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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 français : Effets de prétraitement électrique et thermique sur le transport de la matière 

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 l'électroporation, 

attribuée à la création de voies aqueuses dans la membrane. 

 Quantifier le transport de la matière dans le cadre d'électroporation est un objectif important. 

Comprendre ces processus a des ramifications dans l’extraction du jus ou l’extraction sélective des 

composés de cellules végétales, l'amélioration de l'administration de médicaments, et des solutions 

aux défis environnementaux. 

 Il y a un manque de modèles qui pourraient être utilisés pour modéliser le transport de la matière 

dans les structures complexes (tissus biologiques) par rapport à l'électroporation. Cette thèse 

présente une description mathématique théorique (un modèle) pour étudier le transport de la 

matière et le transfert de la chaleur dans tissu traité par l’électroporation. 

 Le modèle a été développé en utilisant les lois de conservation et de transport et permet le 

couplage des effets de l'électroporation sur la membrane des cellules individuelles au transport de 

la matière ou la chaleur dans le tissu. Une solution analytique a été trouvée par une simplification, 

mais le modèle peut être étendu avec des dépendances fonctionnelles supplémentaires et résolu 

numériquement. 

 La thèse comprend cinq articles sur l'électroporation dans l'industrie alimentaire, la création de 

modèle pour le problème de diffusion, la traduction du modèle au problème lié à l’expression de 

jus, validation du modèle, ainsi que des suggestions pour une élaboration future du modèle. Un 

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

 

Mots-clés: électroporation; modélisation mathématique; transfert de la matière; tissu végétal; 

diffusion, filtration-consolidation; intensité du champ électrique; modèle mécaniste; membrane 

cellulaire; électropores 

  



  

Naslov v slovenskem jeziku: Učinki električne in toplotne obdelave na transport snovi v 

biološkem tkivu 

 

Povzetek 

 Električno polje dovoljšne jakosti lahko povzroči znatno povečanje električne prevodnosti in 

prepustnosti celične membrane. Pojav je poznan kot elektroporacija in je pripisan vzpostavitvi 

vodnih kanalov v lipidnem dvosloju imenovanih pore. 

 Elektroporacija je bila in je še vedno predmet intenzivnih raziskav na številnih področjih, kot 

so biomedicina (za gensko transfekcijo, elektrokemoterapijo, vnos zdravil preko kože, in ablacijo 

mehkih tkiv, npr. tumorjev); v predelavi hrane in kemijskem inženirstvu (za povečanje količine 

ekstrakta pri pridobivanju sokov ali dragocenih snovi, izboljšanju 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 področjih 

nas zanima izboljšanje vnosa snovi v biološke celice ali pa pridobivanja snovi iz bioloških 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 izboljšanje selektivnega pridobivanja snovi ali 

sokov iz rastlinskih celic, za izboljšanje dostave zdravil v ciljna tkiva oziroma celice, in za uspešno 

reševanje trenutnih okolijskih izzivov. 

 Pri elektroporaciji med dovajanjem električnih pulzov skozi obdelovano tkivo teče električni 

tok, kar lahko do določene mere tkivo tudi segreje. To je še posebej pomembno v industrijskih 

aplikacijah, kjer so lahko dovedene energije zaradi visoke amplitude in števila pulzov tudi zelo 

velike. Zato je pomembno poznati poleg transporta snovi tudi toplotne razmere v tkivu pri 

elektroporaciji, ter kakšen vpliv ima povišana temperatura na transport snovi v elektroporiranem 

tkivu. 

 Čeprav so elektroporacija in z njo povezani pojavi predmet intenzivnih raziskav, je občutiti 

pomanjkanje kompleksnejših oziroma popolnejših modelov, ki bi se lahko uporabljali za 

modeliranje transporta snovi v kompleksnih strukturah, kakršna so biološka tkiva, še posebej v 

povezavi z elektroporacijo. Pričujoča dizertacija predstavlja poskus izgradnje teoretičnega 

matematičnega opisa – tj. modela – za proučevanje transporta snovi v elektroporiranem tkivu. 

 Model, poimenovan model dvojne poroznosti, je osnovan na podlagi obstoječe teoretične 

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



  

kamninah. Med temi sistemi ter strukturo bioloških tkiv obstaja analogija, ki je izkoriščena za 

vzpostavitev ekvivalentne matematične obravnave bioloških tkiv z že obstoječimi metodami in 

pristopi, ki so bili prvotno razviti v geoloških znanostih, so pa bili že uporabljeni tudi v povezavi 

z biološkimi materiali, denimo pri obravnavi procesa prešanja z oljem bogatih semen. 

 Model dvojne poroznosti je bil razvit upoštevaje zakone o ohranitvi mase in zakone masnega 

transporta (termodinamika sistemov v neravnovesju), in omogoča sklapljanje efektov 

elektroporacije na membrano posameznih celic z rezultirajočim transportom snovi preko 

membrane in v izvenceličnem prostoru. Slednje predstavlja tudi poglavitni izvirni prispevek 

znanosti, saj model dvojne poroznosti še ni bil zapisan za difuzijo in v preteklih delih ni 

predstavljen v povezavi z elektroporacijo. Predstavljena je tudi poučna analitična rešitev modela, 

ki dovoljuje fizikalno interpretacijo, model pa se lahko enostavno nadgradi z dodatnimi 

odvisnostmi in s tem modelira učinke elektroporacije, ter nato reši numerično. 

 Dizertacijo sestavlja pet znanstvenih člankov. Prvi podaja pregled nad aplikacijami 

elektroporacije v industriji predelave hrane ter biorafineriji. Drugi znanstveni članek zajema 

konstrukcijo modela dvojne poroznosti za problem difuzije topljenca v elektroporiranem tkivu po 

elektroporaciji. V tretjem članku 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 (tlačne razmere). Četrti članek združuje 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 posvečeno modeliranju prenosa 

toplote v biološkem tkivu in povezavi med modelom porazdelitve temperature ter modeli 

transporta snovi. Sklepno poglavje podaja še kratek oris najnovejših rezultatov v smeri izboljšav 

modela z vključitvijo drugih pomembnih dejavnikov v model kot so izguba turgorja in 

elektroosmoza, ter predloge za možne prihodnje nadgradnje modela, njegovo razširitev in 

posplošitev. 

 

Ključne besede: elektroporacija; matematično modeliranje; transport snovi; rastlinsko tkivo; 

difuzija, filtracija-konsolidacija; električna poljska jakost; mehanistični model; celična membrana; 

elektro-pore  
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1 Extended abstracts in French and Slovene 

1.1 Résumé substantiel en français 

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 l'électroporation ou l’électroperméabilisation, et comme il est réalisé par exposition de 

tissue à des impulsions électriques, il est également connu sous le nom de « traitement à champ 

électrique pulsé ». L'électroporation est décrite comme la création de voies aqueuses, c'est-à-dire 

les pores, dans la bicouche lipidique. 

 En fonction de la durée de l'exposition de la cellule au champ électrique, l'intensité locale du 

champ (c'est-à-dire le facteur limitant l'énergie électrique maximale qui est potentiellement 

livrable à la membrane par l'intermédiaire du champ électrique imposée de l'extérieur), et le taux 

de récupération de la membrane, il y a trois résultats possibles de l'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 l’intensité du seuil et 

l'exposition est d'une durée suffisante, l’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 à 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, ça 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, l'électroporation irréversible se produit 

résultant en une perte de l'homéostasie cellulaire (et éventuellement une rupture de la membrane 

cellulaire), effectivement tuer la cellule. 
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Figure 1.1: Applications d'électroporation, avec les résultats possibles de l'application du 

traitement. 

  

 Les deux, l’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 l'environnement. Dans la biomédecine, l'électroporation réversible est utilisé pour introduire 

des médicaments cytotoxiques dans des cellules tumorales dans un processus connu sous le nom 

d’électrochimiothérapie, pour l’administration des médicaments et des matériels génétiques par la 

voie transdermique, pour la fusion cellulaire, ainsi que pour l’insertion des protéines dans la 

membrane plasmique, tandis que l'électroporation irréversible est utilisé comme un moyen 

d'ablation de tissu pour l'ablation de tissus mous, y compris le traitement du cancer. 

 Dans la transformation des aliments et de la biotechnologie, l'électroporation a montré des 

résultats prometteurs pour l'extraction de jus de fruits et d'autres composés 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 l’inactivation microbienne. Électroporation 

réversible peut également aider à 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 l'électroporation, la 

compréhension et être en mesure de quantifier le transport de la matière dans le cadre 

d'électroporation de tissus biologiques est un objectif important, puisque dans la majorité de ses 

applications, nous sommes à la recherche de moyens pour soit introduire la matière (solutés ou 

solution) dans les cellules, ou d'extraire le jus intracellulaire et des composés intracellulaires hors 
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des cellules. La capacité de comprendre pleinement ces processus de transport a des ramifications 

dans, par exemple, l’amélioration d’extraction sélective des composés de cellules végétales, 

réduisant ainsi les coûts de raffinage, l'amélioration de l'administration de médicaments conduisant 

à 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 phénomènes d'électroporation et connexes continuent d'être des recherches 

intensives, il y a un manque de modèles intégrales qui pourraient être utilisés pour modéliser le 

transport de la matière dans les structures complexes telles que sont les tissus biologiques, en 

particulier par rapport à l'électroporation. Cette thèse présente une tentative de construire une 

description mathématique théorique, ça veut dire un modèle, pour étudier le transport de la matière 

dans le tissu traité par l’électroporation. 

 Le modèle a été développé en utilisant les lois de conservation (de la matière et/ou de l’énergie) 

et de transport de la matière, et permet le couplage des effets de l'électroporation à la membrane 

des cellules individuelles au transport de la matière transmembranaire ainsi que extracellulaire 

résultantes. Une solution analytique instructive pour le modèle a été trouvée par une simplification, 

mais le modèle peut être étendu avec des dépendances fonctionnelles supplémentaires pour mieux 

prendre en compte des phénomènes de l'électroporation, et puis résolu numériquement. 

 Puisque les effets thermiques dans les tissus pendant l’électroporation parfois ne peuvent pas 

être négligés (dans certains applications, le chauffage associé à électroporation est une composante 

majeure de la modalité de traitement), cette thèse explore également théoriquement en bref de 

quelle importance sont les relations thermiques au transport de la matière dans le tissu traité (ou 

pas) par l’électroporation. À cette fin, un analogue thermique au modèle à double porosité est 

présenté pour le transfert de chaleur dans les tissus traités par l’électroporation, par une étude 

paramétrique utilisant les modèles de transport de la matière (diffusion et expression). Ces modèles 

sont couplés avec le modèle de distribution de la chaleur, à laquelle une section plus courte de 

cette thèse est consacrée afin d'introduire des moyens par lesquels on pourrait, dans une simulation 

simple par ordinateur, évaluer l'effet d'augmentation de la température dans le tissu suivant 

l’électroporation à des processus de transport de la matière. Le modèle de transfert de chaleur et 

son couplage avec les modèles de transport de la matière représentent un travail en cours de 

réalisation qui reste à être validée. 

 Cette thèse comprend cinq articles publiés, décrivant les applications d'électroporation dans 

l'industrie alimentaire, la création de modèle pour le problème de la diffusion, la traduction du 

problème au problème mathématiquement lié à l'expression de jus, validation du modèle, une 
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section sur son extension à un modèle décrivant les relations thermiques, ainsi que des suggestions 

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

 

1.1.2 Matériels et méthodes 

 Cette section donne des détails que sur les matériaux physiques et les méthodes utilisées dans 

les expériences sur deux tissus modèles qui ont été menées afin de valider le modèle à double 

porosité nouvellement développé. Le modèle à double porosité représente le résultat principal et 

la majeure partie des efforts entrepris dans le cadre de cette thèse, 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 l’Article II et l’Article IV ont été réalisées 

selon le même protocole. L’Article III 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 à sucre et des pommes (sans la peau) ont été obtenus à partir des tranches de 5 

mm d’épaisseur prises de la racine de la betterave à sucre ou de pommes (dans le texte continue 

désignés comme le tissu de betterave à sucre ou le tissu de pomme, respectivement). Tous les 

échantillons ont mesuré 25 mm de diamètre. Chaque échantillon a été soumis premièrement à un 

traitement d’électroporation par l'application de 150, 200, 300, ou 400 V entre deux électrodes à 

plaques parallèles en acier inoxydable de 5 mm distance inter-électrodes (égal à l'épaisseur de 

l'échantillon). L'intention était de soumettre le tissu traité au champ de l’intensité de 300, 400, 600, 

et 800 V/cm, respectivement (à noter l'épaisseur de 5 mm des échantillons). L’intensité du champ 

électrique souhaitée n'a pas été atteinte de façon homogène dans le tissu, car il ne s’agit pas d’un 

matériau homogène, et de plus en raison de dimensions d'électrodes finis l’intensité atteint sa 

valeur maximale (souhaitée) que dans la zone centrale loin de bords de l'électrode (voir les figures 

1 et 5 dans l’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, où chaque 

impulsion était de 100 μs 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 

générateur d'impulsions fait sur mesure avec un courant de sortie maximal de 38 A à la tension 
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maximale possible de 400 V, assemblé par le Service Electronique UTC, Compiègne, France (voir 

la section 1.1.2.4 ci-dessous). 

 Ensuite, les échantillons ont été retirés de la chambre de traitement électrique après le traitement 

d’électroporation, après quoi les surfaces des disques d’échantillons ont été mises en contact avec 

du papier absorbant et ainsi les surfaces ont été séchées pour éliminer le liquide sucré accumulé 

au niveau des surfaces. Ce liquide est présent à 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 l’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 l'expérience de 

diffusion, ce qui entraîne 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 

modèle ni facile à 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 magnétique. Ce 

mélange d'échantillon liquide a été constamment agité et échantillonné à intervalles réguliers; la 

concentration des solides solubles totales (principalement le sucre) a été analysée avec un 

réfractomètre 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 réfractomètre numérique est la concentration de sucre (pour être 

précis – la concentration de solides solubles totaux) en liquide et est affiché en unités degrés Brix 

(°Bx), où 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 °Bx0 est connu et normalement égale à zéro, et durant l’expérience, 

la teneur actuel en sucre °Bx(t) est mesurée. Mesures connectés tracent la courbe de la cinétique 

d'extraction, et la concentration finale de sucre °Bxd peut être déterminée séparément. 

Théoriquement, °Bxd est la concentration des solutés totaux en solution dans des conditions idéales 

de tissu complètement perméabilisée et après un temps infini de la diffusion. Dans la pratique, il 

peut facilement être obtenu en mesurant la concentration des solutés dans le fruit pur / jus de racine, 

et la mise à l'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-à-dire B(t), peut être exprimé et calculé 

comme 



 9 

0

d 0

°Bx( ) °Bx
( )

°Bx °Bx

t
B t





 

 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 l'échantillon de tissu à 

partir de l'instant t0 jusqu’à l'instant t. Elle prend des valeurs de l'intervalle 0 ≤ B(t) ≤ 1, et est sans 

dimension. Elle peut être calculée selon l'équation donnée ci-dessus à partir des mesures obtenues 

avec le réfractomètre. La représentation schématique de l'expérience de diffusion est donnée par 

la Figure 1.2. 

 

 

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

traitement d'électroporation (à gauche) et l'étape de diffusion ultérieure (à droite). 

 

1.1.2.2 Les essais de pressage 

 Comme dans les expériences de diffusion, des échantillons cylindriques de betterave à sucre et 

de pomme ont été utilisés, 25 mm de diamètre et de 5 mm d'épaisseur. Les échantillons ont été 

placés entre deux électrodes à plaques parallèles 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, à 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 μs durée de chaque impulsion. Protocole B: La tension a été modifiée de même 



 10 

manière 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 même 

polarité) ont été livrés, 100 μs de durée à chaque seconde (c’est-à-dire la fréquence de répétition 

des impulsions était de 1 Hz). Ce protocole est aussi connu comme l'un des protocoles standards 

pour l'électrochimiothérapie. Notez que le tt – temps de traitement total (produit de la durée d'une 

impulsion tp, nombre d'impulsions np, et le nombre de trains nt) – calculé à partir du protocole de 

l’électroporation, était le même pour les protocoles A et B (tt = 1,6 ms), et était inférieur de 50% 

dans le cas du protocole C (tt = 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 à sucre, le protocole C, à 150 V) et 250 J/kg (maximum atteint 

pour les pommes, Protocole B, à 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, où les énergies de l'ordre de plusieurs kJ/kg sont généralement 

livrées aux tissus. L'énergie total maximum délivrée de l'ordre de 0,25 kJ/kg entraîne, 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 à 0,1 K. Cette estimation est fondée sur la capacité thermique 

des tissus de pomme, et de l'énergie maximale connue qui a été livré. Les raisons et les 

conséquences de ce choix particulier du traitement de faible intensité, ça veut dire des protocoles 

de traitement « douces », sont données et discutées dans la section « Résultats et discussion » du 

Article III et Article IV. 

 Dans tous les cas, quel que soit le protocole d'électroporation, le traitement électrique est suivi 

par le pressage. Échantillons traités par l’électroporation ont été immédiatement placés dans une 

chambre de traitement spécialement fabriqué et soumis à une charge de 300 N – c’est-à-dire 

d’environ 580 kPa (betterave à sucre), ou 150 N – environ 290 kPa (pomme), en utilisant un 

texturomètre (analyseur de texture, détails dans la section 1.1.2.5). Le déplacement du piston a été 

enregistré par le texturomètre sous pression (force) constante lors de l'application d'une heure. 

 Le déplacement du piston est égal à la déformation de l'échantillon le long de l'axe de 

l'application de pression. Cette déformation d’échantillon est théoriquement liée à la perte de 

pression du liquide dans le tissu par le premier modèle présenté dans l’Article III. Cela permet la 

comparaison des résultats expérimentaux et modèles. La représentation schématique de 

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

traitement d'électroporation (à gauche) et l'étape suivante de pressage (à droite). 

 

1.1.2.3 Les protocoles de traitement utilisés 

 Trois protocoles de traitement d'électroporation différents ont été utilisés pour obtenir les 

résultats présentés dans les articles II-IV. Les protocoles sont précisés en détail dans l’Article IV, 

section 2.3, et illustrés au moyen d'une figure donnée dans l’Article IV, 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 façon dont les différents 

protocoles de traitement influencent la formation et l'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 modèle à double porosité. Résultats de la comparaison sont donnés dans la section 

appropriée de l’Article IV. 

 



 12 

 

Figure 1.4: Une représentation graphique des trois protocoles d’application d’impulsions: 

Protocole A (a), protocole B (b), et le protocole C (c). Des durées d'impulsions et les distances 

sont à l'échelle, sauf si désigné autrement – le signe « // » indique une discontinuité dans l'axe 

(c’est-à-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 l'électroporation dans le tissu traité; deux générateurs à 

l'échelle laboratoire et un à l’échelle pilote industriel. Toutefois, un seul générateur a été utilisé 

pour obtenir les résultats présentés dans les articles II-IV qui constituent le corps principal du 

travail rapporté dans cette mémoire. Le générateur utilisé pour traiter la betterave à sucre et tissu 

de pommes utilisé dans les expériences de validation pour le modèle à double porosité a été 

fabriqué par le Service Electronique de l'Université de Technologie de Compiègne (UTC). Il est 

capable de délivrer une tension maximale de 400 V et son courant maximal est de 38 A. Le 

générateur produit des impulsions exclusivement bipolaires de forme quasi-rectangulaire (temps 

de montée / descente de l'ordre de quelques μs). 
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 Les deux autres générateurs ont été utilisés dans les travaux ultérieurs sur la relaxation de 

turgescence et l’effet d’électroosmose qui sont brièvement référé dans le dernier chapitre de cette 

mémoire. Les deux produisent des impulsions exclusivement unipolaires, et sont capables de 

délivrer des impulsions électriques rectangulaires à des tensions supérieures à 400 V. Comme il 

est souhaitable que des tensions supérieures à 400 V sont appliquées dans des expériences de 

relaxation de turgescence (pour des intensités de champ électrique plus élevés), et des impulsions 

unipolaires résultent en courant monodirectionnel et il est considéré comme nécessaire de 

désassocier les effets de l'électroosmose et les autres, la tension de 400 V maximale de générateur 

d'impulsions bipolaires ne convenait pas à 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 spécifications des deux générateurs d'impulsions 

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

 

1.1.2.5 D’autres équipements 

 Afin d'obtenir la cinétique d'expression, une pression faible constante a été appliquée à des 

échantillons de tissus en utilisant un texturomètre (un analyseur de texture) de haute précision, 

fabriqué par Stable Micro Systems, modèle « 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 texturomètre a été utilisé dans le mode de fonctionnement à force constante, ce qui signifie 

qu'une force choisie a été appliquée sur les échantillons du tissu par le piston du texturomètre pour 

une période de temps spécifié et le déplacement a été mesuré et enregistré à 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 à sucre et tissu de pomme, deux réfractomètres numériques ont été utilisés. Les résultats 

rapportés dans l’Article II ont été obtenus en utilisant le réfractomètre numérique ATAGO PR-

32α (alpha), et les nouveaux résultats rapportés dans l’Article IV avec l'aide de réfractomètre 

numérique ATAGO PR-101α (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 modèle PR-32α est de 0,0 % 

Brix à 32,0 % Brix, tandis que pour le modèle de PR-101α l'intervalle respectif est de 0,0 % Brix 

à 45,0 % Brix. Les deux réfractomètres ont été étalonnés avant l'utilisation par l'eau distillée et une 

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

1.1.3.1 Le modèle à double porosité 

 Le modèle à double porosité tel que est présenté dans cette mémoire a des analogies avec les 

modèles développés dans la mécanique des roches pour les relations de l'eau dans les sols et les 

roches fracturées, ainsi que les modèles 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 II - IV. 

 L'idée de base derrière la construction du modèle à double porosité suit à 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 (ça veut dire l’expression liquide) du tissu. 

Pour modéliser les effets de l'électroporation dans un modèle de transport de la matière dans les 

tissus, il faut d'abord introduire un nouveau niveau de complexité dans le concept d'un bloc de 

matériau de l'échantillon. Nous suivons la théorie développée pour l'écoulement de liquide dans 

les matériaux poreux tels que les sols et les roches fracturées, où 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) l'extracellulaire; et (b) l’intracellulaire. 

 

 Tissu biologique, si on le compare à une suspension simple (des solutés, des cellules, etc.), est 

morphologiquement plus complexe et ne peut pas être représenté comme matériau homogène et 

non plus comme comprenant que des solides et des liquides (voir la Figure 1.5); plutôt, il est 

constitué d'au minimum deux phases ou deux espaces – l’espace intracellulaire et l’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 l'électroporation. Ce concept de base est 

commun au problème de diffusion ainsi qu’au problème de consolidation car il concerne la 

modélisation d'une propriété inhérente de la structure du matériau cible. Cependant, lorsqu’on 

commence à discuter le transport de la matière, les principes fondamentaux commencent à différer 

et il est nécessaire de prendre des approches différentes (même s’elles sont mathématiquement 

similaires ou bien équivalentes). 

 

1.1.3.2 Le modèle à double porosité pour le problème de diffusion 

 Les équations fondamentales du modèle pour la concentration dans l’espace extracellulaire et 

intracellulaire sont, respectivement, 
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où ce et ci sont des concentrations de soluté extracellulaires et intracellulaires, respectivement, Ds,e 

est le coefficient de diffusion intrinsèque du soluté espèce s dans l'espace extracellulaire, ε est la 

porosité du tissu (la fraction du volume extracellulaire, soit ε = 1 – F, où F est la fraction volumique 

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

 

 

Figure 1.6: Une représentation schématique d’un échantillon de tissu utilisé dans les expériences 
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de diffusion – la géométrie du modèle, le système 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 l’objet de modélisation (reportez-vous à la configuration des 

expériences 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 
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 Pour déterminer les conditions initiales, une répartition homogène de la concentration initiale 

du soluté à travers l'échantillon est supposée. Les concentrations initiales ne sont pas 

nécessairement égales dans l'espace extracellulaire et intracellulaire, ce qui est une hypothèse 

valable pour le tissu intact ou mal perméabilisé où soluté reste intracellulaire. Constantes ce0 et ci0 

sont définis comme 

0( ,0)e ec z c  (1.1.7) 
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 La solution du système d'équations aux dérivées partielles (éq. 1.1.1–1.1.2) pour les conditions 

aux limites et les conditions initiales (éq. 1.1.3–1.1.8) est 
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où, pour simplifier l'algèbre, on a mis δ = (1 – ε)/ε. Les valeurs propres λn sont égales à λn = (2n+1) 

∙π/h. 

 Le coefficient d'écoulement transmembranaire (aussi appelé le coefficient de transfert de la 

matière) k est le constituant essentiel du modèle qui décrit l'électroporation de la membrane 

cellulaire. Si les cellules peuvent être modélisés comme des sphères parfaites de rayon R et de la 

membrane d’épaisseur dm, Ds,0 est la constante de diffusion du soluté dans l'eau à une 

température donnée, ys est le coefficient d'empêchement de diffusion à travers les pores et fp est 

la fraction de surface des pores stables (fp = Np∙Ap/A0, où Np est le nombre de pores par cellule, Ap 

la zone de pores moyenne unique et A0 la zone de la cellule égalant 4πR2), on peut exprimer et 

déterminer k comme 
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  (1.1.14) 

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

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

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

 

1.1.3.3 Le modèle à double porosité pour le problème 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 modèle 

à double porosité donnée par éq. 1.1.1–1.1.2 peut donc également être écrit pour décrire le 

comportement de filtration-consolidation du tissu sous la pression appliquée. La formulation du 

modèle reste la même, sauf pour certains remplacements, omissions, et quelques détails mineurs à 

changer. À savoir, le coefficient de diffusion Ds,e est remplacé par la perméabilité hydraulique ke 
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du tissu divisé par la viscosité μ, c’est-à-dire par ke/μ, et le coefficient de transport de la matière k 

est remplacé par le coefficient de proportionnalité α divisé par la viscosité μ, c’est-à-dire par α/μ. 

La porosité initiale ε du tissu est déjà pris en compte par la perméabilité ke et le module de 

compressibilité Gε,e qui ne sont pas des paramètres intrinsèque, mais plutôt des quantités moyennes 

en volume entier de l’échantillon du tissu, et il est donc possible d’omettre le facteur (1 – ε)/ε. 

Enfin, les gradients de concentration sont remplacées, comme les forces d'entraînement 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 modèle (éq 1.1.1–1.1.2.), on obtient les 

équations suivantes 
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 Ces équations sont, même comme dans le problème de la diffusion, dérivée de la loi de 

conservation de la matière. Cependant, par opposition à la concentration du soluté, qui est à la fois 

la quantité mesurée et la quantité observé ainsi que (par l'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-même un objet de la loi de conservation de la matière. Elle doit être liée à 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 à 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 l'espace intra- ou extracellulaire, des modules 

de compressibilité peuvent être déterminées à partir des équations 
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 Les modules de compressibilité Ge et Gi 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 l'échantillon de tissu.  La déformation mesurée est plus étroitement 

liée à la porosité ε (rapport de vide total du volume) plutôt 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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 Notez que dans toutes les équations sauf éq. 1.1.19–1.1.20, la notation des valeurs moyennes a 

été omise. Cette définition rend des estimations initiales pour les modules faciles à obtenir à 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 à la fois de l'espace et du temps, et qu’on 

suppose soit constante, rétrécit l'applicabilité générale du modèle. Il est maintenant valide pour un 

segment particulier de l'espace des paramètres qui exige le déplacement du piston soit faible par 

rapport à l'épaisseur de la totalité de l'échantillon. Cette condition est remplie si le tissu n’est pas 

gravement endommagé par le traitement appliqué, quelque chose à garder à l'esprit au moment 

d'interpréter les résultats des modèles. Une approche plus générale en omettant ces simplifications 

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

 

 

Figure 1.7: Une représentation schématique d’un échantillon de tissu utilisé dans les expériences 

du pressage – la géométrie du modèle, le système de coordonnées et les conditions aux limites 

(CL). 

 

 Pour résoudre le système d'éq. 1.1.15–1.1.16, les conditions aux limites et conditions initiales 

appropriées sont nécessaires. Les conditions initiales peuvent être réécrites à 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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0( ,0)e ep z p  (1.1.21) 

0( ,0)i ip z p  (1.1.22) 

 D'autre part, les conditions aux limites sont un peu différentes, car il n'y a pas de plan central 

de symétrie dans la section médiane de l'échantillon de tissu (voir la Figure 1.7). Au lieu de cela, 

il y a une limite de non-flux à la surface de contact du échantillon–piston, exigeant que 
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 (1.1.23) 

et la libre circulation de liquide à la surface de contact de l’échantillon–support poreux 
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  (1.1.24) 

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

la même logique que pour le problème de la diffusion, donnant 
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 La solution des éq. 1.1.15–1.1.16 sous conditions initiales et aux limites éq. 1.1.21–1.1.25 est 

analogue à celle pour le problème 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 
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 Pour simplifier l'algèbre, les remplacements suivants ont été réalisés 
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et les valeurs propres λn sont égales à λn = (2n+1) ∙π/2h. 

 Une fois que des pressions de liquide sont connues, éq. 1.1.17–1.1.20 peut être utilisées pour 

calculer la déformation de l'échantillon. S’y on utilise les déformations sans dimension sε(t) 

normalisées par rapport à la hauteur de l'échantillon initial, la formule est 
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 Le paramètre restant dans le besoin de quelques explications est le facteur sans dimension α, 

qui représente l'influence du traitement d'électroporation sur la perméabilité hydraulique de la 

membrane cellulaire. Selon la théorie présentée dans l’Article III, pour une cellule sphérique de 

rayon R, avec une fraction de surface de pores stable fp consistant en Np pores d'un rayon moyenne 

rp, il peut être écrit sous la forme 

2

2
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p pf r

R
   (1.1.33) 

où kp = rp
2/8 est la perméabilité hydraulique d'un seul pore. 

 

1.1.3.4 Validation du modèle 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 modèle à 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 modèle à double 

porosité. Les résultats combinés sont représentés graphiquement à la Figure 1.8 ci-dessous et 

brièvement discuté. Les résultats reproduits ici ont été obtenues exclusivement par l'application du 

traitement électrique selon le protocole de traitement A des échantillons de tissus. Le lecteur 

intéressé est référée à la section « Résultats et discussion », à voir la Figure 10 de l’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 modèle avec les tissus de la betterave à sucre (a, c) et de la pomme (b, d). 

 

 Comme la Figure 1.8 le montre, le modèle à double porosité est capable de modéliser les 

cinétiques obtenues expérimentalement avec une grande précision. Etant donné un ensemble varié 

et large de réponses à l'électroporation et l'extraction ultérieure de soluté ou de jus, les paramètres 

du modèle peuvent être ajustés en conséquence pour obtenir une bonne correspondance entre les 

simulations et les expérimentations. Néanmoins, plusieurs questions peuvent être soulevées lors 

de l'examen des valeurs des paramètres qui ont été émis par la procédure d'optimisation de 

simulation utilisé pour trouver leurs valeurs optimales. Les valeurs de ces paramètres semblent 

indiquer que la fraction de surface de pores n’est pas le seul paramètre important, et d'autres 

paramètres doivent impérativement faire varier pour obtenir un bon ajustement du modèle aux 

cinétiques expérimentales. Ce doit être mis en conformité avec la théorie de l'électroporation, ou 

le modèle doit encore être améliorée et sa sensibilité aux différents paramètres évaluée 
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indépendamment pour chaque paramètre. Il serait également souhaitable de réduire le nombre de 

degrés de liberté qui sont représentés par le grand nombre de paramètres qui influencent la 

cinétique finale de la même manière, ça veut dire ils présentent une tendance commune. Le lecteur 

est invité à ce point de se référer à la section « Résultats et discussion » de l’Article IV pour une 

discussion très détaillée des résultats reproduit ici dans la Figure 1.8, et une critique 

d'accompagnement plus rigoureuse sur les points forts de modèle et ses rétractions. 

 La figure suivante (Figure 1.9) illustre l'idée fondamentale et principale du modèle à 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 l'expression du liquide, comme présentée sur la 

Figure 1.8 (c – d). Cette figure démontre clairement l'effet de retard de chute de pression (ou la 

concentration dans le problème de diffusion) intracellulaire en raison de la perméabilité de la 

membrane qui est inférieur par rapport à la perméabilité de la phase extracellulaire. 

 

 

Figure 1.9: Les profils de pression le long de la coupe transversale de l'échantillon de tissu pour 

différents moments de l'expérience simulée. Notez que sur l'abscisse les coordonnées matérielles 

sont utilisées car ces profils simulés de pression ont été obtenus en utilisant un modèle à double 

porosité amélioré, plus complexe et résolu numériquement pour le problème de 

filtration/consolidation du tissu traité par l’électroporation. Ce modèle n’est pas élaboré dans 

cette thèse (manuscrit sous rédaction). 
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1.1.3.5 Relations thermiques dans le tissu – analyse par le modèle à double porosité et les 

relations entre la distribution de température et le transfert de la matière 

 Par analogie de la loi de la diffusion de Fick et la loi de Darcy pour l'écoulement de liquide, le 

modèle à double porosité de diffusion a été traduit au problème de filtration-consolidation d'un 

tissu biologique lors du pressage (comparer l’Article II et l’Article III, ou se référer à l’Article IV). 

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 modèle à double porosité peut être écrit aussi pour décrire les relations thermiques 

dans les tissus biologiques, ce qui devrait, en principe, être applicable si le tissu est traité par 

l’électroporation ou non. 

 Les équations du modèle thermique pour le cas de flux thermique le long d'un axe principal, 

dans l'espace extracellulaire et intracellulaire sont, respectivement 
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 Dans l’éq. 1.1.34, le nouveau paramètre – le rapport volumétrique fv – est un facteur 

multiplicatif qui représente le déséquilibre de la distribution volumétrique de l'espace (intra- et 

extracellulaire) et est égal à 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 l’espace extracellulaire et intracellulaire en [W/(m.K)], respectivement; z est la 

coordonnée d’espace et t celle du temps; cp est la capacité thermique de tissu [J/(kg.K)]; ρ la densité 

de tissu [kg / m3]; hv est le coefficient de transfert de chaleur volumétrique en [W/(m3.K)]. Le 

coefficient hv reflète la conductivité thermique de la membrane plasmique et la géométrie 

particulière d'interface d’échange de chaleur, et une dépendance spatio-temporelle de ce paramètre 

en fonction de l'électroporation peut être postulée pour maintenir une généralité complète du 

modèle à ce stade. Si une telle dépendance existe ou non doit être 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 problème de la diffusion/du pressage. Dans les deux cas, ceux de la 

diffusion ainsi que dans la version du modèle à double porosité pour l’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 l'équation de l'espace intracellulaire. Cette simplification 

a été basée sur l'hypothèse que le facteur limitant dans le transport de solutés ou de l'écoulement 
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du liquide est la perméabilité limitée de la membrane cellulaire, qui a été supposé être des ordres 

de grandeur plus faible par rapport à la diffusivité ou de la perméabilité hydraulique correspondant 

dans l'espace extracellulaire. Toutefois, le problème thermique, si l'on compare les conductivités 

thermiques de cytoplasme, de membrane de plasma et de liquide extracellulaire, elles ne sont pas 

différentes dans des ordres de grandeur. Par conséquent, une simplification en omettant le flux 

thermique intracellulaire ne peut pas être justifiée, et ce terme doit être gardé dans l'équation, ce 

qui complique substantiellement la solution analytique pour le cas général où ke ≠ ki, et seulement 

une allusion est faite à la solution de ce type du problème général dans l'annexe au chapitre 5. 

 Pour le cas moins général, où ke = ki, il est possible de trouver facilement une solution analytique 

pour Te et Ti, égalant 
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  (1.1.37) 

où α = k/ρcp et β = hv/ρcp. Cette solution est également présentée au paragraphe 5.1.2 du chapitre 

5 du mémoire de cette thèse. Les simulations donnent, pour différentes valeurs du paramètre hv (le 

coefficient volumétrique de transfert de chaleur transmembranaire) et la géométrie du modèle 

typique utilisée dans les études de transport de masse, résultats présentés dans la Figure 1.10. Notez 

qu’en raison de l’équivalence ke = ki, une perturbation initiale dans le système est nécessaire (faite 

ici par la mise en Te0 ≠ Ti0) afin de montrer une différence entre la température de l'espace intra- 

et extracellulaire. Il est évident d'après ces résultats simulés que la valeur du paramètre hv doit se 

situer entre 104 Wm-3K-1 et 105 Wm-3K-1 pour que la différence de température initiale puisse 

produire une réponse non-instantanée du système sur l'échelle de temps de quelques secondes. 
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Figure 1.10: Les profils spatio-temporels de la température (intrinsèque) dans l'espace intra- et 

extracellulaire pour trois valeurs différentes du coefficient volumétrique de transfert de chaleur 

transmembranaire hv. Les températures initiales supérieures à la température d’ambiante Tamb ont 

été Ti0 = 25 °C et Te0 = 20 °C dans tous les cas. 

 

 Le traitement théorique des relations thermiques dans les tissus avec l'utilisation d'une approche 

à double porosité est poursuivi par l'élaboration d'une solution numérique plus générale où la 

situation ke ≠ ki peut être modélisée, avec des résultats (omis ici pour la brièveté) pointant à 

nouveau sur l'importance du coefficient de transfert de chaleur de membrane hv. Si ce coefficient 
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est grand, l'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 l'importance du 

paramètre hv dans l'approche à double porosité et cette approche est montrée comme raisonnable 

pour l'étude des relations thermiques dans les tissus en ordre du temps de quelques secondes. Une 

analyse théorique sur l’estimation réaliste de paramètre hv pour le tissu modèle 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 hv est égal à  
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une estimation réaliste en vue que la conductivité thermique finie de le cytoplasme cellulaire et 

celle de l’espace extracellulaire ont été pris en compte. Cependant, la valeur est encore plus grande 

que la plus grande valeur utilisée dans des simulations à l'aide de la solution analytique (voir Figure 

1.10). La conclusion qui peut être tirée de cela, sur la base du comportement observé pour les 

températures dans la Figure 1.10 pour les valeurs de hv supérieures à 106, est que tout gradient 

thermique transmembranaire qui résulterait d’inhomogénéités du champ électrique local ou de sa 

distribution actuelle, serait instantanément (c’est-à-dire sur une échelle de temps de moins qu’une 

seconde) équilibrée en raison du transfert thermique rapide à travers la membrane. 

 Cette constatation ne doit pas conduire à la conclusion que le modèle thermique à double 

porosité est inutilement compliquée avec le terme source, car l'analyse est instructive, et toutes les 

dérivations mathématiques présentées dans la section 5.1 peuvent être utilisées pour faire 

progresser l'état de connaissance des analogues du modèle à double porosité sur le transport de la 

matière. En outre, la solution numérique, c’est-à-dire la solution qui permet que la conductivité 

thermique intra- et extracellulaire soient différentes, pourrait encore être pertinent pour l'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 à l'étude des effets de la température sur les processus de 

transport de la matière par l'intermédiaire de paramètres dépendant de la température dans les 

modèles de transport de la matière, tels que le coefficient de diffusion et la viscosité. Solutions 

numériques des modèles à double porosité de transport de la matière par diffusion et pendant le 

pressage ont été trouvés afin de tenir compte de l’effet de la température et de la dépendance 

spatio-temporelle de ces coefficients de transport (Ds,0(T(z, t)) = Ds,0(z, t) and η(T(z, t)) = η(z, t)) 

dans l'étude de la cinétique de transport de la matière. 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, même une augmentation substantielle de la température des tissus initialement au début de 

la diffusion ou de l’étape de pressage ne conduit pas à une augmentation substantielle de la vitesse 

de diffusion ou de l'expression du jus. Cela est dû à 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 l'état de la température ambiante 

restant constante est valable uniquement 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 nécessaires pour élucider ce sujet, cependant, ce qu'il est malheureusement hors de portée 

de cette thèse. 

 

 

Figure 1.11: L'étude paramétrique pour les tissus traité par l’électroporation avec les modèles à 

double porosité de diffusion de soluté et pressage, illustrant l'effet de paramètres de ces modèles 

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 l'augmentation de la température initiale (le paramètre varié). 

 

1.1.4 Contributions à la science et conclusion 

 La contribution originale principale à la science de cette thèse est le modèle à double porosité 

nouvellement développé pour l'étude des processus de transport de la matière liés à 

l’électroporation dans les tissus, plus spécifiquement, de la diffusion de soluté et de la 

consolidation du tissu ou la filtration (expression) du jus. 

 La thèse démontre (voir les articles II – IV) le modèle est capable de modéliser avec haute 

précision les cinétiques d'extraction obtenus par diffusion ainsi que par les expériences de 

pressage. Lors de la construction du modèle, un paramètre de modèle, la fraction de surface des 

pores, a été identifié comme le paramètre le plus important qui est une fonction de paramètres de 
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traitement d'électroporation – pour rappel, ce sont l'intensité locale du champ électrique, le nombre 

d'impulsions, et la durée d'une impulsion. Une méthode d'analyse de l'estimation de l'importance 

de ce paramètre pour le transport transmembranaire a été développée, et couplée au flux diffusif 

transmembranaire dans le problème de la diffusion, ainsi qu’au flux du liquide transmembranaire 

dans le problème de l'écoulement de liquide lors de l’étape de consolidation (pressage). Dans le 

travail le plus récent qui est présenté dans cette thèse sur la validation des modèles, d'autres facteurs 

importants ont été identifiés (surtout changements de perméabilité et de compressibilité des tissus 

en raison de modifications structurelles) qui reflètent la nature complexe des effets de champ 

électrique sur la texture et le transport de la matière dans le tissu traité par l’électroporation. 

 Pour développer davantage le modèle, les travaux futurs auront très probablement besoin de se 

concentrer sur l'évaluation et la description mathématique de l'influence d'autres effets importants, 

pour arriver à un modèle plus généralisé, dont la solution sera capable de prédire la cinétique 

d'extraction en fonction des paramètres de traitement et des caractéristiques des matériaux qui peut 

être obtenu soit à partir de la littérature ou estimés par des expériences indépendantes. 

 Les travaux préliminaires déjà effectués au-delà de la portée de cette thèse indiquent que des 

mécanismes tels que la perte de pression de turgescence (applicable uniquement dans les tissus 

comportant des parois cellulaires) ainsi que l’électro-osmose pourraient jouer un rôle important 

dans le transport de la matière et doivent être évaluées indépendamment, puis incorporé dans le 

modèle à double porosité. Les progrès 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 modèles de distribution de champ électrique avec des modèles d'évolution des pores et 

le modèle à double porosité. Le modèle résultant, un modèle spatio-temporelle fortement couplé, 

pourrait être complété par l'ensemble d'équations de Nernst-Stokes pour électrodiffusion, tiendrait 

compte des effets de l'électro-osmose, et représenterait une traduction bien nécessaire de 

connaissances et de savoirs acquis au niveau de l'électroporation d’une seule cellule au niveau 

beaucoup plus complexe tel que des tissus biologiques réels. 

 Néanmoins, l'auteur est convaincu que le modèle à double porosité peut déjà être appliquée 

avec succès pour évaluer l'efficacité du traitement par l’électroporation par rapport au transport de 

la matière, qu'il peut être utilisé pour l'optimisation des paramètres de traitement avec la prévision 

des résultats du traitement, et que la poursuite de son développement permettra aider à comprendre 

les phénomènes liés à transport de la matière et propriétés texturales de matériel biologique traité 

par l’électroporation. 
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1.2 Razširjeni povzetek v slovenščini 

1.2.1 Uvod 

 Kot je bilo pokazano s poskusi na lipidnih dvoslojih, celicah in bioloških tkivih, lahko 

električno polje dovoljšne jakosti povzroči znatno povečanje prevodnosti in prepustnosti lipidne 

membrane. Učinek je znan kot elektroporacija, elektropermeabilizacija, in ker je dosežen s 

pomočjo izpostavitve električnim pulzom, tudi kot obdelava s pulzirajočim električni poljem. 

Elektroporacijo opišemo kot ustvarjanje vodnih poti, tako imenovanih por, v lipidnem dvosloju. 

 Glede na čas trajanja izpostavitve celice električnemu polju, lokalno porazdelitev električne 

poljske jakosti (le ta je omejujoči dejavnik za največjo možno dovedeno električno energijo, ki jo 

potencialno lahko membrani preda zunanje električno polje), ter glede na hitrost in sposobnost 

celjenja membrane, obstajajo trije možni izidi apliciranja električnega polja. Če je poljska jakost 

premajhna in/ali čas izpostavljenosti premajhen, do elektroporacije ne pride, in propustnost celične 

membrane ter sposobnost preživetja celice ostaneta nespremenjena. Če električna poljska jakost 

preseže prag, znan kot reverzibilni (tj. povratni) prag in je izpostavljenost celične membrane polju 

dovolj dolgo trajajoča, pride do tako imenovane reverzibilne elektroporacije; membrane je 

permeabilizirana in ostane v stanju zvišane propustnosti za neko obdobje, a se po določenem času 

propustnost membrane zniža na normalno v procesu celjenja celične membrane. Tokom tega 

procesa se pore v membrani zapro in celična membrana vzpostavi normalno, tj. selektivno 

propustnost, kar pa je možno le, če so pogoji v okolju ugodni za preživetje in funkcioniranje celice. 

Če je poljska jakost ali količina dovedene energije prevelika, pride do ireverzibilne elektroporacije, 

kar rezultira v izgubi celične homeostaze (in morda tudi v popolnem razpadu plazma membrane), 

kar efektivno povzroči celično smrt. 

 

 

Slika 1.12: Različne opcije uporabe elektroporacije z možnimi izidi. 
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 Tako reverzibilna kot ireverzibilna elektroporacija sta našli svoje mesto uporabe na področjih 

kot so biomedicine, predelava hrane, biotehnologija, in v okolijskih znanostih. V biomedicini se 

reverzibilna elektroporacija uporablja za vnos citotoksičnih zdravil v tumorske celice v procesu 

poznanem kot elektrokemoterapija, za vnos genov in transdermalni (tj. preko kože) vnos zdravil, 

fuzijo celic, in za vnos proteinov v celično membrano, medtem ko se ireverzibilna elektroporacije 

uporablja kot metoda ablacije tkiva, vključno z mehkimi tkivi pri zdravljenju raka. 

 Na področju obdelavi ali predelavi hrane in biotehnologije, kaže elektroporacija obetavne 

rezultate pri ekstrakciji sokov in drugih dragocenih snovi iz rastlinskih tkiv in mikroorganizmov 

kot so mikroalge, pri dehidraciji tkiv, in ne-termični konzervaciji in sterilizaciji prek inaktivacije 

mikrobov. Reverzibilna elektroporacija pa lahko pomaga pri ustvarjanju novih metod 

krioprezervacije bioloških tkiv in pri stimulaciji rastlinskega metabolizma. Med okolijskimi 

aplikacijami najdemo predelavo odpadnih voda in proizvodnjo biogoriv, obe področji sta trenutno 

predmet intenzivnih raziskav in razvoja kot obetavni aplikaciji elektroporacije. 

 Skozi celoten raznolik nabor raziskovalnih področij možnosti uporabe elektroporacije, je 

pomemben cilj zmožnost razumeti in ovrednotiti transport snovi v povezavi z elektroporacijo 

bioloških tkiv, saj pri večini aplikacije elektroporacije skušamo z njeno pomočjo najti nov ali 

izboljšati obstoječ način, kako v celico ali vnesti snov (topljenca/-e ali raztopino), ali pa iz celice 

pridobiti znotrajcelične sokove ali druge snovi. Zmožnost popolnega razumevanja transportnih 

procesov snovi ima pomembne posledice, na primer, za morebitno izboljšanje selektivnega 

pridobivanja snovi iz rastlinskih celic, kar znižuje stroške poznejše rafinerije, ali pa denimo za 

izboljšanje vnosa zdravil v ciljna tkiva, kar rezultira v novih ali bolj učinkovitih metodah 

zdravljenja in spopadanja z boleznimi. Na področju okolijskih znanosti nam lahko elektroporacija 

morda pomaga nasloviti trenutno pereče okolijske izzive, kot je dostopnost čistih virov energije. 

 Čeprav so elektroporacija in z njo povezani pojavi še naprej predmet intenzivnih raziskav, pa 

ostaja pomanjkanje popolnih modelov, ki bi jih bilo mogoče uporabiti pri modeliranju transporta 

snovi v kompleksnih strukturah kakršna so biološka tkiva, še posebej v povezavi z elektroporacijo. 

Ta dizertacija predstavlja poskus kreiranja teoretičnega matematičnega opisa, tj. modela, za 

proučevanje transporta snovi v elektroporiranem tkivu. 

 Ker v določenih primerih rabe elektroporacije ni mogoče zanemariti spremljajočih toplotnih 

učinkov oziroma pojavov v tkivu (pri nekaterih rabah elektroporacije je segrevanje povezano z 

elektroporacijo celo ena poglavitnih komponent obdelave), dizertacija na kratko teoretično 

obravnava tudi vpliv termičnih razmer v tkivu na transport snovi. Predstavljen je toplotni analog 

modelu dvojne poroznosti, ki opisuje prenos toplote v elektroporiranem tkivu, skupaj s 

parametrično študijo na modelih transporta snovi (difuzija in iztiskanje). Ta dva modela sta 
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povezana z modelom prenosa in razporeditve toplote, čemur je posvečen krajši del dizertacije, 

katerega namen je predstaviti enega od možnih pristopov k ovrednotenju (s pomočjo preproste 

računalniške simulacije) učinka 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 še validirati. 

 Model je bil razvit na podlagi zakonov o ohranitvi mase in zakonitosti transporta snovi, ter 

omogoča spojitev učinkov elektroporacije na membrano posamezne celice z rezultirajočim 

transportom prek membrane ter izvenceličnim transportom snovi. Prek poenostavitev je bila 

poiskana tudi poučna analitična rešitev modela, kljub temu pa se model lahko razširi z dodatnimi 

funkcijskimi odvisnostmi, ki opredeljujejo pojave elektroporacije, in reši numerično. 

 Dizertacija obsega pet objavljenih znanstvenih člankov, ki zajemajo opis aplikacij 

elektroporacije v industriji predelave hrane ter s tem umeščajo delo v širši kontekst področja, 

postopek ustvarjanja modela za problem difuzije snovi v elektroporiranem tkivu, prevod problema 

difuzije na matematično-ekvivalenten problem iztiskanja sokov, validacijo modela, ter predloge 

za mogoče prihodnje nadgradnje, razvoj, in posplošitve modela. 

 

1.2.2 Materiali in metode 

 To poglavje podaja podrobnosti le o fizikalnih materialih in metodah, ki so bili uporabljeni v 

eksperimentih na dveh vzorčnih tkivih z namenom validirati novo-razviti model dvojne 

poroznosti. Model predstavlja glavni rezultat ter večino predstavljenega dela opravljenega in 

opisanega v tej dizertaciji, zato je njegov razvoj opisan v sledečem poglavju skupaj z vsemi 

teoretičnimi izpeljavami. 

 

1.2.2.1 Difuzijski eksperimenti 

 Difuzijski eksperimenti, ki so opisani v člankih II in IV, so bili opravljeni po enakem protokolu. 

Članek III pa zadeva izključno poskuse z iztiskanjem, zato na tem mestu opisana metodologija teh 

poskusov ne zadeva (namesto tega, glej sledeče poglavje 1.2.2.2). 

 Po protokolu za poskuse z difuzijo, so bili iz gomolja sladkorne pese ter sadeža jabolka (brez 

kože) najprej pridobljeni (izrezani) 5 mm debeli cilindrični koščki 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 ploščatih elektrodah, ki sta bili fiksirani na razdaljo 

5 mm druga od druge, z vzorcem tkiva med elektrodama. Namen takšne konfiguracije je v 
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izpostavitvi tkiva električnim poljskim jakostim 300, 400, 600 in 800 V/cm (izračunano po 

približni formuli poljska jakost = napetost / razdalja med elektrodama, zato 5 mm razdalja med 

elektrodama). Želena poljska jakost ni bila dosežena homogeno v tkivu, saj tkivo ni električno 

homogen material (dielektričnost, prevodnost, idr.), poleg tega so elektrode končnih dimenzij in 

polje doseže maksimalno (ciljno) vrednost le v centralnem delu dovolj daleč od robov elektrod 

(glej slike 1 in 5 v članku V za ilustracijo). Pravokotni pulzi izmenjujoče 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 μs, 

s frekvenco ponavljanja pulzov 1 kHz. Dva taka vlaka sta bila dovedena z medsebojnim časovnim 

razmakom ene sekunde. Ta elektroporacijski protokol je poimenovan Protokol A. Pulzi so bili 

dovedeni s pomočjo 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, Compiègne, France (več o generatorju v poglavju 1.2.2.4). 

 Po elektroporaciji so bili vzorci tkiva odstranjeni iz obdelovalne komore, nato pa so bile 

površine vzorcev za kratek čas v kontaktu z vpojnim papirjem, zato da so se osušile in je bil na ta 

način s površine odstranjen sladek sok, ki se je pojavil na površini vzorcev po elektroporaciji. Ta 

tekočina je prisotna na površini v določeni manjši meri zaradi rezanja vzorcev, predvsem (v večji 

meri) pa zaradi elektroosmotskih ter tlačnih razmer v tkivu med in po elektroporaciji (izguba 

turgorja). V kolikor površine vzorcev ne bi bile osušene, bi sok nabran na površini povzročil 

takojšen dvig koncentracije sladkorja v raztopini že takoj na začetku 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 težko odšteti od izmerjene kinetike zaradi različne vsebnosti sladkorja 

ter količine tekočine na površinah, ki se razlikujeta med posameznimi vzorci. Tako osušeni (le 

površine) vzorci so bili dani v bučko skupaj z magnetnim mešalom ter destilirano vodo. Tako 

pripravljena vzorčna mešanica je bila konstantno mešana s pomočjo magnetnega mešala na nizki 

frekvenci vrtenja. Vzorci tekočine so bili odvzeti v vnaprej določenih intervalih, pri čemer 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 čas je bilo razmerje med tekočino ter skupnim volumnom vzorcev tkiva 2 proti 1, v 

vseh poskusih z difuzijo. 

 Veličina, katero meri digitalni refraktometer, je koncentracija sladkorja (natančneje – 

koncentracija vseh vodotopnih snovi) v tekočini, in je podana v enotah stopinje Brix-a (°Bx), kjer 

je ena stopinja Brix-a enaka 1 gramu raztopljene saharoze v 100 gramih tekočine in predstavlja 

koncentracijo snovi v raztopini kot razmerje v teži topljenca proti raztopini. Začetna koncentracija 
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sladkorja v vodni raztopini °Bx0 je znana in običajno enaka nič, med poskusom pa merimo 

vsebnost oz. koncentracijo sladkorja, s čemer dobimo funkcijsko odvisnost °Bx(t). Ta odvisnost 

predstavlja ekstrakcijsko kinetiko (kinetiko izvlečenja) sladkorja iz vzorčnega tkiva. Končno 

koncentracijo sladkorja v raztopini označeno kot °Bxd lahko izmerimo posebej. Teoretično je °Bxd 

koncentracija topljencev v raztopini v idealnih pogojih popolnoma permeabiliziranega tkiva in po 

neskončno dolgem času za difuzijo. V praksi lahko °Bxd ocenimo enostavno prek meritve 

koncentracije topljencev (sladkorjev) v čistem sadnem soku oz. soku pridobljenem mehansko iz 

gomolja. Nato je potrebno dobljeno koncentracijo v soku le sorazmerno povečati ali zmanjšati 

glede na v poskusih uporabljeno razmerje med masnim deležem tkiva ter raztopine (vode). Ker sta 

začetna ter končna ali maksimalna koncentracija znani, lahko vpeljemo tako imenovano 

normalizirano stopnjo Brix-a v času t, tj. B(t), ki jo lahko izrazimo in izračunamo po formuli 

0

d 0

°Bx( ) °Bx
( )

°Bx °Bx

t
B t





 

 Normalizirana stopnja Brix-a B se uporablja v vseh delih predstavljenih v tej dizertaciji, ki 

zadevajo difuzijske poskuse. B se uporablja kot mera za množino topljenca (tj. sladkorja), ki je 

difundiral iz vzorcev tkiva od časa t0 do t. Vrednosti B so vedno z intervala 0 ≤ B(t) ≤ 1, in mera 

je brez enot. Računamo jo po zgornji enačbi iz izmerjenih vrednosti z refraktometrom ob znanih 

°Bxd ter °Bx0. Shematična ilustracija difuzijskih poskusov je podana na sliki 1.13. 

 

Slika 1.13: Shematična predstavitev konfiguracije difuzijskih poskusov – faza elektroporacije 

(levo) ter sledeča faza difuzije (desno). 
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1.2.2.2 Tlačni eksperimenti / Eksperimenti z iztiskanjem 

 Kot pri poskusih z difuzijo, so bili pri poskusih z iztiskanjem uporabljeni cilindrični vzorci tkiva 

sladkorne pese ter jabolk premera 25 mm in debeline 5 mm. Vzorci so bili dani med dve vzporedni 

ploščati elektrodi iz nerjavečega jekla, nakar so bili dovedeni elektroporacijski pulzi glede na tri 

različne 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 spreminjajoče 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, širina posameznega pulza v 

vlaku je bila 100 μs. Protokol B: Napetost je bila ponovno variabilna kot pri Protokoli A, le da so 

bili tokrat dovedeni unipolarni pulzi dolžine 800 μs vsak, s časovnim 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 dolžine 100 μs vsako sekundo, torej s frekvenco 

ponavljanja 1 Hz. Ta protokol je znan tudi kot eden od standardnih protokolov za 

elektrokemoterapijo. Celotni čas obdelave tt (produkt dolžine pulza tp, števila pulzov np ter števila 

vlakov nt) izračunan glede na elektroporacijski protokol je bil enak za protokola A in B (tt = 1.6 

ms), medtem ko je 50 % krajši v primeru protokola C (tt = 0.8 ms) glede na preostala dva protokola. 

Dovedena električna energija v opisanih poskusih, izračunana s pomočjo meritev toka, je bila med 

6 J/kg (minimum dosežen pri sladkorni pesi, protokol C, 150 V) ter 250 J/kg (maksimum dosežen 

za jabolko, protokol B, 400 V). S stališča dovedene energije ter časa obdelave, so ti protokoli 

neobičajni za področje predelave ali obdelave hrane z elektroporacijo, kjer so običajnejše energije 

dovedene tkivu reda nekaj kJ/kg. Maksimalna celotna dovedena energija okrog 0.25 kJ/kg rezultira 

– v najslabšem primeru, torej ne upoštevaje prehajanje toplote s tkiva na elektrode ali površine 

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 količini energije. 

Razlogi za izbiro in implikacije izbire prav teh, »nežnejših« protokolov elektroporacije, so 

podrobneje navedeni ter komentirani v poglavju Rezultati pri člankih III in IV. 

 V vseh primerih, ne glede na elektroporacijski protokol, je električni 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 – približno 580 

kPa (jabolko), oziroma 300 N – približno 290 kPa (sladkorna pesa) s pomočjo analizatorja teksture 

(podrobnosti v podpoglavju 1.2.2.5). Analizator teksture je med obremenitvijo vzorca s konstantno 

silo beležil premik bata v obdobju ene ure. 

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

analizatorja teksture. Ta deformacija vzorca je teoretično povezana z izgubo tlaka tekočine v tkivu 
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(model je prvič predstavljen v članku III). To omogoča primerjavo eksperimentalnih rezultatov z 

rezultati modela (simulacijami). Shematično predstavlja poskuse z iztiskanjem Slika 1.14. 

 

 

Slika 1.14: Shematična predstavitev konfiguracije poskusov z iztiskanjem – faza elektroporacije 

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

 

1.2.2.3 Uporabljeni protokoli obdelave z električnim poljem 

 Trije različni elektroporacijski protokoli so bili uporabljeni v postopku pridobivanja 

eksperimentalnih rezultatov, predstavljenih v člankih II-IV (v članku II samo protokol A). 

Protokoli so specificirani podrobneje v članku IV, podpoglavje 2.3, in ilustrirani s pomočjo 

shematičnega prikaza na sliki 3.2, ki je bila prvič objavljena v članku IV (slika je reproducirana 

spodaj kot slika 1.15 v pomoč bralcu). Trije različni protokoli so bili uporabljeni z namenom 

poskusiti ugotoviti ali obstaja zaznavna razlika med vplivom različnih protokolov elektroporacije 

na snovanje por v celični membrani ter njihov razvoj, kar bi lahko odražale konsolidacijske 

krivulje (tj. deformacija vzorca kot funkcija časa) in kar bi posledično lahko modeliral model 

dvojne poroznosti. Rezultati primerjave so dani v ustreznih poglavjih v članku IV. 
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Slika 1.15: Grafična predstavitev treh protokolov elektroporacije: Protokol A (a), Protokol B (b), 

in Protokol C (c). Dolžine pulzov in razdalje so v razmerjih, razen tam, kjer je to označeno z 

uporabo znaka ‘//’, ki označuje prelom na osi (znak označuje eno sekundo trajajoč premor med 

pulzi povsod, kjer je vrisan na os). 

 

1.2.2.4 Generatorji 

 V poskusih omenjenih ali opisanih v tej dizertaciji so bili uporabljeni trije različni 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 člankih 

II-IV, ki predstavljajo glavnino dela opisanega v tej dizertaciji, uporabljen samo eden od teh 

generatorjev. Generator, uporabljen za elektroporacijo gomolja sladkorne pese ter sadeža jabolka 

pri validacijskih eksperimentih za potrditev modela dvojne poroznosti, je bil izdelan oziroma 

prirejen s strani službe UTC Service Electronique (Elektrotehnični oddelek na Université de 

Technologie de Compiègne), in je sposoben dovesti maksimalno napetost pulza 400 V ter 

maksimalni tok 38 A, ter proizvaja izključno bipolarne pulze skoraj kvadratne oblike (čas 

vzpona/padca napetosti je reda nekaj μs). 
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 Druga dva generatorja sta bila uporabljena v poznejših poskusih na temo izgube turgorja ter 

elektroosmoze, katere na kratko opisuje sklepno poglavje te dizertacije. Oba generatorja 

proizvajata izključno le unipolarne pulze, in sta sposobna dovesti pravokotne pulze pri napetostih 

višjih od 400 V. Ker je bilo pri omenjenih poskusih z izgubo turgorja zaželeno, da napetosti 

presežejo 400 V (za višje električne poljske jakosti), in pa ker so unipolarni pulzi potrebni za 

enosmerni električni tok, ki bi naj bil potreben za dosego zaznavnih učinkov 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 pričujoče dizertacije in so zato izpuščene 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 pomočjo analizatorja teksture nizke moči in visoke natančnosti 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 ločljivostjo sile 1 N. Analizator teksture je bil uporabljan 

izključno v načinu delovanja s konstantno silo (angl. constant force), kar pomeni, da je bila želena 

sila pritisnjena na vzorce tkiva prek bata analizatorja za želeno časovno obdobje, v tem času pa je 

analizator meril ter beležil premik bata z visoko natančnostjo 0.001 mm in točnostjo meritve ± 

0.001 mm. 

 Za meritve koncentracije vseh vodotopnih snovi pri poskusih s tkivom gomolja sladkorne pese 

in sadeža jabolka sta bila uporabljena dva digitalna refraktometra. Rezultati, objavljeni v članku II 

so bili pridobljeni s pomočjo digitalnega refraktometra ATAGO PR-32α (alfa), medtem ko so bili 

novi rezultati difuzijskih poskusov, predstavljeni v članku IV, pridobljeni s pomočjo digitalnega 

refraktometra ATAGO PR-101α (alfa). Oba sta natančna do 0.1 % Brix, in imata merilno točnost 

0.1 % Brix. Razlikujeta se merilni območji; merilno območje modela PR-32α je od 0.0 % Brix do 

32.0 % Brix, medtem ko je to območje pri modelu PR-101α nekoliko večje, od 0.0 % Brix do 45.0 

% Brix. Oba refraktometra sta bila pred uporabo kalibrirana z uporabo destilirane vode ter 

referenčne 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 več 

informacij, glej podpoglavje 2.2.4.2 ter uvodna poglavja v člankih II – IV. 

 Osnovna ideja modela dvojne poroznosti izhaja iz potrebe po sklopitvi učinkov elektroporacije 

na celične membrane s transmembranskim difuzijskim fluksom v tkivu ali filtracijsko-

konsolidacijskim obnašanjem tkiva pod tlakom (iztiskanje tekočine). Da bi lahko modelirali 

učinke elektroporacije v modelu transporta snovi v tkivu, je potrebno najprej vpeljati nov nivo 

kompleksnosti v koncept vzorčnega volumna materiala. Pri tem sledimo teoriji, razviti za pretok 

tekočine 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 shematični prikaz strukture rastlinskega tkiva z identificiranimi 

prostori: (a) izvencelični prostor; ter (b) znotrajcelični prostor. 

 

 Biološko tkivo je, v primerjavi z mnogo preprostejšimi suspenzijami (topljencev, celic, idr.), 

morfološko mnogo bolj kompleksen, in ga ni moč predstaviti kot homogen material ali material 

sestavljen le iz trdnih snovi in tekočine (glej sliko 1.16). Namesto tega ga predstavimo kot 

sestavljenega iz vsaj dveh prostorov ali faz – znotrajceličnega ter izvenceličnega prostora. Vsak 

prostor je nato dalje sestavljen iz trdnih snovi ter tekočine, v kateri so topljenci ter netopne »trdne« 

snovi. Stik med obema prostoroma, ki ju ločuje, je polpropustna celična 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 prično razlikovati, ko govorimo o transportu snovi. 

Pristop pri obravnavi transporta snovi je v smislu nastopa veličin pri obravnavi povsem različen, 

vendar so matematično gledano rešitve lahko povsem ekvivalentne, saj gre za analogne zakonitosti 

iz termodinamike neravnovesja. 

 

1.2.3.2 Model dvojne poroznosti za difuzijski problem 

 Osnovne enačbe modela dvojne poroznosti za koncentracijo v izvenceličnem ter 

znotrajceličnem prostoru so 
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kjer sta ce in ci izvencelična ter znotrajcelična koncentracija topljenca, Ds,e je intrinzični difuzijski 

koeficient topljenca vrste s v izvenceličnem prostoru, ε je poroznost tkiva (volumetrični delež 

izvenceličnega prostora v tkivu, torej ε = 1 – F, kjer je F volumetrični delež celic), in k je koeficient 

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

 

 

Slika 1.17: Shematična predstavitev vzorca tkiva, kakršen je bil uporabljen v poskusih z difuzijo 

– geometrija modela, koordinatni sistem in robni pogoji. 
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 Robne pogoje določata narava procesa ter specifična konfiguracija difuzijskega poskusa (glej 

shematični prikaz difuzijskega eksperimenta kot je prikazan na sliki 1.13). Ker je potrebno 

modelirati samo eno polovico cilindričnega vzorca tkiva (glej sliko 1.17), so robni pogoji enaki 
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 Za začetne pogoje je predpostavljena homogena začetna razporeditev koncentracije topljenca 

čez celoten vzorec tkiva. Začetna koncentracija naj v splošnem ne bodo enake tako v 

izvenceličnem kot znotrajceličnem prostoru, kar je utemeljena predpostavka za nepoškodovano ali 

le rahlo elektroporirano tkivo, kjer topljenec lahko ostane v znotrajceličnem prostoru. Konstanti 

ce0 in ci0 sta definirani kot 

0( ,0)e ec z c  (1.2.7) 

0( ,0)i ic z c  (1.2.8) 

 Analitična rešitev sistema parcialnih diferencialnih enačb (en. 1.2.1–1.2.2) za robne ter začetne 

pogoje (en. 1.2.3–1.2.8) je 
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kjer je bila zavoljo lažjega zapisa vpeljana nova konstanta δ = (1 – ε)/ε, lastne vrednosti λn pa so 

enake λn = (2n+1) ∙π/h. 

 Koeficient transmembranskega difuzijskega toka (poimenovan tudi koeficient transporta snovi) 

k je ključni sestavni del modela, ki zajema učinke elektroporacije na celično membrano v relaciji 

s transmembranskim transportom snovi, in kvalitativno opisuje učinke elektroporacije na 

propustnost celične membrane. Če je moč celico modelirati kot popolnoma sferičen objekt radija 

R in debeline membrane dm, Ds,0 je difuzijski koeficient za topljenec vrste s v vodi pri dani 

temperaturi, ys je koeficient oviranja difuzije v pori, in fp površinski delež stabilnih por (fp = 

Np∙Ap/A0, kjer je Np število por na celico, Ap je povprečna površina posamezne povprečne pore ter 

A0 površina celice enaka 4πR2), lahko k izrazimo kot 

,03 s s p

m

D y f
k

d R
  (1.2.14) 

 Elektroporacija učinkuje na površinski delež pore fp, prav tako pa tudi na koeficient oviranja 

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

elektroporacije. Za več podrobnosti glede koeficientov ys ter k, glej članek II. 

 

1.2.3.3 Model dvojne poroznosti za filtracijsko-konsolidacijski problem 

 Z vidika fizike in matematike obstaja očitna analogija med Fickovim zakonom difuzije ter 

Darcyjevim zakonom, ki narekuje hidrodinamične razmere v poroznih materialih. Model dvojne 

poroznosti, kot ga podajajo enačbe 1.2.1–1.2.2, je torej moč zapisati tudi za opis filtracijsko-

konsolidacijskega obnašanja tkiva pod pritiskom, pri čemer matematično gledano ostaja 

formulacija enaka z izjemo nekaterih zamenjav, opustitev ali dodanih podrobnosti. Difuzijski 

koeficient Ds,e namreč v primeru konsolidacijskega modela zamenja hidravlična propustnost tkiva 

ke deljena z viskoznostjo μ, tj. ke/μ, in koeficient transporta snovi k podoben proporcionalnostni 

koeficient α, ponovno tudi ta ulomljen z viskoznostjo, tj. α/μ. Začetna poroznost tkiva ε je že zajeta 

v koeficientu ke ter s stisljivostnim modulom Gε,e, ki nista intrinzični, temveč prostorsko-

povprečeni veličini na celoten vzorec tkiva, in zato je moč opustiti faktor (1 – ε)/ε. Zamenjani so 

tudi koncentracijski gradienti, in sicer z gradienti tlaka tekočine, saj so pri iztiskanju pod tlakom 

slednji primarno odgovorni za transport snovi, ki je v tem primeru tekočina skupaj z raztopljenimi 

snovmi. Posledično so koncentracije ce in ci nadomeščene s tlaki tekočin pe in pi. Kot rezultat sta, 
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analogno osnovnim enačbam za difuzijski problem (en. 1.2.1 – 1.2.2), pridobljeni sledeči dve 

osnovni enačbi 
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 Ti dve enačbi tako kot njun difuzijski analog izhajata iz zakonov o ohranitvi mase. Vendar pa, 

v nasprotju s koncentracijo topljenca, ki je tako merjena/opazovana veličina kot (preko svojega 

gradienta) tudi izvorna gonilna sila procesa transporta snovi, je tlak tekočine v konsolidacijskem 

problemu sicer izvorna sila in promotor transporta, ni pa tudi direktno merjena ali opazovana 

veličina in ni predmet zakona o ohranitvi mase. Tlak mora zato biti povezan z maso ali volumnom 

tekočine, ki se ohranjata, in posledično s poroznostjo posameznega prostora v tkivu, kar je v 

modelu doseženo z vpeljavo tako imenovanih stisljivostnih modulov (angl. compressibility 

moduli). Stisljivostni modul ali njegova obratna vrednost, stisljivost (angl. bulk modulus), je 

običajno definiran kot razmerje med relativno spremembo v volumnu (tako imenovano razmerje 

prostega volumna – angl. void ratio), ki jo povzroči dana sprememba tlaka, in to tlačno 

spremembo. Če razmerje prostega volumna e označuje razmerje med prostim volumnom 

(tekočino) ter trdnimi snovmi v znotraj- in izvenceličnem prostoru, sta lahko stisljivostna modula 

določena iz relacij  

,

1e e e e

e S e

e p e p

t t p G t

   
   

   
 (1.2.17) 

,

1i i i i

i S i

e p e p

t t p G t

   
   

   
 (1.2.18) 

 Stisljivostna modula Ge in Gi povezujeta spremembo v razmerju prostega volumna z izgubo 

tlaka tekočine. V poskusih je merjen premik bata, ki ustvarja v sistemu pritisk, s čimer 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 že 

rečeno, razmerje med volumnom tekočine in volumnom trdnih snovi. Zato so stisljivostni moduli 

ponovno definirani prek povprečne poroznosti obeh prostorov, tako da velja 
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 Povsod, razen v enačbah 1.2.19–1.2.20, je notacija, ki označuje povprečne vrednosti izpuščena, 

čeprav implicitno vsebovana. Ta definicija omogoča enostavno pridobitev začetnih ocen za 
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stisljivostne module na podlagi končne deformacije tkiva, ki je dobljena eksperimentalno. Vendar 

gre pri tem za kompromis. Povprečenje razmerja prostega volumna e, ki je v splošnem tako 

prostorska kot časovna funkcija, ki pa se pri poenostavitvi smatra za konstanto, močno zoži 

splošno uporabnost modela. Tako poenostavljen je namreč veljaven za točno določen segment v 

parametričnem 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, če je 

tkivo relativno nepoškodovano s strani dovedene obdelave (tj. ne intenzivno elektroporirano), kar 

zahteva pozornost pri interpretaciji rezultatov. Bolj splošen pristop, ki ne vključuje tovrstnih 

poenostavitev je mnogo bolj matematično zahteven ter neprimeren za analitično obravnavo. 

 

 

Slika 1.18: Shematična predstavitev vzorca tkiva, kakršen je bil uporabljen v poskusih z 

iztiskanjem – geometrija modela, koordinatni sistem in robni pogoji. 

 

 Da bi bilo moč najti rešitev sistema enačb 1.2.15–1.2.16, so potrebni tudi primerni robni ter 

začetni pogoji. Začetne pogoje je moč ponovno zapisati glede na enačbi 1.2.7–1.2.8 s preprosto 

zamenjavo koncentracij s tlakom tekočine, kar da 

0( ,0)e ep z p  (1.2.21) 

0( ,0)i ip z p  (1.2.22) 

 Po drugi strani pa so pri robnih pogojih razlike. Pri iztiskanju v konfiguraciji kakršno 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 tekočine na kontaktu med batom in vzorcem, kar za robni 

pogoj pomeni, da je 
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medtem ko tekočina na spodnji kontaktni površini prosto zapušča vzorec tkiva čez zunajcelični 

prostor in je tukaj njen tlak enak nič, torej 

0
0e z

p

  (1.2.24) 

medtem ko izračun poteka znotrajceličnega tlaka tekočine za ta robni pogoj sledi enaki logiki kot 

pri difuzijskem problemu, kar da 

,

00

iG
t

i iz
p p e







  (1.2.25) 

 Rešitev en. 1.2.15–1.2.16 z začetnimi ter robnimi pogoji (en. 1.2.21–1.2.25) je povsem 

analogna rešitvi 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 končna 

analitična rešitev je 
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kjer so 
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 Zavoljo lažjega zapisa, so bile narejene sledeče zamenjave 

, , ,1

,

; ; 1
e e i e

i

k G G G

G

  




  

 


 

     
 

 (1.2.31) 

in lastne vrednosti λn so enake λn = (2n+1) ∙π/2h. 
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 Ko sta tlak tekočine v znotraj- in izvenceličnem prostoru znana, je moč uporabiti enačbi 1.2.17–

1.2.20 za izračun deformacije vzorca. Po zapisu za brezdimenzijsko deformacijo sε(t), ki je 

normalizirana na začetno debelino vzorca, je izračun deformacije iz znanih tlakov sledeč 
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 Zadnji parameter, ki zahteva obravnavo, je brezdimenzijski faktor α, ki povezuje vpliv 

elektroporacije na hidravlično propustnost celične membrane. Glede na teorijo, predstavljeno v 

članku III, velja za sferično celico radija R s površinskim deležem stabilne populacije por fp, ki jo 

sestavlja Np por povprečnega radija rp, relacija 
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R
   (1.2.33) 

kjer je kp = rp
2/8 hidravlična propustnost posamezne pore. 

 

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 tlačne / 

konsolidacijske eksperimente, ki so bili izvedeni z namenom testiranja in validacije modela dvojne 

poroznosti. To poglavje podaja glavne rezultate teh poskusov (izmerjene časovne profile difuzije 

in konsolidacije – tj. kinetike) in primerjavo meritev s simuliranimi časovnimi poteki, 

pridobljenimi z modelom dvojne poroznosti. Združeni rezultati so grafično prikazani na sliki 1.19 

spodaj in na kratko komentirani. Tu predstavljeni rezultati so bili dobljeni izključno 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 moč 

najti v ustreznem poglavju v članku IV. 
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Slika 1.19: Rezultati poskusov z difuzijo v vodni raztopini (a – b) in iztiskanjem/prešanjem 

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 zmožen modelirati eksperimentalno-

pridobljene podatke z visoko natančnostjo. Glede na raznolik in širok spekter možnih odzivov 

tkiva na elektroporacijo v povezavi s posledičnim transportom snovi, je moč parametre modela 

ustrezno prilagoditi, da je doseženo 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 namreč indicirajo, 

da delež površine por fp ni edini pomembni parameter, ki odraža elektroporacijo, temveč morajo 

tudi nekateri drugi parametri nujno variirati, da bi bilo doseženo dobro ujemanje med modelom in 

eksperimentom. To je potrebno razložiti v okviru teorije elektroporacije, ali pa mora biti model še 

izboljšan ter njegova občutljivost ocenjena neodvisno od drugih parametrov za vsak posamezen 
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parameter. Prav tako bi bilo zaželeno oziroma potrebno zmanjšati število prostostnih stopenj 

modela, ki jih vnašajo številni parametri modela, ki vplivajo na rezultate simulacije istosmiselno, 

tj. izkazujejo istosmiseln vpliv na končni rezultat. Bolj podrobna analiza omenjene problematike 

je predstavljena v poglavju »Results and discussion« v članku IV, in vključuje bolj rigorozno 

kritiko modela, njegovih prednosti ter slabosti. 

 Sledeča 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 tlačne profile tekočine v znotraj- in 

zunajceličnem prostoru. Ti profili so bili integrirani (glej npr. en. 1.2.32) v postopku izračuna 

simuliranih kinetik iztiska tekočine, kot jih podaja slika 1.19 (c – d). Ta slika jasno prikazuje 

učinek zakasnjenega padca tlaka tekočine (ali koncentracije pri analognem problemu difuzije) v 

znotrajceličnem prostoru glede na zunajceličnega, do katerega pride zaradi nižje propustnosti 

membrane v primerjavi s propustnostjo zunajceličnega prostora. 

 

 

Slika 1.20: Profili tlaka vzdolž prečnega prereza vzorca tkiva za različne trenutke tekom 

simuliranega poskusa z iztiskanjem. Ker so bili ti profili pridobljeni s pomočjo nadgrajenega, 

kompleksnejšega ter numerično rešljivega (ter rešenega) modela dvojne poroznosti za opis 

filtracijsko-konsolidacijskih lastnosti elektroporiranega tkiva, je na abscisi navedena snovna 

koordinata ω namesto realne fizične koordinate z, ki sicer odraža dejanske dimenzije vzorca. 

Pretvorba prostorske koordinate z v snovno koordinato ω sicer ni opisana v tej dizertaciji 

(znanstveni članek 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 pomočjo analogije med Fickovim zakonom difuzije ter Darcyjevim zakonom o pretoku 

tekočine, je bil model dvojne poroznosti za difuzijski problem preveden in prilagojen za uporabo 

pri proučevanju filtracijsko-konsolidacijskega obnašanja elektroporiranega tkiva med iztiskanjem 

s pomočjo zunanje apliciranega tlaka (primerjaj teorijo v članku II ter članku III, ali pa glej članek 

IV). Prek fizikalno in matematično enake analogije zakonov s Fourierjevim zakonom prenosa 

toplote s kondukcijo (angl. thermal conduction), ter upoštevaje osnovne zakonitosti iz 

termodinamike neravnovesnih stanj, lahko postuliramo, da je moč model dvojne poroznosti 

zapisati tudi za opis toplotnih razmer v bioloških tkivih, kar bi moralo v principu veljati če je tkivo 

elektroporirano ali ne. 

 Enačbe toplotnega modela za primer toplotnega fluksa vzdolž ene glave osi prevajanja toplote, 

se za izven- ter znotrajcelični prostor glasijo 
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 V enačbi 1.2.34 nastopa nov parameter, volumsko razmerje fv; ta multiplikativni parameter 

omogoča upoštevanje prostorskega (volumskega)  deleža celic v celotnem volumnu tkiva in je 

enak F/(1–F). Ostale veličine so sledeče: Te in Ti sta temperaturi v izven- in znotrajceličnem 

prostoru [K]; ke in ki sta izven- ter znotrajcelični toplotni prevodnosti [W/(m.K)]; z je prostorska 

in t časovna koordinata; cp je specifična toplotna kapaciteta tkiva [J/(kg.K)]; ρ gostota tkiva 

[kg/m3]; in hv volumski koeficient prenosa toplote [W/(m3.K)]. Koeficient hv odraža toplotno 

prevodnost celične membrane in značilne geometrije sistema izmenjave toplote. Na tej točki lahko 

privzamemo, da je koeficient funkcija tako prostora kot časa v odvisnosti od elektroporacije, pri 

čemer ohranimo popolno splošnost obravnave problema. Ali takšna prostorsko/časovna odvisnost 

od elektroporacije obstaja ali ne, pa je potrebno še teoretično oceniti in eksperimentalno preveriti, 

v kolikor je to mogoče. 

 Opomba k razliki med enačbama 1.2.35 ali 1.2.34 ter ustrezajočimi enačbami za difuzijski / 

tlačni problem. Tako pri difuzijskem modelu dvojne poroznosti kot pri modelu dvojne poroznosti 

za opis filtracijsko-konsolidacijskega obnašanja elektroporiranega tkiva, je vpliv končne 

znotrajcelična poroznost ter z njo povezanih koncentracijskih ali tlačnih gradientov zanemarjen., 

kar poenostavi ravnovesno enačbo za znotrajcelični prostor. Ta poenostavitev je osnovana na 

predpostavki, da je nizka transmembranska propustnost za difuzijo topljenca ali iztok 
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znotrajcelične tekočine omejujoč dejavnik pri transportu snovi, in je ta propustnost membrane 

nekaj velikostnih razredov manjša od difuzijske konstante v izvenceličnem prostoru oz. 

hidravlične prepustnosti izvenceličnega prostora.. Pri toplotnem problemu (gl. en. 1.2.34–1.2.35) 

pa se toplotne prevodnosti citoplazme, celične membrane ter izvenceličnega prostora bistveno ne 

razlikujejo. Zato neupoštevanje znotrajceličnega toplotnega toka ne more biti upravičeno, in člen 

v enačbi, ki opisuje prevajanje toplote prek znotrajceličnega prostora, mora ostati prisoten v enačbi 

energijskega ravnovesja v znotrajceličnem prostoru (en. 1.2.35), kar znatno zaplete postopek 

razvoja analitične rešitve za splošen primer, pri katerem je ke ≠ ki. Zato je v pričujočem delu 

analitična rešitev splošno zastavljenega problema samo orisana v dodatnem podpoglavju k 

poglavju 5. 

 Za manj splošen primer, ko velja ke = ki, je moč najti analitično rešitev za Te in Ti, ki je enaka 
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in je podana v podpoglavju 5.1.2 poglavja 5, pri čemer je α = k/ρcp in β = hv/ρcp. Simulacija z 

modelom da, za različne vrednosti parametra hv (transmembranski prostorninski/volumski 

koeficient prenosa toplote) in tipično geometrijo problema, kot je že bila uporabljena pri študijah 

transporta snovi, rezultate podane na sliki 1.21. Ker je ke = ki, je potrebno v sistem vnesti začetno 

neravnovesje (perturbacijo), ki je v tem primeru izvedena prek izbire različnih začetnih vrednosti 

temperature (Te0 ≠ Ti0), zato da se razlika med znotraj- in zunajcelično temperaturo sploh pojavi v 

sistemu. Iz simuliranih rezultatov je razvidno, da mora biti vrednost parametra hv nekje med 104 

Wm-3K-1 in 105 Wm-3K-1, da bi začetna razlika v temperaturah povzročila prehoden odziv sistema, 

ki bi ga bilo moč opazovati tekom časovnega obdobja nekaj sekund. 
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Slika 1.21: Prostorsko-časovni profili intrinzične temperature v znotraj- ter izvenceličnem 

prostoru za tri različne vrednosti transmembranskega volumskega koeficienta prenosa toplote hv. 

Začetni nadtemperaturi nad temperaturo okolice Tamb sta bili Ti0 = 25 °C in Te0 = 20 °C v vseh 

primerih. 

 

 Teoretična obravnava toplotnih razmer v tkivu s pomočjo modela dvojne poroznosti se v tem 

doktorskem delu nadaljuje z razvojem splošnejše numerične rešitve, s katero se lahko modelira 

situacija, ko je ke ≠ ki. Rezultati (na tem mestu izpuščeni zaradi jedrnatosti) ponovno kažejo na 
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pomen transmembranskega volumskega koeficienta prenosa toplote (hv). Če je ta koeficient velik, 

je izmenjava toplote prek membrane prehitra, in v obdobju opazovanja dolgem nekaj sekund ni 

zaznavne razlike med znotraj- in zunajceličnim temperaturnim profilom. To potrjuje pomen 

parametra hv pri odgovoru na vprašanje, ali je pristop z modelom dvojne poroznosti sploh smiseln 

pri proučevanju toplotnih razmer v tkivu. Da bi dokončno lahko odgovorili na to vprašanje, je v 

nadaljevanju podana teoretična analiza za realistično oceno vrednosti tega parametra za vzorčni 

tip rastlinskega tkiva (jabolko). Analiza je predstavljena v podpoglavju 5.1.4. 

 Glede na zgoraj omenjeno teoretično analizo, je transmembranski volumski koeficient prenosa 

toplote hv enak 
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kar je realistična ocena upoštevaje končno toplotno prevodnost citoplazme ter izvenceličnega 

prostora. Vrednost, dobljena z enačbo 1.2.38, je kljub konzervativni realistični oceni (v 

idealiziranem primeru je vrednost še večja) še vedno večja, kot največja vrednost uporabljena v 

simulacijah z analitično obliko modela (gl. sliko 1.21). Zaključek, ki ga je moč narediti na podlagi 

te analize opirajoč se na temperaturne profile s slike 1.21 in vrednosti hv večje od 106 je, da so 

kakršnikoli transmembranski gradienti temperature, ki bi se pojavili zaradi nehomogenosti v 

lokalni porazdelitvi električne poljske jakosti ali toka, praktično takoj (tj. v časovnem obdobju 

krajšem od ene sekunde) uravnovešeni in izničeni 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 poučna, in vso matematično analizo, 

predstavljeno v podpoglavju 5.1, je moč uporabiti za nadaljnje izboljšave in razvoj sorodnih oblik 

modela dvojne poroznosti za primer transporta snovi z difuzijo ali zaradi gradientov tlaka tekočine 

(iztiskanje). Poleg tega numerična rešitev omogoča, da se znotraj- ter zunajcelični toplotni 

prevodnosti razlikujeta, kar se še lahko v prihodnje izkaže kot uporabno in relevantno pri 

proučevanju toplotnih razmer v tkivu, če je le to elektroporirano ali ne, pod pogojem, da se toplotni 

prevodnosti znatno razlikujeta. 

 Preostanek poglavja 5 je posvečen proučevanju vpliva temperature na procese transporta snovi 

prek temperaturno odvisnih parametrov v modelih dvojne poroznosti za problem transporta snovi. 

Primer takšnih parametrov sta difuzijski koeficient topljenca Ds,0 ter viskoznost tekočine (soka) μ. 

Razvite so bile numerične rešitve modelov dvojne poroznosti za transport snovi z difuzijo in 

iztiskanjem/prešanjem, zato da je moč upoštevati lokalno in časovno porazdelitev temperature v 

tkivu in torej prostorsko-časovne funkcijske odvisnosti parametrov Ds,0 ter μ od temperature, torej 

velja Ds,0(T(z, t)) = Ds,0(z, t) in η(T(z, t)) = η(z, t) pri simulacijah transporta snovi. Rezultati 
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parametrične študije so podani na sliki 1.22 in kažejo, da v kolikor temperatura okolice ostane 

enaka 20 °C, celo znaten prehodni dveh temperature tkiva v začetku simuliranega eksperimenta 

na začetku difuzijske faze ali faze iztiskanja ne rezultira v znatnem dvigu hitrosti difuzije ali 

pospešeni konsolidaciji tkiva oz. pospešenem iztiskanju tekočine iz vzorca. Vzrok temu gre 

pripisati relativno hitremu odvajanju toplotne energije iz tkiva v okoliški 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 moč bolje osvetliti to problematiko, vendar pa je takšna poglobljena analiza izven obsega 

tega doktorskega dela. 

 

 

Slika 1.22: Parametrična študija elektroporiranega tkiva z modelom dvojne poroznosti za 

difuzijski problem in problem iztiskanja/tlačne 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 začetno nadtemperaturo 

(variabilni parameter) v procesu simulacije za izračun predstavljenih krivulj ekstrakcije/tlačne 

deformacije. 

 

1.2.4 Prispevki znanosti in zaključek 

 Glavni izvirni prispevek znanosti te dizertacije je novo-razviti model dvojne poroznosti za 

proučevanje z elektroporacijo povezanih pojavov transporta snovi v tkivih, oziroma bolj natančno, 

povezanih s pojavi difuzije topljenca in konsolidacijsko-filtracijskega obnašanja elektroporiranega 

tkiva pod pritiskom (iztiskanje sokov). 

 Kot je prikazano v pričujoči dizertaciji (znanstveni članki II – IV), je odlika modela natančna 

in verna reprodukcija kinetike ekstrakcije snovi iz tkiva s pomočjo difuzije ali mehanskega 
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tlačnega iztiskanja. Tokom konstrukcije modela je bil en parameter, površinski delež por, 

identificiran kot najpomembnejši parameter, ki je funkcija elektroporacijskih parametrov – 

električne poljske jakosti, števila pulzov, in dolžine pulzov. Bila je poiskana analitična 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 tekočine v konsolidacijskem (tlačnem) problemu. V 

najnovejšem delu, ki je predstavljeno v dizertaciji, je podana študija validacije modela, tokom 

katere so bili prepoznani tudi drugi pomembni dejavniki (poleg površinskega deleža por na 

membrani), ki jih je potrebno upoštevati pri modeliranju transporta snovi v elektroporiranem tkivu. 

Med najpomembnejšimi dejavniki so spremembe v propustnosti in kompresibilnosti tkiva zaradi 

strukturnih sprememb, povzročenih z elektroporacijo ali apliciranjem tlaka. Ti dodatni vplivni 

dejavniki odražajo kompleksno naravo učinkov električnih polj na teksturo ter masni transport v 

elektroporiranem tkivu. 

 Da bi bilo moč model nadalje nadgraditi in dopolniti, bo prihodnje delo verjetno osredotočeno 

na ovrednotenje in matematični opis vpliva drugih pomembnih dejavnikov na transport snovi v 

tkivu (elektroosmoza, relaksacija turgorja, ipd.), da bi se model razvil v bolj splošno različico, 

katere rešitev bi posedovala odliko zmožnosti predvidevanja (predikcije) na podlagi danih 

parametrov elektroporacije ter znanih snovno-fizikalnih lastnosti obdelovanega tkiva, katere je 

moč pridobiti iz obstoječe literature ali oceniti s pomočjo neodvisnih eksperimentalnih metod. 

 Uvodno delo na področju nadaljnjih raziskav, ki so izven obsega te dizertacije, nakazuje, da 

mehanizmi kot so izguba turgorja (primerno izključno v tkivih, kjer so prisotni gradienti tlaka – 

npr. rastlinska tkiva s celično steno in hiperosmotskimi razmerami), in pa elektroosmotski pojavi, 

lahko igrajo pomembno vlogo v transportu snovi in kličejo po neodvisnem ovrednotenju, ter 

eventualni vključitvi matematičnega opisa teh pojavov v obstoječ model dvojne poroznosti. 

Nedavni napredek pri metodah detekcije in zanimive nove možnosti za združevanje modelov 

razporeditve električne poljske jakosti z modeli evolucije por ter modelom dvojne poroznosti. 

Rezultirajoč, v visoki meri sklopljen prostorsko-časovni model bi bilo moč dopolniti tudi z Nernst-

Stokesovim setom enačb za elektrodifuzijo, ki opisuje učinke elektroosmoze ter elektroforeze, kar 

bi predstavljalo prepotrebno translacijo znanja in uvida pridobljenega v poskusih na posameznih 

celicah na mnogo bolj kompleksno raven realističnih bioloških tkiv. 

 Kljub vsemu napisanemu glede možnosti nadgradnje modela v prihodnje, pa je avtor 

prepričanja, da je moč model dvojne poroznosti že uspešno uporabiti za ovrednotenje učinkovitosti 

elektroporacije v odnosu do transporta snovi, da ga je moč 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 boljšemu razumevanju pojavov, ki so povezani s transportom snovi ter 

teksturnimi lastnostmi elektroporiranega biološkega 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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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 aqueous 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 II), 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 PI 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 PI molecule transport takes place after the electric pulse, and should therefore 

be attributed to diffusion. This analysis applies to relatively small molecules of PI 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 (PI, 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 PI 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. It 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 I) 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 I). 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 (II, III and IV) presented in section 4. 
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3 Materials and methods 

3.1 Diffusion experiments 

 Diffusion experiments that are described in Paper II and Paper IV were conducted according to 

the same protocol. Paper III 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 μs 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, Compiègne, 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 

°Bx0 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 °Bxd can be determined separately. Theoretically, °Bxd 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

d 0

°Bx( ) °Bx
( )

°Bx °Bx

t
B t





 

 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 t0 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. 
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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 III and Paper IV were conducted according 

to the same protocol. Paper II 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 μs pulse duration. Protocol B: The voltage was again varied as in Protocol A, 

however, only two unipolar pulses were delivered of 800 μs 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 μs 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 tt (product of pulse duration tp, number of 

pulses np and number of trains nt) as calculated from the pulsing protocol was the same for 

Protocols A and B (tt = 1.6 ms), and was 50 % lower in case of Protocol C (tt = 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 kJ/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 III and Paper IV. 

 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 III. 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 II-IV. 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 II-IV 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 Compiègne), 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 II were 

obtained using the digital refractometer ATAGO PR-32α (alpha), and new results reported on in 

Paper IV by using the ATAGO PR-101α (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-32α model is from 0.0 % Brix to 32.0 % Brix, while for the PR-101α 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-32α (left) and the ATAGO PR-101α (right). 

Images courtesy of ATAGO CO., LTD, source: 

http://www.atago.net/product/?l=en&f=products_pr.html 

  

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 II: “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. 
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4.2 Paper III: “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 II). 

 

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 II), 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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4.3 Paper IV: “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 II and Paper III) 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 II) 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 III) 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 IV are presented in three main parts: The Z-index analysis; modelling the 

diffusion kinetics; and modelling the expression (or filtration-consolidation) kinetics. 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 (II and III), 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. 



 147 

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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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 II and Paper III, 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 
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 In eq. 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 Ti 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 ΔV 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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 In eq. 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 Ti the extracellular and the intracellular temperature [K], respectively; ke and ki 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)]; ρ the tissue 

density [kg/m3]; and hv the volumetric heat transfer coefficient [W/(m3.K)]. Coefficient hv 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 T0 both in the extra- and the intracellular space (i.e. T0 = Te0 = Ti0), 

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 < T0 (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 
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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). 

 

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 hv, 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 
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 To simplify the arithmetic in the following development of the solution, new constants α and β 

can be introduced, where α = k/ρcp and β = hv/ρcp, and thus 
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 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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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 
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satisfying the two initial conditions Te0 and Ti0. 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 
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 This results in corrections to one of the boundary conditions, which now read 
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and initial conditions are henceforth equal to the temperature differences between the absolute and 

ambient temperature 
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 In the following text, the introduced δ-notation is dropped throughout for simplicity, and the 

reader should beware that both Te and Ti 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 

     ,z t Z z t   (5.1.21) 

 Note that the Greek letter τ is used here instead of the more conventional T for the temporal 

component of the solution τ(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

2

1 d d Z

dt Z dz

 


  (5.1.22) 

 Both sides of 5.1.22 must equal a constant, which is conveniently chosen to equal 

21 d

dt


 


   (5.1.23) 

and 

2
2

2

1 d Z

Z dz
   (5.1.24) 

 Solution of 5.1.23 is 

 
2 tt e     (5.1.25) 

and of 5.1.24 

     sin cosZ z A z B z    (5.1.26) 

and therefore the solution has the form 

         
2

, sin cos tz t Z z t A z B z e            (5.1.27) 

 The most general solution is obtained by summing the solutions of type 5.1.27, thus 

     
2
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, sin cos m t
m m m m

m

z t A z B z e
  






      (5.1.28) 

where Am, Bm and λm are constants determined by boundary and initial conditions. In order to 

satisfy the boundary conditions eqs. 5.1.17–5.1.18, Am must equal zero and λm = (2m-1)π/l where 

l is the thickness of the tissue sample and m = 1, 2, 3, … 

 Supposing the final form of the solution will be a linear combination of Θ(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(λmz), i.e. by a Fourier cosine series, 

determines the constants Bm to be equalling 
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Replacing m by the more convenient index n running from 0 to infinity, and assembling eqs. 

5.1.28–5.1.29, one obtains 
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  (5.1.30) 

where λn = (2n+1)π/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 

tx ax by    (5.1.31) 

ty cx dy    (5.1.32) 

has a characteristic equation and a discriminant, written as 

2 ( ) 0a d ad bc       (5.1.33) 

2( ) 4D a d bc    (5.1.34) 

 Rewriting the system 5.1.13–5.1.14 to the form of eqs. 5.1.31–5.1.32, thus obtaining 
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 (5.1.35) 

   i
e iz z

z

T
T T

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 

tx ax by    (5.1.37) 

 ty 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) 
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 (5.1.39) 
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 (5.1.40) 

 From comparison of 5.1.39–5.1.40 to 5.1.37–5.1.38, it follows that a = c = -β, b = d = β, and k 

= -fv. The final solution of the system 5.1.37–5.1.38 can be given as 
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   (5.1.41) 
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    (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 
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   (5.1.43) 
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   (5.1.44) 

 The final solution is a product of Θ(z, t) and the presently developed temporal functions 
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     (5.1.44) 

yielding 
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   (5.1.44) 

 Finally, initial conditions must be satisfied in order to determine the as-yet unknown constants 

C1 and C2. Writing for t = 0 and taking into consideration 
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  (5.1.45) 

one obtains two algebraic equations for the unknown constants 

0 1 2iT C C   (5.1.46) 

0 1 2e vT C f C   (5.1.47) 

of which the solution is 
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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, 
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  (5.1.50) 
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  (5.1.51) 

 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 III 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, fv = 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 0 in case Ti0 = Te0. 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 hv. 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 hv. 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 5.2: The spatio-temporal profiles of the intrinsic temperature in the intra- and 

extracellular space for three different values of the transmembrane volumetric heat transfer 

coefficient hv. The initial temperatures above Tamb were Ti0 = 25 °C and Te0 = 20 °C in all cases. 

Two thousand members of the Fourier cosine series (n = 0…1999) were computed in eqs. 

5.1.50–5.1.51 to ensure the artefacts originating from the discontinuity at z = l/2 between the 

initial and the boundary condition are not visible in the surface plots. 
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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 hv. 

 

 As is shown in Figures 5.2 and 5.3, higher values of the volumetric heat transfer coefficient hv 

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 hv, or it can be delayed if hv 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 fv is the proportionality factor. 

 

parameter value source parameter value source 

l (m) 0.01 previous experiments ρ (kg/m3) 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] hv (W/m3.K) varied n/a 

tend (s) 60 arbitrarily chosen δTi0 (K) 25 arb. chosen 

fv (-) 4 F/(1-F) δTe0 (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 fv 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 ΔV comprising cells and 

extracellular space would, in relation to the intrinsic quantities worked with herein, equal 

   bulk 1 e iV V
T F T FT

 
      (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 
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 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 
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 (5.1.55) 

can be substituted with finite differences in intervals δt and δz as follows 
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 (5.1.56) 

where index n runs along the spatial, and index m along the temporal coordinate. 



 175 

 Rewriting equation 5.1.53 using 5.1.55, substituting r = δt / (δz)2, αe = ke/(ρcp), β = hv/(ρcp), and 

placing all unknowns on the left side while keeping the known variables on the right, one obtains 
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 (5.1.57) 

 where indices ‘e’ or ‘i’ in brackets in superscript designate the extracellular or the intracellular 

temperature, respectively. Note that δt is the time step of discretization, and δz 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 α. 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 

βδt. 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 δt must be selected, particularly for “large” coefficients 

β (large in comparison to α) 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 

( ) ( ) ( )
1

e e i
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where 

1 0 0

1 0
2 2

0 0

0 1
2 2

0 0 0 1

e e

e e
e

e

e e
e

r r

r r
r

r r
r

 

 


 


  
 
   
 
 
 
 

   
 
 

P  (5.1.59) 

and 
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Q  (5.1.60) 
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 Note that the homogeneous Dirichlet boundary condition 5.1.17 at z = l/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 0 (fixed temperature). Similarly, the homogeneous Neumann boundary condition 5.1.18 at 

z = 0 demands that the element Pe(1,2) = -αer and the element Qe(1,2) = αer (reflective boundary). 

For the Dirichlet boundary at z = l/2, it is necessary to set the last element of the vector on the 

right-hand side of 5.1.58, i.e. of ( ) ( )e e
e m v mf tQ T T , to zero at every consecutive time step (i.e. 

for all k > 0). As mentioned, this last element corresponds to z = l/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 
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 (5.1.61) 

where, as before, indices ‘e’ or ‘i’ in brackets in superscript designate the extracellular or the 

intracellular temperature, respectively, and αi = ki/(ρcp) was introduced for the sake of algebra. 

 In matrix notation, as before, 
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Q  (5.1.64) 
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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 
( ) ( ) ( )

1
e e i

e m v mm f t  b Q T T  

2. Set 
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max1( ) 0
e

m n b  
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1 1
e e

em m


 T P b  (by left division T = P\b, inverting matrix P is unnecessary) 

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 Tm 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 = l/2 

where the initial condition demands that T = T0, 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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Figure 5.4: Comparison of the analytical and numerical solution for evaluation of the accuracy 

of the numerical solution. 

  

 The numerical solution that was just presented is a suitable method of evaluating thermal 

conduction in a multi-phase material (e.g. a two-component or two-space model of biological 

tissue) whether there is a significant influence of the interspace interface conduction hindrance or 

not. The importance of the latter for biological tissues will be examined in the following section 

on parameter estimation, shedding light on the fundamental quandary – the as yet uncertain 

applicability of the dual-porosity approach and its usefulness in studying thermal relations in 

tissues, as opposed to a much simpler homogeneous material model. 
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5.1.4 A theoretical estimation of the volumetric heat transfer coefficient hv and other 

parameters; the relevance of the dual-porosity model for the thermal problem in 

electroporated tissues 

 The parameter hv, 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 eqs. 

5.1.3–5.1.4. 

 To arrive at an estimate for hv 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 

m m

dT
q k

dr
   (5.1.65) 

Integrating across the membrane where the heat flux density qm is non-zero and the temperature 

changes from intracellular Ti,m to the extracellular Te,m in the immediate proximity to the membrane 

(denoted by index m), yields 
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m e m
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m mR T
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    (5.1.66) 

Resolving the integrals results in 
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d


  (5.1.67) 

where dm is the membrane thickness (about 4-5 nm). 

 The expressed heat flux density is in W m-2, and the source term in the dual-porosity model 

fundamental equations is in W.m-3. It is necessary thus to express the heat flux per unit volume, 

qv, and the expression involves the particular problem geometry 

   , , , ,v v m v i m e m v i m e mq a q a h T T h T T      (5.1.68) 

where h is the heat transfer coefficient [W/m2K], hv the volumetric heat transfer coefficient 

[W/m3K], and av the surface-to-volume ratio reflecting the particular geometry. In case of 

spherical cells of radius R, this coefficient equals 
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and therefore 
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from where it immediately follows 

3 m
v

m

k
h

d R
  (5.1.71) 

 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 qm 

24m m

dT
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   (5.1.72) 

Separating the variables left/right and integrating as before yields, after some rearrangement 
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 (5.1.73) 

For R >> dm, one can take the approximation R + dm ≈ R and the equation 5.1.73 simplifies to 
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  (5.1.74) 

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 III, 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 Vc is needed to arrive at 
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      (5.1.75) 

which is exactly 5.1.70 and hv can be expressed again to equal what has already been defined by 

eq. 5.1.71. 

 Given a known estimate on the cell size and membrane thickness, the parameter missing in 

order to obtain hv 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 Å to be 9.3 10-9 m2K/W. Since the thermal 

resistance equals 

t

x
R

k
  (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 10-9 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 μm (e.g. apple fruit 

cells) and membrane thickness of 5 nm, this yields 
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 (5.1.77) 

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 10-7 to 10-4 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 II – IV), 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 hv 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 = Ti,m and Te = Te,m 

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. 

 

 

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, 
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since thermal resistances are additive. In eq. 5.1.78, 1/hi 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 hi 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 
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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 
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    (5.1.80) 

and the new volumetric heat transfer coefficient equals 
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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 hv greater than 

106, 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 (Ti0 = Te0 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 IV), 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 
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where k is the bulk thermal conductivity, kc the thermal conductivity of the continuous and kd that 

of the discontinuous phase, b equals Vd / (Vc + Vd) where Vd and Vc are the volume shares of the 

discontinuous and the continuous phase, respectively, and a equals 3kc / (2kc + kd). 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, kd = 0.559 W/m.K, Vd = 0.92, and Vc = 

0.08, the unknown that can be expressed from 5.1.82 is kc, which is determined by the following 

expression (the expression following from 5.1.82 for kc is a quadratic function, of its two roots, 

only the one yielding a positive kc is relevant) 
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 (5.1.83) 

with the solution kc = ke = 0.174 W/m.K, which is indeed much lower than either the bulk k or kd 

(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 

l (m) 0.01 previous experiments ρ (kg/m) 1000 water [68] 

F (-) 0.92 previous works (see P. IV) cp (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] hv (W/m3.K) 8.385∙107 n/a 

tend (s) 60 arbitrarily chosen δTi0 (K) 20 arb. chosen 

fv (-) 11.5 F/(1-F) δTe0 (K) 20 arb. chosen 

R (μm) 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 hv 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, 



 186 

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. 

 

 

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 

II – Paper IV, 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 
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where km here is the transmembrane diffusive flow coefficient, not to be confused with km 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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 Strictly adhering to the fundamental physics background of eq. 5.2.1, if the diffusion coefficient 

Ds,e is not space-invariant, eq. 5.2.1 must be rewritten into 
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which complicates the numerical integration scheme used to calculate ce. 

 Using the finite difference approximations of ∂c/∂t and ∂c/∂z 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 
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where 
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and similarly 
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 As in subsection 5.1.3 on the numerical solution of the thermal model, this set of eqs. 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. 

 Eqs. 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 
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   (5.2.17) 

where fc is the convection correction factor and τe the extracellular matrix pathway tortuosity 

(temperature independent factors) – for details on these parameters, see Paper II and Paper IV. Ds,0 

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 η on 

temperature 
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 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 10-10 m2/s [74]. This holds for 20 °C i.e. at 293 K, and the viscosity of 

water at this temperature is 1.002 10-3 Pa.s [75]. This permits the determination of constant C0 

from 5.2.18, which equals C0 = D0(293 K) ∙ η(293 K) / 293 K = 1.54 10-15 m2Pa/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 

Ds,0(T) (μm2/s) 333.7 450.3 584.7 737.0 909.4 1100.5 1310.7 

η (μPa.s) 1306.9 1002.0 797.5 653.5 547.1 466.6 403.9 

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 C0 = 1.54 10-15 m2Pa/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 Ds,e 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 Ds,0 is also one of the multiplicative factors determining the 

transmembrane diffusive flow coefficient km, according to eq. 15 presented in Paper IV. 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 Ds,e, 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 D0(T), which is a spatio-temporal function, i.e. D0(T(z, t)), according to eq. 

5.2.18 the temperature-dependant viscosity η(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 

  5 4 3 2ˆ ˆ ˆ ˆ ˆ ˆ=-1.129 3.528 13.006 23.943 83.598 265.818 654.000T T T T T T T        (5.2.19) 

where T̂ 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 

313.0000ˆ
21.6025

T
T


  (5.2.20) 

 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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which can be directly inserted into eq. 5.2.18 and then Ds,0 into 5.2.17 to obtain values for the 

diffusion coefficient Ds,e(z, t). These values can then immediately be used in the numerical 

integration scheme 5.2.10–5.2.16. Note that in eqs. 5.2.17 and 5.2.21, the δ-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 δTe0 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 
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 The appropriate boundary and initial conditions are 
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 Strictly adhering to the fundamental physics background of eq. 5.2.22, if the viscosity of liquid 

η is not space-invariant, eq. 5.2.22 must be rewritten into 
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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 
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leads to the following finite difference Crank-Nicolson scheme for extracellular liquid pressure 
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where 

, 1,j i j i j      (5.2.35) 

1, , 1,2j i j i j i j        (5.2.36) 

, 1,j i j i j      (5.2.37) 

and similarly 

1 , 1 1, 1j i j i j        (5.2.38) 

1 1, 1 , 1 1, 12j i j i j i j            (5.2.39) 

1 , 1 1, 1j i j i j        (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 III 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 II/III/IV). 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 II and Paper IV, 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 

l (m) 0.005 previous experiments ρ (kg/m3) 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] hv (W/m3.K) - not used 

ke (W/m.K) 0.174 estimated by eq. 5.1.83 km* (1/s) - see P. IV, eq. 15 

tend (s) 120 arbitrarily chosen δTi0 (K) var. arb. chosen 

fv (-) 0.527 F/(1-F) δTe0 (K) var. arb. chosen 

dm (nm) 5 Paper II fc (-) 2.5 Paper IV 
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τe (-) π/2 Paper II fpor (-) 10-6 Paper IV 

rs/rp (-) 0.80 Paper II / IV Rcell (μm) 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. *km with units 1/s is not thermal conductivity, but the transmembrane 

diffusive flow coefficient as defined in Paper II/IV. 

 

 

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 

l (m) 0.005 previous experiments ρ (kg/m3) 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] hv (W/m3.K) - not used 

ke (W/m.K) 0.174 estimated by eq. 5.1.83 km (1/s) - see P. IV eq. 15 

tend (s) 120 arbitrarily chosen δTi0 (K) var. arb. chosen 

fv **(-) 0.527 F/(1-F) δTe0 (K) var. arb. chosen 

kp (m) 1.25 10-19 Paper III / IV fk (-) 2.5 Paper IV 

μ (Pa.s) f(Te) Function of Te fpor (-) 4.8 10-3 Paper IV 

PE (MPa) 0.291 Paper III/IV Rcell (μm) 100 [76] 
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Ge (Pa) 11.0 105 Paper IV Gi (Pa) 9.2 105 Paper IV 

ke* (m2) 2.25 10-17 Paper IV α (-) - 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 m2 

is the extracellular hydraulic permeability, not to be confused with ke in W/m.K, the thermal 

conductivity of extracellular space. **fv is not a parameter in the version of the dual-porosity 

model for pressing as presented in Paper III and Paper IV, 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 = l/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 
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 (5.2.41) 

and indicates that a positive difference Te – Tamb, i.e. a 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 eq. 5.2.41 

identical to zero at z = l/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 Tamb should also be allowed 

to increase due to heat leaving the tissue particles and heating the surrounding medium. This 

renders the ambient temperature Tamb a 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 

    00
,

lm
amb e e

r
T t T z t T dz

l
   (5.2.42) 

where rm is the solid-to-liquid mass ratio, the mass ratio of tissue to the surrounding medium, and 

l 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 II, Paper IV), the ambient 

temperature changes according to 
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 Note that temperatures in eqs. 5.2.42–5.2.43 should all be understood as relative and not 

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. 

 

 

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 (Tamb) 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 II, 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. 
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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 
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has, for any a1 and a2, the solution 

   2u c x x t y        (5.4.3) 

   2w b x x t z         (5.4.4) 

kx t    (5.4.5) 

where k, α, β, γ, and λ are arbitrary constants, and the functions y(ξ) and z(ξ) are described by an 

autonomous system of ordinary differential equations 

 2
1 12 0a k y y a c c f by cz           (5.4.6) 

 2
2 22 0a k z z a b b g by cz           (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 = Ti, f = -fv, and g = 

1, while the constants equal 
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 Determining the arbitrary constants in the system described by eqs. 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 

electroosmosis. 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.  



 208 

  



 209 

  



 210 

  



 211 

  



 212 

  



 213 

  



 214 

  



 215 

  



 216 

  



 217 

  



 218 

  



 219 

  



 220 

  



 221 

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. 


