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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 microorganisms or 

bio-medical extraction. Both reversible and irreversible pores can be generated in 

bio-membranes this changes the permeabilization of the cell membrane, with the 

former allowing for transfection (DNA, RNA, etc.) and the latter for cell inactivation 

and bio fuel extraction. IƻǿŜǾŜǊΣ ǘƘŜ t9C ǘǊŜŀǘƳŜƴǘ ƛǎ ƎŜƴŜǊŀƭƭȅ ŎƻƴǎƛŘŜǊŜŘ ŀǎ Ψƴƻƴ-

ǘƘŜǊƳŀƭΩ ŘǳŜ ǘƻ ǘƘŜ ƭŜǎǎŜǊ ǎƛƎƴƛŦƛŎŀƴŎŜ ƻŦ ǘƘŜ ǘƘŜǊƳŀƭ ŜŦŦŜŎǘ ŀƳƻƴƎ ǘƘŜ ǘǊŜŀǘƳŜƴǘ 

samples. Although PEF is reported to be a non-thermal method, local heating 

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

PEF treatment, different level of thermal excitation will 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 in this study: a linear 

ƳƻŘŜƭΣ ŀ vǳƛŎƪCƛŜƭŘ ƳƻŘŜƭ ŀƴŘ ŀ /ha{h[ ƳƻŘŜƭΦ ΨIƻǘ ǎǇƻǘǎΩ όŘǳŜ ǘƻ ƭƻŎŀƭ ƘŜŀǘƛƴƎ 

effects) were observed in the models and the characteristics of local heating effects 

were also investigated. The contribution of induced electric field strength 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. 

However, 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 the cell membrane) was also modelled and it was found that 
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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 were 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 nano-second PEF treatment, 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 were performed using a self-built HV Blumlein generator. 

Different test cells 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 same Blumlein generator. It was found that the plasma 

treatment in metallic dish test cell could achieve stronger inactivation compared 

with PEF treatment with the same number of impulses.  
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Maximum temperature as a function of the pore diameter at t= 25 s˃ and h =5  ̄, (c) 

Maximum temperature in the pore as a function of time for different ʰΣ d=1 nm. 

Figure (5.57) Electric field strength at the same location (=h0 )̄ in the case of the 

electro-porated membrane (blue) and intact membrane (green). 

Figure (5.58) General topology of the ellipsoidal cell model, cell wall was included in 

the single cell model, it will be included in further sections. 

Figure (5.59) Temperature distribution in the ellipsoidal model at 2 µs with 67 

kV/cm treatment, conductivity of fluid: 0.01 S/m. Axis dimensions in mm. 

Figure (5.60) Maximum temperature in the local hot spot of the Spherical model 

Figure (5.61) Maximum temperature in the local hot spot in the ellipsoidal model  

Figure (5.62) Electro-mechanical force across the cell membrane at the lower part 

of the cell under step voltage energization (External field strength: 67 kV/cm). 

Figure (5.63) Temperature across the cell membrane in the spherical model with AC 

oscillating signal, conductivity of environmental fluid is 0.01 S/m, maximum field 

strength is 67 kV/cm. 

Figure (5.64) Temperature across the cell membrane in the ellipsoidal model with 

AC oscillating signal applied, conductivity of environmental fluid is 0.01 S/m, and 

maximum field strength is 67 kV/cm. 

Figure (5.65) Single cell model with cell nucleus 

Figure (5.66). Electric field strength distribution in the nucleus membrane at 500 ns. 

E0=30 kV/cm.  

Figure (5.67). Electric field strength distribution in the cell membrane at 500 ns. 

E0=30 kV/cm 
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Figure (5.68). Temperature distribution at 5 ns.E0=30 kV/cm 

Figure (5.69). Temperature distribution at 1 µs. E0=30 kV/cm  

Figure (5.70). Maximum electric field strength in the nucleus membrane during 1s˃ PEF 

treatment, E0=30 kV/cm 

Figure (5.71).  Maximum electric field strength in the cell membrane during 1˃ s PEF 

treatment, E0=30 kV/cm 

Figure (5.72). Maximum electric field strength in the cytoplasm during 1s˃ PEF treatment, 

E0=30 kV/cm 

Figure (5.73). Maximum electric field strength in the cell nucleus during 1s˃ PEF 

treatment, E0=30 kV/cm 

Figure (6.2.1.1) Electroporation cuvette with different thickness of gaps.  

Figure (6.2.1.2) Modified electroporation cuvette and 4-parallel cuvettes. Figure 

(6.2.2.1) Metallic test cell. (a) Schematic diagram of metallic test cell with PTFE 

spacer. (b) Fully assembled metallic test cell. 

Figure (6.2.3.1) Metallic dish test cell (a) for Plasma treatment and needle-plate test 

chamber (b). 

Figure (6.2.3.2) 6-needle HV electrode mounted in the test chamber above the dish 

with liquid sample. 

Figure (6.2.4.1) Plastic dish for plasma treatment (Petri dish) 

Figure (6.3.1) HVDC Matsusada Precision power supply, Blumlein pulsed power 

system based on URM43 coaxial cable. 

Figure (6.3.2) Pspice model of the pulsed power system (a); HV impulse generated 

by the model Blumlein generator (b), Red line represents input signal and green line 

represents output signal. 
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Figure (6.3.3) м˃ǎ ƛƳǇǳƭǎŜ ƎŜƴŜǊŀǘŜŘ ǿƛǘƘ ǘƘŜ ŎƻƴǎǘǊǳŎǘŜŘ .ƭǳƳƭŜƛƴ ƎŜƴŜǊŀǘƻǊΦ 

Figure (6.4.1) (a) Growing culture of the samples which to be treated by PEF and 

plasma.  (b) Flasks with growing treated and untreated samples 6 days after location 

into jars and placement in in the growing environment 

Figure (6.4.2) Nannochloropsis Oculata Phytoplankton observed under optical 

Figure (6.4.3) Culture start sample (a) and growing media (b) for Nannochloropsis 

Oculata Phytoplankton provided by the Reefphyto Ltd which were used in this 

experimental works.  

Figure (6.4.4) Positions of the lamps and flasks for the growing of phytoplankton, A 

and B represents lamps, the circles with numbers represents flasks. 

Figure (6.5.1) (a) Tektronix P6015A 1000:1 HV Probe. (b) Tektronix TDS2024 

oscilloscope. 

Figure (6.5.2) Pictures to show (a) current probe and (b) current recorded by 

oscilloscope for Plasma treatment, details of the wave shape in the oscilloscope 

would be discussed in section 6.7. 

Figure (6.5.3) Block diagram of experimental system according to actual operation 

results, the balance resistor was set to 100 Ohm which shows better impulse in 

oscilloscope to provide the required impedance matching for optimal generator 

operation. 

Figure (6.5.4) Air Compressor from ThorLab and gas monitoring board 

Figure (6.5.5) Microscope used in this project: Nikon Eclipse E400 microscope  

Figure (6.5.6) Thermo Spectronic Biomate 5 spectrometer and 5 mL measurement 

cuvettes. 

Figure (6.6.1) Brief introduction of sample preparing progress 
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Figure (6.6.2) Heraeus Labofuge 400R centrifuge and centrifuged sample 

Figure (6.6.3) Diagram of change in of light intensity during passage through a 

sample in the spectrophotometer. (I0 represents the intensity of light entering the 

sample and I1 represents the light emerging on the other side of the sample. L 

represents the light path length.) 

Figure (6.6.3.1) Growth curve for culture with different concentration of nutrient 

based on absorbance at 680 nm wavelength. (Higher absorption of light represents 

the higher population of microalgae.) 

Figure (6.6.3.2) Transmission result of spectrometer scanning wavelength from 

400nm to 800nm. A progressive and consistent decrease of transmission can be 

observed at about 680 nm wavelength.  

Figure (6.6.3.3) Growing cycle measurement with spectrophotometer. The graph 

shows growth curve behaviour over 14 days. 

Figure (6.6.3.4) Cytometer used in experiment (a) and counting zones under 

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

Figure (6.6.3.5) Growth 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 (6.7.1.1) PEF treatment: 500 impulses treatment with electric field strength 

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

Figure (6.7.1.2) PEF treatment: 1000 impulses treatment with electric field strength 

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

large green objects were considered to be paramecium bursana or amoeba from 

ōŀƎ ǇǊƻǾƛŘŜŘ ōȅ ǘƘŜ ŎƻƳǇŀƴȅ wŜŜŦǇƘȅǘƻ ŀƴŘ ŎƻǳƭŘƴΩǘ ōŜ ŀǾƻƛŘŜŘΣ ŦǳǊǘƘŜrmore they 

have no effects on the experimental results in this work. 
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Figure (6.7.1.3) PEF treatment: 1500 impulses. Treatment with electric field 

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

locations. 

Figure (6.7.1.4) PEF treatment: 2000 impulses treatment with electric field strength 

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

locations. 

Figure (6.7.2.1) Culture flasks of 500 and 1000 number of impulses PEF treatment 

samples at:  (a) Day 0, (b) Day 1, (c) after 12 days. 

Figure (6.7.2.2) Growth curve of PEF treatment with cuboid metallic test cell with 

100 number of impulses. Abs represents the absorbance of 680 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 (6.7.2.3) Growth curve of algae treated in the metallic test cell with 500 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) Growth curve of algae treated in 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 applied, the 

ŎŜƭƭ ǿŀƭƭ ƛǎ ƴƻǘ ǎƘƻǿƴ ƛƴ ǘƘƛǎ ŘƛŀƎǊŀƳ ŀǎ ƛǘ ŘƻŜǎƴΩǘ ŎƻƴǘǊƛōǳǘŜ ǘƻ ŎƘŀǊƎŜ 

accumulation and distribution during PEF treatment as discussed in Chapter 4 and 

Chapter 5. 
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Figure (6.7.5.1) HV electrode with 6-needles 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 (6.7.5.2) Recorded waveform of voltage applied to the test cell from both 

metallic dish positive plasma treatment (a) and positive plastic dish plasma 

treatment (b).  

Figure (6.7.5.3) Recorded waveform of voltage applied to the test cell from both 

metallic dish negative plasma treatment (a) and plastic dish negative plasma 

treatment (b).  

Figure (6.7.5.4) Growing 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 represent 1000 impulses 

treatment group; Flasks marked as 7, 8 and 9 represent control group; Flasks 

marked as 10, 11 and 12 represent centrifuged group. 

Figure (6.7.5.5) Growth curve of microalgae treated with 500 and 1000 negative 

polarity plasma impulses. Abs represents the absorbance at 680 nm, the data is 

recorded at day 0 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 measurements occurred because of 

weekends when no treatments or measurements were possible. 

Figure (6.7.5.6) Culture 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 plasma 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. 
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Figure (6.7.5.7) Culture of algae (10 days old) after the treatment with positive 

polarity plasma impulses, Flasks s 1, 2 and 3: algae treated with 500 impulses; Flasks 

4, 5 and 6: algae treated with 1000 impulses; Flasks 7, 8 and 9:  control group; Flasks 

10, 11 and 12 centrifuged group. 

Figure (6.7.5.8) Growth 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 0 and every day after treatment. 

The error bars represent 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 (6.7.5.9) Culture of positive plasma tests at Day 0 (a) and after 20 days (b). 

Flasks 1, 2 and 3: algae treated with 500 impulses; Flasks 4, 5 and 6: algae treated 

with 1000 impulses; Flasks 7, 8 and 9:  control group; Flasks 10, 11 and 12 

centrifuged group. 

Figure (6.7.5.10) one example of wave shapes recorded from oscilloscope of one 

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 in Section 4.5. 

Figure (6.7.5.11) one example of wave shapes 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 in Section 4.5. 

Figure I. Growing flasks of experiments in Section 6.7.1 at 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 

considered as the same. 
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Figure II. 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 0 and every day after treatment. The error bars 

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

Figure III. 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, the date is recorded at day 0 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 the absorbance of 680 nm wavelength by microalgae, the date is 

recorded at day 0 and every day after treatment. The error bars represent standard 

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

Figure V. Growing curve of PEF treatment and plasma test in different 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 0 and every day after treatment. The error bars represent standard 

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 introduced in Section 4.5. 

Figure VII.   One example of wave shapes 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 introduced in Section 4.5. Where the 

red line represents the breakdown occurs. 
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Figure VIII. One 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 introduced in Section 4.5. 
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Chapter 1. Introduction 
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, the established disinfection and bio-

decontamination approaches have specific limitations which restrict their suitability 

and economic viability, and may result in generation of undesirable by-products 

during the treatment. Therefore, there is a significant demand for novel methods of 

inactivation of microorganisms which overcome these challenges. Further 

development and improvement in decontamination and disinfection techniques are 

urgently required in areas such as food industry, medical and environmental 

applications. 

Electrically assisted methods of rupture of biological membranes can also be used 

for lysis of microorganisms ŘǳǊƛƴƎ ǎǳŎƘ ǇǊƻŎŜǎǎΣ ǘƘŜ ŎŜƭƭΩǎ ƻǳǘŜǊ ƳŜƳōǊŀƴŜ ōǊŜŀƪǎ 

down, releasing its contents. It is known that several micro-organisms contain 

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

example, several species of green micro-algae contain carbon compounds such as 

triacylglycerol [1], a chemical compound which could be used for production of 

biodiesel fuel. 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 bio-diesel and ethanol production, but also in the pharmaceutical and 

nutraceutical industries [2].  

To allow the carbohydrates which are present in micro-algae to be extracted for 

further use, bio-membranes of micro-algae (microorganisms) should be ruptured to 

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

https://www.sciencedirect.com/topics/earth-and-planetary-sciences/biodiesel
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through physical, chemical or enzymatic methods)  to release these valuable 

substances  for processing. 

Techniques for extracting the contents of microorganisms have drawn significant 

research and practical interest in recent years. For example, several microorganisms 

have significant lipid -like compounds, including hydrocarbons, glycerolipids, and 

sterols [3]. Fatty acids which are present in triacylglycerols (which is the main form 

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

alternative to fossil fuels.  

However, to achieve economic viability of production of biofuels from micro-algae, 

the extraction process should be made more efficient - the 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 the efficiency of 

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

The first study of the PEF treatment of microorganisms can be traced back to 1967, 

when scientists found lethal effects after a suspension of microorganisms was 

treated with a high electric field [5]. After that, the theory of electroporation 

process was put forward when the formation of pores occurred. 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 process makes the 

PEF treatment a potential approach to the inactivation of microorganisms and field 

stimulated lysis which helps the extraction of cell contents.  

Significant progress in the development of PEF treatment and understanding the 

mechanisms of interaction between the pulsed electric field and microorganisms 

have been achieved during the last several decades [6] [7] [8]. This process is 

generally considered as a non-thermal process [8], a characteristic that makes PEF 
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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 process [10] [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 treatment samples [8].  

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. These parameters include the cell structures, 

pulse wave shape, and shape of bio-cells. As local thermal effects during the PEF 

treatment are generally not taken into account in investigations of this treatment, 

the link between the electric field and thermal effects also required further 

investigation. Hence, a more comprehensive approach to modelling of the PEF 

effects in a bio-cell will be developed in this project, to help in further 

understanding of the electric field distribution and thermal effects during the 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 (Background 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 fundamentals of 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 simulations and test 

chambers, is also discussed in this chapter. 
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Chapter 3 (Linear model of microorganisms) introduces the main principles used in 

the analysis of the PEF treatment of microorganisms. Initial one-dimensional 

mathematical models are also developed to investigate the interaction between the 

external electric field and bio-cells.  

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 electric 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 QuickField model) 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 model allows for the application of AC signals in the PEF model treatment. The 

forces exerted on the microorganisms during the PEF treatment have also been 

investigated. The COMSOL model was also used to study the thermal effects in bio-

membranes under electrical field stress, including 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 presented and 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 (Conclusion 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 practical applications of the results obtained in this 
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thesis, as well as potential challenges to their implementation, are also presented 

and discussed. 

The Appendix introduces more complex experimental works including PEF 

treatment and Plasma treatment with different conductions (different test cells and 

different polarity of impulses), however, there may be problems with the results 

recorded and they are considered as not qualified compared with expected 

behaviour. Potential reasons are discussed in the appendix and which could be 

useful for further investigations. 
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Chapter 2. Background and literature 

review  
2.1 Background information of microorganisms  

Microorganisms were firstly observed in 1670s by Leeuwenhoek with his 

microscope, 200 years before the identification of the subject of microbiology by 

the famous swan-necked bottle experiments from Pasteur [9] [10].The estimated 

number of known species of them is considered as 159,000 [11]. Microorganisms 

are proved to be the earliest life on Earth according to investigation of fossil 

evidences [12], [13], 3.45 billion-year-old rocks are considered to be accreted with 

the help of microorganisms [14].  The dimensions of microorganisms range from ~ 

200 nm to 700 ˃ Ƴ [15] thus visually microorganisms can only be observed with a 

microscope. Microorganisms are basically divided into two groups: prokaryotes and 

eukaryotes. Eukaryotes have membrane-bounded organelles and cell nucleus, 

whereas ǇǊƻƪŀǊȅƻǘŜǎ ŘƻƴΩǘ ŀƴŘ ǘƘŜƛǊ ǎƛȊŜ ƛs normally larger than that of prokaryote 

microorganisms. Figure 2.1 below shows the general differences between two 

types. 

 

Figure (2.1) Basic structures of Eukaryote cell (left) and Prokaryote cell (right), The 

Eukaryote cell (left) contains membrane-bound organelles and the size is larger. 

Picture is taken from [16] . 
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In [8] the framework based on rRNA has been used to classify living organisms, as 

shown in Figure 2.2. Viruses are not included into this classification as there is a 

controversy ς 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, gram-positive and gram-negative bacteria according to the 

differences in the structure of their cell wall, for gram-negative bacteria, as they 

have an outer membrane and thinner cell wall, the dye used in Gram testing would 

not be held by them so they will show red or pink in colour, while gram-positive 

bacteria have a thicker cell wall, thus the stain could be retained by it and they will 

show blue in colour [15]. There are some microorganisms (eukaryote 

microorganisms) that belong to some animals and plants, such as most protists, 

some fungi etc. Detailed information about their structures, potential harm which 

they can cause to humans, their potential practical applications and inactivation 

technologies based on microorganisms will be introduced in the following sections. 

 

 

Figure (2.2) /ƭŀǎǎƛŦƛŎŀǘƛƻƴ ƻŦ ƳƛŎǊƻƻǊƎŀƴƛǎƳǎΥ /ŀǊƭ ²ƻŜǎŜΩǎ мффл ǇƘȅƭƻƎŜƴŜǘƛŎ ǘǊŜŜ 

based on rRNA data [17]. 
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2.2 Structures of Microorganisms  

The structure of microorganisms is complicated, this section will only introduce 

some basic and most important components commonly discussed in the literature. 

The parameters of these structures will also be considered in following sections 

focus on the simulation of interaction between electric fields and bio-cells. 

 

2.2.1 Cell wall  

The cell wall is the outermost shell of most microorganisms. Microorganisms are 

supported and protected by this special layer [18]. A cell wall is strong enough to 

keep a microorganism in its specific shape and helps to avoid the cell bursting even 

when the pressure on the cell can reach up to 2 atm [15].  

In general, bacteria cell walls contain peptidoglycan and other polysaccharides. 

Gram staining shows different results as the cell wall structures are different for 

different bacteria. After gram staining, Gram-negative bacteria becomes colorless 

after washing, while, Gram-positive bacteria remain purple. This difference is 

caused by the structural differences between the cell walls of these two bacteria 

types.  

Gram-positive bacteria have higher content of peptidoglycan in the cell wall than 

gram-negative bacteria which helps holding the stain on the cell wall during the 

stating process. However, gram-negative bacteria have less peptidoglycan and a 

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

staining. There is no peptidoglycan in the cell walls of archaea only polysaccharide 

and proteins [19] [20]. For eukaryotic species, the structure of the cell wall is 

different, the cell wall of fungi consists mainly of chitin, glucans and proteins, while 

the cell wall of algae mainly consists of cellulose [21] [22] [23]. In this research, 

ƳƛŎǊƻŀƭƎŀŜ ǿŀǎ ǳǎŜŘ ŀƴŘ ŎŜƭƭǳƭƻǎŜ ǿƻǳƭŘƴΩǘ ƛƴŦƭǳŜƴŎŜ ǘƘŜ ŜƭŜŎǘǊƛŎ ŦƛŜƭŘ ŘƛǎǘǊƛōǳǘƛƻƴ 

in cell wall when the cell was exposed to external electric field. 
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A cell wall is a porous permeable structure which allows for transport of small 

molecules among cells. The cell wall properties will be taken into account in the 

simulations which have been conducted in the present thesis.  

2.2.2 Cytoplasmic Membrane 

Membranes are one of the most critical structures in a bio-cells. There are cellular 

membranes, cytoplasmic membranes and nuclear membranes in bio-cells. 

Cytoplasmic membrane is mainly discussed in this section as the electroporation 

process during PEF treatment is mainly occurred in cytoplasmic membranes. 

Cytoplasmic membrane is a thin layer between cytoplasm and cell wall which 

separates bio-cells from environmental fluids [24]. Cytoplasm is the gelatinous 

liquid inside the cells, detailed information will be introduced in section 2.2.3. The 

basic structure of cytoplasmic membrane is lipid bilayer with hydrophilic portions 

pointing outward toward cytoplasm and environmental fluid, fatty acids which 

point inward, there are also different kinds of proteins embedded in lipid bilayer, as 

shown in Figure (2.3)  [25]. Such proteins perform the function of selective 

permeability and identification.  Cytoplasmic membrane is a relatively weak 

(mechanically) structure which performs the protection function; the selective 

permeability of the cell membrane plays an important role in cell functioning [15].  

 

Figure 2.3 Structure of lipid bilayer and cell membrane, pictures taken from [26] 

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

of ions in the cytoplasm and environmental fluid outside the cell are not equal, thus 

a resting potential can be generated across cell membrane. The extracellular fluid 

Ƙŀǎ ƭŀǊƎŜ ŎƻƴŎŜƴǘǊŀǘƛƻƴ ƻŦ ǎƻŘƛǳƳ όbŀҌύ ŀƴŘ ŎƘƭƻǊƛŘŜ ƛƻƴǎ ό/ƭҍύ ǿƘƛƭŜ ǘƘŜ ŎȅǘƻǇƭŀǎƳ 

has a large concentration of potassium ions (K+) and negative charged proteins. 

Although the membrane has both passive transport and active transport 

mechanisms, due to the different permeability of ions, the charges across the 

cytoplasm membrane are not equally distributed [28] [29].  The resting potential of 

bio-membrane will also be considered in the simulation work and detailed 

information about the electrical characteristics will be introduced in further 

sections. 

The structure of the membrane makes the cytoplasmic membrane an extremely low 

conductive component which has significant influence on the simulation works in 

the later sections. 

2.2.3 Cytoplasm 

Cytoplasm is a gel and liquid mixture covered by cytoplasmic membrane. Cell 

activities mainly occur in the cytoplasm, ions and other macromolecules required or 

produced by metabolism are located in cytoplasm [15] [30]. 

Cytoplasm can be generally divided into three parts, the cytosol, cell organelles and 

the cytoplasmic-inclusions. Cytosol is a mixture of cytoskeleton filaments, dissolved 

macromolecules 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 is used to compose proteins. For prokaryote 

microorganisms, there are no complex organelles in the cytoplasm, cytosol is the 

place that cell activities occurs [31]. The cytoplasmic inclusions consists of insoluble 

https://www.sciencedirect.com/topics/medicine-and-dentistry/potassium-ion
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substances in the cytoplasm, such as glycogen, lipids and pigments. Ions, negatively 

charged proteins and water makes cytoplasm a relatively highly conductive medium 

compared with other cell structures [28]. When the cells are exposed to external 

electric field, ions in the cytoplasm redistribute themselves, leading to charge 

accumulation [6].  

2.3 Benefits and hazard of microorganisms 

Microorganisms exist everywhere on earth, some of them can survive even in 

extreme conditions. For example, cyanobacteria are the most adapted species 

among other bacteria, this group has been found in fossil state and is considered as 

the oldest known fossils (3.3 to 3.5 billion years ago) and they still exist nowadays 

[32]. There are also other chemolithoautorophs microorganisms adapted to high 

temperature up to 122  and high pressure up to 20 MPa [33]. As they are widely 

distributed, it is impossible to avoid them. It is reported that the human body 

contains 10 times more bacteria than human cells and many are beneficial [34]. 

Nowadays, humans are trying to making use of them and living in harmony with 

them. Other microorganisms are harmful, both aspects, the hazards related to 

microorganisms and their beneficial applications, will be discussed in this section. 

In general, microorganisms are closely bound up with environments. They play an 

important role in the stability of the ecosystem. The 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 microorganisms [38]. 

Some food production processes also rely on microorganisms, they are necessary 

for fermentation and can also be used to increase the fertility of soil to increase the 

yields of corps. For examples, yeasts are used in bakeries and for making yogurt, 

beer, wine and cheese [39] [40] [41]. Microorganisms also play an important role in 
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medical applications, antibiotics are extremely important and the production of 

them is extensive [42] [43]. Some microorganisms are used in gene engineering to 

produce specific proteins [44] [45] [46]. 

With the development of modern technology, the products produced with or stored 

with the help of microorganisms start to draw interest in research. Some 

microorganisms like microalgae and cyanobacteria have relatively high protein 

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

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

extraction is also a subject of research [52] [53] [54] [55] [56]. 

Algae produced fuel is regarded as an alternative to fossil fuel because the released 

(part of it)  #/ is removed from the atmosphere via photosynthesis when the algae 

grow. Although the energy used in cultivation, harvesting and processing can 

introduce some emissions, it is still considered as a net-zero fuel [57]. 

The United States Department of Energy estimated that if all petroleum was to be 

replaced by algae produced fuel in the U.S. it will require only 0.42% of the U.S. 

territory to grow the required volume of algae [58]. Several pieces of work have 

shown that some specific microalgae have high content of lipids which could 

potentially be used as a source for bio-fuel production [55] [59] [60] [61] [62]. 

Several methods, like high-pressure, high-temperature, mechanical and chemical 

approaches, have been investigated in order to extract bio-fuel content materials 

from algae. Pulsed electric field treatment is also being considered as an approach 

to extract oily content 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 microorganisms. Plague, tuberculosis and anthrax are 

caused by pathogenic bacteria. Malaria, dysentery and toxoplasmosis are caused by 
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some protozoa. Some fungi are the sources of ringworm, candidiasis and 

histoplasmosis [63]. 

Microorganisms used in food production can bring benefits when their population is 

at a reasonable level, however if the population/concentration increases beyond 

safe levels, the microorganism or sub-products produced by microorganism can be 

poisonous for human [64] [65] [66] [67] [68]. 

2.4 Inactivation methods of microorganisms 

Inactivation of microorganisms is required in many practical cases [69], for example 

in medical applications, where bio contamination is not permitted, and it is 

necessary to keep a safe and clean medical environment. In the food industry, the 

population of microorganisms should be controlled and bio-hazardous 

microorganisms must be eliminated. In this section, some inactivation 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 in 18th century always applied flame to metal 

surgical equipment or put them into boiling water before doing surgery [70]. The 

first thermal sterilization patent was granted to Appert in the early 19th century 

even though there was no knowledge of microbiology [71]. After that, in the late 

19th century, pasteurization was introduced by Pasteur which is used to eliminate 

ǎǇƻƛƭŀƎŜ ƳƛŎǊƻƻǊƎŀƴƛǎƳǎΦ Lƴ мфнлΩǎ ŀ ǊŜǎŜŀǊŎƘ ǇŀǇŜǊ ǿǊƛǘǘŜƴ ōȅ .ƛƎŜƭƻǿ ŀƴŘ 9ǎǘȅ 

provided a relationship between treatment time and rate of death of 

microorganisms which is called thermal death time, later on the details of this 

process were  investigated  in [72] [78]. Models have been developed to describe 

the relationship between temperature and destruction rate of microorganisms [74] 

[75] [76]. Most organisms are sensitive to high temperature as they are composed 

by complex molecules and high temperature will damage the structures, and the 
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cell activity will be slowed down or stopped. Different microorganisms have 

different resistance to a specific temperature. So direct inactivation of 

microorganism can be achieved by exposing samples to heat in a temperature 

controlled environment. The autoclaves used in a laboratory are generally set to 

sterilize different instruments and equipment such as glass beakers at temperatures 

around 121 . 

There are also limits for thermal inactivation. Some microorganisms are quite 

resistant to heat, for example, Bacillus Sporothermodurans shows resistant to high 

temperature up to 120 , as spores helps keep microorganisms alive during 

thermal inactivation processing [71]. Higher temperature or longer treatment time 

may solve this problem but higher temperature may also damage the nutrient and 

protein content ƻŦ ŦƻƻŘΦ ²ƘŀǘΩǎ ƳƻǊŜΣ ǇǊƻǘŜƛƴǎ ŀǊŜ ƳƻǊŜ ǎŜƴǎƛǘƛǾŜ ǘƻ ƘŜŀǘ 

compared with microorganisms. Energy consumption is also a problem, higher 

temperature and longer time means more energy being consumed, affecting costs. 

Besides, the system composition of thermal sterilization is not always simple, it can 

be more complicated in some situations. There are generally two different 

approaches to thermal sterilization: moist heat and dry heat. Moist heat 

sterilization is normally operated under the temperature range of 121-129  with 

pressure required, for dry heat sterilization, higher temperature and longer 

treatment time are necessary, for example, for sterilization in laboratory 

environment, the equipment should be exposed at 121  for 15 minutes [77] [78]. 

2.4.2 Chemical inactivation 

Chemical inactivation is also widely used in common applications. For example, 

alcohol has been used for sterilization for many years [69]. There are many other 

chemical substances which are used for inactivation, such as ozone, chlorine and 

iodine [79], the strong oxidation produced by these substances can cause protein 

precipitate, damage structures and cause dysfunction or lysis of bio-cells. Hydrogen 

peroxide, which is widely used in nowadays is also effective and it is less poisonous 
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for human beings [80]. Chemical inactivation is mainly used in the hospital 

environment and 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 should be strictly controlled to avoid 

pollution and limit hazards, which means more costs are required. Furthermore, 

some chemical products require a special storage environment which causes extra 

costs during production and inactivation process. Unexpected substances are not 

allowed in some applications as they may be harmful to human beings or the 

environment so the remaining chemical substances after treatment should be 

monitored [81] [82]. 

2.4.3 Ultraviolet irradiation (UV) inactivation  

UV inactivation is widely used in water sterilization, surface disinfection, air 

disinfection and other large-scale treatment. The killing effects to microorganisms 

of UV irradiation was first recognized in the late 19th century [83]. It is an effective 

inactivation method for protozoa, there are no by-products generated and the 

results is not affected by pH and temperature [84] [85] [86]. Generally, the 

mechanism of UV inactivation is nucleic acid damage of the DNA and RNA of 

microorganisms by UV photons. Once nucleic acid is damaged, vital functions of 

microorganisms may be terminated, which in the end lead to cell death [87]. As a 

non-thermal treatment approach, the UV inactivation has many advantages 

compared with thermal approaches in food sterilization applications: reduced loss 

of nutrients, which maintain the quality of food, no toxic by-products during 

treatment and low energy consumption [88] [89] [90]. 

However, the drawbacks of UV inactivation are noticeable. From the human health 

point of view, excessive exposure to UV irradiation can lead to skin cancer [91] [92] 

[93]. UV irradiation is also considered to cause rapid aging of materials which 
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increase the cost of maintenance of equipment [94]. For UV inactivation in liquid 

samples, bad water quality may reduce the inactivation effects, biological 

membranes can be formed in some situations can prevent the UV irradiation from 

affecting the microorganisms. UV irradiation does not have a sustained effect, 

generally, chlorine disinfection or other methods should be used after UV 

irradiation treatment to maintain the sterilization results [95]. Potentially unknown 

changes in microorganisms may be generated due to the nucleic acid damage 

caused by UV irradiation which is not suitable for bio-chemical applications. 

2.4.4 High pressure inactivation 

High pressure processing is mainly used in food safety and preservation.  It was 

extensively investigated since the 20th century.  High-pressure treatment is 

conducted at ambient temperatures (to support pasteurization of food) so it helps 

to keep nutrients and food flavour [96]. High pressure has effects on both 

morphology, i.e. cell wall and membrane structures and cell activities [97]. It is 

reported that a pressure of 400 MPa could damage the membrane transport system 

of Lactobacillus [98]. Changes in key microbial enzymes are considered as the main 

reason for cell inactivation [96].  

However, there are also specific drawbacks to high pressure inactivation 

techniques. It is a physical (mechanical) type of treatment, and the food structure 

potentially provides a some degree of protection for microorganisms which leads to 

reduction in its inactivation efficiency. So, the properties of samples play an 

important role in the efficiency of this type of inactivation / high pressure 

treatment. Also, from the technical point of view, it is challenging to develop and 

maintain the high pressure treatment equipment. The major challenge of the high 

pressure inactivation is the resistance of bacterial endospores, e.g., most vegetative 

cells are inactivated at 400- 600 MPa, however some spores can survive at 

pressures above 1000 MPa [99]. In the end, high pressure inactivation is usually 

combined with thermal inactivation to achieve better killing effects. In addition, in 
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order to provide high pressure conditions, more energy is required and this reduces 

its cost effectiveness [100]. 

2.4.5 High-intensity narrow-spectrum light inactivation 

High-Intensity Narrow-Spectrum (HINS) is a newly developed technique in recent 

years [101] [102] [103]. Visible light, especially blue-light can be used to inactivate 

microorganisms.  Research shows visible light with wavelength ranging from 400 nm 

to 420 nm has killing effects on bacteria and the inactivation mechanism is reported 

to be oxygen dependent [104]. Inactivation was reported due to the 

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

can lead to the production of highly cytotoxic, oxygen-derived species [102] [105]. 

405nm HINS does not have the detrimental effect on humans that are found with 

UV irradiation. Therefore, HINS light allows people to be present while the 

inactivation process is underway. A study has shown the killing effects of HINS light 

was greater than normal infection control and cleaning activity. This research 

suggests HINS inactivation can be a potential choice in clinical applications [101]. 

The study of HINS is mainly focused on bacteria and more work is still required to 

confirm the mechanisms of this type of inactivation. For example, bactericidal 

toxicity was found in Nutrient Broth after 405-nm light treatment, the source of this 

should be identified, besides, some microorganism spores are also found to be 

resistant to the wavelength [106]. 

2.4.6 Pulsed electric field (PEF) treatment  

Pulsed Electric Field (PEF) treatment has drawn significant interest among the food 

industry due to the non-thermal character of this inactivation process. In the food 

industry, traditional thermal processing has been commonly used to increase shelf 

life and maintain food safety with low processing cost [107] . The short duration of 

the HV pulses used in PEF makes any resulting temperature increase quite small, 

this helps retain nutrition and flavour of fresh food products [108]. PEF treatment 
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has been studied in juice processing with the juice yield increased by 67% to 75% 

[109]. It is also studied in applications related to plant oil, meat, eggs and even 

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

The lethal effects of a pulsed electric field on microorganisms were firstly 

investigated by Sale and Hamilton in 1967 [114]. Further study of the PEF treatment 

of cells was proposed and conducted in 1972 by Neumann, in this study it was 

shown that the permeability of a cell membrane can be changed after PEF 

treatment [115]. It was explained that the permeability changes were caused by 

pore formation in the membranes during the PEF treatment due to an induced 

trans-membrane potential, this process is called electroporation [116]. Figure (2.4) 

presents schematically the process of electroporation during the PEF treatment. 

After exposure to an external electric field, pores formed during the poration 

process make cell membrane lose the ability of selective permeability, thus 

substances with large molecules can be transferred across cell membranes freely. 

The generation of reversible pores in cell membranes during the PEF treatment can 

be used in many applications, such as introduction of DNA and biochemical 

reagents for intracellular assays [117]. However, if the trans-membrane potential is 

higher than a critical value, the pores will be irreversible. In the end, irreversible 

pores cause cell membrane rupture and cell death. The change from reversible to 

irreversible pore formation also depends on the treatment time and the strength of 

pulsed electric field (Figure 2.5). The irreversible electroporation can be used for 

bio-decontamination, food sterilization and bio-fuel production. 

 

Figure (2.4) Process of cell electroporation. Picture taken from [118]. 
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Figure (2.5) Electric field strength-Treatment duration graph. Picture taken from 

[119]. 

 

However, it is reported that the PEF treatment is not efficient in inactivation of the 

microorganism spores [120]. This limits the use of the PEF treatment in water 

sterilization and in some other sterilization processes of food. The exact 

mechanisms of interaction between the PEF fields and microorganisms are not fully 

understood. The molecular dynamics methods has been used to help understand 

the biological effects of pulsed electric field treatment [121]. 

In general, these applications typically use pulsed electric field with durations in the 

order of microseconds to milliseconds and electric 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 (ns-PEF) were used for treatment leading to changes in the 

permeability of intracellular structures [123] [124] [125]. AC signals have also been 

used in PEF treatment, where narrowband pulsed electric field with a field strength 

of 1 kV/cm consisting of a pulse modulated sinusoidal wave, is reported to cause 

intracellular effects [126]. There are also numerical studies focusing on radio 

frequency (RF) PEF treatment, the results show that RF PEF treatment mainly causes 

thermal effects [127] [128]. Studies using millimetre wave PEF show non-thermal 

effects on biological systems [129]. 

As PEF treatment is being studied in this research, the technical fundamentals, 

inactivation mechanisms and recent investigation of disinfection effects will be 

discussed in detail in later sections. 

2.4.7 Non-thermal Plasma treatment 

Non-thermal 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 state of an ionized 

gas. Plasmas can be classified into thermal plasma and non-thermal plasma 

according to their temperature equilibrium between their constitute particles. The 

temperature of thermal plasma treatment can reach up to thousand degrees which 

can be a limitation for microorganism inactivation applications as discussed earlier. 

Non-thermal plasma is generated by application of an electric or electromagnetic 

field to a gas, with help of field energy, free electrons will be accelerated and cause 

ionization of gas atoms and molecules. As excited atoms and molecules will emit 

energy in different forms, like UV radiation, plasma is a complex state of matter 

with excited molecules and atoms, ions, free radicals, electrons, UV radiation and 

reactive oxygen and nitrogen species, moreover, all these properties show 

antimicrobial activity to microorganisms [131] [132] [133]. The possibility of plasma 

inactivation was first pointed out in the late 19слΩǎ [134]. With the development of 
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plasma science in the late 19флΩǎΣ ǇƭŀǎƳŀ ƛƴŀŎǘƛǾŀǘƛƻƴ of microorganisms started to 

be studied. The mechanisms of microbial inactivation by plasma is quite complex, 

e.g. there 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 treatment [135]. 

The inactivation mechanisms of plasma are complicated due to the different forms 

of energy emitted during treatment: UV radiation, electric field, thermal energy, 

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 project (Chapter 6), the technical fundamentals, inactivation 

mechanisms and recent investigation of killing effects will be discussed in detail in 

section 2.12. 

2.4.8 Discussion  

Table 1. Shows all the inactivation approaches introduced in this section. The detailed 

advantages are compared in the table 

Table 1 list of the inactivation approaches introduced in this section 

 Effectiveness on spores Influence on sample Processing 

conditions  

Thermal inactivation Not effective on heat- 

resistant spores 

May damage 

nutrient and protein 

of samples 

Higher temperature 

means more energy 

consuming 

Chemical inactivation Effective to heat-

resistant spores 

By-products may 

pollute sample or be 

poison 

Every part of 

processing should be 

strict controller 



 
55 

 

Ultraviolet 

inactivation 

Effective to spores Potential unknown 

damage may be 

caused 

Requires more 

energy for damaging 

spores. Harmful for 

human body. 

High-pressure 

inactivation 

Not effective to spores 

or even stimulate 

germination of spores 

for some microorganism 

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 by-products 

Less energy 

consuming  

Plasma inactivation Effective for spores and 

microorganisms 

By-products may 

pollute samples 

Plasma generation 

and discharge should 

be controlled 

 

Pulsed electric field treatment has an advantage of providing specific inactivation 

compared with traditional physical and chemical inactivation approaches. The PEF 

treatment damages the membrane structure, rather than the nucleic acid, which 

reduces the risk of potential unexpected damage of microorganisms in bio-medical 

applications. 

2.5 Microorganisms used in study 

One of microorganisms selected for this study is yeast Saccharomyces cerevisiae. 

These species are in the family of Saccharomy Cetaceae, phylum of Ascomycota and 

kingdom of Fungi [136]. It is one of the most commonly used microorganisms in 

fermentation processes [137]. The shape of S. cerevisiae cell is usually spherical or 

https://en.wikipedia.org/wiki/Saccharomyces_cerevisiae
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ellipsoidal, they usually have a diameter of 5-мл ˃Ƴ [138]. As they are widely used 

in molecular biology studies and their characteristics are well documented, it will be 

more convenient in simulations. In addition, the S. cerevisiae cells also have high 

content of lipid, which could also provide information for bio-fuel production with 

this species [139] [140] [141]. 

The other microorganism used in this study is phytoplankton Nannochloropsis 

oculata. N.oculata is a species of a Genus Nannochloropsis. They are in the family of 

Monodopsidaceae, phylum of Ochrophyta and kingdom of Chromista. They are 

usually unicellular small green algae which can be found in both marine and 

freshwater environments [142], see Figure (2.6). This kind of algae has a spherical 

or slightly ovoid shapeΣ ǘƘŜ ŘƛŀƳŜǘŜǊ ǊŀƴƎŜǎ ŦǊƻƳ н ǘƻ р ˃Ƴ [143] [144]. There is 

only one chloroplast in each cell and the main pigment is violaxanthin. These micro-

algae are rich in proteins, pigments and polyunsaturated fatty acids [145]. In recent 

years, it has been proposed as an excellent candidate for biofuel production [146] 

[147]. This type of algae is chosen as it is smaller than that of the yeast, which can 

provide comparison of reaction to stress between these two microorganisms in 

simulations and experiments.  They are easy to access as they are commonly used in 

aquaculture as feed. N.oculata used in experiments were obtained from Reefphyto 

Ltd. 

 

Figure (2.6) N.oculata cells observed under optical microscope (X100 

magnification). 

https://en.wikipedia.org/w/index.php?title=Nannochloropsis_oculata&action=edit&redlink=1
https://en.wikipedia.org/w/index.php?title=Nannochloropsis_oculata&action=edit&redlink=1
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2.6 Electrical parameters and models of microorganisms 

This section mainly introduces the development of models of microorganisms to 

allow the study of interactions between bio-cells and external electric field.  The 

measurement of capacitance of erythrocyte membrane by Fricke made dielectric 

analysis for cells a powerful tool in biological systems research [148]. The theories 

used to model the dielectric properties of a bio-cell are based on Maxwell and 

Wagner effects and single-shell particle model, as demonstrated in Figure (2.7). 

When a bio-cell is exposed in an external electric field, trans-membrane potential is 

developed across the bio-membrane because of the charge accumulation and 

redistribution at the cell membrane. When the induced transmembrane potential 

reaches a critical value the resulting electro-mechanical forces across the 

membrane will lead to pore formation. Details will be introduced in section 2.8 

which discusses the mechanisms of the PEF inactivation process. An early model 
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used to express the relationship between transmembrane potential and external 

electric field was proposed by Schwan in 1957 [149].  

In this model the membrane of the cell is assumed to be non-conductive as stated 

in section 2.2.2 before and the interior of the cell is assumed to be homogeneous 

[149]. The Schwan equation is expressed as: 

Ў• ϽὉϽὙϽÃÏÓ —     (2.1) 

Where Ў• is the induced membrane potential (V), E is the external electric field 

(V/m), R is the radius of cell (m) and — is the angle between electric field direction 

and the membrane wall (degree).  

 ̒

9ƭŜŎǘǊƛŎ CƛŜƭŘ  90  
Cathode Anode 

 

 

Figure (2.7). Directions of decrease of induced trans-membrane 

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

R 
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It can be seen from the equation that the induced trans-membrane potential is 

linearly dependent on the magnitude of external electric field strength and the 

radius of bio-cell, which means a higher trans-membrane potential will be induced 

across membranes of large size bio-cells. The induced membrane potential is also 

determined by the position on the membrane and direction of the external electric 

field. Therefore, the maximum trans- membrane potential will be developed on the 

ΨǇƻƭŜǎΩ ƻŦ ǘƘŜ ŎŜƭƭ ǿƘŜǊŜ ÃÏÓ— ρ.  

The dielectric constant for bio-cell is also calculated by Pauly and Schwan with this 

single-shell model. They also pointed out that the two sub-dispersions and Maxwell-

Wagner effect (accumulation of electrical charges at the surface between two 

materials with different conductivity and permittivity) has only a small contribution 

to the total dielectric response compared with interfacial polarization. After that a 

two-shell model was developed and experiments have been conducted to measure 

the dielectric parameters of yeast cells.  

 

Figure (2.8) Structure of general Single cell model 

The Schwan equation provided a steady-state transmembrane potential induced on 

spherical cells, based on this, Kotnik proposed an advanced Equation (2.2) with 

conductivity and membrane thickness included [150]. 
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Ў• Ͻ ὉϽὙϽÃÏÓ —            (2.2) 

Where „ represents the conductivity of cytoplasm (S/m), „  represents the 

conductivity of bio-membrane and „ represent the conductivity of environmental 

fluid (S/m), d is the membrane thickness (m). If „ π, equation will be simplified 

to the Schwan equation. 

 

An analytical description of transmembrane voltage on spheroidal cells was also 

developed by Kotnik [150], where they confirmed that for a nonconductive 

membrane, membrane thickness is irrelevant to the induced transmembrane 

voltage. As discussed in section 2.2.2, a membrane consists of lipid bilayer with 

proteins embedded, such structures make membrane charged with ions. In [151], 

surface charges and resting potential were considered. The effects of surface 

conductance and deformation forces during membrane permeabilisation were 

taken into account in [151]. While in [152] [153], development of membrane 

potential in an ellipsoidal cell was evaluated ōȅ ǎƻƭǾƛƴƎ [ŀǇƭŀŎŜΩǎ Ŝǉǳŀǘƛƻƴ ǿƛǘƘ ŀƴ 

evaluated formula valid for single confocal ellipsoidal cells instead of spherical cells.  

In [108] a more advanced transient model was developed which proposed the 

dynamics of electrical field both in a PEF treatment chamber with dielectric barriers 

and in a bio-membrane. In addition, a 3-stage transient process was presented and 

electric field strength for each phase was calculated and the transient 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 when bio-cells 

are exposed to an electric field were studied in [151], a relationship between the 

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

microorganisms induced by an external electric field were researched in [122], with 
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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 pulsed electric field in the PEF treatment is designed, based on the 

pulse power technology. A typical pulse power generation system is designed to 

deliver a certain amount of power to the load over short period of time. With these 

characteristics, pulse power technology is of great importance for both civil and 

military applications such as radiography, electromagnetic launch, high-power 

microwave, free electron laser, environment protection and medical treatment 

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

energy should be accumulated and stored in a storage device, typically a capacitor 

bank, or in inductors or transmission lines. Once a required amount 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 generating circuit, 

inductance pulse power generating circuit and resistance-inductance-capacitive 

(RLC) combined pulse power generating circuit. Impulses of square waveforms, 

exponential decay waveforms and oscillatory decay waveforms can be generated by 

RLC combined circuits with different connections of components [155], 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 generally favoured in PEF treatment [156] [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 Blumlein pulse generation configuration. 
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Figure (2.9) shows 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 necessary. When the switch S is closed, a voltage of 6 is 

applied to the load and at the same time, a pulse with amplitude 6 will travel 

through the transmission line to the power source, however, due to the high 

Impedance of charging resistors and source, which 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 through Equation 

(2.3). 

 

Figure (2.9) Schematic circuit diagram of a simple pulse forming line. 

 

ἢ
ϽἬЍ ἺἺ

Ἣ
                            (2.3) 

Where ‐ is the relative permittivity of transmission line, ‘ is the relative 

permeability of transmission line, c is the speed of light (m/s).  

 

The rising time of impulse is determined by the characteristics of switch, 

transmission parameters and load. A drawback of this pulse forming system is the 
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applied voltage on the load is only half of the source. An improvement of 

transmission line pulse forming system is made to solve this problem by Blumlein in 

1941, Figure (2.10) below shows the schematic of a Blumlein pulse generator [158]. 

As is shown in Figure (2.10), in a Blumlein pulse generation circuit the load is 

connected between two transmission lines with the 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 voltage of 6 will 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 polarity at the same time, creating 

a voltage of 6 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 can be calculated through 

Equation (2.3). 

 

Figure (2.10) Schematic circuit diagram of Blumlein pulse generation circuit 

Compared with a single transmission line pulse forming network, a Blumlein pulse 

generation circuit attains the same magnitude of voltage as the charging voltage. 
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As a flexible pulse power generation technique, improvements have been done 

since it was firstly developed, for example [159], a multipurpose, low cost, small size 

and light weight pulse generation systems was made based on the Blumlein 

configuration which can produce a 50ns flat top rectangular impulse with rising time 

and falling time less than 10 ns. The shape of impulses generated with Blumlein 

generator used in this study will be introduced in Chapter 6. 

 

2.8 Pulsed Electric Field treatment 

Although PEF treatment has been briefly introduced in previous sections, as PEF 

treatment is mainly studied and applied in this project so a critical review of all 

aspects of PEF treatment is necessary and important for the research. Therefore, 

this section will be focused on potential mechanisms of the PEF treatment, test 

chambers, and will discuss important studies  on the PEF treatment conducted over 

past decades and in recent years. 

2.8.1 Mechanisms of PEF treatment 

The origin of pulsed electric field treatment can be traced back to 1960s, when 

lethal effects on microorganisms were firstly described by Doevenspeck [160]. After 

that, Sale and Hamilton critically analysed the killing effects of PEF on bacteria and 

yeast in 1967 and gave three conclusions [161] [162] [163]: (i) Killing effects is 

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

and electrolytic products during treatment could be excluded from consideration, 

(iii) At least 1.0 V trans-membrane potential is required across the bio-membrane to 

generate pores.  Since the first introduction of the PEF treatment, it attracted great 

interest among researchers. The theory of the PEF treatment was mainly developed 

in 1980s. Hulsheger, Niemann and co-ǿƻǊƪŜǊǎ ŎƻƴŦƛǊƳŜŘ {ŀƭŜ ŀƴŘ IŀƳƛƭǘƻƴΩǎ 

results in [161] [162] [163] and developed a mathematical model for the calculation 

of the fraction of cells surviving after PEF treatment [164]. (PEF treatment for food 
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processing was firstly studied by Krupp 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 treatment [160], 

however, due to the limitations of the pulse generator, it was nearly impossible to 

set repeatable electric parameters and thus really reveal the interactions between 

biological cells and electric field.) 

The mechanism of cell lysis caused by the electric field is not fully understood. The 

most widely accepted model was proposed by Zimmermann in 1986: i.e. the pore 

formation theory which is called electroporation [165]. As charges started to be 

accumulated on both inner and outer sides of the membrane, the membrane is 

compressed, if the transmembrane voltage exceed 1 V, pores start to form across 

the membrane [165]. The pore formation process 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 than 1 µs, the membrane 

pores are resealable and no permanent damage is induced to the cell [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 with 4 to 5 kV/cm electric field strength, S-M phase (Synthesis phase is 

the period when DNA is replicated, preparing for cell division and Mitotic phase is 

when the cell divides) cells are more susceptible to the PEF treatment than G1-

phase (Gap phase, refers to the periods of growth) cells and larger cells are more 

difficult to make permeable. The parameters of high voltage waveform such as 

rising time, peak voltage and falling time can also influence the result of 

electroporation. 

In recent studies, intended to produce pores, µs-time pulses with field magnitude 

between 30 kV/cm to 40 kV/cm are generally used as PEF treatment waveforms 

[168] [169] [170] [171]. 
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Other electrical and electro-chemical processes that take place during the PEF 

treatment also have effects on microorganisms. For example, ions can be released 

from electrodes due to electro-chemical reactions, such ions have been proved to 

have an impact on inactivation of microorganisms [172]. Ionic conduction is also a 

potential reason of the cell death, reports in [173] [174] show that for liquid 

suspension with high conductivity, the ionic conduction current can reach to 

hundreds of Amps.   

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

of microorganism, however, the PEF process is usually considered as a  

Ψƴƻn-ǘƘŜǊƳŀƭΩ ǘǊŜŀǘƳŜƴǘ ŀǎ ǘƘŜ ŎƘŀƴƎŜ ƛƴ ǘƘŜ ōǳƭƪ ǘŜƳǇŜǊŀǘǳǊŜ ƻŦ ǘƘŜ ƭƛǉǳƛŘ ŘǳǊƛƴƎ 

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 into account. 

2.8.2 Static plane-plane test chambers 

A PEF treatment chamber is one of the vital components in the PEF treatment 

system.  The test chamber is designed to house a liquid suspension to be treated 

and suitable electrodes to allow high voltage impulses to be applied across the 

chamber. 

In general, there are two kind of chamber, which can be distinguished by their 

difference in design, namely static chamber and continuous chamber. For a static 

chamber, a specific amount of sample is fitted in the cavity between two 

electrodes. Static chambers usually can only treat a small volume of liquid each time 

which is not suitable for large-scale treatment processes. Continuous chambers are 

designed to treat larger amount of liquid as liquid samples will be flowing with a 

certain flow rate between the electrodes. 

The early static chamber was designed by Sale and Hamilton in 1967, [114] [161] 

[175] as shown in Figure (2.11). Two carbon electrodes are held by brass blocks and 

a U-shape polyethylene spacer is fitted between two electrodes as the treatment 



 
67 

 

chamber. The coolant path is designed to control the temperature of a sample 

during PEF treatment. The maximum treatment electric field strength is 30 kV/cm 

for this test chamber as air breakdown, electrical discharges, will occur above the 

sample if the field exceeds this value.  

 

 

Figure (2.11) The static chamber designed by Sale and Hamilton: (a) cross section 

view of chamber. (b) U-shaped treatment region and coolant path. Pictures taken 

from [176] 

 

In general, two parallel electrodes in the treatment chamber are required and used 

to generate a uniform electric field in the liquid samples. However, 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 to solve this problem, Dunn and Pearlaman [177] designed a new 

geometry of the static treatment chamber shown in Figure (2.12). 

The test chamber consists of two stainless steel (SS) electrodes and an acrylic 

Plexiglas spacer. The gap between electrodes is 5 mm. A hole is opened in one of 
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the electrodes to inject samples. A 5 to 25 kV/cm electric field can be applied to 

samples in this test cell. 

 

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

Perlman, picture taken from [177]. 

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 disk-shaped static PEF treatment chamber 

[176], as shown in Figure (2.13), which can generate a high electric field up to 75 

kV/cm among the sample. The probability of electrical breakdown is reduced due to 

the two disk-shaped, round-edged stainless steel electrodes which are polished to 

mirror surfaces. There are also other configurations of the PEF treatment chamber, 

for example a rod-rod static treatment chamber designed by Mastumoto was used 

to study cell destruction by underwater arc discharge [178]. Non-direct contact 

chamber designed by Lubiki and Jayaram in [179] was used to study inactivation of 

Yeersinia enterocolitica and it was found that Yeersinia enterocolitica were 

effectively inactivated by PEF without direct contact with metallic electrodes. Based 

on these well-designed 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) The static PEF chamber designed by Washington State University 

research group, picture taken from [176]. 

 

Timoshkin et al. in [108] proposed a static PEF treatment chamber with electrodes 

coated by high permittivity ceramic material. Such a design can eliminate the 

electro-chemical reaction between metallic electrodes during PEF treatment and 

reduce the by-products.  For example: with aluminium electrodes, ὃÌ  can be 

released into liquid during PEF treatment [180], the accumulation of these ions can 

form bubbles thus cause undesirable dielectric breakdown [181]. 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 

including S.cerevisiae, E.coli, Bacillus subtilis, Staphylococcus aureus, Lactobacillus 

and Pseudomonas. E.coli and S.cerevisiae are the two most popular microorganisms 

due to their importance to the food industry and human living. With the 

development of bio-fuel production research, microalgae have started to draw 

attention among researchers, for example for lipid extraction process in which 

Nannochloropsis, C. prototheocoides and Dunaliella are used. In this section, studies 

of the PEF treatment on microalgae and yeast will be reviewed. 
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2.9.1 PEF treatment of microalgae 

Study of the PEF treatment on microalgae is at an early stage and mainly focused on 

the feasibility of PEF induced or assisted lipid extractions. 

In [182], Zbinden et al reported on their research on PEF-assisted lipid extraction 

from Ankistrodesmum falcatus.  Ankistrodesmum falcatus is a green algae which is 

known for this lipid content and can be used as a potential feedstock for bio-fuel 

production which can produce around 43% lipids from ash-free dry weight. An 

exponentially decaying HV impulse with the characteristic decay time of 360 ns and 

the peak field strength of 45 kV/cm was used in this study, the test chamber was 

equipped with parallel-plane stainless steel electrodes. The study shows that when 

a specific 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 protothecoides is popular among researches as 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 with 1 µs duration is used to generate a 35 

kV/cm electric field across Axuxenochlorella protothecoides sample. 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 total organic carbon 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 samples [169]. 

Gottel and his research team also proposed a study with this kind of algae [183]: 

The samples were treated with 23-43 kV/cm field impulses with duration of 1 µs. It 

was found that the specific energy had more significant   influence on cell lysis as 

compared with of the field strength. They also found that the PEF treatment did not 

cause spontaneous release of lipids according to fluorescence microscopy. 
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Nannochloropsis which has ~30 % of carbohydrates, ~20% of proteins and ~25% of 

total lipid has also drawn attention of researchers [184]. Several approaches have 

been proposed to extract valuable nutritional compounds from Nannochloropsis 

such as microwaves [185] [186], ultra-sonic treatment [187] [188] etc.  The study in 

[184] shows that the electrically based disruption techniques, including PEF, 

allowed for selective extraction of water soluble ionic components, microelements, 

small organic compounds and water soluble proteins (~ 5.2% extraction for 1% 

suspensions). The impulses used in this study were HV impulses with the field 

strength of 20 kV/cm and duration of 4 ms. However, the extraction of pigments 

through PEF itself is not available, it requires additional subsequent applications, 

such as ultrasonic and high pressure processes [184]. 

There is a recent study about the PEF treatment focused on the PEF assisted 

extraction of polysaccharides and hydrocarbons from Botryococcus braunii [189]. 

These microalgae are able to build extracellular networks of polysaccharides and 

hydrocarbons which allow bio-cells to adhere as colonies. Such colonies are 

reported to contain over 99% C33 and C34 compounds [190]. Moreover, in general, 

from 25% to 40% of oil contained in these colonies can be extracted from dry 

weight, if under optimal conditions, the extraction rate can reach up to 86% [191]. 

In their research, an 80 ns duration HV impulses were applied to the sample 

developing a high electric field strength up to 144 kV/cm. The result shows that 

using energy of 25 J, ~50% 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 80%. 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 levels [189]. 

2.9.2 PEF treatment of Yeast 

Qin et al studied the inactivation of S. cerevisiae and E.coli using a plate-shape static 

treatment chamber [192], they compared the performance of PEF treatment on S. 
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cerevisiae using different impulses, i.e. square wave impulse (~50 µs, 276.2 J/pulse) 

and exponential decaying impulses (~150 µs, 277.4 J/pulse), the field strength is 12 

kV/cm for both conditions. The report showed a reduction of population was 

decreased by ͯρπ #&5ÓȾÍ, after 10 impulses. The study also showed the energy 

efficiency of the square wave impulse can reach to 91% and the efficiency of 

exponential decaying impulse is only 64%. So in [193] it was concluded that square 

wave impulses have better energy efficiency in PEF treatment of S. cerevisiae. 

Another study from them investigated three type of microorganisms in simulated 

milk ultra-filtrate liquid with impulse of peak field strength ~ 60 kV/cm and 40 µs 

duration. For S. cerevisiae a ͯ ρπ #&5ÓȾÍ, reduction was observed after 8 

impulses. For E.coli and S.aureus, application of 30 and 40 impulses are necessary to 

obtain the same reduction. Therefore, Qin concluded that S. cerevisiae is more 

sensitive to PEF due to the large cell size (diameter: ~ 6 ˃ m) compared with other 

two kinds of microorganisms (E.coli: ~2.2 ˃ m, S. aureus: ~ 1 ˃ m) [192]. 

Temperature, pH and water activity (ὥ ) was taken into account during PEF 

treatment on S.cerevisiae in [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 impulses with electric field strength of 25 kV/cm, and 4 µs duration. 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 levels for growth [195].  

The pH of sample being investigated ranged from 4.0 to 7.0. The treatment was 

undertaken under two different temperature conditions, 10 ᴈ and 30ᴈ. The 

results show neither pH nor water activity have significant effects on the PEF 

treatment results. However, the increase in temperature significantly enhanced the 

killing effects of PEF treatment, i.e. ρπ #&5ÓȾÍ, reduction observed at 30ᴈ after 

the PEF treatment [194]. 
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The critical electric field (Ὁ) and critical treatment time ὸ) is studied by Grahl and 

Markel in [196]. Table 2.2 below shows the critical field strength and critical 

treatment time for S. cerevisiae in different media. The research also concluded 

ρͯπ #&5ÓȾÍ, reduction is possible with electric field strength as low as 7 kV/cm. 

 Ὁ ὸ 

Sodium alginate 5.4 kV/cm Below 5 ˃ s 

Ultra-high 

temperature(UHT) milk 

4.7 kV/cm Below 5 ˃ s 

Table 2.1 critical field strength and treatment time of S. cerevisiae in different 

media.  

As mentioned in section 2.8.1, the sensitivity of the same microorganisms to pulsed 

electric field is different in different cell phases. As reported in [197] yeast cells in 

their logarithmic phase (a period in a bacteria growth curve where cell numbers 

increase exponentially) are more sensitive to the PEF treatment than cells in 

stationary phase (a period when the population size stabilizes, with the rate of cell 

division roughly balancing the rate of cell death): 75% of yeast cells in the stationary 

phase survived after 4 pulses with electric field strength of 30 kV/cm, for cells in the 

logarithmic phase, only 5% of cells survive.  In [198] 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% even for impulses 

with higher field strength of up to 28 kV/cm. 

Transmission electron microscopy (TEM) was used to investigate the killing effects 

of the PEF treatment in [199], the yeast cells were exposed to 64 exponential 

decaying impulses with field strength 40 kV/cm and 4 µs in 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. 
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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 

ρπ #&5ÓȾÍ,  reduction of yeast, 84 kJ/litre energy consumption is reported in 

[200], while in [201], 77 kJ/litre is required to reach ρπ #&5ÓȾÍ,  reduction. In 

another research, 300 kJ/litre is required to reach ρπ #&5ÓȾÍ,  reduction [202]. 

2.9.3 Factors influencing PEF treatment performance 

As introduced in the previous section, the electroporation process is the mechanism 

of the PEF treatment inactivation of microorganism, it has also been confirmed that 

1 V transmembrane potential is necessary to trigger the electroporation process. 

The membrane potential is mainly determined by the external electric field 

according to Schwan equation and 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 microorganisms. For 

example, the critical electric field strength of E.coli is 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 electric field strength 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 UHT milk due to different 

conductivity. 

In the previous sections, it was shown that the most frequently used pulses in the 

PEF process are HV pulses with square and exponential wave-shapes. A simple 

capacitive pulse generating circuit is enough to generate an exponential wave-

shape. To generate a square wave-shape impulse, a transmission line based pulse 

generation circuit is preferred. Bai-lin Qin et al conducted a PEF study in [193] in 

which they investigated inactivation efficiency of different wave-shapes: 

exponential decaying wave-shapes, oscillatory decay pulses and square wave-

shape. Three types of microorganisms were researched in [193], E.coli, S.cerevisiae 
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and B.subtilis. In this study identical peak values of voltage were used and the same 

amount of energy was delivered to the samples. It was found that square wave-

shapes are more effective in killing effects than exponential wave-shapes. The 

studies also show that the oscillatory decay pulses are less effective than the 

exponential decay pulses with the peak field strength of 40 kV/cm and applied 

energy of 80 J per pulse. Because with the oscillatory decay pulses the cells were 

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

of irreversible pores was reduced [193]. 

Qin et al also conducted the PEF study of treatment of yeast cells with different 

wave-shapes [193]. Exponential waveform and oscillating exponential waveforms 

were compared in the study, the results show that with peak fields of 67 kV/cm and 

80 kV/cm, exponential waveform provided the best inactivation performances 

compared with oscillating exponential waveform. Love in [203] provided a 

mathematic correlation between the frequency components of pulse wave-shape 

and inactivation efficiency during the PEF treatment, based on the experiment 

results from Qin [193], they provided a quantitative way that the square impulse 

has better energy efficiency than other wave-shapes. In addition, square impulse 

also provided additional benefits: undesirable 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 study [193], Bailin-Qin 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 field, the 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 the study. E.coli, 

L.monocytogenes and B.cereus were treated with both monopolar impulses and 

bipolar impulses. An explanation was given that the pulse duration used in the 
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study was relatively short (1 µs) compared with the study processed by Bailin-Qin, 

in which the duration  was over 50 µs, so the bipolar impulses were  more effective 

than  oscillating impulses. 

The characteristics of the liquid suspension such as temperature, electrical 

conductivity and pH also produce notable effects on the PEF treatment results as 

demonstrated in many studies [194] [205] [206]. As thermal inactivation is 

commonly used in killing microorganisms in the food industry, the suspension 

temperature clearly has an influence on the efficiency of the PEF treatment. 

Although the PEF treatment is generally considered as non-thermal, there is a 

temperature increase during the PEF treatment. In general, the thermal effect of 

the PEF treatment 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 of a liquid suspension is generally monitored in PEF treatment studies. 

In [206], for E.coli, with suspension temperature fixed to 40 ᴈȟ Á ρπ #&5ÓȾÍ,   

reduction was achieved with 20 exponential decaying impulses while 50 impulse 

were required for the same reduction with the suspension temperature of 30 ᴈ. 

Similar results were also given in [207]. This study also shows a good agreement 

with the critical membrane potential behaviour which reduces significantly with an 

increase in the temperature. 

The electrical conductivity of a suspension also plays an important role in the PEF 

treatment, influencing the PEF treatment in multiple ways. First of all, higher 

conductivity may result in a higher trans-membrane voltage [205], thus increase the 

ability of electroporation process across membrane. Higher suspension conductivity 

also has an influence on the performance of the pulse forming networks. For a RC 

pulse generation network, 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 
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reflection due to the mismatch 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 also damages the 

structure of nutrient molecules which is not permitted in food industry. However, 

for most PEF applications in food processing, the conductivity is relatively high, in 

the range of 0.1 to 1 S/m [208]. In order to overcome the engineering difficulty, a 

non-conductive PEF test cell was designed [108], and with help of dielectric layer, 

the ionic conduction current through the liquid suspension can be eliminated even 

with high suspension conductivity which reduce the probability of production of 

toxic by-products such as chlorine [209]. 

Another factor which has an influence on the PEF treatment results is the pH of a 

liquid. Studies [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.coli and L.monocytogenesin. There are also studies which show that a higher pH 

is more effective for inactivation of S.enteriditis and S.senftenberg [211] [212]. 

Some studies also show that pH has no effect on the inactivation process [175] 

[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 bacteria are 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 also has 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 confirmed, for example, in [192], 
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S.cerevisiae cells with linear dimensions of ~6 µm were more sensitive to the PEF 

treatment compared with S.aureus which have cells with linear dimensions of ~ 

1µm. 

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 Gram-positive bacteria. The potential reason was 

given in [215], due to the thick peptidoglycan layer in Gram-positive bacteria. 

Several studies also investigated the influence of growth stage of microorganisms. 

The critical electric field for E.coli was given in [216]. The study demonstrated that 8 

kV/cm was necessary to start PEF inactivation of E.coli in the stationary phase and 

only 2 kV/cm is required for log phase. Other studies, like [198] [206] [217], also 

give results show that microorganisms in stationary or lag phases shows less 

sensitivity to PEF treatment than microorganisms in log growth phase. 

The electro-chemical reactions that occur during the PEF treatment are generally 

called electrolysis. These electrolysis processes produce not only metallic ions but 

also gaseous products such as oxygen and hydrogen. In most PEF treatment 

applications, stainless steel and aluminium are selected as electrodes, copper 

electrodes are also a selection. #Õ, !Ì and &ÅȾ&Å are usually generated in 

suspension with such electrodes. It was demonstrated in [172] that #Õ  has a high 

antimicrobial effect.  90% of the E.coli was inactivated with stainless steel 

electrodes, 99% and 99.9% of them was inactivated with aluminium and copper 

electrodes. In addition, it was reported in [180], !Ì can affect the membrane 

electroporation process. As stainless steel has a relatively high corrosion resistance 

and low electro-chemical reactivity compared with other kind of electrodes [218], 

stainless steel is mostly used in the PEF treatment applications and experiments. 
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2.9.4 Discussion of PEF treatment on microorganisms  

This chapter reviewed the background information about microorganisms and 

current inactivation methods. Fundamentals of pulse power technology are also 

introduced, such as pulse forming networks. Finally, a review of the PEF treatment 

is conducted in this chapter. The main inactivation mechanisms and experiments 

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 electrical parameters can also be included in such analytical studies. 

Secondly, most of the studies were  focused on the high electric field strength, 67 

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

different number of impulses should 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 overview of the principles of operation and 

applications of non-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 limitations for industrial implementation of plasma treatment 

will also be discussed. 

Plasmas can be classified into two groups: thermal plasma and non-thermal plasma 

as introduced earlier. Thermal plasmas can reach temperatures up to several 

thousand Celsius degrees and they are usually used in metallurgical industry or 

chemical synthesis process. Non-thermal plasmas, with temperatures close to 

ambient temperature are more suitable for inactivation of microorganisms in the 
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food industry as the structure of nutrient would not be damaged due to high 

temperature. 

Non-thermal atmospheric plasma offer another approach for food preservation and 

gained much attention during the last decade. The possibility of using plasma as a 

surface decontamination technology was firstly pointed out in the late 19слΩǎ [219]. 

However, this technique was not 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 applicable in industrial settings. In the late 19флΩǎΣ ǿƛǘƘ 

development of techniques, equipment capable of generating plasmas at 

atmospheric pressure became available. 

Plasma treatment may offer many advantages to the food industries.  Firstly, it 

allows short treatment times, it has been reported that few seconds can cause 

more than ρπ #&5ÓȾÍ, reductions for different microorganisms, including 

pathogens such as Salmonella typhimurium, S. enteritidis, Escherichia Coli [220] 

[221] [222]. In addition, plasma is effective at room temperature which makes it 

particularly interesting for heat-sensitive products. Finally, its non-toxic nature and 

the reduced consumption of 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 that the 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 
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inactivation as UV radiation always comes into being along with the generation of 

plasma. The non-thermal plasmas are generated by application of electric or 

electromagnetic field to a gas. The field causes free electrons to accelerate and 

ionize the gas atoms and molecules, more free electrons 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. When excited 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 become controversial with development of plasma inactivation. Experiments 

shows pure argon plasmas shows greater lethal effect to Bacillus atrophaeus and 

Bacillus subtilis spores compared with oxygen and nitrogen plasmas which emit four 

times more UV radiation [223]. In [224] [225], a lithium fluoride filter or fused silica 

quartz plate is used between the plasma generation point and treatment region to 

transmit UV light but avoid 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 involved in UV damage repair (uvrA, uvrB) is 

unaffected while various genes involved in the response to oxidative stress are over 

expressed by exposing B.cereus vegetative cells in nitrogen plasma [226]. Such 

studies proved that the mechanisms of inactivation of microorganisms by UV 

radiation and non-thermal plasma are different. It is also agreed that reactive 

chemical species generated through gas ionization make contributions to the 

antimicrobial effect through direct and non-specific attack on various microbial 

structures and components, including cell membranes, DNA and proteins [227]. 

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

cell membranes is the main reason for the cell death caused by the plasma 
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treatment [130]. The electrons and excited species generated during the plasma 

treatment are reported to directly damage the structures of cell membranes. 

Electroporation phenomenon is also considered to contribute to mechanical erosion 

of cellular envelopes as charge accumulation occurs across bio-cells during the 

plasma treatment [130]. Moreover, as pores form across 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 proteins, and would accelerate the inactivation process. 

 The oxidative damage of cellular structures and macromolecules caused by neutral 

reactive species generated during plasma treatment is also considered to be one of 

the main reasons leading to cell death. Hydrogen peroxide is reported to be the 

major chemical species responsible for microorganism inactivation 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 reactive oxygen species have been proved to have 

protection on microorganism during plasma treatment [130]. Moreover, hydroxyl 

radicals and singlet oxygen are also proved to be the main agents involved in 

microbial inactivation in research [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 composition, ultrastructural organization and permeability, a decrease in 

membrane fluidity and inactivation of membrane associated enzymes [229] . 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 (,ᶻ) which 

can react rapidly with an oxygen molecule to give a peroxyl radical (,//ᶻ). These 

radicals can extract new hydrogen atoms from other lipids and become 

hydroperoxides (,//(), which undergo chemical degradative phenomena to 
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produce very toxic degradation compounds. The damages to cell membranes 

through plasma treatment can be observed through electron microscopy. Size 

reductions, changes of shape, surface structure modification, presence of pores in 

membranes and envelope disruptions can be observed [230]. Determining the 

release of different intracellular components such as potassium ions, + , 

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

indirectly prove membrane damage [231]. 

However, cell membrane is reported to be not the only structure 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 into a cell, even though the cell 

membrane is not damaged [232]. Which means that these species can easily react 

with and damage the cell structures and macromolecules inside the cytoplasm 

[130]. Highly selective fluorescent compounds are used for singlet oxygen and 

hydrogen peroxide quantification in [231] which found the singlet oxygen 

concentration inside E.coli increased steadily during 60 seconds of plasma 

treatment whereas the (/  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 activities [233]. These researches demonstrated the occurrence of 

reactive oxygen species within the cells during plasma treatment, besides, the cell 

membrane is not the only cellular structure damaged by plasma. Atomic oxygen, 

hydroxyl radicals (/(ᶻ), hydroperoxyls ((//ᶻ), superoxides (/ ᶻ) and nitric oxide 

(./) are responsible for interacting with various macromolecules in the cytoplasm 

during plasma treatment [234]. 

DNA damage is also considered to be one of the reasons 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 
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transversion between purines and pyrimidines. For example, the oxidation of 

guanine generates 8-hydroxy-нΩŘŜƻȄȅƎǳŀƴƻǎƛƴŜ ό/(Ä') which is a compound 

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 ruptures of DNA strand. Microarray technology is usually used 

to study the transcriptional process of DNA. It has been demonstrated that up to 18 

genes are involved in the SOS response (which means the bacterial response to DNA 

damage) are over expressed during plasma treatment [235]. In [235], by studying 

the transcriptomic response of E.coli cells exposed for 2 min to an argon plasma, an 

intense overexpression of several genes involved in the repair of extremely 

damaged DNA are observed. In addition, more repair responses to damaged DNA 

are observed by the authors who concluded that DNA is extremely damaged during 

plasma treatment [235]. The existence of significant damage of DNA has also been 

observed through agarose gel electrophoresis techniques. For example, in research 

[236], after 3 minutes, a complete degradation of E.coli genomic DNA is observed 

after plasma treatment. 

Not only DNA but also proteins and cytoplasmic enzymes are reported to suffer 

damage during plasma treatment by these oxidative reactive species. The damage 

of proteins and enzymes happens in several ways such as the breaking 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 inter-molecular disulphide bonds.  The oxidation of just one amino acid in a 

protein can affect the function of the protein [130]. All these aspects can lead to 

conformation and structure changes of protein and enzymes [237]. In addition, the 

activity of enzymes can also be compromised 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 molecular weight, between 

50 and 90 kDa (kilodalton) are more sensitive to plasma treatment. Moreover, an 
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increase of concentration of free amino acids during plasma treatment also 

demonstrated that plasma can also cause breaks in the proteins and liberate free 

amino acids. According to these damages to proteins, 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 germination. 

In the end, apart from the direct effects due to these reactive species, there are also 

indirect mechanism of action that occur during plasma treatment which lead to the 

formation of other cytotoxic compounds. Reports show that hydroxyl radicals (/(ᶻ) 

can be generated from (/  and superoxide radicals (/ᶻ ) in the presence of 

transition metals such as iron or copper. The Haber-Weiss reaction is the most 

common reaction to occur during plasma treatment which consists the 

transformation of the ferric cation to ferrous cation (&Å /ᶻ ᴼ&Å / ). 

After that, the ferrous cation reaction with (/  to produce ferric cation ( &Å), 

hydro anions (/() and hydroxyl radicals (/(ᶻ) which also have antimicrobial 

ability. Besides, nitric oxide (./) can also react with oxygen or superoxide radicals 

( /ᶻ ) to form nitrogen dioxide (./), peroxynitrites (/.// ) and nitrous 

anhydride (./ ), all these species have antimicrobial ability [239]. 

 

2.10.2 Non-thermal plasma reactors 

In general, there are two approaches to generate non-thermal plasmas, by electron 

beam and electrical discharge. In an electron beam reactor, a separate generator is 

required to generate the electron beam. Usually, high voltage and a vacuum region 

are required to accelerate 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 more 
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complicate structures, besides, the efficiency in transferring the electrons to gases 

is reported to be poor [240]. In the electrical discharge method, the high voltage 

electrodes are usually immersed in the atmospheric-pressure 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 and electrical power 

supply, such as pulsed corona discharge reactor [241], ferroelectric pellet bed 

discharge reactor, dielectric barrier discharge reactor and surface discharge reactor 

[242] [243].  The pulsed corona discharge reactor is similar to the reactors used in 

this research so it will be introduced in following sections. 

In the pulse corona method, the short-lived discharge plasma is generated by very 

short pulses of high voltage, applying short pulses of high voltage can prevent the 

plasma from going into the thermal mode and forming an arc [244] [245]. A non-

uniform electric field is formed between two electrodes where their radius of 

curvature is the smallest. In a corona discharge reactor, the ionization is generally 

spread over the entire gap between electrodes so the discharge gap is able to be set 

as large as 10cm which makes large scale application possible [246]. In addition, 

there is no need of a dielectric to generate the plasma [247]. 

A dielectric barrier discharge (DBD) plasma reactor is basically composed of two 

electrodes with at least one dielectric barrier between them. A higher voltage is 

required to form the plasma due to the presence of the 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 reactors also have 

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

for pollutant abatement such as #/, ./, as well as for ozone generation [248]. 
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The dielectric packed bed reactor is similar to the DBD plasma reactor, but with 

different configuration of dielectrics. Pellets of dielectric materials are placed in the 

gap between electrodes. Due to the polarization of the pellets, when the pellets are 

exposed to an external electric field, a high electric field will be generated at the 

contact points between pellets [249]. The pellets can be of various materials which 

makes plasma-catalyst systems available with this kind of reactor. Moreover, 

residence time can be improved by using those pellets which lead to a higher 

efficiency in decomposition rates in plasma treatment on exhaust gases [250] . 

Research demonstrates that the residence time of dielectric packed bed plasma 

reactor can range from 8.9 s to 17.8s compared with pulse plasma discharge plasma 

reactor with only 5.4s, [251]. 

In a surface plasma discharge reactor, one of the electrodes is completely covered 

by dielectric barrier, but the other electrode is only partially covered. When the 

electric field is applied, the surface plasma covers the entire dielectric surface. 

Charge begins to build up at the dielectric surface after a few nanoseconds, which 

has effect of reducing the electric field outside the dielectric, eventually 

extinguishing the discharge [252]. 

2.10.3 Plasma inactivation of microorganisms 

Compared with other non-thermal inactivation methods, the non-thermal plasma 

treatment is considered to be effectual for bacteria, moulds and yeasts [229]. In 

fact, studies of the effectiveness of non-thermal plasma treatment under the same 

experimental conditions for different microbial groups has demonstrated that the 

differences in non-thermal plasma treatment 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 inter-kingdom and inter-species variability in 

non-thermal plasma treatment resistance [253]. In [254], the research finds little 
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difference in non-thermal plasma treatment resistance among spores of B.cereus, 

G.stearothermophilus and B.atrophaeus: σȢχ ÌÏÇ#&5  to τȢω ÌÏÇ#&5  

reductions are observed after a 20 min treatment with a nitrogen-based plasma, 

while large inter-species variations in spore resistance to heat, UV light and 

chemical oxidants is observed. In [255], the effectiveness of air plasma treatment of 

vegetative cells of 15 bacterial species and spores of 4 bacterial species were 

investigated. They found that after 30 s of treatment, between τ ÌÏÇ #&5 to 

φ ÌÏÇ #&5 reductions were achieved for vegetative cells while after 1min 

exposure under the same conditions, from ρ ÌÏÇ #&5 to τ ÌÏÇ #&5 

reduction were attained for bacterial spores. In general, vegetative cells are more 

sensitive to non-thermal plasma than bacteria spores. In [256], a mixture of helium 

and oxygen plasma is used to treat microorganisms, 0.3 min is required for E.coli 

and S.aureus to reach the D values (the time to reduce a microbial population by 

90% or one log cycle) while, 2 min is required for S.cerevisae and 14 min is required 

for B.subtilis spores. Similar results are also demonstrated in [255], a nitrogen-

based plasma is used and in 1 min, a 6 log cycles (period during microbial growth 

where the population increases exponentially) of inactivation is observed on 

E.coli,P.aeruginosa,E.faecalis and S.aureus, while 5 and 15 min are required to 

achieve the same inactivation levels for Aspergillus niger and B.cereus spores. 

Moreover, [257] reported that D values of several vegetative cells of E.coli and 

B.subtilis is 0.5 min and 2.66 to 8.04 min of bacterial spores of species belonging to 

the genus Bacillus, Geobacillus etc. 

 

2.10.4 Factors influence Plasma treatment 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. 
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Due to the plasma treatment conditions varying among 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 composition of 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 gas [130]. Voltage, power and frequency 

are reported to have a great effect on the inactivation of microorganism as they are 

factors which determine the input energy, and then determine the chemical 

reactive species generated and their concentration. It has been demonstrated that 

an increase in voltage and frequencies increases inactivation rates of both 

vegetative cells and bacterial spores, the content of reactive chemical species, in 

particular, concentration of . , /(, (Å and / are also reported to be increased as 

voltage applied increases [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 samples and high costs are 

limitations of plasma treatment with extreme processing conditions in industrial 

applications [259] [260] [261] [262]. 

The working gas is also an important factor which has influence on the inactivation 

effectiveness of the plasma treatment. Various gases have been used to generate 

plasma, the ones most frequently used are nitrogen, oxygen, carbon dioxide, argon, 

helium, air or mixtures of some of these gases [130]. All of these gases give rise to 

plasma capable of achieving a certain level of microorganism inactivation and there 

is no general agreement on which one is the most effective gas. For example, in 

[263], L.monocytogenes are treated with both helium or nitrogen plasma and 

nitrogen-based plasmas have better inactivation results. Air-based plasma is also 

reported to have higher efficiency in inactivating E.coli. The addition of small 

amounts of oxygen to noble gases, such as helium, argon or nitrogen, can lead to an 

improvement in the inactivation effects. This effect is mainly attributed to a higher 
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formation of reactive oxygen species, such as hydroxyl (/(ᶻ) and hydroperoxyl 

((//ᶻ) radicals. 

Gas moisture content also determines the inactivation effectiveness of the plasma 

treatment. Research studies have shown that completely dry gases are ineffective 

for E.coli inactivation [264]. In [265], an increase in the air relative humidity from 35 

to 65% increased the inactivation of S.Enteritidis and S. Typhimurium from 2.5 to 4.5 

log cycles and a higher concentration of hydroxyl radicals are found in the plasma. 

However, there are also examples showing the opposite results, in [266] when the 

relative air humidity increased from 52% to 81% or from 62% to 81%, the 

inactivation efficiency of plasma against E.coli and Staphylococcus epidermidis 

decreased by 87 % and 58% and this is reported to be linked to a decrease in the 

concentration of negative ions in the plasma. Therefore, there would appear to be 

an optimum moisture value for achieving a maximum antimicrobial activity. For 

example, the moisture content of 70% is considered to be the optimum moisture 

for inactivation of Aspergillus niger [267]. 

Gas flow rate is also considered to have influence on the inactivation results of 

plasma treatment. In [266], a steady increase in E.coli, S.epidermidis and 

P.alcaligenes inactivation occurs when 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 plasma. With the plasma treatment on L.monocytogenes and L.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 

10 to 15L/min, only a minor effect is observed on inactivation results.  In contrast, 

gas flow rate hardly affects plasma treatment efficiency when nitrogen is used as 

treatment gas [268]. Studies also demonstrated that a decrease in /  and ./ 

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 
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have a higher average energy and, therefore, the likelihood of each one colliding 

with microbial cells increases, thus the antimicrobial effectiveness also increases. 

However, at higher flow rates the number of reactive species will be higher, but 

they will have a lower average energy, and their antimicrobial action would be 

comparatively lower [130]. 

The plasma treatment inactivation can also be dependent on whether the 

treatment is carried out directly or indirectly. In the case of direct treatment, the 

sample is physically located in the region where plasma is generated, therefore, the 

sample is intimate contact with all the photons and chemicals species produced. In 

the case of indirect treatment, plasma is produced at some distance from the 

product and the reactive species in the plasma are usually moved toward the 

sample using a rapid flow of the feed gas. Studies comparing the inactivation effects 

between direct treatment and indirect treatment demonstrated that at least 6 log 

cycles inactivation is observed with direct treatment on B.atrophaeus spores [269], 

however, for indirect exposures only 2.1 to 6.3 log cycles is observed, dependent on 

the treatment gas. There is also research which show conflicting results, it was 

found that indirect treatments were more effective against E.coli and 

L.monocytogenes than direct treatments, the authors suggested 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 effects [270]. There is also some research showing no difference 

in effects between by direct or indirect treatment on L.monocytongenes, E.coli and 

S. aureus biofilms. The distance between the plasma generation point and samples 

seems to have an influence on the inactivation efficiencies of plasma treatment. 

Thus, in general, the antimicrobial effectiveness decreases as the distance increases 

[271] 
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2.10.5 Discussion of Plasma treatment on microorganisms 

The higher resistance to non-thermal plasma treatment exhibited by bacterial 

spores may be due ǘƻ ǘƘŜ ΨōŀǊǊƛŜǊǎΩ ƻŦ ǘƘŜ ǎǇƻǊŜǎΦ ¢hese barriers can be caused by 

low water content, which reduces the diffusion of the reactive species, the high 

concentration of dipicolinic acid in the spore core, the very robust spore coat which 

makes a physical barrier to the reactive species, and the special conformation of the 

spore DNA, which is saturated by a group of soluble acid proteins [130] [272]. 

The higher resistance to non-thermal plasma treatment by yeasts and moulds 

compared with vegetative bacterial cells could be the result of differences in cellular 

structure and molecular composition between prokaryotic and eukaryotic cells. On 

one hand, the existence of a nuclear membrane provides a good protection for 

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 non-thermal plasma inactivation concentrates more on 

chemical reactions and reactive species generated, microorganism structures, 

growth conditions, such as pH and temperature, and cellular physiological state. 

The effect of electric field on cellular reactions is not usually taken into account. 

Besides, reports have shown the 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 non-thermal plasma inactivation in applications. 
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2.11 Discussion 

This chapter reviewed background information related to this project. In the 

beginning of 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 and microorganisms 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, UV inactivation, 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 influencing the treatment results. Although 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 processes, which may help to optimize the applications 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 electric field effects is not 

fully understood.  

 {ŜŎƻƴŘƭȅΣ ǘƘŜ t9C ǘǊŜŀǘƳŜƴǘ ǇǊƻŎŜǎǎ ƛǎ ƎŜƴŜǊŀƭƭȅ ŎƻƴǎƛŘŜǊŜŘ ŀǎ Ψƴƻn-ǘƘŜǊƳŀƭΩ ŘǳŜ 

to low bulk temperature increase of the samples during the PEF treatment. Little 

research has looked at possible localized heating during treatment. Therefore, the 

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

investigated. 

Thirdly, there has not been sufficient focus on the effect of parameters, such as 

waveshape, on the inactivation performance of PEF treatment on microorganisms.  
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There are no studies focused 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 high bio-fuel content microalgae discovered which 

provides a good alternative bio-fuel production approach, studies of the PEF 

treatment of microorganisms have been drawing increasing global attention in the 

past few years. The PEF process can be used to help to extract these oily content. To 

fully understand the mechanism of interaction between the electric field and 

microorganism, further investigation is required. 

Therefore, the main objectives of the project can be summarized as follows: 

¶ To develop a simulation model which can be used to investigate the electric 

field distribution and thermal distribution in microorganisms during the PEF 

treatment. 

¶ To investigate the effects of different waveshapes, square impulse and high 

frequency oscillating signals, and to compare the effects of these HV signals 

on microorganisms during the PEF treatment. 

¶ To investigate the different effects of changing parameters of the PEF 

treatment, such as electrical conductivities, treatment time, external field 

strength and cell size. 

¶ To investigate the local heating effects at a cell during the PEF treatment 

and to evaluate the contribution of thermal effects during the PEF treatment 

process. 

¶ To conduct the PEF treatment on microalgae with both high electric field 

strength and general electroporation field strength to investigate whether 

cell lysis be achieved by the PEF treatment in both field strength regimes. 
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¶ To conduct both the PEF treatment and Plasma treatment of microalgae 

with the same pulse generation system to compare the efficiency in 

inactivation   between these two approaches. 
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Chapter 3. Modelling of microorganisms---

Linear model 
3.1 Introduction and Background  

Chapter 3 is the first of three Chapters in which different models of microbiological 

cells will be developed, explored and discussed. This chapter is focused on a 1D 

model of a single cell developed using a lumped RC element circuit. This model will 

be called the linear model as it is based on a series configuration of RC blocks which 

represent different parts of the microbiological cell. More advanced models of a 

single cell will be developed in later chapters and the modelling results obtained 

from the approaches will be compared and analyzed in sections 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 bioelectrical processes requires a multidisciplinary 

approach. 

Chapter 3 will provide background information on modelling of bio-cells stressed 

with an electric field and the development of the linear model which will be used to 

investigate the electrical properties 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 analytical linear model will be mainly 

introduced in this chapter. 

As mentioned in Chapter 2, the interactions between bio-cells and an external 

electric field is not fully understood. Typically, the heating effects during the PEF 

treatment are not taken into account in PEF models. It is problematic to develop 

analytical model(s) which can be used for investigation of the effect of different 

kind of energising signals (AC or DC signals) on local heating of microorganisms. 
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Therefore, investigation of the local heating effects across a single cell during the 

PEF treatment could be beneficial for understanding of the interactions between 

bio-cells and external electric fields. Such investigation using the single cell models 

could provide novel results in further understanding of local heating effects and 

transient electric field distribution across bio-cells during the PEF treatment. These 

results would be beneficial in optimizing the applications of the PEF treatment. 

Detailed information about such modelling will be introduced and discussed in 

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

In the linear model, environmental fluid, bio-membrane and cytoplasm are 

included. The transmembrane potential across the cell membrane can be obtained 

when the external electric field is applied. This linear model has been developed 

and investigated in early researches about PEF treatment on biological cells [273] 

[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, bio-cells can be modelled in terms of their 

dielectric properties. Consequently, some background information on electrical 

properties of bio-membranes and basic principles of electromagnetism which are 

used to investigate the interaction between the electric field and bio-cells will be 

introduced in section 3.1.1 -3.1.6 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 Fricke [276] 

[277]. Fricke found that the capacitance per unit area of the cell membranes #Í 

was ~ρ ‘ὊȾὧά.  The thickness of the membrane, d, also was calculated through 

the results of his measurement by solving Equation (3.1). 

╒□
Ⱡ►Ⱡ

▀
            (3.1) 
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where ‐the relative permittivity of the membrane (Fricke assume this value to be 

3), ‐ is the permittivity of free space and d is the membrane thickness. 

By solving Equation (3.1), Fricke calculated the membrane thickness of cells in calf 

blood which was found to be d  ~ 3nm. This value is within a factor of 2.5nm, the 

value obtained from modern electron microscopy studies [273] [278]. 

CǊƛŎƪŜΩǎ ŀƴŘ ƻǘƘŜǊǎ ŜŀǊƭȅ ƳŜŀǎǳǊŜƳŜƴǘǎ ƻŦ ǘƘŜ ǇŀǊŀƳŜǘŜǊǎ ƻŦ ōƛƻ-cells are generally 

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 

measurement were conducted by Cole and co-authors 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 resistance of ͯρπππ ɱ ȾÃÍ [279] [280] [281] [282] [283]. 

Early measurements of the membrane impedance were conducted by passing 

electric current through the 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 membrane impedance becomes 

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 represents the isolating properties of lipid layer. With a typical cell, the 

conductance per unit area of membrane, Ὃ  is considered to be ͯρ Í3Ⱦὧά and 

the capacitance,  ὅ  isͯ ρ ʈ&Ⱦὧά ςχσ.  

 

3.1.2 Cellular electric potentials 

As discussed in previous 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, extra-cellular concentration of ions and 
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extrinsic electric current influence the transmembrane potential. The changes in the 

transmembrane potential can lead to many effects on bio-cells, the most direct 

effect is the change of transport of charged particles across the membrane. 

Secretion of chemical 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 ions [284]. Moreover, mechanical 

properties of muscle cells like eukaryotic organisms can also be influenced by 

changing the transmembrane potentials [285]. 

A large resting potential difference is observed between the extracellular and 

intracellular surfaces, ranging from ͯ  ςπÍ6 to  ͯωπÍ6. For a potential difference 

of φπ Í6 across a membrane with thickness ÏÆ Ä ψ ÎÍ, the electric field in the 

membrane would be χȢυ -6ȾÍ according to Equation (3.2). 

ἤ ╔Ἤ            (3.2) 

 

Where:  

V is the electric potential in volts. E is the electric field in volts per metre. d is the 

distance between electrodes in metres. 

Electrical breakdown in atmospheric air takes place atσͯ -6ȾÍ. So it can be 

observed that at ςȢυ -6ȾÍ a strong electric field generally exists in the bio-

membrane of a living cell [273]. 

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 microbiology. The bio-electromagnetic 

terminology and basic principles of electromagnetism related to the modelling and 

parameters used in this project will be reviewed in this section. 
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When the treatment samples containing microorganism are exposed to a 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 expressed in !Ⱦά . Associated with the electric current, a magnetic flux 

density (║ᴆ) also exists. Equation (3.3) shows the relationship between ║ᴆ and the 

permeability (Ⱨ) and magnetic field intensity╗ᴆ. 

║ᴆ Ⱨ╗ᴆ            (3.3) 

The link between the changing magnetic and electric fields is given by the Maxwell 

Ŝǉǳŀǘƛƻƴ όCŀǊŀŘŀȅΩǎ [ŀǿύ ǿƘƛŎƘ ƛǎ Equation (3.4).  

╔ᴆ
⸗║ᴆ

⸗◄
            (3.4) 

Where ║ᴆ is the magnetic flux density, ╔ᴆ is the electric field. 

 

The properties of a medium influence the value of electric and magnetic field. The 

conduction current density (╬ᴆ) is also influenced by the conductivity of the medium 

(Ɑ), and electric field ╔ᴆ, as shown in Equation (3.5) 

╬ᴆ Ɑ╔ᴆ            (3.5) 

 

The displacement current density is given by Equation (3.6) below, where ╓ᴆ is the 

electric flux density. Equation (3.7) gives the relationship between the electric flux 

density and electric field through permittivity ( Ⱡ) 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. 



 
101 

 

╓ᴆ
⸗╓ᴆ

⸗◄
            (3.6) 

╓ᴆ Ⱡ╔ᴆ            (3.7) 

 

¢ƘŜ 9ƴŜǊƎȅ ŘŜƴǎƛǘȅ ƛƴ ǘƘŜ ŜƭŜŎǘǊƛŎ ŦƛŜƭŘ ƛǎ ǊŜǇǊŜǎŜƴǘŜŘ ōȅ ǘƘŜ CŀǊŀŘŀȅΩǎ ŜƴŜǊƎȅ 

density equation, Equation (3.8). It can be seen that, the greater the applied electric 

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

╤▄ Ⱡ╔ᴆ            (3.8) 

The differential form of Maxwell-Equation, Equation (3.9), indicated at a point, the 

curl of magnetic field intensity is equal to the sum of the conduction current and 

displacement current densities.  

╗ᴆ ╬ᴆ
⸗╓ᴆ

⸗◄
            (3.9) 

Ͻ╓ᴆ ⱬ╬                         (3.10) 

Equation (3.10) ƛǎ ǘƘŜ DŀǳǎǎΩ ƭŀǿΣ ǿƘŜǊŜ ” is the free charge density. 

╔ᴆ ⱴ                            (3.11) 

Ͻⱴ ⱴ
ⱬ

Ⱡ
         (3.12) 

Equation (3.12) ƛǎ ƪƴƻǿƴ ŀǎ tƻƛǎǎƻƴΩǎ Ŝǉǳŀǘƛƻƴ ǿƘƛŎƘ ƛǎ derived through equation 

(3.11), Equation (3.10) and Equation (3.7), where • is the electrical potential,  ‐ is 

the permittivity and ” is the charge density. 

ⱴ   (3.13) 

Equation (3.13) is derived when there is no free charge (” π) exists in equation 

(3.12), ǘƘŜ Ŝǉǳŀǘƛƻƴ ƛǎ ǊŜŘǳŎŜŘ ǘƻ [ŀǇƭŀŎŜΩǎ 9ǉǳŀǘƛƻƴΦ 
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¢ƘŜ [ŀǇƭŀŎŜΩǎ 9ǉǳation which links the electric potential and the electric field (no 

space charge is considered) is given by Equation (3.14) for 3D Cartesian coordinates 

[273] 

ὀ ὁ ὂ
    (3.14) 

 

The equations introduced 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 reviewed in further paragraphs of this section. 

 

 

The first work in which the steady-state transmembrane potential was expressed by 

Fricke 1953 in which an ellipsoidal shaped cell with negligible membrane 

conductivity (s=0) was considered. As shown in Figure (3.1.1), the cytoplasm in this 

model was fully charged. The transmembrane potential at the poles of the generic 

ellipsoidal cell was expressed by Equation (3.15) [286]. 

Ўⱴ
▪╪
╪╔     (3.15) 

Where Ў• is the induced transmembrane potential at a pole in volts, % is the 

applied electric field in volts per metre, ╪ is the semi-axis orientated in the field 

direction in metre and ὲ is termed the depolarizing factor [287]. 

 The depolarizing factors for spheroids and ellipsoids, which have been calculated 

by Stoner and Osborn, are shown in equations below [287] [288]. 
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Figure (3.1.1) Ellipsoid model of single cell shows three principle axes: a, b and c. 

 

ὲ
Ѝ

ὒὊὒὊὯȟ‪ ὒὉὯȟ‪          (3.16) 

ὲ ὲ
Ѝ

ὒὉὯȟ‪        (3.17) 

ὲ
Ѝ

ὒὉὯȟ‪      (3.18) 

Where ὲȟὲȟὲ depend on the axis ratios ɼ  and ɿ . 

Ë      (3.19) 

ʕ ÃÏÓ(3.20)     ‏ 

 

 

LF and LE are elliptical integrals that are a function of Ë and ʕ, and they depend on 

the axis ratios accordingly. 

ὒὊὯȟ‪ ᷿ Ὠ‰   (3.21) 

ὒὉὯȟ‪ ᷿ ρ ὯίὭὲ‰Ὠ‰  (3.22) 
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Where Ὧ and ‪ are defined by Equation (3.19) and (3.20), and ‰ is the amplitude 

angle. 

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

0 and 1. 

Further investigations of the transmembrane potential of ellipsoidal cells were 

conducted based on the work of Fricke [286] and Stratton [289]. More detailed 

model of cells and cellular suspensions was developed by Schwan, Zimmermann 

and Neumann [290] [291] [292]. 

The research at that time was focused on the frequency and time dependency 

properties of biological materials. At present, the research continues to be focused 

on improving the equations developed by these researchers to specific electrical 

properties of cytoplasm, cell membranes and extra-cellular medium. The 

investigation of the effect of geometry in these models of the cell response to the 

electric field was also conducted: spherical shapes and non-spherical shapes were 

considered [293] [205] .   

The main research findings which underpin the response of the cell to the external 

field will be introduced in further sections and will provide background information 

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 trans-membrane 

ǇƻǘŜƴǘƛŀƭ ƻŦ ŀ ǎǇƘŜǊƛŎŀƭ ŎŜƭƭ ŜȄǇƻǎŜŘ ǘƻ ǘƘŜ ŜȄǘŜǊƴŀƭ ŜƭŜŎǘǊƛŎ ŦƛŜƭŘ ōȅ ǎƻƭǾƛƴƎ [ŀǇƭŀŎŜΩǎ 

equation (3.14) in [290]. The obtained result is called the Schwan Equation and this 

formula is given by Equation (3.23). 

Ў• %2ὧέί—  (3.23) 
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Where Ў• is the induced trans-membrane potential in volts, % is external electric 

field in volts per metre, 2 is cell radius in metre and — is polar angle with respect to 

direction of field in degree. 

 

For a spherical shaped cell, a=b=c=R and hence ὲ ὲ ὲ . For this case, the 

CǊƛŎƪŜΩǎ Ŝǉǳŀǘƛƻƴ όEquation (3.10)) can be reduced to the 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 steady-state potential reached after the 

transient period. The next major step was made in 1997 by Kotnik et al, who 

derived Equation (3.24) the time dependent trans-membrane potential depending 

on the geometric and electrical properties of the cell and extra-cellular medium 

[294]. For a bio-cell which is modelled using a membrane with finite electrical 

conductivity and conductive cytoplasm, surrounded by the conductive extra-cellular 

medium, the equation below shows the transmembrane potential in the bio 

membrane. 

Ў• Ὢ%2ÃÏÓ—ρ Ὡ   (3.24) 

Where Ὢ is a function that incorporates electrical and geometrical parameters of 

cell which can be calculated and Ⱳ is a time constant which also can be calculated 

[294]. 

Ὢ
 

  
          (3.25) 

where „  is the conductivity of cell membrane in S/m, Ä is the membrane thickness 

in metre, „ is the conductivity of extra-cellular medium in S/m, „ is the 

conductivity of cytoplasm in S/m, 2 is cell radius in metre. 
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Time constant Ⱳ is given by: 

Ⱳ   (3.26) 

where #  is the membrane capacitance in ʈ&Ⱦὧά.  Kotnik et al assumed that ὅ  = 

ρ ʈ&Ⱦὧά . 

For the case of non-conductive membrane, „ π, the value of Ὢ tends 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 field,  Ôḻʐ when the term ρ Ὡ  

tends to 1. 

Further study developed by Kotnik, solved the previous equation for the transient 

case [295]. The publication describes a general method for analysis of the time 

dependence of transmembrane potential induced by time-varying electric fields. 

They calculate the transmembrane potential through Laplace transforms. The 

transmembrane potential response as function of time was obtained [205] [294]  

[295]. 

 3.1.6 PEF chamber with dielectric layers and spherical model 

Timoshkin et al proposed a PEF treatment chamber with dielectric layers attached 

on the electrodes, as shown in Figure (3.1.6.1) [108]. This design 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 sections [274]. 

A typical PEF treatment chamber consists of metal electrodes with sample to be 

treated in direct contact with them. Under certain conditions bubbles could be 

generated during the PEF treatment and complete electrical breakdown of the 

treatment sample could result. The PEF treatment chamber proposed in [274]  

consists of two ceramic slabs with a high relative permittivity of ~3000, in order to 
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avoid direct contact between the liquid and the metallic electrodes, which can 

minimize the conduction current. 

 

Figure (3.1.6.1) PEF chamber with dielectric layers, picture taken from [274]. 

In order to obtain the time-dependent effective field in the working region, Ohmic 

conduction approaches were used [274]. 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. 

Ὁ ὸ ὉὩ Ⱦ   (3.27) 

Ὁ Ὗ ᾀ ς ᾀ   (3.28) 

†   (3.29) 

Where † is the characteristic field relaxation time of the test chamber in second, 

this time determines the time of existence of the field in the liquid due to the 

Maxwell-Wagner surface polarization mechanism. ᾀ and ᾀ represent the width of 

the treatment region and dielectric barrier respectively in metres; ‐ and ‐ 

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

and dielectric barrier respectively; „ represents the conductivity of the liquid 
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suspension in siemens per metre and Ὁ represents the Laplacian electric field in 

the treatment region in volts per metre. 

In order to investigate the transient potential across the cell membrane when a 

microorganism is put in this test chamber, a spherical model of a microorganism cell 

was employed. 

 

Figure (3.1.6.2) Spherical shell model of microorganism, picture taken from [274]. 

 By applying the same Ohmic conduction approach, the time dependent maximum 

electric field on the membrane which, as described earlier, occurs at the poles of 

the membrane, can be written as Equation (3.30) below 

Ὁ ὸ ὃ ὸ ςὄ ὸϽὙ   (3.30) 

Where Ὑ is the radius of the cytoplasm; ὃ ὸ ὥὲὨ ὄ ὸ are coefficients relating 

to radius of cytoplasm Ὑ and the microbial cell (Ὑ), 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 

Maxwell-Wagner relaxation time.  

By investigating the equations, the development of the electric field in the 

membrane was separately described in 3 distinct physical phases, the polarization 

process, the charge accumulation process and the Maxwell-Wagner field relaxation 
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process [274] [78]. Figure (3.1.6.3) below shows the response results. The details of 

the three phases will be introduced in the linear model discussion in 3.2. 

 

Figure (3.1.6.3) Fields in membrane (solid line) and water gap (dashed line). Picture 

taken from [274]. 

Based on this spherical model, Si Qin et al investigates the response of electric field 

build up process in membrane in [296], realistic parameters are used in the model. 

By changing different parameters, Si Qin et al also investigates the factors which 

influence the electric field build up process, finding out how the size of cell, 

thickness of membrane, relative permittivity of 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 poles increases: the 

transient response of electrical field on the membrane could be increased twice 

with membrane thickness decreased from 10 nm to 4 nm [296].  



 
110 

 

3.2 Linear model  

In this section, an initial linear model will be introduced to allow investigation of the 

transmembrane potential when the bio-cell 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 (3.2.1) below shows the structure of the model: this linear model consists of 

two electrodes (Hv+ and Ground), environmental fluid (zone I, 0- ½1 and zone V, ½4-

½5), membrane (zone II, ½1π½2 and zone IV, ½3π ½4) and cytoplasm (zone III, ½2- ½3). ὰ 

is the gap distance of  environmental fluid between the cell membrane and 

electrodes (treatment suspension in PEF treatment), ὰ is the thickness of the layer 

of cytoplasm equivalent to a diameter of an actual cell , ὰ is the thickness of the 

layer represents cell membrane. As seen on Figure (3.2.1), each zone is 

characterized by the conductivity of environmental fluid (ʎ×) and cytoplasm (ʎÃ), 

permittivity of environmental fluid (ʀρ), cell membrane (ʀς) and cytoplasm (ʀρ).  The 

conductivity of cell membrane is considered as zero for the calculation [108]. The 

electric field strength in the environmental fluid was represented by %ρ and %υ while 

%ς and %τ represent the electric field strength in the cell membrane, and the electric 

field strength in the cytoplasm was represented as %σ. ὐ to ὐ represent the 

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

This linear model is similar to the PEF chamber model with dielectric layers in the 

previous section, so the response to a uniform DC step voltage can also be analyzed 

using the Ohmic condition approach [274]. For this method, the electrical potentials 

inside the environmental fluid (regions I, V), membranes (regions II, IV) and 

cytoplasm (region III) can be written as the equations below: 

• ὃ ὸὤ ὄ ὸ  (3.2.1) 

• ὃ ὸὤ ὄ ὸ  (3.2.2) 

• ὃ ὸὤ ὄ ὸ  (3.2.3) 

• ὃ ὸὤ ὄ ὸ  (3.2.4) 

• ὃ ὸὤ ὄ ὸ  (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: 
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Z=0,   • ὤ =ὟὌ ὸ É(3.2.6) 

Z=Z1, • ὤ =• ὤ   (3.2.7) 

Z=Z2, • ὤ =• ὤ  (3.2.8) 

Z=Z3, • ὤ =• ὤ  (3.2.9) 

Z=Z4, • ὤ =• ὤ  (3.2.10) 

Z=Z5, • ὤ =π (3.2.11) 

Where Ὄ ὸ is the unit step function describing the application of external 

potential Ὗ at  time Ô π and : is the distance from the high voltage electrodes 

of each cell components. This set of equations assumes that there is no distributed 

ǎǇŀŎŜ ŎƘŀǊƎŜ ƛƴ ǘƘŜ ŘƛŜƭŜŎǘǊƛŎǎ ǿƘƛŎƘ ƳŜŀƴǎ [ŀǇƭŀŎŜΩǎ Ŝǉǳŀǘƛƻƴ Ƴŀȅ ōŜ ŀǇǇƭƛŜŘΦ 

Due to the conductivity of the liquid, charges move due the electric field and start 

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 

density is equal to the difference between the conduction current densities on 

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

cytoplasm layer and membrane environmental and fluid layer represented with n). 

* * ʎ% Ô ʎ% Ô                       (3.2.12) 

Where ʍ Ô is the non-compensated free surface charge density at membrane 

represented with m and other components interfaces which is related to the 

electric flux density, which are represented with n. 

ʍ Ô=ʀ% Ô ʀ% Ô                 (3.2.13) 

For the linear cell model, this condition can be written as equations below: 

I/II  interface    ὐ             (3.2.14) 
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II/III  interface    ὐ           (3.2.15) 

III/IV  interface    ὐ          (3.2.16) 

IV/V  interface    ὐ         (3.2.17) 

Finally gives equation: 

Ὁ Ὕ Ὕ ‌ὝὝ Ὕ Ὕ

‍ὝὝ  (3.2.18) 

Where the coefficients can be calculated below. 

Á ςÌ44 Ì44 ςÌ44         (3.2.19) 

Â ςÌ 4 4 Ì4 ςÌ4         (3.2.20) 

Ã ςÌ                                                      (3.2.21) 

ɻ Ø Ñ                          (3.2.22) 

ɼ Ø Ñ                           (3.2.23) 

Ð                                                             (3.2.24) 

Ñ                                                            (3.2.25) 

4                                                       (3.2.26) 

4                                                       (3.2.27) 

4                                                        (3.2.28) 

4                                                       (3.2.29) 
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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 electric field, the parameters of each component should be 

ŜǾŀƭǳŀǘŜŘ ŦƛǊǎǘΦ  tŀǊŀƳŜǘŜǊǎ ŀǊŜ ŘŜǘŜǊƳƛƴŜŘ ōŀǎŜŘ ƻƴ ǊŜŦŜǊŜƴŎŜǎ ŦǊƻƳ ƻǘƘŜǊΩǎ 

research, detailed information will be introduced in the further paragraph of this 

section. 

The electrical properties of environmental fluid which surrounds the 

microorganisms during PEF treatment usually varies in different PEF treatment. In 

general, the conductivity of sample suspension is relatively high compared with 

modelling studies: In [297], 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 conductivity of the liquid 

suspension is set to be 0.17~ 0.2 S/m [298]. However, in some modelling studies 

[273] [299], the conductivity of the environmental fluid is set to be ρπ 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 low as  πȢυ ρπ  S/m.  Based on published 

data of Kotnik et al [275], the values of the conductivity of environmental fluid lie in 

the range ρπ- ρπ S/m [274]. Based on these publications πȢυ ρπ   S/m was 

decided to be used in the linear modelling.  For the permittivity of environmental 

fluid, 80 is used in the linear model. This is the same as the permittivity of water, 

because for most common PEF treatment situation, the treatment suspension was 

water-based solution. In general, 80 was also commonly used in other studies about 

modelling of PEF treatment with microorganisms [273] [274] [275] [300].   
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The cell membrane is a layer between the cytoplasm and environmental fluid as 

introduced in chapter 2. As discussed, the basic structure of cell membrane is a 

phospholipid bi-layer with different types of proteins embedded. According to 

studies, the range of relative permittivity of the membrane was reported to be 2-10 

[301] [302] [303] . In a recent paper [7], 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 studies [273] [274] [78]. As mentioned in chapter 2, the most 

important function of the cell membrane is the selective permeability which 

controls the ion transport between environmental fluid and cytoplasm. However, 

the transportation of ions is generally controlled by the channel proteins. So, in 

general, as the cell membrane is highly non-conducting [302], the cell membrane is 

considered as completely non-conducting in the linear model [304].  

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 200 [301] [302] 

[303]. As the cytoplasm is water-based suspension, 80 is considered to be the 

permittivity of cytoplasm, this value was also used in other researches [273] [274] 

[78]. In terms of conductivity of cytoplasm, it is generally considered as highly 

conductive due to the large amount of ions [302], publications shows the 

conductivity of cytoplasm can be in a ranges from 0.2- 10 S/m [301] [305] [306]. In 

this linear model, the conductivity of cytoplasm is 1.2 S/m, as this value was also 

selected in others studies [7] [307]. 

The dimension of cytoplasm and thickness of membrane modelled with the linear 

model also need to be considered. The thickness of cell membrane was estimated 

to be ~4-10 nm [302] [308]. 5 nm was used in this linear model as the membrane 

thickness, this value was also used in previous studies about modelling of PEF 

treatment with microorganism [273] [274]. A recent paper about modelling of PEF 
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treatment with tumour cells used 4 nm [7] which is also close to 5 nm used in linear 

model. The diameter of microbial cell can vary from ~0.2 µm to ~700 µm, most of 

the microorganisms have a cell diameter of a few µm [308]. According to literature, 

the general size of yeast ranges from 5-10 µm [138], the general size of microalgae 

phytoplankton ranges from 2-5 µm [143] [144] .Therefore, the size of cytoplasm is 

considered to be 5 µm in this model which is a reasonable value to represent a 

phytoplankton cell. 

As introduced in chapter 2, 30 kV/cm field strength is generally used in 

electroporation processes. Consider there is no microorganism between the 

electrodes, for a treatment region ■◌=ρπ ʈÍ, to obtain a 30 kV/cm electric field 

between ςυ ʈÍ 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 introduced earlier, the 

parameters used in the linear model are listed in the Table 3.2.1. 

 

 

 

 

 

 

Table 3.2.1 Parameters used in the linear model. Parameters are taken from 

publications listed.  

Parameter Value 

Applied voltage 75 V 

Relative permittivity of cytoplasm ʀ  80                       [273] [274] [275] [300] 
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Relative permittivity of membrane ʀ  2                         [273] [274] 

Relative permittivity of surrounding 

liquid, ʀ 

 80                       [274] 

Conductivity of cytoplasm, ʎ  1.2 S/m  [7] [307] 

Conductivity of environmental 

liquid,ʎ  

 πȢυ ρπS/m [274] [275] 

Thickness of membrane, ὰ υ ÎÍ [274] [275] 

Diameter of cytoplasm, ὰ υ ʈÍ [274] [143] [144] 

Treatment region, ὰ 

 

ρπ ʈÍ   

 

3.2.1 Results and discussion 

The calculation results of linear model is obtained with Excel software. Figure (3.2.1.1) 

shows the transient electric field strength in cell membrane of linear model. The electric 

field build up process of cell membrane is divided into three sections by two relaxation 

time † πȢφ ὲί and † ρȢτς mί. The calculation and discussion of relaxation time will 

be discussed in further paragraphs below.   

In order to show three phases clearly, a different calculation with exaggerated test 

parameters inputted to the linear model was processed. Figure (3.2.1.2) is the transient 

electric field strength in cell membrane obtained from the linear model with non-realistic 

parameters: ὰ=10 mm, ὰά=5 mm, the thickness of cell membrane is set as 5 mm which is 3 

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

model with real size of microorganism (ὰ=5 mm, ὰά= 5 nm). 

 

 Figure (3.2.1.2) Transient response of Electric field strength in membrane of linear 

model with test parameters of microorganism (ὰ=10 mm, ὰά= 5 mm). 

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 mentioned in [273]. 
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The development of electric field strength on the membrane is separately described 

in 3 distinct physical phases in [274]. 

In the first phase, the initial polarization process in the membrane after the 

application of voltage, is due to the dielectric characteristics of 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 defined by the 

characteristic time of highly conductive cytoplasm † ‐‐Ⱦ„ which is 0.6 ns in 

this model.  

In phase 2, free charges start to accumulate on both internal and external surfaces 

of membrane due to the electric field induced by the external voltage. In this phase, 

the characteristic time of cytoplasm and surrounding liquid mainly determines the 

duration of charge accumulation. As the conductivity of the environmental fluid is 

lower than cytoplasm, it takes a longer time to finish the charge accumulate than 

cytoplasm. Therefore the duration of this phase is governed by characteristic time 

of environmental liquid † ‐‐Ⱦ„  which is 1.42 µs in this model. 

In phase 3, free charges continue to accumulate on external and internal surface of 

the membrane and the electric field trends to reach the maximum steady state 

value which can be calculated from quasi-electrostatic approximation and Schwan 

equation, Equation (3.23). As the charge accumulation has finished, there is no 

charge movement in both layers of membrane attached to cytoplasm or 

environmental fluid, the maximum field strength in this model can be calculated 

with equation: Ὁ όȾςὰ, which is 7500 MV/m in this model, where u0 is the 

external voltage and lm is the thickness of the membrane. The maximum electric 

field strength in the cell membrane is obtained as χȢυ ρπ 6ȾÍ, 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 (1 V) as reported earlier. 
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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 physical parameters of bio-cells. 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 previous sections, the diameter of microorganisms 

varies ~0.2µm- 700 µm. In this section, several diameters of cytoplasm were 

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

Figure (3.2.2.1) below shows the effect of varying cell diameters on maximum field 

strength across cell membrane. It can be seen from the figure that for times beyond 

ρπ s size of cytoplasm does not have significant influence on maximum field 

strength in the membrane. The different sizes of cytoplasm give the same field 

magnitude when the field build up process is finished. However, the size of 

cytoplasm have influence the field strength during the first phase. Biological cells 

with larger radii have a lower field strength during the initial phase compared with 

the cells with smaller radii. This result is different from a previous study which 

considered the maximum field strength across the membrane, and found that this 

field increases significantly as the diameter of the microbial cell increases [78].  

In other researches discussed earlier [274] [78], a spherical single cell model was 

developed Equation (3.2.30) which gives the Electric field strength obtained with 

spherical single cell model using. 

Ὁ ὸ ὃ ὸ ςὄ ὸϽὙ    (3.2.30) 

Where Ὑ is the radius of the cytoplasm, ὃ ὸ and ὄ ὸ are coefficients relating 

to radius of cytoplasm and the microbial cell [78]. 



 
121 

 

Comparing Equation (3.2.18) obtained from linear model and Equation (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 strength in the cell 

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

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

the microorganisms with smaller size [192] [309]. 

 

 Figure (3.2.2.1) Transient electric field strength in cell membrane of linear model 

with different size of cytoplasm, ὰ. 

The results of the linear model also show that the size of cytoplasm mainly 

influences the phase 1 (polarization process) and phase 2 (charge accumulation 

process). In the linear model the size of cytoplasm firstly influences the initial 

induced transmembrane electric field strength due to dielectric properties but it 

does not significantly affects the polarization process (phase 1) because the 

dielectric property is govern by the materials, they have the same values of  

conductivity and permittivity. The cell with larger cytoplasm takes a longer time to 

finish phase 2 (the charge accumulation process) due to the longer travel path of 

charges. 
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In PEF treatment with pulse duration less than 1 µs, 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 dielectric polarization 

phases and charge accumulation phases compared with Si vƛƴΩǎ ǊŜǎǳƭǘǎ ƛƴ [296] 

where it shows higher electric field strength would be generated in cell membrane 

with larger microorganism. This could be one of the limitations 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 (3.2.2.2) below show the effects of varying membrane thickness on the 

development of field strength build up process across cell membrane. It is obvious 

that, by changing the membrane thickness, there is no notable difference observed 

during phase 1 and phase 2. The differences occur in phase 3 which is when charge 

continues to accumulate 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 there is no significant difference observed during phase 1 and phase 

2. In phase 3, a thinner cell membrane means higher electric field strength can be 

induced in the cell membrane when the charge accumulation is finished. 
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Figure (3.2.2.2) Transient electric field strength in cell membrane of linear model 

with different membrane thickness, ὰ.  

It can be obtained from the Figure (3.2.2.3), that as the thickness of membrane 

drops the maximum electric field strength across the membrane increases. These 

results are in agreement with those presented by other studies [78]. However, as 

the value of the membrane thickness does not vary significantly for different kind of 

microorganisms, they are all in the range of 4-10 nm, as introduced before, 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 significantly. Comparing these results with those obtained from Figure 

(3.2.2.1), it can be verified that the changes in the first phase of field development 
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are due purely to changes in the size of the cytoplasm.

 

Figure (3.2.2.3) Transient electric field strength in cell membrane of linear model 

with different membrane thickness, ὰ.  

 

3.2.2.3 Electrical conductivity of cytoplasm 

Figure (3.2.2.4) below shows the results of varying conductivity of cytoplasm over a 

range of values. It can be seen from the result 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 previous model 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). 

However, the maximum field strength across membrane is not influenced in later 

stages as the charge accumulation process in phases 2 and 3 are mainly governed 

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

considering the electroporation process based on the calculation results of linear 
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model, the conductivity of cytoplasm does not insignificantly affect the transient 

electric field strength in cell membrane during PEF treatment. A similar result was 

also obtained by Si Qin with the spherical single cell model [78]. 

 

Figure (3.2.2.4) Transient electric field strength in cell membrane of linear model 

with different conductivity of cytoplasm, ʎ.  

3.2.2.4 Relative permittivity of membrane 

Figure (3.2.2.5) below shows the result of varying the relative permittivity of 

membrane which are close to generally used value in modelling of PEF treatment on 

microorganisms introduced earlier. It can be seen from the result that the 

maximum electric field strength across membrane is not influenced by the relative 

permittivity of the membrane, ǿƘƛŎƘ ƛǎ ŘƛŦŦŜǊŜƴǘ ŦǊƻƳ {ƛvƛƴΩǎ ƳƻŘŜƭ ǿƛǘƘ ŘƛŜƭŜŎǘǊƛŎ 

electrodes [78]. In his model, the maximum field strength in the cell membrane 

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

cell membrane results in a slightly faster Maxwell-Wagner field relaxation time. 

However, in this linear model, as there is no dielectric electrode included, there 

would be no Maxwell-Wagner field relaxation process in the treatment region. (The 

electric field strength between electrodes would not drop).  
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It can be obtained from Figure (3.2.2.5) that the relative permittivity of membrane 

has a slightly impact on the field strength build up process across a membrane. A 

membrane with higher relative permittivity takes a longer time to reach the 

maximum electric field strength, this result follows the spherical model with 

dielectric electrodes [78]. However, as the permittivity of cell membrane cannot be 

controlled during PEF treatment applications and the values do vary significantly 

between different kinds of microorganisms, during general PEF treatment 

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

ignored.

 

Figure (3.2.2.5) Transient electric field strength in cell membrane of linear model 

with different relative permittivity of cell membrane, ʀ. 

 

3.2.2.5 Conductivity of environmental fluid 

The analysis conducted in the previous section reveals how different electrical and 

physical parameters of microorganism influence the electric field build up process 

across its membrane. However, these parameters are determined by a 

ƳƛŎǊƻƻǊƎŀƴƛǎƳΩǎ ƴŀǘǳǊŀƭ ǇǊƻǇŜǊǘƛŜǎ ŀƴŘ ǘƘŜȅ ŀǊŜ ōŜȅƻƴŘ external control in 

practical PEF treatment. Therefore, the investigation of controllable parameters 

during PEF treatment is necessary to provide information and optimize the process 
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of PEF treatment. Conductivity of environmental fluid is a relative controllable 

parameter. 

Figure (3.2.2.6) below shows the result of varying the suspension fluid 

conductivities. It can be seen from the results, the conductivity of environmental 

fluid has significant influence on the build-up of electric field across a bio-

membrane. Models with higher conductivity of fluid takes shorter time to reach the 

maximum field strength compared with lower conductive fluid. However, the 

maximum field strength across the membrane is not influenced by the conductivity 

of environmental 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. In previous study, with higher conductivity, the field strength 

across the membrane drops significantly due to Maxwell-Wagner field relaxation 

process which is not being observed in this model [78]. 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 influences the charge accumulation 

process (phase 2 and phase 3). It can be observed that with higher conductivity, 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 around 1 

˃ǎΦ м˃ǎ ƛƳǇǳƭǎŜ ŘǳǊŀǘƛƻƴ ǿŀǎ ŀƭǎƻ ŎƻƳƳƻƴƭȅ ǳǎŜŘ ƛƴ ŜƭŜŎǘǊƻǇƻǊŀǘƛƻƴ ŀǇǇƭƛŎŀǘƛƻƴǎΦ 
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Figure (3.2.2.6) Transient electric field strength in cell membrane of linear model 

with different conductivity of environmental fluid (treatment region), ʎ . 

3.3 Discussion 

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 response of the 

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 thickness 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 have less significant influence on the electric field strength in cell 

membrane during PEF treatment. 

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

of cytoplasm) does not have significant influence on the transient electric field 

1.00E+06

1.00E+09

2.00E+09

3.00E+09

4.00E+09

5.00E+09

6.00E+09

7.00E+09

8.00E+09

1.E-12 1.E-10 1.E-08 1.E-06 1.E-04E
le

c
tr

ic
 f

ie
ld

 s
tr

e
n

g
th

in
 t

h
e

 c
e

ll 
m

e
m

b
ra

n
e

 (
V

/m
)

Time (s)

conductivity of fluid : 10E-6
S/m

conductivity of fluid : 0.0005
S/m

conductivity of fluid : 0.15 S/m

conductivity of fluid : 10 S/m



 
129 

 

strength in the membrane during PEF treatment which is different 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 microorganism has 

significant effects on the results of the equations, which can be seen from Equation 

(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 properties or further 

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 an applied 30 kV/cm electric field strength. The 

obtained results of transient 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 size or geometry of microorganism which is a limitation 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 environmental fluid cannot be investigated. Thirdly, during the 

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 beneficial to investigate the thermal effects 

during PEF treatment. Moreover, different kind of applied signals (the step impulse 

or oscillating signals) are hard to investigation with the linear model. So a more 

advanced model is necessary to overcome these problems and provide more 

detailed information about interactions between electric field and microorganisms 

during PEF treatment.  The second model in this work, which is built up with 

Quickfield, will be introduced in Chapter 4. 
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Chapter 4. QuickField 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, one of them 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 cytoplasm contains 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 model is: that although this model 

does not include the cell nucleus it is known that the nano-second PEF treatment 

provides significant effect on the intra-cellular structures [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 bio-membranes.  

There are complex interactions between the microorganism and the electric field 

during PEF treatment, which include the appearance of electro-mechanical forces 

acting across solid-liquid interfaces, i.e. membranes, local 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 was developed, to allow 

these local thermal and electro-mechanical 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 axisymmetric geometry, this model includes a cell nucleus. 
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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 a non-conductive layer, in 

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

value of ρπ  S/m to enable operation of this software. This parameter value was 

also used in the previously published paper in which a COMSOL 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 molecules [311]. 

Figure (4.1) shows the diagram of this single cell model. The parameters of the 

single cell model are listed in 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 study [7]. According to the literature, the size of cell nucleus is generally in 

the range 5- 20 µm [312] and the smallest cell nucleus was found as ~ 1 µm in Yeast. 

In this model, the cell nucleus was simplified as a spherical shape with conductive 

liquid inside and almost non-conductive nuclear membrane, the size of cell nucleus 

was set as 1 µm. In general, the thickness of nuclear membrane is greater than the 

thickness of cell membrane [313] [314]. In the present model the thickness of 

nuclear membrane is set to 10 nm, this value was also used in [315]. The 

conductivity of the cell nucleus was set to be the same as the conductivity of 

cytoplasm, this assumption was also made in [7] [316]. 
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(a) 

 

(b)  

Figure (4.1) 2D model of a single algae cell:  cell dimensions (a), QuickField model 

used for analysis of the electric field (b). 

Treatment region  

Cytoplasm 

Cell nucleus 

Cell 

membrane 

Nuclear membrane 

L (µm) 
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The test chamber was modelled as two parallel electrodes, with a gap of 10 µm 

filled with the environmental liquid, 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. 

 

Table 4.1 Parameters used in the 2D single cell model. Numerical values are taken 

from the published literature.  

Parameters Value 

External voltage 0.03 kV 

Width of treatment region  10 µm 

Thickness of cell membrane 5 nm     [274] [275] 

Diameter of cytoplasm 5 µm     [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/m  [7] [307] 

Conductivity of cell membrane ρπ  S/m [310] 

Conductivity of environmental fluid πȢυ ρπ  S/m   [274] [275] 

Diameter of cell nucleus 1 µm   [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 ρπ  S/m [274] [275] 
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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 distributions to be obtained.  

4.2.1 Electric potential and electric field distribution 

Figure (4.2.1) shows the 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 linear 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 membrane tends to be a constant 

value. Electric field could be generated in the nucleus membrane. The detailed 

representation of the potential distribution in this model is shown in Figure (4.2.1). 
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Figure (4.2.1) Electric potential distribution in the bio-cell model in the steady state 

dc conduction analysis, the reference line shows the path across which the 

transmembrane potential is obtained. 

 

Figure (4.2.2) shows the transmembrane potential along the reference line in Figure 

(4.2.1). There are well pronounced potential differences across the cell membrane 

and nuclear membrane. According to the results, the transmembrane potential 

difference on the pole is ͯρπ 6 in this model, which is of the same order of 

magnitude as the value obtained by the Schwan Equation, ςςȢυ 6 . The maximum 

electric field strength in this model is ͯς ρπ ὠȾά, which is also of the same 

order of magnitude as the results obtained using  the linear model (χͯȢυ

ρπ ὠȾά). As such, the transmembrane potential has reached the threshold of the 

electroporation process (~1 V). The transmembrane potential across the nuclear 

membrane is ͯπȢς ὠ, which is not large enough to cause electroporation. 

Reference line 
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Figure (4.2.2) Potential differences along the reference line shown in Figure (4.2.1). 

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

 

Figure (4.2.3) shows the electric field distribution in the case of the steady state DC 

simulation. The graph shows the electric field distribution in the cell membrane, 

which is similar to the Schwan Equation, with its minimum value on the equator and 

its maximum value on the pole, Figure (4.2.3.1).  
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Figure (4.2.3) Electric field distribution in the steady state DC conduction case. 

Zoomed in views are included 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 and cytoplasm compared with 

large field strength in cell membranes. 

Pole 

Equator 
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Figure (4.2.3.1) Electric 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 taken into account  (ʌÄ χȢψ ʈÍ). 

 

According to the results, the maximum electric field strength is ςͯȢσ ρπ ὠȾά, 

which could be calculated through Figure (4.2.2). The electric field strength in the 

cell nucleus and cytoplasm is negligible in this situation, Figure (4.2.3.2). 
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Figure (4.2.3.2) Electric field strength across the nucleus membrane. L represents 

the point moving around the circumference of the cell nucleus from pole to pole. 

The peaks were caused by calculation errors of software which cannot be solved in 

this model, thus there is no significant differences observed. 

In the steady state analysis, the charge accumulation process inside the cell is 

completed, 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 there 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 in Figure (4.2.3.2). 
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4.2.2 Current density and power  

 

Figure (4.2.4) shows 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 value isςͯ ρπ !Ⱦά .  Due to the 

joule heating caused by such a current densityΣ ǘƘŜǊŜ ƳƛƎƘǘ ōŜ ŀ ΨƘƻǘ ǎǇƻǘΩ 

positioned in this area. Although the current density in the cytoplasm and cell 

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

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

however, the values of the current density are negligibly low:  σͯ ρπ !Ⱦά  in 

the cytoplasm and ͯσ ρπ !Ⱦά  in the nucleus.   

As ΨƘƻǘ ǎǇƻǘsΩ ƛƴ ǘƘŜ ŜƴǾƛǊƻƴƳŜƴǘŀƭ ŦƭǳƛŘ ŜȄƛst during the PEF treatment, therefore, 

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 such local heating; as shown in Figure (4.2.6) the 

maximum value of power released in the hot spot is ωȢψ ρπ ὡȾά . This value is 

too high to be ignored, and detailed investigation should be conducted to 

understand the local heating effects.  
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Figure (4.2.4) Current density distribution in the steady state condition. 

 

 

Figure (4.2.5) Current density distribution in the steady state condition in the cell 

nucleus (graph obtained through zooming in a section of Figure (4.2.4) and 

changing the factor in the legend of cell nucleus from). 
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Figure (4.2.6) Power 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 stimulation process (PEF 

treatment), the transient heat transfer model can be used which is linked to the DC 

conduction model in QuickField software. Table (4.2) below introduces the thermal 

parameters used in this combined heat and conduction analysis. 
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Table 4.2 Thermal parameters, values taken from publications shown. 

 

 

Figure (4.2.7) shows an increase in temperature due to the local heating effect 

discussed in section 4.2.2. It is shown that at the typical electroporation electric 

field strength (30 kV/cm), there is almost no global temperature increase in the 

ŜƴǾƛǊƻƴƳŜƴǘŀƭ ŦƭǳƛŘ ƘƻǿŜǾŜǊΣ ƛǘ ǎƘƻǿǎ ΨƘƻǘ ǎǇƻǘΩ ƛƴ ǘƘŜ ŜƴǾƛǊƻƴƳŜƴǘŀƭ ŦƭǳƛŘΦ !ǎ ǘƘŜ 

local heating mainly takes place in the environmental fluid, the external electric 

field strength and conductivity of the fluid might have significant influence on these 

local effects. Figure (4.2.8) shows the local heating effects at higher electric field 

strength (60 kV/cm) and higher conductivity (0.6 S/m) of the fluid ς these 

parameters were used in [273]. 

Figure (4.2.8) ǎƘƻǿǎ ǘƘŀǘ ǘƘŜ ǘŜƳǇŜǊŀǘǳǊŜ ƻŦ ǘƘŜ ΨƘƻǘ ǎǇƻǘΩ ƛƴ ǘƘŜ ŜƴǾƛǊƻƴƳŜƴǘŀƭ 

fluid increases by ~7 ᴈ in 1 µs. The temperature increase (ɲT) in the cytoplasm and 

Parameters Environmental 

fluid 

Cell 

membrane 

Cytoplasm Nuclear 

membrane 

Nuclear 

Heat 

capacity at 

constant 

pressure 

[J/(kg·K)]  

4181.3 

[310] [317] 

3000 

[317] 

4181.3 

[310] 

[317] 

3000 

[317] 

4181.3 

[310] 

[317] 

Thermal 

conductivity 

[W/(m·K)]  

0.61 

[122] 

[310] 

0.568 

[122] 

[310]  

0.61 

[122] 

[310]  

0.568 

[122] 

[310]  

0.61 

[122] 

[310]  

Density 

[kg/m3] 

998.2 

[310] 

1100 

[310] 

998.2 

[310] 

1100 

[310] 

998.2 

[310] 
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nucleus is less than <1 ᴈ ÁÎÄ ÃÁÎ ÂÅ ÎÅÇÌÅÃÔÅÄȢ  Typically, the local heating effects 

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 

άƴon-ǘƘŜǊƳŀƭέ ǇǊƻŎŜǎǎύΦ 

 

Figure (4.2.7) Transient temperature increase distribution (ɲT) in 10 µs; electric 

field strength is 30 kV/cm. 
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Figure (4.2.8) Transient temperature increase distribution (ɲT) in 1 µs; electric field 

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

 

Figure (4.2.6) shows power loss is generated next to cell membrane but in Figure 

(4.2.7), the high temperature is not at the same place, this could be caused by the 

coupling of thermal analysis and electrical analysis during computing by the 

software. Furthermore, the 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 the pore 

formation in the membrane.  

 

4.3 Transient QuickField analysis - single 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 

cannot be 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 1.42 µs for the model and parameters 

presented here (chapter 3). The electric field distribution and thermal effects during 

this phase are not well understood and required further investigation. The transient 

analysis (nano-second simulations) is used in this section to investigate the electric 

field distribution and thermal effects in the single cell model using the field strength 

of 30 kV/cm. It was shown in [7]  that the ns PEF treatment could cause the 

electroporation effect and induce tensile stresses across the nucleus membrane, 

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 (4.3.1) shows the electrical potential distribution at 1 ns in the single cell 

model with cell nucleus. Compared with Figure (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 at 1 ns, the charge distribution inside the cell 

did not reach its steady state.  

Figure (4.3.2) shows the transmembrane potential along the reference line in Figure 

(4.3.1). There are two significant potential drops across the cell and nuclear 

membranes. It was found that, in this model, the transmembrane potential 

difference across the cell membrane is ρͯȢπυ 6, and the maximum electric field 

strength is ͯ ςȢρ ρπ 6ȾÍ. This value has the same order of magnitude as the 

results obtained from the linear model (Chapter 3), ͯ ρȢσυρπ 6ȾÍ, Figure 
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(3.2.1.1). Such field strength leads to a potential drop which is close to the critical 

value for the electroporation process (ͯρ 6). The transmembrane potential across 

the nuclear membrane is also ͯρ 6, which is higher than the transmembrane 

potential across the nuclear membrane obtained in the case of the steady state DC 

conduction (πȢς 6 , Figure (4.2.2)). This result is similar to the value of the nuclear 

membrane potential developed during the nano-second PEF treatment [7], which 

could damage the cell nucleus. 

 

 

 

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

included to show the path across which the transmembrane potential is obtained. 

 

Reference line 
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Figure (4.3.2) Potential differences along the reference line in Figure (4.3.1). The 

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

calculated at positions on the reference line. 

 

Figure (4.3.3) shows the electric field distribution at 1 ns obtained in the transient 

analysis simulation. The graph shows the electric field distribution in the cell and 

nuclear membranes, these fields follow the Schwan Equation with similar 

behaviour, with minimum field value achieved at the equator and the maximum 

value at the pole, Figure (4.3.3.1) and Figure (4.3.3.2). According to the results, the 

maximum electric field strength is ͯςȢπ ρπ 6ȾÍ, which is quite close to the 

value obtained from Figure (4.3.2). For the cell nucleus and cytoplasm, the electric 
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field strength is not negligible in this situation, Figure (4.3.4). The graph shows a 

higher electric field strength in environmental fluid as compared with that in the 

highly conductive cytoplasm. The reason for this is as follows:  1 ns is too short for 

the charge accumulation process, the charges are still accumulating at each 

boundary of cell membrane, both in cytoplasm and environmental fluid, which 

affects their 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 nano-second PEF treatment, with ͯ ςȢσ

ρπ 6ȾÍ strength in the cytoplasm and ͯψȢπ ρπ 6ȾÍ in the cell nucleus after 1 

ns. Such a high electric field strength could help induce field effects in cell 

organelles, with membrane structures (such an electric field in the cytoplasm could 

be regarded as an external electric field applied to cell organelles with membrane 

structures) and might cause structural damage to these membranes. 

 

 

Figure (4.3.3) transient analysis: Electric field distribution at 1 ns. Zoomed in graph 

is included 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 

Pole 

Equator 
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field strength in environmental fluid and cytoplasm compared with the much higher 

field strength in cell membranes. 

 

Figure (4.3.3.1) Electric field strength along the cell pole to pole following the arc of 

the membrane. 
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Figure (4.3.3.2) Electric field strength along the pole to pole arc of the cell nucleus 

membrane. 

 

Figure (4.3.4) transient analysis: Electric field distribution at 1 ns, the maximum 

electric field strength in this figure is ͯσȢρ ρπ ὠȾά  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 and power dissipation  

 

Figure (4.3.5) shows 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 ͯςȢψ ρπ !Ⱦά . 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 equator, Figure (4.3.5.1). However, the current density is only 

ρͯȢπ ρπ !Ⱦά   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 process would 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 nano-second PEF 

treatment. 
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Figure (4.3.5) Current density distribution in of transient analysis in 1 ns. 

 

 

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

maximum value of the current density in this figure was set to 2000 A/m2 to resolve 
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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 analysis, thus 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 cases, millions 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 induced by neighbouring microorganisms 

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), with a cell nucleus present in each 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 expanded to ςπ АÍ, so 

the applied voltage was set to 60 V to achieve a 30 kV/cm field strength in the 

treatment region. The space between cell A and cell B is 1 nm meanwhile cell B and 

cell C are in contact. 
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Figure (4.4.1) QuickField model which includes multiple cells. Cell A and Cell B have 

a πȢρ ʈÍ ÇÁÐ between them, the external membranes of Cell B and Cell C are in 

contact with one another. 

4.4.1 Steady state analysis 

Figure (4.4.2) shows 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 differences in the cytoplasm and cell nucleus. The charge accumulation 

processes are completed in each cell in this steady state. 

 

 

Figure (4.4.2) Electric potential distribution in the steady state DC conduction 

simulation, the reference line is included to show the line across which the 

transmembrane potential is obtained. 
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Figure (4.4.3) shows the electric potential obtained as a function of positions L (µm) 

along the reference line in Figure (4.4.2). The graph shows the voltage drops at the 

cell membranes in each single cell and these values are high enough to cause the 

electroporation process, values are same at both poles 

(ωȢυ 6 ÆÏÒ #ÅÌÌ !ȟχȢς 6 ÆÏÒ #ÅÌÌ " ÁÎÄ ρπȢσ 6 ÆÏÒ #ÅÌÌ # ). There are no significant 

differences between the transmembrane potentials 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 membrane in each single cell, as shown 

in Figure (4.4.3). This behaviour of 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 nuclear membranes in 

each cell are different and their values becomes lower values are same at both 

poles (ρȢς 6 ÆÏÒ #ÅÌÌ !ȟπȢυ 6 ÆÏÒ #ÅÌÌ " ÁÎÄ πȢρς 6 ÆÏÒ #ÅÌÌ #) when the cell is 

getting closer to the ground electrode. For Cell A, the transmembrane potential of 

its nuclear membrane has reached the electroporation threshold of 1 V, which 

indicates that even with µS PEF treatment, the electroporation process could be 

triggered within the nuclear membrane, but mainly electroporation takes place in 

the cell membranes due to the higher transmembrane potentials. 
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Figure (4.4.3) Potential differences along the reference line in Figure (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 (4.4.4) shows the electric field strength distribution, the maximum value is 

ςͯȢρ ρπ ὠȾά 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 low (ςͯȢς

ρπ ὠȾά) and (ͯ ρȢτ ρπ ὠȾά) respectively. Figure (4.4.4.1) shows the electric 

field strength along the reference line (cell membranes) in Figure (4.4.4), where it is 

obvious that the field follows the Schwan Equation and the field values are similar in 

each cell. Figure (4.4.4.2) shows the electric field strength 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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(a) 

 

(b) 

Figure (4.4.4) Electric 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 membranes (b). 

Reference lines 

Reference lines 
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Figure (4.4.4.1) Electric 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 to 

the calculation errors between boundaries and caused by software).  
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Figure (4.4.4.2) Electric field strength in nuclear membranes of each single cell, the 

values were measured at the positions on the reference line (for example: half 

circumference of 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 (4.4.5) shows the current density in the steady state DC conduction case, 

there is no significant differences in the current density compared with that in 

Figure (4.2.4), the maximum value in the multiple cells model is ςπωπ !Ⱦά  and in 

the single cell model is ςςςπ !Ⱦά . This is because the current in the steady state 

case flows mostly through the environmental fluid and the conductivity of this fluid 

in both models is the same. The current density inside each of the cells is negligible 

in the multiple cells model (DC steady state case). 
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The Increase in the current density at the poles of the three microorganisms can 

potentially increase ǘƘŜ ƭƻŎŀƭ ǘŜƳǇŜǊŀǘǳǊŜ ŀǘ ǘƘŜǎŜ ƭƻŎŀǘƛƻƴǎΦ ¢ƘǳǎΣ о ǇƻǘŜƴǘƛŀƭ ΨƘƻǘ 

ǎǇƻǘǎΩ όƘƛƎƘ ƛƴǘŜƴǎƛǘȅ ŎǳǊǊŜƴǘ ŘŜƴǎƛǘȅ ǎǇƻǘǎύ were observed in this model. In general, 

for electroporation applications, samples with large microbial populations are 

ǘǊŜŀǘŜŘΦ ¢ƘǳǎΣ ǎǳŎƘ ΨƘƻǘ ǎǇƻǘǎΩ ŎƻǳƭŘ ƭŜŀŘ ǘƻ ƭƻŎŀƭ ǘŜƳǇŜǊŀǘǳǊŜ ƛƴŎǊŜŀǎŜǎ ƛƴ ǘƘŜ 

treated samples, and these thermal effects could be more significant in samples 

with higher conductivity of the fluid and at higher applied electric fields (as 

discussed in section 4.2). 

 

 

Figure (4.4.5) Current density distribution in the steady state case. 

 

Figure (4.4.6) Power dissipation in the steady state case. 
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4.4.2 Transient analysis 

 

Figure (4.4.7) shows 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 across 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 an important 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. 

  

Figure (4.4.7) Electric potential distribution in transient field case, the reference line 

used to calculate transmembrane potential is included.  

The electric potential was obtained along the reference line in Figure (4.4.7), and 

this potential as a function of positions L (µm) is shown in Figure (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 processes (ς

σ 6 ÆÏÒ #ÅÌÌ !ȟͯς 6 ÆÏÒ #ÅÌÌ " ÁÎÄ ς σ 6 ÆÏÒ #ÅÌÌ # ) . There is no significant 

differences between potential drops when the cell is getting closer to the ground 

Reference line 
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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, there is always 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 nuclear membranes 

in each cell are the same (ͯρ  6 ÆÏÒ #ÅÌÌ !ȟͯρ  6 ÆÏÒ #ÅÌÌ " ÁÎÄ ͯρ 6 ÆÏÒ #ÅÌÌ #), 

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 electroporation threshold (1 V). 

 

Figure (4.4.8) Potential differences along the reference line from Figure (4.4.7). The 

voltage drops across the cell and nuclear membranes are circled. 
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Figure (4.4.9) shows the electric field distribution in the transient case at 1 ns. The 

graph shows the electric field distribution 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 membranes, Figure (4.4.9.1) and Figure (4.4.9.2). 

The maximum electric field strength is σͯȢρ ρπ ὠȾά, which is the same as in the 

case of the single cell, as shown in Figure (4.3.3). For the cell nucleus and 

cytoplasm, the electric field strength is not negligible in this situation, Figure 

(4.4.10).  According to the simulation results, the electric field strength in the 

cytoplasm and cell nucleus is not negligible in the nano-second PEF treatment, the 

strength in the cytoplasm is  ͯςȢπ ρπ ὠȾά and ͯ χȢυ ρπ ὠȾά in the cell 

nucleus at 1 ns.  These values are close to the results obtained from the single cell 

model, which also confirms that the electrical field in each cell in the multiple cells 

model is not affected by the field in other cells.  

 

(a) 

Reference lines 
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(b) 

Figure (4.4.9) Electric 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 the environmental 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). 

Reference lines 
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Figure (4.4.9.1) Electric field strength along the reference lines (electric field 

strength in cell membranes).  
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Figure (4.4.9.2) Electric field strength in the nuclear membranes of each single cell.  

 

Figure (4.4.10) Electric field distribution at 1 ns, the maximum electric field strength 

of colour plot was limited to  ͯσȢρ ρπ ὠȾά  in order to show clearly the electric 

field distribution in the cytoplasm and cell nucleus. 
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Figure (4.4.11) shows the current density distribution at 1 ns. It is shown that higher 

current densities are generated in several positions: outside the nuclear membrane 

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 PEF treatment. 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 (4.4.11.1). However, the values are only ͯρȢπ ρπ !Ⱦά   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 higher conductivity of the cytoplasm compared with the 

environmental fluid. The high current density regions which are visible in Figure 

(4.4.11) appear at the cytoplasm at the points of contact between neighbouring   

microorganisms, in the region of their equator. This increase in the current density 

was not observed in the case of a single microorganism, Figure (4.3.5).   Such high 

current density may help to generate thermal effects and accelerate the 

electroporation process of the membrane or damage the cell organelles. 

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 cytoplasm and cell nucleus during the nano-second PEF treatment. 
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Figure (4.4.11) Current density distribution at 1 ns. 

 

Figure (4.4.11.1) Current density distribution at 1 ns, the maximum value was set to 

2000 A/m2 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 models were 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 potential distribution and transmembrane potential of cell 

membrane and nuclear membrane were investigated and show 

similar results to the linear model due to the very low conductivity of 
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membranes, however, such field distribution would not be generated 

in the cell wall as it is not a membrane structure with low 

conductivity. 

o Electric field strength distributions were investigated, the results 

were consistent with the linear model and other mathematical 

modelling results [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 joule heating due 

to such conduction current is significant. Thus, the electroporation 

process would be enhanced by the thermal effects during PEF 

treatment of microorganisms.   

¶ Transient analysis of single cell model 

o Electric potential distribution and transmembrane potential of cell 

membrane and nuclear membrane were investigated and the results 

show that the nano-second PEF treatment could trigger the 

electroporation process in the nuclear membrane. No previous 

investigation has focused on the interactions between 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 showing 

that the electric field strength induced in 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 nano-second PEF treatment exists and may 

help to enhance the electroporation process of the nuclear 

membrane. 
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¶ Multiple cells model  

o Both steady state analysis and transient analysis were performed 

using the developed multi-cell model, with the results showing that 

in the steady state 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 

cells as shown in Figure (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 nano-second 

PEF treatment. 

  



 
172 

 

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 nano-second 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 QuickField model 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 transfer 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 effects during the PEF treatment of 

microorganisms, and this model will be presented in the next chapter. In Figure 

(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 potential side. The reason could be the 

potential increase across cells in Figure (4.4.3) due to the calculation error of 

Quickfield software, further works would be necessary to solve this problem. 
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Chapter 5. COMSOL 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. These models 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 PEF treatment. However, the investigation of 

potential local thermal effects is not fully supported by the Quickfield software, 

because the transient thermal effects analysis model could not be linked to the 

transient electrical analysis model in the same simulation.  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, there are several 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 overcome these 

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 
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investigated. This chapter provides detailed information and discussion on the 

interaction between the 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 in a cell 

during the PEF treatment. Figure (5.1) below shows the initial frame of this single 

cell model: The red line represents the axis of symmetry, where r = 0. 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 present to avoid errors 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 (5.1) General geometry of initial 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 and Quickfield models 

are listed in Table (5.1). These parameters were also used in the present chapter in 

the COMSOL model. 
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Table 5.1 Parameters used in the 2D COMSOL single cell model. Numerical values 

are taken from the 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 ρπ  S/m [319] 

Conductivity of environmental liquid πȢυ ρπ  S/m [275] 

Thickness of membrane 5 nm  [318], [315], [273], [275], [307] 

Diameter of cytoplasm 5 µm [315], [273], [275], [307] 

Width of treatment region (between 

electrodes)  

40 µm 

 

Figure (5.2) shows 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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Figure (5.2) COMSOL model of a single cell, only the cell membrane was 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 10 s˃ (pulse duration) was 

obtained and this distribution is shown in Figure (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 (5.5) provide a zoomed view of the 

electric field 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 equation, Eq. 3.1.4, with maximum field strength at 
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the pole and minimum field strength on the equator. The maximum electric field 

magnitude in the membrane at 10 ˃s wasͯ ρȢψ ρπ 6ȾÍ. This value is close to the 

value obtained using the steady state DC Quickfield model: ςͯȢσ ρπ 6ȾÍ. The 

transmembrane potential across the cell membrane reached the electroporation 

threshold of ~ 1 V. 

Figure (5.6) shows the electric field build up process during the first 10 ˃ǎ ƻŦ ǘƘŜ t9C 

treatment. It can be seen that the field strength across the cell membrane did not 

ǊŜŀŎƘ ƛǘǎ ǎŀǘǳǊŀǘƛƻƴ ǾŀƭǳŜ ƛƴ мл ˃s. This could be caused by the low conductivity of 

the environmental fluid (πȢυ ρπ  S/m).  Simulation results with higher 

conductivity environmental fluids will be introduced and discussed in section 5.3.1. 
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Figure (5.3) Electric field distribution in the treatment region at 10 ˃s. Horizontal 

and vertical axis show distance in units of mm. 
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Figure (5.4) Zoomed in view of the electric field distribution across the membrane 

pole at 10 ˃ s (transient analysis). Axis dimensions in mm. 
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Figure (5.5) Zoomed in view of the electric field distribution across the membrane 

equator at 10 ˃ s (transient analysis). Axis dimensions in mm. 
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Figure (5.6) Transient electric field strength at the ƳŜƳōǊŀƴŜΩǎ pole during the first 

10 ˃ s of the PEF treatment, single cell model, and applied field is 30 kV/cm. 

 

The temperature distribution during the PEF treatment was also investigated using 

the COMSOL single cell model discussed in this section. Table (5.2) below 

introduces the thermal parameters used in the thermal analysis, the initial 

temperature is 20 °C. 
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Table 5.2 Thermal parameters, values taken from the sources listed. 

 

Figure (5.7) shows the temperature distribution after 10 ˃ǎ ƻŦ t9C ǘǊŜŀǘƳŜƴǘΣ ƛǘ Ŏŀƴ 

be seen that the temperature increase can be considered to be negligible (it is much 

less than 1 ᴈ ƛƴŎǊŜŀǎŜ ƛƴ мл ˃ǎ). The temperature distribution graph is necessary to 

be shown as it shows different positions of local heating effects even if the 

temperature differences are negligible. It important to investigate the details about 

local heating effects as a function of position, which has never been investigated 

before, because the local heating effects could help enhance the electroporation 

process, thus there might be positions where the  membrane was damaged more 

seriously.  Such temperature distribution results follow the results of the total heat 

source, as shown in Figure (5.8), the maximum value of heat source was found to 

be ͯ ρȢτ ρπ ὡȾά . Joule heating was considered as the heating source during 

the PEF treatment with DC impulses. The heat was mainly generated at the pole 

Parameters 
Environmental 

fluid 

Cell 

membrane 
Cytoplasm 

Nuclear 

membrane 
Nuclear 

Heat 

capacity at 

constant 

pressure 

[J/(kg·K)]  

 

4181.3 

[320] 

[319] 

3000 

[320] 

 

4181.3  

[320] 

[319] 

3000 

[320] 

 

4181.3 

[320] 

[319] 

Thermal 

conductivity 

[W/(m·K)]  

 

0.61  

[319] 

[122] 

 

0.568 

[319] 

 [122] 

0.61 

[319] 

[122] 

0.568 

[319]  

[122] 

0.61 

[319] 

[122] 

Density 

[kg/m3] 

998.2 

[319] 

1100 

[319] 

998.2 

[319] 

1100 

[319] 

998.2 

[319] 
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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, seen in Figure (5.6), also supports this assumption. 

Compared with the steady state Quickfield model, the COMSOL model provided 

more detailed thermal distribution, as such changes in the local heating effect was 

not shown with the QuickField model. 

 

Figure (5.7) Temperature distribution in the single cell model at 10 s˃. PEF 

treatment with an applied field magnitude of 30 kV/cm. Axis dimensions in mm. 

Position with maximum temperature 

(hot spot) ~20.0005 Ņ 

Position with minimum 

temperature ~20.0001 Ņ 
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Figure (5.8) Total heat source in the initial single cell model at 10 s˃. PEF treatment 

with 30 kV/cm. Axis dimensions in mm. 

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 this modelling: 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 

 

As discussed in Chapter 3, in paper [298], 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 to πȢυ ρπ  S/m used previously, and 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 published in [298] to investigate the lipid bio-

accessibility in Chlorella vulgaris, 30 kV/cm is generally used in electroporation 

works. It would be beneficial to investigate the electrical field distribution and local 

heating effects under these conditions because investigation about electrical field 

strength in the cell membrane and local heating effects could help explain the 

interactions between microorganisms and external electric field for general 

electroporation applications. 

Figures (5.9)- (5.11) show the electric field distribution during 30 kV/cm PEF 

treatment in environmental fluid with higher conductivity of 0.2 S/m. Compared 

with the simulation results with lower conductivity fluid in Figure (5.3), the 

maximum electric field strength in the pole obtained in this case was 2 times higher, 

τͯ ρπ ὠȾά at 10 ˃ s, the electric field strength in the equator was ~30 kV/cm. 

Figure (5.12) shows the electric field strength build up process at the pole of the 

membrane during first 10 ˃s of PEF treatment. It can be seen that the electric field 

strength reached the peak value 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 in Figure (5.13). Firstly, there is significant 

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 
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from the pole to 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 case. Although the 

temperature increases by about 5 ᴈ ÉÎ 10 ˃ 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 (5.14) shows that there was significant heat release (joule heating) (τͯ

ρπ ὡȾά ) at the equator in the environmental fluid outside of the cell 

membrane. 
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Figure (5.9) Electric field distribution in the transient analysis at 10 s˃; higher 

conductivity environmental fluid of 0.2 S/m. Axis dimensions in mm. 
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Figure (5.10) Zoomed in view of Electric field distribution in the transient analysis at 

10 ˃ s (at the ƳŜƳōǊŀƴŜΩǎ pole). Higher conductive environmental fluid of 0.2 S/m. 

Axis dimensions in mm. 
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Figure (5.11) Zoomed in view of the electric field distribution in the transient 

analysis at 10 ˃s (at the equator), higher conductivity environmental fluid (0.2 S/m). 

Axis dimensions in mm. 
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Figure (5.12) Electric field strength at the pole during 10 s˃ after application of the 

PEF impulse. Single cell model, 30 kV/cm applied electric field strength. 
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Figure (5.13) Temperature distribution in the initial single cell model at 10 s˃ PEF 

treatment, 30 kV/cm applied electric field strength, higher conductivity 

environmental fluid (0.2 S/m). Axis dimensions in mm. 
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Figure (5.14) Total heat release (source) in the single cell model at 10 s˃. PEF 

treatment with 30 kV/cm in higher conductivity environmental fluid (0.2 S/m). Axis 

dimensions in mm. 

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 effects in the environmental fluid 

during the PEF treatment. The conductivity of the environmental fluid could be 



 
194 

 

controlled in order to meet different treatment requirements. The external electric 

field strength could also be controlled, and in this section a higher electric field 

strength will be used to model the PEF treatment. 

According to [181], the field strength of 67 kV/cm was used in the experimental PEF 

treatment of microorganisms. Following this work, the average electric field 

strength used in this section was 67 kV/cm, the conductivity of environmental fluid 

in this simulation is πȢυ ρπ  S/m. 

Figures (5.15)- (5.17) show the electric field strength distribution at 10 ˃s, with 67 

kV/cm electric field applied. The electric field strength in the cell membrane follows 

the Schwan Equation.  Compared with the lower field strength treatment (30 

kV/cm), Figure (5.3)- Figure (5.5), the electric field strength at the pole increases 

from ͯ ρȢψ ρπ ὠȾά to  ͯ τ ρπ ὠȾά in 10 ˃ s, in both cases, and the 

transmembrane potential reaches the electroporation threshold of ~ 1 V.  The 

electric field strength in equator is 30 kV/cm and 67 kV/cm. However, the charge 

accumulation process during the 67 kV/cm field pulse was also not completed in 10 

s˃, as shown in Figure (5.18) and Figure (5.6).  

The thermal effects are shown in Figure (5.19). As compared with the result 

obtained for lower field strength (30 kV/cm), using the same conductivity the 

positions of local heated regions are the same. The temperature increases were 

minimal compared with the results shown in Figure (5. 7). This result can also be 

confirmed by the heating source graphs, comparing Figure (5.20) and Figure (5.8). 

However, comparing the simulation results with the results obtained using the high 

conductivity environmental fluid in section 5.3.1, it could be noted that the 

conductivity of the environmental fluid has more significant effects on the electric 

field build up process (Figure (5.6) and Figure (5.18)) and thermal effects (Figure 

(5.7) and Figure (5. 19)) during the PEF treatment. The maximum heat release 

increased from ͯχ ρπ ὡȾά  to ͯ τ ρπ ὡȾά  with the higher conductivity 
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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 treatment. Compared with the induced transmembrane potential in the cell 

membrane, the contribution of thermal effects during 10 ˃ǎ t9C ǘǊŜŀǘƳŜƴǘ ŎƻǳƭŘ ōŜ 

negligible according to the simulation results with the lower conductivity 

environmental fluid. 

 

 

 



 
196 

 

 

 

Figure (5.15) Electric field distribution in the transient analysis at 10 s˃ with higher, 

67 kV/cm, applied electric field strength.  Axis dimensions in mm. 
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Figure (5.16) Zoomed in view of the Electric field distribution at the membrane pole 

in the transient analysis at 10 ˃s;  applied electric field  is 67 kV/cm). Axis 

dimensions in mm. 
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Figure (5.17) Zoomed in view of the Electric field distribution ŀǘ ǘƘŜ ƳŜƳōǊŀƴŜΩǎ 

equator in the transient analysis at 10 ˃s; applied cm electric field is 67 kV/ (). Axis 

dimensions in mm. 
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Figure (5.18) Electric field strength at the pole during 10 s˃.  PEF treatment of single 

cell applied electric field strength is 67 kV/cm. 
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Figure (5.19) Temperature distribution in the initial single cell model at 10 s˃. PEF 

treatment with 67 kV/cm. Axis dimensions in mm. 

Position with maximum temperature 

~20.1003 Ņ (hot spot) 

Position with minimum temperature 

~20.0001 Ņ 
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Figure (5.20) Total heat release (source) in the initial single cell model at 10 s˃.  PEF 

treatment with 67 kV/cm. Axis dimensions in mm. 

5.3.3 Results for different treatment time-long-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 environmental fluid, the electric field build up process 

could not be completed in 10 ˃s. Thus, it is necessary to investigate the complete 
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transient process and to obtain the electric field strength in the membrane after 

saturation. To complete this task, a longer treatment time was used in this section, 

and both 30 kV/cm and 67 kV/cm field strengths were applied. 

Figures (5.21) and (5.22) show the results of the 30 kV/cm PEF treatment and the 

conductivity of environmental fluid is πȢυ ρπ  S/m It is shown that the electric 

field strength build up process was completed at ~ 100 s˃, and the peak electric 

field strength in the membrane is ͯ τ ρπ ὠȾά, which is close to the results 

shown in Figure (5.12), where the maximum field was ͯ  τȢτ ρπ ὠȾά and the 

conductivity of 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 magnitude to reach its peak value, Figure (5.21) 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 between 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 200 ˃s PEF treatment, which is demonstrated by comparing Figure 

(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 conductivity of the environmental fluid. 
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Figure (5.21) Electric field strength at the pole during 200 s˃ PEF treatment. Single 

cell model, applied field is 30 kV/cm. 
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Figure (5.22) Temperature distribution in the single cell model at 100 ˃s. PEF 

treatment with 30 kV/cm. Axis dimensions in mm. 

 

 

Position with maximum temperature 

~20.1006 Ņ (hot spot) 

Position with minimum temperature  

~20.1001 Ņ 
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Figure (5.23) Electric field strength at the pole during 200 s˃. PEF treatment in the 

single cell model, applied field is 67 kV/cm. 
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Figure (5.24) Temperature distribution in the initial single cell model at 100 s˃. PEF 

treatment, applied field is 67 kV/cm. Axis dimensions in mm. 

 

5.4 Forces across bio-membrane under DC 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 electro-mechanical 

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 

electro-mechanical and thermal forces will be investigated in this section. Any 

potential effects associated with the magnetic field were not considered in this 

analysis. 

Figure (5.25) shows a schematic diagram of the single cell model. The cell 

membrane was divided into two parts to calculate the electro-mechanical forces in 

the cell membrane. The electro-mechanical forces were generated due to the 

unbalanced Maxwell stresses in the dielectric cell membrane, which could promote 

deformation of the membrane, and even lead 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 upon the cell membrane, 

due to the difference between the radii of the inner and outer interfaces. This 

difference leads to a total force acting upon the cell membrane [108] [321]. 
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Figure (5.25) Simplified figure illustrating calculation of the electro-mechanical 

forces acting upon the cell membrane.  

5.4.1 Electro-mechanical force in the cell membrane 

 

The parameters used in investigating the electro-mechanical force are listed in the 

Table 5.3. 

Table 5.3 Different parameters used in investigation of the electro-mechanical force 

in cell membrane.  

Electric field strength 

(kV/cm) 

Conductivity of environmental fluid 

(S/m) 

30 0.0005 [319] 

30 0.2 [319] 

67 0.0005 [319] 

67 0.2 [319] 
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Figure (5.26) shows the electro-mechanical force acting upon the upper part of the 

cell membrane during the 10 µs PEF treatment, with field strength 30kV/cm and 

conductivity of fluid 0.0005 S/m. It can be seen that, during the first 300-400 ns 

after application of the field, the force increases at a relatively slow rate, and this 

rate increases significantly after 1 ms (approximately). This functional behaviour 

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 environmental fluid, and the process of build-up of the 

electro-mechanical force accelerates.  

However, the magnitude of the force starts to reduce after it reaches the maximum 

value ͯ  ψȢπ ρπ. 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 electro-mechanical force should remain 

constant when all charge accumulation processes 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 

shown that the electric field strength in the cell membrane in such low conductivity 

environmental fluid will reach its maximum value, as shown in Figure (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 parts [108]. 
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Figure (5.26) Magnitude of the electro-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) shows the magnitude of the electro-mechanical force which acts upon 

the membrane in the case of increased conductivity of the environmental fluid, 0.2 

S/m. The electro-mechanical force reached its maximum at aboutͯ ςȢψ ρπ ., 

this value is close to the value of the force obtained in [108].  
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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 in [274]. The negative value of the force means that the cell is 

compressed by the electro-mechanical forces acting upon the upper and lower 

parts of the cell membrane. Besides, a force reversal (at about 0.3 ˃ s )was observed 

during the early stage of the HV pulse, and such force reversal was also reported in 

[321], which is attributed to a high rate of voltage change, dV/dt. The voltage in the 

present simulation was instantly increased to from 0 V to 120 V. The peak value of 

the force reversal was ~ρȢτ ρπ ὔ (OōǘŀƛƴŜŘ ǘƘǊƻǳƎƘ άȊƻƻƳ ƛƴέ ŦǳƴŎǘƛƻƴ ƻŦ 

COMSOL, which cannot be clearly seen in the Figure (5.27)). 

Figure (5.28) presents the simulation results for longer treatment time (200 µs) at 

30 kV/cm field strength and in the low conductivity environmental fluid, when the 

charge accumulation processes were completed. Both force reversal and force 

stabilization effects were observed, supporting the results and assumption obtained 
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from Figure (5.26) and Figure (5.27).

 

 

Figure (5.27) Electro-mechanical force acting upon 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 (5.28) Electro-mechanical force acting upon the upper part of cell membrane 

in the field with magnitude of 30 kV/cm strength and in low conductivity 

environmental fluid (0.0005 S/m). 

Figure (5.29) shows the electro-mechanical force acting upon the upper part of the 

cell membrane during the first 10 µs of the PEF treatment with a higher electric field 

strength. The force build-up process follows the results shown in Figure (5.26), as 

the conductivity and permittivity were not changed. The higher peak force τͯȢπ

ρπ .  was caused by the higher external electric field strength. 
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Figure (5.29) Electro-mechanical force 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 (5.30) shows the electro-mechanical force acting upon the upper part of the 

cell membrane during the first 10 µs of the PEF treatment with a higher electric field 

strength and in more conductive environmental fluid. The stable value of the 

electro-mechanical force was about ͯρȢτ ρπ ὔ, which is increased as the 

applied field strength was doubled. The peak value of the force reverse was 

recorded as ͯτȢψ ρπ ὔ, 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 
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treatment, which could be related to the charge accumulation 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 caused only 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 reported in the 

literature, to best knowledge of the author. 
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Figure (5.30) Electro-mechanical 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 (5.31) shows the simulation results obtained using this model. These results 

show the relationship between the electro-mechanical force, treatment time and 

conductivity of the environmental fluid. These findings have been published in 

[319]. The negative value of the z-component of the force acting upon the 

membrane means that the direction of force has changed and the (negative) force 

is directed into the negative z-direction, resulting in the stretching of the cell.  

 

A step voltage was applied across the electrodes, as shown in Figure (5.32). In this 

case, it was shown in Figure (5.31) that the conductivity of the environmental fluid 

significantly affects the electro-mechanical force build up process and the force 

reversal phenomenon: with the higher conductivity environmental fluid, the force 

reversal effect is not obvious. Comparing Figure (5.31) with Figures (5.30) or (5.27), 

the force reversal effect is clearly pronounced when the voltage is applied. This 

finding is supported by the study presented in [321]. Furthermore, it could be 

confirmed that the maximum electro-mechanical force at its peak was not 

influenced by the conductivity of the environmental fluid. A detailed investigation 

using a ramp voltage will be introduced in section 5.5. 
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Figure (5.31) Electromagnetic force 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 (5.32) Step function signal used to obtain Figure (5.31). 

 

5.4.2 Thermal stress during the PEF treatment 

 

The electro-mechanical 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 be a 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 
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the typical field strength used in the PEF treatment (30 kV/cm). However, it is still 

beneficial to investigate the relationship between the thermal force and parameters 

of bio-membranes and external fluid. 

It was shown that Joule heating and dielectric heating exist during the PEF 

treatment. In the models presented to this point, however, 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 stressed by AC voltage, the dielectric heating occurs and this 

would be considered as the main source of heat in the model. The energy delivered 

by the AC field is given by Equation (5.4.1) below. 

ὗ ʖϽ‐Ͻ‐ϽὉ                          (5.4.1) 

where ʖ 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 and E is the electric field strength. 

Before introduction of the obtained simulation results, 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 electroporation 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 significant, thus it is 

necessary to investigate the temperature-dependent 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 a frequency-

dependent and temperature-dependent parameter. 

5.4.2.1 Investigation of temperature dependent conductivity and permittivity 
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As the local heating effects are mainly generated in the environmental fluid, the 

conductivity of the environmental fluid was considered as a temperature-

dependent parameter. 

Figure (5.33) shows the conductivity of water as a function of its temperature, 

based on [322].0 

While the conductivity of water shows temperature dependency, typically the 

temperature of the treated fluid during the PEF process does not exceed 40 Ņ so as 

ǘƘŜ ǎǘǊǳŎǘǳǊŜǎ ƻŦ ƴǳǘǊƛŜƴǘ ǿƻǳƭŘƴΩǘ ōŜ ŘŀƳŀƎŜŘ ŘǳŜ ǘƻ ƘƛƎƘ ǘŜƳǇŜǊŀǘǳǊŜΦ  

In the present analysis, the treatment time is relatively short, several µs, and the 

simulation results also show that there is no significant increase in the temperature 

during the PEF treatment. Therefore, the temperature-dependency of the 

conductivity of the environmental fluid in this simulation was neglected. 

 

 

Figure (5.33) The temperature-dependent conductivity of water. 
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Figures (5.34) and (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 to Equation (5.4.1), for the treatment with a specific 

frequency the Electric 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 the variations 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 source of heat 

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 

temperature-dependency of the relative permittivity of the environmental fluid or 

cell membrane could also be neglected in the present analysis. 
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Figure (5.34) Assumption of temperature-dependent permittivity of water (Real 

part of permittivity of water) based on data from [323]. 
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Figure (5.35) Imaginary part of permittivity of water as a function of the 

temperature based on data from [323].  

5.4.2.2 Investigation of thermal forces under DC energization  

In order to model noticeable local heating effects while not exceeding 40-60 ᴈ 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 listed in Table 5.4. 

Table 5.4 Parameters used in the investigation of the thermal force acting across 

the cell membrane.  

Parameters 

Membrane 

¸ƻǳƴƎΩǎ ƳƻŘǳƭǳǎ 

(Pa) 

Coefficient of 

thermal expansion 

of the membrane 

(1/K) 

tƻƛǎǎƻƴΩǎ Ǌŀǘƛƻ 

of the 

membrane 

 

Values 

125 

 [324] [325] [326] 

[327] 

0.0002 

 [324] [325] [326] 

[327] 

0.4 [324] [325] 

[326] [327] 

 

 

Figure (5.36) shows the temperature distribution and local heating effects obtained 

in this simulation. It can be seen that after 1 µs the local temperature demonstrates 

significant increase with higher electric field strength and conductivity of the 

environmental fluid. 

Figures (5.37) and (5.38) show the obtained thermal and electro-mechanical forces. 

The thermal force (ͯτȢυ ρπ ὔ) is much lower than the electro-mechanical 

force τͯȢπ ρπὔ . Thus, the effects caused by the thermal force which 

appeared during DC energization could be considered negligible in the beginning 
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period of PEF treatment. However, the thermal force keeps increasing as the joule 

heating continuously contributes to the local heating. Such thermal force would 

enhance the membrane structural damage with longer treatment time. 

 

Figure (5.36) Temperature distribution in the single cell model at 1 s˃. PEF 

treatment with 67 kV/cm electric field strength in high conductivity environmental 

fluid (0.1 S/m). Axis dimensions in mm 
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Figure (5.37) Thermal force across the cell membrane during the PEF treatment 

with 67 kV/cm electric field strength in highly conductive environmental fluid (0.1 

S/m). 
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Figure (5.38) Electromagnetic force during the 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 energisation regimes 

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 2ms 67 kV/cm stress with a 1ms 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 in 1 ms.  Followed by a  constant DC 

stress to 2µs, the model voltage waveform (signal) is shown in Figure (5.39). 

 

Figure (5.39) The signal of the 2 ˃s ramp, it rises from 0 V to a maximum constant 

voltage of 255 V.  

 

The simulation results show  that the electric field in the membrane reached its  

maximum value of σȢυ ρπ ὠȾά, 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 observed across the outer membrane /external fluid 

interface at the equator of the cell (Figure 5.40). The maximum temperature is 

about 40 ᴈ in this situation. 

 

Figure (5.40) Temperature distribution in the single cell model at 2 s˃.  PEF 

treatment with 67 kV/cm electric field strength in high conductive environmental 

fluid (0.1 S/m).  Axis dimensions in mm. 
































































































































































































































































