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Abstract

Irreversible or reversible pores could be generated in the cell membrane of
microorganisms by pulsed electric field (PEF) treatment, which is generally called
electroporation. Such process could be used for inactivation of micromgeor

bio-medical extraction. Both reversible and irreversible pores can be generated in
bio-membranes ts changes the permeabilization of the cell membrane, with

former allowing for transfection (DNA, RNA, etand thelatter for cell inactivation

and bio fuel extraction. 2 4 SASNE (GKS t 9C GNBFGYSyYld Aa =
GKSNXYIFEQ RdzS (2 GKS fSaaSNI aA3ayAFiolyos
samplesAlthough PEF is reported to be a athrermal method, local heting

effects which were not reported before does occur among biological cells during

PEF treatment, different level of thermal excitatisll be investigated in this study.
Besides, the exact mechanism between the pulsed electric field and microorganisms
were not fully understood. This study aimed to investigate the interaction between
pulsed electric field and microorganisms, with thermal effects (local heating effects)

also taken into account.

Three different novel analytical models were developed is gtudy: a linear

Y2RSt>X | vdzA Ol CAStfR Y2RSt YR F [/ ha{h[ Y;
effects) were observed in the models and the characteristics of local heating effects

were also investigated. The contribution of induced electric fieldngitie in cell

membrane and local heating effects were evaluated for electroporation process

during PEF treatment. The results suggest that the significant induced electric field
strength in cell membrane made the main contribution to electroporation.

Howeve, local heating effects could be significant when the treatment samples

were highly conductive. The thermal force and electromagnetic force on the cell
membrane were also investigated. Finally, the situation of penetrated membrane

(pore was included in #cell membrane) was alsonodelledand it was found that



the local heating effects in the penetrated membrane were significant and could

enhance the expansion of pores.

The cell nucleus was also included in the novel QuickField and COMSOL models,
which wee used to investigate the interactions between microorganism and
external electric field, both electric field strength in membranes (cell membrane
and nuclear membrane) and thermal effects were investigated. It was observed
that, with nanesecond PEF tréiment, the induced electric field strength in the cell
nucleus was strong enough to cause electroporation. Thermal effects could also be

generated in cytoplasm.

The experimental works wengerformed usinga seltbuilt HV Blumlein generator.
Different testcells were used to investigate the inactivation process of PEF
treatment with different number of impulses. An alternative plasma treatment was
also implemented to compare the inactivation effects between PEF treatment and
Plasma treatment with the sameuhlein generator. It watoundthat the plasma
treatmentin metallic dish test cetiould achieve stronger inactivation compared

with PEF treatment with the same number of impulses.
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sample andilrepresents the light emerging on the other side of the sample. L

represents the light path length.)

Figure (6.6.3.18rowth curve for culture with differarconcentration of nutrient
based on absorbance at 680 nm wavelength. (Higher absorption of light represents

the higher population of microalgae.)

Figure (6.6.3.2Yransmission result of spectrometer scanning wavelength from
400nm to 800nm. A progressivadconsistent decrease of transmission can be

observed at about 680 nm wavelength.

Figure (6.6.3.315rowing cycle measurement with spectrophotometer. The graph

shows growth curve behaviour over 14 days.

Figure (6.6.3.4Cytometer used in experiment (a) @wcounting zones under

microscope (b) which are marked in zone 1, zone 2, zone 3 and zone 4.

Figure (6.6.3.55rowth cycle measurement with cytometer counting. The result
shows the growing cycle follows the tendency of spectrometer measurement. Three

groups of samples are recorded: B1, B2 and B3.

Figure (6.7.1.1PEF treatment: 500 impulses treatment with electric field strength

70 kV/cm. Magnification x100. Both A and B were from two random locations.

Figure (6.7.1.2PEF treatment: 1000 impulses treatntavith electric field strength

70 kV/cm. Magnification x100. Both A and B were from two random locations. The
large green objects were consideredlie parameciunbursanaor amoebafrom

0F3 LINPGARSR 060& (0KS O2YLXI ye wShadidtlieg 2

have no effects on the experimental results in this work

by



Figure (6.7.1.3PEF treatment: 1500 impulses. Treatment with electric field
strength of 70 kV/cm. Magnification x100. Both A and B were from two random

locations.

Figure (6.7.1.4PEFiteatment: 2000 impulses treatment with electric field strength
70 kV/cm, Magnification x100. Both A and B were two from random versions

locations.

Figure (6.7.2.1ulture flasks of 500 and 1000 number of impulses PEF treatment
samples at: (a) Day 0, (b) Day 1, (c) after 12 days.

Figure (6.7.2.285rowth curve of PEF treatment with cuboid metallic test cell with
100 number of impulses. Abs represents the absorbari@&30 nm wavelength by
microalgae, the data is recorded every 2 days. The error bars represent standard

deviation. Three groups are measured and there are 3 samples in each group.

Figure (6.7.2.315rowth curve of algae treated in the metallic test cetlwb00 and
1000 impulses. Abs represents the absorbance at 680 nm, the data is recorded
every 2 days. Four groups are measured and there are 3 samples in each group. The

error bars represent standard deviation.

Figure (6.7.2.4%rowth curve of algae treatkin the metallic test cell with 500 and
700 PEF impulses. Abs represents the absorbance at 680 nm, the data is recorded
every 2 days. Four groups are measured and there are 3 samples in each group. The

error bars represent the standard deviation.

Figure 6.7.4.1)Charge redistribution in microalgae with external field appltbé,
OStt glftft Aa y20 aK2¢gy Ay (GKAA RAFINIY
accumulation and distribution during PEF treatment as discussed in Chapter 4 and

Chapter 5.



Figure (6.75.1)HV electrode with éieedles mounted on plate (a) and schematic
diagram of test cell (b). The needles are set at the same level and the tips are just

attached to the surface of samples.

Figure (6.7.5.2Recorded waveform of voltage applied to the testl from both
metallic dish positive plasma treatment (a) and positive plastic dish plasma

treatment (b).

Figure (6.7.5.3Recorded waveform of voltage applied to the test cell from both
metallic dish negative plasma treatment (a) and plastic dish megatasma

treatment (b).

Figure (6.7.5.4%rowing culture of microalgae treated with negative plasma,
centrifuged and control groups after 12 days. Flasks marked as 1, 2 and 3 represent
500 impulses treatment group; Flasks marked as 4, 5 and 6 repré8@atimpulses
treatment group; Flasks marked as 7, 8 and 9 represent control group; Flasks

marked as 10, 11 and 12 represent centrifuged group.

Figure (6.7.5.55rowth curve of microalgae treated with 500 and 1000 negative
polarity plasma impulses. Abs m&gsents the absorbance at 680 nm, the data is
recorded at day O and on each day when a treatment had occurred. Four groups are
measured and there are 3 samples in each group. The error bars represent
standard deviation. The longer gaps between measuresiesturred because of

weekends when no treatments or measurements were possible.

Figure (6.7.5.6Culture of algae treated with negative plasma impulses, at day 0 (a)
and 12 days after treatment (b). There is no microalgae detected after 1000

negative plama impulses. (Flasks marked as 4, 5 and 6). Flasks marked as 1, 2 and 3
represent 500 impulses treatment group; Flasks marked as 7, 8 and 9 represent

control group; Flasks marked as 10, 11 and 12 represent centrifuged group.



Figure (6.7.5.7Culture of alge (10 days old) after the treatment with positive
polarity plasma impulses, Flasks s 1, 2 3ralgae treated with 500 impulses; Flasks
4, 5 and 6: algaweated with 1000impulses;Flasks 78 and9: control group; Flasks
10, 11 and 12 centrifuged grpu

Figure (6.7.5.855rowth curve of algae treated with 500 and 1000 positive polarity
plasma impulses (a) and growing culture at day 9 (b). Abs represents the

absorbance at 680 nm, the data is recorded at day O and every day after treatment.
The error barsepresent standard deviation. Four groups are measured and there

are 3 samples in each group. There are 2 days between day 4 and day 7 as there are

weekend between them.

Figure (6.7.5.9Culture of positive plasma tests at Day 0 (a) and after 20 days (b).
Flasks 1, 2 an8t algae treated with 500 impulses; Flasks 4, 5 and 6: atgated
with 1000impulses;Flasks 78 and9: control group; Flasks 10, 11 and 12

centrifuged group.

Figure (6.7.5.10pne example of wave shapes recorded from oscilloscopanef
single impulse delivered to the test cell of negative plasma. Red line represents the
moment when the breakdown is occurring. The current signal is recorded with

current transformer introduced isection 4.5.

Figure (6.7.5.11pne example of wave shas recorded from oscilloscope of one
single impulse delivered to the test cell of positive plasma. Red line represents the
moment when the breakdown is occurring. The current signal is recorded with

current transformer introduced isection 4.5.

Figure 1.Growing flasks of experiments 8ection 6.7.Jat Day 0. The light intensity
was not measured in this experiment, however, there are gaps between these flasks
and the parameters of lamps are the same, thus the light intensity could be

consideredas the same.



Figure I1.Growth curve of algae after the plasma treatment with different number
of impulses and polarity in the metallic dish. Abs represents the absorbance at 680
nm, the data is recorded at day O and every day after treatment. The errer ba

represent standard deviation. 8 groups are measured and shown in this graph.

Figure Ill.Growth curve of plasma treatment with different number of impulses and
polarity in plastic dish. Abs represents the absorbance of 680 nm wavelength by
microalgae, lhe date is recorded at day O and every day after treatment. The error

bars represent standard deviation. 8 groups are measured and shown in this graph.

Figure IV Growth curve of PEF treatment results with different number of impulses.
Abs represents thelmsorbance of 680 nm wavelength by microalgae, the date is
recorded at day O and every day after treatment. The error bars represent standard

deviation. 5 groups are measured and shown in this graph.

Figure VGrowing curve of PEF treatment and plasma iestifferent containers

(both positive polarity and negative polarity) with different number of impulses. Abs
represents the absorbance of 680 nm wavelength by microalgae, the data is
recorded at day O and every day after treatment. The error bars reptedandard

deviation. 7 groups are measured and shown in this graph.

Figure VI.One example of wave shapes recorded from oscilloscope of one single
impulse delivered to the test cell of Negative Plasma with plastic dish. The current

signal is recorded with current transformer introducedSaction 4.5.

Figure VII. One example of washapes recorded from oscilloscope of one single
impulse delivered to the test cell of Negative Plasma with metallic dish. The current
signal is recorded with current transformer introducedSaction 4.5Where the

red line represents the breakdown oceur



Figure VIIIOne example of wave shapes recorded from oscilloscope of one single
impulse delivered to the test cell of metallic PEF treatment test cell. The current

signal is recorded with current transformer introducedSaction 4.5
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Chapter lintroduction

Different approaches to electrically assisted inactivation of microorganisms have
been studied and developed with a view to their practical implementation in several
industrial applications. However, thestablished disinfectiomand bic

decontamination approaches have specific limitations which restrict gugtiability

and economic viability, and may result in generation of undesirablerbgtucts

during the treatment. Therefore, there is a significant demand for novel methbds o
inactivation of microorganismshich overcome these challengdaurther

development and improvement in decontamination and disinfection techniques are
urgently required in areas such as food industry, medical and environmental

applications.

Electricallyassisted methods of rupture of biological membranes can also be used

for lysis of microorganismR dzNA y 3 a4 dzOK LINRP OS&daasx GKS OSt ¢
down, releasing its contentst is known thaseveralmicro-organisms contain

substances which could hesed in food, medical and energy applications. For

example, several species of green miaigae contain carbon compounds such as
triacylglycerol1], a chemical compound which could be used for production of
biodieselfuel. Micro-algae contain different carbohydrates (including glycogen,
starch,agar and cellulose), thus such rich carbohydrate content make them suitable

for the production of bioethanol.

Micro-algae have a significant potential for applications not only in the field of
renewable biediesel and ethanol production, but also in thearmaceutical and

nutraceutical industrie§?].

To allow he carbohydrates which are present in mialgaeto be extracted for
further use, biemembranes of micralgae (microorganisms) should be ruptured to

facilitate the ysisprocess(the process of breaking down the cell membranes


https://www.sciencedirect.com/topics/earth-and-planetary-sciences/biodiesel

through physical, chemical or enzymatic methodis)eleasethesevaluable

substancesfor processing.

Techniquedor extracting the contents of microorganisrhave drawn significant
researchand practical interest in recent years. For example, several microorganisms
have significant lipidike compounds, including hydrocarbons, glycerolipids, and
sterols[3]. Fatty acids which are present in triacylglycerols (Wwigadhe main form

of lipid storage[4]) can be used for biofuel production, whigs a potential

alternative tofossil fues.

However, to achieve economic viability of production of biofuels from rrédgae,
the extractionprocess should be made more efficierthe high cost of the
extraction process is one of the main challenges that hinders biofuel production

from microorganisms on an industrial scale.

One of the methods that can help to achieve this aim to improve ffieiency of

extraction of fatty acids from microalgae is the pulsed electric field (PEF) process.

The first study of the PEF treatment of microorganisms camdmed back to 1967,
when scientists found lethal effects after a suspension of microorganisms was
treated with a high electric fiel{b]. After that, the theoryof electroporation
processwas put forwardwhen the formation of presoccurred.When a
microorganism is subjected to an external electric field, pores can be generated in
the cell membrane. These pores can be either reversible or irreversible, depending
upon the field strength and treatment time. The electroporation gees makes the
PEF treatment a potential approach to the inactivation of microorganisms and field

stimulated lysisvhich helps the extraction of cell contents

Significant progress in the development of PEF treatment and understanding the
mechanisms of iteraction between the pulsed electric field and microorganisms
have been achieved during the last several dec4@Es’] [8]. This process is

generally consideredsaa nonthermal proces$8], a characteristic that makes PEF



treatment desirable in several practical applications, for example in the food

industry, and the PEF process continues to attract significant research attention.

Many different energization regimes and PEF chambers have been designed and
investigated to improve the efficiency of the PEF pro¢&8§[11][12] [13]. There

are also studies focused on the operational and biological factors during the PEF
treatment, such as the electric field strength in the membrane, pulse wave shape,

size of microorganisms and parameters of treatthsampleg48].

However, the exact mechanisms of interaction between the external field and bio
cells are not fully understood. It is difficult to take into account multiple different
parameters in theoretical analyses. Beeparameters include the cell structures,
pulse wave shape, and shape ofdoills.As bcal thermal effects during the PEF
treatment are generally not taken into account nvestigations of this treatment,
the link between the eleaic field and thermakffectsalso required further
investigation. Hence, a more comprehensive approach to modelling of the PEF
effects in a biecell will be developed in this project, to help in further
understanding of the electric field distribution and thermal effects dgrihe PEF
treatment with different parameters. Thereafter, the results of experimental work

will be presented, which will provide data for use in the simulation models.
An overview of the content of each chapter in this thesis is given below.

Chapter 2 (Bckground information and literature review) provides basic
background information related to the field of study in this project, to provide an
understanding of the characteristics of microorganisms and the PEF treatment
analysis. The technical fundamergalf PEF treatment are presented and discussed.
Discussion and comparison between the PEF treatment and other inactivation
approaches is included. A literature review of the PEF treatment technique,
encompassing inactivation mechanisms, mathematical sitions and test

chambers, is also discussed in this chapter.



Chapter 3 (Linear model of microorganisms) introduces the main principles used in
the analysis of the PEF treatment of microorganisms. Initialdbmensional
mathematical models are also develapt investigate the interaction between the

external electric field and bioells.

In Chapter 4, a 2D axisymmetric model was developed using QuickField software.
This advanced model is used to investigate more detailed interactions between the
external dectric field and microorganisms such as: the transient electric field

strength in cytoplasm, cell nucleus and thermal effects.

In Chapter 5, a more advanced (as compared with the Quickiigde!) 2D

axisymmetric model was developed using the COMSOL Multiphysics software
package. The COMSOL model provides the basis for the detailed investigation of the
transient fields and forces during the PEF treatment of microorganisms. Moreover,
this mockl allows for the application of AC signals in the PEF model treatment. The
forces exerted on the microorganisms during the PEF treatment Haeebaen
investigated. The COM&®nodel was also used to study the thermal effects iR bio
membranesunder electical field stressincluding membranes with a pore

(penetrated membrane).

Chapter 6 (PEF treatment and plasma treatment of microalgae) introduces the
experimental results obtained during this project. The equipment and experimental
procedures are presenteand discussed, as are the modelling and development of
the pulse generation system used throughout this project. The obtained results are
discussed and the main conclusions on the experimental part are provided at the

end of this chapter.

Chapter 7 (Corgsion and future work) summarizes the novelty of this work,
presents and discusses the main findings of this project and highlights the
contribution of this project to the field of study (PEF treatment and modelling).

Further work and potential practicalpplications of the results obtained in this



thesis, as well as potential challenges to their implementation, are also presented

and discussed.

TheAppendix introduces more complex experimental works including PEF
treatment and Plasma treatment with diffent conductions (different test cells and
different polarity of impulses), howevethere maybe problemswith the results
recordedand theyare considered as not qualified compared with expected
behaviour Potential reasons are discussedhe appendix ad which could be

usefulfor further investigations.



Chapter 2Background and literature
review

2.1 Background information of microorganisms

Microorganisms were firstlgbserved in 1670s byeeuwenhoekvith his

microscoe, 200 years before thiglentificationof the subject of microbiology by

the famous swamecked bottle experiments frorRasteu9] [10]. The estimated
number of known species of them is considered as 159,00D Microorganisms

are proved to be the earliest life on Earth according to investigation of fossil
evidenced12], [13], 3.45 billioryear-old rocks are considered to be accretedtw

the help of microorganismid4]. The dimensions of microorganisms range from ~
200 nm to 700> Y[15] thus visually microorganisms can only be observed with a
microscope. Microorganisms are basically divided into two groups: prokaryotes and
eukaryotes. Eukaryotes have membrameunded organelles and cell nucleus,
whereastINP 1 I NBE 2 (1 Sa R yidniallyllayg& thankh&tiofplokarydteS A
microorganismsFigure 2.1below shows the general differences betwemsvo

types

Figure (2.1Basic structures of Eukaryote cell (left) and Prokaryote cell (right), The
Eukaryote cell (left) contains membrabeund organelles and the size is larger.

Picture is taken fronil6] .
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In [8] the framework based on rRNA has besedto classify living organismas
shown inFigure 2.2 Viruses are not included into this classificatiortrese is a
controversyg should they be considered as living species or not. Bacteria and
archaea form the majority of prokaryote microorganisms. Generally, bacteria are
divided into two groups, grarositive and grarmegative bacteria according to the
differences in the structure of their cell walbr gramnegative bacteria, as they
have an outer membrane and thinner cell wall, the dye used in Gram testing would
not beheld by them so they will show red or pink in colour, while grpasitive
bacteria hae a thicker cell wall, thus the stain could be retained by it and they will
show blue in coloufl5]. There are some migorganisms (eukaryote
microorganisms) thabelong to ®me animals and plantsuch as most protists,
somefungi etc. Detailed information about their structures, potential harm which
they can cause to humans, their potential practical applications and inactivation

technologies based omicroorganisms wilbe introduced in theollowing sections.

Bacteria Archaea Eucarya
Green
Filamentous Myxomycota
Spirochetes bacteria Entamoebae Animalia

Gram Fungi

positives

Methanosarcina
Methanobacterium Halophiles

r‘«h:-ttmnococc‘us". '

T. celer\ \ |
Thurrnoprutuus‘\ \‘\ \
Pyrodicticum l[ /

\

Aquifex P

Proteobacteria Plantae

Cyanobacteria Ciliates

Planctomyces Flageliates

Bacteroides Trichomonads
Cytophaga
Microsporidia

Thermotoga
Diplomonads

Figure 2.2/ t I aaAFTAOFGA2Y 2F YAONRB2NHIyAaYay

based on rRNA dafa7].
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2.2 Structures of Microorganisms

The structure of microorganisms is compliagtéhis section will only introduce
some basic anchost important components commonly discussed in the literature.
The parameters of these structuresll also be considered iiollowing sections

focuson the simulation of interaction between electric fisldnd biccells.

2.2.1 Cell wall

The ell wall is the outermost shell shost microorganisms. Microorganisms are
supported and protected by this special lay&8]. A ell wall is strong enough to

keepamicroorganism in its specific shape and helps to attoédeell bursting even

when the pressure on the cell can reach up to 2 §i6j.

In general, bacteria cell walls contain peptidoglycan and other polysaccbkaride
Gram staining shows different results as the cell wall structuresliffierent for
different bacteria. After gram staiing, Gramnegative bacteria becomes colorless
after washing, while, Graspositive bacteria remain purple. This difference is

caused by the structuralifferences between the cell walls of these two baceri

types.

Grampositive bacteridhave highercontent of peptidoglycan in the cell wall than
gramnegative bacteria which helps holding the stain on the cell wall during the

stating process. However, granegative bacteria have less peptidoglycan and

thinner membrane consisting of lipid in the cell wall which can be dissolved during

staining. There is no peptidoglycan in ttel walls ofarchaea only polysaccharide

and proteing19] [20]. For eulryoticspeciesthe structure of the cell wai

different, the cell wall of fungtonsistamainly of chitin, glucans and proteins, while

the cell wall of algae mainly consists of cellulfgH [22] [23]. In this research,

YAONRI f3FS g1Fa&a dzaSR yR OSftfdzZ 2aS 42dzZ Ry!

in cell wall when the cell was exposed to external electric field.



A ll wall isa porous permeabletructure which allowsor transport ofsmall
moleculesamongcells.The @ll wallpropertieswill be taken into account ithe

simulationswhichhave been conducteth the presenthesis.

2.2.2 Cytoplasmic Membrane

Membranes are one of the most criticgttuctures in a biecells. There are cellular
membranes, cytoplasmic membranes and nuclear membranes iodbis.
Cytoplasmic membrane is mainly discussethis section as the electroporation

process during PEF treatment is mainly occurred in cytoptasrambranes.

Cytoplasmic membrane is a thin layer between cytapland cell wall which
separates biecellsfrom environmental fluid$24]. Cytoplasm is the gelatinous
liquid inside the cellgjetailedinformation will be introduced isection 2.2.3The
basic structure of cytoplasmic membrane is lipid bilayer with hydrophilic portions
pointing outward toward cytoplasm and environmental fluid, fatty acidsich

point inward, there are also different kisdf proteins embedded in lipid bilayer, as
shown inFigure (2.3)[25]. Such proteins perform the function of selective
permeability and identification Cytoplasmic membrane ig@atively weak
(mechanically¥tructure whit performs the protection functionthe selective

permeability of the cell membrane plays an important role in cell functiofiibg

Phosphate

Hydrophilic head

Saturated
fatty acid
Unsaturated
fatty acid

2

8

2

2
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Figure 2.3Structure of lipid bilayer and cell membrane, pictures taken ffa6j

[27].
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Due to the selective permeability tiie cytoplasmic membrane, the concentration

of ions in the cytoplasm and environmental fluid outside the cell areegoial thus

aresting potenial can be generated across cell membrane. The extracellular fluid

KFa fFNBS O2yOSYidNI A2y 2F a2RAdzY O0bl b0 |
hasa large concentration opotassium iongK+) and negative charged proteins.

Althoughthe membrane has both passive transport and active transport

mechanisms, due to the different peeability of ions, the charges across the
cytoplasmmembrane are not equally distributd@8] [29]. The esting potential of
bio-membrane will also be emidered in the simulation wor&nd detailel

information aboutthe electrical characteristics will be introduced in further

sections.

The structure othe membrane makeghe cytoplasmic membrane an extremely low
conductive component which has significant influence ondimeulation works in

the later sections.

2.2.3 Cytoplasm
Cytoplasm is a gel and liquid mixture covered by cytoplasmic membCaate
activitiesmainly occuiin the cytoplasm, ions and other macromolecules required or

produced bymetabolism ardocated incytoplasm[15] [30].

Cytoplasm can be generally divided into three parts, the cytosol, cell organelles and
the cytoplasmidnclusions. Cytosol is a mixture of cytoskeleton filamgdtssolved
macromoleculs and water. The organelles are more complex structures covered by
their own lipid bilayers, such organelles have their specific functions for cell
activities for example mitochondria is used to provide energy for cell living and
endoplasmic reticulum igsed to compose proteins. For prokaryote

microorganisms, there are no complex organellethacytoplasm, cytosol is the

placethat cell activities occurf31]. The cytoplasmic inclusions consists of insoluble


https://www.sciencedirect.com/topics/medicine-and-dentistry/potassium-ion

substances inhte cytoplasm, such as glycogen, lipids and pigments. lons, ndgative
charged proteins and water makes cytoplasm a relativelylighnductive medium
compared with other cell structurd28]. When the cells are exposed to exbal
electric field,ions in the cytoplasm redistribute themselves, leading to charge

accumulatiorn6].

2.3 Benefits and hazard of microorganisms

Microorganisms exist everywhere on earfemeof them can survive even in
extreme conditions. For exampleyanobacteria are the mostdaptedspecies
among other bacteria, thigroup haseen found in fossil state andaésnsidered as
the oldest known fossils (3.3 to 3.5 billion years ago) and ttikgsistnowadays
[32]. There are also other chemolithoautorophs microorganisms adapted to high
temperature upto 122 and high pressureup to 20 MR [33]. As they are widely
distributed, it isimpossible to avoid them. It is reported théite human body
contains 10 times more bacteria than human cahsl many are beneficifB4].
Nowadays, humans are trying to making use of them and living in harmony with
them. Other microorganisms are harmfulpth aspectsthe hazards related to

microorganisms antheir beneficial applicationswill be discussed in this section.

In general, microorganisms are closely bound up with environments. They play an
important rolein the stability of the ecosystenThe decomposition of waste by
bacteria and fungi helps to turn it to nutrients for plants or feed for animals. For
example, the nitrogen in atmosphere could be taken in by plants through rhizobium
[35] [36] [37]. Cellulose degradation with the help of microorganisms is also an

important aspect of environmental benefits of microorganiq3&).

Some food productin processes also rely on microorganisms, they are necessary
for fermentationand can also be used to increabe fertility of soil to increase the
yields of corps. For examples, yeasts are used in edaard for making yogurt,

beer, wine and cheed@9] [40] [41]. Microorganisms also play an important role in



medical applications, antibiotics are extremely important and the production of
them is extensiv§42] [43]. Some microorganisms are used in gene engineering to

produce specific proteingl4] [45] [46].

With the development of modern technology, the products produced with or stored
with the help of microorganissistart to draw interesin research. Some
microorganisrslike microalgaend cyanobacteria have relatilyehigh protein

content which can be used as nanits[47] [48] [49] [50] [51]. High value

molecules like pigments and fatty acids are also found in migaoosms, and their

extraction is also a subject of reseaféi2] [53] [54] [55] [56].

Algae produced fues regarded as an alternative to fossil fuel because the released
(part of it) # / is removed from the atmosphere via photosynthesis whenalgae
grow. Although the energy used in cultivation, harvesting and processing can

introduce some emissions,ig still considered as a neero fuel[57].

The United States Department of Energy estimated that if all petroleasitobe
replaced by algae produced fuel in the U.S. it will require only 0.42% of the U.S.
territory to grow the requiredvolume ofalgae[58]. Severapieces ofwork have

shown that some specific microalghavehigh content of pids which could

potentially be used as a source for Hieel production[55] [59] [60] [61] [62].
Severamethods like highpressure, highemperature, mechanical and chemical
approacheshave been investigated in order to extract #ieel contentmaterials

from algae. Pulsed electric field treatment is also being considered as an approach
to extractoily cortent and this method is presented and investigated in this

research.

Although microorganisms have multiple benefits for humans and the environment,
the hazards associated with microorganisms cannot be neglected. Infectious
diseases are mainly caused by rarganisms. Plague, tuberculosis and anthrax are

caused by pathogenic bacteria. Malaria, dysentery and toxoplasmosis are caused by



some protozoa. Some fungi are the sources of ringworm, candidiasis and

histoplasmosi$63].

Microorganisms used ifood production can bring benefits when their population is
at areasonabldevel, rowever f the population/concentration increases beyond
safe levels, the microorganism or sphoducts produced by microorganism can be

poisonous for humaif64] [65] [66] [67] [68].

2.4 Inactivation methods of microorganisms

Inactivation of microorganisms is required in many practical cgg#jsfor example
in medical applications, where bamntamination is not permitted, and it is
necessary to keepsafe and clean medical environment. In the food indugtrg,
population of microorganisms should be controlled and-hézardous
microorganisms must be eliminated. In this section, some inatobin methods will

be introduced followed by the discussion and comparison of these approaches.

2.4.1 Thermal inactivation

Thermal inactivation is one of the most widely used methods in modern industry
and it has a long history. Doctors infl@ntury alvaysapplied flame to metal
surgical equipment or put them into boiling water before doing surdé®y}. The

first thermal sterilization patent was granted to Appert in the early' t@ntury
eventhoughthere was no knowledgef microbiology[71]. After that, in the late

19" century, pasteurization was introduced by Pasteur which is used to eliminate
aLR2AfLF3IS YAONR2NHIYyAAYaAad LY mdpHnQa | NBa!
provided a relatioship between treatment time and rate of death of
microorganisms which is called thermal death time, later on the details of this
process were investigated [ii2] [78]. Models have been developed to describe
the relationship between temperature and destruction rate of microorganisid$
[75] [76]. Most organisms are sensitive tiggh temperature as they are composed

by complex moleculeand high temperature will damage the structures, and the



cell activity will be slowed down or stopped. Different microorganisms have
different resistance to a specific temperature. So diieetctivation of
microorganism can be achieved by exposing samples to heaemperature
controlled environment. The autoclaves usediaboratory are generally set to
sterilize different instruments and equipment such as glass beatdemperatures

around121

There are also limits for thermal inactivation. Some microorganisms are quite
resistant to heat, for exampl&acillusorothermoduranshows resistant to high
temperature up to120 ,as spores helps keep microorganisms alive during
thermal inactivation processin@1]. Higher temperature or longer treatment time
may solve this problem but higher temperature may also damage the nutrient and
proteincontent2 ¥ F22R® 2 KIF GQ&a Y2NBZ LINRPGSAYya | NE
compared with microorganisms. Energy congtion is also a problem, higher
temperature and longer time means more enetging consumed, affecting costs.
Besides, the system composition of thermirgization is not always simple, it can
be more complicated in some situations. There are generally two different
approachego thermal sterilization: moist heat and dry hedoist heat

sterilization is normally operatednderthe temperaturerangeof 121-129  with
pressure required, fodry heat sterilization, higher temperature and longer
treatment time are necessaryor example, for sterilization in laboratory

environment, the equipment should be exposediatl for 18771rBljnut es

2.4.2 Chemical inactivation

Chemical inactivation is also widely used in common applications. For example,
alcohol has been used for sterilization foany yearg69]. There are many other
chemical substanceshichare used for inactivation, such as ozone, chlorine and
iodine [79], the strong oxidatiomproduced bythese substances can cause protein
precipitate, damage structureand cause dysfunction or lysis of fmells. Hydrogen

peroxide which is widely used in nowadaysaiso effective and it is less poismurs



for humanbeings[80]. Chemical inactivation is mainly used in trespital
environmentand in large scale inactivation processes such as water purification and

food sterilization.

Although chemical inactivation is effective, it has its own limits. As chemical
products, every part of the processing shouldstctly controlled toavoid

pollution andlimit hazards, whichmeans more costs are required. Furthermore,
some chemical products requisespecial storage environment which causes extra
costs during production and inactivation process. Unexpected substances are not
allowed insome applications as they may be hduairto human beings othe
environment so the remaining chemical substances after treatment should be

monitored[81] [82].

2.4.3 Ultraviolet irradiatiofUV)inactivation

UV inactivation is widely used in water sterilization, surface disinfection, air
disinfection and other largscale treatment. The killing effects to microorganisms
of UV irradiation was first recognized in the laté"X®ntury[83]. It isan effective
inactivation method for protozoa, therare no by-products generated and the
results is not affected by pH and temperatl8#] [85] [86]. Generally, the
mechanism of UV inactivation is nucleic acid damaghe@DNA and RNA of
microorganisms by UV photons. Once nucleic acid is damaged, vital functions of
microorganismsnaybe terminated which in the endead to cell deatl§87]. As a
non-thermal treatment approach, the UV inactivation has many advantages
compared with thermal approaches in food sterilization applications: redimssl

of nutrients, which maintain the quality fofood, no toxidoy-productsduring

treatment and low energy consumptidg8] [89] [90].

However, the drawbacks of UV inactivation are noticeable. From the humalthh
point of view excessivexposure to UV irradiation can lead to skin cariéai [92]

[93]. UV irradiation is also considered to cause rapid aging of materiate whi



increase the cost of maintenance of equipmgdd]. For UV inactivatiom liquid
samples, bad water quality may reduce the inactivation effects, biabgic
membranes can be formed in some situatigitan geventthe UV irraiation from
affectingthe microorganisms. UV irradiation does not ha&ustained effect,
generally, chlorine disinfection or other methods shouldused after UV
irradiation treatment to maintain the sterilization resuf@5]. Potentially unknown
changes in microorganisms may be generated due to the rmuedéd damage

caused by UV irradiation which is not suitable for-ti@mical applications.

2.4.4 High pressure inactivation

High pressure processing is mainly used odfsafety and preservation. It was
extensively investigated sin¢ee 20" century. Higkpressure treatment is

conducted at ambient temperatures (to support pasteurization of food) so it helps
to keep nutrients and food flaww [96]. High pressure has effects on both
morphology,i.e. cell wallandmembranestructuresand cell activitie$97]. It is

reported thata pressure of 400 MPa could damage the membrane transport system
of Lactobacillug98]. Changes ikeymicrobial enzymes are considered as the main

reason for celinactivation[96].

However, there are also specific drawbatkéigh pressure inactivation
techniqueslt isa physicalmechanical) typef treatment, andthe food structure
potentially providesa some degree oprotection for microorganismwhich lead to
reduction inits inactivationefficiency.So, the properties of samples play an
important role in the efficiacy of this type of inactivationtigh pressure
treatment. Alsgfrom the technical point of viewt is challenging to develop and
maintain the high pressure treatment equipment. The major challenge offitje
pressure inactivation is the restance ofbacterial endospores, e, gnost vegetative
cells are inactivated at 40800 MPa, however some spores can survive at
pressursabove 1000 MPE9]. In the end, high pressure inactivation is usually

combinedwith thermal inactivation to achieve better killing effecta addition in



order to provide high pressure conditions, more energy is requaredithis reduces

its cost effectivenesgl00].

2.4.5 Hghrintensity narrowspectium light inactivation

HighIntensity NarrowSpectrum (HINS) is a newly developed technique in recent
years[101][102][103]. Visible light, especially bltght canbe used to inactivate
microorganisms. Research shows visible light with wavelength ranging from 400 nm
to 420 nm has killing effectsn bacteria andhe inactivation mechanism is reported

to be oxygen dependerjfi04]. Inactivation was reportediueto the

photoexcitation of the endogenous porphyrins of the bacteria cell, such presess

can lead to the production of highly cytotoxic, oxyemerived speciefl02][105].

405nm HINS does not hattee detrimental effecton humansthat are foundwith

UV irradiation. Therefore, HINS light allows people to be present while the
inactivation procesg underway. A study has shown the killing effects of HINS light
was greater tha normal infection control and cleaning activity. This research

suggests HINS inactivation can be a potential choice in clinical appliddtidis

The study of HINS is mainly focused on bacteria and more work is stillegdgair
confirm the mechanisms of this type of inactivation. For example, bactericidal
toxicity was found in Nutrient Broth after 4@%m light treatment, the source of this
should be identified, besides, some microorganism spores are also found to be

resistant to the wavelengtt{106].

2.4.6 Pulsed electric fie([@EFjreatment

Pulsed Electric Fie[@EFjreatment has drawn significant interestmong the food
industry due to the no-thermal character of this inactivation prose In the food
industry, traditional thermaprocessinghas been commonly used to increase shelf
life and maintain food safety with low processing cd€i7]. The short duration of
the HV pulsesised in PERakesany resultilg temperature increase quitemall

this helps retain nutrition and flaww of fresh food product§108]. PEF treatment



has been studied in juice processing with the juice yield incebg&7% to 75%
[109]. It is also studied in applicationslated toplant oil, meat, eggs and even

nutrition [107][110][111][112] [113].

The kthal effects ofa pulsed electric field on microorganisms were firstly
investigaed by Sale and Hamilton in 19(8714]. Further study of the PEF treatment
of cells was proposed and conducted in 1®y2Neumann, irthis studyit was

shown that the permeability ci cell membranean be changed after PEF
treatment[115]. It was explained that the permeability changes were calmsed
poreformation in the membranes during the PEF treatment duartinduced
transmembrane potential, this process is called electroporafb6]. Figure (24)
presents schematically the process of electroporation during the R&EEteNt.
After exposure toan externaklectric field, pores formed durintpe poration
process make cell membrane lose the ability of selective permeability, thus
substances with large molecules can be transfeaembss celnembranesfreely.
Thegeneraton of reversible pores in cell membrangsring the PEF treatment can
be used in many applications, such as introduction of DNA and biochemical
reagents for intracellular assajEl7]. However, if the transnembrane potentials
higher thana critical value, the pores will be irreversible. In the end, irreversible
pores cause cell membrane rupture and cell dedthe change from reversible to
irreversible pore formatioralso depends on the treatment time and the strength of
pulsed electric fieldFigure 2.9. The irreversible electroporation can be used for

bio-decontamination, food sterilization and bfael production.
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Figure (2.4Process of cell electroporation. Picture taken frirt8].
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However, it is reported that theEF treatment is not efficienh inactivation of the
microorganism sporeld 20]. This limits the use of the PEF treatment in water
sterilization and in some other sterilizati processes of food. The exact

mechanisms of interaction between the PEF fields and microorganisms are not fully
understood. The molecular dynamics methdas been used to help understand

the biological effects of pulsed electric field treatmgh®1].

In general, these applications typically use pulsed electric field with duratidhs
order of microseconds to millisecondsdaelectric field of hundreds of volts per

centimetre [122].
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There are also studies in which nanoseconds electric field impulses with magnitude
of hundred kilovolts (EF) were used for treatment leading to changes in the
permeability of intracellular structurgd 23] [124][125]. AC signalsavealsobeen

used in PEF treatmentshere narrowband pulsed electric fieMith a field strength

of 1 kV/cmconsisting of a pulse modulated sinusoidal waseeported to cause
intracellular effect§126]. There are also numerical studies focusingamtio

frequency (RAPEF treatment, the results show that REF treatrant mainly causes
thermal effect§127][128]. Studieusingmillimetre wave PEBhow nonthermal

effects on biological systeni$29].

As PEF treatment is being studiedhis research, the technical fundamentals,
inactivation mechanisms and recent investigation of disinfection effects will be

discussed idetail in later sections

2.4.7 Northermal Plasma treatment

Nonthermal plasma treatment is an emerging technology which has gained
attention during the last decade in food preservation and medical applications
[130]. Plasma is considered the fourth state of matter which is a stass abnized

gas. Plasngcan be classified into thermal plasma and ftbarmal plasma

according to their temperaturequilibrium between their constitute particle3he
temperature of thermal plasma treatment can reach up to thousand degrees which
can be dimitation for microorganism inactivation applicatioas discussed earlier
Nonthermal plasma is generated by applicatioraofelectric or electromagnetic

field to a gas, with help of field energy, free electrons will be accelerated and cause
ionizatian of gas atoms and moleculess excited atoms and molecules will emit
energy in different forms, like UV radiatignlasma is a complex state of matter

with excited molecules and atoms, ions, free radicals, electrons, UV radiation and
reactive oxygen anditrogen species, moreover, all these properties show
antimicrobial activity to microorganisni$31][132][133]. The possibility gblasma

inactivation was firspointed out in the latel9c n [@34]. With the development of



plasma science inthe latdpn Qa = LI I & Bimicloofdarisingtastedita 2 y
be studied. The mechanisms of microbial inadtovaby plasma is quite complex

e.g. here are DNA damage, membrane damage, protein damage and intracellular
level damage. A recent study also shows indirect effects caused by plasma, such as

the release of different intracellular components after plasma treatnjé86].

The inactivation mechanisms of plasma are complicated due tdifferent forms

of energy emitted during treatment: UV radiation, electric field, thermal engrgy
reactive oxygen and nitrogen species are generated by plasma. So, it is difficult to
distinguish between different mechanisms during plasma treatment, which could be
a limitation for some applications like food processing. As plasma treatment is also
studied in this projectChapter 6, the technical fundamentals, inactivation
mechanisms and recent investigation of killing eféewill be discussed in detail

section 2.12.

2.4.8 Discussion
Table 1.Showsall the inactivation approaches introduced indtgection. The detailed

advantages are compared in the table

Table 1list of the inactivation approaches introduced in this section

Effectivenesson spores | Influence on sample| Processing
conditions
Thermal inactivation | Not effective on heat | May damage Higher temperature
resistant pores nutrient and protein | means more energy
of samples consuming
Chemical inactivation | Effective to heat By-products may Every part of
resistant spores pollute sample or be| processing should bg
poison strict controller




Ultraviolet

inactivation

Effective to spores

Potential unknown
damage may be

caused

Requires more
energy for damaging
spores. Harmful for

human body.

Highpressure

inactivation

Not effective to spores
or even stimulate
germination of spores

for some microrganism

Less damage to

protein and nutrient

No-by products

More energy
consuming for high

pressure

Hi-intensity narrow-
spectrum light

inactivation

Details still need to be

researched

Less damage to

protein and nutrient

Not harmful for
human bodies

compared with UV

Pulsed electric field

inactivation

Can be effective for a
specific kind of

microorganism

Less damage to

protein and nutrient

No byproducts

Less energy

consuming

Plasma inactivation

Effective for spores and

microorganisms

By-products mgy

pollute samples

Plasma generation
and discharge shoul

be controlled

Pulsed electri¢ield treatment has an advantage of providing specific inactivation

compared with traditional physical and chemical inactivation approaches. The PEF

treatment damageshe membrane structurgrather than thenucleic acigwhich

reduces the risk of potential unexpected damage of microorganisms imbdical

applications.

2.5 Microorganisms used in study

One of microorganisms selected for this study is y&astcharomyces cerevisiae

These species are in the familySdccharomy Cetacegghylum ofAscomycotand

kingdom of Fundil36]. It isone of the most commonly used microorganisms in

fermentation processs[137]. The shape db. cerevisiaeell is usually spherical or


https://en.wikipedia.org/wiki/Saccharomyces_cerevisiae

ellipsoidal, they usually have a diameter efi51  [238]. As they are widely used
in molecular biology studiesnd their characteristics are well documentetyill be
more convenient in simulations. In addition, tBe cerevisiaeells also have high
content of lipid, which could also provide information fooduel production with

this specie$139][140][141].

The other microorganism used in this study is phytoplanki@nnochloropsis

oculata N.oculatais a species of @enudNannochloropsisThey are in the family of
Monodopsidaceagphylum ofOchrophytaand kinglom of Chromista They are

usually unicellular small green algae which can be found in both marine and
freshwater environment$142], seeFigure (2.6)This kind of algae has a spherical

or slightly ovoicsshape @ KS RAF YS{ SN NM3[[H8|aThefeNsB ¥ H (0 2
only one chloroplast in each cell and the main pigment is violaxantheseThicro-
algaeare richin proteins, pigments and polyunsatted fatty acidg145]. In recent

years, it has been proposed as an excellent candidate for biofuel produtdéh

[147]. Thistype ofalgae is chosen as itsmaller tharthat of theyeast which can
providecomparisorof reaction to stresbetweenthese two microorganisms in
simulatiorsand experiments. They are easy to access as they are commonly used in
aguaculture as feed\.oculataused in experimentsere obtained fromReefphyto

Ltd.

Figure (2.6N.oculatacells observed under optical microscope (X100

magnification).
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2.6 Electrical parameters and models of microorganisms

This section mainly introduces the development of models of microorgansms
allow the studyof interactions between biaells and external electric fieldThe
measurement of capacitance of erythrocyte membrane by Fricke made dielectric
analysis for cells a powerful tool in biological systems resgad®|. The theories
used to model the dielectric properties abio-cell are based on Maxweind
Wagner effects and singkehell particle model, as demonstratedhigure (2.7)
Whenabio-cell is exposed in an external electric field, tramsmbrane potential is
developed across the bimembranebecauseof the charge accumulation and
redistributionat the cell membraneWhen the induced transmembrane potential
reaches a critical valude resulting electremechanical forces across the
membrane will lead tgore formation. Details will be introduced section2.8

which discusses the mechanisms of the PEF inactivptmress Anearly model



used to express the relationship between tramsmbrane potential and external

electric fieldwas proposed bgchwan in 195f149].

9t SOUNRO CASH

Anode

A

Cathode

Figure (2.7)Directions of decrease of induced tramembrane

potential (black arrows) and resting potential (red arrows)

In this model the membrane of the cell is assumed to be-ommductiveasstated
in section 2.2.2oeforeand the interior of the cell is assumed to be homogeneous

[149]. The Schwan equation is expressed as:
Yo -00YAT S (2.1)

WhereYe is theinduced membrane potentigV), E is the external electric field
(V/m), R is the radius of cdlin) and—is the angle between electric field direction

andthe membranewall (degree)
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It can be seen from the emtion that the induced transnembrane potential is
linearly dependent on the magnitude of external electric field strength and the
radius of biecell, which means a higher trainsembrane potential will be induced
across membranes of large size-omlls.The induced membrane potential is also
determined by the position on the membrane and direction of the external electric
field. Therefore, the maximum tranmembrane potential will be developed on the
WLt SaQ 2FANRSpOStt HKSNB

The delectric corstantfor bio-cellis also calculated by Pauly and Schwan with this
singleshell model. They also pointed out that the two stispersions and Maxwell
Wagner effec{accumulation of electrical charges at the surface between two
materials with different coductivity and permittivity)has only a small contribution
to the total dielectric response compared with interfacial polarization. After that a
two-shell modelwasdeveloped and experiments liabeen conducted to measure

the dielectric parameters of yeastlls.

Electric Field

Cell Membrane

Cell wall

Cytoplasm

Figure (2.8tructure of general Single cell model

TheSchwan equation provideasteadystate transmembrane potential induced on
spherical cells, based on this, Kotnik proposed an advabgedtion (2.2) with

conductivity and membrane thickness includa&0].
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Where,, represents the conduwvity of cytoplasm(S/m), represents the
conductivity of biemembrane and represent the conductivity of environmental
fluid (S/m) d is the membrane thicknegsn). If T, equation will be simplified

to the Schwan equation.

An analytical description of transmembrane voltage on spheroidal cells was also
developed by Kotnikl50], where they confirmed that for a nonconductive

membrane, membrane thickness is irrelevant to the induced transmembrane
voltage. Agliscussed isection 2.2.2 amembrane consists of lipid bilayer with

proteins embedded, such structures make membrane charged with iofE511,

surface charges and resting potential were considefidw dfects of surface
conductance and deformation forces during membrane permeabilisation were

taken into account ifl151]. While in[152] [153], development of membrane

potential in an ellipsoidal cell was evaluated® a2t gAy 3 [ | LX I OSQa
evaluated formula valid for single confocal ellipsoidal cells instead of spherical cells
In[108]a more advanced transient model was develdpehich proposed the

dynamics of electrical field both mPEF treatment chamber with dielectric barriers
andin abio-membrane.In addition a 3stage transient process was presented and
electric field strength for each phase was calculated thedransient response of
membrane was calculated by an Ohmic conductivity model which provided a good
reference for the PEF treatment system designs. Force analysis was also included in
this research. The electromechanical effects across cell membranes whedlbio

are exposed t@n electric field were studied ifiL51], a relationship between the

forces, conductivity and pulse width was proposed. Thermal effects in

microorganisms induced kgnexternal electric field were researched[it22], with



the molecule dynamics simulations, an assumption was made that membrane
thermal gradients induced by the external field may contribute to the

electroporation processing.

2.7 Pulse power generation system

The source of plsed electric field in the PEF treatment is desigresged on the

pulse power technology. A typical pulse powenerationsystem is designed to
deliver a certain amount of power to the load over shortipdrof time. With these
characteristics, pulse power technologyfgyreat importance for both civil and
military applications such as radiography, electromagnetic launch;gogter
microwave, free electron laser, environment protection and medical tresadt

[154]. In general, two steps are required for pulgealver generation. Firstly,

energy should be accumulated and stored in a storage device, typically a capacitor
bank, or in inductors or transmission lines. Once a mreguamount energy is
accumulated in the energy storage device, a trigger switch is used to control the
release of energy over a short period of time. Depending on the components of
pulse power generation circuits, there are capacitive pulse generatingtcirc
inductance pulse power generating circuit amdistanceinductancecapacitive
(RLEcombined pulse power generating circuit. Impulses of square waveforms,
exponential decay waveforms and oscillatory decay waveforms can be generated by
RLC combinedrcuits with different connections of components55], square
waveforms were used in this study as they could provide a more stable and
controlled electric field, leading to better electroporation efficiency and cell

viability, thus they were generallfavouredin PEF treatmentl56][157].

2.7.1 Blumlein pulse generator

In order to obtain a nanosecond length or microsecond square pulse, instead of
using the RLC combined circuit, a transmission line pulse forming network (PFN) is
more suitable. The pulse generating system used in this research is designed based

on the Bluntein pulse generation configuration.



Figure (2.9shows a schematic diagram of the transmission line pulse forming
network, the length of transmission line is d. In order to prevent reflections, the

impedance of transmission line should be equal to the impedance of load which

means a matched load is nesesy. When the switch S is closed, a voltagetofis

applied to the load and at the same time, a pulse with amplitudes will travel

throughthe transmission line to the power source, however, due to the high
Impedance of charging resistors and saJshich can be considered as open
circuit, the pulse will be fully reflected back to the load. Finally, an impulse with
period of T has been applied to the load. T can be calculated thriaqghtion

2.3).
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Figure (2.9 5chematic circuit diagram of a e pulse forming line.

R (2.3)

Where- is the relative permittivity of transmission line, is the relative

permeability of transmission line, c is the speed of lights).

The rising time of impulss determined by the characteristics of switch,

transmission parameters and load. A drawkaf this pulse forming systeim the



applied voltage on the load is only half of the source. An improvement of
transmission line pulse forming system is made toestivs problem by Blumlein in

1941,Figure (2.10pelow shows the schematic afBlumlein pulse generatdd 58]

As is shown ifrigure (2.10)in a Blumleimpulse generation circuit the load is
connected between two transmission lines witte same length. If the impedance
of load is twice of the impedance of each transmission line, the load is matched.
When the switch S is closed, a pulse with voltagé ofill be transmitted to load,
when it reach the load, due to the matched impedance, the pulse is half reflected

back to transmission line 1 and half transmitted to line 2, resulting two symmetrical
voltage pulses with 6 magnitudes but opposite polarityt ghe same time, creating

a voltage o6 across the load. When they reach the end of each transmission line,
then they will be reflected back towards the load. The duration of pulse T is the
same as in the case of the single transmission line which caalbglated through
Equation(2.3).

Pulse Forming Pulse Forming
Line 1 Line 2

i

— |11
/‘-’

—

Figure (2.10Bchematic circuit diagram of Blumlein pulse generation circuit

Compared witha single transmission line pulse forming netwoalBlumlein pulse

generation circuiittainsthe same magnitude of voltage # charging voltage.



As a flexible pulse power generation technique, improvements have been done
since it was firstly developedor examplg159], a multipurpose, low cost, small size
and light weight pulse generation syste was made based dhe Blumlein
configuration which can produce a 50ns flat top rectangular impulse with rising time
and falling time less than 10 riBhe shape of impulses generated with Blumlein

generator used in this study will be introducedGhapter 6.

2.8 Pulsed Electric Field treatment

AlthoughPEF treatment has been briefly introduced in previous sectiasRBEF
treatment is mainly studiednd appliedn this project so a critical review of all
aspects of PEF treatment is necessary ambntant for the researchTherefore,
this section wilbe focused on potential mechanisms ofhe PEF treatment, test
chambersand will discussmportant studes on the PEF treatmentonductedover

past decades anh recent years.

2.8.1 Mechanisms of PEEatment

The origin of plsed electric field treatment can leaced back to 1960s, when

lethal effectson microorganismsvere firstly described by Doevenspgdik0]. After

that, Sale and Hamilton critically analysed theriglleffects of PEF on bacteria and
yeast in 1967 and gave three conclusifit®1][162][163]: (i) Killing effects is

mainly depended on electric field strength amdatment time, (ii)Thermal effects

and electrolytic products during treatment could be excluded from consideration

(iii) At least 1.0 V tranmmembrane potential is required across the {mm@mbrane to
generate pores. Since the first introduction of tAREF treatment, it attractedreat
interestamong researchers. The theory of the PEF treatment was mainly developed
in 1980s. Hulsheger, Niemann and@® NJ SNB O2y FANXSR { I S
results in[161][162][163] and developed a mathematical model for the calculation

of the fraction of cells surviving after PEF treatm&h®4]. (PEF treatmerfor food

Y



processing was firstly studied byugp Maschinentechinik GmbH which built a
laboratory which was used to study lysis of microorganisms in liquid food stuffs and
side-effects of electric pulses on food and taste under PEF treatfié],

however, due to the lintations of the pulse generator, it was nearly impossible to
set repeatable electric parameters and thus really reveal the interactions between

biological cells and electric fie)d.

The mechanism of cell lysis caused by the elet&id is not fully undestood. The
most widely accepted mod&asproposed by Zimmermann in 1986e. the pore
formation theory which is called electroporati¢h65]. As charges started to be
accumulated on both inner and outer sides of the membrane, the membrane is
compressed, if theransmembrane voltage exceed 1 V, pores starfiorm across
the membrane[165]. The pordormation proess can be both reversible and
irreversible, it depends on the field strength and treatment time. If the external
electric field is applied as a short pulse, normally less thas, the membrane

pores are resalable and no permanent damage is inducedte tell[166].

Study[167]also shows that the threshold electric field strength to cause membrane
breakdown is determined by both cell size and cell cycle. For example, for Yeast
cells treated wih 4 to 5 kV/cm electric field strength;N phase(Synthesis phase is
the period when DNA is replicated, preparing for cell division and Mitotic phase is
when the cell dividesjells are more susceptible to the PEF treatment than G1
phase(Gap phase, refs to the periods of growthdells and larger cells are more
difficult to make permeableThe parameters of high voltage waveform such as
rising time, peak voltage and falling time can also influence the result of

electroporation.

In recent studiesintended to produce poregistime pulses with field magnitude
between 30 kV/cm to 4@V/cm are generally used as PEF treatment waveforms

[168][169] [170][171].



Other electrical and electrohemical processdbat take place during the PEF
treatment also have effects on microorganisms. For example,candereleased
from electrodes due to electrohemical reactions, such ions have bgeaved to
have an impact on inactivation of microorganisfh$2]. lonic conduction is also a
potential reason of the cell death, reports[ih73][174] show that for liquid
suspension with high conductivity, the ionic conduction current can reach to

hundreds of Aps

Local heating effects during the PEF treatment may also contribute to inactivation

of microorganism, however, the PEF process is uscatigidered as a

Wi KSNXY I EQ GNBFGYSYyd Fa G4KS OKFy3aS Ay (K
the PEF treatment can be very small (a few degrees of Celsius only), thus typically it

was assumed that local heating effects should not be taken intouaxtc

2.8.2 Static planglane test chambers

A PEF treatment chamber is one of the vital components in the PEF treatment
system. The test chamber is designed to haabguid suspension to be treated
andsuitable electrodes to allowigh voltage impulset® be appliedacrossthe

chamber.

In general there are two kind of chambewhich can be distinguished by their
difference in desigmamelystatic chamber and continuous chamber. For a static
chamber, a specific amount of sampldiited in the cavity between two

electrodes. Static chambers usually can only treat a small volume of liquid each time
which is not suitable for largscale treatment processes. Continuous chambers are
designed to treat larger amount of liquid as liquidrgaes will be flowing with a

certain flow ratebetweenthe electrodes.

The early static chamber was designed by Sale and Hamilton in[19@F[161]
[175] as shownn Figure (2.11) Two carbon electrodes are laeby brass blocks and

a Ushape polyethylene spaces fitted between two electrodes as the treatment



chamber. The coolant path is designed to control the temperatur@saimple
during PEF treatment. The maximum treatment electric field strength k8/3m
for this test chamber asir breakdown electrical dischargesyill occur above the

sample if the field exceexthis value.

Carbon Electrode
Brass Back

Air

e
Coolant

H—

Fluid Food Polyethylene Spacer

Spacer
(a) (b)
Figure (2.11)he static chamber desigddoy Sale and Hamilton: (a) cross section
view of chamber. (b) dhaped treatment region and coolant path. Pictures taken

from [176]

In general, two parallel electrodestine treatmentchamber are required and used
to genemate auniform electric field in theéiquid samplesHowever, in the case of
presence of the water/air interface in the design of treatment chamber the
maximum electric field strength is limited by the flashover strength across this
interface. In order toalve this problem, Dunn and Pearlamd7 7] designed a new

geometry of the static treatment chamber shownFkigure (2.12)

The test chamber consists of two stainless s{&&8glectrodes and an acrylic

Plexiglas spacer. Tlgap between electrodes is 5 mm. A hole is opened in one of

67



the electrodes to inject samples. A 5 to 25 kV/cm electric field can be applied to

samplesin this test cell.

Filling Port SS Electrode
\ 2 ; ‘
\ 7 Plexiglass Spacer

N,

/ ™
Fluid Food SS Electrode

Figure (2.12ross section of static PEF treatment chamber designed by Dunn and

Pelman, picture taken fronj177].

When the electric field strength reaches 30 kV/cm, breakdown will occur due to the
electric field enhancement at the edge of the electrodes. A research group from
Washington State University designed a diblaped static PEF treatment chamber
[176], as shown irFigure (2.13)whichcan generate a high electric field up to 75
kV/cm among the sample. The probability of electrical breakdown is reduced due to
the two diskshaped, rouneedged stainless steel electrodes which ardigieed to

mirror surfaces. There are also other configurations of the PEF treatment chamber,
for example a rodod static treatment chamber designed by Mastumoto was used
to study cell destruction by underwater arc dischaf@jé8]. Nondirect contact
chamber designed by Lubiki and Jayarafi#®]was used to study inactivation of
Yeersinia enterocoliticand it was found thaleersinia enterocoliticaere

effectively inactivated by PEF withoutelit contact with metallic electrode8ased

on these wekldesigned test chambers, the test chamber used in this study was
inspired by them with the same materials (Stainless steel with polished mirror

surfaces).
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Figure (2.13)he static PEF chamber dewd by Washington State University

research group, picture taken frof76].

Timoshkiret al. in[108] proposed a static PEF treatment chamber with electrodes
coated by high permittivity ceramic material. Suctiesign can eliminate the
electro-chemical reaction between metallic electrodes during PEF treatment and
reduce the byproducts. For example: witlaluminiumelectrodesl  can be
released into liquid during PEF treatméh80], the accumulation of these ions can
form bubbles thus cause undesirable dielectric breakd¢i81]. Therefore,

stainless steel is used in this study.

2.9 PEF inactivation of microorganisms

Several types of microorganism have been used in the PEF treatment studies
includingS.cerevisiae, E.coli, Bacillus subtilis, Staphylococcus aureus, Lactobacillus
and Pseudomaas. E.coli and S.cerevisiaee the two most popular microorganisms
due to thar importanceto the food industry and human living. With the

development of biefuel production research, microalgdavestartedto draw

attention among researchers, for example for lipid extraction process in which
Nannochloropsis, C. prototheocoides and Dunalgblaused. In this section, studies

of the PEF treatment on microalgae and yeast will be reviewed.
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2.9.1 PEF treatmemtf microalgae
Study of the PEF treatment on microalgae is at an early stage and mainlgdacus

the feasibility of PEF induced or assisted lipid extractions.

In[182], Zbinden etal reported on their researclon PEFassiseéd lipidextraction

from Ankistrodesmum falcatusAnkistrodesmum falcatus a green algae which is
known forthis lipid content and can be used as a potential feedstock foifiab
production which can produce around 43% lipids from-tiele dry weightAn
exponentially decaying HV impulse with the characteristic decay time of 360 ns and
the peak field strength of 45 kV/cmias used in this study, the test chamber was
equipped with paralleplane stainless steel electrodes. The study shows that when
a speific energy of 26 MJ/kg (dry weight) was used in the PEF treatment, the
samples resulted in a ~90% lysis and the lipid yield increased by 130% compared

with extraction without the PEF treatment.

Axuxenochlorella protothecoidespopular among researches it has potential to

serve as source of food and energy due to the high photosynthetic efficiency of 8%
[169]. In[183], a square wave impulse withps duration is used to generate a 35
kV/cm electric field acros&xuxenochlorella protothecoideample. According to

the results, with 2 MJ/kg energy, there is a ~433% increase in release of intracellular
biomass, ~400% increase in the release of totahnigcarbon content (TOC),

~1000% increase in the release of carbohydrates and ~500% increase in lipid yields
in the case of the PEF treated samples compared with untreated safip@ls

Gottel and his research team alsamposed a study with this kind of algf83]:

The samples were treated with 28 kV/cm field impulses with duration ofi. It

was found that the specific energy had more significant influence on cell lysis as
compared wih of the field strength. They also found that the PEF treatment did not

cause spontaneous release of lipids according to fluorescence microscopy.



Nannochloropsisvhich has-30 % of carbohydrates, ~20% of proteins and ~25% of
total lipid has also drawn aghtion of researcherfl84]. Several approaches have
been proposed to extract valuable nutritional compounds fridamnochloropsis
suchas microwave$l85][186], ultra-sonic treatmen{187][188]etc. The study in
[184] shows that the electrically based disruption techniguesluding PEF

allowed for selective extraction of water soluble ionic components, microelements,
small organic compounds and water soluble proteins (Yd&®@raction for 1%
suspensions). The impulses used in this study were HV impulses with the field
strength of 20 kXém and duration of 4 ms. However, the extraction of pigments
through PEF itself is not available, it requiaelglitionalsubsequent applications,

such as ultrasonic and high pressprecesse$184].

There is a recent study about the PEF treatment focused on the PEF assisted
extraction of polysaccharides and hydrocarbons fi®atryococcus braunii89].

These microalgae amable tobuild extracellular networks of polysderides and
hydrocarbons which allow bicells to adhere as colonies. Such colonies are
reported to contain over 99% C33 and C34 compouhé8]. Moreover, in general,
from 25% to 40% of oil contained in these colonies caaxtected from dry

weight, if under optimal conditions, the extraction rate can reach up to B@4].

In their research, an 80 ns duration HV impulses were applied to the sample
developing a high electric field strength tgpl144 kV/cm. The result shows that

using energy of 25 350% of extraction of hydrocarbon can be achieved with
electric field strength of 39 kV/cm and 64 kV/cm. Using 50 J energy, the extraction
rate increases to 8.They also found at lower energy level, the extraction
efficiency is mainly determined by the electric field strength, and a 21.5 kV/cm field

strength is not sufficient to support extraction even at high energy 1¢v88j.

2.9.2 PEF treatment of Yeast
Qin et al studied the inactivation &. cerevisiaandE.coliusing a plateshape static

treatment chambe192], they compared the performance of PEF treatmentSon



cerevisiaausing differenimpulsesj.e. square wave impulse (~36, 276.2 J/pulse)
and exponential decaying impulses (~180 277.4 J/pulse), the field strength is 12
kV/cm for both conditions. The report showed a reduction of population was
decreased by p i# & O , after 10impulses. The study also showed the energy
efficiency ofthe square wave impulse can reach to 91% and the efficiency of
exponential decaying impulse is only 64%. J&93] it was concluded that square
wave impulses have bitr energy efficiency in PEF treatment&fcerevisiae
Another study from them investigated three type of microorganisms in simulated
milk ultrafiltrate liquid with impulse of peak field strength ~ 60 kV/cm andu40
duration. ForS. cerevisiaax p T#8& O , reduction was observed after 8
impulses. FoE.coliand S.aureusapplication of 30 and 40 impulses are necessary to
obtain the same reductionlherefore,Qin concluded tha$. cerevisiais more
sensitive to PEF due to the large cell $diameta: ~ 6>m) compared with other

two kinds of microorganism@&.coli ~2.2>m, S aureus ~ 1>m) [192].

Temperature, pH and water activit§o() was taken into account during PEF
treatment onS.cerevisiae [194], where the water activity is a measurement of

how much water is available for biological reactions in a material, and it determines
the growth ability of microorganisms. The samples were exposed to square wave
shape impilses with electric field strength of 25 kV/cm, angdstduration. The test
chamber was continuous and the water activity of suspension being investigated
ranges from 1.0 to 0.94, different microorganisms have different minimum and

optimum water activity évels for growtH195].

The pH of sample being investigated ranged from 4.0 to 7.0. The treatment was
undertaken under two different temperature conditions, 20and 3® . The

results showneither pHnor water activity havesignificant effects on the PEF
treatment results. However, the increase in temperature significantly enhanced the
killing effects of PEF treatmerite.p mi# & O , reduction observed at 30 after

the PEF treatmenitL94].



The critical electric field@ ) and critical treatmentime 0) is studied by Grahl and
Markel in[196]. Table 2.2below shows the critical field strength and critical
treatment time forS. cerevisiam different meda. The research also concluded

x p i# & O , reduction is possible with electric field strength as low as 7 kV/cm.

O 0
Sodium alginate 5.4 kV/cm Below 5>s
Ultra-high 4.7 kVicm Below 5>s
temperature(UHT) milk

Table 2.1critical field strength andreatment time ofS. cerevisiam different

media

As mentioned irsection 2.8.1 the sensitivity of the same microorganisms to pulsed
electric field is different in different cell phasess eportedin [197]yeast cells in
their logarithmic phaséa period in a bacteria growth curve where cell numbers
increase exponentialjyare more sensitive to the PEF treatment than cells in
stationary phasdéa period when the population size stabilizes, with the rateedif ¢
division roughly balancing the rate of cell deatfi$% of yeast cells the stationary
phase survived after 4 pulses with electric field strength of 30 kV/cm, for celis in
logarithmic phase, only 5% of cells survive[188]with 16 kV/cm electric field
strength, the killing rate of yeast cell in the logarithmic phase is nearly 100% and
killing rate of the cells in their stationary phase is less than 30%fevémpulses

with higherfield strength of up to 28 k\ém.

Transmission electron microscopy (TEM) was used to investigate the killing effects
of the PEF treatment if199], the yeast cells were exposed to 64 exponential
decaying impulses with field strength 40 kV/cm anas4n duration. The results
supported the electroporation theory and it was found that the disruption of

cellular organelles was observed more frequently than the membrane disruption.



The energy consumption during the PEF treatment of yeast varies among different
studies, generally in a range of few tens to a few hundreds of kJ/litter. For a

p i# & O , reduction of yeast, 84 kJ/litrenergy consumption is reported in
[200], while in[201], 77 kJ/lite is required to reactp Tt# & (M |, reduction. In
another research, 300 kJHé is required to reaclp m# & O , reduction[202].

2.9.3Factors influencinBEF treatment performance

As introduced in the previous sectidhge electroporation process is the mechanism
of the PEF treatment inactivatiasf microorganismit has also been confirmed that
1V transmembrane potential is necessary to trigger the electroporation process.
The membrane potential is mainly determinedthy external electric field

according to Schwan equati@nd Equation(2.2) developed by Kotnik

Based on studies about the critical electric field strength in the previous section, the
critical electric field strength varies for different kind of micrganisms. For

example, the critical electric field strength Bfcolis 14 kV/cm in sodium alginate

but the critical electric field strength of yeast is only 5.4 kV/cm in sodium alginate.
Besides, for the same kind of microorganism, the critical eledgid $trength is

also different in different sample mediums. For yeast, the critical electric field
strength is 5.4 kV/cm in sodium alginate and 4.7 kV/cm in UHTdondko different

conductivity

In the previous sections, it was shown that the most frexily used pulses in the
PEF process are HV pulses with square and exponentiatshaypes. A simple
capacitive pulse generating circuit is enough to generate an exponentiat wave
shape. To generate a square waslepe impulse, a transmission line basedspul
generation circuit is preferred. Ban Qinet alconducted a PEF study[it93]in
which they investigated inactivation efficiency of different walapes:
exponential decaying wavghapes, oscillatory decay pulses aggiare wave

shape. Three types of microorganisms were researchgtdiB)], E.coliS.cerevisiae



andB.subtilis In this study identical peak values of voltage were used and the same
amount of energy was delivered to tlsamples. It was found that square wave
shapes are more effective in killing effects than exponential wshapes. The

studies also show that the oscillatory decay pulses are less effective than the
exponential decay pulses with the peak field strength@k¥/cm and applied

energy of 80 J per pulsBecause with the oscillatory decay pulses the cells were

not continuously exposed to a high intensity electric field, therefore the formation

of irreversible pores waseduced[193].

Qinet alalso conducted the PEF study of treatment of yeast cells with different
wave-shapeq193]. Exponential waveform and oscillating exponential waveforms
were compared in the studyhe resuls show thatwith peak felds of 67 kV/cm and
80 kV/cm, exponential waveform provided the best inactivation performances
compared with oscillating exponential waveform. Lov§i03] provided a
mathematic correlation between the frequency componeafgulse waveshape
and inactivation efficiency during the PEF treatment, based on the experiment
results from Qiff193], they provided a quantitative way that the square impulse
has better energy efficiency than other wasbkapes In addition, square impulse
also provided additional benefitendesirable electrolysis of liquid food was

minimized and solid deposits on electrodes surfaces were reduced by 80%

Bipolar impulses are also used in the PEF treatment §ti@8j], BailinrQin also

made a comparison between monopolar and bipolar impulses and gave a
conclusion that bipolar impulses are more efficient than monopolar impulses. The
reason for that is the change in orientation of electric figklg movement of

charged molecules across the membrane are changed which the enhanced
electrical stress on the membrane. A similar study was conducted by Beveridge in
[204], however, contradicting results were reported in tsieidy. E.colj
L.monocytogeneandB.cereusvere treated with both monopolar impulses and

bipolar impulses. An explanation was given that the pulse duration used in the



study was relatively short (1s) compared with the study processed by B&iim,
in which the duration was over 5%, so the bipolar impulses were more effective

than oscillating impulses.

The daracteristics ofhe liquid suspension such as temperature, electrical
conductivity and pH also produce notable effects on the P&#rhent results as
demonstrated in many studig494][205] [206]. As thermal inactivation is

commonly used in killing microorganismghie food industry, the sspension
temperature clearly has an influence on the efficiency of the PEF treatment.
Although the PEF treatment is generally considered asthermal, there is a
temperature increase during the PEF treatment. In general, the thermal effect of
the PEF tratment can be governed by the rate of energy dissipation in the liquid
suspension. If a large amount of energy is delivered to the suspension over a short
time, the temperature of the suspension can be increased significantly. The
temperature ofaliquid suspension is generally monitored in PEF treatment studies.
In [206], for E.colj with suspension temperature fixed to 40h p A# & O |
reduction was achieved with 20 exponential decaying impulses while 50 impulse
were required for the same reduction with the suspension temperature ot 30
Similar results were also given[R07]. This study also shows a good agreement
with the critical membrane potential behawiowhich reducesignificantly with an

increase in the temperature.

The electrical conductivity @suspension also plays an important role in BieF
treatment, influencingthe PEF treatment in multiple ways. First of all, higher
conductivity may result in a higher tramsembrane voltagg205], thus increase the
ability of electroporation process across membraHeher suspension conductivity
also has an influence on thperformanceof the pulse forming networks. For a RC
pulse generation etwork, higher sample conductivity reduces the resistance of the
load which will results in a shorter pulse duration. For a transmission line based

pulse generation network, higher conductivity results in a low load voltage and



reflection due to the mismath between the load and PEF generation network
impedances. From the thermal effects point of view, higher conductivity leads to
more joule heating during PEF treatment and higher temperature gdsoageshe
structure of nutrient moleculesvhich is not pemitted in food industry. However,
for most PEF applicatisin food processing, the conductivity is relatively high, in
the range of 0.1 to 1 S/if208]. In order to overcome the engineering difficulsy,
non-conductive PEF & cellwasdesigned108], andwith help of dielectric layer,
the ionic conduction current througthe liquid suspension can be eliminated even
with high suspension conductivity which reduce the probability of production of

toxic byproducts such as chlorirfe09].

Another factor which has an influence on the PEF treatment resuhe |gsH ofa

liquid. Studie$194][210] investigated the influence of pH on the PEF treatment of
different microorganisms. Lower pH is reported to be more effective for inactivation
of E.coliand L.monocytogenesinThere are also studies which show thdtigher pH

Is more effective for inactation ofS.enteriditis and S.senftenbd@jl1] [212].

Some studies also show that pH has no effecthannactivation procesgl75]

[213].

What should be noticed is that, for lower pH situation, the inactivation effects
should be regarded as combined effects due to both PEF and acids, as reported in
[214]. It was also reported that Gram positive bacséeare more resistant to PEF
treatment at neutral pH environment than Gram negative bacteria. However, in low
pH environment, Gram negative bacteria shows more resistance to PEF treatment

compared with Gram positive bacteria.

The size of microorganisms alsas significant impact on the PEF inactivation
performance. From the Schwan equation, it can be obtained that with same
external electric field strength, greater voltage will be developed across the

membrane of larger cell size. It has been confirmedef@mple, iM192],



S.cerevisiaeells with linear dimensions of +6n were more sensitive to the PEF
treatment compared withS.aureusvhich havecellswith linear dimensions of ~

Ium.

The difference of Gram strain of bacteria has been introduced before. It was
reported in[215]and[216]that Gram negative bacteria were generally more
sensitive to PEF processing than Giaositive bacteria. The potential reason was

given in[215], due to the thick peptidoglycan layer in Grgoositive bacteria.

Several studies also investigated the influence of growth stage of microorganisms.
The critical electrifield for E.coliwas given if216]. The study demonstrated that 8
kV/cm was necessary to start PEF inactivatioB.obliin the stationary phase and
only 2 kV/cm is required for log phase. Other studigs [198][206][217], also
giveresults showthat microorganisms in stationary or lag phases shows less

sensitivity to PEF treatment than microorganisms in log growth phase.

The dectro-chemical reactionghat occur during the PEF treatment are generally
called electrolysis. Hseelectrolysis process producenot only metallic ions but
also gaseous products such as oxygen and hydrogen. In most PEF treatment
applications, stainless steel aatuminiumare selected as electrodes, copper
electrodes are also a selectich.O ,! 1 and& A & A are usually genetad in
suspension with such electrodes. It was demonstratefd #2]that # O has a high
antimicrobial effect 90% of thd=.coliwas inactivated wittstainless steel
electrodes, 99% and 99.9% of them was inactivated alitminiumand copper
electrodes. In addition, it was reported [[h80],! | can affect the membrane
electroporation processAsstainless steel has a relatively high corrosion resistance
and low electrechemical reactivity copared with other kind of electrod€218],

stainless steel is mostly used in the PEF treatment applications and experiments.



2.9.4Discussion of PEF treatment on microorganisms

This chapter reviewed the background infornmatiabout microorganisms and
current inactivation methods. Fundamentals of pulse power technology are also
introduced, such as pulse forming networks. Finalyeview ofthe PEF treatment
is conducted in this chapter. The main inactivation mechanismsapdriments

results are also introduced.

However, there are still not many studies focused on the analytical analysis of the
processes during the PEF treatment, for example, the local heating effects and
forces which lead to deformation on the membranes. Different kind of impulses and
different dectrical parameters can also be included in such analytical studies.
Secondly, most of the studi@gere focused orthe high electric field strength, 67

kV/cm and 80 kV/cm, lower electric field treatment of microorganisms with

different number of impulseshould be studied to provide more information on

the efficiency of the PEF technology for some practical applications , for example for

bio-fuel production

2.10 Plasma treatment

This section provides a general overviewhs principles of operation and
applications of no-thermal atmospheric plasma technologies used for bio
decontamination and inactivation. In addition, the influence of different
environmental factors and processing parameters will also be discussed in this
section. Finally, some linaitions for industrial implementation of plasma treatment

will also be discussed.

Plasmas can be classified into two groupsrmal plasma and noethermal plasma
as introduced earlierThermal plasmas can reach temperatures up to several
thousand Celsiusatjrees and they are usually used in metallurgical industry or
chemical synthesis process. Ntirermal dasmas, with temperatures close

ambient temperature are more suitable for inactivation of microorganisms in the



food industry as the structure of nuant would not be damaged due to high

temperature.

Nonthermal atmospheric plasmaffer another approach for food preservati@and
gained much attention during the last decade. The possibility of using plasma as a
surface decontamination technology wasstly pointed out in the latel9c n @18].
However, this techniquevasnot implemented in the food industry at that point as
cold plasmas could only be obtained under vacuum and on a small scale which is
expensive and not apigable in industrial settings. Inthe lat®pn Qa > g A (0 K
development of techniques, equipment capable of generating plasmas at

atmospheric pressurbecame available

Plasma treatment may offer many advantages to the food industries. Firstly, it
allows shat treatment times, it has been reported that few seconds can cause
more thanp 1i# & & , reductions for different microorganisms, including
pathogens such aSalmonella typhimurium, S. enteritidis, Escherichia[ 220
[221][222]. In addition, plasma is effective at room temperature which makes it
particularly interesting for heasensitive products. Finally, its néoxic nature and

the reduced consumptioonf water and chemical agents result in a significant
reduction of effluents, which is beneficial not only from an economic but also from

an environmental point of view.

Although several studies have been designed to elucidate inactivation by various
plasmas, the specific mechanisms leading to microorganism death are still not
precisely known yet. The following sections will be used to describe potential

mechanisms of plasma inactivation.

2.10.1 Mechanisms of Plasma inactivation
It is generally accepted th#éthe reason for inactivation during the PEF treatment is
the cell lysing effects. The mechanisms of plasma inactivation is more complicated.

UV radiation is firstly considered as the main reason to cause cell lysis of plasma



inactivation as UV radiationaays comes into being along with the generation of
plasma. The nothermal plasmas are generated by application of electric or
electromagnetic field to a gas. The field causes free elastto accelerate and
ionize the gas atoms and molecules, more feéectrons will be generated and
excited to enhance the ionization process. In addition, excited electrons produce
molecular dissociations with formation of new atoms and free radicals which lead
to atoms and molecules excited to a higher energy level. Wixeited atoms and
molecules return to energy stable state, they emit energy in the form of broad

spectrum electromagnetic radiation including UV radiation.

However, the contribution of UV radiation to killing effects in plasma inactivation
has becomeontroversial with development of plasma inactivation. Experiments
shows pure argon plasmas shows greater lethal effe@doillus atrophaeuand
Bacillus subtilispores compared with oxygen and nitrogen plasmas which femit
times more UV radiatiof223]. In[224][225], a lithium fluoride filter or fused silica
quartz plate is used betwedhe plasma generation pointral treatment region to
transmitUV light but &oid the direct contact of microorganism and chemical
reactive species. These studies demonstrated that the contribution of UV light to
inactivation of microorganism is negligible. In addition, it is found that the
transcriptional response of genes invetyin UV damage repauyrA, uvrBis
unaffected while various genes involved in the response to oxidative stress are over
expressed by exposirgjcereuvegetative cells in nitrogen plasni226]. Such
studies proved thathe mechanisms of inactivation of microorganisms by UV
radiation and northermal plasma are different. It is also agreed that reactive
chemical species generated through gas ionization make contributions to the
antimicrobial effect through direct and nespecific attack on various microbial

structures and components, including aelémbranes DNA and proteinR227].

It has been confirmed by studies that the mechanical or oxidative damage caused to

cellmembraneds the main eason for the cell death caused by the plasma



treatment[130]. The electrons and excited species generated during the plasma
treatment are reported to directly damage the structures of ceimbranes.
Electroporation phenomeon is also considered to contribute to mechanical erosion
of cellular envelopes as charge accumulation occurs acrosshbgduring the

plasma treatmen{130]. Moreover, as pores forracross the cellular envelopes,

they stimulate not only the release of intracellular components but also the
invasion of reactive species which would damage other cellular components, such

as DNA and proteingndwould accelerate the inactivation process.

The oxidative damage of cellular sttues and macromolecules caused by neutral
reactive species generated during plasma treatment is also considered to be one of
the main reasons leading to cell deatfiydrogen peroxideés reported to be the

major chemical species responsible for microorganinactivation by plasma
treatment in[131]. It has been proved that substances that chelated with reactive
species can help reduce the efficiency of plasma inactivation. Thus, several
sequestering agents of various reactmweygen species have been proved to have
protection on microorganism during plasma treatm¢b80]. Moreover, hydroxyl
radicals and singlet oxygen are also proved to be the main agents involved in
microbial inactivation in reearch[228]. Lipid peroxidation phenomena is

responsible for the cell membrane damage due to the oxidative effects of these
reactive species during plasma treatment which results in changes in the membrane
chemical compositionultrastructural organization and permeability, a decrease in
membrane fluidity and inactivation of membrane associated enz\[223] . Lipid
peroxidation is a chain reaction which begins with the attack of unsaturated fatty
acids by reactive oxygen species. Such species extract a hydrogen atom from a
methylene group (# (), giving a rise of the formation of lipid radical)(which

can react rapidly with an oxygen molecule to give a peroxyl radical’). These
radicals can extract new hydrogen atoms from other lipids and become

hydroperoxides,( / /)(which undergo chemical degradative phenomena to



produce very toxic degradation compounds. The damagegllmembranes

through plasma treatment can be olxwed through electron microscopy. Size
reductions, changes of shape, surface structure modification, presence of pores in
membranes and envelope disruptions can be obsef2@@]. Determining the

release of different intracallar components such gmtassiumions +

monitoring the entry into the cell of fluorescent dyes are alternative approaches to

indirectlyprove membrane damagg31].

However, cell membrane is reported to be not the only stawe being damaged

during the plasma treatment. In fact, those reactive species, such as single oxygen,
hydrogen peroxide, nitric oxide and excited atoms and molecules generated during
plasma treatment can rapidly and easily diffuse iatell,even thowghthe cell
membrane is not damagg@32]. Which means that these species can easiict

with anddamage the cell structures and macromolecules inside the cytoplasm
[130]. Highly selective fluescent compounds are used for singlet oxygen and
hydrogen peroxide quantification {231] which found the singlet oxygen
concentration insidéE.coliincreased steadilguring60 second®f plasma

treatment whereaghe ( / content reached a maximum value after 12 seconds.
Once these oxygen species exceed the critical value, the microbial cell suffers from
oxidative stress which include the expression of certain genes and activation of
different defense activitief233]. These researches demonstrated the occurrence of
reactive oxygen species within the cells during plasma treatment, besidesell
membrane is not thenly cellular structure damaged by plasma. Atomic oxygen,
hydroxyl radicals/(( *), hydroperoxyls(( / 7), superoxides/( ) and nitric oxide

(. /) are responsible for interacting with various macromoleculgbértytoplasm

during plasma treatmeni234].

DNA damage is also considered to be onthefreasons causing cell death during
plasma treatment. The damage to DNA is reported to be the oxidation of bases. The

oxidation of DNA base leads to changes of DNA conformation, such as a



transversion between purines and pyrimidines. For example, the oxidation o
guanine generates-BydroxyH QR S 2 E & 3 bz #) fhich i¢ &cormpound

usually used as a marker of oxidative DNA damage. Moreover, reactive species
generated during plasma treatment can also react with deoxyribose carbons which
is responsible for the mtures of DNA strand. Microarray technology is usually used
to study the transcriptional process of DNA. Isha@en demonstrated that up to 18
genes are involved in the SOS response (which means the bacterial response to DNA
damage) are over expressed thg plasma treatmenf235]. In[235], by studying

the transcriptomic response @.colicells exposed for 2 min to an argon plasma, an
intense overexpression of several genes involved in the regpaxtremely

damaged DNA are observed. In addition, more repair responses to damaged DNA
areobserved by theuthors whoconcluded that DNA is extremely damaged during
plasma treatmen{235]. The existence of significant damage of Did8also been
observed through agarose gel electrophoresis techniques. For example, in research
[236], after 3 minutes, a complete degradationicoligenomic DNA is observed

after plasma treatment.

Not only DNA but also proteins and cytoplasmic enzyaneseportedto suffer

damage during plasma treatment by theseidativereactive species. The damage

of proteins and enzymedsappensin severalways such athe breakng of peptide

bonds, the oxidization of amino acid side chains, the production of crosslinks within
proteins and aggregation phenomena which are mainly caused by formation of intra
and intermoleculardisulphidebonds. The oxidation of just one amino acid in a
protein can affect the function of the proteif130]. All these aspects can lead to
conformation and structure changes of protein and enzyf283]. In addition, the
activity of enzymes can also be comprised by the oxidation of their cofactors. In
[238], by using sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS
PAGE) technique, it is reported that proteins with high molacweight, between

50 and 90 Ba(kilodalton) are more sensitive to plasma treatment. Moreover, an



increase of concentration of free amino acids during plasma treatment also
demonstrated that plasma can alsausebreals inthe proteins and liberate free
amino acids. According to these damag@groteins, researchers have pointed out
that plasma treatment could be more effective to bacteria compared with PEF
treatment and other emerging microorganism inactivation techniques by damaging

the enzymes and channel proteins involved in spore gerranat

In the end, apart from the direct effects due to these reactive species, there are also
indirect mechanism of actiotihat occur during plasma treatment which lead to the

formation of other cytotoxic compounds. Repsishowthat hydroxyl radicals/ ( (%)
can be generated frort / and superoxide radical$ (" ) in the presence of

transition metals such as iron or copper. The Hald&giss reaction is the most

common reaction to occuluring plasma treatment which consists the
transformation of the ferricationto ferrous caton& A/ ° 0 & A /).

After that, the ferrous cation reaction with / to produce ferriccation(& A ),
hydro anions/( ( ) and hydroxyl radical$ ((*) which also have antimicrobial

ability. Besides, nitric oxide (/) can also reaawith oxygen or superoxide radicals
(/ ° ) to form nitrogen dioxide.( / ), peroxynitrites{ . / /) and nitrous

anhydride ( / ), all these species have antimicrobial ab{Z$9].

2.10.2 Nonthermal plasma reactors

In generd there are two approaches to generate ndrermal plasmas, by electron
beam and electrical discharge.dn electron beam reactor, a separate generator is
required to generatehe electron beam. Usually, high voltage and a vacuum region
are required to acelerate the electrons and generate the high energy electron
beam[232]. The energy of electrons used to ionize gases can be much higher in the

e-beam reactor than other reactors, however, it requires a special reactor and mor



complicate structures, besides, the efficiency in transferring the electrons to gases
IS reported to be poo[240]. In the electrical discharge method, the high voltage
electrodes are usually immersed in the atmosphgniessire gas. The electrons are
directly transferred to gases and energy is delivered to gas molecules immediately
as they drift along the high voltage region. There are many types of electrical
discharge reactors depending on the electrode configuration aedtetal power
supply, such as pulsed corona discharge red@#t], ferroelectric pellet bed

discharge reactor, dielectric barrier discharge reactor and surface discharge reactor
[242][243]. The pulsed corona discharge reactasimilarto the reactors used in

this research so it will be introduced in following sections.

In the pulse corona method, the shdived discharge plasma is generated by very
shott pulses of high voltageapplyingshort pulses of high voltage can prevent the
plasma from going into the thermal mode and forming an[ad2][245]. A ron-
uniform electric field iSormed betweentwo electrodes where their radius of
curvature is the smallest. lncorona discharge reactor, the ionization is generally
spread over the entire galpetween electrodeso the discharge gap is ablehlie set
as large as 10cm which makes large scale agiit possiblg246]. In addition

there is no need o dielectric to generate the plasnia47].

A delectric barrier discharge (DBD) plasma reactor is basically compbsed
electrodes with ateast one dielectric barrier between therA.hgher voltage is

required to form the plasma due to the presencetloé dielectric barrier, the

dielectric barriers are usually quartz glass, silica glass or alumina, ceramic materials
and polymer layers. DBD plasma reactors can generate a homogenous discharge
between electrodes with low energy consumption. These reactorshelge

advantages of high efficiency and low operational cost so they are usually feasible

for pollutant abatement such & /,. / , as well as for ozone generati{iz48].



The dielectric packed bed reactor is similar to the DBlBma reactor, but with
different configuration of dielectrics. Pellets of dielectric materials are placed in the
gapbetween electrodesDue to the polarizatioof the pellets when the pellets are
exposed taanexternal electric field, a high electriefd will be generated at the
contact poins betweenpellets[249]. The pellets can be of various materials which
makes plasma&atalyst systems available with this kind of reactor. Moreover,
residence time can be improved by ngithose pellets which lead to a higher
efficiency in decomposition rates in plasma treatment on exhaust J25€g.
Research demonstrates that the residence time of dielectric packed bed plasma
reactor can range from 8.9 s 1.7.8s compared with pulse plasma discharge plasma

reactor with only 5.49251].

In a surface plasma discharge reactor, one of the electrodasipletelycovered
by dielectric barrier, but the other electrode is only palfyiacovered. When the
electric field is applied, the surface plasma covers the entire dielectric surface.
Charge begins to build up Hte dielectric surface after a % nanoseconds, which
has effectof reducingthe electric field outside the dielectricyventually

extinguishing the dischard@52].

2.10.3 Plasma inactivation of microorganisms

Compared with other noithermal inactivation methods, the nethermal plasma
treatment is considered to be effectual for bacteria, ulis and yeastf229]. In

fact, studies othe effectiveness of noithermal plasma treatment under the same
experimental conditions for different microbial groups has demonstrated that the
differences in northermal plasma treahent resistance among these
microorganism are not as clear as the results observed for thermal or other non

thermal treatment results.

Microorganisms show more or less ildngdom and inteispecies variability in

non-thermal plasma treatment resistan¢253]. In[254], the research finsdl little



differencein nonthermal plasma treatment resistance among sporeB afereus,
G.stearothermophiluandB.atrophaeuso& 1 1 C# & 5tot&l | C# &5
reductions are observed after a 20 min treatment with a nitrogpased plasma,
while large interspecies variations in spore resistance to heat, UV light and
chemical oxidants is observed.[Rb5], the effectiveness of air plasa treatment of
vegetative cells of 15 bacterial species and spores of 4 bacterial species were
investigated. They found that after 30 s of treatment, betwaen | C# & o

@l T C# & Seductions were achieved for vegetative cells while after 1min
exposure under the same conditions, fragmh | C# & Gotl | C# &5
reduction were attained for bacterial spores. In general, vegetative cells are more
sensitive to northermal plasma thatacteria spores. 1{256], a mixture of helium
and oxygen plasma is used to treat microorganisms, 0.3 min is requiréddoli
and S.aureugo reach the D value@he time to reduce a microbial population by
90% or one logyxle)while, 2 min is required fdB.cerevisaand 14 min is required
for B.subtilisspores. Similar resulte also demonstrated if255], a nitrogen
based plasma igsed andn 1 min, a 6 log cycléperiod during microbiagrowth
where the population increases exponentialbf)inactivation is observed on
E.coli,P.aeruginosa,E.faecalis and S.aumebge 5 and 15 min are required to
achieve the same inactivation levels fsspergillus nigeand B.cereuspores.
Moreover,[257] reported that D values of several vegetative cell& @oliand
B.subtiliss 0.5 min and 2.66 to 8.04 min of bacterial spores of species belonging to

the genusBacillus, Geobacilluetc.

2.10.4 Factors influence Plasrmaatment performance
There are factors reported to have influence on the inactivation efficiency of the
plasma treatment. In this section, some of the factors related to the generation of

plasma and properties of microorganism will be introduced.



Due to he plasma treanent conditions varyingmong different research studies, it
is difficult to carry out a direct comparison between these factors. However, general
conclusions can be drawn on some processing parameters. In general, the
molecular compositiof a plasma depends on the energy supplies which in turn is
determined by voltage, power and excitation frequency and even on the
composition and flow rate of the working gH<30]. Voltage, power and frequency
arereported to have a great effect on the inactivation of microorganism as they are
factorswhichdetermine the input energy, and then determine the chemical
reactive species generated and their concentration. It has been demonstrated that
an increase in voltage andefijuencies increases inactivation rates of both
vegetative cells and bacterial spores, the content of reactive chemical species, in
particular,concentrationof. ,/ (,( Aand/ are also reported to be increases
voltage applied increasg¢258]. Thus, it would be advisable to use high voltages,
power and frequencies for the generation of plasma. However, excessive
temperature rise, potential negative impacts on sampes high costs are

limitations of plasma treatment with éseme processing conditions in industrial

applicationg259][260][261][262].

The working gas is also an important factor which has influence on the inactivation
effectiveness of th@lasma treatment. Variasigases have been used to generate
plasma, theones most frequently usedre nitrogen, oxygen, carbon dioxide, argon,
helium, air omixtures of some of these gasgs30]. All of these gases give rise to
plasma capable of achievimagertain level of microorganism inactivation and there
is no general agreement on which one is the most effective gas.xaone, in

[263], Lmonocytogenesre treated with both helium or nitrogen plasma and
nitrogen-based plasmas Iva better inactivation results. Albased plasma is also
reported to have higher efficiency in inactivatiggcoli Theaddition of small

amounts of oxygen to noble gases, such as helium, argon or nitrogelead to an

improvement inthe inactivation effects. This effect is mainly attributed to a higher



formation of reactive oxygen species, such as hydrdéxyf Y andhydroperoxyl

(( / 7) radicals.

Gas moisture content also determisithe inactivation effectiveness of the plasma
treatment. Research studies have shown that completely dry gasgeeffective

for E.coliinactivation[264]. In[265], an increase in the air relative humidity from 35
to 65% increased the inactivation SfEnteritidi@nd S. Typhimuriunfrom 2.5 to 4.5
log cycles and a higher concentration of hydroxyl radicals are found in theaolas
However, there are alsexamples showing thepposite results, ifi266]when the
relative air humidity increased from 52% to 81% or from 62% to 81%, the
inactivation efficiency of plasma agairisicoliand Staphylococcus éermidis
decreased by 87 % and 58% and this is reported to be linked to a decrease in the
concentration of negative ions the plasma. Therefore, there woulgppear tobe

an optimum moisture value for achieving a maximum antimicrobial activity. For
exampe, the moisture content of 70% is considered to be the optimum moisture

for inactivation ofAspergillus nigef267].

Gas flow rate is also considered to have influence on the inactivation results of
plasma treatment. 111266], a steady increase I&.coli, S.epidermidand
P.alcaligenesactivationoccurswhen air flow rates increased from 2 to 7 m/s

which is attributed to a linear rise in the concentration of negative ions in the
generated plasmaWith the plasma treatment oh.monocytogeneandL.innocua
when air was used as the treatment gas, the inactivation rate increases as the gas
flow rate increases from 5 to 10 L/min, while an additional increase of gas flow from
10to 15L/min, only a miar effectis observed on inactivation results. In contrast,
gas flow rate hardly affects plasma treatment efficiency when nitrogen is used as
treatment gag268]. Studies also demonstrated that a decreasé irand. /
generation can be caused by an increase in air flow rate from 5 to 10 L/min.
According to the latest studies, at low flow rates, the number of reactive species,

mainly constituted by oxygen radicals, is lower than at high flow rates, but they



have a highr average energy and, therefore, the likelihood of each one colliding
with microbial cells increasethusthe antimicrobial effectiveness also increases.
However, at higher flow rates the number of reactive species will be higher, but
they will have a lwver average energy, and their antimicrobial action would be

comparatively lowef130].

The plasma treatment inactivation can also be dependent on whether the
treatment is carried out directly or indirectly. In the case okdirtreatment, the
sample is physically located in thegionwhere plasma is generated, therefore, the
sample is intimate contact with all the photons and chemicals species produced. In
the case of indirect treatmenplasma is produced at some distancerh the

product and thereactive species in thelasmaare usuallymovedtoward the

sample using a rapid flow of the feed gas. Stud@sparingthe inactivation effects
between direct treatment and indirect treatment demonstrated that at least 6 log
cycles inactivation is observed with direct treatment Bmatrophaeuspores[269],
however, for indirect exposures only 2.1 to 6.3 log cycles is obsedegdndenton

the treatment gas. Theris also researchvhich showconflicting resultsjt was

found that indirect treatments were more effective agaifistoliand
L.monocytogenethan drect treatments, the authorsuggested that this could be
caused by the recombination of reactive radicals with a short life before reaching
the microorganisms in indirect treatments, giving rise to new chemical species with
strong bactericidal effect270]. There is also some research shownoglifference

in effects between by direct or indirect treatment dnmonocyongenes E.coliand

S. aureudiofilms. Thedistance between the plasma generation point and samples
seemdo haveaninfluence on the inactivation efficiencies of plasma treatment.
Thus, in general, the antimicrobial effectiveness decreases as the distance increases

[271]



2.10.5 Discussion of Plasma treatment on microorganisms

The higheresistance tmon-thermal plasma treatment exhibited by bacterial
sporesmaybedugé 2 (0 KS Wo | NN [Gbetbh@ried gan eKdised 2 NB & ¢
low water content which reduce the diffusiorof the reactive species, the high
concentration of dipicoliniacid in the spore core, the very robust spore coat which

makes a physical barrier to the reactive specaslthe special conformation of the

spore DNA, which is saturated by a group of soluble acid protEa§[272].

The higheresistance tcmon-thermal plasma treatment by yeasts and uids
compared with vegetative bacterial cells could be thsult ofdifferencesin cellular
structure and molecular compositidretween prokaryotic and eukaoyic cells. On
one hand, the existence afnuclear membrane provides a good protectian

fungal DNA, on the other hand the cell wall of fungal cells are very thick and
consists of rigid layers of polysaccharides, which would provide further protection

to the cell[131].

In fact, studies about nethermal plasma inactivation cono&atesmore on
chemical reactions and reactive species generated, microorganism structures,
growth conditionssuch as pH and temperaturand celular physiological state.
Theeffect of electric fieldon cellular reactionss not usually taken into account.
Besides, repoghave shownthe limitation of plasma treatment which is high

microbial loads lead to a reduction of inactivation effects.

Investigating the electric field performance during plasma treatment might provide

an optimization of northermal plasma inactivation in applications.



2.11 Discussion

This chapter reviewed background information related to this project. In the
beginningof the review, basic knowledge of microorganisms is introduced. The
introduction on the structure of microorganism provides background for
understanding of the mechanisms of the PEF treatment from the biological point of
view. After that, the benefits anthicroorganisms hazards sections explained the
necessity of developing of the inactivation techniques. This chapter also provides
the introduction and comparison of different inactivation techniques such as
thermal inactivation, chemical inactivation, UhActivation, plasma treatment and

so on. Finally, a detailed review of the PEF treatment process is provided which also
introduces the pulse generation systems, the mechanism of the PEF treatment and
the factors influenmgthe treatment results. Althoug numerous studies have been
conducted about PFE treatment and results have been published, there are still
gaps in understanding of the PEF treatment process. So it is necessary to continue
to study the PEF process&gich may help to optimize the appdittons of this

technology.

Firstly, although the electroporation theory is mostly accepted by scientists, and it
at assumed that this process is triggered during the study of PEF treatment, the
exact mechanisms of inactivation of microorganisms by etefé&ideffectsis not

fully understood.

{ SO2yRféx GKS to9oC UUNBIFGYSY(nimBKISEAEQA RIS
to low bulk temperature increase of the samples during the PEF treatrhitie

research has looked at possible localized headimgng treatment.Therefore, the

local heating effects during the PEF treatment are also necessary to be fully

investigated.

Thirdly, therehasnot beensufficient focus on the effect of parametesich as

waveshapeon the inactivation performance of PEEatment on microorganisms.



There are no studieg®cused on the difference in the mechanisms of inactivation of
microorganisms using the PEF treatment with square impulses and AC high

frequency oscillating signals.

Finally,because there are very highdsfuel content microalgae discovered which
provides a good alternative bimel production approachstudies of the PEF
treatment of microorganisms have been drawing increasing global attention in the
past few years. e PEF process can be used to helpxiact these oily contet. To
fully understand the mechanism of interaction between the electric field and

microorganismfurther investigation is required.
Therefore, the main objectives of the project can be summarized as follows:

1 To develop a simulain model which can be used to investigate the electric
field distribution and thermal distribution in microorganisms during the PEF
treatment.

1 To investigate the effects of different waveshapsguare impulse and high
frequency oscillating signaland to compare the effects of these HV signals
on microorganisms during the PEF treatment.

1 To investigateéhe different effectsof changing parameters of the PEF
treatment, such as electrical conductivities, treatment time, external field
strength and célsize.

1 To investigate the local heating effeetsa cellduring the PEF treatment
and to evaluate the contribution of thermal effects during the PEF treatment
process.

1 To conduct the PEF treatment on microalgae with both high electric field
strength andgeneral electroporation field strength to investigatéether

cell lysis be achieved by the PEF treatment in both field strength regimes.



1 To conducboth the PEF treatment and Plasma treatment of microalgae
with the same pulse generation systegmcomparethe efficiency in

inactivation between these two approaches.



Chapter 3Modelling of microorganisms
Linear model

3.1 Introduction and Background

Chapter 3 is the first dhree Chapters in which different models of microbiological
cells will be developed, explored and discussed. This chapter is fooosetD

model of a single cell developed using a lumped RC element circuit. This model will
be called the linear model as ithsised ora series configuration of RC blocks which
represent different parts of the microbiological cell. More advanced modeds of
single cell will be developad later chaptersand the modelling results obtained

from the approaches Wi be compared andnalyzed irsections of Chapter 4 and

Chapter 5.

The models which are developed in these chapters are used for simulation of the
transient electric field distribution and local heating effects of a single cell during
PEF treatment, as the study of bioelecal processes requires a multidisciplinary

approach.

Chapter 3 will provide background information orodellingof bio-cells stressed

with anelectric field and the development of the linear model which will be used to
investigate the electrical propeds of microorganisms during PEF treatment. As
mentioned before, there will be two more models introduced in further chapters
which will focus on more sophisticated analysis. These more advanced models are
built with Quickfield and COMSOL. The initial anedylinear model will be mainly

introduced in this chapter.

As mentioned in Chapter 2, the interactions between-tétls andan external
electric field is not fully understood.ypically, he heating effects durinthe PEF
treatment are not taken into @countin PEF modeldt is problematic to develop
analytical model(s) which can be used for investigatiotheffect of different

kind of energising sigra{AC or DC signalsi local heating of microorganisms.



Therefore, investigabn of the local hating effects acrosasingle cell duringhe
PEF treatmentouldbe beneficial forunderstandingof the interactions between
bio-cells and external electric fieddSuch investigationsingthe singlecell models
couldprovide novel results ifurther understanding oflocal heating effects and
transient electric field distribution across béells duringhe PEF treatmentThese
results wouldoe beneficiain optimizing the applications dhe PEF treatment.
Detailed information abousuchmodellingwill be introduced and discussed in

Chapter 4 and Chapter 5. A brief introduction of each model will follow.

Inthe linear model, environmental fluid, bimembrane and cytoplasm are

included The transmembrane potential acrage cell membrane can be oained
when the external electric field is applied. This linear model has been developed
and investigated in early researches about PEF treatment on biologicdRadl]s
[274][275]. However, these studies do not provide further investigations about
how the parameters influence the transient transmembrane electric field strength

of a single cell during PEF treatment.

From the electrical point of view, bicells can be maelled in terms of their
dielectric properties. Consequently, some background information on electrical
properties of biemembranes and basic principles of electromagnetism which are
used to investigate the interaction between the electric field anddeés will be
introduced in section 3.1.13.1.6 to provide the basis for the development of

modelling of microorganism in this study.

3.1.1 Membrane impedance

In 1923, the capacitance of cellular membranes had been measured by [Riié}e
[277]. Fricke found that the capacitance per unit area of the cell membrénies
was p‘ Mo &. The thickness of the membrane, d, also was calculated through

the results of his measurement by solvigguation(3.1).

B (Y



where- the relative permittivity ofthe membrane (Fricke assume thialue to be

3),- Is the permittivity of free space andlis the membrane thickness.

By solvind=quation (3.1) Fricke calculated the membrane thicknesse@lfs in calf
bloodwhich was found to bé ~3nm. This value is within a factor of &r§, the

value obtained from modern electron microscopy stud&s3] [278].
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based on characteristics of cell suspensions which are not accurate enough to
obtain the value of conductance of the individual cell membrane. A series of
measuement were conducted by Cole and-aathors and provided the first

accurate measurement of the membrane conductance by studying the squid giant
axon using extracellular electrodes. According to the measurements, the nerve

membrane has a resistancexop tmm7A [ [279][280][281][282][283].

Early measurements tfie membrane impedance wereonductedby passing

electric currenthroughthe intra-cellular electrodes and measuring the membrane
potential. Such methods were also used to measure the resting potential of
membrane[278] . After that, the measurement of membram@pedance beames

more direct The linear electric properties of many cell membranes can be
represented by a parallel conductance and capacitance network. The conductance
represents the ionic conduction through the membrane via ion channels and the
capacitance represds the isolating properties of lipid layer. With a typical cell, the
conductance per unit area of membrari€), is considered to be pi 3f® & and

the capacitanced is p{&f®a ¢ X O

3.1.2 Cellular electrigotentials
As discussed iprevious chapters, there is a maintained potential difference across
the membrane which is called the resting potential. It was reported that multiple

parameters such as temperature, pH, extelular concentration of ions and



extrinsic electric current influence the transmembrane potential. The changes in the
transmembrane potential can lead to many effects ond®ds, the most direct

effect is the change of transport of charged particles across the membrane.
Secretion of camical substances can also be influenced by the transmembrane
potential. Rapid changes in the membrane potential generally result from changes
in conductance of the membrane to one or more i¢284]. Moreover, mechanical
properties of muscle cells like eukaryotic organisms can also be influenced by

changing the transmembrane potentid&35].

A large resting potential difference is observed between the extracellular and
intracellular surfaces, rangg fromx ¢ 1t i t6¢ w1 [ . &or a potential difference
of @ 1t 6across a membrane with thickness/E i 1, the electric field in the

membranewould bex® - 671 according tcEquation (3.2).

ioFH o G2

Where:

V is the electric potentiah volts.E is the electric fielth volts per metred isthe

distance between electrodes in metres.

Electrical breakdown in atmospheric air takes platecat 611 . So it can be
observed thatat¢® - 611 a strong electric field generally exists in the-bio

membrane of a living cdl273].

3.1.3 Historical aspect of transmembrane potential calculations

The study of the PEF treatment of microorganisms is an interdisciplinary project
which links electrical engineering and microbmy. The bieelectromagnetic
terminology and basic principles of electromagnetism related to the modelling and

parameters used in this project will be reviewed in this section.



When the treatment samplesontainingmicroorganism are exposed &pulsed
electric field, mobile charges (mainly ions) move along the field lines of the applied
electric field. The charge movement forms the current which is measured in
Amperes (A). With reference to a certain area, there will be a current density (J)

which is expresed il & . Associated witlthe electric currenta magnetic flux

density (P also existsEquation (3.3shows the relationship betweeffPand the

permeability H) and magnetic field intensityP .

P HP  (33)

The link between the changing magnetic and electric fields is given by the Maxwell
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Where [Pis the magnetic flux densityRis the electric field.

The properties o medium influence the valuef electric and magnetic fieldh&

conduction current density § is also influenced by the conductivity of the medium

(@), andelectricfield £ asshown inEquation (3.5)

p AP  (35)

The displacement curremtensity is given bigquation (3.6)oelow, wherePis the

electric flux densityEquation (3.7gives the relationship between the electric flux
density and electric field through permittivifye) of the media. According to
Equation (3.6)and Equation(3.7), an increasing electric field generates a

displacement current in the direction of the electric field.
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P ER (3.7)
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densityequation, Equation (3.8)lt can be seen that, the greater the applied electric

field in a dielectric medium, the greater the energy density will be.

Ta “EF (3.8)

The differential form of MaxwelEquation Equation (3.9) indicated at goint, the
curl of magnetic field intensity is equal to the sum of the conduction current and

displacement current densities.
P ot G9
OGP Za (3.10)
Equation (3.10h & (G KS DI dz& e fiek dharge desiNS
P ¥ (3.11)
o)X ¥ 2 (3.12)

Equation (3.12h a4 Yy 26y | & t 2 A a adive@BroughoatianA 2y ¢ KA
(3.11) Equation (3.10pnd Equation (3.7)wheres is the electrical potential; is

the permittivity and” is the charge density.
\ (3.13)

Equation (3.13)sderivedwhen there is no free chargé (1) exists irequation

(3.12),i KS Sljdza G4A2y A& NBRdIdzOSR G2 [l LXI O0SQa ¢



¢ KS [ I LiatiorOvéhiohalinisdhg electric potential and the electric field (no
space charge is considered) is giverElyation (3.14for 3D Cartesian coordinates

[273]

< 5 3 (3.14)

The equationsntroduced in this section are generally used in modelling of the
interaction between a bio cell model and electromagnetic fields in PEF studies.
Previous works in the field of modelling of the membrane response to the external

electric field will be revieed in further paragraphs of this section.

The first work in which the steaestate transmembrane potential was expressed by
Fricke 1953 in which an ellipsoidal shaped cell with negligible membrane
conductivity §=0) was consideredis shown irfrigure (31.1), the cytoplasmin this
model was fully charged he transmembrane potential at the poles of the generic

ellipsoidal cell was expressed Byuation (3.5) [286].

v

Yo —_++ F (3.15)

WhereYe isthe inducedtransmembrane potential at a pole volts %is the
applied electric fieldn volts per metre=|=is the semiaxis orientated in the field

directionin metreand¢ is termed the depolarizing fact¢287].

The depolarizingactors for spheroids and ellipsoidshichhave beercalculated

by Stoner and Osborn, are shown in equations bdR8v7][288].
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Where¢ & FE depend on the axis ratiqgs -andy -

E — (319

¢ AT O (320

LF and LE are elliptical integrals that afanction ofEand¢ , and they depend on

the axis ratios accordingly.
e . ———'0%0(3.21)
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Where™Qand[ are defined byEquation(3.19) and(3.20), and %.is the amplitude

angle.

Depending orthe axial ratio of the ellipsoid, the depolarizing factor can be between

0 and 1.

Further investigations of the transmembrane potential of eltiglal cells were
conducted based on the work of Fricjg86] and Stratton[289]. More detailed
model of cells and cellular suspensiomgsdeveloped by Schwan, Zimmermann

and Neumanrj290][291] [292].

The research at that time was focused on the frequency and time dependency
properties of biological materials. At present, the research consitode focused

on improving the equations developed by these researchers to specific electrical
properties of cytoplasm, cell membranes and extelular medium. The
investigation of the effect of geometry in these models of the cell response to the
electric field was ats conducted: spherical shapand nonspherical shapgwere

considered293][205] .

The main research findings which underpin the response of the cell to the external
field will be introducedm further sections anavill provide backgrounéhformation
and support to the modelling of the PEF effects in a single cell conducted in the

present project.

3.1.4 The Schwan Equation

H.P. Schwan developed an analytical model to calculate the-treamsbrare
LRGSYyGdALt 2F | &ALKSNARAOIt OStf SELRA&SR
equation (3.14)in [290]. The obtained result is called the Schwan Equation and this

formula is given b¥quation (323).

Yo -9%2)¢4(3.23
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WhereYe is the induced transnembrane potentialn volts %4s external electric
field in volts per metre 2is cell radiusn metreand—is polar angle with respect to

direction of fieldin degree

For a spherical shaped cell, a=b=c=Rlamtet 3 ¢  -. For this case, the

CNX O S Q aEquatiprl£B.T0f\canybe réduced tthe Schwan equation. Schwan

assumed the conductance of the cell membrane to be zero to simplify the analysis.

3.1.5 The time dependent transmembrane potential

The Schwan Equation was obtained using the ohmic conduction approach, it was
used to calculate the transmembrane steaghate potential reached after the
transient period. The next majstep was made in 1997 by Kotnik etwaho
derivedEquation (3.24}he time dependent transnembrane potential depending

on the geometric and electrical properties of the cell and exgHdular medium

[294]. For a biecell which is modelled using a membrane with finite electrical
conductivity ad conductive cytoplasm, surrounded by the conductive egglular
medium, the equation below shows the transmembrane potential in the bio

membrane.
Yo "WAT-Op Q7 (3.24)

Where"Qis a function that incorporates electrical and geometrical parsargeof
cell which can be calculated akds atime constantwhichalso can be calculated

[294]

o) (3.25)

where, is the conductivity of cell membrarie S/m Ais the membrane thickness
in metre,,, is the conductivity of extr&ellular mediumn S/m,,, is the

conductivity of cytoplasnm S/m 2is cell radiusn metre.



Time constaniMs given by:

W (320

where# is the membrane capacitandet & ¢ . Kotnik et al assumed thét =

PL&TD G .

For the case of noronductive membrane, 1T, the value ofQ@ends to- and

the equation reduces to the Schwan equation. So the Schwan equation is valid for

the case when the charging time constant of the cell membrane is much shorter

than the pulse duration of the applied electric fiel®l zwhen the termp Q~

tends to1l.

Further studydeveloped by Kotnilsolved the previous equation for the transient
case[295]. The publication describes a general method for analysis of the time
dependenceof transmembrane potential induced by timarying electric fields.
They calculate the transmembrane potential through Laplace transforms. The
transmembrane potential response as function of time was obta{2e&] [294]

[295].

3.1.6 PEF chamber with dielectric layers and spherical model

Timoshkin et gbroposed a PEF treatment chamber with dielectric layers attached
on the electrodes, ashown inFigure (3.1.6.1)108]. Thisdesign of PEF chamber

and calculation of electrical properties of the test chamber inspire the development
of the linear model of this project which will be introduced in further sectif2i&4].
Atypical PEF treatment chamber costs of metal electrodes witbampleto be
treatedin direct contact with themUnder certain conditionsutbbles could be
generated during the PEF treatment and complete electrical breakdowheof
treatment samplecould result The PEF treatment chamber proposed274]

consists of two ceramic slabs with a high relative permittivity of ~300rder to



avoid direct contact between the liquid arnlde metallic electrodeswhich can

minimize the conduction current.

Figure (3.1.6.1PEF chamber with dielectric layers, picture taken ffamd].

In order to obtain the timedependent effective field in the working region, Ohmic
conduction approaches were us¢2i’4]. The boundary conditions used to solve
these equations are similar to the linear model which will be introduced in following

sections. The effective field strength is given by equation below.

06 0Q' (327

~.

O Y& c—& (329
t - — — (329

Wheret is the characteristic field relaxation time of the test chamimesecond

this time determines the time of existence of the field in the liquid due to the
MaxwellWagner surface polarization mechanistn.andd represent the width of
the treatment region and dielectric barrieespectively in metrs - and-

represent the relative permittivity of the liquid suspension in the treatment region

and dielectridoarrier respectively, represensthe conductivity of the liquid



suspensionn siemens per metrand’O represents the Laplacian electric field in

the treatment regionin volts per metre

In order to investigate the transient potential across thdd oceembrane when a
microorganism is put in this test chamber, a spherical model of a microorganism cell

was employed.

Figure (3.1.6.2ppherical shell model of microorganism, picture taken f{@].

By applying the sam@®hmic conduction approach, the time dependent maximum
electric field on the membrane whiclas described earlieoccurs at the poles of

the membranecan be written agquation (3.30) below
O o 0 0 ¢6 02JY (330

Where'Y is the radius dthe cytoplasmp 0 @& & 0 are coefficients relating
to radius of cytoplasm’Y and the microbial cellY ), relative permittivity of the
cytoplasm, membrane and surrounding liquid, conductivity of cytoplasm and
surrounding liquid, the Laplacian electric field in the treatment region and the

MaxwelFWagner relaxation time.

By investigating the equations, tlieevelopment othe electric field in the
membrane was separately described in 3 distinct physical phases, the polarization

process, the charge accumulation process and the MaxWaljner field relaxation



procesq274][78]. Figure (3.1.6.3below shows the response results. The details of

the three phases will be introduced in the linear modecussion in 3.2
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Figure (3.1.6.3Fields in membrane (solid line) and water gap (dashed line). Picture

taken from[274].

Based on this spherical mod8l, Qin et ainvestigates the response of electric field
build up process in membrane [B96], realistic parameters are used in the model.
By changing different parameterSi Qin et ahlso investigates the factowshich
influence the electric field build up process, finding botvthe size of cell,
thickness of membraneelative permittivity d membrane and the conductivity of
suspension have significant influence on the electric field build up process in
membrane, for example: the results shows that with thicker membrane, the
transient response of electrical field on the membrane at polese@mses the
transient response of electrical field on the membrane could be increased twice

with membrane thickness decreased from 10 nm to 4[286].



3.2 Linear model

In this section, an initial linear model will be intraohd toallow investigation of the
transmembrane potential when the bicell is exposed to an external field. Some
further investigations about changing parameters with this linear model will also be
presented in further sections to investigate the transient electric field strength

during PEF treatment of a single cell.

Figure (3.2.1pelow shows the structure of the model: this linear modehsists of
two electrodes (Hv-and Ground), environmental fluid (zone @ and zone V&
Y4), membrane (zone Wa1¥4 and zone I\VY41e4) and cytoplasm (zone Y- 24). G

is the gap distance of environmental fluid between the cell membrane and
electrodes (treatment suspension in PEF treatmeintjs the thickness of the layer
of cytoplasm equivalent to a diameter of an actual céllis the thickness of the
layer represents cell membrane. As seenFagure (3.2.1)each zone is
characterized by the conductivity of environmental fluld \ andcytoplasm £A),
permittivity of environmental fluid), cell membraner;) and cytoplasmrp). The
conductivity of cell membrane is considered as zero for the calcul§tias]. The
electric field strengthn the environmerial fluid was represergd by % and % while
% and % represent the electridield strengthin the cell membraneandthe electric
field strengthin the cytoplasm was representeas%. 0 to U represent the

conduction current densities on the boundaries.
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Figure (3.2.1Constructions of linear model.

This linear model is similar to the PEF chamber model with dielectric layées in
previous section, so the response to a uniform DC step geltan also be analyzed
using the Ohmic condition approa¢2i74]. For this method, the electrical potentials
inside the environmental fluid€gionsl, ), membranes (regionH, IV) and

cytoplasm fegionlll) can be written athe equations below:

. 5 06 8 o (32.1)
. 5 0 6 o (32.2)
. 5 0 6 o (3.2.3)
. 5 06 6 0 (3.2.4)
. 5 06 6 0 (3.2.5)

Two boundary conditions are necessary to solve these coefficients, the first one is
the electrical potentials across each interface are equal which gives equations

below:



Z=0,+ @& =Y'O 0 K3.2.6)
Z=Z,+ O = & (3.2.7)
Z=3,+ O = & (3.2.8)
Z=3,»+ & = & (3.2.9)
Z=Z,» & = & (3.2.10)
Z=%,+ & =m(3.2.11)

Where™O 0 is the unit step function describing the application of external

potential Y at timeO Tand: is the distance from the high voltage electrodes

of each cell componentJhis set of equations assumes that there igdistributed

aLJ) OS OKIFNHS Ay (KS RASEt SOGNROaA 6KAOK
Due to the conductivity of the liquid, charge®ve due the electric field anstart

to accumulate on these interfaces. This leads to the second boundary condition,
which is a charge continuity condition, the rate of change of the surface charge
densityis equalto the difference between the conduction current densities on

either side of the layers (environmental fluid and membrane layer, membrane and

cytoplasm layeand membrane environmental and fluid layepresented with n.
* x £% 0O A% O — (3.2.12)

Wherem O is the noncompensated free surface charge density at membrane
represented with mand other components interfaces which is related to the

electric flux densitywhich are represented with.n
mO=R% O rR% O (3.2.13)
For the linear cell model, this condition can be written as equations below:

I/l interface 0 @—— —— (3.2.14)

YS|



[/ interfface — 0 —— (3.2.15)
/IV interface 0 —— —— (3.2.16)

IV/V interface — 0 —— (3.2.17)
Finallygives equation:

o Y Y Y
7YY (3.2.18)

Where the coefficients can be calculated below.
A ¢l 44 144 ¢l 44 (3.2.19)

A ¢l 4 4 14 ¢l 4 (3.2.20)

A i (3.2.21)
1 g - — N (3.2.22)
r o - ——N (3.2.23)
D - (3.2.24)
N - (3.2.25)
/- (3.2.26)
4 — (3.2.27)
4 — (3.2.28)

4 — (3.2.29)



3.2.1 Parameters of microorganism used in linear model

In order to simulate the transient transmembrane potential when the model is

exposed to the external eléc field, the parameters of each componestiould be
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research, detailed information will be introduced in the further paragraph of this

section.

The electrical properties of emenmental fluid which surrounds the

microorganisms during PEF treatment usually varies in different PEF treatment. In
general, the conductivity of sample suspension is relétikiigh compared with
modelling studies: 1f297], the conductivity of liquid suspension is set to be 0.15
S/m during the PEF treatment with microalgae, in a recent paper which is also about
PEF treatment with microalgae published in 2022, the conductivitlyeoiquid
suspension is set to be 0.17~ G&n[298]. However, in some modelling studies
[273][299], the conductivity othe environmental fluid is set to bg T S/m. In

[274], a wide spectrum of values of conductivity of environmental fluid was
investigated, it was presented that for suspension liquids used in cell manipulation
procedures, the conductivity can be as lowr® p 11 S/m. Based on published
data of Kotniket al [275], the values of the conductivity of environmental fluid lie in
the rangep 1 -p 1 S/M[274]. Based on these publicatiom® p ™ S/m was
decided to be used ithe linear modeling. Forthe permittivity of environmental

fluid, 80 is used in the linear moddlhisis the same athe permittivity of water,
because for most common PEF treatment situation, the treatment suspension was
water-based solution. In general, 80 was also commonlylusether studies about

modelling of PEF treatment with microorganisf@g3][274][275][300].



The cell membrane is a layer between the cytoplasm and environmental fluid as
introduced in chapter 2As discussedhe basic structure of cell membrane is a
phospholipid bilayer with different types of proteins embedded. According to
studies, therangeof relative permittivity of the membrane was reported to belP
[301][302][303]. Inarecent papel7], 5 was used as the permittivity of cell
membrane. The permittivity of cell membrane is set to 2 in this linear model. 2 is
also used in others studi¢g73][274][78]. As mentioned in chapter 2he most
important function ofthe cellmembrane is the selective peeability which

controls the iortransport between environmental fluid and cytoplasm. However,
the transportation of ionss generallycontrolled by the channgdroteins. Soin
general,asthe cell menbrane is highly nowonducting[302], the cell membrane is

considered as complelgnon-conducting in the linear mod¢B04].

As introduced in chapter 2, the cytoplasm is a conductive fluid with ions, nutrients,
proteins, membrane bound organelles and other essential components. All these
components can affect the dielectric properties of cytoplasm. In previous studies,
the values of relative permittivity of cytoplasm varies from 50 to 3801][302]

[303]. Asthe cytoplasm is watebased suspension, 80 is considered &othe
permittivity of oytoplasm, this value was also used in othesearche$273][274]

[78]. In terms of conductivity of cytoplasnt,is generally considered as high
conductive due to théarge amount of ion§302], publications shows the

conductivity of cytoplasm can be in a ranges from @@2S/m[301][305] [306]. In

this linear mode] the conductivity of cytoplasm is 1.2 S/asthis value was also

selected in others studig3] [307].

Thedimension ofcytoplasm and thickness of membrane modelled with the linear
model also need to be considered. The thickness of cell membrane was estimated
to be ~410 nm[302][308]. 5 nm was used in this linearodel as the membrane
thickness, lis value was also usedpnevious studies about modelling of PEF

treatment with microorganisni273][274]. Arecent paper about modelling of PEF



treatment with tumour cellsused 4nm [7] which isalso close to 5 nm used in linear
model. The diameter of microbial cell can vary from ~@r@ to ~700um, most of

the microorganisms have a cell diameter of a {&@w [308]. According to literature,
the general size of yeasamges from 5LO um [138], the general size of microalgae
phytoplankton ranges from-8 um [143] [144] .Therefore, the size of cytoplasm is
considered to be $im in this model whiclis a reasonable value to represent a

phytoplankton cell.

As introduced in chapter 2, 30 kV/cm field strength is generally used in
electroporation processs Consider there is no microorganism between the
electrodes, foratreatment regionm, =p 1t | , to obtain a 30 kV/cm electric field
between¢ 4| gap (the thickness of cell membrane is negligible), it is assumed

that a 75 V voltage should be applied to the electrode.

Based on the parameters of previous studies and literature introdeeelier, the

parameters used ithe linear model are listed in th&able 3.2.1

Table 3.2.1Parametersised in thdinear model. Parameters are taken from

publications listed

Parameter Value

Applied voltage 75V

Relative permittivity of cytoplasm 80 [273][274][275][300]




Relative permittivity of membrang 2 [273][274]
Relative permittivity of surrounding 80 [274]
liquid, R

Conductivity of cytoplasna 1.2 S/Im[7][307]
Conductivity of environmental T p 11 S/IM[274][275]
liquid A

Thickness of membrané, ol 1[274][275]
Diameter of cytoplasmy vtl [274][143][144]
Treatment regiony p il

3.2.1 Results and discussion

The calculation results of linear model is obtained with Excel softirégere (3.2.1.1)
shows the transient electric field strength in cell membrane of linear model. The electric
field build up process of cell membranedisided into three sections by two relaxation
timet T@®¢ iandt p& gm . The calculation and discussion of relaxation time will

be discussed in further paragraphs below.

In order to show three phases clearly, a different calculation exithggeratedest
parameters inputted to the linear modelas processedrigure (3.2.1.2)sthe transient
electric field strength in cell membrane obtained from the linear model with-reatistic
parameters =10mm, ¢ =5nmm, the thickness of cell nmebrane is set as Bm which is 3

orders of magnitude larger than the real parameter
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Figure (3.2.1.1Yransient response of Electric field strength in membrane of linear

model with real size of microorganism=£5nm, & = 5 nnj.
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Figure (3.2.1.2Yransient response of Electric field strength in membrane of linear

model with test parameters of microorganis@=£10mm, ¢ = 5mm).

As can be seen from the figure, the electric field strength increase on membrane
after the application of external voltage is a relative slow process. This increase is in

a reasonable agreement with the result of the Pspice model mentiong2r7isj.
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The development of electric field strength tme membrane is separately described

in 3 distinct physical phases[@74].

In the first phase, thenitial polarization process ithe membrane after the
application of voltage, islue to the dielectric characteristicd the cytoplasm and
surrounding liquid, the electric field is mainly determined by the dielectric
permittivity of such layers in this phase. The duration of this phase is defindaby
characeristic time of highly conductive cytoplasm - - %, whichis 0.6 nsin

this model.

In phase 2, free charges start to accumulate on both internal and external surfaces
of membrane due to the electric field induced the external voltage. In thiphase,

the characteristic time of cytoplasm and surrounding liquid mainly detersiine
duration of charge accumulation. As the conductivityhef environmental fluid is

lower than cytoplasmit takesalonger time to finish the charge accumulate than
cytoplasm. Therefore the duration of this phase is governed by characteristic time

of environmental liquidt - - X, which is 1.42us in this model.

In phase 3, free charges continue to accumulate on external and internal surface of
the membrane andhe electric field trends to reach the maximum steady state

value which can be calculated from quatectrostatic aproximation and Schwan
eqguation,Equation(3.23). As the charge accumulatidrasfinished, there is no

charge movement in both layers ofambrane attached to cytoplasm or
environmental fluid, the maximum field strength in this model can be calculated
with equation:O 0 F¢a , which is 7500 MV/m in this model, wheugisthe
external voltage and Im the thickness othe membrane.The maximum electric

field strength inthe cell membrane is obtained a® p 1671 , as the membrane
thickness is 5 nm, the voltage induced across the cell membrane is calculated as

3.75 V which is above the threshold of electroporation (a8/)eported arlier.



3.2.2 Effects of cell properties on transient field across membrane

As discussed in the previous sections, the transient electric field strength in cell
membrane with external electric field applied can be influenced by both electrical
and physicaparameters of biecells. This linear model would be helpful to
investigate how these parameters influence the development of transient induced

electric field in cell membrane.

3.2.2.1 Size of cells (Diameter of cytoplasm)
According to the literature in gvious sections, the diameter of microorganisms
varies ~0.2um700 pum. In this section, several diat@es of cytoplasm were

selected to investigate the impact of cell dimension of the electric field.

Figure(3.2.2.1)below shove the effectof varying cell diameters on maximum field
strength across cell membrane. It can be seen fthenfigurethat for times beyond

p Tt ssize of cytoplasm does not have significant influence on maximum field
strength inthe membrane. The different sizes oftoplasm give the same field
magnitude when the field build up process is finished. However, the size of
cytoplasm havénfluencethe field strengthduringthe first phase. Biological cells
with larger radii have a lower field strength duritige initial phasecompared with

the cells with smaller radii. This result is different framprevious study which
considered the maximum field strength across the membrane, and found that this

field increases significantly as the diameter of the microbial cell inesd@s].

In other researchediscussed earlig274][78], a spherical single cell model was
developedEquation (3.230) whichgives the Electric field strength obtainadth

spherical single cell modaking

O o b 0 b 0IY (3230

Where'Y is the radius of the cytoplasm, © and6 0 are coefficients relating

to radius of cytoplasm and the microbial d&i8].



CamparingEquation (3.2.18pbtained from linear model anBquation (3.2.30)

obtained from other studies, it can be seen obviously that the radius of cytoplasm
has a significant impact on the maximum electric field strengthércell

membrane. In some expenental studies, the results also show that

microorganisms with larger cell size are more susceptible to the PEF treatment than

the microorganisms with smaller siE92][309].
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Figure (3.2.2.1Transient electric field strength in cell membrane of linear model

with different size of cytoplasiir.

Theresults ofthe linear modehlso showthat the size of cytoplasm mainly
influencesthe phase 1 (polarization process) and phageharge accumulation
process)In the linear modelhe size of cytoplasm firstly influensthe initial
induced transmembrane electric field strength due to dielectric properties but it
does not significary afects the polarization process (phase Echuse the
dielectric property is govern by the materials, they have the same values of
conductivity and permittivity. The cell with larger cytoplasm ta&ésnger time to
finish phase Zthe charge accumulation process) due to the longer travel path of

charges.



In PEF treatment with pulse duration less thapms] the size of microorganisms can
have effects on the transient electric field strength in cell membrane. However, the
linear model is not accurate enough to describe stages after dielguitazization
phases and charge accumulation phases compared withASy’ Q a  N&B6} dzf &
where it shows higher electric field strength would be generated in cell membrane
with larger microorganism. This could be one of tin@thtions of using the linear
model to investigate the electric field strength in cell membrane during PEF

treatment with different kind of microorganisms.

3.2.2.2 Membrane thickness

Figures (3.2.2) below show the effects of varying membrane thicknessioe
development of field strength build up process across cell membrane. It is obvious
that, by changing the membrane thicknetisgre is no notable differencebserved
during phase 1 and phase 2. The differences occur in phase 3 whibbngharge
continues toaccumulaé on outer membrane when the charge accumulation on

inner cell membrane has been finished. Because the cell membrane thickness does
not influence the polarization process and charge accumulation in inner cell
membrane so thee is no sigificant differenceobserved during phase 1 and phase

2. In phase 3athinner cell membrane means higher electric field strength can be

induced inthe cell membrane when the charge accumulatisfinished.
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Figure (3.2.2) Transient electric fieldtrength in cell membrane of linear model

with different membrane thickness; .

It can be obtained from th&igure (3.2.23), that asthe thickness of membrane

drops the maximum electric field strength acradlse membrane increases. €ke

results arein agreement with thos@resented by other studielg8]. However, as

the value of the membrane thickness does not vary significantly for different kind of
microorganisms, they are all in the range ef@nm as introduced befag, the

values of maximum electric field strength in cell membrane remains in the same
order. The results obtained in this simulation suggested that the membrane
thickness does not affect the transient value of electric field across the cell
membrane signi€antly. Compangtheseresultswith thoseobtained fromFigure

(3.2.2.1) it can be verified that the changes in the first phase of field development



are due purely to changes in the size of the cytoplasm.
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Figure (3.2.2) Transient electric fieldtrength in cell membrane of linear model

with different membrane thicknessy .

3.2.2.3 Electrical conductivity of cytoplasm

Figure(3.2.24) below shovg the results of varying conductivity of cytoplasiver a
range of valueslt can be seen from theesult that the conductivity of cytoplasm

does not have significant impact on the maximum field strength across membrane.
However, it has a minimal influence on the first stage of field strength build up in
the membrane. This result is similar to previensdel with dielectric electrodes

[78]. As discussed in previous section, the first phase is mainly governed by the
dielectric characters of cell structure, especially by highly conducting cytoplasm. The
cytoplasm conductivity affects the polarization process significantly (within 1 ns).
Howe\er, the maximum field strength across membrane is not influenocddter
stagesas the charge accumulation procesphases 2 and 3 are mainly governed

by the electrical properties of membrane and surrounding liquid. Therefore,

considemgthe electropoation process based on the calculation results of linear



model, the conductivity of cytoplasaoes notinsignificantlyaffectthe transient
electric field strength in cell membrane during PEF treatmargmilar result was

also obtained by $pin with thespherical single cell modgi8].
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Figure (3.2.24) Transient electric field strength in cell membrane of linear model

with different conductivity of cytoplasnd, .

3.2.2.4 Relative permittivity of membrane

Figure (3.22.5) below shows the result of varying the relative permittivity of
membranewhich are close to generally used value in modelling of PEF treatment on
microorganisms introduced earlieit can be seen from the result that the

maximum electric field strength a@ss membrane is not influenced by the relative
permittivity ofthe membraneg KA OK A& RAFFSNBYyd FNRY {AVA
electrodeg[78]. In his model, the maximum field strengthtire cell membrane

reduces as the fative permittivity of membrane increases. Lower permittivity of

cell membrane results in a slightly faster Maxwalhgner field relaxation time.
However, in this linear modedsthere is no dielectric electrode included, there

would be no MaxwellWagnerfield relaxation process in the treatment region. (The

electric field strength between electrodes would not drop).
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It can be obtainedrom Figure (3.2.25) that the relative permittivity of membrane
hasa slightlyimpacton the field strength build up paess acrosa membrane A
membrane with higher relative permittivity takeslonger time to reach the
maximum electric field strengglhis result follows the spherical model with
dielectric electrode$78]. However, astie pemittivity of cell membrane cannot be
controlled during PEF treatment applications and the valuegadgsignificanty
between dfferent kinds of microorganismduring general PEF treatment

applications, the effects caused the permittivity of the cell membrane can be

ignored
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Figure (3.2.5) Transient electric field strength in cell membrane of linear model

with different relative permittivity of cell membrane, .

3.2.2.5 Conductivity of environmental fluid

The analysis conducted in the preveosection revealsow different electrical and
physical parameters of microorganism influence the electric field build up process
acrosdts membrane. However, these parameters are determinedby
YAONRB2NBIYAaYQa VY| (dzNI f ettdmBdal8rdlinA S& F Yy R
practical PEF treatment. Therefore, the investigation of controllable parameters

during PEF treatment is necessary to provide information and optimize the process



of PEF treatment. Conductivity of environmental fluid is a relative conliella

parameter.

Figure (3.2.5) below shows the result of varying the suspendioid

conductivities. It can be seen from the resuthe conductivity of environmental
fluid has significant influence dhe build-up of electric field acrosa bio-

membrane. Mode with higher conductivity of fluid takes shorter time to reach the
maximum field strength compared with lower conductive fluid. However, the
maximum field strength acrosbe membrane is not influenced ke conductivity

of environmenal fluid. The electric field of lowest conductive liquid is still
increasing when the higher conductive liquid has reached the peak value. With
higher conductivity situation, the result is also different from previous study with
dielectric electrodes. Inngvious study, with higher conductivity, the field strength
across the membrane drops significardlye to MaxweHWagner field relaxation
process which is not being observed in this md@8l. The differences between
these two models should be investigated and will provide more information about

PEF treatment equipment design.

The conductivity of environmental fluid mainly influestbe charge accumulation
process (phase 2 and phase 3). It can b&eoledthat with higher comluctivity, it
takes shorter time for the electric field strength in the membrane to reach the
steady state value. With commonly used conductivity of environmental fluid (0.15
S/m), the electric field strength can reach up to the steady state value at drbun

>A® M>& AYLlz aS RdzNI GA2y gla faz2z 02YY2y
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Figure (3.2.%5) Transient electric field strength in cell membrane of linear model

with different conductivity of environmental fluid (treatment regior), .

3.3Discussion

This chapter developed an initial linear model with cell membrane and cytoplasm of
a single cell expressed by an external electric field strength. This analytical model
was conducted using Excel in order to investigate the transient resporike of
induced electric field strength in the cell membrane during PEF treatment. The test
cell of this linear model is conductive PEF treatment test cell. The cell membrane is

represented by simple layers in this model which is considered as no conductive.

Additional analysis has also been conducted to investigate the effect of different
electrical and physical properties of the microbial cell on the dynamic of transient
membrane electric field. The results obtained with this model suggest that the
membrane hickness has a significant impact on the maximum electric field strength
in cell membrane. Other parameters such as size of the cell, electrical conductivity
of environmental fluid, conductivity of cytoplasm and relative permittivity of cell
membrane havéess significant influence on the electric field strength in cell

membrane during PEF treatment.

The results obtained frorthe linear model suggested that the size of cell (diameter

of cytoplasm) does not have significant influence on the transient etefigld



strength in the membrane during PEF treatment whidifferent from other

studies, e.g[78]. The previous study was developed with a spherical cell model
which is different from linear model. The radius of the miegamism has

significant effects on the results of the equations, which can be seenHEguation
(3.2.30). This can be considered as a limitation of the linear model. In order to have
more accurate and detailed investigation about electrical propertigsigher

information during PEF treatment, a more advanced model is necessary.

This linear model simulates a single cell of microalgae with realistic size and
parameters which is exposed to applied30 kV/cm electric field strength. The
obtained results btransient electric field strength build up process follows other
studies with different kind of models (spherical model) which support the feasibility
of optimization of PEF treatment with it. However, the linear model does not take
into account the sizer geometry of microorganism whichasimitation during

some detailed investigations. Secondly, the linear model can only calculate the
transient electric field strength in cell membrane, the electric field distribution in
cytoplasm and environmentéluid cannot be investigated. Thirdly, duritige

charge accumulating process, the thermal effects could have interactions between
bio-cells or environmental fluid which is generally not taken into account during the
study of PEF treatment. It would be beiwgdl to investigate the thermal effects
during PEF treatment. Moreover, different kind of applied signals (the step impulse
or oscillating signals) are hard to investigation witk linear model. So a more
advanced model is necessary to overcome thesbi@ms and provide more

detailed information about interactions between electric field and microorganisms
during PEF treatment. The second madethis work,which is built up with

Quickfield will be introduced in Chapter 4.



Chapter 4QuiclkHeld 2D axial symmetry
model of microorganisms

The linear model of a microbiological cell developed in Chapter 3 enables analysis of
the transient electric field in the cell membrane during the PEF treatment. However,
this model has several limitations, onetbém is: the linear model cannot provide
detailed information about electric field distribution in the cytoplasm and
environmental fluid during the PEF treatment. Detailed information on the electric
field in the cytoplasm is important as the cytoplasnmi@ins several cell organelles
which have their own membrane structures. Thus, the electric field developed in
the cytoplasm during the PEF treatment might have an effect on these cell
organelles. The second limitation of the linear modethat althoughthis model

does not include the cell nucleus it is known that the naeoond PEF treatment
provides significant effect on the intreellular structure§123][124][125]. The

third important limitation of the linear model is as follows: the thermal effects

during the PFE treatment are not taken into account. However, the results obtained
using the linear model show that there are conduction processes in the liquid media
which are generated by the externally applied field and which may lead to local

heating effects across the brmembranes.

There are complex interactions between the microorganism and the electric field
during PEF treatment, which include the appearantelectromechanical forces
acting across solitlquid interfacesj.e. membraneslocal intensive joule heating,

and resulting thermal forces. The linear model is not capable of taking into account
all of these effects, therefore a more advanced model de&geloped, to allow

these local thermal and electrmechanical effects and forces across biological

membranes to be taken into account.

In the present Chapter, QuickField electrostatic software is used to develop a single

cell model using 2D axisymmetgeometry, this model includes a cell nucleus.



4.1 Single cell model with cell nucleus

Considering the same type of microorganism as was used in the linear model, it was
decided to develop a 2D model of a single microalgae cell. The parameters of
environmental fluid and cytoplasm were identical to the parameters used in the
linear model. Although the membrane is considered as acwrductive layer, in

the QuickField model, the membrane conductivity requires to be set to a small

value ofp 1 S/m to enableoperation of this software. This parameter value was
also used in the previously published paper in wia€OMSOL model was used

[310]. The nuclear membrane has a structure similar to that of the cell membrane,
both membranes have lipid bilayers and they are permeable to select ions, proteins

and organic moleculg811].

Figure (4.1xhows the diagram of thisrgyle cell model. The parameters of the
single cell model are listed Table 4.1 The mesh show that, details information in

the domain of cell membrane was investigated.

In the present model the conductivity of the nuclear membrane is set to the same
value as the conductivity of the cell membrane. The same assumption was also
made in studyf7]. According to the literature, the size of cell nucleus is generally in
the range 520 um[312]and the snallest cell nucleus was found as ~ 1 um in Yeast.
In this model, the cell nucleus was simplified as a spherical shape with conductive
liquid inside and almost neoonductive nuclear membrane, the size of cell nucleus
was set as 1 um. In general, the thieks of nuclear membrane is greater than the
thickness of cell membran813][314]. In the present model the thickness of

nuclea membrane is set to 10 nm, thimlue was also used jB15]. The

conductivity ofthe cell nucleus waset to bethe same as the conductivity of

cytoplasm, this assumption was also mad¢zi{316].



>

Equator

Axis of symmetry

Nuclear diameter 1 um

Cell diameter 5 pm

Treatment width 10 um

@

L (um

132

Figure (4.12D model of a single algae cell: cell dimensions (a), QuickField model
used for analysis of the electric field (b).
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The test chamber was modelled as two paradlelctrodes, with a gap of 10 um

filled with theenvironmentalliquid, the applied voltage was 0.03 kV so the field
strength of 30 kV/cm was generated in the environmental fluid (in the treatment
region). This field strength is a typical electroporation field strength which was also

used in the linear model

Table4.1Parameters used in the 2D single cell modeimerical values are taken

from the published literature

Parameters Value
External voltage 0.03 kV
Width of treatment region 10 pm

Thickness of cell membrane

5nm [274][275]

Diameter of cytoplasm

5um [274][143][144]

Relative permittivity of cytoplasm

80 [274] [273]

Relative permittivity of membrane

2 [274] [273]

Relative permittivity of surrounding liquid

80 [274] [273]

Conductivity of cytoplasm

1.2 S/Im[7] [307]

Conductivity of cell membrane

p 11 S/m[310]

Conductivity of environmental fluid

™ p 1t S/m [274][275]

Diameter of cell nucleus

1um [7][316]

Thickness of nucleus membrane

10 nm [7] [316]

Relative permittivity of cell nucleus

80 [315] [274]

Relative permittivity of nucleus membrane

2 [274][315][273]

Conductivity of nucleus

1.2 S/m[7] [307]

Conductivity of nucleus membrane

p m S/m[274][275]




4.2 Steady state DC conduction results

In order to investigate the thermal effects during PEF treatment, a DC conduction
approximation was used. In this steady state DC conduction analysis, only the
electrical conductivity is taken into account, allowing the electric field and current

density dstributions to be obtained.

4.2.1 Electric potential and electric field distribution

Figure (4.2.13howsthe distribution of electric potential under steady state DC
conduction conditions. It was shown that there is a potential difference between
the environmental fluid and cytoplasm, also there is a potential difference between
the cell nucleus and cytoplasm. However, the potential difference between the
cytoplasm and cell nucleus does not change across the surface of the cell nucleus.
As with the linar model, when the charge accumulation process inside the cell is
completed, the charges on both side of the nucleus membrane remain steady, so
the transmembrane potential across the nucleus membrtarals to be a constant
value. Electric field could be gerated in the nucleus membrane. The detailed

representation of the potential distribution in this model is showrFigure (4.2.1)
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Figure (4.2.1Flectric potential distribution in the bioell model in the steady state
dcconduction analysis, the reference line shows the path across which the

transmembrane potential is obtained.

Figure (4.2.25hows the transmembrane potential along the reference linEigure
(4.2.1).There are well pronounced potential differences asrtise cell membrane
and nuclear membrane. According to the results, the transmembrane potential
difference on the pole ts p 76 in this model, which is of the same order of
magnitude as the value obtained by the Schwan Equato@, 6 . The maximum
electric field strength in this modellis¢ p Twfa , which is also of the same
order of magnitude as the results obtained using the linear mede®(

p Ttwfd ). As sich, the transmembrane potential has reached the thresholdtod
electroporation process V). The transmembrane potential across the nuclear

membrane i8 T& w, which is not large enough to cause electroporation.
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Figure (4.2.2Potential differences along the reference line showifrigure (4.2.1)

The voltage drops across the cell and nuclear membranes are circled.

Figure (4.2.3yhows the electric field distribution in the case of the steady state DC
simulation. The graph shes the electric field distribution in the cell membrane,
whichis similar to the Schwan Equation, with its minimum value on the equator and

its maximum value on the pol&jgure (4.2.3.1)
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Figure (4.2.3Electric field distributionn the steady state DC conduction case.
Zoomed in viewareincluded to show the relationship between the electric field
strength and position. The main domain was shown as uniform dark blue due to the
low electric field strength in environmental fluid acgtoplasm compared with

largefield strength in cell membranes.
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Figure (4.2.3.1Flectric field strength across the cell membrane, L represents the

point moving around the circumference of the cell membrane from pole to pole

with membrane thickness takento account {AA  x&t 1 ).

According to the results, the maximum electric field strengthd® p mwfa,
which could be calculated throudg¥igure (4.2.2)The electric field strength in the
cell nucleus and cytoplasm is negligible in this situafiogure (4.2.3.2)
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Figure (4.2.3.2Flectric field strength across the nucleus membrdne=presents
the point moving around the circumference of the calkcieus from pole to pole.
The peaks were caused by calculation errors of software which cannot be solved in

this mode| thus there is no significant differences observed

In the steady state analysis, the charge accumulation process inside the cell is
competed, thus there would be no significant charge movement in the cytoplasm
and nuclear fluid. Due to the extremely low conductivity of the cell membrane and
nuclear membrane, the electric potential in the cytoplasm and nucleus is relatively
stable and thee is no significant voltage drop inside the cell. So, the electric field
inside the cells is constant, the electric field in the nuclear membrane is uniformly

distributed as shown ikigure (4.2.3.2)
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4.2.2 Current density and power

Figure (4.2.45hows the current density distribution in the steady state DC

conditions. It was found that the maximum current density is generated outside the
membrane in the environmental fluid and its valueq¢s p 1! & . Due to the

joule heating caused by suelturrentdensityz. 4 KSNBX YA 3IKG 6S | WK:
positioned in this areaAlthoughthe current density in the cytoplasm and cell

nucleus follovg the same tendency: the maximum value is outside the membrane

on the equator (the poles are the positions close to eledes),Figure (4.2.5)

however, the values of the current density are negligibly lova p 1T ! 7& in

the cytoplasmand o p 1 ! 7& in the nucleus.

AsWK 2 (isQa RIg G G KS Sy @ AstBriyigvite WPEFtréatnierit, dzérdforeS E A
these local thermal effects may contribute to the electroporation process, causing
potential structural changes which may accelerate damage (electroporation) of cell

membranes.

Joule heating is the main source of slotal heating; as shown Figure (4.2.6jhe
maximum value of power released in the hot spaifis p 1w 7a . This value is
too high to be ignored, and detailed investigatioroshd be conducted to

understandthe local heating effects.
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Figure (4.2.4Current density distribution in the steady state condition.
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Figure (4.2.5Current density distribution in the steady state condition in the cell
nucleus (graph obtained through zooming in a sectioRigtire (4.2.4and

changing the factor in the legd of cell nucleus from).
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Figure (4.2.6Power dissipation due to the conduction current in the steady state

DC conduction case, single cell model.

4.2.3 Local heating effects

In order to investigate the thermal effects during this field stimulajwocess (PEF
treatment), the transient heat transfer model can be used which is linked to the DC
conduction model in QuickField softwafeable (4.2below introduces thehermal

parameters used in this combined heat and conduction analysis.
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Table4.2 Thermal parameters, values &k from publications shown

Parameters | Environmentall Cell Cytoplasm Nuclear Nuclear
fluid membrane membrane
Heat 4181.3 3000 4181.3 3000 4181.3
capacity at | 12101317 | [317] [310] [317] [310]
constant 317] 317]
pressure
[J/(kgK)]
Thermal 0.61 0.568 0.61 0.568 0.61
conductivity| 4, [122] [122] [122] [122]
[WI(mK)]
[310] [310] [310] [310] [310]
Density 998.2 1100 998.2 1100 998.2
[kg/m?] [310] [310] [310] [310] [310]

Figure (4.2.7¥hows an increase in temperature due to the local heating effect
discussed irsection 4.2.2 1t is shown that at the typad electroporation electric
field strength (30 kV/cm), there is almost no global temperature increase in the
SYGANRYYSyGlf FfdZAR K2gSOSNE Al aKz2ga WYK:
local heating mainly takes place in the environmental flui@, élxternal electric

field strength and conductivity of the fluid might have significant influence on these
local effectsFigure (4.2.8s5hows the local heating effects at higher electric field
strength (60 kV/cm) and higher conductivity (0.6 S/m) of tha&lf these

parameters were used if273].

Figure (4283 K2 ¢ga GKIFIG GKS GSYLISNI GdzNB 2F (KS

fluid increases by ~3 in 1 us. The temperature increagel( in the cytoplasm and



nucleusislessthan<sl AT A AAT ATpichllf ¢e I8cAl Gehtihgeffects
are not considered in the PEF studies because there is no significant increase in the
bulk temperature of the environmental fluid (the PEF treatment is considered as a

Ggni KSNY It é LIN2OSAaa0n O

Temperature 1.2 11 03 08 07 06

0.5 0.4 0.3 0.1 0
—20
TA07°°0) T T

Figure(4.2.7)Transient temperature increase distributionT) in 10us; electric

field strength is 30 kV/cm.
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Temperature 7.590 6.831 6.072 5.313 4.554 3.795 3.036 2.277 1.518 0.759 0.000

T(°C) | S I | N B

Figure(4.2.8)Transient temperature increase distributionT) in 1us; electric field

strength is 60 kV/cm andonductivity of fluid is 0.5 S/m.

Figure (4.2.65hows power loss is generated next to cell membrane b&igare
(4.2.7) the high temperature is not at the same place, this could be caused by the
coupling of thermal analysis and electrical analysisrdyicomputing by the

software. Furthermorethe transient thermal effects in the case of higher electric
field strength and higher conductivity of the fluid may be sufficient to cause
potential damage to the cell membrane or could help to accelerate thre po

formation in the membrane.

4.3 Transient QuickField analyssghgle cell model

The steady state DC conduction simulation can be used to investigate the electric
field and thermal effects in the steady state phase (after completion of the charge
accumulation process discussed in chapter 3). However, the steady state simulation

cannotbe used to investigate the transient effects during the PEF process before
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the field reaches its steady state phase (during the charge accumulation phase). This
phase is considered to be completed within 1p&2for the model and parameters
presented hergchapter 3). The electric field distribution and thermal effects during
this phase are not well understood and required further investigation. The transient
analysis (nansecond simulations) is used in this section to investigate the electric
field distrbution and thermal effects in the single cell model using the field strength
of 30 kV/cm.It was shown ir§7] that the ns PEF treatment could cause the
electroporation effect and induce tensile stresses across the nucleus na@@b
destroying the subcellular structures. A transient analysis could be used to
investigate the field and temperature inside the cells (in its cytoplasm and cell
nucleus) during the PEF treatment. In this section, the transient analysis is used,

both permittivity and electrical conductivity will be included in the simulations.

4.3.1 Electric potential and electric field strength distribution

Figure (4.3.1yhows the electrical potential distribution at 1 ns in the single cell
model with cell nucleusCompared with-igure (3.3.1)there are potential

differences in cytoplasm and cell nucleus between regions, which is different from
the steady state DC conduction results. Because the charge accumulation process
inside the cell is still not completed an%, the charge distribution inside the cell

did not reach its steady state.

Figure (4.3.25hows the transmembrane potential along the reference linEigure
(4.3.1) There are two significant potential drops across the cell and nuclear
membranes. It \as found that, in this model, the transmembrane potential
difference across the cell membrane ip8t 6, and the maximum electric field
strength ig ¢® p 1671 . This value has the same order of magnitude as the

results obtained from the linear model (Qdtar 3)x p& v p 161 , Figure



(3.2.1.1) Such field strength leads #opotential drop which is close to the critical
value for the electroporation process  6). The transmembrane potential across

the nuclear membrane is also 6, which is higher thathe transmembrane

potential across the nuclear membrane obtained in the case of the steady state DC
conduction (& 6 , Figure(4.2.2). This result is similar to the value of the nuclear
membrane potential developed during the nassecond PEF treatmefi], which

could damage the cell nucleus.

|

Voltage 30 27 24 21 18 15 12 9 6 3 0

' /Reference line

Figure (4.3.1jransient model: Electric potential distribution, the reference line is

included to show the path across which the transmembrane potential is aidain
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nuclear:membrane

Figure (4.3.2Potential differences along the reference lineFigure (4.3.1)The
voltage drops across the cell and nuclear membranes are circled. The waie

calculatedat positionson thereference line.

Figure (4.3.35hows the electric field distribution at 1 npbtained in the transient
analysis simulation. The graph shows the electric field distribution in the cell and
nuclear membranes, these fields fmN the Schwan Equation with similar
behaviaur, with minimum field value achieved at the equator and the maximum
value at the polefFigure (4.3.3.1andFigure (4.3.3.2)According to the results, the
maximum electric field strengthis¢8t  p 1671 , which is quite close to the

value obtained fronfigure (4.3.2)For the cell nucleus and cytoplasm, the electric
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field strength is not negligible in this situatidAigure (4.3.4)The graph shows a
higher electric field strength in environmental fluid aompared with that in the
highly conductive cytoplasm. The reason for this is as follows: 1 ns is too short for
the chargeaccumulatiornprocess, the charges are still accuminligiat each

boundary of cell membrane, both in cytoplasm and environmentd fiwhich
affectstheir contributions to the electric field in cytoplasm and environmental fluid.
According to the simulation results, the electric field strength in the cytoplasm and
cell nucleus cannot be neglected in the nasexond PEF treatment, with¢ &

p 6 strength in the cytoplasm andyg8t p 1671 in the cell nucleus after 1
ns. Sucla highelectric field strength could help induce fiedéfectsin cell

organelles, with membrane structures (suahelectric field inthe cytoplasm could

be regaded asanexternal electric field applied to cell organelles with membrane

structures) and might cause structural damage to these membranes.

AN
\\ \

N 2.191
\

Strength
E 108(V/m)

3.130

2.817

2.504

\\ \ 1.878

1.565

1.252

0.939

0.626

0.313

0.000

Figure (4.3.3jransient analysis: Electric field distribution at 1 ns. Zoomed in graph
is ncluded to show the relationship between the electric field strength and

position. The main domain was shown as uniform dark blue due to the low electric
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field strength in environmental fluid and cytoplasm compared with the much higher

field strength in c#é membranes.

Strength
(x 108 V/m)
2.0 :
18 el i L
1.7 feseecdinneas
1.6 foussidicnsacdinenndie.n
R Rt ittt et S o
1.3 ez

1.2 frerereieanens

R s s et B

0.3 i
0.2 freeedeee

0.0 i i i i i i i LA i i i i i i i i i i
00 03 06 09 1.2 15 1.8 21 24 27 3.0 33 36 39 42 45 48 51 54 57 6.0 63 66 69 7.2 75 7.8
L (ym)

Figure (4.3.3.1Electric field strength along the celble to polefollowing thearc d

the membrane.
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Strength
(x 107 V/m)

8 =
.

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0 11 1.2 1.3 14 1.5 1.6
L (Mm)

Figure (4.3.3.2Electric field strength along th@gole to pole arc of theell nucleus

membrane.

Strength 3430 2.817 2504 2191 1.879 1.566 1.253 0.940 0.627 0314  0.00

E10°(V/M) s

Figure (4.3.4jransient analysis: Electric field distribution at 1 ns, the maximum
electric field strength in this figureXiso® p mwfa which facilitate a clear view

of the electric field distribution in both cytoplasm and cell nucleus.
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4.3.2 Current density amgbwer dissipation

Figure (4.3.55hows the current density distribution in the cell and around the cell.
The maximum current density is generated outside the nuclear membrane in the
cytoplasm with a value of¢& p 1! 7& . Thus it is expected that such current
density will cause local heating effects in this region due to joule heating. The
current density in the environmental fluid has a maximum value outside the
membrane on the equatoifigure (4.3.5.1)However, the cuent density is only

x p8t p m! ¥& and is negligible compared with the current density in
cytoplasm. The difference between the current densities in the steady state and
transient analysis results from the short time of analysis, 1 ns: the charge
redistribution process is not completed during this short time. However, the
conductivity of cytoplasm is much larger than that of the environmental fluid, so a
higher current density would be generated in cytoplasm and a more rapid charge

accumulation processould occur in the cytoplasm.

The high current density in the cytoplasm could induce thermal effects and make a
contribution to the electroporation process of nuclear membrane which could
damage the organs of cytoplasm and cell nucleus during+sacond PE

treatment.



Current density 2780 2502 2224 1.946 1.668 1.390 1.112 0.834 0556 0.278 0.00

j(10°A/m?) T T

Figure (4.3.5Current density distribution iof transient analysis in 1 ns.

Current density 2000 1800 1600 1400 1200 1000 800 600 400 200 0O

i(A/m?) T T T TS

R e S e T e
e e e e e . . e A el A e e e el e
——— e - i . . . . . A T G T e e e e =

e . e, e S T T T e

Figure (4.3.5.1)ransient analysis: Current density distribution at 1 ns, the

maximum value of the current density in this figure was set to 2000 Admesdve
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visually the current distribution in cytoplasm which allows the changes of current

density in cytoplasm to be clearly observed.

However, the QuickField software package cannot link the transient electric field
with the transient heat transfer analysius the temperature distribution cannot
be obtained in this simulation. This is a limitation of the QuickField model in

investigating the thermal effects during the transient PEF energization regime.

4.4 Multiple cells analysis

In the practical casesnillions of microorganisms are present in the liquid medium,
thus, these microorganisms could be located close to each other. Using QuickField
software, any field effects which could be inducednigyghbouringmicroorganisms

were investigated. Thus the model with multiple cells was developed, this model
includes 3 single cells (Cell A, Cell B and Cell C, which will be used as the appellation
in further analysis of this section), withcell nucleus present inaeh cell as shown

in Figure (4.4.1).

Each cell has the same geometrical and dielectric parameters as were used in the
single cell model in this chapter. The treatment region was expatwledma |, so

the applied voltage was set to 60 V to achieve a 3@kMield strength in the
treatment region.The space between cell A and cell B is 1 nm meanwhile cell B and

cell C aren contact



Figure (4.4.1uickFieldnodel which includes multiple cells. Cell A and Cell B have
amdtl C Aletween them, the external membranes of Cell B and Cell C are in

contact with one another.

4.4.1 Steady state analysis

Figure (4.4.25hows the electric potential distribution in the steady state DC
conduction case. It was found that the potential distribution in the environmental
fluid and inside each cell are the same as in the single cell model: no significant
potential differencesn the cytoplasm and cell nucleus. The charge accumulation

processes are completed in each cell in this steady state.

36 30

60 54 48 42
[ [ I

l IJ

Voltage
uv)

Figure (4.4.2Electric potential distribution in the steady state DC conduction
simulation, the reference line ia¢luded to show the line across which the

transmembrane potential is obtained.
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Figure (4.4.35hows the electric potential obtained as a function of positions L (um)
along the reference line iRigure (4.4.2)The graph shows the voltage drops at the
cellmembranes in each single cell and these values are high enough to cause the
electroporation process/alues are same at both poles

(B 6 ET#A NG 6 AT#AT AT A6 £I#O\#)] There are no significant
differences between the transmembramstentials in each single cell. However,
compared with the transmembrane potential in the nuclear membrane, it is shown
that the potential increases from the cytoplasm to cell nucleus and the potential
drops when it goes from the nucleus to cell membrameach single cell, as shown
in Figure (4.4.3)Thisbehaviourof the potential is different from the results

obtained for the single cell, and has not been reported before and requires further
analysis. Furthermore, the transmembrane potentials of nualeembranes in

each cell are different and their values beconteser values are same at both
poles(p& 6 AI#QA I i 6 A1#OAT AT #® & AI#OA#) When the cell is

getting closer to the ground electrode. For Cell A, the transmembrane potefitial o
its nuclear membrane has reached the electroporation threshold of 1 V, which
indicates that even with uS PEF treatment, the electroporation process could be
triggered within the nuclear membrane, but mainly electroporation takes place in

the cell membraes due to the higher transmembrane potentials.



Ilmembrang of:

ell

0 1 2 3 4 5 6 7 8 9 10 1 12 13 14 15 16
L ()

Figure (4.4.3pPotential differences along the reference lineFigure (4.4.2)The
voltage drops and voltage increases across cell and nuclear membranes are circled.
The values were measured at the positions on the reference line (for example: half

circumference of cell nucleus).

Figure (4.4.43hows the electric field strength digoution, the maximum value is

x ¢® p mwfa which is close to the value obtained in the single cell model and
the magnitude of electric field in the cytoplasm and cell nucleus is very IQ& (

p T wid)and( p& p 1 WI&) respectivelyFigure 4.4.4.1)shows the electric

field strength along the reference line (cell membranedjigure (4.4.4)where it is
obvious that the field follows the Schwan Equation and the field values are similar in
each cellFigure (4.4.4.25hows the electric fieldtrength in the nuclear

membranes, the results are also similar to those for the single cell model: due to
the completed charge accumulation process, the charges inside the cell are stable,

and the electric field strength in the cell nucleus is constant.
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Strength
E10°

2.140 1.926 1.712 1.498 1.284 1.070 0.856 0.642 0.428 0.214 0.000
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Reference lines
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Strength
E10%(V/m)

2.140 1926 1712 1.498 1284 1070 0856  0.642 0428 0214  0.000
| I [ \ [ I I T I

/Reference line
| \

(b)

Figure (4.4.4Electric field distribution in the steady state DC conduction case.
Reference lines were used to obtain the electric field strength of cell membranes
(a), other similar reference lines were also used to obtain electric field strength in

the nuclear membraes (b).
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Figure (4.4.4.1Flectric field strength along the reference lines, the values were
measured at the positions on the reference line (for examples: half circumference
of cell nucleus. The potential drop between Cell B and Cell C was generated due

the calculation errors between boundaries and caused by software).
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Figure (4.4.4.2Electric field strength in nuclear membranes of each single cell, the
values were measured at the positions on the reference line (for example: half
circumferenceof cell nucleus), the electric field strength in transmit region is not
clear on the graph as the values are negligible compared with the values in the

membranes.

Figure (4.4.55hows the current density in the steady state DC conduction case,
there isno significant differences in the current density compared with that in
Figure (4.2.4)the maximum value in the multiple cells modetigt o fix and in
the single cell model is ¢ ¢! fa . This is because the current in the steady state
case flows mosyl through the environmental fluid and the conductivity of this fluid
in both models is the same. The current density ingideh of thecellsis negligible

in the multiple cells model (DC steady state case).

160



Thelncrease in the current density at the polefsthe three microorganisms can
potentially increasdl KS f 2 O0Ff GSYLISNY GdzNB G GKS&S
all2iaQ 6KAIK AyiS ywekedbserveddzNiNSnbdel. IRgeyesalA G &
for electroporation applications, samples withdarmicrobial populations are
GNBIFiISR® ¢Kdzasr adzOK WK2(0G aLlidaQ O2dz R
treated samples, and these thermal effects could be more significant in samples

with higher conductivity of the fluid and at higher applied elecfrelds (as

discussed irsection 4.3.

Current density 200  1ss1 1672 1463 1254 1045 836 627 418 209 0

i4/m?) e— I i i I T —

Figure (4.4.5Current density distribution in the steady state case.

Power Loss 8770 7.893 7.016  6.139 5.262 4.385 3.508 2.631 1.754 0.877 0.000

Q(10°W/m®) pu— I i i i i I

Figure (4.4.6Power dissipation in the steady state case.
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4.4.2 Transient analysis

Figure (4.4.7yhows the electric potential distribution in the case of the transient
analysis at 1 ns. It can be seen that the potential distribution in the environmental
fluid and inside each cell are the same as in the single cell model: there are
potential drops aanss interfaces between the environmental fluid, cytoplasm and
cell nucleus. The simulation time of 1 ns is too short for the electric field to relax
due to the conduction processes in the fluid, and the dielectric properties of the cell
structures play ammportant role in this situation. Comparing the electrical potential
distribution in the cytoplasm and fluid, there is no significant difference between

the results obtained using the single cell model and the multiple cell model.

Voltage 60 54 43 42 36 30

, : . 24 18 12 6 [}
U [ | I N B |

Figure (4.4.7Electric potential distribution in transient field case, the reference line

usedto calculate transmembrane potentia included

The electric potential was obtained along the reference linEigure (4.4.7), and

this potential as a funadn of positions L (um) is shownkigure (4.4.8)The graph
shows the voltage drops across the cell membranes in each single cell and the field
values are high enough to trigger electroporation procesges (

o6 Al#RNA ¢6 £I#ATAT & o6 AI#AQ#). There is no significant

differences between potential drops when the cell is getting closer to the ground
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due to the same structures of cells and parameters. On the contrary, compared with
the transmembrane potential in the nuclear membrane, thexalways a potential

drop (from the cytoplasm to nucleus or from the nucleus to the cell membrane) in
each single cell, which is different from the results obtained in the steady state
simulation. Furthermore, the transmembrane potentials in the nucleambranes

in each cell are the same § 6 EI#RA Ikl p 6 F£l#AT A1 *xAp 6 E£1#R#A),]

which is also different from the results obtained from the steady state simulation
(when the cell is getting closer to the ground, the transmembrane potentials
becomes lower). All transmembrane potentials of the nuclear membrane have

reached the &ectroporation threshold (1 V).
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voltage drops across the cell and nuclear membranes are circled.
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Figure (4.4.95hows the electric field distribution in the transient case at 1 ns. The
graph shows the electric fidldistribution in the cell and nuclear membranes, this
field follows the Schwan Equation, with minimum value at the equator and
maximum value at the pole of the membrané&sgure (4.4.9.1andFigure (4.4.9.2)
The maximum electric field strengthtio® pm wfa , which is the same as in the
case of the single cell, as showrFigure (4.3.3)For the cell nucleus and
cytoplasm, the electric field strength is not negligible in this situatiogure

(4.4.10) According to the simulation results, the electfield strength in the
cytoplasm and cell nucleus is not negligible in the naacond PEF treatment, the
strength in the cytoplasm s ¢8t p TWIG andk x& p TWIA in the cell
nucleus at 1 ns. These values are close to the results obtained imsirtgle cell
model, which also confirmthat the electrical field ireach cell in the multiple cells

model is not affected by the field in other cells.

Strength 3120 2809 2497 218 1875 1563 1252 094l 0629 0318 0

E108(V/m) | | | | N
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Strength 3.120 2.809 2.497 2.186 1.875 1.563 1.252 0.941 0.629 0.318 0
E108(V/m) IS \ \ I \ T ea—

Reference lines

~

(b)

Figure (4.4.9Electric field distribution at 1 ns. The main domain was shown as
uniform dark blue due to the low electric field strength in environmental fluid and
cytoplasm compared with the much higher field strength in cell membranes.
Reference lines (represent tlemvironmental fluid/membrane boundary in the

model) were used to obtain the electric field strength in the cell membranes (a), the
same reference lines were also used to obtain the electric field strength in the

nuclear membranes (b).
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Figure (4.4.9.1Flectric field strength along the reference lines (electric field
strength in cell membranes).
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Figure (4.4.9.2Electric fieldstrength in the nuclear membranes of each single cell.

Strength 3.10 2,79 2.48 217 1.86 1.35 1.24 0.93 0.62 0.31 0.00

E108(V/m) IS I I — ——— |

Figure (4.4.10Electric field distribution at 1 ns, thmaximumelectric field strength
of colour plotwas limited to* o p Twfa in order to show clearly the electric

field distribution in the cytoplasm and cell nucleus.

167



Figure (4.4.1) shows the current density distributioat 1 ns It is shown that higher
current densities are generated in several positions: outside the nunteanbrane

in the cytoplasm and inside the cytoplasm closer to the other cell, which is different
from the results obtained using the single cell model. The number of cells does have
an effect on the current density distribution in the nano second PEFnreat. Due

to the joule heating, there should be local hot spots in these regions. On the
contrary, the current density in the environmental fluid also shows the same
tendency: with the maximum value achieved on the outer surface of the

membrane Figure (44.11.1). However, the values are orflyp8t p 1! ¥& and

could be neglected compared with the current density in cytoplasm. The current
density shows a higher value in the cytoplasm compared with that in the external
fluid, this is caused by the higherrmhuctivity of the cytoplasm compared with the
environmental fluid. The high current density regions which are visildtegure

(4.4.11) appear at the cytoplasm at the points of contact betweenghbouring
microorganisms, in the region of their equatdihis increase in the current density
was not observed in the case of a single microorganisgure (4.3.5) Such high
current density may help to generate thermal effects and accelerate the

electroporation process of the membrane or damage the celhoejjes.

The high current density in the cytoplasm could induce more pronounced thermal
effects as compared with the single cell model and will make contribution to the
electroporation process of the nuclear membrane which could damage the

organelles of the cytoptan and cell nucleus during the nasecond PEF treatment.



Current densitv 3.480 3.132 2.784 2.436 2.088 1.740 1.392 1.044 0.696 0.348 0.00

j (106 A/m?) | | | | I | T i

Figure (4.4.11Current density distribution at 1 ns.

Current density 2000 1800 1600 1400 1200 1000 800 600 400 200 0

j(A/m?) T | | i i i |

Figure (4.4.11.1Current density distribution at 1 ns, the maximum value was set to
2000 A/nt in order to show clearly the electric field distribution in the cytoplasm

and cell nucleus.

4.5 Summary and discussion

In this chapter, two models were developed using the QuickField software package:
the single cell and multiple cells models. These n®dere used to investigate
electric field, current density and thermal effects in the steady state and transient

cases. The main results obtained in this chapter can be summarized as follows:
Steady state analysis in the single cell model

o Electric potetial distribution and transmembrane potential of cell
membrane and nuclear membrane were investigated ahdw

similar results tahe linearmodel due to the very low conductivity of
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membranes, however, such field distribution would not be generated
in thecell wall as it is not a membrane structure with low
conductivity.

o Electric field strength distributions were investigated, the results
were consistent withthe linear model and other mathematical
modelling result§274][78] [290].

o Investigation of the current density shows that local heating effects
exist in the environmental fluid during the PEF treatment and may
help to enhance the electroporation process if the joléating due
to such conduction current is significant. Thus, the electroporation
process would be enhanced by the thermal effects during PEF
treatment of microorganisms.

1 Transient analysis of single cell model

0 Electric potential distribution and transmémane potential of cell
membrane and nuclear membrane were investigated and the results
show that the nanesecond PEF treatment could trigger the
electroporation process in the nuclear membraig. previous
investigationhasfocused on the interactions beeen external
electric field and cell nucleus during PEF treatment when the thermal
effects among cell nucleus and cytoplasm were investigated.

o Electric field distributions were obtained, with the results shmgv
that the electric field strength induced the cytoplasm and cell
nucleus could affect the organelles or structures inside cells and
enhance the lethal effects of the PEF treatment.

o Investigation of the current density shows that local heating of the
cytoplasm during the nansecond PEF treatmemiists and may
help to enhance the electroporation process of the nuclear

membrane.



1 Multiple cells model

0 Both steady state analysis and transient analysis were performed
using the developed multell model, with the results showing that
in the steady st case, the number of microorganisms might have
an effect on the local heating of the environmental fluid.

o The transient analysis demonstrated that the electrical potential and
electric field inside each cell do not depend on the presence of other
cellsas shown irFigure (4.4.9.1)however, the local heating effects
in the cytoplasm were influenced by the presence of other
microorganisms which could make a contribution to the
electroporation process of cell membranes during the naroond

PEF treatment.



4.5.1 Limitations of QuickField model

The local heating effects during the PEF treatment should not be neglected in the
case of fluids with higher conductivity and high external electric field strength.
Furthermore, in the nangecond PEF treatment, the local heating effects in the
cytoplasm require further investigation, as they could induce significant effects on
the electroporation process of the cell or nuclear membranes. However, the heat
transfer analysis in the QuickFiettbdel was not accurate as it was using the heat
source generated within the steady state model. Thus, the transient temperature
increase could not be obtained. Also, it is not possible to link the transient electrical
results with the transient heat tramfesr analysis in the QuickField model, which is a
limitation of this investigation of the thermal effects during the PEF treatment. To
overcome these limitations of the QuickField models, COMSOL Multiphysics was
used for the modelling of the transient effiscduring the PEF treatment of
microorganisms, and this model will be presented in the next chapidtigure
(4.2.3.1) in cells B and C, electric field is higher at lower potential side but in cell A,
the electric field his higher at higher potentiadlsi The reason could be the

potential increase across cellskigure (4.4.3§lue to the calculation error of

Quickfield software, further works would be necessary to solve this problem.



Chapter 5COMSOL model of
microorganisms

5.1 Introduction

Two models which allowed for simulation of the transient electric fields in
microorganisms (analytical linear model and the model implemented in the FEM
simulation package Quickfield) have been developed and were discussed in the
previous chapters. Theseadels could be used to investigate the electric field build
up process in the cell membrane (the analytical linear model) and the current
density distribution in the treatment region (software based Quickfield model)
within a single cell during the PEFatment. However, the investigation of

potential local thermal effects is not fulupportedby the Quickfield software,
because the transient thermal effects analysis model could not be linked to the
transient electrical analysis model in the same simatat The analysis of transient
thermal effects could only be conducted using the steady state dc conduction
model, therefore the results of the transient thermal analysis may not be accurate
for pulsed voltages. As discussed in Sections 4.3 and 4.5,aleseveral other
limitations associated with these models, and the different energization type of

signals (DC, AC, impulsive) during PEF treatment also requires further investigation.

In this chapter, an advanced single cell model was developed to@werthese
limitations of the linear and Quickfield models. COMSOL Multiphysics software was
used to develop the single cell model with different geometries (ellipsoidal and
spherical cells) and to study the local heating effects during the PEF treatment
under different DC and AC energization regimes. Also, the transient electric field

and temperature in a single pore created during the PEF treatment have been



investigated. This chapter provides detailed information and discussion on the

interaction betweerthe external electric field and microorganisms.

5.2 Development of a single cell model in COMSOL

COMSOL Multiphysics 5.1 is used in this chapter to develop a single cell model in
order to simultaneously simulate the electric field and thermal effects aell

during the PEF treatmenEigure (5.1pelow shows the initial frame of this single

cell model: The red line represents the axis of symmetry, wher@. A single cell

was positioned in the middle of the environmental fluid between two electrodes,
designed to provide a uniform field distribution. There are two regions between the
electrodes and the environmental fluid which were presenatmiderrors in the
calculation of thermal effects, these regions being at the radiused electrode edges
at the boundaries of electrode and environmental fluid (marked with red arrows)
thermal effects in such parts were not the concern of this model. Advanced

simulation models will be presented in the following sections.
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Figure (5.1General geometry ahitial single cell model. The region between

electrodes and fluid were used to avoid calculation errors between boundaries.

5.3 Parameters of the microorganism used in the COMSOL model

The cell parameters which were used in the analytical linear anck€eld models
are listed inTable (5.1)These parameters were also used in the present chapter in

the COMSOL model.
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Table 5.1Parameters used in the 2D COMSOL single cell médederical values

are taken fronthe sources cited

Parameters

Value

External voltage

120

Relative permittivity of cytoplasm

80[318], [316], [273], [300], [319]

Relative permittivity of membrane

2 [318], [316], [273], [300]

Relative permittivity of surrounding

liquid

80[318], [316], [273], [300], [319]

Conductivity of cytoplasm

1.2 S/m[7], [315], [307], [319]

Conductivity of cell membrane

p T S/M[319]

Conductivity of environmental liquid

™ p 11 S/M[275]

Thickness aomembrane

5 nm [318], [315], [273], [275], [307]

Diameter of cytoplasm

5 um[315], [273], [275], [307]

Width of treatment region (between

electrodes)

40 pm

Figure (5.25hows the general topology of the COMSOL single cell model. In order
to achieve a 30 kV/cm electric field strength (typical electroporation field strength)
between the electrodes, a DC voltage signal with the magnitude of 120 V was

applied to the electrodes.
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1
!"
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Electrode

Figure (5.2COMSOL model of a single cafily the cell membrangas considered

in the initial single cell model, the cell wall will be considered in section 5.7.2.

5.4 Transient calculation results of initial Single cell model

The electrical field distribution in the single cell after=]pulse durationvas
obtained and this distribution is shown kgure (5.3) A 10>s treatment was
selected in transient analysis as thermal effects would be more significant with
longer treatment time Figure (5.4) and Figure (5.pjovide a zoomed view of the
electricfield strength distribution in the cell membrane (across the pole and
equator). It is shown that the electric field strength distribution in the cell

membrane follows the Schwan equatideg. 3.1.4 with maximum field strength at
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the pole and minimum fieldtrength on the equator. The maximum electric field
magnitude in the membrane at $swas p& p m6J . This value is close to the
value obtained using the steady state DC Quickfield modgy p 167 . The
transmembrane potential across the cell membeareached the electroporation

threshold of ~ V.

Figure (5.6shows the electric field build up process during the firstl8 2 F (G KS t ¢
treatment. It can be seen that the field strength across the cell membrane did not

NBEI OK AlGa al ( dzNhidicaulyie cdusedd byShe low comdnctivity of

the environmental fluidi@® p 11 S/m). Simulationresults withhigher

conductivityenvironmental fluié will be introduced and discussed in section 5.3.1.
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Figure (5.6)Transientelectric field strength at ther S Y 6 NJpegleSdOragthe first
10>s of the PEF treatmensinglecell mode) and appliedfield is30 kV/cm.

The temperature distribution during the PEF treatment was also investigated using
the COMSOL single cell model discussed in this seGiduhe (5.2)elow
introduces the thermal paramets used in the thermal alysis, the initial

temperature is 20 C.



Table 5.2Thermal parameters, values taken from the sources listed.

Environmental Cell Nuclear
Parameters Cytoplasm Nuclear

fluid membrane membrane
Heat
capacity at

4181.3 3000 4181.3 3000 4181.3
constant

[320] [320] [320] [320] [320]
pressure

[319] [319] [319]
[J/(kgK)]

Thermal 0.61

0.568 0.61 0.568 0.61
conductivity [319]

(K] 122] [319] [319] [319] [319]
W [122] [122] [122] [122]
Density 998.2 1100 998.2 1100 998.2
[kg/m3| [319] [319] [319] [319] [319]

Figure (5.7shows the temperature distribution after 19084 2F t 9C GNBIF GYS
be seen that the temperature increase can be considered to be negligidexfuch
lessthan B A y ONXB I &)SThd tgmperatureditribution graph is necessary to
be shown as it shows different positions of local heagffgcts evernif the
temperaturedifferencesare negligible. It important to investigate the delsiabout
local heating effectas a function of positiorwhich has never been investigated
before, because the local heating effects could help enhance thetrelporation
process, thus there might be positiswhere the membranewasdamaged more
seriously. Such temperature distribution results follow the results of the total heat
source, as shown iRigure (5.8)the maximum valuef heatsource was found to

bex p& p T w7¥a . Joule heating was considered as the heating source during

the PEF treatment with DC impulses. The heat was mainly generated at the pole



positions outside the cell membrane as the charge accumulation process was not

completed in 10>s,due to the low conductivity of the environmental fluid. The

electric field build up process, seenkigure (5.6)also supports this assumption.

Compared with the steady state Quickfield model, the COMSOL model provided

more detailedthermal distribution as such changesihne local heating effect was

not shown withthe Quickdeld model.
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Figure (5.8)Total heat source in the initial single cell model ab$0PEF treatment

with 30 kV/cm.Axis dimensions inm.

5.3 Simulation results and analyses of the single cell model with different parameters
In order to investigate the interactions between the external electric field and a
single microorganism, different parameters were used in ttglelling different
conductivity of environmental fluid (corresponding to different PEF treatment

applications), electric field strengths higher than 30 kV/cm were also applied.
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5.3.1 Results obtained with more conductive environmental fluid, 0.2 S/m

Asdiscussed in Chapter 3, in paj288], the conductivity of the liquid suspension
was set to be from 0.17 to 0.2 S/m. The value of 0.2 S/m was used in this analysis
compared tor® p 11 S/m used previous)yand the electric field strength was set
to 30 kV/cm. Such high conductivity of environmental fluid and electric field
strength was used in other research publishefli®8]to investigate the lipid bio
accessibility irChlaella vulgaris 30 kV/cm is generally used in electroporation
works. It would be beneficial to investigate the electrical field distribution and local
heating effects undethese conditions because investigation about electrical field
strength in the celmembrane and local heating effects could help explain the
interactions between microorganisms and external electric field for general

electroporation applications

Figures (3)- (5.11) show the electric field distribution during 30 kV/cm PEF
treatment inenvironmental fluid with higher conductivity of 0.2 S/m. Compared
with the simulation results with lower conductivity fluid kigure (5.3)the

maximum electric field strengtim the poleobtained in this case was 2 times higher,

x 1 p mwla at 10>s,the electric field strength in the equator was ~30 kV/cm.

Figure (5.12khows the electric field strength build up process at the pole of the
membrane during first 18s of PEF treatment. It can be seen that the electric field
strength reached the peak wa at about 1>s. Due to the higher conductivity of the
environmental fluid, the charge accumulation process could be completed quicker

compared with the lower conductivity fluid.

The temperature distribution is shown kigure (5.13)Firstly, there is ghificant
local heating on the equator, in the environmental fluid outside of the cell
membrane, which follows the simulation results obtained using the Quickfield

model. Secondly, the position of this elevated temperature region has changed



from the poleto the equator, because the charge accumulation process in the
environmental fluid has been completed, and the maximum conduction current in
the environmental fluid is reached at the equator in this cadéhough the
temperature increases by aboutss5 EQ >s, and this local heating could be
neglected (unlikely to impact electroporation), over longer treatment time such
local heating effects could be strong enough to accelerate the electroporation

process in the membrane.

Figure (5.14khows that there wa significant heat release (joule heating) (
p T w74 ) atthe equator in the environmental fluid outside of the cell

membrane.
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5.3.2 Results for electric field strength of 67 kV/cm

It has been shown in section 5.3.1 that the conductivity of the environmental fluid
provides significant influence on the local heating eféein the environmental fluid

during the PEF treatment. The conductivity of the environmental fluid could be

193



controlled in order to meet different treatment requirements. The external electric
field strength could also be controlled, and in this sectidngher electric field

strength will be used to model the PEF treatment.

According td181], the field strength of 67 kV/cm was used in the experimental PEF
treatment of microorganisms. Following this work, the average elefiélid
strength used in this section was 67 kV/dhe conductivity of environmental fluid

in this simulation is® p 1T S/m.

Figures (5.15)(5.17)show the electric field strength distribution at 2@, with 67
kV/cm electric field applied. The electric field strength in the cell membrane follows
the Schwan EquationCompared with the lower field strength treatment (30
kV/cm),Figure (5.3)Figure (5.5)the electric field strength at the pole increase
fromx p&@ p nwla tox T p MWIG in 10>s, in both cases, and the
transmembrane potential reaches the electroporation threshold of\x The

electric field strength in equator is 30 kV/cm and 67 kV/cm. Howehercharge
accumulation process dumgnthe 67 kV/cm field pulse was also not completed in 10

>s, as shown ifrigure (5.18pandFigure (5.6)

The thermal effects are shown Figure (5.19)As compared with the result
obtained for lower field strength (30 kV/cm)sing the same conductivithe
positions of local heated regions are the same. The temperature increases were
minimal compared with the results shownhgure (5. 7) This result can also be

confirmed by the heating source graplt®mparing-igure (5.20andFigure (5.8)

However, omparing the simulation results with the results obtained using the high
conductivity environmental fluid isection 5.3.1 it could be noted that the
conductivity of the environmental fluid has more significant effects on the electric
field build up procss Figure (56) andFigure (518)) and thermal effectsHigure

(5.7) andFigure (5.19)) during the PEF treatment. The maximum heat release

increased from X pm wfa tox 1 p M wFd with the higher conductivity



environmental fluid (0.2 S/m) and lower electric field strength (30 kV/cm). So, in

order to achieve the minimum thermal effects during the PEF treatment, it is

important to use an optimized conductivity of the environmental fluid during the

PEF treatmentCompared with the induced transmembrane potential in the cell
membrane, the contribution of thermal effects during20d t 9C GNBIF G YSy i
negligible according to the simulation results with the lower conductivity

environmental fluid.
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5.3.3 Results for different treatment timd@eng-time treatment-200>s treatment

time

The simulation results presented in section 5.2 and section 5.3.2 show that, in the
case of low conductivity environmentfuid, the electric field build up process

could not be completed in 18s. Thus, it is necessary to investigate the complete

201



transient process and to obtain the electric field strength in the membrane after
saturation. To complete this task, a longezdatment time was used in this section,

and both 30 kV/cm and 67 kV/cm field strengths were applied.

Figures (5.21and(5.22)show the results of the 30 kV/cm PEF treatment and the
conductivity of environmental fluid s® p 1 S/m It is shown that the ettric

field strength build up process was completed at ~ $60and the peak electric

field strength in the membranejist p Twfa , which is close to the results
shown inFigure (5.12)where the maximum field was 1& p mIa and the
conductivityof environmental fluid is 0.2 S/m. The conductivity of the
environmental fluid does not have a significant effect on the maximum electric field
strength in the cell membrane during the PEF treatment, but it could influence the
time required for the field ragnitude to reach its peak valuEigure (5.2) and

Figure (5.23)This

also confirms the results obtained using the linear model: the maximum electric
field strength across the cell membrane was mainly influenced by the electric field

strength applied beveen the electrodes, and the thickness of the cell membrane.

The positions of the local hot spots in the environmental fluid were observed to
change during 208s PEF treatment, which is demonstrated by compalfilggire

(5.22) Figure (5.24)Figure(5.19)and Figure (5.7)It could be stated that, once the
charge accumulation process is completed, the local hot spots moved from the pole
to the equator. However, there is no significant temperature increase in such local

hot spots, due to the low conabtivity of the environmental fluid.
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5.4 Forces across bmembrane undeDC impulses

The electric field strength in the cell membrane and local heating effects during the
PEF treatment have been investigated in previous sections. However, due to the
charge accumulated during the PEF treatment, there would be eles&chanical

forces acting on the cell membrane. Furthermore, as it was confirmed that the local
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heating effects exist during the PEF treatment, the thermal forces also could help
lead to membrane damage if the local temperature becomes sufficiently high. The
electromechanical and thermal forces will be investigated in this section. Any
potential effects associated with the magnetic field were not considered in this

analysis.

Figure (5.2%shows a schematic diagram of the single cell model. The cell
membrane was dividiinto two parts to calculate the electrmechanical forces in

the cell membrane. The electtmechanical forces were generated due to the
unbalanced Maxwell stresses in the dielectric cell membrane, which could promote
deformation of the membrane, and evdead to membrane damage. The electro
mechanical force acting upon the upper part of the cell membrane will be
investigated in this section (equal force will be acting upon the lower part of the
membrane). The red arrows represent the force acting uponcétilemembrane,

due to the difference between the radii of the inner and outer interfaces. This

difference leads to a total force acting upon the cell membrgr8] [321].
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interface
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Figure (5.255implifed figure illustrating calculation of the electroechanical

forces acting upon the cell membrane.

5.4.1 Electramechanical force in the cell membrane

The parameters used in investigating the eleatmechanical force are listed in the

Table 53.

Table 53 Different parameters used in investigation of the eleetnechanical force

in cell membrane.

Electric field strength Conductivity of environmental fluid
(kV/cm) (S/m)

30 0.0005[319]

30 0.2[319]

67 0.0005[319]

67 0.2[319]
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Figure (5.265hows the electranechanical force acting upon the upper part of the
cell membrane during the 10 pus PEF treatment, with field strength 30kV/cm and
conductivity of fluid 0.0005 S/m. It can be seen that, during the first800ns

after application of the field, the force increases at a relatively slow rate, and this
rate increases significantly aftems (approximately). This functional behawio
follows the charge accumulation process. At the first stage, the charge
accumulation only occurs in the cytoplasm (inner membrane interface), due to its
high conductivity. Charge then starts to accumulate at the interface between the
outer membrane and the anronmental fluid, and the process btiild-up of the

electroomechanical force accelerates.

However, the magnitude of the force starts to reduce after it reaches the maximum
valuec Y8t p 1t . in this simulation. This reduction is caused by the completion
of the charge accumulation process in the cytoplasm at the outer membrane
interface. It may be assumed that the electreechanical force should remain
constant when all charge accumulation pesses in both cytoplasm and
environmental fluid are completed. This stable value was not shown in this plot due
to the short simulation time and the low conductivity environmental fluid. It was
shownthat the electric field strength in the cell membramesuch low conductivity
environmental fluid will reach its maximum value, as showhigure (5.21)The

force shows the positive value, which means the cell will be stretched by the forces

on acting upon its upper and lower pafts08].
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Figure (5.26Magnitude of theelectro-mechanical force acting upon the upper part
of the cell membrane in 30 kV/cm field and in low conductivity environmental fluid

(0.0005 S/m).

Figure (5.27¥hows the magnitude of the electmechanicaforce which acts upon
the membrane in the case of increased conductivity of the environmental fluid, 0.2
S/m. The electranechanical force reached its maximum at about¢& p 1 .,

thisvalue is close to the value of the force obtained1i@8].



The force magnitude is in the range of the typical surface tension values for the
membrane, which indicates that this force may lead to membrane rupture, as
discussed ifi274]. The negative value of tHerce means that the cell is
compressed by the electrmechanical forces acting upon the upper and lower
parts of the cell membrane. Besides, a force reversal (at aboutsQv@as observed
during the early stage of the HV pulse, and such force reversahisa reported in
[321], which is attributed to a high rate of voltage chand®/dt. The voltage in the

present simulation was instantly increased to fro @ 120 V. The peak value of

the force reversalwasp8 pm 0 (OO Gl AYSR GKNRdzZAK a1 22Y Ay

COMSOL, which cannot be clearly seen irFigare (5.27)

Figure (5.28presents the simulation results for longer treatment time (206 at
30 kV/cm field strength and in the low conductivity environmental fluidewthe
charge accumulation processes were cdetgd. Both force reversal and force

stabilization effects were observed, supporting the results and assumption obtained



from Figure (5.26and Figure (5.27).
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Figure (5.27Electremechanical force actingpon the upper part of cell membrane
in the field with magnitude of 30 kV/cm strength and in high conductivity

environmental fluid (0.2 S/m).
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Figure (5.28Electremechanical force acting upon the upper part of cell membrane
in the field with magnitude B30 kV/cm strength and in low conductivity

environmental fluid (0.0005 S/m).

Figure (5.29khows the electranechanical force acting upon the upper part of the
cell membrane during the first 10 pys of the PEF treatment with a higher electric field
strength The force buildip process follows the results shownhRigure (5.26)as

the conductivity and permittivity were not changed. The higher peak farasst

p 1t . was caused by the higher external electric field strength.
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Figure (5.29Electremechanichforce acting upon the upper part of the cell
membrane in the field with magnitude of 67 kV/cm strength in low conductivity

environmental fluid (0.0005 S/m).

Figure (5.305hows the electranechanical force acting upon the upper part of the
cell membraneaduring the first 10 us of the PEF treatment with a higher electric field
strength and in more conductive environmental fluid. The stable value of the
electromechanical force was aboutp& p 1 0, which is increased as the

applied field strength was doldd. The peak value of the force reverse was
recorded as T& p 1 0, which is in the same order of magnitude as obtained

from Figure (5.31)Such force reversal only occurred at the very beginning of the



treatment, which could be related to the chargecamulation process in the
cytoplasm. Besides, the conductivity and permittivity of the cytoplasm are not
changed in this simulation, so there should be no significant difference compared
with Figure (5.31)The increase in the value of the force is causely by the

higher applied electric field strength. This is a novel result, as such detailed
investigation of the force dynamics, including the reversal of the force which is
related to the charge accumulation process, has not previously been reporteé in t

literature, to best knowledge of the author

%107

|-|.___—
1

0.1 -

0.2 F -

0.3+ -

0.4+ -

0.6 -

0.7 F -

0.8 -

0.9+ -

Electromagnetic force, z component (M)

1.1 -

1.2 F -

-1.4H

Time (us)



Figure (5.30Electremechanical force acting upon the upper part of the cell
membrane with 67 kV/cm field strength and high conductivity environmental fluid

(0.2 S/m).

Figure (5.31khows the simulatiomesults obtained using this model. These results
show the relationship between the electrmechanical force, treatment time and
conductivity of the environmental fluid. These findings have been published in
[319]. The negative value of trecomponent of the force acting upon the
membrane means that the direction of force has changed and the (negative) force

Is directed into thenegative zdirection, resulting in the stretching of the cell.

A step voltage was g@flied across the electrodes, as showrkigure (5.32)In this
case, it was showm Figure (5.31jhat the conductivity of the environmental fluid
significantly affects the electrmechanical force build up process and the force
reversal phenomenon: witthe higher conductivity environmental fluid, the force
reversal effect is not obvious. Comparirigure (5.31ywith Figures (5.30pr (5.27),
the force reversal effect is clearly pronounced when the voltage is applied. This
finding is supported by the stly presented if321]. Furthermore, it could be
confirmed that the maximum electrmechanical force at its peak was not
influenced by the conductivity of the environmental fluid. A detailed investigation

using a ramp voltage Wbe introduced in section 5.5.
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Figure (5.31Electranagneticforce acting across the cell membrane at the lower

part of the membrane, step voltage energization, external field strength is 67
kV/cm.
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Figure (5.325tep function signal used to obtaigure (531).

5.4.2 Thermal stress during the PEF treatment

The electremechanical force was introduced and investigated in section 5.4.1,
which provided a more detailed understanding of the interactions between external
electric field and microorganisms. However, with higher local heating effects, there
should bea thermal force, which could also cause deformation and structural
damage to the membrane. Although, it has been confirmed in previous sections

that the local heating effects could be negligible if the field in the fluid is close to



the typical field stregth used in the PEF treatment (30 kV/cm). However, it is still
beneficial to investigate the relationship between the thermal force and parameters

of bioomembranes and external fluid.

It was shown that Joule heating and dielectric heating exist during e

treatment. In the moded presented to this poinfjowever, the joule heating due to
the conduction of ions was modelled and used as the heat source when the PEF
treatment was conducted using DC voltage. On the other hand, when the
microorganism is stiesed by AC voltage, the dielectric heating oceund this

would beconsidered as the main source of heat in the model. The energy delivered

by the AC field is given lBquation(5.4.1) below.
0 53 3 0 (5.4.1)

where) is the angular frequency of the field, is the imaginary part of the
complex relative permittivity of the absorbing material,is the permittivity of free

space ancEis the electric field strength.

Before introduction of the obtained simulatioesults, the effect of the conductivity
of the fluid should be further investigated, in the situation when the local heating
effects are significant, since the electrical conductivity of the fluid is generally
temperature dependent. In typical electroporah process, there is almost no
temperature increase in the liquid, so the conductivity of all fluids in the model
could be considered as constant values. However, in order to investigate the
thermal force, the local heating effects should be more siganiticthus it is
necessary to investigate the temperatugependent conductivities. Such analysis is
also important for the further study of the effects generated by AC oscillating
voltages/fields: in the case of AC field, the relative permittivity is quieacy

dependent and temperaturelependent parameter.

5.4.2.1 Investigation of temperature dependent conductivity and permittivity



As the local heating effects are mainly generated in the environmental fluid, the
conductivity of the environmental fluid veaconsidered as a temperature

dependent parameter.

Figure (5.33khows the conductivity of water as a function of its temperature,

based o322].0

Whilethe conductivity of water shows temperature dependency, typically the
temperature of the treated fluid during the PEF process does not exceél d@as

G0KS aidNHzOGdzNBa 2F ydziNASy (G 62dz RyQi o6S R

In the present analysis, the treatment time is relatively short, seyeaand the
simulation resultsalso show that there is no significant increase in the temperature
during the PEF treatment. Therefore, the temperatdgependency of the

conductivity of the environmental fluid in this simulation was neglected.
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Figure (5.33)'he temperaturedependentconductivity of water.



Figures (5.34and(5.35)show the relative permittivity of water as a function of
temperature. These graphs were plotted selecting and using specific points in

[323].

Furthermore, according t&quatian (5.4.1), for the treatment with a specific
frequency theElectric field within the membrane will be much greater than the
fields in the water based cytoplasm or surrounding media. This means that the
dielectric heating in these media is small and thdatsons in the imaginary part of

the permittivity as a function of temperature will have little impact.

Compared with the dielectric heating source in the environmental fluid, the
dielectric heat generated in the cell membrane should be the main sourceaif
which produced the local heating effects during PEF treatment in the case of AC
energization, which will be confirmed in the further sections. Therefore, the
temperaturedependency of the relative permittivity of the environmental fluid or

cell membrae could also be neglected in the present analysis.
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Figure (5.34Assumption of temperaturelependent permittivity of water (Real

part of permittivity of water)oased on data fromi323].
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Figure (5.35)maginary part opermittivity of water as a function of the

temperaturebased on data froni323].

5.4.2.2 Investigation of thermal forces under DC energization
In order to model noticeable local heating effects while not exceedir§0 in
the local hot spots, the applied electric field strength was set to 67 kV/cm, and the

conductivity of the external fluid was 0.1 S/m.
The parameters used in modelling of the thermal forces are listddie 54.

Table 54 Parameters used in the investigation of the thermal force acting across

the cell membrane.

Coefficient of t2Aaazy(
Membrane _
thermal expansion | of the
Parameters ., 2dzy3Qa
of the membrane membrane
(Pa)
(1/K)
125 0.0002
0.4[324][325]
Values [324][325][326] | [324][325][326]
[326][327]
[327] [327]

Figure (5.365hows the temperature distribution and local heating effects obtained
in this simulation. It can be seen thafter 1 ps the local temperature demonstrates
significant increase with higher electric field strength and conductivity of the

environmental fluid.

Figures (5.37and (5.38)show theobtained thermal and electronechanical forces.
The thermal forces(t® p 1 0) is much lower than the electrmechanical
force x 18t p 1 U . Thus, the effects caused by the thermal force which

appeared during DC energization could be considered negligible in the beginning



period of PEF treatment. However, the thermal force kelepseasing as the joule
heating continuously contributes to the local heating. Such thermal force would

enhance the membrane structural damagéh longer treatment time.
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Figure (5.36)Temperature distribution in the single cell model atd. PEF
treatment with 67 kV/cm electric field strength in high conductivity environmental

fluid (0.1 S/m)Axis dimensions inm
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Figure (5.37)T'hermal force across the cell membrane during the PEF treatment
with 67 kV/cm electric field strength in highly contive environmental fluid (0.1

S/m).
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Figure (5.38Electromagnetic force durintpe PEF treatment with 67 kV/cm electric

field strength in highly conductive environmental fluid (0.1 S/m).

5.5 Investigation of the PEF treatment using different energmsegigimes

As discussed in the previous chapters which presented the linear and Quickfield
models, usually it is not easy to conduct an analysis of the field and stresses under
different energization regimes, however, using COMSOL, it becomes possible to
investigate how the waveforms of field/voltage signals influence the results of the

PEF treatment.
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5.5.1 Energisation with a ramp up to a constant field value

5.5.1.1 21 67 kV/cm stress with ard ramp from 0 V to 255V
This section presents the results of the PEF treatment model when the liquid is
stressed with a ramp rising from 0 V to 255 V sl Followedby a constant DC

stressto 2us, the model voltage waveform (signal) is showhRigure (5.39).
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Figure (5.39)he signal of the 2s ramp, it rises from 0 V toraaximum constant

voltage of 255 V.

The simulation results show that the electric field in the membrane reached its

maximum value o6® p Twfa , which is close to the results obtained using the
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step field impulses in the previous sections, as the maximum electric field strength
in the cell membrane is mainly governed by the membrane thickness and external

field strength (in the present model and approximation).

The local hot spots are observedass the outer membrane /external fluid
interface at the equator of the celF{gure 5.40. The maximum temperature is

about 403 in this situation.

Figure (5.40emperature distribution in the single cell model at2 PEF
treatment with 67 kV/cm electric field strength in high conductive environmental

fluid (0.1 S/m).Axis dimensions inm.
































































































































































































































































































































































































