickness of the membrane and R the inner cell radius
(i.e. the radius of the cell without the membrane). After carrying out
the integration and some rearrangement, we have

ko 47R(R+ 1)
— ——r— B - pe)- (A.3)
U

The intra-to-extracellular or transmembrane flow of liquid Qg
results in a change in cell porosity &, which is defined as the ratio
of liquid phase to total intracellular volume, thus yielding

Qu_dec _ki3R+1H
iR R P

Q=

- Pe). A1)

Eq. A4 is not directly comparable with Egs. (15) and (16), as A4
gives cell porosity as a function of time only, due to the spatial
integration across the domain of a single cell, while in Egs. (15)
and (16) we have both space- and time-dependent liquid pressure
of extracellular and intracellular space, or rather of their respective
porosities. We must therefore first cbtain a volume-normalized
equivalent intracellular porosity. In short,

Vo dec
Ui_e =V @ (A.5)
and therefore
k¢ ki (R+1 R33R+I
17pe):_( )3 ( )(.pl e)
H H R
ki 9RR+1 +312R+I
ReD +SRD ) (A)
H R
From A.6 it immediately follows
OR(R+ 1> + 3P(R+1
g= HELDATELD, (A7)

simplifying to &=9/R* for R I, which for spherical geometry
equals exactly (A/V)?, the square of the surface-to-volume ratio
{also termed specific surface). If the membrane thickness ! is not
insignificant as compared to cell radius R, the more complex form
as given by Eq. A.7 should be used to calculate the geometrical fac-
tor &, however, in biological tissues used in electroporation experi-
ments, this is never the case. A much greater error than neglecting
the influence of finite membrane dimensions and using a simplified
specific-surface-squared approximation for £ as proposed, is already
introduced several steps earlier with the assumption of spherical
cell geometry, since cells in real biological tissues do not exhibit
perfectly spherical geometry.

As a final note, a physical interpretation of Eq. (A.5); in the
model that we propose, intracellular porosity and thus liquid pres-
sure is modelled as a continuous differentiable function of space
{coord. z) and time. In reality, it is discretized by individual biolog-
ical cells, within which the liquid pressure is constant. The pres-
sure difference exists only across the membrane and is driving
the intracellular liquid into the extracellular space, as extracellular
liquid pressure is always lower than intracellular {assuming exter-
nal pressure initially distributes itself equally on the two phases).
Thus, in order to maintain the representation of intracellular space
porosity continuous on z, the transmembrane flux has to be aver-
aged over the entire intracellular velume, replacing the local effect
of variable permeability of the cell membrane with an average per-
meability of intracellular space. Upon integrating liquid pressure
difference in this equivalent media over one layer of cells, and mul-
tiplying by k;&/u, we will obtain effectively the same liquid expres-
sion (change in &) as we would have if we were to calculate the
transmembrane flow Q.
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4.3 Paper 1'V: “Dual-porosity model of mass transport in electroporated
biological tissue: Simulations and experimental work for model

validation”

4.3.1 Introduction

The two previous works presented in this thesis (Paper 11 and Paper 111) on the development of
a mathematical model we refer to as the dual-porosity model were conceived as basic introductory
works, giving details on the theory and mathematical modelling that is the basis of the model
construction and application. The first account (Paper Il) presents the model as describing
extraction or introduction of solute by diffusion out of or into electroporated biological tissue,
where the authors used sucrose extraction from sugar beets for a simple model study aimed at
illustrating via a practical example a single model application. Furthermore, the authors suggest
two possible applications of the model for introduction of compounds into animal or plant cells.
Since the analogy between diffusion and liquid flow laws allows for a rapid adaptation of the
model for the problem of filtration—consolidation behaviour of electroporated tissue, this is the
subject of the second paper (Paper I11) on the dual-porosity principle.

In this, the third paper on the subject, the two analogues are brought together and the model
validity as well as its performance are examined by comparing experimental data with
diffusion/expression Kinetics, which result from simulations done using the proposed model. Two
kinds of vegetable tissue are used as model material, with markedly different properties (sugar
beet taproot and apple fruit), but the same methodology is employed to determine if the postulates
and simplifications during model development are justifiable, i.e. if results of model simulations
can be reconciled with those obtained via experiments and with the theory of electroporation. Paper
IV shows under what treatment conditions it is expected that the model will be insufficient to
describe experimental kinetics, since the model has been simplified in order to preserve the ability
to work with its analytical solution. This analysis is grounds for pointing the future development
of the model in the right direction and towards improvements that will need to be accomplished

for further model generalization and validation.

4.3.2 Summary

The Results in Paper 1V are presented in three main parts: The Z-index analysis; modelling the
diffusion kinetics; and modelling the expression (or filtration-consolidation) Kkinetics. First, the
paper gives the dependence of disintegration index Z on the pulse amplitude U, since electrical
treatment as applied to tissue with varying intensity. The study includes this Z-index calculation
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and analysis in order to be able to later correlate its dependence on field strength with the
subsequent (post-treatment) mass transport. Since three different treatment protocols were used in
pressing experiments, the Z-index was measured for apples for all three protocols as well.

In the second part, the experimental data on total solute concentration were fitted with simulated
kinetics obtained using the dual-porosity model. Model parameters were optimized to give the best
fit to experimental data according to the criterion function, which was the least-square-difference
temporal integral. A comparison of extraction kinetics and the values obtained for the pore surface
fraction (a parameter describing effects of electroporation to the cell membrane) confirms
expectations according to the model and the theory of electroporation; in terms of applied voltage,
and significantly higher induced transmembrane voltage due to size difference, the study finds a
lower permeabilization threshold for an average cell in apple tissue as compared to sugar beet.
There are also indications in favour of the assumption that the volume fraction of cells in apple
tissue is altered by electroporation due to irreversible damage to cells.

The pressing experiments further elucidate the behaviour of electroporated sample tissues, but
more importantly, some of the assumptions about tissue structure and electroporation effects on
diffusion can be confirmed by the presented results, and possible interpretations for the difference
in values of corresponding parameters in the pressing and diffusion case is extensively discussed
and hypothesized about. The authors conclude the presentation of results with the results of
pressing experiments done for various electrical treatment protocols. These kinetics were modelled
with the dual-porosity model and the optimal values of parameters used to obtain the best fit were
put into perspective and critically evaluated from the point of view of the theory of electroporation.

4.3.3 Conclusions

In the previous two papers (11 and I11), the authors set out to describe a new framework for
studying mass transport in electroporated tissue—i.e. the dual-porosity model of solute diffusion
and consolidation-filtration behaviour of electroporated tissue. In this paper, experiments on two
model materials, sugar beet taproot and apple fruit tissue, were used to test the model performance
and verify some of the basic model assumptions. It has been demonstrated that the model is capable
of accurately modelling extraction Kinetics obtained by diffusion as well as by pressing
experiments. During model construction, one model parameter, the pore surface fraction, was
identified as the most important parameter as a function of electroporation treatment parameters.
In this paper, however, additional important factors were identified (most importantly changes in
permeability and compressibility of tissue due to structural modifications) that reflect the

complicated nature of electric field effects on texture and mass transport in electroporated tissue.
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To develop the model further, there is a need to evaluate the influence of these additional factors,
and to mathematically describe these effects, arriving at a more generalized model solution capable
of predicting extraction kinetics based on treatment parameters and material characteristics. The
authors are confident the model can already be successfully applied to evaluate electroporation
treatment efficiency with respect to mass transport, that it can be used for optimization of treatment
parameters with prediction of treatment results, and that its further development will help
understand the phenomena related to mass transport and textural properties of electroporated
biological material.
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Electroporation or pulsed electric field treatment is an important technique for facilitating mass transport in
biological tissues with proven benefits for the food processing industry. One of the challenges in understanding
its basic mechanisms and effects is mass transport processes in treated tissue. We recently presented a
mathematical model called dual-porosity model to describe post-electroporation diffusion in biological tissue
and filtration-consolidation behavior of electroporated tissue during pressing. In this work we bring the two
analogues together and study the model's applicability and performance by comparing experimental and
simulated kinetics. We use two kinds of plant tissue of dissimilar properties {sugar beet taproot and apple
fruit}, but employ the same methodology to evaluate the validity of basic assumptions. We show that
the model describes experimental data and provides more insight into the mass transport processes during
post-pulse extraction/pressing. We comment on treatment conditions that expose limitations and indicate
possibilities for future development.

Industrial relevance: In order to study and optimize extraction processes following treatment of biological
material with electroporation {pulsed electric fields), good knowledge on mass transport processes in
electroporated tissue is of essential importance. Development, final form and application of a new mathematical
model are presented that will aid in understanding of mass transport by solute diffusion and filtration-
consolidation behavior of electroporated tissue under external pressure. It is foreseen that such a model could
be used for predictive purposes and optimization of treatment parameters in industrial applications of
electroporation, where in silicc modeling can thus help find new or improved protocols to increase efficiency

and efficacy in pulsed electric field applications.

© 2014 Elsevier Ltd. All rights reserved.

1. Introduction

The terms electroporation, electropermeabilization, and pulsed
electric field treatment, are commonly used to refer to the application
of short, high-intensity electrical impulses to biological material and
consequences that such electric pulses have on biological material
{Kotnik, Kramar, Pucihar, Milklavcic, & Tarek, 2012; Raso & Heingz,
2010; Yarmush, Golberg, Ser3a, Kotnik, & Miklav¢ic, 2014). We prefer
to and will use the term electroporation throughout the remainder of
this article. In electroporation, the electric pulses of specific parameters
are applied to the target tissue or cell suspension, the parameters
depending on the intended goal of application. Often the objectives
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de la Matigre Renouvelable, Centre de Recherches de Royallieu-BP 20529, 60205
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E-mail addresses: samo.mahnic@utc.fr, samo.mahnic®@fe.uni-1jsi,
samo.mahnic@gmail.com (S. Mahnif-Kalamiza).
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are to induce a transient increase in cell membrane permeability
{(Gehl, 2003; Haberl, Millavcic, Sersa, Frey, & Rubinsky, 2013; Marty
et al, 2006; Zorec, Préat, Miklav¢iZ, & Pavielj, 2013}, or to permanently
damage and ultimately destroy the cells {Goettel, Eing, Gusbeth,
Straessner, & Frey, 2013; Golberg & Yarmush, 2013; Jiang, Qin, &
Bischof, 2014; Morales-de la Pena, Elez-Martinez, & Martin-Belloso,
2011; Saulis, 2010). To achieve selective extraction of bio-compounds,
complete destruction of the cells is an undesirable effect leading to
impure solutions.

A closer look at the electroporation processes on the biochemical
level reveals that treatment cutcome and efficacy are largely governed
by electrical and (related} chemical properties of the treated material,
and mass transport that occurs during and after application of electric
pulses (Kotnik et al, 2012; Li & Lin, 2011a; Li, Tan, Yu, & Lin, 2013b;
Pucihar, Kotnil, Miklavcic, & Teissie, 2008; Sel et al., 2005). These prop-
erties and transport phenomena influence the development of the
electropermeabilized state of the cell membrane during electropora-
tion, and continue to be important in the post-pulsation period of pore
shrinkage, resealing, cell lysis, etc. (Reigada, 2014; Sridhara & Joshi,
2014).
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Mass transport is also of significance in light of the intended purpose
of electroporation treatment application. If electroporation is applied
to facilitate solute extraction by diffusion (increasing rate, yield, etc.)
or to change the permeability of the cell membrane and overall tissue
for improving juice expression or tissue dehydration, the mass transport
processes (both of solutes and liquid) are of primary importance and
should be the focus of study. Moreover, since much the same processes
of transport in electroporated cells and tissues are of interest in
other fields of electroporation applications, such as biomedicine—in
e.g. electrochemotherapy (Cadossi, Ronchetti, & Cadossi, 2014;
Miklavcic, Mali, Kos, Heller, & Sersa, 2014}, gene transfection (Dean,
2013), trans- and intradermal drug delivery (Becker, 2012},
etc.—the study of mass transport phenomena in electroporated biologi-
cal material is a trans-domain research field. Within this expanded field
incorporating biology, medicine, pharmacology, electrical engineering,
process and food engineering, chemistry and chemical physics, as well
as several other domains, there is an abundance of published theoretical
and experimental approaches employed to identify and describe the
basic mechanisms of electroporation. These developments and theoret-
ical advances add pieces to the greater puzzle that is the theory of
electroporation. Mass transport phenomena represent an important
integral part of this work in progress. The significance of the trans-
domain span in research on electroporation is in the analogies that
appear throughout the various domains of electroporation applications
that can complement to form a more complete and complex picture of
the effects of short-duration, high-intensity electric fields on biological
material. To illustrate with a particular example; if passive diffusion
of solute through an electroporated membrane is the predominant
mechanism of mass transport in electroporated tissue in the post-
pulse period (Pucihar et al., 2008), a study of the process is of greatest
importance to biomedicine in e.g. electrochemotherapy (introduction
of molecules of a chemotherapeutic drug into tumor cells—see sources
on electrochemotherapy cited above}, and for food processing industry
in e.g. industrial extraction of valuable compounds from their primary
biclogical sources {extraction of carbohydrates, polyphenols, lipids,
etc.} (see e.g. Boussetta, Soichi, Lanoiselle, & Vorobiev, 2014; Donsi,
Ferrari, & Pataro, 2010; Grimi et al., 2014; Liu, Lebovka, & Vorobiev,
2013).To give another example; liquid pressure gradients are present
in many of the tissues which are of interest in electroporation. Plant
cells for instance maintain their shape and plant tissue its turgidity
due to turgor pressure, resulting from a solute concentration imbalance
across the cell membrane that causes an osmotic pressure build-up
{Campbell et al., 2008; Pereira, Galindo, Vicente, & Dejmelk, 2009). In
tumors, poorly formed vascular system and lacking lymphatic drainage
system result in local gradients in interstitial fluid pressure, leading to a
higher intratumoral pressure as compared to liquid pressure in the sur-
rounding healthy tissue (Ariffin, Forde, Jahangeer, Soden, & Hinchion,
2014; Liu, Brown, Ewing, & Schlesinger, 2011; Pusenjak & Miklavcic,
2000; Simonsen, Gaustad, Leinaas, & Rofstad, 2012). Rendering the cell
membrane semipermeable in presence of pressure gradients will, in
theory, result in filtration flows in the direction opposite to that of
the pressure gradient both during and after electroporation. Pressure
gradients exist in untreated tissue (e.g. osmotic pressure, interstitial
fluid pressure) that may be of significant importance already during
application of electric pulses, and after electroporation treatment, a
pressure gradient is established by the externally-applied pressure
during the pressing stage. This is yet another mechanism of solid-liquid
mass transport of importance in relation to electroporation in two
disparate domains of electroporation application.If the same approach,
from the theoretical point of view, can be used to study two very dispa-
rate goals of electroporation application, one should need to develop
mathematical descriptions of the process physics (i.e. models) once
only for the process and then apply them, with necessary modifications,
to each particular application. Following this paradigm, we recently
published two works on the development of a mathematical model
we refer to as the dual-porosity model. The first account presents the

model as describing extraction or introduction of solute by diffusion
out of or into electroporated biological tissue (Mahni¢-Kalamiza,
Miklav(ié, & Vorobiev, 2014). We used sucrose extraction [rom sugar
beets for the model study, but also suggested two possible applications
of the model for introduction of compounds into animal or plant cells.
Furthermore, the analogy between diffusion and liquid flow laws allows
for a rapid adaptation of the model for the problem of filtration—
consolidation behavior of electroporated tissue, and is the subject of
the second account (Mahni¢-Kalamiza & Vorobiev, 2014). In the present
work, we bring the two analogues together and examine the model
validity and its performance by comparing experimental data with
diffusion/expression kinetics, which result from simulations done
using the model proposed. We use two kinds of vegetable tissue as
model material with markedly different properties (sugar beet taproot
and apple fruit}), but employ the same methodology to determine
if the postulates and simplifications during model development are
justifiable, i.e. can results of model simulations be reconciled with
those obtained via experiments. We also show under what treatment
conditions it is expected the model will be insufficient to describe
experimental kinetics, since the model has been simplified in order to
preserve the ability to work with its analytical solution. This analysis
enables us to indicate how the model needs to be expanded and to
point towards the possible improvements that will need to be accom-
plished during future development.

2. Materials and methods
2.1. Disintegration index Z

The disintegration index Z is a conductivity-based measure that
can be used to estimate the degree of tissue damage during or after
treatment—in our case electrical—and is defined as 7 = (o — ai}/(Fa
— o), where ois the material conductivity (during or at the end of
treatment protocol application}, o is the conductivity of the intact sam-
ple tissue {prior to treatment), and oy corresponds to the conductivity
of a tissue sample considered to be destroyed by the treatment, i.e.
fully treated. The value of Z increases during electrical treatment,
beginning at 0 (intact tissue) and approaches 1 (completely perme-
abilized cells—i.e. maximally damaged tissue) as the conductivity of
the treated sample increases. Various methods can be used to determine
0y; e.g. freezing—thawing or high-intensity long-duration electropora-
tion have been proposed (Vorobiev & Lebovka, 2008 ). For the purposes
of the present study, an average o4 was obtained by averaging the
measured conductivity of several tissue samples, each of which was
treated with 50 trains of 10 pulses of amplitude 400 V (per 5 mm elec-
trode distance}, pulse width 100 ps and 5 s pause in between the trains
to allow for cooling of the sample and thus avoiding thermal damage to
the tissue.

2.2. Diffusion experiments

Cylindrical samples (disks} of sugar beet taproot and apple fruit
tissue (skin removed) were obtained from 5 mm thick sugar beet tap-
root or apple fruit slices.! All samples measured 25 mm in diameter.
Each sample was subjected to electroporation treatment by applying
150, 200, 300, or 400 V between two parallel plate stainless-steel elec-
trodes at 5 mm inter-electrode distance (sample thickness). Our intent
was to subject the treated tissue to field strengths of 300, 400, 600, and
800 V/cm, respectively. Note that this would hold if the tissue were
electrically homogeneous material, and only in the central area away
from electrode edges. Rectangular pulses of alternating polarity (see
Fig. 2} of 100 ps duration each, and pulse repetition frequency of
1 kHz, were delivered within each train of eight pulses. Two such trains

! In the remainder of the paper, for brevity, we refer to «apple fruit tissue» and esugar
heet taproot tissue» as «apple tissue» and «sugar beet tissues, respectively.
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were delivered with a pause of 1 s between the two trains. This protocol
will here on be referred to as Protocol A (see Fig. 2a). The pulses were
provided by a custom-built pulse generator with peak output current
of 38 A at the maximum attainable voltage of 400 V, assembled by
Service Electronique UTC, Compiegne, France.

The samples were then removed from the treatment chamber,
after which the surfaces of the sample disks were put into contact
with absorbent paper and thus the surfaces dried, in order to remove
the sugary liquid. This liquid is present due to cutting and possibly
due to electro-osmotic or pressure-change effects that occur during
the electroporation treatment. Note that had the surfaces not been
dried, the juice on the surface would cause an immediate increase in
the sugar concentration in the solution at the beginning of the experi-
ment, resulting in kinetics also known as the “washing stage” of the
process (El Belghiti & Vorobiev, 2004). This effect is not captured
by the model, neither is it easy to subtract it from the kinetics due to
varying juice sugar concentration and amount of this surface liquid
that varies per sample. The surface-dried samples were placed into a
flask with a magnetic stirrer. The sample-containing liquid was con-
stantly agitated and sampled at regular intervals; total soluble solids
(i.e. predominantly sugar} concentration was analyzed with a digital
refractometer. The liquid-to-solid ratio was 2:1 in all experiments.

The quantity which is measured by the digital refractometer is sugar
{more precisely total soluble solids} concentration in liquid with unit
degrees Brix ("Bx}, where 1 °Bx is 1 g of sucrose in 100 g of solution
and represents the concentration of the solution as percentage by
weight (% w/w). We know the initial sugar content of the aqueous solu-
tion “Bxp (normally equal to zero), we measure and record (during
experiment) the current sugar content “Bx(t)}—i.e. the extraction kinet-
ics, and the final sugar concentration *Bxg can be determined separately.
Theoretically, “Bx4 is the total solute concentration in solution in ideal
conditions of completely permeabilized tissue and after infinite time
of diffusion. In practice, it is easily determined by measuring the solute
concentration in pure fruit/root juice, and scaling the measurement
according to the extracting liquid/juice mass ratio {also known as the
solid-liquid ratio). Since initial and maximum concentrations are
known, we can define and calculate normalized degree Brix at time
t—i.e. B(t}, as

“Bx(f) —"Bx

B(t) = ————.
( ) QBXd—DBXg

(1
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We use Normalized Brix throughout the remainder of this paper as a
measure for the amount of solute (e.g. sugar} that has diffused out of the
tissue sample in time t. It takes the values from the interval 0 < B(t} < 1,
and is dimensionless. It can be calculated from measurements with the
refractometer, according to Eq. (1). The schematic illustration of the
diffusion experiment is given by Fig. 1.

2.3. Pressing experiments

We used cylindrical samples of sugar beet and apple tissue, 25 mm
in diameter and of 5 mm thickness. The samples were placed between
two parallel plate stainless-steel electrodes, and electroporation pulses
were applied using three different protocols (see Fig. 2}. Protocol A:
The voltage was varied, using 150 V, 200 V, 300 V, 350 V, or 400 V
applied to the electrodes. Pulses of alternating polarity were delivered
in two trains of eight pulses per train, with repetition frequency of
1 kHz within the train, 1 s pause between the two trains, and 100 us
pulse duration. Protocol B: The voltage was again varied as in Protocol
A, however only two unipolar pulses were delivered of 800 us each,
and with a time delay of 1 s in between the two pulses. Protocol C:
The voltage was varied as in Protocol A and Protocol B, and eight pulses
of singular polarity were delivered, 100 s in duration each second
(Le. at pulse repetition frequency of 1 Hz). This protocol is also known
as one of the standard protocols for electrochemotherapy (Marty et al.,
2006). Note that the total treatment time t, {product of pulse duration
t,, number of pulses n, and number of trains n,} as calculated from the
pulsing protocol was the same for Protocols A and B (f; = 1.6 ms}, and
was 50% lower in case of Protocol C (t: =0.8 ms) as compared to the
two other protocols. The delivered energy in our setup as calculated
from the measured current falls between 6 ]J/kg {minimum attained
for sugar beet, Protocol €, 150 V) and 250 ]/kg (maximum attained for
apples, Protocol B, 400 V). In terms of delivered energy and treatment
time, these treatment protocols are normally not encountered in food
processing, where energies on the order of several kJ/kg are commonly
delivered to target tissues (Donsi et al., 2010; Turk, Vorobiev, & Baron,
2012). The maximum total delivered energy on the order of 0.25 IJ/kg
results—in worst case, i.e. not accounting for any heat dissipation via
electrodes or treatment chamber surfaces—in a negligible increase in
sample temperature by less than 0.1 K. This estimate is based on the
thermal capacity of apple tissue, found in Mykhailyk and Lebovka
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Fig. 1. Schematic representation of the diffusion experiment setup—electroporation treatment (left) and sutrsequent diffusion (right).
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Fig. 2. Schematic representation of the three pulse delivery protocols: Protocol A (a),
Protocol B (1), and Protocol C (c). Pulse widths and distances are to scale, except where
denoted otherwise—the *// sign indicates a break in the axis (ie. there is a 1 5 long
pause hetween every two pulses in between which the axis brake is indicated).

(2014), and known maximum energy that was delivered. We further
discuss the reasons for and implications of our particular choice of
low-intensity, “gentler” treatment protocols in Section 3.

In all cases, regardless of the electroporation protocol, the electric
treatment was followed by pressing. Electroporated samples were
immediately placed into a spedally fabricated treatment chamber and
subjected to a load of 150 N—about 580 kPa {apple}, or 300 N—about
290 lkPa (sugar beet), using a texturometer. The piston displacement
was recorded by the texturometer under constant pressure {(force)
application during 1 h.

Piston displacement equals the sample deformation along the axis of
the pressure application. At the end of Section 2.5 on the dual-porosity
model for filtration—consolidation, we show how the simulated pres-
sure distribution in sample in time can be related with the measured
deformation. This is necessary in order to enable comparison of experi-
mental and model results.

2.4. The dual-porosity model of solute diffusion

The dual-porosity approach for studying diffusion of solute in
electroporated tissue is presented in detail in MahniZ-Kalamiza et al.
(2014). Here, we give the experimental setup geometry (Fig. 3}, the
partial differential equation system (Eqs. (2)—(3)} that represents the
fundamental model equations for diffusion according to the dual-
porosity model, the appropriate boundary and initial conditions
(Eq. (4)}-(9}) and the final solution (Egs. {10}-(14})} of the system. All
but Fig. 3 are reproduced from Mahni¢-Kalamiza et al. (2014}

The fundamental model equations for the extracellular and the
intracellular phase (space) are, respectively,

2 J—
el p, Ze0 12 0] -0 @)
L&D |k o)z 0) =0 3)

where ce. and ¢; are extracellular and intracellular solute concentrations,
respectively, Ds . is the intrinsic diffusion coefficient of solute species s in
extracellular space, £ is the tissue porosity (cell-to-extracellular volume
ratio, i.e. £ = 1 — F, where F is cell volumetric fraction), and k is the
transmembrane flow coefficient defined by Eq. (15).

The boundary conditions (BC) are determined, in summary, as
follows; the left BC requires the extracellular concentration of solute
be 0 for all times, since we are working under the supposition of infinite
dilution outside the tissue sample,
Co{t)]oonss = 0. {4)

The intracellular concentration at that boundary is seemingly
undetermined, but can be expressed by combining Eq. (3} with the
left BC for extracellular space (Eq. (4}}, solving the resulting ordinary
differential equation yields

—h
() |oonsz = Cp€ - (5)
The right boundary is the plane of symmetiy—the central plane of

the tissue sample perpendicular to the principal axis of diffusion (see
Fig. 3}. At this plane of symmetry, Ficlk's diffusive flux must equal zero
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Fig. 3. Schematic representation of the pressing experiment setup—electroporation treatment (left) and subsequent pressing (right).
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for both the intra- and the extracellular phase, as there are no solute
sources or sinks (absence of chemical reactions}. We have

dc, {t) _
oz "0 ©)
de;(t) B
T @)

For the initial conditions (IC) we suppose a homogeneous initial
distribution of solute concentrations. The initial concentrations need
not be equal in the extracellular and intracellular space, which is a
valid assumption for intact or poorly permeabilized tissue where solute
remains intracellular. We define constants ¢.p and ¢ as

C.4z,0) = Cyp (8)

;(z,0) = cyp. (9

The solution of the system of partial differential equations (Egs. (2}—
(3)} for BCand IC (Eqs. (4)-(9)}} is

Ao e (1) Yort { Y1 ) Yozt [ Vn2 ))
C.(z, 1) - n502n+1 08 (AZ}| Cypqe - + 1] +C,qe < RACUNEE |
(10)

cos (A,2) (CMe"’“1t + Cn‘ze”“-sze_kt) + e,

(11

where

(E2 1)
Cna = I'Y 1= Va2 (12

(-2
Chz= W: (13)
and

—(3+ Dk+AD,, ) = \/((8 kA, )4k 2D,,
Vi, = 5 ,

(14)

where for the sake of algebra we have set & = (1 — £}/&. The eigenvalues
Aqequal A, = (2n + 1) -m/h

The transmembrane flow coefficient (also termed mass transfer
coefficient}) k is the critical constituent of the model capturing the
electroporation effects on the cell membrane. If cells can be modeled
as perfect spheres of radius R and membrane thickness dp, D is the
solute diffusion rate in water at a given temperature, y, is the pore
diffusion hindrance coefticient and f; is the stable pore surface fraction
{fo = Ny Ap/Ap, where Ny is the number of pores per cell, A, is the
average single pore area and Ay is the cell area equaling 4nR?}, we can
determine k as

3Ds0y:fy

= d.R

(15)
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The electroporation treatment affects the pore surface fraction f; as
well as the hindrance coefficient y,, assuming the radius of an average
stable pore is dependent on treatment parameters. For more details
on the hindrance coefficient and k, see Mahni¢-Kalamiza et al. (2014).

2.5. The dual-porosity model of filtration-consolidation under external
pressure

There is an obvious analogy from the mathematics and physics point
of view between the Fick’s law of diffusion and Darcy’s law of liquid flow
in porous media. The dual-porosity model as given by Egs. (2}-(3) can
therefore also be written to describe filtration-consolidation behavior
of tissue under applied pressure, the model formulation remaining
much the same, except for some replacements, omissions and added
details. Namely, the diffusion rate D, is replaced by the hydraulic
permeability k. of the tissue over viscosity g, ie. ko/u, and the mass
transport coefficient k by a similar proportionality coefficient « over
viscosity, Le. afp. We account for the initial tissue porosity £ already by
permeability k. and compressibility modulus G, . that are not intrinsic,
but rather quantities volume-averaged throughout the whole sample
(for explanation see Section 3.2.1.1 in De Monte, Pontrelli, & Becker,
2013}, and thus we drop the factor (1 — £)/s. And finally, the concentra-
tion gradients are replaced, as the driving forces of the transport
processes, by the liquid pressure gradients, and thus concentrations ¢,
and ¢; are replaced by liquid pressures p. and p;. We have, as analogues
to the diffusion fundamental model equations (Egs. {2)-(3}), the
following equations

1 dp, @ /kipy o

o T3 % () oo =0 (19)
1 ap; _

ot e AR (7)

These equations are, as in the diffusion problem, derived from the
law of mass conservation. However, as opposed to solute concentration,
which is both the measured/observed quantity and (via its gradient) the
originating force for the diffusive solute flow, the liquid pressure though
a driving force is not itself a subject of the mass conservation law. It has
to be related to the conserved density and, consequently, the porosity of
the respective phases by the compressibility moduli. More details on this
can be found in Mahni¢-Kalamiza and Vorobiev (2014). Compressibility
modulus or its inverse, the bulk modulus, is traditionally defined as a
relative change in volume (or void ratio) in response to a given pressure
change. If void ratio e denotes the ratio between the void (liquid) and
solid phase within the intra- and extracellular space, compressibility
moduli can be determined {rom

de, _ 0Op, Qe
Tt & Bpe 5

1 dp,

oo 3 (18)

de,  dp; de, 10
W s GO (12)

The bulk moduli G, and G; relate the change in void ratio with the
loss of liquid pressure. In experiments we measure piston displacement
and thus tissue sample deformation, and this measured deformation is
more closely related to porosity (void to total volume ratio} than to
the void ratio itself. For this reason, we have redefined the bulk moduli
via averaged porosity of each space, so that

= =2
Ga‘e = Ge(] + ee) (20)
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= _.2
Gy =Gll1+8)" (21)

Note that in all but Egs. (20}-(21}, we omit the notation for
averaged values. This definition makes initial estimates for the moduli
readily obtainable from total- or end-deformation points reached in
experiments. However, there is a trade-off. Averaging the void ratio, a
function of both space and time, and assuming it constant, narrows
down the generality of the model. It is now valid for a particular
segment of the parameter space that demands the piston displacement
be small as compared to the thickness of the entire sample. This
condition is met if the tissue is not severely damaged by the applied
treatment, something we have to keep in mind when interpreting
model results. A more general approach omitting these simplifications
is highly demanding in mathematical terms and unwieldy for analytical
treatment (Petryl & Vorobiev, 2013).

To solve the system of Egs. (16)}-(17), we need appropriate
boundary and initial conditions. The initial conditions can be rewritten
from Egs. (8}-(9} by simple replacement of concentration with liquid
pressure, obtaining

pe(z= 0) =Peo (22)

pi{z.0) = pio. {23)

On the other hand, the boundary conditions are somewhat different.
There is no central plane of symmetry in the mid-section of the
tissue sample {see Fig. 4). Instead, we have a no-flux boundary at the
sample—piston contact surface

_
z=i 0z

ap.

5t =0 (24)

z=h

and free flow of liquid at the sample-porous support contact surface
Pelzo =0 (25)

while the intracellular liquid pressure BC calculation at this surface
follows the same logic as with the diffusion problem, giving

e

Pil:co =Po e {26)

The solution of Egs. (16)-(17) under IC and BC Eqgs. (22)-(26) is
analogous to the one for the diffusion problem, with the sole exceptions

Z-axis
(the principal axis of diffusion)

upper surface
boundary condition (BC)

lower surface BC
(equal to upper)

Fig. 4. Schematic representation of the tissue sample as used in the diffusion
experiment—the model geometry, coordinate system and houndary conditions (BC).

of sine replacing the cosine in the Fourier series and updating the
eigenvalues, due to different boundary conditions (Fig. 5)

P ) =Sl (1) (1)) sin (500

(27)

pilz.t) = %Z ! (C1e‘yn'1t + CZEV“'their_lt) sin (Mz)
=0

2n+1 2h
1
+pee "
(28)
where
C, =—=! 22
! 'Yn'l 7’Yn‘2 ( )
(] _@)T—l + Vi1
Cz — Pio (23)
’Yn‘] 7’}':‘1'2
and
GRS ERVICET RPNV S
Y, = 7 . (24)
For the sake of algebra, we have set
k.G _ ol G
[t i PR S i (25)
H Gai

and the eigenvalues A, equal A, = (2n + 1} - m/2h.

Once liquid pressures are known, we can use Egs. (18)-(21} to
calculate the sample deformation. If we use the dimensionless deforma-
tion s.(t} normalized to the initial sample height, we have

So() _ 1 1pwetzol 11 azo)
S(f) =5 =— Lol ies dpe‘dz+G—gi_[0JAp“[z‘t]dpi‘dz. (26)

The remaining parameter in need of some explanation is the dimen-
sionless factor &, which accounts for the influence of the electroporation
treatment on hydraulic permeability of the cell membrane. According to
the theory presented in Mahni¢-Kalamiza and Vorobiev (2014}, for a
spherical cell of radius R, with a stable pore surface fraction f;, consisting
of N, pores of an average radius r,, it can be written as

er2
P IF 27
T {27)

where k, = TS/S is the hydraulic permeability of a single pore.
3. Results and discussion

In this section we present experimental results obtained as
described in Sections 2.1-2.3 of the Materials and Methods, the results
of model simulations and data fitting, and a discussion on model-
experiment correspondence and significance of the necessary alter-
ations in parameter values.

First, we present the dependence of disintegration index Z on the
pulse amplitude U (Fig. 6). The bars give standard deviation. Note that
the voltage was applied to the electrodes 5 mm apart. Under ideal con-
ditions (homogeneous material, sufficient distance from electrode
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Fig. 5. Schematic representation of the tissue sample as used in the pressing
experiment—the model geometry, coordinate system and boundary conditions (BC).

edges), the applied voltage would result in exposure of tissue to a
homogeneous electric field of strength £ = U/d, where U is the voltage
applied and d the electrode distance (d = 5 mm for all samples in this
study}. For clarity of presentation, the insert in Fig. 6 gives the depen-
dence for sugar beet tissue only, since the Z response for sugar beet is
about an order of a magnitude lower as compared to apple.

We measured Z in order to correlate its dependence on field strength
with the subsequent { post-treatment) mass transport. Since we used
three different treatment protocols in pressing experiments, we
measured Z for apples for all three protocols as well. The conductivity
of completely damaged tissue o4 was determined according to the
method described in Section 2.1, and was equal to 20 mS for sugar
beet and 10 mS for apple tissue.

The relatively low values of Z can be attributed to the particular
treatment protocols used. We chose short treatment times and low
voltages that should result in not only irreversible damage to the tissue,
but also a significant fraction of reversibly electroporated cells. This is
necessary in order to demonstrate the use of the dual-porosity model.
If we would have permanently and completely damaged the tissue by
irreversible electroporation, we would not have been able to show the
influence of the porosity of the electroporated transport-hindering

—o—Protocol A, apple
—%— Protocol B, apple
Protocol C, apple
Protocol A, sugar beet

0320 ]
15 % ‘%
0.25

02

015

01
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o
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applied voltage U [V]

Fig. 6. Disintegration index Z as a function of voltage applied to the electrodes and
treatment protocol (the latter for apples only).
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membrane. The kinetics of extraction from tissue that has been
electroporated to a high degree (7 = 1} can satisfactorily be represented
using a much simpler model of extraction from homogeneous material
{Lebovlka, Shynkaryk, El-Belghiti, Benjelloun, & Vorobiev, 2007). Treat-
ment protocols used to attain high Z values usually entail the use of hun-
dreds of trains of several pulses or several trains of hundreds of pulses,
totaling in treatment times of around 100 ms {Lebovka et al,, 2007). In
our experiments, the total treatment time never exceeded 1.6 ms.

Use of low-intensity electroporation of biological tissues is not
without possible applications in the processing industry. It may open
up new possibilities in selective extraction of intracellular compounds,
further increasing the purity of juice or extract (Grimi, Praporscic,
Lebovka, & Vorobiev, 2007). Or, as in the case of tissue impregnation
for e.g. cryopreservation {Shayanfar, Chauhan, Toepfl, & Heinz, 2013),
low permanent damage to cells still facilitating molecule uptake
(reversible electroporation) is preferred over irreversible damage, as
one of the objectives is to preserve the tissue textural properties.

3.1. Diffusion experiments

Fig. 7 gives extraction kinetics obtained in diffusion experiments
as described in Materials and Methods (Section 2.2). Experimental data
on total solute concentration were fitted with simulated kinetics obtain-
ed using the dual-porosity model. Model parameters were optimized to
give the best fit to experimental data according to the criterion function,
which was the least-square-difference temporal integral. Parameter
values are listed in the Appendix, Table A.1, and pore fraction coefficient
[ 1s additionally given (for convenience) in the legend entries (Fig. 7).

First thing to note comparing Fig. 7a to b, is the comparatively higher
yield of soluble solids (predominantly sucrose in sugar beet; and a
mixture of sucrose, fructose, and glucose in apple—see e.g. Fuleki et al.,
1994) at the end of the 2-h experiment/simulation. In 2 h and given
the same applied voltage, more than twice the fractional amount of
total solutes detected by the refractometer is extracted from apples as
compared to sugar beet. We present two plausible explanations for
this difference in final yield: i} that cells of apple tissue were perme-
abilized to a significantly higher degree when same voltage was applied
to the electrodes; and/or i} that extracellular space in apples is far more
permeable to sugar molecules than in sugar beets. Neglecting the effects
of possible differences in membrane composition and electrochemical
properties of the liquid medium between the two materials, we suggest
three other factors to account for this difference in yield: i} larger cells in
apple tissue (50 um as opposed to 200 um in diameter for sugar beets
and apples, respectively; Buttersack & Basler, 1991; Harker et al.,
2010) result in a higher induced transmembrane voltage, causing
more intense permeabilization, which is achieved at lower applied
voltage; ii} apple tissue is not as compact as sugar beet, the amount of
extracellular space is comparatively larger in apples than in sugar
beets, leading to a higher rate of diffusion in the extracellular
space—note that we suppose the extracellular air is locally replaced by
intracellular liquid released from cells at the onset of electroporation
or shortly thereafter; and i) the high induced transmembrane voltage
on large apple cellular membranes possibly results in irreversible dam-
age to the membranes, thus increasing the intra-to-extracellular space
ratio {effectively lowering the cell volume fraction F).

A comparison of extraction kinetics in Fig. 7 and the values of f,
(see Appendix, Table A.2}, confirms expectations according to the
model and the theory of electroporation; in terms of applied voltage,
and significantly higher induced transmembrane voltage due to size
difference, we find a lower permeabilization threshold for an average
cell in apple tissue as compared to sugar beet. If an average sugar beet
cell is much smaller than an average cell in apple tissue, electroporation
occurs at correspondingly higher electric field strength, requiring higher
applied voltage for a comparable effect. The pore surface fraction (f,) is
on the same order of magnitude at 150 Vin apples (f, = 0.8 = 10 —5yas
that in sugar beet, but at 300 V (f, = 0.9 x 10~ 5y, This also indicates that
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Fig. 7. Results of diffusion experiments (Protocol A) and model simulations of extraction
kinetics, for sugar beet (a) and apple (b) tissue. Plot (c) gives the dependence of B at the
end of the experiment (ie. By) on voltage applied to the electrodes.

we are above the threshold of irreversible electroporation for a
large range of cell sizes in apple tissue for voltages above about 200 V,
which is reflected in practically insignificant differences in final yield of
solutes from apples at 200, 300, and 400 V applied on electrodes (see
Fig. 7¢).

There are also indications in favor of our assumption that the volume
fraction of cells in apple tissue is altered by electroporation due to
irreversible damage to cells. We observe the behavior of one of the
model parameters (namely F}, which needs to vary in order for the
simulation to be able to fit the experimental data. Not supposing serious
alterations in apple tissue composition (for instance, a decrease in cell
volume fraction from initial value of 0.75 for intact apple tissue to
0.265 at 400 V), the model cannot possibly describe the behavior
observed in diffusion experiments (the measured yield at the end of
the experiment is much too high in comparison to model results, for
any value of fp). This difference cannot be accounted for merely by
assuming a higher extracellular diffusion rate (via a strong influence
of convective flow for instance}, as this would result in simulated
extraction kinetics incompatible with experimental data. This reasoning
is supported by yet another observation in diffusion kinetics; the kinetics
after the first 30 min of experiment exhibits an almost linear behavior in
sugar beet, whereas in apples a strong exponential nature of the process
is clearly discernible. According to the theory of the dual-porosity model,
the behavior as exhibited by apple tissue is expected of a homogeneous
material. The lower the volume fraction of cells F, and the higher the
fraction of pores on electroporated cells f,, the more tissue behaves as
homogeneous material (i.e. of singular porosity}. We can conclude that
irreversible electroporation is, from the dual-porosity model point of
view, altering tissue composition by rendering cells or domains of cells
in tissue into extracellular space, effectively lowering the cell volume
fraction in tissue and increasing its bulk porosity.

To conclude the analysis of diffusion experiments, we compare the
Z(U} dependence (Fig. 6) with extraction kinetics (Fig. 7a,b). The value
of disintegration index 7 at 400 V is an order of magnitude lower for
sugar beet as compared to apple. However, the resulting extraction
yield after 2 h of extraction does not reflect such significant difference.
Also, Z measured on apples seems to have an almost linear dependence
on applied voltage after the reversible threshold is reached (around
150 V), whereas a clear sigmoid dependence was found for sugar beet
tissue. If we compare this with extraction kinetics, we would expect
exactly the opposite behavior as is shown in Fig. 7; apple tissue more
clearly exhibits a threshold phenomenon, whereas the sucrose yield in
sugar beet seems to increase almost linearly between 150 and 300V
applied to the electrodes (see Fig. 7c). In sugar beet, at about 300 V,
the reversible field strength threshold of an average cell seems to be
reached, and the final sucrose yield increases in disproportion to the
increase in applied voltage. Increasing this voltage further above the
reversible field strength threshold, we would probably have observed
a similar threshold in terms of yield, as we did for apple tissue. To
complement these observations, Fig. 8 shows the relationship between
the final normalized degree Brix, B: (total yield at the end of the 2-h
experiment/simulation run}), and the disintegration index Z The
threshold nature of the electroporation phenomenon is clearly visible;
the B:(Z) linear correlation coefficient for both apple and sugar beet
tissue is only around 0.91. Near the critical electric field strength, a
small increase in the disintegration index does not reflect in a propor-
tionally small increase in solute yield. The By{(Z) and B:UJ} dependencies
indicate that the reversible field strength threshold of an average sugar
beet cell is somewhere above 600 V/cm (note the 5 mm electrode
distance}, while for apple, the corresponding value is estimated to be
just under 300 V/cm. The conclusion is that although 7 is a valuable,
simple and efficient method of detecting and quantifying tissue electro-
poration, due to the threshold nature of electroporation, use of
Z in predicting aspects of extraction behavior should be carefully
{re}examined, at least for protocols resulting in more “gentle” perme-
abilization (i.e. at low values of 7). Measuring conductivity and
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conductivity-based indices are, however, valuable tools in detecting
reversible electroporation (Pavlin & Miklavcic, 2008).

3.2. Pressing experiments

Figs. 9 and 10 give pressing kinetics obtained from a texturometer
during constant pressure application, as described in Materials and
methods {Section 2.3). Experimental data on total tissue sample defor-
mation were fitted with simulation results using the dual-porosity
model. Parameters for simulation were optimized to give the best fit
with experimental data according to the same criterion function, as
was used for the diffusion experiments. Parameter values are listed in
the Appendix, Table A.2. Fig. 9 presents extraction kinetics for the two
materials as dependent on applied field strength, while Fig. 10 gives
expression kinetics for apple tissue using three different protocols
(A, B, and C} at three voltages (200, 300, or 400 V).

The pressing experiments further elucidate the behavior of
electroporated sample tissues, but more importantly, some of our
assumptions about tissue structure and electroporation effects on
diffusion can be confirmed by results presented in Fig. 9.

Analogous to the total soluble solutes yield in diffusion experiments,
is the total sample deformation at the end of the 1-h pressing experi-
ment. The filtration-consolidation kinetics at 300, 350, and 400 V
voltage applied to the 5 mm tissue sample does not differ significantly
for apple tissue (see Fig. 9¢), while for sugar beet, the final deformation
seems to exhibit a roughly quadratic dependence on electric field
strength ( this dependence was approximately linear in diffusion exper-
iments). This confirms the earlier observation of the lower electropora-
tion threshold for cells in apple tissue. We note that precise cutting and
rigorous control via measurements are required to ensure that initial
sample thickness is constant in all of the experiments, as an error on
the order of 0.5 mm in sample thickness can result in contradictive
results (higher final deformation at lower voltage, for example).

Also, the highly compressible extracellular space (about 30% of all
sample volume) containing some air and extracellular liquid in intact
apple tissue (Fig. 9b}, results in a relatively high total sample deforma-
tion, as compared to the more densely-packed sugar beet tissue with
liquid-filled extracellular space. Note that we did not model the pres-
ence of air in the extracellular space of apple tissue; we are assuming
that the extracellular air is driven out of the compartments in tissue
by intracellular liquid that permeates through the cell membranes at
the moment of electroporation or soon thereafter. This can at times be
visually observed via appearance of small bubbles of air, provided that
a transparent treatment chamber is used and there is enough liquid
{juice) around the sample.
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Furthermore, final total sample deformation changes most dramati-
cally when applied voltage is increased from 300 to 400 V in sugar beet
and from 150 to 200 V in apple tissue (Fig. 9¢}. This would indicate that,
for the pulsing protocols we used, the reversible threshold field strength
of an average sugar beet cell is above 600 V/cm, and for the apple this
threshold falls somewhere below 300 V/cm (values are estimated
based on voltage applied to electrodes over a 5 mm distance}. More
experiments would be needed for more precise estimates, however,
values obtained by analysing pressing experiments are in good agree-
ment with earlier estimates presented in discussion of diffusion data.
Also note that using a different treatment protocol (altering the dura-
tion and/or number of pulses, temperature, etc.} can result in markedly
disparate estimates of the electric field strength required for electropo-
ration, see e.g. (De Vito, Ferrari, Lebovka, Shynkaryk, & Vorobiev, 2008;
Lebovka et al., 2007}

A noticeable difference in the consolidation-filtration behavior
(apple vs. sugar beet) is caused by the higher extracellular hydraulic
permeability of ripe apple. The factor is about 1.5, according to estimates
from literature (see Table A.1). However, both the extracellular perme-
ability of apple and of sugar beet tissue had to have been augmented by
afactor of 2.5 and 1.5, respectively, in order for the model to successfully
fit the experimental extraction kinetics. The extracellular space perme-
ability is potentially a problematic parameter for evaluation; it is time-
dependent (it drops in time due to compression of the sample}, it
cannot be reliably estimated from pressing experiments on intact tissue
(only by special, pressure probe or similar experiments), and it is affected
by the electroporation treatment as well as a function of ripeness and
other biological variables. As discussed in the preceding section on diffu-
sion experiments, electroporation may affect the effective cell volume
fraction in tissue, thus reducing hydraulic resistance of tissue, and it
may also increase permeability through release of turgor pressure in
electroporated cells and consequent plasmolysis {Bazhal, Neadi,
Raghavan, & Nguyen, 2003; Fincan & Dejmel;, 2003; Pereira et al,, 2009).

According to the theory of electroporation, higher electric field
strength results in a larger area of a cell membrane populated by
pores, and thus a larger pore surface fraction per cell (Pavlin &
Miklavcic, 2008). For this reason, we modeled electroporation effects
on cells in tissue via the parameter f,—the pore surface fraction. We
expect that, given the same treatment conditions and raw material,
the pore surface fraction will not depend on whether we are observing
diffusion or liquid extraction by pressing. However, comparing values of
parameter f, in Table A.2, we notice a large discrepancy—a difference of
about two orders of magnitude in values of f, when comparing apple
tissue in diffusion experiments with pressing experiments. If pore
surface fraction is only a function of electroporation parameters (and
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according to the theory of electroporation, it is), this observed discrep-
ancy cannot be explained. A possible non-trivial explanation (in the
trivial one we conclude that one or more of the model assumptions
are wrong} is in the fundamentally different methods of estimation of
parameter f,. Parameter f, is one of the factors in a coefficient, a product
of multiple parameters, which describes the state of membrane perme-
abilization. In the dual-porosity model equations for diffusion, pore
surface fraction is multiplied with the hindrance coefficient, y;. This
parameter relates transmembrane solute diffusion rate with the
solute-to-pore size ratio. The relationship is highly non-linear (see
Mahnié-Kalamiza et al., 2014). In diffusion experiments with sugar
beets or apples, what the pore surface fraction estimate is based on, is
the amount of solute detected in the solution outside the tissue sample.
The solute is predominantly sucrose {or a mix of sugars}), with the
hindrance coefficient around 10~ 3, calculated based on a supposed
average and constant pore size. In pressing experiments, the molecules
traversing the membrane are not merely sucrose and molecules
dissolved in water small enough to pass through the pores, but are
primarily the molecules of solvent itself, i.e. intracellular water. More-
over, the hydraulic permeability of the membrane is a product of the
pore surface fraction and the assumed constant radius of an average
pore. A 10-times larger pore in diameter has a 100-times greater
hydraulic permeability. This indirectly implies that in pressing experi-
ments, what we are also measuring is the surface fraction of all pores,
those permeable to sugars and those small enough to be permeable
to water only. This could also explain why the initial value of f, for intact
tissue, as estimated from pressing experiments, is four orders of magni-
tude higher than the corresponding value as estimated from diffusion
experiments; there are always water-permeable pores, aquaporins
{Agre, Sasaki, & Chrispeels, 1993}, present in the plasma membrane!

Fig. 10a-c shows the most effective {though not necessarily most
energy efficient) treatment protocol for enhancing juice expression
from apple tissue is Protocol B, in which only two unipolar pulses 1 s
apart of 800 ps in duration each were applied. The reason for the differ-
ence in effectiveness of Protocols A and B might be, as already postulated
by De Vito et al., in the longer membrane charging times, required for
electroporation of large cells in apple tissue (De Vito et al., 2008). Another
possibility is the uncharacterized effect of electrokinetic transport
mechanisms (electroosmosis, electrophoresis} that may play a signifi-
cant role in unipolar pulses on the order of about a millisecond.

Fig. 10a—c also illustrates that Protocol C, with half the total treat-
ment time and carrying between 55-64% (at 400 V) and 78-85% (at
150 V) the energy of Protocols A and B (estimates based on current
measurements), is most sensitive to pulse amplitude (also seen in the
alternative view, Fig. 10f). Protocol A, by means of which two trains of
eight bipolar pulses of 100 us each were delivered, shows least sensitiv-
ity to pulse amplitude in tissue response (see Fig. 10d}. Comparing
results in Fig. 10d-f suggests an interesting conclusion; choosing the
right treatment protocol (in this case either Protocol A or B, but not
C} can at best result in a 40% relative increase (an extra 20% in absolute
terms) in juice yield at twice the field strength (400 V as opposed to
200 V}—case of Protocol B. However, doubling the pulse amplitude
{and thus, theoretically, at least quadrupling the delivered energy—in
practice, the current more than doubles) can have almost negligible ef-
fects on juice yield—case of Protocol A. In summary, our results indicate
that it is more energy efficient to search for the most appropriate pulsing
protocol (depending on material and other treatment and/or processing
parameters} and use the lowest sufficiently high voltage, rather than
adapt and continue to use a particular protocol that has once proven
to be effective and merely increase the voltage until reaching the desired
outcome of treatment {e.g. target yield). This observation is of significant

Fig. 9. Results of pressing experiments performed on the texturometer and model simula-
tions of extraction kinetics, with sugar beet (a) and apple (i) tissue. Plot (c) shows the
dependence of sample deformation s at the end of the experiment (ie. s¢) on voltage
applied to the electrodes. All samples were electroporated according to Protocol A
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Fig. 10. Protocol comparison at fixed applied voltage during electroporation treatment—results of pressing experiments and model simulations using the dual-porosity model. For clarity,
the same results are presented twice—for different voltages applied at the electrodes: 200 V (a), 300V (b), or 400 V (c); and grouped by one of the three protocols used: Protocol A (d),

Protocol B (e), and Protocol C ().

importance if we consider the transfer from laboratory to industrial
scale, as it has implications in operational cost red uction.

Results with Protocol Cshow that we can also design and apply treat-
ment according to a protocol that exhibits high sensitivity to pulse ampli-
tude. This may be due to significant effects of pore resealing during the
second-long pauses between the pulses, as applied according to Protocol
C; in other words, the 100 ps pulses spaced 1 s apart may not be able to
stabilise a pore population at lower field strengths. This reasoning is sup-
ported by observations in animal cell electroporation (Pucihar, Krmelj,
Reber3el, Napotnik, & Miklav¢id, 2011} The investigation into various
treatment protocols highlights the importance of choosing the optimal
parameters of electroporation treatment for achieving extraction efficacy
and energy efficiency, at least under conditions of low-energy, “gentle”
(low Z} treatment, using few pulses of relatively short duration (on the
order of about 10-100 ps, with total treatment times of 0.1 up to several
milliseconds} and low field strengths (under 1 kV/cm).

If we examine the parameters of the dual-porosity model (Appendix,
Table A.2} to look for indications of behavior just described, we notice
that with the exception of Protocol C, there are no significant deviations
from the mean value at the given pulse amplitude. This suggests that
pore fraction ratio is indeed, as expected, primarily a function of pulse
amplitude. What the protocol parameters seem to influence are the
compressibility moduli. From the electroporation theory point of view,
we postulate that what the compressibility moduli in some way reflect,
are the respective fractions of reversibly and irreversibly electroporated
cells. Extracellular space compressibility modulus determines the total
relative deformation in the first few seconds to minutes of the pressing
experiment. During this first stage, extracellular juice and juice that was
or can be released {rom irreversibly damaged cells is expressed via the
extracellular pathways, which are highly permeable. During the second,
less dynamic stage, juice is first filtered through the electroporated cell
membranes into the extracellular space, as described by the dual-
porosity model, and then vacates the tissue sample via the extracellular
route. The resulting deformation corresponds to the share of reversibly
electroporated cells and is related to the applied pressure via the
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intracellular space compressibility modulus. The main difference be-
tween Protocol A and Protocol B is found in the values of the compress-
ibility moduli, which indicates that different protocols affect the ratio of
(ir}reversibly electroporated cells differently. This is consistent with
theory of pore formation and its dependence on local electrochemical
material properties. In this respect, Protocol C is particularly interesting;
it exhibits the highest ratio of extra-to-intracellular compressibility
modulus of all protocols, and the highest sensitivity of pore surface
fraction to pulse amplitude, the latter reaching the highest value of all
protocols at 400 V pulse amplitude. This is a characteristic of a protocol
optimized for achieving reversible electroporation—the ratio of
reversibly-to-irreversibly electroporated cells is high (low permanent
damage} and reversibly electroporated cells’ membranes are highly
permeabilized. Not surprisingly, Protocol C is one of the standard
protocols of electrochemotherapy (Lebar, Sersa, Kranjc, Groselj, &
Miklavcic, 2002; Mir, Orlowski, Belehradek, & Paoletti, 1991) and gene
electrotransfer (Mir et al., 1999}, designed for causing minimal lasting
damage to tissues and effective reversible electroporation for introduc-
ing molecules into target cells.

As the final point, we note the relatively low pressure used for juice
expression in our model and experiments. The pressure was either
5.82 bar (sugar beet} or 2.91 bar (apple). This is low in comparison
with similar filtration-consolidation behavior studies, where pressures
from 1 bar up to 90 bars and higher are used (Grimi, Vorobiev,
Lebovka, & Vaxelaire, 2010). This also significantly increased the re-
quired experiment duration in our case. We chose low external pressure
in order to avoid very important mechanical damage to tissue. If we
wish to experimentally observe and model filtration through an
electroporated membrane, the integrity of the cell membrane should
not be significantly altered due to the applied pressure. We chose the
pressure for apple tissue so as to remain well under the saturation
limit (s = 1) at the end of the 1 h experiment, and though the pressure
used for sugar beet could have been further increased according to this
saturation criterion, we were limited by the maximum load capabhilities
of the texturometer.
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3.3. Problems, perspectives and directions for future development

The results presented in the preceding sections show that the dual-
porosity model can be effectively used to model experimentally-
obtained extraction kinetics. There remain, however, several issues
that reduce the scientific rigor of the model when applied to practical
proeblems in tissue electroporation. One of these issues concerns treat-
ment parameters in ranges where there may be significant effects to
tissue and transport that are not accounted for by the model. This can
occur, for instance, under conditions that result in tissue electroporated
to a high degree (Z = 1}, or by using a treatment protocol where electro-
kinetic effects (electroosmosis, electrophoresis} are of significant
importance, as these are not captured by the model equations (Li &
Lin, 2011b; Li, Tan, Yu, & Lin, 2013a; Movahed & Li, 2012; Sadik, Li,
Shan, Shreiber, & Lin, 2013). Electrokinetic effects may already be
important under conditions used in this study (up to 800 us pulses).
High degree of electroporation causes problems to modeling of the
structure and processes due to irreversible damage to tissue; the
model provides parameters that can account for the transition of intra-
cellular to extracellular phase (volume fraction of cells and compress-
ibility moduli}), however, as the fraction of irreversibly electroporated
cells cannot easily be determined, this unknown variable presents a
degree of freedom in the model that influences simulated kinetics
muchin the same way as the pore surface fraction, the only theoretically
determined electroporation-dependent parameter. Recent experiments
have shown that future development of the model in the direction of de-
termining reversible/irreversible electroporation thresholds and local
damage distribution is unavoidable, as these changes are as important,
if not more important, than the permeabilization state of the membrane.
In order to model the extent of damage and its distribution, statistical
cell size and shape distributions and local inhomogeneities, tissue con-
ductivity and its temporal evolution, and electrokinetic effects will
have to be considered. Also, pores resulting from electroporation have
a temporal cycle of evolution (e.g. changing size, resealing) that has
not been taken into account so far. In conclusion, a more generalized
form of the model is required, which entails the need to increase
model complexity, and each such expansion or addition must be inde-
pendently verified, followed by an evaluation of its impact and thus
necessity.

4, Conclusions

In our previous papers we set out to describe a new framework for
studying mass transport in electroporated tissue—i.e. the dual-porosity
model of solute diffusion and consolidation-filtration behavior of
electroporated tissue. In this paper we describe experiments on two
model materials, sugar beet taproot and apple {ruit tissue, which we
used to test the model performance and verify some of the basic
model assumptions. We have demonstrated the model is capable of
accurately modeling extraction kinetics obtained by diffusion as well
as pressing experiments. During model construction, we have identified
and chose one model parameter, the pore surface fraction, as the most
important parameter that is a function of electroporation treatment
parameters—the local electric field strength, pulse number, and pulse
duration. In this work, we have identified other important factors
(most importantly changes in permeability and compressibility of tissue
due to structural modifications} that reflect the complicated nature of
electric field effects on texture and mass transport in electroporated
tissue. To develop the model further, we need to evaluate their influence
and mathematically describe these effects, to arrive at a more general-
ized model solution, capable of predicting extraction kinetics based on
treatment parameters and material characteristics that can be obtained
either from literature or estimated by independent experiments. We are
confident the model can already be successfully applied to evaluate elec-
troporation treatment efficiency with respect to mass transport, that it
can be used for optimization of treatment parameters with prediction
of treatment results, and that its further development will help under-
stand the phenomena related to mass transport and textural properties
of electroporated biological material.
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Appendix A
Table A1
Parameters of the dual-porosity model pertaining to tissue textural, geometrical or physicochemical properties, not dependent on electroporation.
Parameter Sugar beet Apple Source [if applicatle)
Average cell radius, R [m] 25-107° 1.0-1074 (Buttersack & Basler, 1891; Harker, Redgwell, Hallett, Murray, & Carter, 2010)
Literature-based estimate of cell initial volume fraction, F[-] 0.57 0.75 (Richter & Ehwald, 1583; Vincent, 1989)
Sucrose diffusion constant in water at 26 °C, Dy [m? 571 45- 1071 45-1071® (Linder, Nassimbeni, Polson, & Rodgers, 1976; Venancio & Teixeira, 1997)
Extracellular network tortuosity, 7. [-] m/2 (~1.57) n/2 (~1.57) n/a (approximation explained in Mahnic-Kalamiza et al., 2014)
Sucrose-to-pore hydrodynamic radius ratio, r/ry 0.85 0.85 (Mahnic-Kalamiza et al., 2014)
Convection factor, f; [-]* 1 2.5 nfa
Membrane thickness, dy, [m] 5.107° 5.107° (Stewart, Gowrishankar, & Weaver, 2004)
Single (average) pore hydraulic permeability, k, [m?] 1.25- 107" 125-107"° (see Mahni& Kalamiza & Vorolbiev, 2014)
Solvent viscosity, ¢t [Pas] 1673 1072 dynamic viscosity of water
Extracellular hydraulic permeability, k., [m?] 15107 2.25- 107" (Tomos, 1988)
Extracellular hydraulic permeability correction factor, fi [-]° 1.5 2.5 nfa
Spherical cell squared surface-to-volume ratio (for ), 9/f* [m?] 1.44 - 10" 9.00 - 10% n/a

Applied (via piston) external pressure, Fg [MPa]

0.582 (5.82 bar) 0.281(2.91 bar) n/a

* The convection factor augments the extracellular diffusion rate (D5, = Dse / 7. - f) to account for the effect of convection (washing out) of solute from the tissue samples due to
solvent agitation. It was computationally determined based on comparison of model predictions and experimentally observed kinetics of solute percolating through the tissue matrix out of
samples into the solvent The effect was observed in apple tissue but not in sugar beets. The reason for this may be the relatively low packing ratio (cell-to-cell contacts, void extracellular
space) of apple tissue (Harker et al, 2010 ). In part, the faster rate of diffusion can also be attributed to sugar composition in apple fruits; compared to sugar beet taproots, there are significant
amounts of fructose and glucose present, molecules which are smaller than sucrose and with higher diffusion coefficients (Fuleki, Pelayo, & Palabay, 1994; Venancio & Teixeira, 1997).

® In both sugar beet and apple tissue, the estimated extracellular space hydraulic permeahility recalculated from measurements reported in literature had to have been augmented hy a
certain factor to account for experimentally-observed faster expression rate as opposed to the rate governed by the estimated permeahility coefficient. This is most likely due to the fact the
effect of electrical treatment on extracellular permeahility (particularly noticeable in apple tissue) is not accounted for in the model equations.
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Table A.2

Parameters of the dual-porosity model with dependence on electroporation treatment used to fit experimental data in diffusion (shown in Fig. 7) and pressing experiments (as shown in

Figs. 9 and 10).

Diffusion experiments

Pressing experiments

Tissue U] o[- Cen/Cin [-] Fl-] Rl Gz [Pa] G, [Pa]
Sugar beet ¢ 1.0-107° C.65 .02 1.00-107° 115.0 - 10° 450.0- 10°
150 1.0-1077 1.00 c.o0 1.00-107° 350 - 10° 400.0 - 10°
200 201077 1.00 .86 1.50- 1077 730 - 10° 2000 - 10°
300 9.0-1077 1.00 0.80 7.00-107° 58.0 - 10° 450 - 10°
350 nfa n/a n/a 1.00-107% 385 - 10° 415 - 10°
400 6.0-107° 1.00 0.77 145-107* 32.0-10° 22.0 - 10°
Apple (Protocol A) ¢ 1.0-107° 0.65 0.75 200-107° 205 - 10° 12.0 - 16°
150 301077 1.00 C.50 4001072 185 - 10° 11.0 - 10°
200 391077 1.00 0345 480- 1073 110 - 10° 92 10°
300 40-107° 1.00 c.30 5701073 880 - 10° 85 10°
350 nfa n/a n/a 5701073 8.00 - 10° 845 - 10°
400 1.05-1077 1.00 0.265 5701073 3.60 - 10° 845 - 10°
Apple (Protocol B) 200 nfa 4.20- 1073 8.00 - 10° 116 - 16°
300 4851072 7.50 - 10° 85 10°
400 5101072 855 - 10° 80 10°
Apple (Protocol C) 200 n/a 3.20-1072 21.2 - 10° 14.0 - 16°
300 4801072 1683 - 10° 96 10°
400 6351072 11.8 - 10° 7.8 10°
References Golherg, A, & Yarmush, M.L (2013). Nonthermal irreversible electroporation: Fundamen-

Agre, P, Sasaki, S., & Chrispeels, M.J. (1993). Aquaporins: A family of water channel
proteins. American Journal of Physiology - Renal Physiology, 265(3), F461.

Ariffin, A.B.,, Forde, P.F, Jahangeer, S., Soden, D.M., & Hinchion, ]. (2014). Releasing
pressure in tumors: What do we know so far and where do we go from here? A
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5 Thermal effects on mass transport associated with electroporation

Electroporation is essentially the application of electric pulses of sufficient amplitude to target
material. Due to the finite resistance of the material, electroporation unavoidably entails the flow
of an electric current through the material, and this current through an ohmic load consequently
results in heat generation and dissipation. This means that thermal effects are necessarily integrally
and inseparably associated with electroporation. Noticeable rises in temperature have been noted
in a number of electroporation applications (see the introductory sections of the thesis for a
literature review). These temperature rises are a potential source of alteration of the
thermodynamic properties of the material where mass transport is occurring. Parameters such as
viscosity and diffusion rate coefficient are known to be strongly dependent on temperature, since
they are related to fundamentally thermodynamic processes.

Due to the electroporation-associated heat dissipation, this thesis bears the title of “Effects of
electrical and thermal pre-treatment on mass transport in biological tissue”, emphasizing the
inseparable connection between electroporation and the thermal effects that are associated with it.
Furthermore, research has shown (again, the reader is referred to the literature review section) that
thermal gradients across the plasma membrane can result in the differences in electric potential on
either side of the membrane, meaning that there seems to exist an inverse connection whereby
thermal gradients resulting from electroporation can alter electric relations on the membrane, thus
affecting electroporation directly.

Given the considerations above, this thesis includes a complete presentation of the thermal
formulation of the dual-porosity model, analogous to its mass transport formulations, and the
applicability of such a model is discussed and theoretically analysed. In continuation, a suitable
simplified formulation of the model is presented, which can be considered sufficiently detailed for
studying thermal relations in electroporated plant tissues, but could also conceivably be extended
in a suitable way (e.g. to the Pennes bioheat equation) to facilitate evaluation of thermal effects to
the post-electroporation mass transport processes in perfused animal tissues. The given thermal
model is coupled, via the temperature-dependent mass transport parameters, to the previously
presented mass transport models of diffusion and pressing, and results are presented in the form
of a parametric study. The work related to thermal relations is entirely theoretical, based on
existing literature and extension of the work done on mass transport models in this thesis to the
thermal problem. Validation and evaluation of suitability of these thermal formulations is a work
in progress and exempted from presentation in this thesis.

All literature cited in this section can be found at the end of chapter 2 giving the literature

review, i.e. in section 2.2.6.
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5.1 The heat transfer model and the model of dual porosity — an extension by

analogy with the Fourier law

5.1.1 The heat distribution model — fundamental model equations and its derivation by

analogy

By analogy of the Fick’s law of diffusion and Darcy law for liquid flow, the dual-porosity model
of diffusion has been translated to the problem of filtration-consolidation of biological tissue
during pressing (compare Paper Il and Paper Ill, or refer to Paper IV). By a physically and
mathematically equivalent analogy of the Fourier law, and using basic relations from non-
equilibrium thermodynamics, one can postulate that a dual-porosity model can be written (in its
original non-simplified form — see explanation below) also to describe thermal relations in
biological tissue, and this should, in principle, be applicable whether the tissue is electroporated
or not.

The equations of the thermal model for the case of thermal flux along one principal axis, for

the extracellular and the intracellular space are, respectively

o, k, 07T, h,
1-F)=—=2—(1-F)—=—t_F T.-T,)=0 511
=R o ) ez Fpe, (1T (51.1)
2
e p ki 0T g By (T;i-T.)=0 (5.1.2)

ot PCh 072 PCh

In eg. 5.1.1-5.1.2, the factors F and 1-F account for the specific relative volume fraction of
each space in a block of tissue, where F is the volume fraction of cells. As tissue normally
comprises of cells in more than half its volume, we must account for the conservation of energy in
the transmembrane flux term. In order to do so, the third member in both equations must be equal,
as it represents the same thermal flux. Note that temperatures Te and T; in all of the equations
presented herein are intrinsic quantities, that is, they are temperatures that would actually have
been measured, had a probe been inserted to measure the temperature at a given point or an
infinitesimally small volume anywhere in either the extra- or intracellular space. If one, however,
measures the bulk temperature in a given finite fraction of volume AV of tissue, which occurs in
practice, the measured temperature will be, theoretically, a volume-averaged sum of the two
respective space contributions. It is therefore important to distinguish between the bulk
temperatures (volume-averaged) and their intrinsic definitions.

Dividing eq. 5.1.1 by 1-F and eq. 5.1.2 by F, one obtains
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2
T, ke 0 T26 _ kb (T, -T,)=0 (5.1.3)
ot pc, oz PCh

2
ik 5T2i+ h (T,-T,)=0 (5.1.4)
ot pC, o= pCy

In eg. 5.1.3, the new parameter — the volumetric ratio fv — is a multiplicative factor accounting
for the volumetric space distribution imbalance and equalling F/(1-F). Other quantities are as
follows: Te and T; the extracellular and the intracellular temperature [K], respectively; ke and k; are
the extracellular and the intracellular tissue thermal conductivities [W/(m.K)], respectively; z is
the spatial and t the temporal coordinate; cp is the tissue heat capacity [J/(kg.K)]; p the tissue
density [kg/m?®]; and hy the volumetric heat transfer coefficient [W/(m?®.K)]. Coefficient hy reflects
the thermal conductivity of the plasma membrane and the particular heat exchange geometry, and
a spatio-temporal dependence of the parameter as a function of electroporation can at this point be
postulated to maintain complete generality. Whether such a dependence exists or not remains to
be theoretically and experimentally evaluated. Subsection 5.1.4 is largely devoted to this question
in theoretical terms.

A note on the difference between equations 5.1.2 or 5.1.4 and the corresponding equations for
the diffusion / pressing problem. In both the diffusion problem and the consolidation-filtration
version of the dual-porosity model, the intracellular porosity and associated concentration or
pressure gradients were neglected, simplifying the intracellular space equation. This simplification
was based on the assumption that the limiting factor in solute transport or liquid flow was the
limited permeability of the cell membrane, that was assumed to be orders of magnitude lower as
compared to the corresponding diffusivity or permeability in the extracellular space. However, in
the thermal problem, thermal conductivities if comparing cytoplasm, plasma membrane and
extracellular liquid, are not different in orders of magnitude (see references [51], [52] cited in the
literature review section 2.2.4.3). Therefore, a simplification by omitting intracellular thermal flux
cannot be justified, and this term has to be kept in the equation, greatly complicating the analytical
solution for the general case where ke # ki, which admits travelling wave-type solutions. The
solution of such a coupled system of second-order linear partial differential equations is out of
scope of this thesis, and the reader is referred to the Appendix to this chapter, section 5.4, for a
general idea towards obtaining a solution. For the special case however, where the extra- and
intracellular thermal conductivities are equal (or approximately equal), i.e. ke = ki, the system is
simplified, and it is not difficult to obtain its solution, which is presented in the following

subsection 5.1.2.
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The system of equations 5.1.3-5.1.4 can still be readily solved by using numerical methods and
appropriate initial and boundary conditions. If studying the distribution of temperature within
tissue after electroporation or ohmic heating, one can suppose that the tissue sample has been
heated to a given temperature To both in the extra- and the intracellular space (i.e. To = Teo = Tio),
and that during subsequent treatment, if no additional heat is generated, all surfaces of the sample
are exposed to the ambient temperature Tamb, Where Tamb < To (cooling). In mathematical notation,
and taking the symmetry on either side of the plane at z = 0 perpendicular to the principal axis of
thermal flux into account (analogous to the diffusion problem), one can write

Te|z:h/2 =T; |z=h/2 =Tamb (5.1.5)
Tl _Th| _, (5.1.6)
oz z=0 oz z=0

Teleo =Tili_o =To (5.1.7)

where the plane of symmetry (z = 0) is located exactly in the middle of the tissue sample of height
h at a distance of h/2 from either of the sample’s largest surfaces, at which the bulk of heat

exchange is taking place (see Figure 5.1).

z-axis
The principal axis of heat exchange

upper surface
boundary condition (BC)

cylindrical sample z=h/2

lower surface BC

Figure 5.1: The thermal problem geometry — plane of symmetry and boundary conditions. The
particular cylindrical geometry of the tissue sample is not significant, but has been used for this
illustration for purposes of maintaining consistence with mass transport experiments. For the
presented model to be relevant, the sample and setup geometry has to favour thermal transfer

along one (principal) axis.

The set of equations 5.1.3-5.1.7 represents a complete mathematical description of thermal
dissipation out of the sample block of tissue. The electroporation effects to the thermal
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conductivity of the membrane, if substantial, can be accounted for by varying the transmembrane
volumetric heat transfer coefficient hy, and in case of additional thermal generation (time of
observation during the electroporation application), an additional additive member accounting for
heat generation can be appended to both equations 5.1.3 and 5.1.4. The system of equations could
conceivably even be extended to take the form of the Pennes equation in case of studying perfused
animal tissues. Anisotropy can be modelled via a spatial dependence of ke and/or ki, and a similar
approach can be used for heat capacity and density if required. The resulting model can easily be
solved via numerical integration, however, the main problem (as with the other two analogous
models) remains the (un)reliable parameter estimation for realistic systems and the high number

of degrees of freedom that the numerous parameters introduce to the model.

5.1.2 The thermal dual-porosity model: Analytical solution for the particular case of

equal thermal conductivities (ke = ki)

In the particular case where both the intra- and the extracellular thermal conductivities are the
same — a supposition realistic in exceptional cases of very homogeneous tissues — it is possible to
obtain an analytical solution for the intra- and extracellular temperature profiles in space and time.

One can begin by first rewriting into a suitable form the partial differential equations of the
system, taking k = ke = ki, thus obtaining
T, __k T, _fih,

ot pc, az® pey

(Ti —Te) (5.1.8)

aT, kT, K
ot pcy 72 PCh

(Ti —Te) (5.1.9)

To simplify the arithmetic in the following development of the solution, new constants « and S

can be introduced, where o = ki/pcp and f = hvlpcp, and thus

aT, 7T
Ee:a azze + fvﬂ(Tl —Te) (5110)
T, o7,
E’=a872'—,8(Ti —Te) (5111)

The last term of both eq. 5.1.10 and 5.1.11 involves only a linear combination of the unknown
functions without non-linearities or appearance of the independent variables (z, t) in general, and
therefore it is possible to suppose that the solution will consist of a combination (product) of a

particular solution of the homogeneous equation
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2
a_®_aa_(;) =0 (5.1.12)
ot 0z
satisfying the boundary conditions, and the particular solution of an autonomous system of two
first-order ordinary differential equations for any plane along the z coordinate

T,
(#l = ,8((T),-(Te),) (5.1.13)

(%)Z = —,B((Ti ), —(Te)z) (5.1.14)
satisfying the two initial conditions Teo and Tio. Note that to illustrate the effects and evaluate the
dynamics of the transmembrane thermal flux, it is necessary to suppose (only in the particular case
of ke = ki) that the initial temperatures in the respective spaces are not equal. If they were, and since
the intra-/extracellular space thermal conductivities are supposed equal as well, it would be
impossible to observe any transmembrane thermal flux due to the fact that both Te and Ti remain
perfectly equalised throughout the sample and for all times (i.e. Ti — Te = 0 for all z, t). This
observation should become evident upon closer examination of the final analytical solution.

In order to simplify calculations and presentation of results, it is convenient to introduce new
variables to observe only temperature differences in relation to the ambient temperature instead of

working with absolute values, thus

Te,5 =Te —Tamb (5.1.15)
Tis=Ti—Tamp (5.1.16)

This results in corrections to one of the boundary conditions, which now read

Teﬁ‘z:h/z :Ti'5‘z:h/2 = Tamb ~ Tamb =0 (5.1.17)
oT. oT;
=2 <O (5.1.18)
oz |,_o 0|,

and initial conditions are henceforth equal to the temperature differences between the absolute and

ambient temperature
Te,&‘tzo :Te|t:o —Tamb =Teo (5.1.19)
Ti,a‘tzo =Til—o ~ Tamb =T (5.1.20)

In the following text, the introduced &-notation is dropped throughout for simplicity, and the
reader should beware that both Te and T were redefined by eq. 5.1.15-5.1.16, and these equations

must be consulted in order to obtain absolute values from their relative counterparts.
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To solve the eq. 5.1.12 for the boundary conditions 5.1.17-5.1.18, the classical method of
separation of variables can be used [66]. At the outset, one supposes that the variables are separable

and the solution is a product of two functions that are both functions of only one variable, thus
0(z,t)=2(2)z(t) (5.1.21)
Note that the Greek letter 7 is used here instead of the more conventional T for the temporal

component of the solution z(t) in order to avoid confusion with the letter designating temperature
distribution T(z, t). Substituting 5.1.21 into 5.1.12 yields

2
1dr_ad’Z (5.1.22)
rdt  Z dz?
Both sides of 5.1.22 must equal a constant, which is conveniently chosen to equal
197 _ 22, (5.1.23)
7 dt
and
1d°z e (5.1.24)
Z dz? .
Solution 0of 5.1.23 is
r(t)=e 4 (5.1.25)
and of 5.1.24
Z(z)=Asin(Az)+Bcos(Az) (5.1.26)
and therefore the solution has the form
©(2,t)=2(2)7(t)=[ Asin(1z)+Bcos(4z)]e * % (5.1.27)
The most general solution is obtained by summing the solutions of type 5.1.27, thus
O(z,t)= > [ Ansin(4,z)+ By, cos(/1mz):|e"1mzo‘t (5.1.28)
m=1

where Am, Bm and im are constants determined by boundary and initial conditions. In order to
satisfy the boundary conditions egs. 5.1.17-5.1.18, Am must equal zero and Am = (2m-1)n/l where
I is the thickness of the tissue sampleand m=1, 2, 3, ...

Supposing the final form of the solution will be a linear combination of ®(z, t) and additional
time-dependent functions, the initial condition can be satisfied in the final step, for now, it can be
demanded that it equals 1, and is not a function of the spatial coordinate (since it is supposed that
initial temperature distribution is homogeneous and equal throughout the sample). Representing
the constant 1 as an infinite sum of functions of the form cos(/imz), i.e. by a Fourier cosine series,

determines the constants Bm, to be equalling
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4(-1)"
= 7 5.1.29
m z(2m-1) ( )
Replacing m by the more convenient index n running from 0 to infinity, and assembling egs.
5.1.28-5.1.29, one obtains

4 & (-1)" Y
®(z,t)=;r§(2n—zlcos(inz)e Anat (5.1.30)

where An = (2n+1)m/l.

Turning now the attention to the system of equations 5.1.13-5.1.14, one can observe that it is
fundamentally a system of two linear homogeneous first-order constant-coefficient ordinary
differential equations. A reference handbook or guide on solving such systems of equations [67]

states that a system of the form

X =ax+by (5.1.31)

Yy =cx+dy (5.1.32)

has a characteristic equation and a discriminant, written as

A% —(a+d)A+ad —bc=0 (5.1.33)

D=(a—d)?+4bc (5.1.34)
Rewriting the system 5.1.13-5.1.14 to the form of egs. 5.1.31-5.1.32, thus obtaining

(%j =—1,8(T,), + f,A(T;) (5.1.35)
a ) z z

(%Tj = A(T), - A(T), (5.1.36)

and writing the characteristic equation for this system, one notices that ad — bc = 0 in this particular
case, since the whole straight line ax + by = 0 consists of singular points. For this particular case,
the system must be rewritten (note that k in the equations below is not of any particular quality and

should not be confused with the thermal conductivity coefficient) into the form
X =ax+by (5.1.37)

y; =k (cx+dy) (5.1.38)

and thus (note the change in the order of equations and variables on the right-hand side to conform

to the above template)

(%) —B(T), +B(T.), (5.1.39)
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%) —-uam, () (5.140)

From comparison of 5.1.39-5.1.40 to 5.1.37-5.1.38, it follows thata=c=-4, b =d = 4, and k
= -fv. The final solution of the system 5.1.37-5.1.38 can be given as

x = bC, +C,e(aPk) (5.1.41)
y =—aC; +C,kel*Pk) (5.1.42)
and given the equalities for a, b, c, d, and k, the general solution of 5.1.39-5.1.40 is thus
(T), = AC, +Cpe P Il (5.1.43)
(Te), = BC—C, fye /1) (5.1.44)
The final solution is a product of @(z, t) and the presently developed temporal functions
Ti(2,t) = BCO(z,1)+Cpe P Mo (z,1) (5.1.43)
T (2,t) = BCO(2,1)-C, e P Mg (z,t) (5.1.44)
yielding
_48C oiniat | 4Co 5 (-)" i Zat B )t
Ti(z, t cos z cos( 4,z e v 5.1.43
( Z:2n+l /1” ) Vs nZé 2n+1 (ﬂn ) ( )
4G & 2 ACf, & (1) a2t Pt
T (2Z, t cos Z)e cos(A,z)e e v 5.1.44
( nZ;‘)Zn+1 /1“ ) V4 r§)2n+1 (ﬂ“ ) ( )

Finally, initial conditions must be satisfied in order to determine the as-yet unknown constants

C1 and C,. Writing for t = 0 and taking into consideration

481"
— cos(A,z)= 5.1.45

Z 02n+1 (ﬂ“ ) ( )
one obtains two algebraic equations for the unknown constants
Tio = AC +C, (5.1.46)
Teo =5C - 1,C, (5.1.47)
of which the solution is

B(f,+1)
_ Tio—Teo (5.1.49)
f, +1
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Inserting 5.1.48-5.1.49 into 5.1.43-5.1.44 and simplifying gives the final analytical solution of

the thermal dual-porosity model,

4( GTo+Ty  Tio—Teo . pastn | (<1)" oL
T(z.t)=—| Jviio ™ Teo | Tio = le0 o=A(L+1) = Aot 5.1.50
(1) 7;[ e + 1 e né“)zmrlcos(ﬂﬂz)e ( )
T (Z t)zi fvTiO +Te0 _ fV (TiO _TEO)e_:B(1+fv)t iﬂcos(ﬂnz)e_lﬂzm (5151)
RS fy+1 a0 2n+1

This solution is instructive. The expression in parentheses is particularly interesting to examine
in some detail, while the Fourier cosine series member introduces the spatial dependence and has
been discussed previously during the mass transport analysis (see Paper Il in example). The first
additive member in parentheses is a volume-weighed or averaged contribution of temperatures to
the intrinsic temperature of each respective space. For the particular case of F = 0.5, fy = 1, and
this factor degenerates to an arithmetic mean. The second additive member in parentheses is the
contribution of the transmembrane heat exchange to the temperature of the intra-/extracellular
space. It is clearly identically equal to O in case Tio = Teo. As previously mentioned and foreseen,
this reflects the equal rate of heat transfer in each space. In absence of any initial thermal gradient
that would have resulted from non-equal initial temperatures, equal thermal conductivity cannot
possibly result in a thermal gradient necessary for transmembrane heat exchange. This case has
predictable results that are not of interest to further analysis.

The following Figure 5.2 gives the thermal profiles in the extracellular space for several
different values of the transmembrane volumetric heat transfer coefficient hy. To facilitate an easier
comparison by display of simulated results, the following Figure 5.3 presents a plot of Ti(z = 0, t)
and Te(z = 0, t) for different values of hy. The presented curves are intrinsic temperature Kinetics
(time profiles) taken from the centre of the tissue sample where the temperature is the highest.
Parameters that were used to obtain these simulated model results with the analytical solution are
collected in Table 5.1 with references.
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Figure 5.3: The time profiles (kinetics) of the intrinsic temperature in the intra- and extracellular

space for five different values of the transmembrane volumetric heat transfer coefficient hy.

As is shown in Figures 5.2 and 5.3, higher values of the volumetric heat transfer coefficient hy
permit heat transfer from the intracellular space into the extracellular due to the initial difference
of 5 K between the two spaces. This transfer can be almost instantaneous (from the point of view
of the simulation length, which is 1 minute) for very high values of hy, or it can be delayed if hy is
not very large. See section 5.1.4 for a discussion on realistic values of this parameter in biological
tissues. Note that due to a rather large volume fraction of 0.8 used for these simulated kinetics, the
heat transfer from the intracellular to the extracellular space does not result in a large reduction of
the intracellular temperature, however, it does result in a proportionally large increase in the

extracellular temperature, where fy is the proportionality factor.

parameter | value source parameter | value source
I (m) 0.01 | previous experiments p (kg/m®) 1000 | water [68]
F() 0.80 | arbitrarily chosen Cp (J/kg.K) 4200 | water [68], [69]
k (W/m.K) 0.559 | apple juice [69] hy (W/m3.K) | varied | n/a
tend (S) 60 arbitrarily chosen dTio (K) 25 arb. chosen
fv (-) 4 F/(1-F) 0Teo (K) 20 arb. chosen

Table 5.1: Parameters used in simulations presented in this section.

The value of k chosen to approximate both the intracellular and extracellular thermal
conductivity is that of apple juice and will be used again in subsequent analysis. All other
parameters were chosen to simulate a possible experimental situation with tissue, except of volume
fraction F that was slightly reduced (from about 0.92 found in apples to 0.80) in order to amplify

the effect of parameter fy in figures 5.2 and 5.3. The initial temperatures were chosen arbitrarily
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for demonstrative purposes and are not important in terms of kinetics, since the model is linear
and the final result can be scaled.

As a final note to this subsection, consider that in the eventual presence of a transmembrane
thermal gradient, i.e. a difference between the intracellular and the extracellular temperature (in
case the transmembrane heat exchange would be noticeably hindered — see subsection 5.1.4 for a
discussion), the bulk tissue temperature as measured in a finite volume AV comprising cells and

extracellular space would, in relation to the intrinsic quantities worked with herein, equal

(Tbulk )AV = [(1_ F)Te +FT ]AV (5.1.52)

5.1.3 The thermal dual-porosity model: A numerical integration scheme for the general

case where Ke # Ki

In case where the difference in thermal conductivities of the spaces comprising bulk material
cannot be neglected or one considers these conductivities to differ with the purpose of evaluating
and quantifying the consequences of the inhomogeneity on thermal transfer within the material, it
is necessary to maintain the thermal dual-porosity model equations in their original form, which
IS
e _ ke 0T fih,

ot pc, az® pey

(Ti-Te) (5.1.53)

aT, kT, K
ot pcy oz2 PCh

(Ti—Te) (5.1.54)

As mentioned, this system is not as straightforward to solve as is the simplified system 5.1.8—
5.1.9 (see the “5.4 Appendix” section of this chapter). It does, however, readily admit a numerical
solution that is stable for a wide range of parameters and suitable for computer evaluation.

One of the possible methods of numerically resolving the system 5.1.53-5.1.54 is the well-

known and established Crank-Nicolson implicit method. Using this method, the derivatives in the

equation
2
6—T = aa—-lz- (5.1.55)
ot 0z
can be substituted with finite differences in intervals 8t and dz as follows
Tn,m+1 _Tn,m _ g Tn—l,m+1 - 2Tn,m+1 +Tn+1,m+1 " Tn—l,m - 2Tn,m +Tn+1,m (5.1.56)

ot 2 (02 (2

where index n runs along the spatial, and index m along the temporal coordinate.
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Rewriting equation 5.1.53 using 5.1.55, substituting r = 8t / (52)?, ae = ke/(pcp), = hvl(pcp), and

placing all unknowns on the left side while keeping the known variables on the right, one obtains

(14 )T, - %y | %lr

n,m+1 2 n-1,m+1 2 n+1,m+1

5.1.57
£ () L %l 1) | %l1) ( )
=(1—aer— f,56t) T + 5 Toiim+ 5 T

n+l,m

+ f, potT )

where indices ‘e’ or ‘i’ in brackets in superscript designate the extracellular or the intracellular
temperature, respectively. Note that ot is the time step of discretization, and 6z the step of
discretization along the spatial coordinate. As an implicit method, the Crank-Nicolson is
unconditionally stable regardless of the size of these steps or coefficient a. However, this is only
valid for a homogeneous second-order diffusion/heat transfer partial differential equation, such as
is given in eq. 5.1.12. Equations 5.1.53 and 5.1.54 contain the so-called source terms, and the
method for their integration as presented is not unconditionally stable, but depends on the size of
pot. A detailed analysis of conditions for stability, while most suitable for a treatise on the Crank-
Nicolson method, would be completely out of scope of this thesis, and is therefore omitted. Note
however that a sufficiently small time step ot must be selected, particularly for “large” coefficients
S (large in comparison to «) in order for the solution to converge.

Assembling the node temperatures in vectors along the spatial dimension, and writing in matrix

form, this can be more conveniently represented as

PTE) = QT + £, BtTY (5.1.58)
where
1+a,r  —a,r 0 0
S A WP S L
2 2
Pe=| O 0 (5.1.59)
0 _aTer 1+ a,r —%er
0 0 0 1
and
1—a,r — f, A6t et 0 0
“Ter 1-a,r— f,pt a?ef 0
Q. = 0 0 (5.1.60)
a.r a.r
0 % 1-ar — f,Bot %
0 0 0 1
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Note that the homogeneous Dirichlet boundary condition 5.1.17 at z = 1/2 demands that the final
element of the bottom row in matrices Pe and Qe equals 1, while all other elements of this row are
equal O (fixed temperature). Similarly, the homogeneous Neumann boundary condition 5.1.18 at
z = 0 demands that the element Pe(1,2) = -aer and the element Qe(1,2) = aer (reflective boundary).

For the Dirichlet boundary at z = 1/2, it is necessary to set the last element of the vector on the
right-hand side of 5.1.58, i.e. of QeTé]e) + fV,B5tTr$]e) , to zero at every consecutive time step (i.e.

for all k > 0). As mentioned, this last element corresponds to z = I/2 where the sample is kept at
the ambient temperature and thus the relative temperature difference here is 0.

For the intracellular space, discretizing eq. 5.1.54 according to the Crank-Nicolson formula
leads to slightly modified matrices and, following the same procedure as for the extracellular

space, it is possible to write

L oAl (i
(1+ a; r)-I-n(,lr)nJrl _7I n(l—)l,m+1 _7|Tn(4|r)1,m+1 =

(5.1.61)

= (1-ayr - ,Bét)Tn(’i%]+aTirT(i) LA gt

n-1,m 2 n+1,m

where, as before, indices ‘e’ or ‘1’ in brackets in superscript designate the extracellular or the
intracellular temperature, respectively, and ai = ki/(pcp) was introduced for the sake of algebra.

In matrix notation, as before,

PTO; =QTY + sty (5.1.62)
where
1+6(ir —ail’ 0 0
—a—ir 1+air —a—ir 0
2 2
P=l 0 0 (5.1.63)
0 —“7” 1rar -4r
0 0 0 1
and
1-g5r - pot o;f 0 0
air OCir
L 1-gr—pst = 0
2 ar=pot =
Q= 0 0 (5.1.64)
ar or
0 L 1-ar-pst
2 =4 2
0 0 0 1
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The algorithm for obtaining the temperature profiles in the extracellular and intracellular space

for all z in the next time step for all times t until the end of the simulation, can now be given as

1. Calculate b®, =Q,T{® + f, gstTY

m

2. Set b®. (Npax) =0

-+

3. Calculate T®

il = Pe‘lb(e) (by left division T = P\b, inverting matrix P is unnecessary)

m+1

4. Calculate b, =Q,TW + g5tT®

m+l
5. Set b (Npax) =0

=P '0(®, (by left division T = P\b, inverting matrix P is unnecessary)

6. Calculate T®

m+1
The sequence of steps 1-6 must be repeated until the spatial profiles for the unknown temperatures
are obtained for all time steps m. For m = 1, i.e. the first step, vectors T are the respective initial
conditions in the intra-/extracellular space. These can be constant as seen throughout this chapter,
or arbitrary functions of the spatial coordinate to account for inhomogeneities or sources/sinks of
thermal energy in the most general case. The numerical solution is therefore more general and
easier to manipulate than the analytical.

Figure 5.4 below gives a comparison between model results for the extra- and intracellular
space using the same parameters as used for subplots presented in Figure 5.2 (middle example),
where the solution was obtained analytically. To calculate the temperature distribution Figure 5.4b
with the numerical method, ke was set to equal ki, since the analytical solution does not admit ke #
ki. Figure 5.4c gives the difference between the numerical and analytical solution, and can be
considered to represent the error of the numerical solution. The error is the greatest near the surface
of the tissue sample, and only for the initial time steps. This is due to the discontinuity at z = 1/2
where the initial condition demands that T = To, while the boundary condition immediately sets T

= 0. Elsewhere, the maximal error is between about 10-7 and 10-5 on most of the z-t plane.
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5.1.4 A theoretical estimation of the volumetric heat transfer coefficient hy and other
parameters; the relevance of the dual-porosity model for the thermal problem in

electroporated tissues

The parameter hy, called the volumetric heat transfer coefficient, relates the temperature
difference across the interface (e.g. a membrane) separating the continuous phase (e.g.
extracellular space) and the discontinuous phase (e.g. intracellular space), with the resulting local
heat generation or dissipation in the respective phases or spaces. Given the medium density and
specific heat capacity, this causes a local increase or decrease in temperature, as described by egs.
5.1.3-5.14.

To arrive at an estimate for hy in the particular case of biological tissue comprising cells with
biological membranes, the following two paths leading to the same conclusion can be taken.

First, consider the Fourier law of thermal conduction in its differential form with thermal
transfer occurring only along one spatial dimension. Writing for the membrane (index m) and in a
spherical coordinate system, it reads
Gm = —Km Z—I (5.1.65)
Integrating across the membrane where the heat flux density gm is non-zero and the temperature
changes from intracellular Tim to the extracellular Tem in the immediate proximity to the membrane

(denoted by index m), yields

R+d T,
o [, " dr =k [ 7T (5.1.66)
Resolving the integrals results in
Ko (T o =T,
Oy = n(Tin ~Ten) (5.1.67)
dpy

where dm is the membrane thickness (about 4-5 nm).
The expressed heat flux density is in W m, and the source term in the dual-porosity model
fundamental equations is in W.m. It is necessary thus to express the heat flux per unit volume,

Qv, and the expression involves the particular problem geometry
qv = avqm = avh(Ti,m _Te,m ) = hv (Ti,m _Te,m) (5-1-68)
where h is the heat transfer coefficient [W/m?K], hy the volumetric heat transfer coefficient

[W/m®K], and ay the surface-to-volume ratio reflecting the particular geometry. In case of

spherical cells of radius R, this coefficient equals
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A, 4zR* 3

=t _ == 5.1.69
&=y =R R (5.1.69)
3
and therefore
3K (Ti =T,
G =y = m(é’”‘R e”“)=hv(Ti,m—Te,m) (5.1.70)
m
from where it immediately follows
3K,
= 5.1.71
h, a. R ( )

Second, consider the Fourier law of thermal conduction in the differential form, but written for
the amount of heat transferred across the membrane per unit time Qm, not for flux gm
O =—km47rr2d—T (5.1.72)
dr
Separating the variables left/right and integrating as before yields, after some rearrangement
Ak, (Tim —Tem) Ak, (Tim—Tem) 4aR(R+dp kp (Tim = Tem)
ool Ay ) Ay
R R+d, R(R+dp)

(5.1.73)

For R >> dm, one can take the approximation R + dm = R and the equation 5.1.73 simplifies to

. 4zR% (T —T,
Oy = — m(d"m en) (5.1.74)
m

The simplification step R + dm = R also exists in the first approach that was presented above,
however it is implicit and hidden in the eq. 5.1.69, or more precisely, already in 5.1.68. For R
approximately equal or on the same order of magnitude as dm, a more complex expression than
5.1.69 must be used. This was already discussed in this thesis; see Paper 111, Appendix A section,
equation A.7 for example.

Expressing the amount of heat transferred across the membrane Qm per unit volume, a division

with the cell volume V. is needed to arrive at

Q_m _ 4”Rka (Ti,m _Te,m) 3km (Ti,m _Te,m)

J, = = =h, (T =T, 5.1.75

= yoree ir (i =Ten) (5.1.75)
3 G

which is exactly 5.1.70 and hy can be expressed again to equal what has already been defined by

eg. 5.1.71.

Given a known estimate on the cell size and membrane thickness, the parameter missing in

order to obtain hy is only the transmembrane thermal conductivity, km. Since the biological cell
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membrane is composed of a lipid bilayer, it is expected that its thermal conductivity will be lower
than that of cytoplasm and certainly lower than that of bulk water. Molecular dynamics simulations
can be used to arrive at an estimate for km. In example, authors of [52] report the thermal resistance
of the water-lipid bilayer-water system of thickness 40 A to be 9.3 10° m?K/W. Since the thermal

resistance equals
R =+ (5.1.76)

where x is the thickness of the resistive layer, k can be recovered from 5.1.76, and for the reported
thermal resistance value of 9.3 10™° m2K/W, km is estimated to equal 0.430 W/m.K. This is about
71 % of the thermal conductivity of bulk water, which is indeed higher, as assumed.

For the volumetric heat transfer coefficient of a biological cell of radius 100 um (e.g. apple fruit
cells) and membrane thickness of 5 nm, this yields

h, = S _ 39'0'430 - =2.58-1012¥ (5.1.77)
d,R 5.10°.100-10" m°K

The value thus obtained is extremely high, however, this is to be expected. The entire cell area is
available for thermal exchange, as opposed to the opposite seen in the mass transfer problems,
where only a small fraction on the order of about 107 to 10 of the cell membrane area was
available for diffusion or liquid flow. Regardless of this consideration, the volumetric heat transfer
coefficient is still unrealistically high, since it has been derived for an idealized system of cell-
membrane-extracellular space, where the finite thermal resistances of the intracellular and
extracellular media do not play any significant role. This was a valid assumption in case of mass
transport across a permeabilized membrane (Papers Il — V), since there, the membrane was the
single most important component of the system greatly hindering the transport of mass between
the two spaces. In the thermal problem, the thermal conductivity of the membrane is within the
same order of magnitude as that of bulk water and thus the cytoplasm, probably also of the
extracellular space (the permeability of which will be evaluated in the following text). Moreover,
the thickness of the plasma membrane is several orders of magnitude (3 to 4) lower than the cell
radius.

Before the finite thermal conductivity of the cell membrane and its influence are wholly
discarded as unimportant, a more realistic estimate of hy can be obtained and re-evaluated in
relation to the intra-/extracellular thermal conductivities and its influence simulated using the dual-
porosity model. Only then should any final conclusions be drawn.

Given a finite thermal conductivity/resistance of both the intra- and the extracellular space, the
amount of heat transferred across the membrane will be much lower than what would be calculated

according to eq. 5.1.74. This equation would hold in the particular case where the membrane
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thermal resistance would be so high so as to render the finite conductivities on either side of the
membrane apparently infinite. This can be further illustrated by noting an apparent absence of any
thermal gradients on either side of the membrane, which would mean that Ti = Tim and Te = Tem
anywhere in tissue, a situation schematically presented in Figure 5.5-left, where the temperature
profile at the plasma membrane is drawn in idealised conditions where km << ki and km << ke. A

more realistic situation (km = ki = ke) is illustrated by Figure 5.5-right.

Ti,m = Ti Te,m = Te : Ti,m Te,m
1
T; Te \ Ti Te
SN
1
intracellular extracellular : intracellular extracellular
space space : space space
1
membrane : membrane \
I
I
I
I

Figure 5.5: A schematic illustration of the thermal situation near the membrane for the idealised
situation (left) and a more realistic situation reflecting the influence of finite thermal

conductivities of the spaces on either side of the membrane (right).

The amount of heat transferred across the membrane per unit time is, considering that km = ki
=~ ke,
Ab (Ti _Te)

Qm:
1 Op 1
hi km he

(5.1.78)

since thermal resistances are additive. In eq. 5.1.78, 1/h; is the intracellular and 1/he the
extracellular thermal resistance. Following a similar logic as employed during the derivation of
the membrane heat transfer coefficient h, one can estimate that h; equals approximately ki/R, where
R is the radius of an average cell in tissue, and ki the intracellular thermal conductivity. It is difficult
to arrive similarly at a theoretical estimate for he, but as a first approximation, it can be considered
equal to the intracellular, in particular in systems where ki = ke, which should be a reasonable
assumption for biological tissues (this will be re-examined in continuation). This results in

3, - Ac(RTi —dTe) o Ak (ZTFiz_TE) (5.1.79)

i)
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which is an approximation, since for km = ki the term dm/km is insignificant in comparison to R/ki.
From eq. 5.1.79 it is evident that the influence of the membrane on the transmembrane transport
has completely vanished, and according to the assumptions made, the transmembrane heat transfer
rate will be governed by the intra- and/or extracellular thermal conductivity (depending on which
of these is lower) and the geometric relations of the system, and not by the membrane.

Dividing Qm with volume of a cell gives the new heat flux per unit volume

Qn _ Aki(Ti—Te) _3Ki(Ti—Te)

§. = 5.1.80

== Ry, - (5.1.80)

and the new volumetric heat transfer coefficient equals

h, = 3ki2 __ 3059 5 =8.385-107¥ (5.1.81)
2R 2(100-10°°) m°K

which is more realistic, however, still larger than the largest value used in simulations using the
analytical solution (see Figure 5.2 and Figure 5.3). The conclusion that can be drawn from this,
based on the observed behaviour of the temperatures in Figure 5.3 for values of hy greater than
108, is that any cross-membrane thermal gradient that would result from inhomogeneities in local
electric field or current distribution, would be instantaneously (i.e. on a sub-second timescale)
annihilated due to the rapid thermal transfer across the membrane.

This finding should not lead to the conclusion that the dual-porosity thermal model is
unnecessarily complicated with the source term, since in this most general form the analysis is
instructive, and all the mathematical derivations and analysis presented herein can be used to
further advance the state of the art of the mass transport analogues of the dual-porosity model.
Moreover, the numerical solution allowing the thermal conductivities intra- and extracellularly to
differ might still be relevant for studying thermal relations in tissue, whether electroporated or not,
if the thermal conductivities differ significantly. The extremely fast transmembrane thermal
transfer does however mean that the analytical solution which does not admit ki # ke is of limited
use, at least in the thermal dual-porosity model, since if no intra-to-extracellular thermal gradients
can be observed on the timescale of seconds, initial differences in temperature cannot come into
existence (Tio = Teo for all t) resulting in exactly equal thermal kinetics in both spaces according to
the model.

In order to evaluate whether the general formulation of the model can still be useful in cases
where ki # ke and there is a marked difference in these conductivities, a sample study with estimated
realistic values of parameters is presented for the case of apple tissue, using the numerical solution

as presented in subsection 5.1.3 to obtain the results.
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For apple tissue, tabulated data can be found in literature [69], giving the bulk tissue thermal
conductivity at room temperature of about 0.418 W/m.K, and that of apple juice is 0.559 W/m.K
(this value was already used in the sample study in subsections 5.1.2-5.1.3 as the intracellular
thermal conductivity). There is no reliable data on estimates for the extracellular thermal
conductivity, however, using a model of bulk properties of equivalent media such as follow from
the modified Maxwell’s equivalent medium theory [70], one can suppose that the unknown
thermal conductivity can be obtained from the known bulk thermal conductivity and the
supposedly known thermal conductivity of the intracellular space, assuming that the latter
comprises primarily intracellular juice that can be extracted from the cells and its thermal
conductivity independently measured. The extracellular thermal conductivity in apples is
presumably much lower than that of the cells, since the juice thermal conductivity is relatively
high as compared to apple tissue bulk conductivity. Note that at a higher than 0.5 fraction of cell
volume (about 0.75 in apples, see e.g. Paper 1V), according to the equivalent medium model, the
extracellular thermal conductivity must be considerably lower to result in a difference of 0.141
W/m.K (25 % relative to juice) between the bulk and juice thermal conductivities.

The equivalent medium model for a packed bed of spherical particles constituting the
discontinuous phase embedded in a matrix (i.e. the continuous phase) states [69] that

1-[1-a(ky /k)]b
K=k 1+(a-1)b

(5.1.82)

where k is the bulk thermal conductivity, k. the thermal conductivity of the continuous and kq that
of the discontinuous phase, b equals Vq / (V¢ + V4) where Vg and V. are the volume shares of the
discontinuous and the continuous phase, respectively, and a equals 3kc / (2kc + kq). Cells in tissue
(modelled as perfect spheres) form the discontinuous phase, while the extracellular space is the
continuous phase in eq. 5.1.82. Setting k = 0.418 W/m.K, k¢ = 0.559 W/m.K, Vg4 =0.92, and V¢ =
0.08, the unknown that can be expressed from 5.1.82 is k¢, which is determined by the following
expression (the expression following from 5.1.82 for k. is a quadratic function, of its two roots,

only the one yielding a positive kc is relevant)

2k +bk —kd — 2bkd +\/8(b—1)2 kkd +((b+2)k —(20+1)kd)*
ke = - o= (5.1.83)

with the solution kc = ke = 0.174 W/m.K, which is indeed much lower than either the bulk k or kq
(i.e. ki). The thusly calculated value of ke is still however almost an order of magnitude greater
than thermal conductivity of air, which is (at 20 °C and 1 atm) 0.0257 W/m.K [68]. This is
expected, since in intact apple fruit tissue the extracellular space comprises, besides the

extracellular matrix structure, pockets of air [71]. These are causing the apple fruit to float rather
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than sink in water. The extracellular air, however, is not homogeneously distributed in the
continuous phase, and therefore is not predominantly determining its thermal conductivity.

The Table 5.2 below can now be filled with all the necessary data allowing for the numerical
study with the dual-porosity model to be carried out and presented. The results (spatio-temporal
distribution of temperature) for the two spaces (i.e. intra- and extracellular space) are given in

Figure 5.6.

parameter | value source parameter value source

I (m) 0.01 | previous experiments p (kg/m) 1000 water [68]
F() 0.92 | previous works (see P. IV) | ¢p (J/kg.K) 4200 water [68, 69]
ki (W/m.K) | 0.559 | apple juice [69] km (W/m.K) | 0.430 [52]

ke (W/m.K) | 0.174 | estimated based on [69] hy (W/m3.K) |8.385:107 | n/a

tend (S) 60 arbitrarily chosen dTio (K) 20 arb. chosen

fv (-) 115 | F/(1-F) dTeo (K) 20 arb. chosen

R (um) 100 | previous works (see P. IV) | dm (nm) 5 [72]

Table 5.2: Parameters used in simulations presented in this section and in some of the theoretical

derivations.

The theoretical experiment (simulation) whose results are given in Figure 5.6 represents a
simulation whereby an apple fruit sample of 1 cm thickness and much larger in the other two
dimensions (to assure that the bulk of the thermal flow is only along one axis) is heated (by the
electric current during electroporation or otherwise) for 20 °C and then left to rapidly cool (via the
electrodes at the boundary surfaces, for example). As the given figure illustrates (Figure 5.6-left
column), there is no detectable difference between the intra- and the extracellular temperature for
such high values of hy as realistically calculated for apple fruit cells. The theoretical simulated cell
would have to be about 20-times larger (see Figure 5.6-right column) in order for a considerable
temperature gradient to be established across the cell membrane due to the finite membrane
thermal conductivity.

All of the preceding theoretical analysis and simulations using realistic model tissue seem to
indicate that there is no noticeable influence of the plasma membrane to the heat transfer in tissue
directly as a result of the membrane’s intrinsic thermal permeability. The membrane is simply too
thin and the cells too small for the membrane to present a significant thermal insulation boundary
between the intra- and the extracellular space. Therefore, electroporation and its effects to the

membrane can be safely assumed to have no direct consequences to heat (re)distribution in tissue,
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at least not on the timescale of seconds following electroporation. However, there still might be
undetected effects at the nano level in terms of space and on the micro- to milliseconds timescale
during pulse application that the presented study does not explore.
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Figure 5.6: The results of the numerical study using the dual-porosity model and parameters as
given in Table 5.2. Left column: The volumetric heat transfer coefficient was equal to value
given in Table 5.2 (realistic). Right column: The volumetric heat transfer coefficient was reduced
by a factor of 400, corresponding to cells 20-times as large as an average apple fruit cell

(exaggerated and unrealistic).
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It would also be incorrect to assume that electroporation has no effects on thermal relations in
electroporated tissue whatsoever, as it is certainly plausible it has at least some indirect effects,
e.g. via its effect of tissue homogenization, whereby insulated domains (cells) within the
connective matrix of low thermal conductivity (air pockets) may become connected due to the
release of intracellular liquid. In this respect, it might be interesting to re-examine the dual-porosity
model again in more detail to evaluate whether its basic premise of heat being primarily transferred
via the intracellular space needs revisi(ti)ng. This may as well be the case, especially in light of
the considerably lower thermal conductivity of extracellular space, which is both insulating the

cells from one another as well as connecting the individual cells together in a matrix.
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5.2 Effects on mass transport: the relation between tissue temperature,

diffusion coefficient, and viscosity

The temperature as calculated according to the heat distribution model can be used to calculate
the local diffusion coefficient of a solute species and of the liquid viscosity, and thus parameters
that figure in the dual-porosity model of mass transfer gain a temporal dependency that can be
considered during a simulated mass transport experiment, and the effect of increased temperature
to these transport coefficients can by these means be evaluated. This section of chapter 5 is thus
dedicated to first finding an appropriate numerical formulation of the mass transport models that
will admit spatially and temporally variable temperature-dependent coefficients to be incorporated
into the solution. Then, these models are used in combination with the thermal dissipation model
(in its classical, not dual-porosity form) to evaluate the influence of a temperature increase on mass

transport dynamics.

5.2.1 The dual-porosity model of mass transport and its suitable numerical integration

scheme admitting non-constant coefficients

This subsection presents the already reported on in detail and thoroughly discussed models of
dual-porosity for the diffusion and pressing problem, the full accounts of which are given in Paper
Il — Paper 1V, however here these models are given in their numerical form. These forms are
necessary in order to facilitate coupling of the theoretical heat distribution model with the mass
transport models via temperature-dependent coefficients in order to theoretically evaluate the
influence of raised temperature in tissue to mass transport for various temperatures in a parametric

simulation study to follow.

5.2.1.1 The diffusion problem

The slightly rearranged fundamental equations of the dual-porosity model for the diffusion

problem read

ac, (2.t o%c, (2.t
C(gtz ) _p,, Caz(j Lt ok (6 (2:0) o (2.1)) (5.2.)
aciétz’t):—km(ci(z,t)—ce(z,t)) (5.22)

where km here is the transmembrane diffusive flow coefficient, not to be confused with kn, as used
throughout the remainder of this chapter to refer to the membrane thermal conductivity coefficient.

The appropriate boundary and initial conditions are
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Ce(t)], ) =0 (5.2.3)

Gi(t) _,,, =Cioe ™™ (5.2.4)

ac(t)|

e 0 (5.2.5)

a®F (5.2.6)
0z |,

Co(2,0) =Cqg (5.2.7)

Ci (Z, O) =GCjp (528)

Strictly adhering to the fundamental physics background of eq. 5.2.1, if the diffusion coefficient

Ds. is not space-invariant, eg. 5.2.1 must be rewritten into

aceétz,t) =§(Ds,e(2,t)ace(§zz’t)} fk (Gi (2,t)—Ce (2.1)) (5.2.9)

which complicates the numerical integration scheme used to calculate ce.

Using the finite difference approximations of oc/ot and oc/oz and the Crank-Nicolson
approximation of the temporal derivative by an arithmetic mean of its finite difference
representations at the j-th and the (j+1)-th node, it is relatively straightforward (and thus the details
are omitted from presentation) to arrive at the finite difference scheme for the extracellular

concentration

r
Ci(,ej)Jrl o Z[ pj+lci(2, j+HL a j+lCi(,ej)+l +S j+1Ci(3, j+1:| =
(5.2.10)
r .
=c{¥ + Z[ p;c) i —4j ¢l +s;c) J- } — foknoteS) + fokyotel)
where
p; = Di(,sj'e) " Di(ff} (5.2.11)
q; = Di(—fi,ej) +2Di(’3j,e) 4 Di(_si,ej) (5.2.12)
and similarly
Pju= Dl(sjﬂ + Di(jfj)-q-l (5.2.14)
Qj+1 = Di(ji,ej)+l + 2Di(,sj’3 + Di(—si(,ej)+l (5.2.15)
si,; = DC) 4 D) (5.2.16)
j+l i,j+1 i-1,j+1 o
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As in subsection 5.1.3 on the numerical solution of the thermal model, this set of egs. 5.2.10—
5.2.16 can be written in matrix form with the appropriate initial and boundary conditions taken
into the account. A similar finite differencing scheme can be written for the intracellular
concentration, except that in this case due to absence of a spatial derivative from eq. 5.2.2, this
scheme is reduced to a simple integration on time and does not necessitate the use of the Crank-
Nicolson scheme.

Egs. 5.2.11-5.2.16 show that the diffusion coefficient must be known in all spatial and temporal
nodes from the plane of independent variables (the z-t plane), and since the diffusion coefficient
is dependent on temperature, the following functional dependence must be known

f
Ds,e(z’t)szs,O (Te,é(zft)+Tamb) (5.2.17)

where f¢ is the convection correction factor and ze the extracellular matrix pathway tortuosity
(temperature independent factors) — for details on these parameters, see Paper Il and Paper IV. Dso
is the diffusion coefficient of solute species ‘S’ in bulk water.

According to the famous Einstein-Stokes relation [73], the diffusion coefficient in bulk solvent

can be (re)calculated from temperature given a known dependence of the solvent viscosity # on

KT T

temperature
Dy (T)= =C (5.2.18)
o(T) 6zr(T)  °7(T)

Rather than estimating the diffusion coefficient from solute effective dimensions etc. as

demanded by 5.2.18, the diffusion coefficient is normally given in form of tabulated data for
various solutes at a given temperature. In example, sucrose at 20°C in water has the diffusion
coefficient of about 4.5 10°1° m?/s [74]. This holds for 20 °C i.e. at 293 K, and the viscosity of
water at this temperature is 1.002 10 Pa.s [75]. This permits the determination of constant Co
from 5.2.18, which equals Co = Do(293 K) - #(293 K) / 293 K = 1.54 10*° m?Pa/K. This allows for
an immediate recalculation of the diffusion coefficient according to eq. 5.2.18, and several
representative values are collected in Table 5.3 below.

T (°C) 10 20 | 30 | 40 | 50 | 60 70
Dso(T) (um?s) 333.7 | 450.3 | 584.7 | 737.0 | 909.4 | 11005 | 1310.7
7 (1Pa.s) 1306.9 | 1002.0 | 797.5 | 6535 | 547.1 | 466.6 | 403.9

Table 5.3: Values of the diffusion coefficient of sucrose in an aqueous solution for different
temperatures. Recalculated using relation 5.2.18 and constant Co = 1.54 10*® m?Pa/K. The

corresponding values of viscosity are given alongside for reference, taken from [75].
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From values in Table 5.3 one can calculate that from 10 °C to 70 °C, the diffusion coefficient
of sucrose in water increases 4-fold. While this is less than an order of magnitude difference, the
diffusion phenomenon is strongly dependent on temperature, since the rate of diffusion Dseg is the
most important parameter governing solute extraction kinetics in eq. 5.2.9 if the cellular
membranes have been permeabilized to a sufficient degree. The values given in Table 5.3 are used
as initial temperatures and the corresponding diffusion coefficients in the parametric study
presented in subsection 5.2.2, where the numerical approach to the dual-porosity model of solute
diffusion as given in this subsection is used to calculate the B(t) (i.e. normalized Brix) dependence
for various initial temperatures of tissue.

Note that the parameter Dspo is also one of the multiplicative factors determining the
transmembrane diffusive flow coefficient km, according to eq. 15 presented in Paper 1V. Since this
parameter is not subject to the spatial derivative, it is much easier to incorporate it into the
numerical solution than is the term Dse, and the issue is not considered further, although the
temperature dependence of km was taken into the account during the parametric study as presented
in continuation (see Figure 5.7).

In order to calculate Do(T), which is a spatio-temporal function, i.e. Do(T(z, t)), according to eq.
5.2.18 the temperature-dependant viscosity #(T(z, t)) needs to be determined first. Tabulated data
for viscosity such as given in Table 5.3 can be used in order to obtain a polynomial that can aid in
obtaining a high fidelity estimate of viscosity for any temperature within the range of temperatures
for which the polynomial fit was calculated. Using the MATLAB (MathWorks, Inc.) function
polyval and the data in Table 5.3, one can obtain a fifth-degree polynomial in the form

n(T)=-1.129T° ~3.528T* +13.006T ® - 23.943T 2 + 83.508T - 265.818T +654.000  (5.2.19)

where T is the scaled and centered temperature. Scaling and centering transformation improves
the numerical properties of the polynomial and the fitting algorithm. For the above eq. 5.2.19, the
transformed temperature that can be used to calculate an arbitrary viscosity of water in range of
10 °C to 70 °C is obtained according to the following formula

F_ T —313.0000 (5.2.20)
21.6025

An additional note on the use of the numerical solution 5.2.10-5.2.16. Given a known
temperature distribution in the extracellular space, which is equal to the general distribution of
temperature in tissue since both the intra- and the extracellular temperatures were previously
shown not to differ significantly, this temperature distribution can be expressed analytically and is

equal to
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© n 2
Teyé(z,t)=45Teoz(_1) cos(2n+1zjexp(—(2nl+lj e t} (5.2.21)

T a2n+l | oo

which can be directly inserted into eq. 5.2.18 and then Dspg into 5.2.17 to obtain values for the
diffusion coefficient Dse(z, t). These values can then immediately be used in the numerical
integration scheme 5.2.10-5.2.16. Note that in egs. 5.2.17 and 5.2.21, the &-notation was
reintroduced into the equations, which was omitted throughout model derivations, in order to
emphasize that for determining the diffusion coefficient, absolute values and not only relative
increases/decreases are necessary. In example, for a 8Teo of 15 °C, the diffusion coefficient that is

sought is the coefficient calculated for 35 °C, given the ambient temperature of 20 °C.

5.2.1.2 The pressing problem

The slightly rearranged fundamental equations of the dual-porosity model for the pressing

problem read

P (2,1) _ keG,e 0°pe(2,t) aG

ot o (pi (21)= pe(2:1)) (5.2.22)
api (Z,t) __OCGg,i - _
ot u (pl (z.1) pe(Z,t)) (5.2.23)

The appropriate boundary and initial conditions are

Pe(t)],_, =0 (5.2.24)
e,

pi(V)],_o = Pic  * (5.2.25)

ope (1) ~0 (5.2.26)
07 |,

BOF g (5.2.27)
oz z=l

Pe(2,0) = peg (5.2.28)

p;i(2,0) = pio (5.2.29)

Strictly adhering to the fundamental physics background of eq. 5.2.22, if the viscosity of liquid

n 1S not space-invariant, eq. 5.2.22 must be rewritten into

e (zt) 0 (keCie Ope(2t)) aGpe )
ot _62( L a ) u (Pi(zt)=pe(zt)) (5.2.30)
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Using exactly the same approach as with the diffusion problem described in subsection 5.2.1.1,

and introducing the following replacements for the sake of algebra

k.G
Kk=—"28 (5.2.31)
7
G
v, = e (5.2.32)
7
O[Ggi
v =228 (5.2.33)
U

leads to the following finite difference Crank-Nicolson scheme for extracellular liquid pressure

r
pi(,ej)+1 - Z |:Z j+1 pl(ﬂ jH1 Pin pi(,ej)+1 + l9j+1 pfﬂ j+1} =

(5.2.34)
= p{9 + %[Z] pl(i{j —pi P + 9, pi(fij } 0,5t +veStp{’)
where
Xj =K, jtKi,j (5.2.35)
Pj = Kiy1,j +2Ki ) TKiq,j (5.2.36)
Ij =K j K] (5.2.37)
and similarly
Xj+1 =K, ja T Kiv, ju (5.2.38)
Pi1 = Kirg, ji1+ 2K ji1 T K1 ju (5.2.39)
Fj41 =K i K (5.2.40)

As in the case of the diffusion problem, the system of equations 5.2.34-5.2.40 can be written
in matrix form with the appropriate initial and boundary conditions taken into the account. A
similar finite differencing scheme can also be written for the intracellular liquid pressure, except
that in this case due to absence of a spatial derivative from eq. 5.2.23, this scheme is reduced to a
simple integration on time and does not necessitate the use of the Crank-Nicolson scheme.

Since the dependence of viscosity on temperature has been treated in full detail in subsection
5.2.1.1 with the diffusion problem, it is omitted from repetition at this point. If temperature and
therefore viscosity is known for all z, coefficients 5.2.35-5.2.40 can be determined and the finite
difference scheme applied successively for all t to determine the extra- and intracellular liquid
pressure profiles. Integration and scaling to obtain the sample deformation from liquid pressure

loss is thereafter a trivial matter, as already presented in detail in Paper 111 and Paper IV.
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5.2.2 Relation between tissue temperature, diffusion coefficient, and viscosity — a

parametric simulation study

Using the relation 5.2.19 presented in subsection 5.2.1.1, the thermal distribution in a tissue
sample can be estimated for the entire duration of a diffusion or pressing experiment. In this
parametric study, the time of observation is limited to the first few minutes of the experiment (in
contrast to an hour in diffusion and/or pressing experiments — see Paper 1I/111/1V). This is due to
the rapidly dissipating thermal energy, assuming the tissue sample is heated (by the electric current
of electroporation or otherwise) to a temperature above that of the ambient or that of the solution
prior to the start of the mass transport experiment/simulation. This thermal energy is rather rapidly
dissipated out of the sample tissue block and thus its effects cannot be examined at the same
timescales as those of the much slower processes of mass transport. Such an initial temperature
increase may however have an important role in mass transport processes immediately after the
pre-treatment, i.e. during the first few seconds to minutes. The following parametric study is an
attempt at quantifying this influence.

Using the parameters collected in Table 5.4 that follow directly from findings presented in
Paper Il and Paper 1V, simulations using the numerical dual-porosity model for solute diffusion
yield results shown in Figure 5.7a, calculated for a range of tissue temperatures between 10 °C and
70 °C. These simulated Kinetics take into the account the reduced (for 10 °C) or increased (for all
temperatures > 20 °C, absolute ambient temperature was fixed to 20 °C) diffusion coefficient in
electroporated tissue. This increase/decrease is relative to the diffusion coefficient value at the
temperature of the ambient, which was the value used in all previous works (i.e. 20 °C).

Figure 5.7b on the other hand presents simulation results based on the variable viscosity
depending on temperature as evaluated by eq. 5.2.21, and dual-porosity pressing model results
were obtained using the numerical solution from subsection 5.2.1.2. The range of temperatures in
this case was the same, and parameters are collected in Table 5.5.

parameter | value source parameter | value source
I (m) 0.005 | previous experiments | p (kg/m?) 1000 | water [68]
F () 0.345 | Paper IV (apple tissue) | cp (J/kg.K) 4200 | water [68], [69]
ki (W/m.K) 0.559 | apple juice [69] hy (W/mE.K) |- not used
ke (W/m.K) 0.174 | estimated by eq. 5.1.83 | kn* (1/s) - see P. 1V, eq. 15
tend (S) 120 | arbitrarily chosen dTio (K) var. | arb. chosen
fv (-) 0.527 | F/(1-F) dTeo (K) var. | arb. chosen
dm (nm) 5 Paper Il fc (-) 2.5 Paper IV
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ze (-) /2 Paper II foor (-) 10° | Paper IV
rs/rp (-) 0.80 | Paperll/ 1V Reen (um) 100 | [76]

Table 5.4: Parameters used for the parametric study with the dual-porosity model of solute

diffusion in an electroporated sample of apple tissue, accounting for variable tissue temperature.
Note the lower cell volume fraction F due to electroporation. The simulated experiment is for
tissue treated according to Protocol A, with 200 V applied to the electrodes. Full details can be
found in Paper IV. *kn with units 1/s is not thermal conductivity, but the transmembrane

diffusive flow coefficient as defined in Paper 1I/1V.

Diffusion simulation b Pressing simulation
0.1 : : . 02r
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Figure 5.7: The parametric study for electroporated tissue with the dual-porosity models of
solute diffusion (a) and pressing (b) illustrating the effect of temperature-dependent parameters
of these models (diffusion coefficient, viscosity). Only the diffusion coefficient and/or viscosity
were varied to obtain the different kinetics, and these were dependent on the initial temperature

increase (the varied parameter). All constant parameters can be found in Table 5.4 and Table 5.5.

parameter value source parameter | value source
I (m) 0.005 previous experiments p (kg/m®) 1000 water [68]
F() 0.345 Paper 1V (apple tissue) | cp (J/kg.K) | 4200 water [68], [69]
ki (W/m.K) | 0.559 apple juice [69] hy (W/m3K) | - not used
ke (W/m.K) | 0.174 estimated by eq. 5.1.83 | km (1/5) - see P. IV eq. 15
tend (S) 120 arbitrarily chosen dTio (K) var. arb. chosen
fv **(-) 0.527 F/(1-F) 0Teo (K) var. arb. chosen
kp (M) 1.25 107 | Paper 11/ IV fk (-) 2.5 Paper IV
u (Pa.s) f(Te) Function of Te foor (=) 4.810° | Paper IV
Pe (MPa) | 0.291 Paper 111/IV Reell (im) 100 [76]
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Ge (Pa) 11.010° | Paper IV Gi (Pa) 9.2 10° | Paper IV

ke* (M?) 2.2510Y | Paper IV a(-) - see P. IV eq. 27

Table 5.5: Parameters used for the parametric study with the dual-porosity model of filtration-
consolidation (pressing) accounting for variable tissue temperature. Note the lower cell volume
fraction F due to electroporation. The simulated experiment is for tissue treated according to
Protocol A, with 200 V applied to the electrodes. Full details can be found in Paper IV. *ke in m?
is the extracellular hydraulic permeability, not to be confused with ke in W/m.K, the thermal
conductivity of extracellular space. **fy is not a parameter in the version of the dual-porosity
model for pressing as presented in Paper I11 and Paper 1V, and therefore for this parametric

study, fv is only used in temperature distribution calculation.

The results in figure 5.7b clearly demonstrate that during the first two minutes of the simulated
pressing experiment, the influence of temperature-dependent viscosity is initially substantial.
However, the effect of decreased viscosity subsides rather rapidly as temperature drops and
viscosity increases, and the end result after two minutes is a discrepancy of only about 10-15 % as
compared to ambient temperature even for the largest initial increase in temperature that was
modelled.

Examining the results in Figure 5.7a — the diffusion case — one could conclude that the increased
or decreased temperature of the tissue does not have any substantial effect on the rate of diffusion.
Nevertheless, it would be too early to dismiss the influence of a temperature increase based only
on this particular case. The temperature in the simulation drops rapidly due to the small sample
thickness and the model representation of an infinitely powerful heat sink/source that is supposed
to surround the sample (either liquid solution or electrodes). In case of pressing experiments where
metal electrodes are in contact with the tissue sample at all times, this may be a valid
approximation, but in case of the liquid solution in the diffusion example, the finite thermal
conductivity of water and its finite quantity cannot be neglected, especially since the tissue bulk
thermal conductivity is only slightly below that of bulk water.

For the reasons mentioned above, an important change has to be introduced into the model to
account for the finite thermal conductivity in the region exterior to the tissue sample(s).
Reconsidering the boundary condition for z = 1/2, instead of enforcing this boundary condition to
0, one can postulate that the thermal flux entering the interface is equal to the thermal flux exiting
the interface (conservation of energy), and is proportional to the temperature difference between

tissue and surrounding material (water). The proportionality constant hs (the tissue-environment
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heat transfer coefficient) relates this difference in temperatures with the resulting thermal flux,
according to the heat exchange properties of the contact tissue-environment.

The boundary condition defined above can be written as

% aTamb
O |geryy- OZ

=~ —hS (Te _Tamb) (5.2.41)
z=l/2*

and indicates that a positive difference Te — Tamb, 1.€. @ higher tissue sample temperature as
compared to that of the ambient, will lead to a negative thermal gradient along the normal vector
to the sample surface and in direction of increasing z. The thermal gradient depends on the
geometrical properties of the system, which is captured by the heat transfer coefficient hs. The use
of eq. 5.2.41 is problematic however, if the surrounding medium is agitated, when there is no
thermal gradient in the space outside of the tissue sample. This renders the derivative in eqg. 5.2.41
identical to zero at z = I/2*, and the derivative (Neumann) boundary condition degenerates to the
condition Te = Tamb, Which is the original Dirichlet boundary condition one was trying to avoid at
the outset.

The above dilemma can easily be resolved by ignoring the flux altogether and considering the
energy balance. If one accounts for the finite thermal capacity of the sample-surrounding medium,
which is a valid assumption when the tissue/solution mass ratio is low (valid for laboratory and
industrial-scale applications where just enough water is added to grated material to make it
pumpable through the treatment chamber), the ambient temperature Tamp should also be allowed
to increase due to heat leaving the tissue particles and heating the surrounding medium. This
renders the ambient temperature Tamb @ function of time, however this is not a problem, since the
known thermal distribution in tissue enables precise calculation of the thermal energy dissipated
from the sample that was used to heat the environment. One possible approach is thus to determine
the total amount of thermal energy leaving the tissue sample by integration, and recalculating (for
every time step) the resulting increase in ambient temperature due to this energy. In case the sample
and medium density and thermal capacity are assumed identical, the ambient temperature is the

following function of tissue temperature

Tars (t):rij(')(Te(z,t)—Teo)dz (5.2.42)

where rm is the solid-to-liquid mass ratio, the mass ratio of tissue to the surrounding medium, and
| is the sample thickness (along z). Since in all of the analysis thus far, only half of the tissue
sample was modelled due to symmetry, the integration boundary has to be corrected, and for
hypothetical solid-to-liquid ratio of 1:2 (see diffusion experiments Paper 11, Paper V), the ambient

temperature changes according to
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1

Tano ()= 2 Jy (T (2.0) ~Teg )z = [0 “(Te (2.0) ~Teo )2

Note that temperatures in eqs. 5.2.42-5.2.43 should all be understood as relative and not

(5.2.43)

absolute quantities (see subsection 5.1.2). Using the ambient temperature dependence 5.2.43 into
the account in the boundary condition, and simulating using the same system and range of
temperatures as used to produce Figure 5.7, one obtains results as shown in Figure 5.8b. Results
from Figure 5.7a were reproduced here as Figure 5.8a but at the same scale along the ordinate axis

for easier comparison.

a Diffusion simulation — Tamb constant b Diffusion simulation — Tamb changes
0.12 0.12
0.1 0.1 e
"—‘: -
= : CIPE P
0.08- : oy 0.08} : o DL T
Ia2" o R
= —T,=10°C L T,=10°C
X S5z _on X L : o T PPN
006 g = ---T_=20°C o 0.06 . P j;’./,,/,,/ - -T,=20°C
i . . o
7 T,=30°C \’4;/,_7;/ - - T,=30°C
0.04 Y. L | — T =40°C 0.04F - 7 — T =40°C
2 ¥
-— =T =50°C /// ---T,=50°C
0.02- : ==.T_=60°C 0.02 - =T _=60°C
el el
_Teo=70"C _Te0:70 C
0 , i . | i 0 i i =
0 20 40 60 80 100 120 0 20 40 60 80 100 120
t[s] ts]

Figure 5.8: The parametric study for electroporated tissue with the dual-porosity models of
solute diffusion taking the temperature-dependent diffusion coefficient into account. Without
accounting for the surrounding medium heating (or cooling) due to thermal exchange between
the medium and the tissue (a) and with the medium temperature (Tamn) re-calculated at every

time step and diffusion coefficient modified accordingly.

In order to calculate results in Figure 5.8b, a numerical method of calculating the temperature
profile in tissue was used. Note that this causes slight artefacts for small values of t if the timescale
is divided into equidistant nodes. In this case, a more accurate solution with limited numerical
artefacts would have been obtained by use of a logarithmic or otherwise non-linear non-equidistant
meshing along the temporal coordinate with finer gradation for small values of t. Work concerning
this issue extending beyond the basic identification of the problem and illustration by simple
simulation as just described, is at this point relegated to future work, and is therefore not further
discussed within the scope of the present thesis.

The simulated extraction kinetics shown in Figure 5.8b indicate that in case the more realistic
case is modelled where tissue heats (or cools) the medium, the rate of diffusion is more extensively

altered as compared to the simulation study where the ambient (medium) is modelled as an ideal
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sink (or source) of heat. However, since the system of the tissue particles and surrounding medium
is not thermally insulated (e.g. in a treatment chamber), the ambient/medium temperature will drop
nonetheless and the effect of tissue initial temperature will diminish in time. Also note that only a
very substantial increase in tissue initial temperature (e.g. by 20 °C to 50 °C — note that the given
temperatures in the legend are absolute initial tissue temperatures) is needed to produce a
noteworthy increase in the diffusion rate.
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5.3 Concluding remarks to the chapter on thermal relations in electroporated

tissue and their effects to mass transport

This chapter of the thesis presents work performed within the scope of this thesis dedicated to
the thermal relations in biological tissues, predominantly of plant origin. The first section is
dedicated to the analogy between the dual-porosity models of mass transport and its thermal
equivalent formulation, and gives a detailed analysis of the model from its formulation to
development of an analytical and a numerical solution, as well as providing theoretical grounds
for estimating all of the required model parameters. This is followed by an adaptation of the
previously presented mass transport models into a form suitable for combining them with the
thermal distribution model, leading to a parametric study that attempts to answer the question of
how important are temperature increases during or after electroporation for mass transport in pre-
treated tissue.

The conclusion that can be drawn from the analysis of thermal relations in tissue with the use
of the dual-porosity thermal model (section 5.1) is that, from the thermal point of view, tissue
(electroporated tissue in particular) is too homogeneous to necessitate the study of its thermal
properties with a complex model of dual porosity. The thermal properties of the extracellular and
the intracellular space can, for all ordinary purposes of industrial applications of electroporation
of plant tissue at the very least, be considered approximately equal and bulk properties of tissue
can be used in a simple model of heat transfer in homogeneous material to study heat relations in
tissue with adequate accuracy.

The same however cannot be said or claimed for very short timescales and events on the nano
scale that were not considered. The dual-porosity model might present an interesting starting point
for modelling thermal relations on the level of cells and on very short timescales, something that
has been shown as being important not in the seconds after electroporation, but rather during the
pulse application.

Section 5.2 of this chapter examines the relation between tissue temperature, diffusion
coefficient and viscosity in two parametric studies where temperature is varied and the effect
simulated using the dual-porosity model and its calculated diffusion/expression kinetics. The effect
of constant raised temperature was already studied in a similar way in Paper 11, therefore, in section
5.2, the approach is taken a step further by considering the influence of temperature if heat is
dissipated out of tissue during the diffusion stage. The main conclusion of this section with
relevance to electroporation of tissues is that, given moderate increases in tissue temperature and
thermally non-insulated systems permitting sufficiently rapid cooling, the temperature increase

itself via augmented diffusion coefficient and reduced viscosity will not have a noteworthy effect
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on the rate of mass transport. A more important effect to mass transport in the case of elevated
temperature is probably the structural alterations in tissue due to increased temperature. These
findings should not be misconstrued by concluding that elevated temperature does not have a
strong and direct effect on transport kinetics, but that in most practical cases, thermal dissipation
due to electroporation will most likely not be sufficient to noticeably alter mass transport Kinetics,
simply because the electroporation-generated heat dissipates too quickly, and the system returns

to ambient temperature within seconds or minutes following the treatment.

201



5.4 Appendix: The form of the analytical solution for the dual-porosity

thermal model in the general case of ke # ki

The subsection 5.1.2 contains a complete analytical solution for the thermal analogue of the
mass transport dual-porosity model that was written for the particular case where the thermal
conductivities of the intra- and extracellular spaces are the same (ke = ki). However, the contrary
(i.e. ke # ki) is a valid assumption corroborated by studies reported on in literature, and an analytical
solution for this general case can theoretically be obtained. The entire process is outside the scope
of this thesis, however, for completeness, a general form of the solution for the interested reader
is presented here, which could serve as a starting point in finding the particular solution.

According to [77], a system of the form

ou o4

—=a——+ f(bu+cw 54.1
ot 1 8X2 ( ) ( )
ow 0w

—=a,—+g(bu+cw 5.4.2
ot 2 axz g( ) ( )
has, for any a: and az, the solution

u :c(ax2+,8x+7/t)+ y(&) (5.4.3)
W=—b<ax2 +ﬂx+7/t)+ 2(&) (5.4.4)
&=kx—At (5.4.5)

where k, a, £, y, and / are arbitrary constants, and the functions y(&) and z(&) are described by an

autonomous system of ordinary differential equations

ak®yLs + Ayk +2aca—cy + f (by+cz) =0 (5.4.6)
apk®z}z + Az — 2ajba +by + g (by +cz) =0 (5.4.7)

By comparing systems 5.1.1-5.1.2 and 5.4.1-5.4.2, we see that u = Te, w = T;, f = -fy, and g =
1, while the constants equal

pC,

a, = K (5.4.9)
PCy

be—co v (5.4.10)
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Determining the arbitrary constants in the system described by egs. 5.4.1-5.4.10 for the
particular initial and boundary conditions of the thermal dual-porosity model is not a trivial task

and is at this point deferred as future work.
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6 Concluding remarks and suggestions for future work

6.1 Future work

This section gives the author’s opinion on possible future directions for the further development
of the main work presented in this dissertation, the dual-porosity model. For a better understanding
of the proposed approach, a previously published article is appended to this section and its

significance is put into perspective in the discussion on future work directions.

6.1.1 Directions for further development and improvements

The dual-porosity model which constitutes the main scientific advance described in this
dissertation is a model describing a fundamental framework for theoretically coupling
electroporation effects and treated biological tissue. Regardless of whether the principle process
governing mass transport in electroporated tissue after applying the treatment is diffusion or liquid
flow, the model provides means of theoretically describing the permeability of the cell membrane
of cells in tissue and relating this permeability with the resulting mass transport, quantifying the
latter. Therefore, the principal focus for further model improvements should be in coupling a
model of pore formation and resealing (i.e. pore evolution) on to the model, thus giving the
parameter describing the transmembrane mass transport a temporal component. In order to
determine pore evolution locally, the local electric field strength during electroporation must be
known. The paper given in the following subsection describes an application for calculating the
electric field distribution in tissue. The model presented therein has been kept simple, not taking
into the account the local inhomogeneities in tissue electrical properties (e.g. conductivity), since
it was designed to be used in an educational application where speed of calculation is more
important than accuracy. Nevertheless, it illustrates one possible approach to calculating the local
electric field distribution in tissue, which could, if known (calculated), facilitate the
characterization of local electroporation effects with respect to tissue material and electrical
properties. This would lead to a known pore size, number, and local distribution function, a spatio-
temporal function that would replace the (thus far) constant coefficient that relates transmembrane
mass transport with the concentration/pressure difference across the membrane. This means that
tissue inhomogeneities could be accounted for, and furthermore, the parameters in the dual-
porosity model would more closely reflect true material properties rather than describe averaged
effects resulting from the assumptions about tissue homogeneity and temporal invariability that

can at the moment be considered as unrealistic assumptions in the model.
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Other possible improvements that are foreseen (and experimental work has already been
undertaken to this effect) are related with further model upgrades necessary to provide the model
the ability to describe other influences on mass transport; the two effects that have been determined
to be important are turgor pressure loss and electroosmosis. Figure 6.1 below gives an illustration
of the effect of these two phenomena; in Figure 6.1a, we see the effects on tissue volume loss (and
concurrent liquid expression) due to release of turgor pressure at the onset of electroporation and
immediately afterwards, while Figure 6.1b shows consolidation kinetics for two tissue samples
where one has only been electroporated using high-voltage electrical impulses, and the other has
been electroporated according to the same protocol, but also additionally exposed to long impulses
of much lower amplitude as compared to electroporation pulses. The difference between the two
consolidation Kinetics is indicating what might be the net contribution to liquid expression due to
electroosmaosis. The turgor pressure loss can be considered and modelled (paper in preparation) as
additional external compressive pressure that is only present for a limited duration of the
experiment (initial few seconds) and whose effects become negligible once the elastic tension in

the cell wall has been depleted.
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Figure 6.1: (a) A set of photographs illustrating the effects of internal turgor pressure loss in
tissue due to electroporation (the samples observably shrink); and (b) Kinetics of tissue (potato
tuber) deformation in time due to constant external low pressure application — with and without
low-voltage millisecond-scale pulses (“EOS protocol”, i.e. electroosmosis protocol) following
the initial electroporation treatment. In the second “electroosmosis” example, the polarity on the

electrodes was reversed during the “electroosmosis” period, thus presumably reversing the
direction of the electroosmotic current, resulting in what appears to be a counterforce opposing

the externally applied pressure.
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6.1.2 Appendix to this section — Paper V: “Educational application for visualization and

analysis of electric field strength in multiple electrode electroporation”

As shown in Figure 1 of the following article, electric field distribution in biological tissue is
strongly dependent on the problem geometry. Important factors include, but are not limited to;
electrode type (plate, needle, etc.), electrode size/length and orientation, number of electrodes, and
tissue electrical conductivity distribution. These factors influence the inhomogeneous distribution
of the electric field in tissue, and consequently, electroporation effects in tissue will be expressed
to a varying degree, leading to inhomogeneous treatment effects. The local electric field
distribution can exhibit marked differences according to the given condition of its application, and
so any rigorous theoretical treatment of problems related to mass transport in electroporated tissue
should begin by first examining the effects of the electric field and its homogeneity in target tissue.
This is especially true in cases where it is of great importance that tissue is not too extensively
damaged (applications on living tissue, animals, applications in selective extraction, etc.).

What is presented in the following article is an account of creation and development of an
educational software solution intended for education of medical personnel working in the field of
electrochemotherapy, however, it also highlights the importance of the local electric field
distribution and gives an analytical method of calculating the electric field distribution in
homogeneous tissue, created by two parallel needle electrodes.

It is the author’s vision that such calculations will in future represent the starting point in the
theoretical studies of the mass transport in electroporated tissue, and will constitute an integral part
of a comprehensive and rigorous treatment of the problem.
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Educational application for visualization and
analysis of electric field strength in multiple
electrode electroporation

Samo Mahnic-Kalamiza, Tade] Kotnik and Damijan Miklaveie™

Abstract

Background: Electrochematherapy is a local treatment that utilizes electric pulses in order to achieve local increase
in cytotoxicity of sormne anticancer drugs. The success of this treatrment is highly dependent on parameters such as
tissue electrical properties, applied voltages and spatial relations in placermnent of electrodes that are used
establish a cell-permeabilizing electric field in target tissue. Non-thermal irreversible electroporation technigues for
ablation of tissue depend similarly on these parameters. In the treatrent planning stage, if oversimplified
approximations for evaluation of electric field are used, such as U/d (voltage-to-distance ratio}, sufficient field
strength may not be reached within the entire target (tumaor) area, potentially resulting in treatment failure.

Results: In order to provide an aid in education of medical personnel performing electrachemotherapy and
non-thermal irreversible electroporation for tissue ablation, assist in visualizing the electric field in needle electrade
electroporation and the effects of changes in electrode placement, an application has been developed both as a
desktop- and a web-based solution. It enables users to paosition up to twelve electrodes in a plane of adjustable
dimensicns representing a two-dimensional slice of tissue. By means of manipulation of electrode placement, i.e.
repositioning, and the changes in electrical parameters, the users interact with the system and observe the
resulting electrical field strength established by the inserted electrodes in real time. The field strength is calculated
and visualized cnline and instantaneously reflects the desired changes, dramatically improving the user friendliness
and educational value, especially compared to approaches utilizing general-purpose numerical modeling software,
such as finite element maodeling packages.

Conclusion: In this paper we outline the need and offer a solution in medical education in the field of
electroporation-based treatments, e.q. primarily electrochemotherapy and non-thermal irreversible tissue ablation.
We present the background, the means of implementation and the fully functional application, which is the first of
its kind. While the initial feedback from students that have evaluated this application as part of an e-leaming course
is positive, a formal studly is planned to thoroughly evaluate the current version and identify possible future
impravernents and modifications.

Keywords: Education on electroporation, Electromagnetic field visualization, Applications in subject areas,
Interdisciplinary prajects, Interactive learming environments
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Background

Electroporation

Electroporation is a term coined in the early 1980
{11 for phenomena already described more than a dec-
ade earlier [2], when an interesting property of bio-
logical membranes has been observed. Electroporation
mainly results in fransient increase in membrane per-
meability when these membranes — which are mainly
composed of lipid bilavers — ave exposed to very short
and intense electric fields. The physical mechanism
responsible for increased permeability is thought to be
the formation of nanc-scale defects termed pores {thus
electroporation) in the lipid structure [34]. This
allows molecules that usnally do not cross the mem-
brane to cross it with velative ease, though the exact
mechanism of this transport remains a subject of sci-
entific debate [5]. In case the electric field strength is
too high, changes to membrane structures and conse-
quently fo the cell are not temporary, but instead
result in cell death, a phenomenon known as irrevers-
ible electraporation. On the other hand, if the cells
survive, increased permeability of membrane is only
temporary and the phenomenon is termed reversible
clectroporation. This observed transient increase in
permeability of electroporated membranes of bio-
iogical cells has offered opportunities for extensive re-
search and development vesulting in a2 number of
applications of electroperation, such as gene {(DNA)
delivery, imtroduction of drugs into cells, fusion of
cells, electrochemotherapy for treatment of cancer
gene delivery in tissue and transdermal delivery of
drugs and genes as well as a number of other applica-
tions, see for instance [6,7] for an overview. In these
applications viability of the porated cells is imiportant
and thus irreversible electroporation is consciously
avoided and generally considered to be an undesired
side effect. Howevey, there are also inferesting medical
applications of irreversible electroporation [8], such as
non-thermal irreversible electroporation for tissue abla-
tion. Irreversible electroporation is also rapidly entering
the domains of industrial [3,10] and environmental {11]
applications.

Electrochemotherapy

Electrochemotherapy {(ECT) is a local treatment that
successfully combines application of cell-membrane-per-
meabilizing electric pulses and chemotherapeutic drugs.
For successful ECT, the pulses must be of adequate
amplitude, duration, number, repetition frequency and
shape [12], in order to achieve local increase in uptake
and hence cytotoxicity of otherwise non-permeant or
poorly permeant anticancer drugs. Two drugs have been
identified as candidates for ECT: bleomycin and cis-
platin [13,14]. The transport of bleomycin across the
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nonpermesabilized plasma membrane is highly Limited
{15]. Using electroporation to increase membrane per-
meability provides bleomycin with access to ovtosol and
DNA, where it causes DNA breakdown. The cyiotoxicity
of bleomycin is thereby increased by a factor of several
thousand [16]. In short, the main mechanism of ECT is
the electroporation of cells in tumers and consequent
increase in drug effectiveness by enabling the drg to
reach intracellular targets. For other supporting mecha-
nisms, see [17,18].

Since all clonogenic cells in the tumor need to be
eradicated for effective treatment, all cells have to be
permeabilized, ie. all cells in the tumor have to be
exposed to appropriate electric pulses. This means
that the effectiveness of electrochemotherapy depends
on both the drug availability in the twmer and cover-
age of the whole target area by a sufficiently high
electric field [19].

There are several factors in ECT of tumeors that we
must consider before we can confidently assiume we
have successfully electroporated the entire tumor area.
First, there is the issue of tumor and surrounding tissue
electrical properties that may exhibit considerable in-
homogeneity. Conductivity is of particularly high im-
portance for example, since higher tumor conductivity
compared to surrounding tissue results in lower electric
field strength in the tumor and undesirably high fields
in the surrounding healthy area that may cause irre-
versible electroporation [20]. Second, there is the issue
of electrodes used to apply the pulses, mainly of their
shape, size and position. In general, there are two types
of electrodes — plate and needle electrodes. Plate
electrodes are non-invasive, usually parallel and with
gither a fixed or adjustable distance in between the two
plates, whereas needle electrodes are used invasively,
which ensures good electrical contact, but has other
drawbacks. In uvsing plate electrodes, we must ensure
good electrical contact and optimal distance between
electrades to fit the tumor {21,22] and with needle elec-
trodes — since eleciric fleld distribution is more in-
homogeneous and dependent on  their diameter,
distance between them and depth of insertion [23] —~
the task of ensuring entire fumor area coverage is even
more arducus [19].

Several papers have been published based on nume-
rical modeling, eg. [19,24] and in vive studies {25] on
importance of tumor coverage by sufficiently high elec-
tric fields for successful ECT, demonstrating the need
for careful consideration and control of variables. Effect-
iveness of ECT has been confirmed in a study conducted
by a consortium of four medical institutions gathered in
the ESOPE (European Standard Operating Procedures of
Electrochemotherapy) project, in the scope of which
standard operating procedures for ECT were published

209



Mahnic-Kalamiza et af. BMC Medical Education 2012, 12102
httod v biomedcentral.com/1472-6920/12/102

126]. However, in advanced cases such as indracranial
[27] or liver metfastasis tumor treatment [28], the need
for patient-specilic treatment planning has been high-
fighted and is being developed [29,30].

Mon-thermal irreversible electroporation for tissue
ablation and other techniques

Irreversible electroporation has been studied exten-
sively in recent years as a method of tissue ablation
While the high number of applied pulses used o
achieve classical irreversible electroporation may also
cause thermal damages due to Joule heating of the
current-conducting  tissue, non-thermal irreversible
electroporation (NTIRE} is of particular interest since
it results in well-defined areas of tissue ablation and
no protein ceagulation {311 The potential clinical
applications of NTIRE are therefore numerous. It is
technically a simple procedare, requiring only the in-
sertion of electrode needles without any addition of
chemotherapeutic as with ECT}; it is fast in comparison
to other ablation methods such as RF
cryoablation; can be monitored with ultrasound; pro-
duces a sharp delineation between treated and un-
treated regions; and affects only cells while sparing the
connective structure [8,32]. Since it has been chserved
that NTIRE spares the vascular structure and nerves,
there is hope of using this fechnique in treatment of
tumaors abufting large blood vessels [33]. Promising as
this treatment is, we are faced with similar considera-
tions as with reversible electroporation in the case of
ECT or its many other applications, namely to ensure
adequate local electric field strength, sufficient for irre-
versible, vet non-thermal electroporation.

In addition to NTIRE and ECT, a nuinber of other
minimally invasive therapies for treatment of deep-
seated tumeors (particularly those of the liver) exist, eg.
high intensity focused uvlirasound, microwave ablation
and radiofrequency ablation. The latter is a minimally
invasive procedure where a needle electrode is inserted
percutanecusty into a tumeor, much as in ECT or NTIRE
The electrode acts as an antenna for electromagnetic
waves emitted by a generator; the tumor is heated up
and thereby destroyed [34]. As with NTIRE or ECT, the
need for accurate needle placement exists and its im-
portance has been evaluated Success, ie improved
treatment, has been proven to be correlated to the ex-
perience of the operator [34].

ablation or

The need for education on electroporation

As cutlined in the paragraphs above, both reversible and
irreversible electroporation are promising approaches in
treating solid tumors, however their success is highly
dependent on local field strength. Poorly defined or un-
known properties sach as tissue conductivities and
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inhomogeneities in addition fo our choice of electrode
type, positions and pulse amplitudes, affect the electric
field distribution. With many factors to take into consi-
deration, we may dismiss Important uncontrolled va-
riables or use a well-studied but irvelevant model that
cannet be applied to a specific sitnation. An example of
this is the persisient use of a very simple approximation
for electric field strength that holds only under very par-
ticular conditions. This irequently used approximation
equates the electric field strength £ to the voltage 1 ap-
plied on the electrodes divided by the distance o bet-
ween the electrodes, Le. E ~ Lifd. Since the local electric
field strength has been identified as the key factor in
achieving both reversible and irreversible electroporation
(see [19] for details), Le. local £ has to reach a certain
threshold value E.; or Ejep it is the parameter we most
often optimize our electrode configuration for. There is
a problem, however, since this simple relation is strictly
valid only in an isotropic homogeneous medium bet-
ween two infinitely large parallel plate electrodes. When
using parallel plate electrodes in ECT or NTIRE, this
simple model best approximates the actual {ield strength
far from the electrode edges, provided the electrode
width is sufficiently large compared to the electrode dis-
fance. In any case, the approximate model fails com-
pletely as we approach the edges (see Figure la). Results
are even worse in the case of needle electrodes, where of
course there are no parallel plates o speak of isee
Figure 1b and [35] for further elucidation). Therefore,
using the simple parallel plate approximation for £ in in-
dividual cases of tumor freatment could possibly resuit
in significant reduction of response in treatment for
which the complete response rate has been shown 16 be
as high as 74% (17].

As ECT and NTIRE are steadily finding their way
into more and more clinics worldwide [36-39] and
establishing themselves as safe and effective treatments
of cancer, it is becoming mere and more important
that medical personnel performing and planning ECT
{or NTIRE) is aware of their mechanisms of action,
the nnderlying physics and possible pitfalls. This
paper presents an application for visualization and
analysis of the electric fleld strength in multiple-
needie-electrode electroporation aimed at users with
basic knowledge of the principles of electroporation,
but lack of education in physics and engineering who
may therefore need visual, interactive and didactic
instruments to gain a deeper understanding of the
principles necessary for effective use of these promis-
ing treatments. Since educational applications of the
sort are scarce and research is focused primarily on
advancing the feld rather than educating, the need
to explore options and applications in this area of en-
gineering education seems pressing and applicative
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Figure 1 Electric field distribution for plate electrodes in a cutaneous tumor electroporation (a) and parallel needle electrodes in
cutaneous tumor electroporation (b). Geometry is shown on the left hand side and resulting field strength on the right. Tumor diameter in
both instances is 2 cm, electrode thickness 0.2 cm and electrode distance 1.6 cm. The applied voltage was 1300 V. Resulting field strength on the

color scale is in volts per meter.

results should be welcome. The application is part
of a now firmly established annual course Electropor-
ation Based Technologies and Treatments, EBTT
(http://www.ebtt.org). The e-learning laboratory exer-
cise into which the presented application has been
incorporated, has been developed and described previ-
ously [40].

Implementation

Theoretical background

The theoretical background for the mathematical en-
gine that is at the heart of our application has been
derived from the electrostatic field theory, more spe-
cifically, extended from a solution for electrostatic po-
tential generated by two long parallel charged
conductors given in [41]. We have omitted the detailed
mathematical derivations here as they are outside the
scope of this paper; however, we have included a deriv-
ation of the equations below in the Appendix for those
readers that may be interested in further development
or modifications to our model. Below, we specify only
the final formulation of the mathematical model and
the method of application of this analytical solution
into the field-calculating engine that represents the
core of Application for Visualization of Target Tissue

in Electroporation (ApiVizTEP), since this is the only
essential part of the application around which the user
interface is built. Similarly to the approach that we
present in this paper, other analytical models have
been developed previously using complex analysis. For
a six-needle array, one may find a first-order analytical
approximation for the electric field strength in [42].
Other authors have expanded on this approach further,
see e.g. [43] and [44]; however, these solutions do not
give an accurate analytical expression for the electric
field strength since quite possibly such a solution can-
not be obtained for three or more electrodes active
concurrently at a given time. Since currently electro-
poration devices mostly power only one pair of elec-
trodes at a time [45], we have not pursued a solution
with more than two concurrently active clectrodes, thus
avoiding the derivation of an approximate solution. In-
stead, we give an accurate solution for a two needle elec-
trode system that is not based (mathematically) on
previously published work.

The accurate analytical solution for electric field
strength of two long parallel cylindrical conductors (nee-
dle electrodes) on a plane perpendicular to the con-
ductor longitudinal axis (2-D solution), is given by the
following equation
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Vig is the veoltage on an electrode pair {anode-
cathode), dan is the distance between the electrodes, pg
is the electrode diameter, while &5, ¥y and &', v are
cocrdinates of the center of the electrode mathematical
equivalents (the elecirical center #'s, ¥4 and x'p, ¥y of
the elecirodes is eccentric to the actual geometrical
center x4, va and Ay, ¥z due to finite i.e. non-zero elec-
trode diameter).

Our application employs a mesh of 400 » 400 points and
the electric field strength £ is caleulated for each of the
160.000 points using the expression above. The time
needed to perform the necessary caloulations and display
the results is practically negligible, ranging from a few hun-
dred milliseconds for two active electrodes up 1o one and a
half seconds for twelve active electrodes using an average
modern personal computer, Le. at least a dual core 2 GHz
processor equipped with 2 GB of memory or more. It
needs to be emphasized that while the application sllows
for inclusion of up to twelve electrodes distributed into
one to six groups with variable voltages, the application
fundamentally breaks down these groups into anode—cath-
ode pairs and calendates the electric field strength by means
of the equations above for every pair. It then searches this
set of results to obtain the maximum value of the electric
field in each of the 160.000 points. This value represents
the final solution in that point, since what we are intevested
in is determining the maximum value for the local field
strength. In this way we have eliminated the need for a so-
lution for the electric field of more than two concarrently
active electzodes. Such an approach is justified by the fact
that we have already mentioned - ie. currently electropor-
ation devices only power two electrodes at the same time.

Tools and platforms

The application has been written in C# programming
language in the Microsoft® Visual Studio 2010 inte-
grated development environment. The library used was
the Microsoft® NET Pramework version 4. The deve-
fopment environment and base library have both been
selected based on personal preference and possibilities
that are enabled by the enhancements in these tools

N2 N 2
Yy Y Y5~
¢ z, ! RS R R + sy 2 f PSRN
gy —x) + Ol -7 B #) ) (W =) ok -0y =)+ )

concerning ease of graphical user interface {GUT) deve-
lopment by separating the markup that describes the
GUI elements from programming logic that provides
the functionality.

The internet version of the application is hosted on a
semi-open platform, since a Microsoft® Windows ope-
rating system is hosting an Apache™ HTTP Server web
server with installed PHP support and 2 free edition of
Crracle® MySQL, providing a web interface to basically
the same, though slightly modified and recompiled, en-
gine as in the desktop version.

Results

The application that we developed has been named Ap-
plication for Visualization of Target Tissue in Electro-
poration, or ApiViZTEP in shert. It is a Microsoft NET
application bundled into an installation package together
with the .NET Framework version 4 Client Profile redis-
tributable installation, which enables the user tc install
the application locally, provided the machine hardware
and operating system support this prerequisite frame-
work, as do most modern Windows operating systems
installed on compatible hardware.

At the start the application presents itself with a navi-
gational panel on the left-hand side of the window and a
help panel to the right {see Figure 2).

The help panel contains instructions on locating the
configuration of the system, Le. divects te the config and
seftings panels. These contain various model and system
setiings that we describe here briefly: It is possible to in-
clude from two up to twelve needle electrodes in the
model that may be distributed into one, two, or more
{up to six) groups. One cathode and one or more anodes
or vice versa {one anode and one or more cathodes)
form such a group. These are defined in electroporation
studies in situations where applied voltages are different
for different pairs (or groups in general) of electrodes, as
currently electroporation devices mostly power only one
pair of electrodes at the same tume [45]. The applied
voltages are configurable per group (see Figure 3). The
reversible electroporation threshold E,.. as well as irre-
versible electroporation threshold B, may also be set
(default settings 300 V/cm and 800 V/cm, respectively),
as these thresholds are highly dependent on the modeled
tissue {e.g. hone vs. muscle vs. lver eic.) as well as on
treatment parameters, e.g. number and duration of pulses
{46]. These thresholds may be set in three different units:
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save & exit

©Samo Mahnic. Faculty of Electrical Engineering. University of Ljubljana

ApiVizTEP - Application for Visualization of Target Tissue in Electroporation

ApiVizTEP is short for Application for Visualization of Target tissue in Electroporation and has been
developed with medical and electrical engineering students in mind as target users. It could also
conceivably be used in training of medical staff in preparation for malignant tumor treatment with
the process known as electrochemotherapy. This well-researched and developed treatment has a
high success rate and is being adopted by many medical institutions performing cancer treatment
worldwide, creating a need for educational software such as ApiVizTEP to provide a graphic and
interactive tool doctors and technicians can use to familiarize themselves with the processes of

The aspect of electrochemotherapy this application allows you to study in particular, is perhaps the
most important one. Using analytical methods, ApiVizTEP calculates the electrostatic field
generated by up to 6 groups of needle electrodes inserted in tumor and surrounding healthy
tissue, visualizes the results and displays important parameters used to evaluate the overall effects
of the applied treatment.

Please, read further by either opening the PDF document or browsing online help...

'g Click to open documentation in PDF fj Click to open homepage @ SourceForge

...or, if you have already familiarized yourself with the concepts of electrochemotherapy, begin by
first setting parameters of the simulation by selecting "config” from the left-hand menu, then view
your results by clicking “display”.

Welcome to ApiVizTEP!
config
display
tOO|S electrochemotherapeutic treatment.
settings

Figure 2 The help panel of ApiVizTEP with introduction and brief instructions.

Your session began on 1.10.2012 at 16:22

V/em, V/mm, or V/in. There are also interface elements
for changing the ratio of tumor size to healthy tissue
area, and for modifying the conductivity ratio of tumor
to healthy tissue, but these options are not, at present,
taken into account in calculations of the field strength,
although the effects of inhomogeneous conductivities can
be significant (see Discussion, Evaluation of accuracy and
usefulness of obtained solution).

An electroporation model studied in ApiVizTEP is fle-
xible in terms of adjustable tissue area (1.61 mm® to
16129.00 mm?) and electrode diameter (0.10 mm to 2.00
mm, see Figure 4). The user interface for configuring has
also been designed with extensive error-checking capabi-
lities to prevent users from misconfiguring the model.

Once satisfied with the configuration, the user may
switch to the display panel, which contains the results

ApiVizTEP - Application for Visualization of Target Tissue in Electroporation
ApiVizTEP\config
Conﬂg electrode configuration mizcellaneous parameters
Ne.  +V0 -VO neur. n/p group  radius healthy tissue to tumor 20
————/ e
L e oo M s T : : ;
: 5 ) ) ) F
d |Sp[ay - J OO [ conductivity quotient tumor to healthy tissue 1.0
21 ’1 r J I ) r J u :,l:
| | ! f f '
s 0O 00 G [] e !
tools s OO0 % [] T——
ositive electrode potential V-
5 00 [ ] DE p -
= ) 00 620.00 |[V] (valid range: 0.01..9999.99)
seftti ngs 8 O 0O 0O G [] negative electrode potential V-
9 0 0O 0O % B | -650.00 | [V] (valid range: -9999.99..-0.01) 44000 V 5
10 G s r r r
O J peak to peak electrode voltage Vpp
hel 1 r FJ s s u
p n QO % O 0 (23000 J 11 o range:02 N
13 [V] (valid range: 0.02..19999.98) —
2 OO0 G [] =
Hints and tips Errorlist
Select electrode polarity (+V0/-VO)by ~ No errors
clicking circular buttons and set groups
afterwards by clicking in the rectangular-
.. :’\ap!d button areal
save & exit
©Samo Mahnié. Faculy of Electrical Engineering. University of Ljubljana Your session began on 1102012 at 16:22
Figure 3 The configuration panel of ApiVizTEP with various options.
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©Samo Mahnié. Faculty of Electrical Engineering. University of Ljubljana

Figure 4 The settings panel of ApiVizTEP with various options.

ApiVizTEP - Application for Visualization of Target Tissue in Electroporation

ApiVizTEP\settings
co nﬂg global dimenzion parameters
electrode diameter 1.001 mm
d |Spiay tissue area 10000.04 mm?
.....\......”....1.\.
tools units
mm  cm n tissue square width/height
% O O according to currently set area is 100.00 milimetres
settings
graphical uzer interface settings
colour scheme chooser
help primary colour
secondary colour
selection L] @) ) (7] ) @)
Contrast (expressed as ratio of secondary/primary colour luminosity)
s ——rp—— —
save & exit N T T TR
“Your zelection will come into effect the next time you run AgiVizTEP or reztart by clicking here

Your session began on 1.10.2012 at 16:22

part of the application (see Figure 5). This display panel
is divided into five areas; (1) the tissue area with color-
coded display of calculated electric field strength, elec-
trode positions and miniature color bar (legend); (2) the
large color bar and controls area (accessible via the color
controls button, see Figure 6); (3) the position fine-tun-
ing, coordinates and units panel; (4) the selected elec-
trode position and mouse cursor position bar; and (5)

the position and display settings reset bar. The tissue
area, measuring 400 x 400 picture elements (pixels), is
displaying the results of our model. There are also the
X and Y axes and a circle representing the boundary be-
tween the tumor and the surrounding tissue. Currently,
this boundary serves no particular function other than
representing a target for our modeled ECT or NTIRE
efforts, a point on which we will elaborate later. What we

ApiVizTEP - Application for Visualization of Target Tissue in Electroporation
ApiVizTEP\display [status: image is current]
confi g color controls
position fine-tuning
O Ay
RA4Y)
tools xs (s faM L
127 635 127 635
5% 10 30 90
Settings disabled groups
asam: s
coordinates
help @ xy O oe
group labels
N : |
grid units
mm  om in px
r i s a
- o) 5 v ~ J J
save & exit oo 2 X
lact select. electrode 1 X:-1247 ¥:-2070 mouseX:na  Yinva reset display positions
©Samo Mahni¢. Facuty of Electrical Engineering. University of Ljubljana Your session began on 1102012 at 1622
Figure 5 The display panel of ApiVizTEP with its 5 sub-sections.
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ApiVizTEP - Application for Visualization of Target Tissue in Electroporation

config

tools
settings
help
save & exit 200 2
lact celect. electrode 1 X:-1247 ¥:-21.70

©5amo Mahnié. Faculty of Electrical Engineering, University of Ljubljana

comparison the same results displayed in "hot” color scheme in Figure 5).

ApiVizTEP\display [status: image is current]

Figure 6 The display panel of ApiVizTEP with the color controls sub-section of the display panel visible. Tre cclor bar is annotated with
important field strength values (thresholds} and a gray coler scheme has been selected te illustrate the results display adaptability (see for

color controls

colormap ﬂ‘ t\‘-
o [ ‘::'”D L8

15.00 V/mm

0 V/mm

display positions

50.0

mouse X: n/a Y:rva

@

set

Your session began on 1.10.2012 at 16:22

are seeing in this area is color-coded electric field strength,
of which the values are encoded into color based on the
chosen palette (color bar), shown in Figure 6.

As described in the Background, coverage of the entire
target area with fields above reversible threshold is very im-
portant for successful ECT, and above irreversible thresh-
old for ablation of tissue by NTIRE. Thus, the learning
experience for the user is in the experimentation with the
chosen setup, by one or more of the following methods of
interaction: (1) repositioning of electrodes via mouse (drag
and drop) or eight buttons by a defined increment (up,
down, left, right, rotation around center point, towards or
away from the center point); (2) adjusting the number of
electrodes or the applied voltages (configuration panel); or
(3) varying tissue and electrode dimensions (settings panel).

The tools panel of the application contains two useful
analysis tools, one already developed (data collector) and
the other currently under development (data analyzer).
Data collector (as shown in Figure 7) is capable of main-
taining a record of our selected configurations that we
wish to analyze. An individual record holds information
about the electrode and voltage settings as well as analysis
performed at the instance of record creation; the maxi-
mum and minimum field strength, as well as percentage
of tumor and surrounding tissue subjected to irreversible
or reversible electric field strengths (see Figure 7).

ApiVizTEP also allows the user to save data via the
save & exit panel. An option is available to either save
configuration to a file that can be loaded at any time via

a key combination, or automatically at the next startup
of the application. Additionally, there is an option to re-
tain the data collected in the data collector.

For platform cross-compatibility and accessibility, a
web interface has been developed (Figure 8) that uses
the same engine as the standalone application; in other
words, the application has been recompiled without the
graphical interface and the interface built as a web appli-
cation. This is now part of an online e-learning course
presented at the EBTT International Workshop [40].

Discussion

The main result of the work presented in this paper is
the educational application that calculates and provides
visualization of the electric field in multiple needle elec-
trode electroporation, such as is commonly used in elec-
trochemotherapy [28] or tissue ablation by non-thermal
irreversible electroporation [39]. It has been developed
both as an installable desktop application and a web ser-
vice with a graphical interface.

ApiVizTEP from the user’s point of view

From the perspective of a potential user, the application
has been designed in an attempt to be both easy to use
and work with, and aesthetically pleasing. It is important
for a modern educational piece of software to be not only
functional in the educational sense, but also designed in a
way that is inviting the user to “play” with the various fea-
tures and modes of use, thus provoking a motivated self-
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ApiVizTEP - Application for Visualization of Target Tissue in Electroporation
ApiVizTEP\tools data collector = analyzer
co nﬂg record collection collector controls
(+ record ) +, add record to collection
w configuration remove cel. rec. from coll.
d |Sp lay electrodes: 4; no. of groups: 2 move zelected record UP

<ize ratio: 2.0; conductivity ratio: 1.0

Vipp: gr. #1: 1300.00 V; gr. #2: 800.00 V: miove sel. record DOWN

rev. threchold: 15.00 V/mm; irrev. threzhold: 30.00 V/mm

tOO|S w field data and statistics

field strength: 3 R .
minumum: 1.17 V/mm

percent of tizcue above reverzible field strength:
in tumor tizsue region: 63.0 % status
in all tizzue: 18.0% record collection has items

h | percent of tissue above irreversible field strength:
S p in n‘.n-c— ti :‘:35 region: 7.0 % data exporter
in all tissue: 2.0 % _coming zoon!
- J,
save & exit
record 1 electrodes 4 groups 2 Emin 117VW/mm Emax 299.54V/mm size ratio 20 oratio 1.0
©Samo Mahni. Faculty of Electrical Engineering. University of Ljubljana Your session began on 1102012 at 16:22
Figure 7 The tools panel of ApiVizTEP with data collector showing analysis of results obtained with configuration and settings shown
in Figures 3 and 4, respectively.

paced learning experience [47]. We believe the design of
our application has successfully incorporated these prinei-
ples in the following sense; the amount of textual infor-
mation related to the understanding of user interface
functionality is minimal, the help section of the application
is mainly concerned with bridging the gap in knowledge of
the electroporation background and need not be focused
on the interface as it is minimalistic in design; since we
also aimed at flexibility in customizing and individualizing
the interface by the users themselves, we offer several dif-
ferent color options and palettes for visualizing the data as
well as six selectable color schemes of the graphical inter-
face (see Figure 3 — graphical user interface settings); and
finally, intelligent programming logic of error reporting
and warnings prevents the user from misconfiguring or
misusing the system and therefore failing to produce or
obtain erroneous results. Thus far feedback from users, i.e.
students at a workshop on electroporation, has been posi-
tive. While no formal study on the usability and user-
friendliness has been performed, based on individual oral
accounts of the learning experience, we can conclude that
the application is easy to use and the graphical interface is
intuitive; there have been no requests for clarification from
users during courses that incorporated ApiVizTEP, while
all participants successfully completed their assignments
that were based on work with the application.

Evaluation of accuracy and usefulness of obtained solution
With respect to the accuracy and reliability of the results
in light of present knowledge on mechanisms of ECT and

NTIRE, there are a couple of points to consider. First, it
needs to be emphasized that due to optimization of speed
with which we obtain our results within ApiVizTEP and
our desire to enhance user experience — consequently
using an analytical model — we are limited by the need for
a low-complexity model of electroporation. The reason
for this is that an analytical model may be described and
solved without utilization of numerical methods which
come with high computational costs. Of main concern in
this regard are differences in electrical properties of tumor
and swrrounding tissue. Since tumors nermally exhibit
higher conductivity compared to the surrounding area
[48], local electric field strength inside the tumor can be
only a fraction of the field strength of the surrounding tis-
sue [20]. This inhomogeneity in tissue conductivity is at
the time of writing of this article incorporated into the
graphical user interface of ApiVizTEDP, i.e. the user may set
tumor conductivity to surrounding tissue conductivity ra-
tio, but our mathematical model and therefore the field-
calculating engine do not take this ratio into account. We
therefore treat the entire area as homogeneous in con-
ductivity. The functionality of varying the tumor tissue
to surrounding tissue conductivity ratio is built into the
graphical user interface in anticipation of future work on
developing the analytical model still further, If possible, the
conductivity inhomogeneity will be accounted for in a
future model, i.e. a future version of the application. If it
is, however, impossible to obtain such a solution analy-
tically, the application will be extended with a numerical
engine.

216



Mahnic-Kalamiza et al. BMC Medical Education 2012, 12:102
http://www.biomedcentral.com/1472-6920/12/102

Page 10 of 13

The definitive electroporation learning resource with
images, videos and a pre/post-course knowledge test!

e—-Learning

Faculty of Electrical Engineering
University of Ljubljana

ApiVizTEP
Welcome to the eLearning course in electroporation!

This is the ApiVizTEP section, the section in which you can explore the Application for Visual

0Vim

0
selected electrode: 3 coord. X:-25 ¢
field coverage (reversible) :
field coverage (irreversible) :: % of all tissue:

% of all tissue:

colormap selection:

.

shading selection:

NENNN

AN NN

(gray) (hot) (hue) (cokl) ¥ O#¥2  #3  #4 ¥  # ¥ #B
voltages (in Volts):

pair 1: pair 2: pair 3: thresholds [Vicm]:
V+ 650 V+ 400 v+ 150 rev. 150
V- -650 V- -400 V- -150 irev.: 300
other parameters:
Electrode diameter*: pair1: 1 mm pair2: 1 mm pair3: 05
Tissue area: 10000 mm? = tissue size: 100 mm, tumor diameter: 50 mm
Tumor diameter*: 50 mm
Online mode: Jon @ off

*min: 0.1 mm, max: 2 mm, electrode representation is never smaller than 7px in diameter.
**min: 2 mm, max: 100 mm, tissue area adjusts to twice the tumor diameter size or vice versa.

ization of Tumor tissue in ElectroPoration.

position controls:
L

A |
v

increment [mm]

50

X,
®

X,
0]

D 0.25 mm (1 px), 5°
- 1.25 mm (5 px), 10°
2 2.5 mm (10 px), 30°
@) 12.5 mm (50 px), 90°
electrodes:
D1 © 2 Fonoff
pair2 @3 ©O4 [¥] onvoft

pair 3 @5 ©6 [onoff
coord. system:

pair1 ¢

@ xy
labels:

- P9

on @ off

oord. Y: 0
umou
% of tumour: 17

#10

mm

Figure 8 The web version of ApiVizTEP as part of an e-learning application on electroporation.

Secondly, we would like to point out that our model is
two-dimensional, as we have imagined our area of interest
to be a slice of three-dimensional space. This simplification
is made under the assumption that the generated field
is homogeneous along the electrode insertion axis if we ob-
serve a plane that is distant from electrode end points.
Since currently in ECT [28,29] and NTIRE [49-52] of deep-
seated tumors the electrodes are normally inserted
into tissue parallel to each other, the fact that we do
not consider the third spatial dimension is not of par-
ticular concern.

Conclusions

The research and development presented in this paper is
grounded in decades of studying the phenomenon of
electroporation and the development of electroporation-
based technologies and treatments. It has resulted in a
software product aimed at educating a relatively small
but rapidly growing population of researchers and med-
ical staff in fields where applications utilizing electropor-
ation are growing in numbers, such as cancer treatment,
food processing and the environment (e.g. waste water
treatment, biofuel, etc.). As these applications mature
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into standard practices, a further increase in need for
educational solutions of this kind will become a neces-
sity, especially in the field of health care provision, since
ECT and NTIRE are highly successful modalities for
treatment of malignant tumors and tissue ablation, re-
spectively. The application presented here is portable
and accessible, as it can be distributed either as a stand-
alone software package that can be downloaded and in-
stalled, or as an online web application that is easily
accessed from any computer possessing browsing cap-
abilities. Feedback from students that have had an edu-
cational course of which ApiVizTEP is a part of, have
provided feedback that confirms the usefulness and ease
of use of the educational solution presented.

Availability and requirements
Project name: ApiVizTEP

Project home page: e.g. http://sourceforge.net/projects/
apiviztep/

Operating system(s): Web version: Platform indepen-
dent, Desktop version: Microsoft Windows XP and above

Programming language: Web version: PHP (GUI) and
C# (service), Desktop version: C#

Other requirements: Web version: Apache Server,
MySQL, XHTML, CSS, Codelgniter library, 1IS 7 Web
Server, .NET Framework v4, Desktop version: .NET
Framework v4

License: GNU General Public License v3

Any restrictions to use by non-academics: Desktop ver-
sion is subject to GNU GPL v3 license. Web-based version
is closed to all public access, due to it being part of a wider
educational framework that is not in public domain.

Appendix

This appendix provides a detailed mathematical deriva-
tion for electric field strength of two long thin parallel
cylindrical conductors. The basic theory of electric field

Page 11 of 13

supporting this derivation may be found in [40] or derived
by means of almost any comprehensive treatment of elec-
trostatic field theory that is found in literature, e.g. [53].

The general situation is illustrated by Figure 9 below.
We are looking for an analytical expression for the elec-
tric field of two long parallel cylindrical conductors of
diameter po distance dsg apart that carry electrical
charges +gq and —g. Charges +q and —g are the actual
charges on the surface of the conductors, while charges
(+g) and (—¢g) are their mathematical equivalents, which
is why they are given in parentheses. These charges are
located eccentrically to the geometrical axes of the con-
ductors. The axes of the equivalent charges are also
known as the electrical axes and the distance between
these electrical axes and the geometrical axes is known
as eccentricity, denoted e. Via means of the geometrical
parameters of equipotential curves we determine the dis-
tance between the electrical axes, denoted by s, which
we find is related to the existing system parameters as
shown by the following equation:

_ / dap ’ 2
s=y\2)

From Figure 9 it also follows:

_dw_ _das [ (A
R R T T " Po’

The electric potential in the area outside the conduc-
tors is defined by the equivalent charges:
q Pg

T)=—1 logbt
VIT) =30 108 "

and the voltage between the two conductors is the dif-
ference in potentials:

T(xy)
A Py
q -q
2, 2
Fa
k @ /5 b \(9) / X
e s | | '&e

Figure 9 Two long parallel cylindrical electrical conductors.
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Vap{Th = V(Ta} — V{(Tp) = 2V (T}
f. 2 . 5
'dAB T/ dap® — dp,?

- oo
ey o8 2p,

I the voltage Vig(T) is known, the expression for the
urknown potential V(1) is given by:

VAB log}’i—i

VT = (A1)

dazin/ dip” -, ’

The electric field strength E(7) is the absclute value
{length) of the vecior E(T), obtained by means of the
gradient function of the scalar potential V{7

. (A.2)

The gradient in two-dimensional space described using
Cartesian coordinates x and v is:

—grad Vix,y) = — (m— e

VeV
o é‘y) . (A.3)

The gradient operation applies to the expression log

{oalpa) contained in AL, where p, and pg are expressed
as {see Figure 9):

pa= et el ="+ e — 9 = o~ (s — )

ps =yl — el =) 4+ (= =l =Y + =)
(A.4)

for the particular case where the v coordinates of the
conductors’ geometrical axes are identical {and happen
to be equal to 0, see Figure 9). If this is not the case —
i.e. the coordinates of the geometrical centers are com-
pletely arbitrary — we need to determine the coordinates
of the electrical axes via a rotational transformation (Le.
frigonometrically). For this general case, combining
equations Al ~ A4 and accounting for the rotational
transformation to generalize eq. A4, we get the follow-
ing set of expressions that represent the final and ge-
neval solution to cur problem:
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Vg
where O = -
. digty/ das” —4-p?

g 2.
Ky = x4+ e cos@®y, &) = avctan LA
Ag oKy
¢ ¥a — ¥r
and  Ap = g+ [o]-cos@h, B = arctan St
X4 — Xp

¥y = ya o+ fe]-sing,

i I 2 7
¥p = ¥5 + |e|- sin@y €= dup/? — \Jlduas/2) — 0o

In eq. A5 — A7, Vagp is the voliage on an elecirode
pair {anode—cathode), dax is the distance between the
electrodes, gy is the electrode diameter, while #’y, ¥y and
%'z, ¥'p are coordinates of the center of the electrode
mathematical equivalents (the electrical center x'y, va
and &'y, ¥y of the electrodes is eccentric to the actual
geometrical center xa, vy and xp, ¥p due to finite e
non-zero electrode diameter).
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6.2 Concluding remarks

The effects of electroporation on mass transport within electroporated tissue continue to remain
insufficiently understood and are particularly difficult to quantify. The reasons for this stem
predominantly from three factors: the complexity and diversity of target material (biological
tissue); a multitude of possibilities in designing and applying the electroporation treatment
protocol (pulse amplitude, duration, repetition frequency, etc.); and the lack of comprehensive
theoretical models describing the complex relationships between electric field effects on tissue and

the subsequent processes of mass transport that the electrical treatment facilitates.

This dissertation represents a detailed account of an attempt at constructing a theoretical
mathematical model, with the aim of bridging the gap between existing (or new and future) models
of electroporation effects on cells, and models of mass transport in biological materials. The
presented approach has proved to be useful for purposes of modelling experimentally obtained
data, but it is the author’s firm belief that its true potential is in providing a platform for future
work. This work should be directed towards further improvements and validated additions to the
model in the direction of coupling electroporation effects on cells described by realistic
mechanistic models, thus enabling better model generalization, increasing its applicability and

usefulness.

Such a generalized and detailed theoretical model would not only help elucidate and quantify
the effects of electroporation on mass transport in a particular case of electroporation application,
but is envisioned to also provide predictive capabilities as well as solutions to unanswered
questions in the field during the process of its creation and development. It is the author’s belief
that the work collectively described in this dissertation represents the first necessary (three little)

steps in the creation of such a model.
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