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xiSUMMARY

Electroporation is a popular technique to permeabilize the membrane for 
different purposes such as medical treatments, food processing and biomass 
processing. In this thesis, we use the bottom-up approach to unravel the role 
of specific cellular components in the electroporation of cellular membranes. 
We have studied the role of the gel-phase domains in the membrane and 
the contribution of the actin-cortex during electroporation. In order to 
do so, we have prepared binary-phase vesicles, containing fluid- and gel-
phase lipids, and actin-cortex encapsulated vesicles. Consequently, the 
electroporation mechanisms of these two samples provide systematic insight 
in the electroporation mechanism of a single cell. 

In the first chapter, single cell electroporation is introduced, where the 
current status is discussed together with the gap(s) in the knowledge of the 
underlying mechanism(s). In the absence of an electric field, all cells possess 
a resting transmembrane voltage, which is equally distributed over the 
cell membrane. As soon as the electric field is applied, the cell membrane 
is charged with an angular dependence leading to an electrically induced 
transmembrane voltage. The induced transmembrane voltage is maximum 
at the poles, where facing the electrodes, and zero at the equator of the cell. 
As soon as the induced transmembrane voltage exceeds a threshold value, 
the five-step electroporation process starts, consisting of (1) the trigger of the 
electroporation, (2) expansion of the defects, (3) stabilization of the defects, 
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xii SUMMARY

(4) resealing of the defects, and (5) the recovery of the membrane in the resealed state, 
called the memory of the cell. While these electroporation steps are generally accepted, 
the structure of these defects is unknown. In addition, their long life-time cannot be 
explained purely by the motion of the lipids. Moreover, the transport of large molecules, 
as DNA, remains unexplained and also the trafficking of the DNA after the entrance to 
the cell is not clear. Therefore, in order to improve electroporation as a tool for medical, 
food and biomass processing purposes, fundamental knowledge of the mechanism(s) is 
crucial. 

Electroporation of lipid vesicles has provided insight in the response of the membrane 
to an electric field, presented in the second chapter, where the state-of-the-art of vesicle 
electroporation is discussed. The electric field induces Maxwell stresses on the membrane 
of the vesicles, increasing the membrane tension and causing elliptical deformations. As 
the transmembrane voltage exceeds the critical voltage for pore formation, macro-pores 
are formed accompanied with an outflow of the internal fluid, releasing the membrane 
tension. In addition to the observation of macro-pores, fluid-phase vesicles in electric 
fields have shown lipid ejection in the form of small vesicles, tubules or a combination 
of both. Altering the composition of the membrane by adding cholesterol or changing 
the lipid composition controls the critical transmembrane voltage, where the phase-state 
is the dominant factor determining the critical transmembrane voltage. Moreover, the 
gel-phase vesicles appear to obey a different electroporation mechanism. In summary, 
the critical transmembrane voltage of vesicles is governed by the phase state of the lipids, 
exhibited in the form of macropores, vesicle expel and tubulation. Hitherto, the underlying 
physics of these phenomena is unknown. In chapter three, we address these phenomena 
for a mechanistic insight.

In the third chapter, we present our study to the difference in the electroporation 
mechanism of fluid- and gel-phase vesicles and the effect of mixing the two phases. We 
have studied single-phase and binary-phase vesicles in electric fields. Whereas fluid-phase 
vesicles can expel their lipid due to the electrical tension acting during the electric field, 
the surface viscosity of the gel-phase lipids is too high to be expelled. Consequently, the 
gel-phase vesicles exhibit buckling by expelling the inner fluid, without losing its lipids. 
The binary-phase vesicles show a mix of both mechanisms, displaying both fluid-phase 
lipid expel and buckling of the gel-phase lipids. In addition, based on an estimate outflow 
of vesicles deducted from the post-pulse shrinkage of the different vesicles, it appears 
that the pore sizes of the binary vesicles are similar to the pore sizes of the fluid-phase 
vesicles. These results provide insights in the role of the gel-phase domains in the cell 
membrane during electroporation, increasing the electrical stability of the bilayer while 
not (significantly) affecting the sizes of the formed electro-pores. Concluding, this chapter 
unravels electroporation mechanism(s) of fluid-phase, gel-phase and binary vesicles, and 
consequently shines light on the role of lipid rafts in the electroporation of cells.

To reveal the dominating cellular components governing the pore size and the closure of 
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the pores during single cell electroporation, we have studied actin-cortex encapsulated 
vesicles, discussed in the fourth chapter. Experiments on living cells have indicated that the 
actin-cortex may play an important role in the closure of the electro-pores. High-speed 
imaging of biomimetic vesicles encapsulating an actin shell have shown that the actin-
shell supresses electro-deformations and inhibits the expansion of small pores to macro-
pores. In addition, these biomimetic vesicles have shown tiny pores with a long lifetime 
after one single pulse, whereas empty vesicles require multiple pulses to be permeabilized 
long term. Above the critical transmembrane voltage, the pulses can disintegrate the actin-
shell by the electrical forces. Consequently, our study has shown that this biomimetic shell 
plays a pivotal role in both the expansion of the pores and the resealing of the pores and 
that high electroporative pulses can provide insight into the role of the actin-cortex in the 
electroporation mechanism and during the resealing process.

In the fifth chapter, the thesis is concluded with a summary of the main results of this work 
and various suggestions how to apply the results from our studies presented in this thesis. 
Empty vesicles have been used as simplified models to reveal how large molecules as DNA 
can travel through the membrane by electroporation. As we have shown in our studies, the 
actin shell limits the growth of the pores into macro-pores for vesicles. Therefore, these 
biomimetic vesicles are well-suited to continue the search for the transport mechanism 
of large molecules through the membrane. In addition, synthetic biology can provide 
the help to fabricate more cell-like vesicles containing anchoring proteins for the cortex 
binding, linking proteins governing the strength of the cortex and microtubules including 
motor proteins. These more complex and realistic vesicle models can further unravel 
the electroporation mechanism of the membrane and additionally be used to study the 
DNA transport through the membrane and the trafficking towards the nucleus of the cell. 
Moreover, some preliminary results of high speed atomic force microscopy experiments 
have shown the potential of this setup to reveal structural changes in the lipid bilayer, 
during the increased conductivity of the membrane. These experiments would enable 
the visualization of single pores, unravelling their physical structure. Furthermore, 
biomimetic vesicle systems can be used as a step towards mimicking the cellular tissue by 
studying the electroporation of dense vesicle solutions. Shielding effects and its influence 
on the transmembrane voltage of the vesicle solution can be investigated in depth. Results 
of these studies can be used for two purposes: (1) enabling the control of these two 
parameters during the electroporation of dense solutions, and (2) confirming theoretical 
models of these systems. Finally, the usage of tissue engineering can provide a controlled 
fashion to study the complex, heterogeneous tissue. Similarly as the vesicle solutions, 
these are suitable samples for validation of theoretical models of tissue electroporation. 
Additionally, electroporation of engineered tissue can unravel the electroporation 
mechanism for medical usage on the human tissue. 
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Elektroporatie is een populaire techniek voor het doordringen van het 
celmembraan ten behoeve van verschillende doeleinden; zoals medische 
behandelingen, voedselverwerking en verwerking van biomassa. In dit 
proefschrift gebruiken we de bottom-up benadering om de rol van specifieke 
cellulaire componenten in de elektroporatie van celmembranen te ontrafelen. 
We hebben de rol van de gelfase domeinen in het membraan bestudeerd en de 
bijdrage van de actine cortex tijdens elektroporatie. Om dit te doen hebben 
we binairefase vesikels bereid, i.e. lipiden in vloeistof en gelfase, en vesikels 
met een actine cortex. De elektroporatiemechanismen van deze twee soorten 
vesikels bieden systematisch inzicht in het elektroporatiemechanisme van 
een cel.

In het eerste hoofdstuk wordt de elektroporatie van een cel geïntroduceerd, 
waarbij de huidige status van de kennis van de onderliggende mechanismen 
wordt besproken tezamen met de hiaten in de huidige kennis. In rust 
bezitten alle cellen een spanning, het rustpotentiaal, dat gelijkmatig over 
het celmembraan verdeeld is. Zodra het elektrische veld is aangebracht, 
wordt het celmembraan geladen met een elektrisch geïnduceerde 
transmembraanvoltage. Het geïnduceerde transmembraanvoltage is 
maximaal bij de polen van de cel waar de cel op de elektroden is gericht 
en nul bij de evenaar. Zodra het geïnduceerde transmembraanvoltage 
een drempelwaarde overschrijdt start het vijfstaps elektroporatieproces 
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bestaande uit: (1) het in werking zetten van de elektroporatie waarbij defecten in het 
membraan worden gevormd; (2) de groei van deze defecten; (3) de stabilisatie van de 
defecten; (4) het sluiten van de defecten; (5) het herstel van het reeds gesloten membraan, 
ook wel “het geheugen” van de cel genoemd. Deze elektroporatiestappen zijn algemeen 
aanvaard, terwijl de structuur van deze defecten onbekend is. Daarnaast kan hun lange 
levensduur niet louter worden verklaard door de dynamiek van de lipiden. Bovendien 
is het transport van grote moleculen, zoals DNA, door het membraan onverklaard en 
het transport van het DNA binnenin de cel is niet bekend. Daarom is fundamentele 
kennis van de mechanismen cruciaal om elektroporatie te verbeteren bij het gebruik voor 
medische, voedsel- en biomassabewerkingsdoeleinden.

Elektroporatie van lipide vesikels heeft inzicht verschaft in de reactie van het membraan 
op een elektrische veld, gepresenteerd in het tweede hoofdstuk, waar de state-of-
the-art van vesikelelektroporatie wordt besproken. Het elektrische veld induceert 
Maxwell spanning op het membraan van de vesikels, waardoor de membraanspanning 
toeneemt en elliptische vervormingen ontstaan. Naarmate het transmembraanvoltage 
de kritische waarde voor porievorming overschrijdt worden macroporiën gevormd 
vergezeld met een uitstroom van het interne fluïdum waardoor de membraanspanning 
verlaagt. Naast de macroporiën hebben vloeistof fase vesikels in elektrische velden 
lipide ejectie vertoond in de vorm van kleine vesikels, tubuli of een combinatie van 
beide. Het aanpassen van de membraansamenstelling door cholesterol toe te voegen 
of de lipidesamenstelling te veranderen bepaalt de kritische transmembraanspanning, 
waarbij de fasetoestand de dominante factor is. Bovendien lijken de gelfase vesikels aan 
een ander elektroporatiemechanisme te gehoorzamen. Samenvattend wordt het kritische 
transmembraanvoltage van vesikels beheerst door de fase van de lipiden uitgedrukt 
in de vorm van macroporiën, vesikeluitstoting en tubuli formatie. Tot nu toe is de 
onderliggende fysica van deze verschijnselen onbekend. In hoofdstuk drie behandelen we 
de verschijnselen om een mechanistisch inzicht te verschaffen.

In het derde hoofdstuk presenteren we onze studie over het verschil in het 
elektroporatiemechanisme van fluïde en gelfase vesikels en het effect van het mengen 
van de twee fasen. We hebben vesikels in elektrische velden bestudeerd van enkele fase 
en binair fase. Vloeistoffase vesikels kunnen hun lipiden afstoten door de spanning van 
het elektrische veld terwijl de oppervlakteviscositeit van de gelfase lipiden te hoog is om 
te worden verdreven. Daarom vertonen de gelfase vesikels rimpels die veroorzaakt zijn 
door de uitstoot van de interne vloeistof zonder zijn lipiden te verliezen. De binaire fase 
vesikels vertonen een mengsel van beide mechanismen: het uitstoten van de lipiden in de 
vloeistoffase en het rimpelen van de gelfase domeinen. Daarnaast lijken de poriegroottes 
van de binaire vesikels vergelijkbaar te zijn met de poriegroottes van de pure vloeistoffase 
vesikels, gebaseerd op de geschatte uitstroom van de verschillende vesikels afgeleid van 
hun postpulskrimp. Deze resultaten bieden inzicht in de rol van de gelfase domeinen in 
het celmembraan tijdens elektroporatie, die de elektrische stabiliteit van de lipide bilaag 
verhogen terwijl de grootte van de gevormde elektroporiën niet (significant) wordt 
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beïnvloed. Concluderend ontrafelt dit hoofdstuk elektroporatiemechanisme(n) van fluïde 
fase, gelfase en binaire vesikels. Daarmee schijnt het onderzoek zijn licht op de rol van 
gelachtige lipide domeinen in de elektroporatie van cellen.

Om de cellulaire componenten te onthullen die de poriegrootte en het sluiten van de 
poriën tijdens een elektroporatie van een cel domineren, hebben we vesikels met een 
actine cortex bestudeerd en besproken in het vierde hoofdstuk. Experimenten op levende 
cellen hebben erop gewezen dat de actine cortex een belangrijke rol kan spelen in het 
sluiten van de elektroporiën. Hogesnelheidsmicroscopie van biomimetische vesikels met 
een ingekapselde actine schil heeft aangetoond dat de actine elektrische vervormingen 
onderdrukt en de ontwikkeling van kleine poriën tot macroporiën remt. Daarnaast 
vertonen deze biomimetische vesikels kleine poriën met een lange levensduur na één 
enkele puls, terwijl lege vesikels meerdere pulsen vereisen om langdurig permeabel te 
worden. Boven het kritische transmembraanvoltage kunnen de elektrische krachten van 
de pulsen de actine schil desintegreren. Daarmee heeft onze studie aangetoond dat deze 
biomimetische schil een cruciale rol speelt in zowel de groei van de poriën als het sluiten 
van de poriën en dat hoge elektroporatieve pulsen inzicht kunnen geven in de rol van de 
actin cortex in het elektroporatiemechanisme en tijdens het sluitingsproces.

In het vijfde hoofdstuk wordt het proefschrift afgesloten met een samenvatting van de 
belangrijkste resultaten van dit werk en verschillende suggesties om de resultaten van 
onze studies toe te passen. Lege vesikels zijn gebruikt als vereenvoudigde modellen om te 
onthullen hoe grote moleculen, zoals DNA, door het membraan kunnen passeren door 
middel van elektroporatie. Zoals we in onze studies hebben aangetoond, beperkt de actine 
schil de groei van de poriën in macroporiën in vesikels. Daarom zijn deze biomimetische 
vesikels geschikt om het onderzoek naar het transportmechanisme van grote moleculen 
door het membraan voort te zetten. Bovendien kan synthetische biologie helpen bij het 
maken van meer celachtige vesikels die bijvoorbeeld verankerende eiwitten bevatten 
voor de cortexbinding of crosslink eiwitten hebben die de sterkte van de cortex bepalen 
of microtubuli bevatten inclusief motoreiwitten. Deze meer complexe en realistische 
vesikel modellen kunnen het elektroporatiemechanisme van het membraan verder 
ontrafelen en daarnaast gebruikt worden voor het bestuderen van het DNA transport 
door het membraan en de verplaatsing naar de kern van de cel. Daarnaast hebben enkele 
voorlopige resultaten van experimenten met hogesnelheidsatoomkrachtmicroscopie 
de potentie aangetoond om structurele veranderingen in de lipide bilaag te onthullen. 
Deze experimenten zouden de visualisatie van afzonderlijke poriën mogelijk maken om 
hun fysieke structuur te ontrafelen. Daarbij kunnen de biomimetische vesiclesystemen 
worden gebruikt als een stap in de richting van het nabootsen van de elektroporatie van 
cellulaire weefsel door vesikeloplossingen met een hoge dichtheid in elektrische velden te 
bestuderen. Afschermingseffecten en hun invloed op het kritisch transmembraanvoltage 
van de vesikeloplossing kunnen diepgaand onderzocht worden. De resultaten van deze 
onderzoeken kunnen voor twee doeleinden worden gebruikt: (1) het besturen van deze 
twee parameters tijdens de elektroporatie van oplossingen met een hoge vesikeldichtheid; 



xviii SAMENVATTING

(2) de bevestiging van theoretische modellen van deze systemen. Tenslotte kan het gebruik 
van weefselengineering een gecontroleerde manier bieden om het complexe, heterogene 
weefsel te bestuderen. Evenals de vesikeloplossingen zijn dit geschikte monsters voor 
de validatie van theoretische modellen van weefselelektroporatie. Bovendien kan 
elektroporatie van geconstrueerd weefsel het elektroporatiemechanisme van menselijk 
weefsel ontrafelen voor medisch gebruik.
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The plasma membrane of a cell acts as a selective barrier between the interior and the 
exterior of the cell. It regulates the molecular transport through the membrane inwards and 
outwards, either through the lipid bilayer or via embedded proteins, providing the activity 
and function of the cell. By applying electric pulses, the membrane can be temporarily 
perturbed or permeabilized to allow molecular transport through the membrane, called 
electroporation or electropermeabilization. Throughout this thesis, we refer to this 
phenomenon as electroporation [1]. Depending on the duration and the strength of 
the electric pulse, the electroporation of the membrane is either reversible or not. The 
technique has been found to be applicable to all cell types. Based on the various structural 
rearrangements in the membrane triggered by the electric pulses (Figure 1), this technique 
is widely applicable for different fields as medical treatments [2] (e.g. transdermal drug 
delivery [3-6], cancer treatment [7-11] and gene therapy [12-15]), in the food processing 
(e.g. to alter the viscoelastic properties of potatoes [16, 17], pasteurizing juices [18-20] and 
sugar extraction of sugar beet [21-24]) and in biomass processing [25-27]. 

The various applications of electroporation are possible because the extent of 
electroporation can be tailored by the electric pulse parameters. In order to determine 
the pulse parameters required for specific applications, knowledge of all aspects of the 
electroporation mechanism(s) is needed which forms the base of most research in this 
field. Electrochemotherapy, for example, is based on the use of non- or poorly permeable 
chemotherapeutic drugs, which can be delivered to tumour cells [2]. For this treatment, 
careful control of the permeabilized area within the targeted tissue is required combined 
with a local delivery of the drugs. This therapy is already in an advanced stage, where 
several treatments are used in cancer centres in Europe [28]. In the case of transdermal 

Figure 1.1. A schematic of the various results of the electroporation of a living cell: altering the 
physical properties of the cell, extracting molecules from a living cell, irreversible electroporating 
the membrane, transporting small molecules into the cell and delivering DNA. These strategies can 
be applied for all different kinds of applications, as discussed in the text.
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drug delivery a drug transport through several cell layers of the skin is required to the target 
tissue, requiring different pulse parameters [3, 4]. Finally, gene therapy demands both a 
high control of gene transport through the membrane and knowledge of the translocation 
of the gene to the nucleus in order to get to expression [29]. These examples of different 
purposes of electroporation illustrate the required understanding of the mechanism(s) to 
optimize the different applications. 

1.1 ELECTROPORATION OF SINGLE CELLS
1.1.1 The electroporation mechanism(s)
The electroporation technique was already discovered around the end of 1950 [30-32], 
followed by extensive studies to reveal the underlying mechanism(s) to the permeabilization 
of the cell [33]. To date, the fundamental mechanism(s) acting during electroporation 
or electropermeabilization are still not fully understood [34]. Furthermore, the physical 
mechanisms behind membrane permeabilization are highly debated, due to lack of 
understanding and experimental evidence at the subcellular level. Despite the limited 
knowledge at the subcellular level, in vitro studies on different types of cells have led to 
the general acceptance that electroporation is a multi-step process (Table 1.1 and Figure 
1.2) [33, 35]. It is disputed to refer to this multiple-step process as either electroporation 
or electropermeabilization. The name electroporation suggests the physical formation of 
aqueous (i.e. hydrophilic) pores during the pulse, confirmed by theoretical studies [36-
38], experiments on vesicles [39, 40] and planar lipid bilayers [41-45], and molecular 
dynamic (MD) simulations [46-49]. The biggest gap between theory and experiments is 
the inability to explain the long post-pulse permeability of the cell membrane, at least 
much longer than the predicted lifetime of the pores [50]. This may either be caused by the 
failure of the theory predicting the pore closure in the cell membrane or by other transport 
mechanisms in the perturbed cell membrane, possibly involving biological processes. 
Consequently, the term electropermeabilization has been proposed as an alternative 
name. In this thesis we are mainly focussing on lipid vesicle systems. Therefore, we will 
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Electroporation steps 

Trigger As the electric pulse is applied, the transmembrane voltage builds 
up until the critical transmembrane voltage is reached. 

ns – µs 

Expansion Expansion of the defects as long as the transmembrane voltage 
remains above the critical transmembrane voltage. 

ns – ms 

Stabilizing When the transmembrane voltage drops below the critical value, 
the defects are initially stabilized. 

ms – s 

Resealing In case of a reversible pulse, the membrane reseals gradually after 
the pulse. 

s – min 

. 

 

Table 1.1. The different stages during electroporation, adapted from Rems & Miklavčič, J. Appl. 
Phys. 119, 201101 (2016) [33].
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use the term electroporation in this thesis, due to focus on the electroporation of vesicles. 

The effect of an electric field on a single cell can be described based on the electrical 
properties of the cell. In absence of the field, ion channels in the membrane impose a 
resting voltage on the cell, equally distributed over the cell membrane. As an electric field 
is applied, assuming that the membrane is a pure insulator, the cell acts as a capacitor and 
an induced transmembrane voltage builds up like [51]:

					     (1.1)

where E, R and t represent the electric field strength, the radius of the cell and the time 
since the start of the pulse, respectively (Figure 1.3). θ is the angle with respect to the 
direction of the electric field, showing the angular dependence of the electrically induced 
transmembrane voltage. τ is the charging time of the membrane, which is the time it takes 
for the ions to reorganize at the membrane as the pulse is applied. Under physiological 
conditions the charging times are in the range of hundreds of nanoseconds. Therefore, the 
exponential factor can be neglected:

					     (1.2)

This equation, referred to as the Schwan equation, is only valid for a non-permeabilized 
(referred as a dielectric) membrane. To determine the total transmembrane voltage (Ψtotal), 

Figure 1.2. (A) A schematic of a cell before, during and after the electric pulse application. Before 
and after the pulse, the cell has a resting transmembrane voltage. During the pulse, before the trans-
membrane voltage exceeds the critical transmembrane voltage, the cell is charged. As the transmem-
brane voltage exceeds the critical value, the membrane is permeabilized according to the five steps 
of electroporation in (B) and Table 1.1. (B) The five-electroporation steps are displayed in table 1.1.
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the electrically induced transmembrane voltage must be added to the resting voltage as 
follows [52, 53]:

					     (1.3)

where Ψrest is the resting voltage of the cell. Based on the angular dependence of the induced 
transmembrane voltage, the total transmembrane voltage is maximum at the poles facing 
the electrodes, and minimum at the equator. Moreover, since the resting voltage is equally 
distributed over the membrane, theoretically the cell contains a hyperpolarised pole and 
a depolarised pole during the pulse (see Figure 1.3) [35]. At the poles of the cell, wherever 
the transmembrane voltage Ψtotal exceeds a critical transmembrane voltage (Ψcrit ~ 100 
– 1000 mV) [33], the cell membrane is permeabilized. The degree of permeabilization 
within the permeabilized area, on the other hand, is dependent on the number and the 
duration of the pulse(s) [34, 35, 54]. Consequently, the permeabilized area of the cell is 
determined by the strength of the electric field and the degree of permeabilization by the 
dynamics (e.g. number and duration) of the electric pulse(s).

To explore the electroporation mechanism(s) experimentally, many single cell studies 
have been conducted. Several of these experiments corroborate the theory discussed 
above. Voltage-sensitive dye has been used to visualise the hyperpolarisation and 
depolarisation of the cells at the poles facing the electrodes [55]. Moreover, the asymmetric 
permeabilization of the membrane at the poles due to the angular dependence of the 
electrically induced transmembrane voltage is supported by the delivery of small tracers 
by electric pulses (see Figure 1.3). The transport through the membrane of tracers that 
were added after the pulse application, indicates that the pulses can induce long-lived 
pores in the cell (~ minutes) and/or an alternative transport through the membrane. 
These microscopic experiments are limited by the temporal and spatial resolution of 
the microscopic techniques. On the contrary, conductivity measurements can detect 
the transport of ions through the permeabilized membrane, for example by the use of 
patch-clamp experiments. These studies have revealed the dynamics of the membrane 
to ion-permeabilization and, implied, the kinetics of the pores [56]. Both methods are 
strongly dependent on the tracer particles used, e.g. the size of the molecules determines 
the detection of the onset of permeabilization. In conclusion, these various experiments 
combined with theory provide a first insight into the location and the dynamics of the 
electroporation of a single cell.

The agreement between the theory and the experiments gives a solid foundation for the 
electroporation mechanism, however some crucial aspects are still unknown. In contrast 
to the accepted five steps of the electroporation of the membrane discussed above, the 
actual structure of the formed defects has not been revealed. In addition, the lifetime 
of the pores cannot be explained by the pure motion of the lipids. The resealing time 
of pure lipid bilayers has shown to be less than seconds [57-59], whereas some defects 
in cells take up to minutes to reseal after electroporation [50]. Moreover, the delivery 
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of larger molecules (molecular weight > 4 kDa) appears to obey a different mechanism 
than that proposed above [60]. Small molecules, such as Propidium iodide (PI) dye and 
ions, enter the cell based on diffusional transport [61]. Due to the long lifetime of the 
permeabilization of the membrane, the small molecules can also enter the cell when added 
to the suspension after the pulse application. In contrast to this passive transport of small 
molecules, the delivery of larger molecules, as DNA, has shown to be more complicated. 
These macromolecules cannot be taken up by the cell when added to the solution after 
pulse application, contrarily to small molecules. Therefore, three different electric field-
mediated transport of genes have been proposed. Firstly, electrophoretic forces acting on 
the DNA during the pulse may play role in the transport through the membrane. Secondly, 
pulse-mediated membrane-DNA complexes have been observed leading to slow vesicular 
uptake of the DNA long after the pulse. Thirdly, pulse-mediated interaction between 
the DNA and active macro-domains in the membrane has been proposed to initiate the 
uptake through channels in the membrane [60]. The precise delivery mechanism of genes 
through the membrane by electric pulses remains unknown. These illustrative examples 
of the unknown features of the electroporation mechanism show that, despite the wide 

Figure 1.3. The induced transmembrane voltage of a cell during a pulse. (A) A schematic of a cell 
in an electric field. (B) A spherical Chinese hamster ovary (CHO) cell exposed to a non-porating 
electric pulse of 50 ms and 100 V/cm. The changes in fluorescence of a voltage-sensitive dye indicate 
the induced transmembrane voltage. The dark regions correspond to membrane depolarization 
and the bright regions correspond to membrane hyperpolarization. (C) The uptake of Propidium 
iodide (PI) molecules into the CHO cell by a porating electric pulse of 1.5 ms and 650 V/cm. 
The PI fluorescence indicates the transport of PI across the electroporated membrane. (DThe 
transmembrane voltage (ΔΨm) along the path shown in (B) as measured (solid) and as predicted by 
numerical computation (dashed). (E) Fluorescence of PI, indicating the cellular uptake, along the 
path shown in (B). Adapted from Kotnik et al., J. Membr. Biol. 236, 3 (2010) [51].
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applicability of this technique, acquiring more fundamental knowledge is essential for a 
full control of the phenomenon.

1.1.2 Challenges in the electroporation of cells 
To progress the development of electroporation applications, gaining more insights 
into the molecular, cellular and tissue level are essential. At the molecular level, the 
electroporation mechanism strongly depends on the size of the molecules delivered to the 
living cells. Understanding and control of the different delivery mechanisms especially 
play an important role in gene therapy and DNA delivery, where large macromolecules 
must be delivered to the cell. Different electric pulse parameters can be used for various 
purposes, while strong and short pulses can permeabilize the membrane, long and weak 
pulses can mediate active transport through the membrane and inside the cell. At the 
tissue level, also the heterogeneity of the tissue and the shielding of the electric field 
due to the closely packed cells must be taken into account during/after electroporation. 
Therefore, a combination of the various electric pulse parameters might be used for 
different purposes. Fundamental questions still remain unanswered as: what is the pore 
formation mechanism? What is the actual structure of these pores? What is the role of 
the heterogeneity of the membrane? What governs the resealing of the membrane? How 
are other cellular components involved? Why does the gene delivery differ from the 
transport of small molecules? Providing insights on these topics for single cell studies, this 
knowledge can subsequently be translated to the tissue level, eventually leading to better 
medical applications.

1.2 TOWARDS UNDERSTANDING THE 
ELECTROPORATION MECHANISM
1.2.1 Using simplified models to mimic the cell 
To systematically elucidate the cascade of mechanisms acting during the electroporation 
mechanism, bottom up approaches have been used inspired by the synthetic biology. 
Simplified models of the cell have been developed to mimic the cell and isolate specific 
cellular components [62-65]. The most popular experimental models used to study 
electroporation are lipid bilayers, either supported or free-standing, and vesicles, ranging 
from small vesicles (~ 10 – 100 nm) to giant unilamellar vesicles (> 1 µm) [66]. Both of these 
lipid systems provide the benefit of easy preparation and control over the composition. 
Free-standing lipid bilayers enable facile integration of electrodes on both sides of the 
membrane. Therefore, this system has been used for conductivity measurements similar 
to patch-clamp experiments on cells [67, 68]. Consequently, the relation between the 
membrane composition and the onset of irreversible electroporation can be determined. 
However, due to the low stability of these bilayers, no reversible electroporation can be 
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obtained. Supported lipid bilayers, on the other hand, possess a much higher stability. 
Using these lipid samples, visualisation of single pores has been attempted [69, 70], 
showing the preference of pores to form in the fluid-phase domains of the membrane. 
These studies reveal the interaction of the lipid bilayer with the electric field. 

Lipid vesicles are ideal 3D-models to mimic the membrane of the cell. Topologically, 
they resemble the real cells and therefore include curvature effects. Additionally, giant 
vesicles can be imaged microscopically for single vesicle studies. Finally, the composition 
of the membrane, the vesicle size and the content of the vesicle can be tuned. Therefore, 
they are great candidates to study both the influence of the lipid composition and phase 
state, and the contribution of the interior of the cell. Mimicking the cytoplasm with 
agarose encapsulated by the membrane has shown a great influence of the interior on 
the deformations and the pore dynamics during electroporation [71]. In addition, the 
expansion of the synthetic biology increases the opportunities to further unravel the 
electroporation mechanism step-by-step.

1.2.2 Scope of this thesis 
In this thesis we work towards understanding the electroporation mechanism at the single 
cell level, specifically the contribution of different cellular components. By studying giant 
vesicles to mimic the cell, we focus on the electroporation mechanism at and directly under 
the membrane, isolating different cellular components. We focus on the contribution of, 
firstly, the rigid gel domains in the membrane and, secondly, the actin cortex adjacent to 
the membrane. This way, we provide systematic insights on the electroporation mechanism 
of a single cell and the contribution of cellular components. 

The electric field-mediated delivery mechanisms of large macromolecules as DNA 
plasmids and the electroporation mechanisms at the tissue level are not in the scope of 
this thesis. However, the vesicle models developed in this work, containing gel-phase 
patches and an actin-cortex, can be used to study delivery of DNA plasmids by use of 
electroporation. Additionally, the revelations at the cellular level of this thesis can be 
used for understanding the electroporation at the tissue level. Consequently, the single 
cell insights of this thesis can be used for expanding the knowledge on both the delivery 
mechanisms of DNA and electroporation at the tissue level.

1.3 OUTLINE OF THIS THESIS
The outline of the thesis is as follows. In Chapter 2, we introduce the state-of-the-art 
of vesicle responses in electric fields. The fundamentals of electrodeformation and 
electroporation mechanism are explained and a perspective on expanding the empty 
vesicle as a simplified model of the cell is given. In Chapter 3, we have studied binary-phase 
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vesicles containing gel-phase domains. Pure fluid- and gel-phase vesicles have been studied 
to elucidate the lipid loss mechanism of vesicles during electroporation. Consequently, 
this mechanism is applied to the results of electroporation of the binary-phase vesicles. 
In Chapter 4, we address the role of the actin-cortex in the electroporation of vesicles. 
Vesicles with encapsulated actin-cortex provide a model to study its contribution during 
the pulse. Finally, in Chapter 5, we close the thesis with a future perspective, proposing 
studies to further unravel the electroporation mechanism expanding the knowledge of 
electroporation towards molecular and tissue level. 
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The present review focuses on the effects of pulsed electric fields on lipid 
vesicles ranging from giant unilamellar vesicles (GUVs) to small unilamellar 
vesicles (SUVs), from fundamental perspectives. Lipid vesicles are the 
most popular model membrane systems for studying biophysical and 
biological processes in living cells. Furthermore, as vesicles are made from 
biocompatible and biodegradable materials, they provide a strategy to create 
safe and functionalized drug delivery systems in health-care applications. 
Exposure of lipid vesicles to pulsed electric fields is a common physical 
method to transiently increase the permeability of the lipid membrane. This 
method, termed electroporation, has shown many advantages for delivering 
exogenous molecules including drugs and genetic material into vesicles and 
living cells. In addition, electroporation can be applied to induce fusion 
between vesicles and/or cells. First, we discuss in detail how research on cell-
size GUVs as model cell systems has provided novel insight into the basic 
mechanisms of cell electroporation and associated phenomena. Afterwards, 
we conclude by summarizing the open questions in the field of electroporation 
and possible future directions for vesicles in the biomedical field.

2
Lipid vesicles in pulsed electric fields: funda-

mental principles of the membrane response and 
its biomedical applications

Partially published as: D. L. Perrier, L. Rems, P. E. Boukany. Lipid vesicles in pulsed electric fields: 
Fundamental principles of the membrane response and its biomedical applications. Advanced 
colloid Interface Science, 249 (2017) 248-271.



18 2. LIPID VESICLES IN PULSED ELECTRIC FIELDS

2.1 INTRODUCTION
Biological cells are soft microscopic entities corresponding to a class of active colloidal 
systems. These living systems exhibit rich mechanical responses in the presence of 
external forces as a result of far-from-equilibrium interactions between the cells and 
their surrounding environment. Many of the paramount functions of living cells are 
governed by the cell membrane, which encloses the cell and separates its “inside” from 
the “outside”. Traditionally, biologists put tremendous efforts to explain how the cell 
membrane contributes to the cellular shape, trafficking, motility, and communication by 
employing top-down approaches [1-3]. In contrast to this classical strategy, biophysicists 
have succeeded in developing minimal model membrane systems that decipher how 
cellular membranes behave and interact with intra/extracellular components ranging 
from nanoparticles, DNA, to proteins such as cytoskeleton [4-7]. In fact, much of our 
current understanding about cell biology has emerged from such simple model studies 
[3, 8].

Understanding of the cellular phenomena using fundamental (colloidal) laws based on 
soft matter physics is still far away. To overcome this issue, lipid vesicles are used as an 
idealized system to study fundamental biophysical and biochemical cell processes [9]. 
Lipid vesicles can be prepared in a variety of sizes ranging from tens of nanometres to 
tens of micrometres, which corresponds to the smallest membrane-enclosed intracellular 
organelles and to dimensions of almost any type of prokaryotic and eukaryotic cells [10-
12]. Based on their size and lamellarity, the vesicles are categorized into four different 
groups: small unilamellar vesicles (SUVs) with diameters of ~ 10 – 100 nm, large unilamellar 
vesicles (LUVs) with diameters of ~ 100 – 1000 nm, giant unilamellar vesicles (GUVs) with 
diameters > 1 μm, and multilamellar vesicles (MLVs) containing multiple bilayers [13]. 
Various types and mixtures of lipids can be used to prepare the vesicles [14, 15]. Moreover, 
several techniques are being developed for embedding proteins into the membrane, as well 
as for encapsulating a wide variety of materials inside the vesicle’s aqueous core [16-22]. 
The versatile character of vesicles in terms of their size, surface functionality, and vesicle 
interior makes them attractive as simple cell models and ultrasmall biomimetic reactors 
[23-28]. Furthermore, as lipid vesicles are made from biocompatible and biodegradable 
materials, they provide a strategy to create safe and functionalized drug delivery systems 
in health-care applications [29, 30]. 

Cells and lipid vesicles are also characterized by heterogeneous electrical properties, 
for which they can be manipulated in electric field. By subjecting cells or vesicles to DC 
pulses, an electric potential difference (i.e. voltage) builds across the membrane, causing 
various phenomena. At weak pulses these membrane structures can deform under the 
influence of the induced electric stresses. At strong pulses, transient pores form in the 
lipid bilayer, which dramatically increases the membrane permeability. This phenomenon, 
called electroporation or electropermeabilisation, is nowadays becoming a platform 
technology for enhancing the transmembrane transport of drugs, genetic material, and 
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other molecules in the areas of medicine, food processing, and in some environmental 
applications [31-33]. Additionally, electroporation of two cells or vesicles, which are in 
close proximity, can lead to fusion of the two bodies, allowing one to create hybrid cell-
cell, vesicle-vesicle, or cell-vesicle fusion products [34, 35].

In this review, we discuss the responses of lipid vesicles in pulsed electric fields. We 
describe how vesicles respond to electric pulses based on theoretical and experimental 
work on GUVs, concluding with a section about the possibilities to improve the GUV as a 
model of cell electroporation. this review complements the previous reviews [36-39] and 
covers the recent insights.

2.2 VESICLES AS SIMPLE MODELS OF CELLS IN PULSED 
ELECTRIC FIELDS
2.2.1 The basic principles of membranes in electric fields
Induced transmembrane voltage
The amphiphilic structure of the lipid bilayer makes lipid membranes practically 
impermeable to ions. In addition, the hydrophobic core of the lipid bilayer is weakly 
polarizable in an external electric field. Thus, the lipid membrane can be viewed as a 
thin dielectric layer characterized by practically negligible electrical conductivity and 
low dielectric permittivity as compared to the surrounding aqueous solutions [40]. 
The theoretical models, considering the lipid membrane as a thin dielectric layer, have 
provided an explanation for different phenomena observed in low AC fields including 
electrorotation, electrodeformation, and dielectrophoretic movement of vesicles/cells [41-
44]. Additionally, the models have provided insights into electroporation and electrofusion, 
both observed when exposing cells or vesicles to strong DC electric pulses [42].

To understand how electric pulses act on a lipid vesicle, first consider an isolated, 

θ
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Figure 2.1. Schematic of a vesicle exposed to an electric pulse.
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spherical vesicle exposed to a homogeneous DC electric field (see Figure 2.1). The electric 
field electrophoretically drives the charged particles (ions) in the internal and external 
solutions, for which the membrane becomes charged similarly as a capacitor. The build-up 
of charges along the membrane leads to an induced transmembrane voltage (Um). After 
a step increase in the electric field intensity E, Um increases with time according to the 
Schwan’s equation [45]:

					     (2.1)

Note that Um is proportional to the vesicle radius R and varies with the angle position θ 
on the membrane, as shown in Figure 2.1, such that it reaches the highest absolute value 
at the areas facing the electrodes. The characteristic charging time τchg of the membrane 
depends on the vesicle radius, membrane capacitance (Cm≈ 0.7 μF/cm [43, 46]), and the 
conductivities of the internal (λi) and external (λe) solutions:

					     (2.2)

If the duration of the exposure to the electric field (i.e. the duration of the electric pulse) 
is longer than the charging time, tpulse >> τchg, Um reaches a steady state, Um = 1.5 ER cos θ. 
Otherwise, the membrane remains in the charging phase throughout the duration of the 
electric pulse. In typical experiments with GUVs, where the aqueous solutions consist 
of dissolved sucrose and glucose (λi ≈ λe ≈ 5 μS/cm [47]), the charging time for a vesicle 
with radius of 20 μm is about 420 μs. When such GUVs are exposed to electric pulses 
with duration on the order of 100 μs, the membrane remains in the charging phase. Upon 
addition of ions into aqueous solutions, the charging time considerably decreases.

Note that equations (2.1−2.2) are valid only for a spherical, nondeformed vesicle, and 
until the membrane can be considered as electrically nonconductive, i.e., before the 
membrane becomes electroporated [48, 49]. Furthermore, the equations are valid as 
long as the dielectric permittivities of the external (εe) and internal (εi) aqueous solution 
can be neglected, i.e., for pulse duration considerably longer than the Maxwell-Wagner 
polarization time τMW = (2εe + εi ) ⁄ (2λe + λi ) [50]. To determine Um on deformed or 
electroporated vesicles, often numerical calculations need to be employed.

Theoretical background on electroporation 
Natural pores can be nucleated spontaneously in the lipid membrane due to thermal 
fluctuations of the lipid molecules. But as the free energy for pore nucleation is much 
higher than the thermal energy kT (where k is the Boltzmann’s constant and T is the 
absolute temperature), spontaneous occurrence of pores is a very rare event. This free 
energy can be reduced either by applying lateral (stretching) tension on the membrane 
or by exposing the membrane to an electric field [51, 52]. Since the bilayer behaves as 
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a dielectric shell, the electric field induces electric stresses on the membrane, which act 
similarly to a lateral tension, as proposed in different models based on continuum theories 
[53-55]. If the decrease in the free energy for pore nucleation is governed by electric 
stresses, the rate of pore nucleation can be written as [56] 

					     (2.3)

where δc is the nucleation free energy in the absence of Um, A is a pre-exponential factor 
and B is a proportionality constant. The free energy δc has been estimated to be ~ 45 kT 
based on measurements on planar lipid bilayers, however it is expected to depend on the 
composition of the lipid bilayer [57]. After pore nucleation, the Maxwell stress expands 
the pores further [58]. Once the electric field is removed, the edge tension (the energy of 
the pore edge per unit length of the pore circumference) tends to close the pores [59, 60]. 

During the last decade, molecular dynamics (MD) simulations have provided an 
additional insight into the molecular mechanisms of pore formation [61]. When the 
bilayer is exposed to an electric field, the pore nucleation is initiated by formation of a 
water column spanning the bilayer, which (in typical zwitterionic phospholipid bilayer) 
is followed by migration of lipid head groups into the wall of the pore [62]. (An example 
of the pore nucleation sequence taken from MD simulations is shown in Figure 2.6.) The 
average lag time before the onset of pore nucleation is a stochastic variable, but on average 
the nucleation rate increases exponentially with an increase in Um [63, 64]. Although in a 
broader sense, the insights from MD agree with earlier theoretical predictions [65], MD 
suggest that the pore nucleation is predominantly mediated by the electric-field-driven 
reorientation of the water dipoles at the water-bilayer interface, and not by tensile electric 
stresses [64, 66]. 

Both continuum models and MD simulations indicate that Um influences the rate of pore 
nucleation. Hence, it is impossible to theoretically define an absolute critical Um above 
which electroporation of the lipid membrane takes place. However, as the nucleation rate 
increases exponentially with Um, electroporation experimentally appears as a threshold-
like phenomenon [67]. Thus, it is possible to define a relative threshold as the critical 
value Um,crit above which electroporation can be detected in a given amount of time and 
under the given experimental conditions. Additionally, since electroporation is generally 
detected through a dramatic increase in the membrane permeability and associated 
molecular transport across the membrane, it is important to note that the pulse parameters 
influence the growth of the pores, and thus directly control the transmembrane molecular 
flux. As such, the determined Um,crit depends on the size of the molecular probe and the 
sensitivity of the detection system [68]. A well-known technique for detecting Um,crit of 
GUVs is through determining the contrast loss from sucrose-filled GUVs in a glucose 
environment. Using sucrose in the interior and glucose in the exterior of the GUV leads 
to a contrast difference when using phase-contrast optical microscopy. However, the 
presence of the pores allows the sugar molecules to exchange across the membrane, which 
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22 2. LIPID VESICLES IN PULSED ELECTRIC FIELDS

diminishes the contrast difference after electroporation. Using of this technique Um,crit 

of fluid phase GUVs is found to be around 1 V [60]. Another method to detect Um,crit, 
recently established by Mauroy et al., is based on detecting the transmembrane transport 
of manganese ions [68]. With this novel technique they have been able to measure a 
significantly lower Um,crit of about 6 mV for the same type of GUVs. This extremely low 
Um,crit is assigned to the small size of the manganese ions, which thus require only small 
defects in order to cross the bilayer. Moreover, Um,crit of ~ 650 mV is found for similar type 
of GUVs by tracking Ca2+ influx [69]. It is further worth mentioning that Um,crit is generally 
determined based on calculating the maximum absolute Um reached at θ = 0 and π from 
equation (2.1). This equation is valid only for a spherical vesicle and does not take into 
account the shape deformations, which are induced by electric stresses.

Besides these parameters, that can unintentionally change the measured Um,crit, it has also 
shown that Um,crit can be tuned intentionally. Since both mechanical tension and electric 
stresses promote pore formation, Um,crit, can be reduced by mechanically increasing the 
lateral tension of the membrane, e.g. by aspirating part of the GUV into a micropipette 
[54]. For this reason, GUVs which have some initial tension, i.e., GUVs which do not 
exhibit any visible thermal undulations, electroporate at lower Um,crit [47]. In addition, 
different membrane compositions influence Um,crit. MD simulations showed that Um,crit 
is to some extent correlated with the thickness of the bilayer [70], though in general, it 
greatly depends on the detailed architecture of both the lipid head groups and the lipid 
tails, as well as the lipid phase and the temperature [71-73]. The parameter, on which Um,crit 

appears to depend predominantly, is the local pressure profile in both the head group 
and the tail group region, which could affect the mobility of water molecules inside the 
bilayer [72, 74]. Furthermore, the strong influence of the lipid architecture was also found 
in MD calculations of the pore nucleation free energy in the absence of the electric field 
(δc in equation (2.3)) [75, 76]. This shows that the ability of a bilayer to resist poration is 
an intrinsic property of its constituting lipids. The effect of the lipid composition on the 
electroporation of GUVs is discussed in greater detail below.

2.2.2 Responses of GUVs in pulsed electric fields
Due to the micrometre size of GUVs, their responses to electric pulses can be monitored 
and investigated at the microscopic level. In particular, the development of high-speed 
imaging has dramatically increased the knowledge on the dynamic behaviour of GUVs 
during and after the exposure to electric pulses. The basic responses have been determined 
on GUVs made from zwitterionic phospholipids in the fluid phase such as Egg PC [47, 77, 
78] and DOPC [69, 79, 80]. These experiments revealed details on the electrodeformation 
of the GUVs, which is in high electric fields accompanied by the formation of macropores 
and lipid loss (associated with electroporation). Experiments on GUVs made from different 
lipids and lipid mixtures provided further insights into the effect of the lipid composition 
on electroporation and the stability of GUVs in an electric field. These observations are 
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outlined below. For completeness we review recent reports together with older data. More 
comprehensive reviews on this topic (conducted until 2012) can be found in [36-38].

Electrodeformation
The exposure of a GUV to an electric field induces an electrical tension on the membrane, 
given by the Maxwell stress tensor, which can cause deformation and stretching of 
the GUV. Depending on the intensity and the duration of the electric pulse, as well as 
the conductivity of the inner and outer solutions, the shape and the degree of GUV 
deformation can be significantly varied [36]. Deformation of the GUV is accompanied by 
an increase in the projected membrane area, which can be categorized into two regimes. 
For small deformations (low tension), the projected area increases as the weak electric 
stresses flatten the thermal undulations of the membrane. This regime is often referred 
to as the entropic regime and is governed by the bending rigidity of the membrane. For 
stronger deformations (high tension), where all membrane undulations are flattened, 
the electric stresses lead to elastic stretching of membrane, increasing the area-per-lipid 
in the bilayer [81, 82]. This regime is governed by the elastic stretching modulus of the 
membrane. The first studies on GUV electrodeformation were conducted in AC electric 
fields, which induced ellipsoidal deformations, as predicted by theory [83-88] (see Dimova 
et al. [36, 37] for reviews). Depending on the frequency of the applied AC field and the 
ratio between the conductivity of the internal and the external aqueous solutions (c = λi 

/ λe), the GUV can deform into either a prolate or an oblate ellipsoid, with the long axis 
aligned either parallel or perpendicular to the direction of the electric field, respectively. 
By measuring electrodeformations of GUVs in AC field, it is possible to extract the 
information on the mechanical properties of the membrane, such as the bending rigidity 
[89], and the electrical properties, such as capacitance [46]. 

Unlike in continuous AC fields, the electrodeformation induced by DC pulses are transient 
and the GUVs relax back into their spherical shape rapidly after the end of the pulse; 
therefore, these deformations are experimentally difficult to capture with conventional 
cameras having a temporal resolution in the millisecond range. The first experimental 
observations of GUV electrodeformation induced by a 1.2 ms-long pulse were reported 
by Kinosita et al. [90]. They imaged fluorescently labelled GUVs using a pulsed-laser 
fluorescence imaging system with a temporal resolution of 100 μs. They observed that, 
similarly as in AC field, the shape of the deformed GUV depends on the ratio c; if the 
internal conductivity is higher than the external conductivity (c > 1), the GUV deforms 
into a prolate shape, whereas for c < 1 the GUV deforms into an oblate shape. These 
observations were qualitatively corroborated by theoretical work of Hyuga et al. [91, 92]. 
Later, Riske and Dimova [47, 77] studied the electrodeformation of GUVs exposed to 50 − 
300 μs pulses (where tpulse < τchg) with a time resolution down to 33 μs, using phase-contrast 
microscopy and a high-speed digital camera. They observed a similar dependence of the 
GUV shape on c, but also highlighted the influence of ions in the external solution. In 
the absence of ions, the GUVs were deformed into prolate ellipsoids for c > 1 [47]. Upon 
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addition of ions, the GUVs were transiently deformed into peculiar cylindrical shapes, 
again depending on the ratio c (Figure 2.2) [77]. For c > 1 tube-like shapes were observed 
analogous to prolate ellipsoids, for c ≈ 1 square-like deformations were reported, and for 
c < 1 disk-like deformations were observed comparable to oblate shapes. Such “squaring” 
of the GUV shape was also noted in the presence of gold nanoparticles [36]. Moreover, 
Riske and Dimova [47, 77] measured the degree of deformation by determining the aspect 
ratio a ⁄ b of the deformed GUVs (Figure 2.2c). They demonstrated that the degree of 
deformation increases with the increasing electric field strength and/or the pulse duration, 
while it also depends on the initial tension of the GUV. Sadik et al. [78] further studied 
the prolate deformations by systematically varying c (between 1.92 and 53.0). At constant 
c the aspect ratio scaled quadratically with the electric field strength, confirming the 
dominant role of the electric stresses in driving the deformations. With increasing c at 
a constant electric field strength, the aspect ratio asymptotically approached a maximum 
value. Note that in the experiments described above, the electrodeformations were often 
accompanied by macroporation of the GUV membrane.

Analytical modelling results based on balancing the stresses acting on the GUV 
membrane (electric, hydrodynamic, bending, and tension) demonstrated that the shape 
of deformation during an electric pulse relates to the different charging kinetics on the 
external and internal side of the membrane (see Figure 2.3) [93]. If c > 1, the charges 
accumulate faster on the internal side and the resulting electric stresses tend to elongate the 
GUV along the direction of the electric field inducing a prolate deformation (Figure 2.3a). 
On the contrary, if c < 1, a transient oblate deformation can occur during the charging 
phase of the membrane, since the charges accumulate faster on the external side, and the 
electric stresses tend to compress the GUV in the direction of the electric field (Figure 
2.3b). Once the membrane is fully charged, the accumulated charges on the internal and 

a

b

C

Figure 2.2. Time sequence of phase contrast images showing deformation and macroporation of 
GUVs exposed to a DC electric pulse under two different conductivity conditions. (A) shows the 
tube-like deformation of a GUV, exposed to 200 µs, 2 kV/cm pulse, at conductivity condition c = 
1.38, λi = 16.5 µS/cm, λe = 12 µS/cm. (B) Shows two disk-like deformation of two GUVs exposed to 
300 µs, 3 kV/cm pulse under conductivity condition c = 0.05, λi = 6 µS/cm, λe = 120 µS/cm. Time 0 s 
corresponds to the onset of the pulse. In both cases the pulse duration is comparable to the charging 
time of the membrane. White arrows indicate locations of macropores. Reprinted with permission 
from [77]. Copyright 2006 Elsevier. (C) A schematic representation of the semiaxes for determining 
the aspect ratio a ⁄ b of deformed GUVs.
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external sides are balanced, the electric field is expelled from the interior, and the GUV 
is deformed into a prolate ellipsoid (Figure 2.3c). Hence, under the condition c > 1, the 
shape deformation can only be prolate, as corroborated by experiments [47, 78]. Under 
the condition c < 1, an oblate-to-prolate shape transition is predicted [93]. However, the 
oblate-to-prolate transition is difficult to observe experimentally, as explained by Salipante 
and Vlahovska [79]. On one hand, the GUV can attain an oblate shape only during the 
charging phase of the membrane, t < τchg. On the other hand, significant deformation can 
only occur for times longer than the characteristic time in which the electric stresses can 
deform the GUV during the pulse [93]	

					     (2.4)

where μe and μi are the viscosities of the external and internal solution, respectively. In 
low electric field, where τel > τchg, the deformation occurs after the membrane is fully 
charged and only a prolate shape can be observed. In a high electric field, where τel < 
τchg, the deformation occurs while the membrane is still charging. However, in typical 
experimental conditions, such an electric field strength leads to electroporation and the 
associated increase in the membrane conductivity. If the membrane becomes conductive, 
theory predicts that the GUV can remain oblate when c < 1 [91, 92, 94]. To demonstrate 
experimentally the oblate-to-prolate transition, Salipante and Vlahovska [79] used a 
double-pulse protocol consisting of a strong 20 μs pulse followed by a longer 50 ms pulse 
with a lower intensity. The first pulse was strong enough to induce an oblate deformation 
but short enough to avoid electroporation, whereas the second pulse allowed full charging 
of the membrane leading to a prolate deformation. More complex numerical models 
based on electrohydrodynamic principles further corroborated the predicted oblate-to-
prolate transition, and in addition revealed more complicated shapes of GUVs, including 
the squared shapes [94-97], resembling those observed by Riske and Dimova [77]. In 
summary, electrodeformation of a GUV during the pulse is dynamic and depends on the 
pulse duration, strength, presence of ions in the external solution, conductivity ratio c, and 

Figure 2.3. Sketch of the electric field and induced charge distribution around a GUV immersed in 
an electrolyte solution, following the imposition of a uniform DC field: (a,b) during the membrane 
charging phase under condition (a) c > 1 and (b) c < 1, and (c) after the membrane becomes fully 
charged. The dashed lines indicate the vesicle deformation. Reprinted with permission from [79]. 
Copyright 2014 The Royal Society of Chemistry.

Error! No text of specified style in document. 
 

15 

 
 

 

𝑈𝑈𝑈𝑈𝑚𝑚𝑚𝑚 = 1.5 𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸 cos 𝜃𝜃𝜃𝜃 �1 − e−𝑡𝑡𝑡𝑡 𝜏𝜏𝜏𝜏𝑐𝑐𝑐𝑐ℎ𝑔𝑔𝑔𝑔⁄ � 

 

 
  

𝜏𝜏𝜏𝜏𝑐𝑐𝑐𝑐ℎ𝑔𝑔𝑔𝑔 = 𝐸𝐸𝐸𝐸𝐶𝐶𝐶𝐶𝑚𝑚𝑚𝑚
2𝜆𝜆𝜆𝜆𝑒𝑒𝑒𝑒+𝜆𝜆𝜆𝜆𝑖𝑖𝑖𝑖
2𝜆𝜆𝜆𝜆𝑒𝑒𝑒𝑒𝜆𝜆𝜆𝜆𝑖𝑖𝑖𝑖

  

 

 

 

ν = 𝐴𝐴𝐴𝐴 exp �−
𝛿𝛿𝛿𝛿𝑐𝑐𝑐𝑐
𝑘𝑘𝑘𝑘𝑘𝑘𝑘𝑘

+
𝐵𝐵𝐵𝐵𝑈𝑈𝑈𝑈𝑚𝑚𝑚𝑚2

𝑘𝑘𝑘𝑘𝑘𝑘𝑘𝑘
� 

 

 

 
  

𝜏𝜏𝜏𝜏𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒 = 𝜇𝜇𝜇𝜇𝑒𝑒𝑒𝑒(1+𝜇𝜇𝜇𝜇𝑖𝑖𝑖𝑖 𝜇𝜇𝜇𝜇𝑒𝑒𝑒𝑒⁄ )
𝜀𝜀𝜀𝜀0𝜀𝜀𝜀𝜀𝑒𝑒𝑒𝑒𝐸𝐸𝐸𝐸2

  

 

 

 

 

𝜎𝜎𝜎𝜎𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒 = 1
2
𝜀𝜀𝜀𝜀𝑚𝑚𝑚𝑚
ℎ𝑒𝑒𝑒𝑒
� ℎ
ℎ𝑒𝑒𝑒𝑒
�  𝑈𝑈𝑈𝑈𝑚𝑚𝑚𝑚2  



26 2. LIPID VESICLES IN PULSED ELECTRIC FIELDS

membrane electroporation. As it is challenging to model the highly nonlinear dependence 
of pore nucleation and pore growth on Um and associated tensile stresses, as well as the 
ionic and fluid exchanges across the pores, current models of GUV electrodeformation 
are either limited to treatment of a nonconductive membrane and are strictly valid only 
before the onset of electroporation [93-97], or consider a simplified case of a completely 
conductive membrane and are based on semi-empirical treatment of the hydrodynamic 
forces [78, 91, 92]. 

After the exposure of a GUV to an electric pulse, which leads to electrodeformation, the 
GUV relaxes back to the spherical shape (in the absence of electric field). Provided that 
the GUV has not been electroporated, the characteristic relaxation time depends on the 
stretching regime attained by the membrane during the pulse. Relaxation of an elastically 
stretched GUV proceeds with a characteristic time on the order of 100 μs [47], whereas 
relaxation of membrane undulations strongly depends on the initial (pre-pulse) tension of 
the GUV. Yu et al. [98] theoretically analysed relaxation of GUVs deformed in the second 
(entropic) regime and showed that such analysis can be applied to measure the bending 
rigidity and the initial membrane tension of GUVs. 

Electroporation: macropores and lipid loss
When applying weak electric pulses, a GUV can be electrodeformed in the absence of 
detectable electroporation, as discussed above. By increasing the intensity and/or duration 
of the electric pulse, electrodeformation becomes accompanied by electroporation of 
the GUV membrane. Experiments on GUVs have shown two interesting phenomena 
associated with electroporation, which are not observed in living cells: the creation of 
micrometre-sized pores (macropores) and the expel of lipids from the GUV membrane [47, 
69, 77, 80, 90]. Kinosita et al. [90] reported that formation of macropores was preceded by 
a measurable increase in the membrane conductivity, indicating the presence of optically-
undetectable nanoscale pores. Thus they postulated that macropores could arise from 
growth or coalescence of smaller pores, or as a consequence of electrodeformation. In the 
following studies, the formation of macropores was linked to the increase in the membrane 
tension caused by the electric field [47, 60]. As inferred from the measurements on GUVs 
aspirated into a micropipette, when the membrane tension exceeds a critical value called 
the lysis tension, the bilayer ruptures due to unlimited growth of unstable pore(s) [99]. 
Unlike in the aspiration experiments where the tension imposed on the membrane is 
controlled by the micropipette, the tension induced by an electric field relaxes as the pores 
grow and the fluid leaks out from the GUV [60, 100]. Therefore, large macropores can 
form without disintegrating the membrane. The value of the lysis tension depends on 
the lipid composition and varies roughly between 3 and 10 mN/m for phospholipid fluid 
GUVs [54, 101], although it also depends on the time and rate at which the tension is 
imposed [99, 102, 103]. To compare the electric tension σel induced on the membrane at 
given Um with the lysis tension σlys Needham and Hochmuth proposed a simple derivation 
[54]
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					     (2.5)

where εm and he represent the dielectric permittivity and the thickness of the hydrophobic 
lipid core, respectively, whereas h represents the total thickness of the membrane. By 
inserting typical values for fluid phospholipids εm = 2·10−11 F/m, he = 2.8 nm, and h = 3.9 
nm, the lysis tension of 5 mN/m is reached at Um ≈ 1 V [54]. This was corroborated by the 
experimental observation of macropores at Um ≈ 1 V when exposing GUVs to an electric 
pulse with a duration in the order of 100 μs [47, 54]. 

Under the conditions which lead to prolate deformation of a GUV, macropores are 
generally formed near the poles of the GUV, where the highest Um and largest electrical 
tension are predicted based on theory [47, 78, 95]. Compared with non-macroporated 
GUVs, macroporated GUVs attain a higher aspect ratio during the pulse and relax more 
slowly back to spherical shape after the pulse [47]. The post-pulse relaxation of the GUV 
shape is governed by the closure of macropores, which takes about 10 ms to few 100 ms, 
depending on the size of the macropores and the residual membrane tension [47, 60]. The 
velocity of pore closure is determined by the interplay between the edge tension of the 
pore and the leak-out of the internal fluid from the GUV [47, 59, 60]. The analysis of the 
closure kinetics of macropores thus provides a method for measuring the edge tension 
in GUVs with different lipid compositions [60]. Additionally, since the leak out of the 
internal fluid depends on the viscosity of this fluid, the pore closure can be slowed down 
by increasing the viscosity, e.g. by adding glycerol to water [100].

When cylindrical deformations occurred, Riske and Dimova observed macropores at the 
corners of the deformed membrane (as indicated in Figure 2.2 with white arrows) [77]. 
McConnell et al. [94, 95, 104] attempted to theoretically understand this observation by 
numerically calculating the time-dependent evolution of the induced membrane tension 
(Figure 2.4). The results showed that when the GUV deforms into a cylindrical shape, 
the highest positive (stretching) tension is induced at the corners of the deformed GUV 
(Figure 2.4c), which is expected to promote formation and growth of pores in these 
regions. If the membrane does not porate at this point of time, the highest tension shifts 
to the poles of the GUV (Figure 2.4d-e). Indeed, Portet and Dimova [60] used similar 
experimental conditions as in Figure 2.2b, but they exposed the GUVs to longer 5 ms 
pulses with lower intensity and captured macropores at the poles of the GUVs towards 
the end of the pulse. Note that the tension shown in Figure 2.4 is not equal to the one 
in equation (2.5), but was determined numerically by a more rigorous calculation of the 
electric and hydrodynamic stresses acting on the membrane. More specifically, the tension 
in Figure 2.4 corresponds to the Lagrange multiplier that enforces incompressibility of the 
membrane area [94].

Several reports further showed an asymmetric pattern of the pore distribution [60, 69, 
80, 90]. Kinosita et al. [90] reported that macropores in asolectin (soybean phospholipid) 
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GUVs formed preferentially on the side facing the positive electrode (anode). In contrast, 
Tekle et al. [69] observed that macropores preferentially formed on the side facing the 
negative electrode (cathode) in DOPC GUVs. Macropores were rarely found on the 
anodic hemisphere, but the results suggested that the anodic side is permeabilized by a 
greater number of smaller (optically undetectable) pores [69]. Preferential macroporation 
of the cathodic side was also observed by Portet et al. in DOPC and Egg PC vesicles [60, 
80]. Furthermore, both Tekle et al. [69] and Portet et al. [60, 80] detected macropores in 

Figure 2.4. Numerical calculations of the membrane tension for a GUV exposed to a DC pulse under 
conductivity condition c = 0.1. Membrane tension is plotted as a function of arclength measured 
from the vesicle equator (0 and 0.5 correspond to the equator, 0.25 and 0.75 to the poles of the 
GUV). The images on the right-hand side show the associated vesicle profile at dimensionless time 
(a) t ⁄ tm = 0, (b) 0.1, (c) 0.17, (d) 0.22 and (e) 0.6, where tm = RCm ⁄ λe is a measure for the membrane 
charging time. The electric field is directed from top to bottom. The numerical results were reported 
in dimensionless form. For experimental parameters similar to those in Figure 2.2A, the electric 
field strength in dimensional form is ~ 4 kV/cm and the pulse duration is ~ 150 μs. Note that the 
GUV is initially shaped as prolate spheroid since the numerical model assumes conservation of 
the membrane area and vesicle volume, and thus cannot predict electrodeformations for idealized 
spheres without any access area. Reprinted with permission from [94]. Copyright 2015 The Royal 
Society of Chemistry.
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combination with a reduced size of the GUVs after the pulse. The size reduction can be 
attributed to the expel of lipids in the form of small vesicles and/or tubules, as reported by 
Portet et al. [80] based on imaging of fluorescently-labelled GUVs (Figure 2.5). In some 
cases, multiple pulses were applied to detect visible lipid ejection, and by increasing the 
number of pulses, the size of the GUVs progressively decreased [80]. Mauroy et al. [105] 
showed similar lipid ejection by use of CARS microscopy, confirming that lipid loss is not 
an artefact of membrane labelling. Moreover, they demonstrated that lipid loss is controlled 
by the pulse duration and can be detected at a significantly lower electric field when 
GUVs are exposed to 5 ms pulses compared to 100 μs pulses. Portet et al. [80] assumed 
that the amount of ejected lipids is proportional to the permeabilized membrane area, 
showing good agreement with the experimental results, whereas Sadik et al. [78] reported 
a correlation between the post-pulse reduction in the membrane area and the aspect ratio 
attained by GUVs during electrodeformation. However, the mechanisms responsible for 
the asymmetric distribution of pores and lipid ejection are not yet completely understood. 
It also remains unclear whether electroporation and lipid loss are either coincident or 
interrelated phenomena. For instance, tubule formation can also be observed in GUVs 
exposed to non-electroporating AC fields [106]. Theoretical works on the instability of a 
lipid membrane in an electric field suggested that a bilayer can undergo undulations with 
an increasing amplitude [107-111], which may eventually lead to tubulation and loss of 
lipids. When the membrane is separating fluids with an equal conductivity and permittivity, 
such a membrane instability could result from ionic currents in the electric double layer 

Figure 2.5. (a) Image sequence of a fluorescently labelled GUV showing formation of macropores 
on the cathodic side of the membrane. The GUV was exposed to multiple 5 ms, 300 V/cm pulses. 
Image D1 is acquired after 15 pulses, D2 after 16 pulses, D3 after 17 pulses, etc. (b) Images of three 
GUVs, denoted as A, B, and C, showing the different mechanisms of lipid ejection: vesicle and 
tubule formation. The parameters of applied pulses were similar as in (a). Images with index 1, 2, and 
3, were captured after application of 0, 12, and 24 pulses, respectively. Reprinted with permission 
from [80]. Copyright 2009 Elsevier.

A B
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next to the membrane surface [108, 109]. When the membrane is separating fluids with 
asymmetric electrical properties, particularly different conductivities, such an instability 
could also be a consequence of the transient mismatch between the ionic accumulation 
at the two sides of the membrane [110, 111]. These instabilities were predicted both for a 
nonconducting and a conducting (electroporated) membrane.

Influence of membrane composition on electroporation
One of the main advantages of using vesicles is that the membrane composition can be 
controlled and thus the mechanical properties can be tuned. So far, the lipids of all systems 
discussed in this review have been in the fluid phase (or liquid-disordered phase), where 
the lipids possess high mobility and chain disorder. Lowering the temperature below 
the transition temperature of a lipid, brings the lipid in the so-called gel phase (or solid-
ordered phase), where the lipids are tightly packed and exhibit low mobility. The transition 
temperature varies with different types of lipids, whereby some lipids exist in the fluid and 
others in the gel phase at room temperature [112]. Therefore, a simple method to change 
the mechanical properties of the membrane is to select a lipid with a different phase or 
create a two-phase system with both liquid and gel domains. The addition of cholesterol 
to fluid phase lipids brings the lipids in an intermediate phase, the liquid-ordered phase. 
Cholesterol organizes the hydrophobic core of the membrane causing ordering of the lipids 
while maintaining the lateral mobility [113]. Mixing cholesterol in a binary mixture of 
lipids induces a two-phase liquid system of liquid-ordered, containing saturated lipids and 
cholesterol, and liquid-disordered domains, containing unsaturated lipids and possibly a 
low level of cholesterol. Below, we discuss the influence of altering the lipid composition 
of the membrane on the critical Um at which electroporation is detected (i.e. Um,crit). This 
influence has been studied both at the molecular level by the use of MD simulations, and 
at the microscopic level by the use of GUVs.

Both MD simulations and experiments on GUVs demonstrated that Um,crit in fluid phase 
lipids depends on the structure of the lipid tails as well as the head groups. MD simulations 
indicated that for lipids with a PC head group, Um,crit increases with the chain length of the 
lipid tails [70]. In contrast with simulations, Mauroy et al., studied GUVs from different 
PC lipids experimentally, showing no influence of the hydrophobic chain length on Um,crit 
[68]. Apart from the influence of the chain length, MD simulations also demonstrated 
a considerate effect of methyl branches in the lipid tails, as well as the type of linkage 
between the head group and the carbonyl region [73]. Polak et al. observed that Um,crit 
increases, respectively, in linear-chained DPPC lipids, methyl-branched DPhPC with ester 
linkages, and DPhPC with ether linkages, all in the fluid phase. Based on their analysis, 
they proposed that the presence of methyl branches could reduce the mobility of water 
molecules in the hydrophobic core and hence increase Um,crit. Additionally, Polak et al. also 
studied Um,crit of archaeal lipids, which have the same tail structure as DPhPC-ether lipids, 
whereas the archaeal head groups are formed by large sugar moieties [72]. Compared with 
DPhPC-ether, archaeal lipids exhibit higher Um,crit, associated with stronger interactions 
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between the archaeal head groups. Um,crit was decreased when archaeal lipids were mixed 
with DPPC. Similarly, Gurtovenko and Lyulina showed higher Um,crit in a POPE lipid 
bilayer with respect to POPC [74]. Higher Um,crit has been attributed to the primary 
amines in the POPE head groups capable of intra and intermolecular hydrogen bonding, 
in contrast to the choline moieties in the POPC head groups. POPE lipids are thus packed 
more densely than the POPC lipids, which hinders the penetration of water molecules 
in the bilayer and slows down the reorientation of the lipid head groups into the pore, as 
shown in Figure 2.6. Mixing these two lipids in an asymmetric bilayer (POPE in one and 
POPC in the other leaflet) results in Um,crit in between the Um,crit of pure POPC and POPE. 

Figure 2.6. Snapshots from MD showing the creation of a pore in an asymmetric bilayer composed 
of POPE (green) and POPC (yellow) induced by an electric field. Reprinted with permission from 
[74]. Copyright 2014 American Chemical Society.
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Besides the physical properties of the lipids, also the effect of the membrane charge was 
studied. When the negatively charged GUVs consisting of PC and PG lipids (1:1 ratio) 
were exposed to an electric pulse, a bursting effect was observed, as reported by Riske 
et al., and shown in Figure 2.7 [114]. Despite the lack of understanding of this bursting 
effect, they were able to prevent the bursting effect by the addition of EDTA. However, the 
mechanism of the stabilizing effect of EDTA remains unknown. 

Several studies have further shown that Um,crit in gel phase GUVs is higher than in fluid 

Figure 2.7. (a) Confocal fluorescence microscopy (left) and phase-contrast (right) images of the 
bursting effect of charged GUVs (1:1 PG:PC) in salt solution. Pulse parameters: 1.4 kV/cm, tpulse = 
200 µs. (b) Fast camera image sequence of a bursting GUV, made from lipid extract of human red 
blood cell membranes. Pulse parameters: 2 kV/cm, tpulse = 300 µs. The scale bar corresponds to 15 
µm. Reprinted with permission from [114]. Copyright 2009 The Royal Society of Chemistry.
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phase GUVs. Knorr et al. used a classical method to determine Um,crit based on the contrast 
loss of the GUV [115]. Um,crit of gel phase DPPC GUVs was found to be at 9.8 ± 1.1 V, 
compared to the 1 V for the liquid phase POPC GUVs, which they attributed to a higher 
bending rigidity and thickness of the gel phase membrane. The observed pores appeared to 
be arrested (irreversible) and were often visualized as cracks (see Figure 2.8). Additionally, 
they reported the deformation dynamics of the gel phase GUVs during the pulse below 
Um,crit. The GUVs show only small deformations below the electroporation threshold, and 
show a so-called intra-pulse relaxation of their deformation already during the pulse. 
Moreover, the deformations of these gel phase GUVs were expressed as wrinkling of the 
membrane instead of the ellipsoidal deformations occurring in fluid phase lipids [115]. A 
more detailed study by Mauroy et al. on Um,crit of different GUVs has elucidated that the 
phase state, and not the membrane thickness, plays the decisive role in the increased Um,crit 
of gel phase GUVs with respect to fluid phase GUVs [68]. The increased Um,crit of gel phase 
GUVs with respect to fluid phase GUVs is also supported by Liu et al., who determined 
Um,crit by detecting the release of 5(6)-Carboxyfluorescein (5(6)-CF) [116]. Additionally, 
when mixing fluid and gel phase lipids, Liu et al. reported a decrease in the membrane 
permeability with an increasing percentage of gel phase lipids [116]. Recently, Majhi et 
al. also reported an increase in Um,crit when going from liquid to gel phase lipids, based 
on results from MD simulations [71]. Additionally, they observed slower pore resealing 
dynamics for DPPC in the gel phase than in the fluid phase, which shows a correlation 
with the experimental studies of Knorr et al. [115].

Figure 2.8. Images of a gel phase DPPC GUV with R = 25 µm, before and after the pulse (E = 6 kV/
cm, tpulse = 300 µs) in (a,d) DIC, (b,e) confocal, and (c,f) a 3D projection of the upper half of the GUV. 
Reprinted with permission from [115]. Copyright 2010 The Royal Society of Chemistry.
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As cholesterol is added to the system, the lipids organise in the liquid-ordered phase 
[117]. The cholesterol organizes itself in the hydrophobic core of the bilayer, where it can 
condense the lipids and it can alter the mechanical properties of the membrane, such 
as the thickness, the bending stiffness and the fluidity [118]. However, the addition of 
cholesterol does not always lead to the same results. Depending on the concentration of 
the cholesterol and the architecture of the lipid, cholesterol can either decrease or raise the 
electroporation threshold [60]. Also, mechanical studies on bilayers have shown the non-
universal and lipid-specific effect of cholesterol [89, 119, 120]. Recent studies of Mauroy et 
al. have shown that an increasing concentration of cholesterol on POPC leads to a higher 
Um,crit, whereas this increased cholesterol shows no significant influence on Um,crit of Egg 
PC [68]. Similar results for Egg PC have been shown before by Portet and Dimova [60]. In 
addition, they reported that increasing cholesterol could decrease Um,crit for DOPC vesicles. 
Surprisingly, the experimental results on the effect of cholesterol on Um,crit of different lipid 
bilayers have not been fully supported by MD simulations. Simulations on the effect of 
cholesterol on Um,crit of POPC show similar results as found experimentally on GUVs 
[121]. Nevertheless, MD simulations of Fernandez et al. on DOPC showed an increase 
of Um,crit when adding cholesterol [122], which is in disagreement with the experimental 
results on GUVs [60]. Overall, the influence of cholesterol on Um,crit of a lipid bilayer is non-
universal and strongly dependent on the architecture of the lipids. By mixing two different 
lipids together with cholesterol, coexisting liquid-ordered and liquid-disordered phases 
can occur in the membrane. Van Uitert et al. studied this effect of cholesterol on Um,crit in 
planar bilayers made from binary lipid mixtures [117]. They observed that the effect of 
cholesterol on Um,crit is dependent on the cholesterol percentage. At low percentages, Um,crit 
decreased slightly with respect to Um,crit of the pure binary mixture without cholesterol. 
However, above a certain threshold percentage, Um,crit increased together with the increase 
in cholesterol. From the experimental results it is difficult to interpret the molecular 
mechanisms of this biphasic influence of cholesterol percentage on Um,crit. With MD 
simulations on heterogeneous membranes, Reigada showed that the probability of pore 
formation is highest in the middle of the liquid disordered phase [123].

 

2.2.3 Electrofusion
Fusion of biological membranes is a ubiquitous phenomenon in nature, which for example 
occurs in exocytosis, fertilization, muscle fibre and bone development, tissue regeneration, 
viral infection, and carcinogenesis [124-126]. Since spontaneous fusion is prevented by 
large electrostatic and hydration repulsive forces between the membranes, nature utilizes 
specialized membrane proteins, which facilitate and control the fusion process [127-129]. 
Artificially, fusion can be induced by virus-based methods [130], by chemical methods 
such as the addition of polyethylene glycol (PEG) [131], by ultraviolet laser [132], or by 
electroporation-mediated fusion [42]. Artificial fusion between two cells of different types 
enables one to create a hybrid cell which expresses the properties of both parental cells. 
Electric-field induced fusion (i.e. electrofusion) has gained notable attention particularly 
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for preparing monoclonal-antibody-producing hybridoma cells and cell vaccines for 
cancer immunotherapy (reviewed in [133]), for cloning organisms such as Dolly [134], 
and in the treatment of diabetes [135]. Similarly, electrofusion can be obtained between 
two different GUVs or between GUVs and cells. 

Membrane electrofusion can be induced provided that two conditions are met: the 
membranes need to be in close contact and the membranes need to be destabilized in the 
contact zone. In electrofusion experiments, GUVs (and/or cells) are most often brought 
into contact by low-intensity AC electric field, which arranges the GUVs into structures 
mimicking pearl chains [42]. The pearl-chain formation is a consequence of the GUV 
movement in the non-homogeneous field because, in a suspension of GUVs, the local 
field around each GUV is distorted by the presence of other GUVs [44]. Such movement is 
called dielectrophoresis. If the frequency and the intensity of the AC field are appropriate, 
the electrostatic interaction forces between individual GUVs are attractive and the GUVs 
align in a linear fashion with respect to the direction of the applied electric field [42]. 
Among other methods of establishing contact between the GUVs are the addition of 
agglutinating agents like PEG [136], or the mechanical manipulation by optical tweezers 
and microelectrodes [137]. 

The destabilization of the membranes, as the second condition for electrofusion, is 
achieved by electroporation of the membranes in the contact zone using strong DC 
electric pulses. The exact molecular mechanisms of how membrane electroporation 
facilitates fusion are not completely understood. Sugar et al. [138] have proposed a model, 
which considers that the electric field induces pores spanning across both of the adjacent 
membranes in the contact zone. Namely, the nucleation of a pore in one of the bilayers 
could locally increase the electric field and promote nucleation of another pore in the 
adjacent bilayer. If large numbers of such double-membrane pores are nucleated, these 
pores could coalesce into larger loop-like and tongue-like cracks. When the electric field 
is removed, the membrane parts surrounded by loop-like cracks could finally separate to 
form vesicles. Additionally, unstable membrane undulations induced under an electric 
field could facilitate local contacts between the adjacent bilayers followed by membrane 
merging [108-111]. 

High-speed optical imaging (time resolution of 50 μs) of the electrofusion process 
between two GUVs demonstrated that in the absence of salt in the aqueous solutions, 
several double-membrane pores (fusion necks) typically form in the contact zone during 
the pulse (Figure 2.9b) [139, 140]. Expansion and subsequent coalescence of these fusion 
necks lead to the formation of small contact-zone vesicles, which remain trapped in the 
interior of the fused GUV. On the contrary, no vesicles are observed, if the GUVs are 
electrofused in the presence of 1 mM NaCl in the external solution, which suggests that a 
single or very few fusion necks form during the pulse (Figure 2.9c). The expansion of the 
fusion neck is initially very fast (about 4 cm/s) and after ~ 1 ms slows down as the opening 
of the neck decreases the membrane tension. The value of the initial velocity implies that 
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the formation of a single fusion neck can be completed in a few hundred nanoseconds 
after the onset of the applied electric pulse [139]. Interestingly, when fusion is induced 
between two GUVs functionalized with synthetic ligand molecules that mimic the action 
of fusion proteins, the opening of the fusion neck exhibits similar kinetics (Figure 2.9a). 

Apart from the influence of ions, electrofusion is also influenced by the physicochemical 
properties of the membrane. Stoicheva et al. have reported that GUVs made from negatively 
charged lipids are more difficult to fuse than GUVs made of zwitterionic lipids, possibly 
because of larger repulsive forces between the charged lipids [141]. The inhibiting effect 
on the electrofusion between GUVs has also been observed in the presence of cadmium 
ions, presumably because they increase the membrane rigidity, which hinders the opening 
of the fusion neck [142]. 

Figure 2.9. Several series of snapshots for the fusion of two vesicles. (a) Fusion of two functionalized 
GUVs held by micropipettes (only the right pipette tip is visible on the snapshots). A third pipette 
(bottom right corner) is used to inject a small volume (few tens of nanoliters) of 50 μM solution of 
EuCl3. The first image corresponding to the starting time t = 0 represents the last snapshot before the 
adhesion zone of the vesicles undergoes detectable changes. (b) The behaviour of a single GUV (first 
image) and a GUV couple (remaining images) when exposed to a 150 μs, 1.8 kV/cm pulse in the 
absence of salt. (c) Behaviour of a single GUV (first image) and a GUV couple (remaining images) 
in the presence of 1 mM NaCl in the exterior solution. In this case, the GUV couple was exposed to a 
150 μs, 3 kV/cm pulse. The polarity of the electrodes is indicated with a plus (+) or a minus (−) sign. 
The arrows in the first images indicate porated parts of the membrane, which lead to the leakage of 
enclosed liquid. For both b and c, the starting time t = 0 corresponds to the onset of the pulse. In the 
last two snapshots of the sequence (b), the fused vesicles contain an array of internal vesicles (bright 
spots) as indicated by the arrows. Reprinted with permission from [139]. Copyright 2006 National 
Academy of Sciences.
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While high-speed optical microscopy allows imaging of the electrofusion process with 
a temporal resolution of tens of microseconds, it cannot provide the information on 
the processes occurring in the microsecond or submicrosecond time-scale after the 
onset of an electric pulse. Theoretical calculations are useful for revealing more details 
on Um and the electroporation kinetics before fusion. Calculations of Um induced on 
the membranes of a pair of GUVs in contact have shown that Um at the contact zone 
depends on the GUV geometry (spherical or ellipsoidal shape) and the ratio c = λi ⁄ λe 
between the conductivities of the internal and external aqueous solutions [143, 144]. Let 
us first consider two spherical GUVs of an equal size. When the membranes become fully 
charged and Um reaches the steady state, the absolute value of Um established at the contact 
zone is lower than at the poles of the GUV pair facing the electrodes (cf. lines A, B, and 
C in Figure 2.10a). This suggests that, if the electric pulse is long enough for Um to reach 
the steady state, electroporation of the contact zone is accompanied by electroporation of 
the poles of the GUV pair. However, immediately after the application of an electric pulse, 
while the membranes are still in the charging phase, Um strongly depends on c. If the 
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Figure 2.10. Theoretical predictions of selective electroporation of the contact zone in a pair of 
GUVs. (a) Time course of transmembrane voltage Um (absolute value) induced in a pair of GUVs 
with radius of 20 μm, after the onset of a pulse with amplitude of 1 kV/cm. Um is shown at three 
points (A, B, and C) indicated on the sketch inside the graph. Note that Um at the contact zone 
(C) surpasses Um on the poles of the GUV pair (A, B) for times up to ~ 150 μs. (b) Calculations 
of the electroporated area for pulses with three different durations (10 μs, 150 μs, and 3000 μs). 
The amplitude of each pulse was adjusted such that the predicted pore density at the contact zone 
exceeds 10 pores per μm2. The pore density above 10 pores per µm2 is indicated by thick red lines. 
(c,d) Same calculations as in (a,b), but for two GUVs with different size (radius 10 μm and 30 
μm). The results were obtained in the same way as in [145], except that the model parameters were 
adapted to experimental conditions for GUVs. The membrane capacitance was set to 0.67 μF/cm2, 
membrane conductivity to 10-9 S/m [43], and the radius of the contact zone to 5 μm. The external 
and internal conductivities are given in the graphs and correspond to pure sugar solution on the 
outside and sugar solution containing 1 mM NaCl on the inside of the GUVs. 
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internal conductivity is lower than the external conductivity (c < 1), the highest Um always 
establishes at the poles of the GUV pair (not shown). On the contrary, if the internal 
conductivity is higher than the external (c > 1), the highest Um transiently establishes at 
the contact zone (Figure 2.10a). This indicates that if c > 1 and if the pulse duration is 
short enough, it is possible to achieve selective electroporation of the contact zone, which 
is exactly the condition required for inducing vesicle electrofusion. This is corroborated 
by numerical calculations of the density of pores, which form along the membrane, as 
predicted by a theoretical model of electroporation (Figure 2.10b) [146]. Similar results 
can be observed if the GUVs in contact are spherical but of a different size (Figure 
2.10c,d) [145], or if the GUVs have ellipsoidal shapes caused by electrodeformation 
[147]. The theoretical results indicate that selective electroporation of the contact zone 
can be obtained for a range of pulse durations, but this range depends on the size and 
shape of the GUVs, and the ratio as well as the absolute values of the internal and 
external conductivities. Under low-conductivity conditions in which GUVs are typically 
electrofused, a pulse duration in the order of 10 μs would be appropriate (Figure 2.10). The 
theoretical predictions of course have practical significance only if such short pulses are 
sufficient to induce electrofusion. Indeed, experiments on cells have demonstrated that 
the application of 20 pulses as short as 50 ns can induce electrofusion [145]. In addition, 
the formation of the fusion neck could indeed occur within hundreds of nanoseconds 
[139], as discussed above. Overall, the results suggest that by appropriately tuning the 
pulse duration, it is possible to induce electrofusion between GUVs while preventing any 
leakage from the vesicle interior, regardless of the GUV size and shape. This is relevant, for 
example, when studying biochemical reactions by electrofusing GUVs.

2.2.4	  Approaching towards more realistic cell models
GUVs have provided unique opportunities to investigate the fundamental mechanisms of 
electroporation and electrofusion of cells, and the pulse-induced molecular transmembrane 
transport. However, several profound phenomena observed on GUVs show discrepancies 
compared to the observations seen on living cells. (i) Macropores have never been 
visualised in living cells [90]. (ii) The membrane of a GUV typically reseals and retains 
its impermeability within hundreds of milliseconds after pulse application [69], whereas 
cell membrane resealing often takes place for few minutes [148]. (iii) Lipids loss can 
be observed in GUVs [80], whereas cells can osmotically swell or shrink after pulse 
application [149, 150]. (iv) A profound difference is also observed in the mechanism of 
DNA transport across the electroporated membrane. DNA enters the GUV during the 
pulse via an electrophoretic mechanism [151], whereas in cells the DNA forms a complex 
with the cell membrane and most likely translocates the membrane via an endocytotic 
mechanism [152].

As shown above, the GUV is a simplified model of the cell. However, a GUV can be 
easily modified in its composition, implying the possibilities of extending this model 
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closer towards a real cell, by increasing the GUV’s complexity [153]. Cell membranes 
contain an asymmetric composition of a variety of lipids and cholesterol, coexisting in 
different lipid phases. The lipid bilayer serves as a matrix for membrane proteins, which 
constitute about half of the mass of a typical cell membrane [154, 155]. Furthermore, 
cell membranes are under an intrinsic tension due to cytoskeleton attachments [156]. 
The intracellular and extracellular milieus contain high concentrations of salt (about 
150 mM), together with dissolved proteins and nucleic acids [154]. The cytoplasm is a 
crowded, compartmentalised environment with numerous membrane-bound organelles 
[155]. As the science of implementing these complex systems into the GUV improves, 
the mechanisms of pulse-induced effects on real cells can be elucidated further. Below we 
discuss the possibilities for extending the GUV as a model for the real cell.

The first method to increase the complexity of the GUV, as already discussed above, is 
to adjust the membrane composition and study GUVs containing lipid mixtures [116], 
cholesterol [60, 68], or GUVs made from natural lipid extract [114]. Additionally, 
methods of GUV preparation under physiological conditions (≥ 140 mM) have been 
developed [23, 157-161]. The techniques of GUV preparation have exceeded even further, 
enabling the preparation of much more complex GUV structures [3]. On the one hand, 
a complex membrane structure can be controlled by embedding membrane proteins [17, 
18, 162, 163] and preparing controlled asymmetric membranes [164, 165]. On the other 
hand, biomaterials can be encapsulated by the GUVs, such as the actin cytoskeleton [166-
169], enzymes [170] and gel-like materials mimicking the cytoplasm [171, 172]. Lira 
et al. have already shown that agarose encapsulated inside a GUV strongly affects both 
the electrodeformation and the pore dynamics, while maintaining the lateral diffusion 
of the lipids [173]. Therefore, it can be concluded that the electroporation mechanism 
is strongly influenced by the inner part of the GUVs. Simultaneously, this system is a 
great way to immobilize the GUV for a long-time study on, for example, the diffusive 
response of membrane proteins due to an electrical pulse [174]. From results on living 
cells, it is also expected that the cytoskeleton plays an important role in both the resealing 
of the membrane [175, 176] and in the gene electrotransfer through the membrane [152, 
177-179]. Adding the cytoskeleton motors (dynein, kinesin and myosin) could possibly 
also reveal the mechanisms by which the genetic material is transported from the cell 
membrane to the nucleus [152, 179]. 

2.3 FUTURE PERSPECTIVE
It is necessary to explore more realistic cell models in the electroporation of vesicles, which 
account for the complex, heterogeneous structure of the cell. Pioneering studies have been 
carried out to understand the basic principles of simple GUVs in electric fields, revealing 
the response of the membrane solely. More complex GUV systems are desired to elucidate 
more realistic mechanisms of electroporation of a living cell. Systematic investigation of 
GUVs with incorporated membrane proteins, cytoskeleton network, and dense gel-like 
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aqueous core would reveal more insights on how these sub-cellular structures influence 
cell electroporation. While cell electroporation has been widely used in biomedical and 
technological applications, the exact mechanisms that contribute to the experimentally 
observed increased permeability of cell membranes are not yet fully elucidated [180]. 
There are many open questions, including: Why the resealing of cell membranes after 
electroporation generally takes orders of magnitude more time than in model membrane 
systems (minutes or even hours in cells versus up to hundreds of milliseconds in GUVs)? 
Can the increase in the cell membrane permeability after electroporation be attributed 
solely to lipid pores formed during exposure to electric pulses, or does lipid peroxidation 
present a contributing/alternative mechanism [181, 182]? How are the membrane 
proteins affected by the electric field and how do they participate in the increased 
cell membrane permeability [176, 183]? What are the molecular mechanisms of the 
transmembrane transport of small drugs and large macromolecules such as DNA and how 
is the transport influenced by the resting potential of the cell membrane [184, 185]? Why 
is the translocation of DNA across the cell membrane different in GUVs than in cells and 
what is the role of cytoskeleton in DNA translocation [151, 177, 186]? Answering these 
questions through controlled experiments on more complex model GUV systems would 
improve our understanding of cell electroporation and consequently help optimise current 
electroporation-based treatments (e.g. gene electrotransfer), as well as develop new ways 
to exploit cell electroporation for various applications in medicine, food processing, and 
environmental applications. 

Further, studying complex GUVs in electric field could have implications in single-cell 
diagnostics. By increasing the complexity of a GUV, also the mechanical properties can 
be correlated to their intra-cellular components via electrodeformation measurements. 
Single-cell diagnostics have already shown that some diseases alter the mechanical 
properties [187], e.g. cancer cells have a lower stiffness than healthy cells [188] and even 
the Young’s modulus of different tumour cells can be discriminated [189]. By gaining a 
comprehensive understanding of how different intra-cellular components contribute to 
the mechanical properties of living cells through a bottom-up approach, the diagnostics 
can be further improved. Additionally, it would open up the field to use electric fields 
as a contactless diagnostic tool to measure the changes in mechanical properties of cells 
and distinguish important biological factors associated with disease progression (such as 
pathological, genetic, and epigenetic factors). 

To develop successful applications for the characterization and screening on the single 
GUV or cell level, microfluidic concepts provide unprecedented options. Furthermore, 
exposing GUVs or cells to an electric field in a microfluidic device offers the benefit of 
remote and contactless manipulation without the need of sophisticated and expensive 
micromanipulators. In particular, when the microfluidic design contains the posts to trap 
individual cells/vesicles together with integrated electrodes in close proximity to the traps, 
it is possible to simultaneously expose numerous cells/GUVs to the electric field, while 
analysing each cell/GUV separately. The possibility of trapping individual cells and GUVs 
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has already shown great potential in inducing controlled pairwise cell-cell electrofusion 
[190]. Similar concepts can be further designed to induce pairwise electrofusion between 
cells and GUVs. For example, by embedding selected membrane proteins into the 
GUV membrane and/or DNA or even micro/nanomachines inside the GUV, cell-GUV 
electrofusion could provide a platform for a controlled delivery of selected material into 
living cells and analyse its influence on cell properties and functions [137, 191]. 

Elucidating electroporation of GUVs in micro/nanofluidic devices would also provide 
important insights into fundamental electroporation mechanisms. Presence of 
nanostructures, such as nanochannels, nanopores, or nanowires, strongly influences the 
local electric field distribution and consequently, the spatial distribution of the pores 
formed in the GUV/cell membrane [192-194]. Fabricating nanostructures with well-
defined geometries and performing electroporation of GUVs with increasing complexity 
next to such nanostructures would improve the theoretical knowledge of electroporation 
and further optimize the design of electroporation protocols. For instance, when cells are 
electroporated next to a nanochannel, DNA can be delivered directly into the cytoplasm 
[192], whereas in conventional bulk electroporation, the DNA first forms a complex with 
the cell membrane and then most likely translocates across the membrane via endocytotic 
mechanisms [152, 195]. 

In this review, we have focused on the following topics:  electrodeformation, electroporation, 
and electrofusion of vesicles, highlighting both fundamental and application results. 
These model systems of the cell have provided unique opportunities to bridge the gap 
between the soft matter physics and the reality of the soft living matter. The fundamental 
understanding of the mechanical properties of vesicles (GUVs, LUVs, and SUVs) is 
an essential step towards advancing our fundamental knowledge about the complex 
behaviour of cell membranes in an electric field. In addition, this fundamental knowledge 
can inspire us to develop novel liposome approaches for practical biomedical applications. 
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Transient permeabilisation of the cell membrane is a critical step to 
introduce drugs or DNA into living cells, yet challenging for both biological 
research and therapeutic applications. To achieve this, electroporation 
(or electropermeabilisation) has become a widely used method due to its 
simplicity to deliver almost any biomolecule to any cell type. Although, 
this method demonstrates promise in the field of drug/gene delivery, the 
underlying physical mechanisms of the response of the heterogeneous cell 
membrane to strong electric pulses is still unknown. In this study, we have 
investigated the role of gel-phase lipids in the electroporation of binary giant 
unilamellar vesicles (GUVs), composed from DPPC (gel-phase) and DPhPC 
(fluid-phase) lipids (molar ratio 8:2 and 2:8). We have observed that the 
exposure to electric pulses leads to expel of fluid-phase lipids and concomitant 
decrease in GUV size, whereas the gel-phase domains become buckled. Based 
on experiments on pure fluid-phase and gel-phase GUVs, we have found that 
fluid-phase lipids can be expelled by electrical forces and the highly viscous 
gel-phase lipids cannot. Moreover, our analyses suggest that pore formation 
occurs primarily in fluid-phase domains and that the pore size is similar in all 
GUVs containing fluid-phase lipids, irrespective of the gel-phase percentage.

3
The role of gel-phase domains in electroporation 

of vesicles

Published as: D. L. Perrier, L. Rems, M. T. Kreutzer, P. E. Boukany. The role of gel-phase domains 
in electroporation of vesicles. Scientific Reports, 8:4758, 2018.
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3.1 INTRODUCTION
Every living cell is enclosed by the cell membrane, which provides a protective barrier and 
governs the cell permeability to the extracellular environment. The cell membrane consists 
mainly of lipids, that self-assemble based on hydrophobic and hydrophilic interactions. 
In order to permeabilise the lipid bilayer for drug delivery, these interactions must be 
overcome. By applying a direct current (DC) pulse the membrane can be permeabilised 
transiently, due to the transmembrane voltage that builds up on the membrane during the 
pulse [1]. Transient pores are formed when the transmembrane voltage exceeds a critical 
value, typically between 0.2 and 1 V [2, 3]. This approach, referred to as electroporation 
or electropermeabilisation, is used for both living cells and lipid vesicles to enhance the 
transmembrane transport of drugs, genetic material, and other (bio)molecules in the field 
of medicine, food processing, and environmental applications [4-7]. Despite the wide use 
of this technique, the cascade of mechanisms that are operative during the electric pulse 
is still not fully understood.

To reveal the electroporation mechanisms, electroporation is studied using simplified 
model systems such as giant unilamellar vesicles (GUVs) [8-10], planar lipid bilayers 
[11] and different theoretical methods including molecular dynamics (MD) simulations 
[12-14]. GUVs provide the benefit of isolating the function of the membrane from the 
complex intracellular components involved in a cell, while resembling the size of the cell 
and curvature of the cell membrane. Additionally, the composition of the membrane is 
controllable, for example the GUVs can be prepared from lipids with different phase-
states. Depending on their molecular structure, the lipids can be either in the fluid-phase 
state, containing high mobility and low order, or in the gel-phase state, which contain 
a low mobility and are tightly packed [15]. Experiments on GUVs have revealed that 
electroporation depends strongly on the phase-state of the lipids. It has been shown 
that electroporation of fluid-phase GUVs is associated with formation of micrometre-
sized pores (macropores) and lipid loss [16-18]. Compared to fluid-phase GUVs, Knorr 
et al. [19] have shown that gel-phase GUVs electroporate at considerably higher critical 
transmembrane voltage of about 10 V, which they have attributed to a higher bending 
rigidity and thickness of the gel-phase membrane. Furthermore, they have observed 
irreversible cracks in electroporated gel-phase GUVs, in contrast to the reversible 
macropores in fluid-phase GUVs. Mauroy et al. [20] have demonstrated that the phase 
state plays the decisive role in the increased critical transmembrane voltage of gel-phase 
GUVs with respect to fluid-phase GUVs, and not the carbon chain length, due to the 
large cohesion of the gel-phase lipids. This increased critical transmembrane voltage for 
electroporation of gel-phase lipids is supported by MD simulations [12].

Most of the studies discussed above have been performed on membranes consisting of 
single-phase lipids. However, the cell membrane is composed of various types of lipids 
which can coexist in different phases, organised in domains [21, 22]. Studies investigating 
electroporation of multiphase membranes are scarce. Liu et al. [23] have performed 
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experiments on large unilamellar vesicles (diameter ~ 1 µm) with fluid-phase and gel-
phase lipids and have demonstrated that the critical transmembrane voltage increases by 
increasing the amount of gel-phase lipids in the vesicles. Reigada [13] and Van Uitert 
[11] have studied heterogeneous lipid membranes consisting of fluid-ordered and fluid-
disordered phases by MD simulations and resistance measurements on lipid bilayers, 
respectively. By mixing cholesterol into a binary lipid bilayer, the two lipids can organize 
into fluid-ordered (containing the majority of the cholesterol) and fluid-disordered 
domains [24]. Both studies [11, 13] have shown that the fluid-ordered domains increase 
the critical transmembrane voltage. In addition, the MD simulations have given the 
molecular insight that the pores are preferentially formed in the fluid-disordered domains 
[13]. These results are supported by Sengel and Wallace [25] with experiments on droplet-
interface bilayers.

In this study we focus on the role of gel-phase domains in electroporation, by mixing 
gel-phase and fluid-phase lipids in GUVs with a radius between 10 and 30 µm. 
DPhPC (1,2-diphytanoyl-sn-glycero-3-phosphocholine) and DPPC (1,2-dipalmitoyl-sn-
glycero-3-phosphocholine) are used as the fluid-phase and the gel-phase lipids at room 
temperature, respectively. These two lipids contain the same head group and differ in their 
carbon chain: DPhPC has methyl groups (fluid-phase) and DPPC has a linear chain (gel-
phase). GUVs with four different lipid compositions have been prepared, going from pure 
fluid to pure gel-phase GUVs with two intermediate binary phase mixtures. All GUVs 
have been exposed to multiple electric pulses of increasing electric field strength, and their 
responses have been imaged using bright-field microscopy.

3.2 RESULTS

The responses of the GUVs have been studied before, during and after the electric field 
application. The interior of the GUVs consists of 200 mM sucrose, whereas the exterior 
consists of 200 mM glucose to create a difference in both the density and the refractive 
index. Consequently, the density difference has enabled the GUVs to sediment to the 
bottom of the glass slide, and the mismatch in refractive index has enabled the imaging 
of the GUVs. The setup is shown in Figure 3.1A-C. Unless noted otherwise, each GUV 
has been exposed to multiple 500 µs-long rectangular electric pulses with increasing 
amplitude, so each subsequent pulse results in a higher electric field strength in between the 
electrodes. The time interval between the pulses is approximately 5 minutes, to minimize 
the effect of the former pulse. Therefore, these pulses are referred to as individual 500 µs 
pulses. Nevertheless, it should be noted that the effects of consecutive pulses could be 
accumulating during the experiment. The response of the GUV is captured by imaging 
at approximately 10 to 25 frames per second. The contour of the GUV before, during and 
after the electric pulse application has been tracked, extracting the area and the perimeter 
of the GUV with a pixel count, as depicted in Figure 3.1D. These properties have been 
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used to determine the shrinkage of the GUV induced by each applied pulse, by calculating 
the normalised area Anorm = Af /Ai before (Ai) and after (Af) the application of the pulse. In 
addition, the shape of the GUV has been determined based on the form factor (FF):

					     (3.1)

where A represents the area of the GUV, and P the perimeter. The form factor is 1 for 
a circular shape, and less than 1 when the shape is non-circular. Apart from the area 
loss and form factor, loss of contrast after the electric pulses has been used to indicate 
electroporation of the membrane.

3.2.1 Fluid-phase and gel-phase GUVs
In order to understand the role of lipid phase-state on the response of GUVs to electric 
pulses, we have first studied the response of pure fluid-phase and pure gel-phase GUVs. In 
agreement with previous observations on fluid-phase egg phosphatidylcholine and DOPC 
(1,2-dioleoyl-sn-glycero-3-phosphocholine) GUVs [16, 26], the fluid-phase DPhPC 
GUVs have exhibited shrinkage as a consequence of the electric pulses (Figure 3.2A). The 
GUVs have decreased in size up to ~ 30% when reaching the highest electric field tested 
(~ 400 V/mm). The gel-phase DPPC GUVs also exhibited a slight shrinkage at higher 
electric field (≥ 600 V/mm), confirming that the gel-phase GUVs are more stable than 
fluid-phase GUVs, as observed previously [19, 23]. However, a difference in the shrinkage 
mechanism for the fluid-phase and the gel-phase GUVs can be seen from the change in 
the form factor. The form factor of the fluid-phase GUVs remains around one, indicating 
that the GUVs remain spherical (Figure 3.2B). This is due to the simultaneous loss of the 
surface area and the interior volume. To visualise the shrinkage mechanism of the fluid-

Electrodes

0,6–1 mm

Glucose

Sucrose
(20–30 µm)An

od
e

C
at

ho
de Form factor:  

4
 	

GUV analysis
B CA D

 



	Normalized area:

,   1 , 	  1

+ –

GUV

E
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phase GUVs, confocal measurements have been conducted. In addition to exposing the 
GUVs to multiple 500 µs pulses, the GUVs were also exposed to multiple 5 ms pulses of 
0.33 Hz to compare the shrinkage mechanism to the former study of Portet et al. [16]. It 
is found that the DPhPC fluid-phase GUVs exhibit shrinkage due to either small vesicles 
formation and/or tubulation (Figure 3.3), as observed previously [16] although less 
pronounced. The vesicle formation is the dominant phenomenon. After expulsion, both 
the small vesicles and tubules remain attached to the GUV. No reabsorption of neither 
the vesicles nor the tubules is observed on the time scale of the experiments (2 min). This 
shrinkage mechanism is in this work referred to as lipid loss or lipid expel, despite the fact 
that the formed daughter vesicles and tubules remain attached to the mother GUV. On the 
contrary to the fluid-phase GUVs, gel-phase GUVs have shown no apparent loss of lipids 
(Figure S3.2.1). Moreover, the form factor of the gel-phase GUVs has dropped below one, 
showing that these GUVs have lost their spherical shape. On the application of pulses with 
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Figure 3.2. The response of the fluid-phase (in blue) and gel-phase (in pink) GUVs to the electric 
field. (A) and (B) show, respectively, the averaged normalised area and form factor plotted versus 
the electric field of the pulse. The fluid-phase data is averaged over 11 different GUVs, with radii 
between 11 and 28 μm. The gel-phase data is averaged over 12 different GUVs, with radii between 10 
and 22 μm. The error bars in the plots represent the standard deviation. The dotted lines represent 
the least-squares fit with a sigmoid curve. (C) and (D) are snapshots of the fluid-phase and gel-
phase GUVs showing the gradual contrast loss. (C) from left to right: before pulse application, more 
than 100 seconds after the tenth pulse at 52 V/mm and after the twentieth pulse at 100 V/mm. (D) 
from left to right: before pulse application, more than 100 seconds after the fourth pulse at 74 V/
mm and after the twenty-fourth pulse at 372 V/mm. (E) and (F) are snapshots of the fluid-phase 
and gel-phase GUVs showing the complete contrast after one of the pulses. (E) from left to right: 
before pulse application, more than 100 seconds after the second pulse at 89 V/mm and after the 
third pulse at 97 V/mm. (F) from left to right: before pulse application, more than 100 seconds after 
the third pulse at 595 V/mm and after the fourth pulse at 744 V/mm. The scale bar in all images is 
10 μm.
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an electric field strength ≥ 400 V/mm, the gel-phase GUVs have deformed permanently 
into asymmetrical shapes, here referred to as buckling. This buckling behaviour of the gel-
phase GUVs demonstrates that these GUVs have lost part of their interior volume while 
conserving their lipids. 

To assess the permeability of the GUVs after pulse application, the contrast loss of the 
GUVs is studied. Two different contrast loss regimes can be observed. About 50% of the 
tested fluid-phase GUVs have expressed a gradual contrast loss throughout the whole 
experiment, where consecutive pulses of increasing amplitude have been applied (Figure 
3.2C). At higher fields (≥ 100 V/mm), the cumulative contrast loss is accompanied by 
shrinkage of the GUVs. These GUVs have shrank rapidly (within ~ 100 ms during/after 
the pulse) by up to few percent. These results are similar as reported before on other fluid-
phase GUVs like DOPC [26]. Similarly, gradual contrast loss is observed of about 50% 
of the gel-phase GUVs at lower electric fields, followed by gradual buckling at higher 
fields (Figure 3.2D). However, in about 50% of the tested fluid-phase GUVs, we have also 
observed a complete drop in contrast after one individual pulse with a sufficient amplitude. 
The complete contrast loss after this pulse takes place for tens of seconds, and is in half 
of these cases accompanied by more profound (up to ~ 30%) decrease in the GUV size 
(Figure 3.2E and Movie S3.1.1). Therefore, it appears that an electric pulse can lead to both 
a short term and a long term permeability of the fluid-phase GUVs. The gel-phase GUVs 
also display long term (~ 50% of the gel-phase GUVs) permeability of the membrane after 
an individual pulse, similarly to the fluid-phase GUVs. In gel-phase GUVs, the contrast 
loss is accompanied by buckling of the GUV instead of lipid loss (Figure 3.2F and Movie 
S3.1.2).

In addition to the duration of the membrane permeability after the pulse application, the 
movies also provide the dynamics of the GUVs immediately after the pulse and during the 
relaxation. Similarly to earlier studies, elliptical deformations and macropores have been 
observed in fluid-phase GUVs. For the gel-phase GUVs first reversible electroporation is 
observed and at higher electric fields folds and cracks have been seen immediately after 
the pulse application, similar as reported by Knorr et al. [19]. However, our gel-phase 

CBA

Figure 3.3. (A) A DPhPC GUV before pulse application and two representative examples of the 
shrinkage mechanism of the DPhPC GUVs (B) showing tubule formation (C) and vesicle formation. 
In these examples, the GUVs have been exposed to 2-8 pulses, duration 5 ms, amplitude ~ 90 V/
mm. The majority of the GUVs have exhibited vesicle formation. The scale bar in all images is 5 μm, 
the cathode is on the left side and the anode on the right side of the GUVs.
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GUVs slowly relax back into a buckled shape after approximately 170 seconds (Movie 
S3.1.3). These slow responses have not been reported in former studies, possibly because 
of the duration of their experiments. 

3.2.2 Binary GUVs containing fluid-phase and gel-phase lipids
To assess the influence of gel-phase domains in a fluid-phase membrane on the GUV 
response we have prepared binary GUVs with two different molar ratios of DPPC:DPhPC, 
(i) 2:8 and (ii) 8:2. The mixing behaviour of the lipids in the GUV membrane has 
been determined by imaging GUVs in three different focal planes using fluorescence 
microscopy, as schematically depicted in Figure 3.4A. The GUVs are fluorescently 
labelled with 1,2-dioleoyl-sn-glycero-3-phosphoethanolamine-N-(lissamine rhodamine 
B sulfonyl) (ammonium salt) (DOPE-RhoB) lipids, which preferentially organise in the 
fluid-phase domains; therefore the fluid-phase and gel-phase domains can be visualised 
as bright and dark patches, respectively, in the fluorescence images. The phase-separation 
of the two phases is governed by the cooling rate of the GUVs from a temperature above 
the transition temperature of the gel-phase lipids, where the GUVs are in a one-phase 
state, to a temperature below the transition temperature, where two coexisting phases can 
be formed [27, 28]. During the cooling of the GUVs the gel-phase domains nucleate and 
grow as a function of cooling rate, resulting in phase-separation [29]. The size, shape and 
number of domains are dependent on the ratio of the two lipids [27], the cooling down 
rate [29] and the membrane tension [30]. Based on the mixing behaviour, these binary 
GUVs have been divided into three different categories: (1) the 2:8 DPPC:DPhPC GUVs, 

BA C
Random domain(s)

2:8 DPPC:DPhPC

40 x

Homogeneous-GUV Domain-GUV

8:2 DPPC:DPhPC

To
p

M
id

dl
e

Bo
tto

m

To
p

M
id

dl
e

Bo
tto

m

Figure 3.4. The fluorescence images of the binary GUVs before electroporation. (A) A schematic 
drawing of the three different focal planes (bottom, middle and top planes) of the GUVs, not drawn 
to scale. (B) Two examples of the 2:8 DPPC:DPhPC GUVs, showing different gel-phase domains. 
The GUVs are visualised by use of fluorescence microscopy, where the dark parts represent the 
gel-phase domains, and the bright parts the fluid-phase or mixed domains. (C) The two different 
categories of the 8:2 DPPC:DPhPC GUVs. Left: a homogeneous-GUV, showing no visible domains. 
Right: a domain-GUV, showing a uniform distribution of dark gel-phase domains on the surface of 
the GUV. The scale bar is 10 μm.
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which exhibit few gel-phase domains distributed stochastically in the size and number 
(Figure 3.4B), (2) the 8:2 DPPC:DPhPC GUVs where no gel-phase domains were visible, 
which suggests that the lipids are homogeneously mixed, referred to as homogeneous-
GUVs (Figure 3.4C), and (3) the 8:2 DPPC:DPhPC GUVs showing phase separation by 
displaying gel-phase domains, called domain-GUVs (Figure 3.4C). These three categories 
provide the opportunity to study the influence of the distribution of the gel-phase domains 
on the GUV response to the electric field. It must be noted that the domains are stable 
throughout the whole experiment, also after pulse application. 

The 2:8 DPPC:DPhPC GUVs enable to capture the role of small, stochastically distributed 
gel-phase domains on the response of the GUVs to an electric pulse. Similarly to the pure 
fluid-phase GUVs, these 2:8 DPPC:DPhPC GUVs show a shrinkage in size at an electric 
field above ~ 150 V/mm (Figure 3.5A). At higher fields (~ 400 V/mm) the form factor 
drops, indicating the 20% of DPPC lipids cause a small buckling effect (Figure 3.5B). The 
fluorescence images after pulse application reveal that the buckled patches are located at 
the gel-phase domains (Figure 3.5C and D). Nevertheless, no correlation is found between 
the gel-phase domains distribution and either the area loss or the form factor, due to the 
stochastic distribution of the gel-phase domains. The captured movies also reveal some 
of the dynamics of the 2:8 DPPC:DPhPC GUVs. Pores have been observed for seven 
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Figure 3.5. The normalised area and the form factor of the 2:8 DPPC:DPhPC GUVs. (A) The 
averaged normalised area and (B) the form factor of the 2:8 DPPC:DPhPC GUVs. The data is 
averaged over 13 different GUVs, with radii between 11 and 26 μm. The dotted lines represent the 
least-squares fit with a sigmoid curve. The error bars in the plots represent the standard deviation. 
(C) Images of a GUV before and more than 100 seconds after the second pulse at 445 V/mm pulse. 
(D) Fluorescence images of the same GUV. The fluorescence image after the pulse shows that the 
buckled patch is located at the gel-phase domain (the dark patch). (E) Bright field and fluorescence 
images of a GUV before the pulse, during the pulse when a macropore is observed, and after the 
third pulse at 29 V/mm. The fluorescence images are only captured before and after the pulse. The 
scale bar is 10 μm.
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GUVs out of the thirteen captured GUVs, as shown in the snapshots in Figure 3.5E and 
in Movie S3.1.4. These pores are found both on the cathode and the anode side. Due to 
the limited temporal resolution, the pores are only visible for approximately one single 
frame. Therefore, only the presence of pores can be confirmed and the maximum pore 
size cannot be determined. These pores are similar to earlier reported pores in fluid-phase 
GUVs [31, 32] and are referred to as macropores. In addition, all captured GUVs have 
exhibited complete contrast loss after one of the individual pulses. This indicates that the 
electric field causes long term defects in the binary membrane.

The 8:2 DPPC:DPhPC GUVs have been divided into two different categories, the 
homogeneous-GUVs and the domain-GUVs, to reveal the influence of the mixing 
behaviour of the two lipids on the GUV response. The homogeneous-GUVs have shown 
a similar size decrease as the pure gel-phase GUVs (Figure 3.6A), whereas the domain-
GUVs have displayed size decrease at a lower electric field. The same holds for the drop in 
the form factor of the homogeneous- and the domain-GUVs (Figure 3.6B). This indicates 
that the lipids in the homogeneous-GUVs are predominantly in the gel-phase. Despite the 
different electric field strengths required, the buckling behaviour of both types of GUVs 
appears similar (Figure 3.6C). The dynamics of the domain-GUVs and the homogeneous-
GUVs show differences in their response to the electric pulse. As the homogeneous-
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Figure 3.6. The response of the 8:2 DPPC:DPhPC GUVs to increasing electric pulses. (A) The 
averaged normalised area and (B) the form factor of the homogeneous- and domain-GUVs. The 
data is averaged over 13 different GUVs, with radii between 11 and 28 μm, where 7 GUVs contain 
domains (radius between 11 and 28 μm) and 6 GUVs have fully mixed phases (radius between 14 
and 22 μm). The dotted lines represent the least-squares fit with a sigmoid curve. (C) The images of 
the domain- and the homogeneous-GUVs before and more than 100 seconds after the first pulse 
at 445 V/mm (domain-GUV) or the third pulse at 890 V/mm (homogeneous-GUV), respectively. 
(D) Bright field and fluorescence images of the homogeneous-GUV shown in (C) before the pulse, 
during the pulse when a macropore is observed, and after the pulse. The fluorescence images are 
only captured before and after the pulse. The scale bar is 10 μm.
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GUVs relax back into a quasi-spherical, buckled shape, the domain-GUVs can also relax 
back into a quasi-elliptical, buckled shape (Movie S3.1.5 and S3.1.6). For two of the six 
homogeneous-GUVs macropores have been observed both on the anode and the cathode 
side (Figure 3.6D and Movie S3.1.5). The lack of observation of macropores for the 
remaining GUVs may be caused by the limited temporal resolution of the measurements. 
Finally, about ~ 80% of the homogeneous-GUVs and ~ 70% of the domain-GUVs exhibit 
complete contrast loss after one of the individual pulses. 

3.3 DISCUSSION
The binary GUVs exhibit a complex behaviour with characteristics of both fluid-phase 
and gel-phase lipids. The shrinkage of these GUVs is associated with tubulation and/or 
vesicle formation observed for the fluid-phase GUVs and the buckling at higher electric 
fields is related to the gel-phase lipids. In order to explain this mixed behaviour of the 
binary GUVs, we will first shed light on why fluid-phase GUVs expel lipids and gel-phase 
GUVs do not. Consequently, this understanding of the pure-phases will enable us to 
provide a mechanistic insight into the response of the binary GUVs to the electric pulses.

The decrease in size of the fluid-phase GUVs is due to loss of membrane lipids via 
formation of small membrane vesicles and/or tubules. Tubulation has been observed 
when exposing GUVs to both DC and AC electric field [16, 33]. The mechanisms of this 
lipid loss are not well understood yet. During the pulse, the electric stress builds up due 
to the ions accumulated on both sides of the membrane. Small curvatures in the bilayer 
lead to a locally unbalanced electric stress and membrane shape undulations because 
of the different surface charge densities on each side of a curved membrane [34]. This 
unbalanced stress is directly proportional to the membrane surface tension induced by the 
electric field, which is given by [33-36] 

					     (3.2)

where Cm is the membrane capacitance and Ψm is the transmembrane voltage. For a 
spherical GUV, the maximum Ψm can be calculated as [37]	

					     (3.3)

where R is the radius of the GUV, E is the applied electric field strength, t is the duration of 
the electric field, and τ is the characteristic membrane charging time given by 

					     (3.4)

where λe and λi are the external and the internal conductivities of the liquids, respectively. 

 

𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹 =
4𝜋𝜋𝜋𝜋𝜋𝜋𝜋𝜋
𝑃𝑃𝑃𝑃2

 

   

    

𝜎𝜎𝜎𝜎𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒 ≈ 0.5𝐶𝐶𝐶𝐶𝑚𝑚𝑚𝑚Ψ𝑚𝑚𝑚𝑚2  
    

 

   

Ψ𝑚𝑚𝑚𝑚 = 1.5𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅(1 − 𝑒𝑒𝑒𝑒−𝑡𝑡𝑡𝑡/𝜏𝜏𝜏𝜏) 
 

  

    

𝜏𝜏𝜏𝜏 ≈ 𝑅𝑅𝑅𝑅𝐶𝐶𝐶𝐶𝑚𝑚𝑚𝑚 �
1
𝜆𝜆𝜆𝜆𝑒𝑒𝑒𝑒

+
1
𝜆𝜆𝜆𝜆𝑖𝑖𝑖𝑖
� 

  

  

    

𝐹𝐹𝐹𝐹𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒 = 2𝜋𝜋𝜋𝜋�2𝑘𝑘𝑘𝑘𝑐𝑐𝑐𝑐𝜎𝜎𝜎𝜎𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒  
 

   

    

𝐹𝐹𝐹𝐹𝑣𝑣𝑣𝑣 = 2𝜋𝜋𝜋𝜋𝜂𝜂𝜂𝜂𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑉𝑉𝑉𝑉𝑡𝑡𝑡𝑡 
 

   

      

𝑄𝑄𝑄𝑄 =  
2𝜎𝜎𝜎𝜎

3𝜂𝜂𝜂𝜂0𝑅𝑅𝑅𝑅
𝑟𝑟𝑟𝑟3 

  

   

 

𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹 =
4𝜋𝜋𝜋𝜋𝜋𝜋𝜋𝜋
𝑃𝑃𝑃𝑃2

 

   

    

𝜎𝜎𝜎𝜎𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒 ≈ 0.5𝐶𝐶𝐶𝐶𝑚𝑚𝑚𝑚Ψ𝑚𝑚𝑚𝑚2  
    

 

   

Ψ𝑚𝑚𝑚𝑚 = 1.5𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅(1 − 𝑒𝑒𝑒𝑒−𝑡𝑡𝑡𝑡/𝜏𝜏𝜏𝜏) 
 

  

    

𝜏𝜏𝜏𝜏 ≈ 𝑅𝑅𝑅𝑅𝐶𝐶𝐶𝐶𝑚𝑚𝑚𝑚 �
1
𝜆𝜆𝜆𝜆𝑒𝑒𝑒𝑒

+
1
𝜆𝜆𝜆𝜆𝑖𝑖𝑖𝑖
� 

  

  

    

𝐹𝐹𝐹𝐹𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒 = 2𝜋𝜋𝜋𝜋�2𝑘𝑘𝑘𝑘𝑐𝑐𝑐𝑐𝜎𝜎𝜎𝜎𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒  
 

   

    

𝐹𝐹𝐹𝐹𝑣𝑣𝑣𝑣 = 2𝜋𝜋𝜋𝜋𝜂𝜂𝜂𝜂𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑉𝑉𝑉𝑉𝑡𝑡𝑡𝑡 
 

   

      

𝑄𝑄𝑄𝑄 =  
2𝜎𝜎𝜎𝜎

3𝜂𝜂𝜂𝜂0𝑅𝑅𝑅𝑅
𝑟𝑟𝑟𝑟3 

  

   

 

𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹 =
4𝜋𝜋𝜋𝜋𝜋𝜋𝜋𝜋
𝑃𝑃𝑃𝑃2

 

   

    

𝜎𝜎𝜎𝜎𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒 ≈ 0.5𝐶𝐶𝐶𝐶𝑚𝑚𝑚𝑚Ψ𝑚𝑚𝑚𝑚2  
    

 

   

Ψ𝑚𝑚𝑚𝑚 = 1.5𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅(1 − 𝑒𝑒𝑒𝑒−𝑡𝑡𝑡𝑡/𝜏𝜏𝜏𝜏) 
 

  

    

𝜏𝜏𝜏𝜏 ≈ 𝑅𝑅𝑅𝑅𝐶𝐶𝐶𝐶𝑚𝑚𝑚𝑚 �
1
𝜆𝜆𝜆𝜆𝑒𝑒𝑒𝑒

+
1
𝜆𝜆𝜆𝜆𝑖𝑖𝑖𝑖
� 

  

  

    

𝐹𝐹𝐹𝐹𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒 = 2𝜋𝜋𝜋𝜋�2𝑘𝑘𝑘𝑘𝑐𝑐𝑐𝑐𝜎𝜎𝜎𝜎𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒  
 

   

    

𝐹𝐹𝐹𝐹𝑣𝑣𝑣𝑣 = 2𝜋𝜋𝜋𝜋𝜂𝜂𝜂𝜂𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑉𝑉𝑉𝑉𝑡𝑡𝑡𝑡 
 

   

      

𝑄𝑄𝑄𝑄 =  
2𝜎𝜎𝜎𝜎

3𝜂𝜂𝜂𝜂0𝑅𝑅𝑅𝑅
𝑟𝑟𝑟𝑟3 

  

   



693.3 Discussion

Antonova et al. [33] recently have proposed a model, which considers that the electrical 
tension σel exerts a force tending to form a small membrane bud and elongate it into a 
membrane tubule, analogous to the force required to mechanically pull a membrane 
tubule (tether) from a GUV. This is based on their experimental findings of tubule growth 
in phosphatidylcholine GUVs subjected to non-electroporative AC fields (1 – 2 kHz) with 
a strength beyond ~ 15 V/mm. They have estimated the force which triggers the tubule 
formation as [33]: 

					     (3.5)

where kc is the bending elasticity modulus. In order for a tubule to grow, this Fel needs to be 
compared to the opposing force due to the viscous dissipation accompanying the tubule 
formation. This dissipation is produced by the slipping motion between the two leaflets 
of the lipid bilayer and by the surface stress due to the extensional flow of the membrane 
from the GUV body to the tubule [38, 39]:

					     (3.6)

where ηeff represents the effective viscosity, which includes the membrane surface viscosity 
and the intermonolayer slip coefficient, and Vt represents the velocity of tubule elongation 
[39]. The estimates of the electrical (Fel) and viscous (Fv) forces can shed light on why lipid 
loss cannot be observed in gel-phase GUVs. As the surface viscosity of gel-phase lipids 
is about six orders of magnitude higher than the viscosity of fluid-phase lipids [40], we 
expect that these lipids cannot be removed by the electric field due to the high viscous 
forces of the gel-phase lipids, whereas the fluid-phase lipids can be removed in the form of 
tubulation and vesicle formation.

The electrical and viscous forces from above indicate that the binary GUVs mainly 
expel their fluid-phase lipids and keep their gel-phase lipids. This is supported by the 
observations that buckling takes place at higher electric fields for the 2:8 DPPC:DPhPC 
GUVs, after which many of the fluid-phase lipids are already removed by the electric field. 
Moreover, the expel of fluid-phase lipids is supported by the dynamics of the domain-
GUVs. Such GUV can be elongated during the pulse. Yet, during the relaxation, after 
the fluid-phase lipids have been removed, the GUV appears more rigid and thus remains 
permanently elliptically shaped (Movie S3.1.5 and S3.1.6). This phenomenon is observed 
for a domain-GUV, though such behaviour is not observed for the homogeneous-GUVs.

Both the 2:8 and the 8:2 DPPC:DPhPC GUVs have revealed macropores, even for the 
homogeneous-GUVs. As the pores are similar to the ones observed in the pure fluid-phase 
GUVs, these pores indicate that the pore formation takes place in the fluid-phase domains. 
This is corroborated by MD simulations [13] and experiments on droplet-interface 
bilayers [25], that have shown a preferential pore formation in the fluid-phase domains 
for heterogeneous systems. Additionally, the macropores in the 8:2 DPPC:DPhPC GUVs 
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show that large (observable) pores can be formed, despite the high concentration of DPPC 
lipids. During the exposure of a GUV to an electric pulse the pressure inside the GUV 
increases due to an increase in the surface tension of the membrane. As soon as the pores 
are formed, the built-up surface tension can be released both by the expansion of pores 
in the membrane and the efflux of the internal liquid through the expanding pores [31, 
41]. Hence, by determining the efflux, we can gain insight on the sizes of the pores. For 
simplicity, we assume that the majority of the efflux is transported through a single pore. 
This is supported by former research, where a single macro-pore has been observed [16-
18] in electroporated GUVs. Under this assumption the efflux Q can be directly related to 
the pore radius r [41, 42]: 

					     (3.7)

where η0 is the liquid viscosity, σ is the membrane surface tension. From our experiments 
we can extract the efflux from the observed area loss A = πR2 of the GUV as follows:

					     (3.8)

where V is the volume of the GUV, where it is assumed that the GUV is spherical. Based 
on these geometrical conditions, the efflux for some example GUVs is calculated from the 
fitted area loss (Table 3.1 and supplementary Figure S3.3.1). The efflux for the pure fluid-
phase GUVs (Q > 1000 µm3/s) is considerably higher than for the pure gel-phase GUVs 
(Q < 200 µm3/s). Our estimations of the fluxes and the correlation to the formed pore sizes 
are very rough, based on the assumptions of equation (3.7) and the geometrical conditions 
in equation (3.8). Nevertheless, this large difference in the fluxes for the fluid-phase and 
gel-phase GUVs indicate that the formed pores in the fluid-phase GUVs are considerably 
larger than the formed pores in the gel-phase GUVs. This agrees with the observations of 
macropores for the binary systems. All binary GUVs have shown similar flux to the pure 
fluid-phase GUVs, independent of the DPPC percentage and its mixing behaviour. This 
indicates that the pores in binary GUVs have comparable pore sizes as in pure fluid-phase 
GUVs. Contrary to the expectations, the homogeneous-GUVs, where no phase separation 
is observed and which appear to have predominantly gel-phase properties, show similar 
pore sizes as the pure fluid-phase GUVs. This might be due to small fluid-phase domains 
in these GUVs, that cannot be resolved with fluorescence microscopy. Consequently, 
based on the experimental observations of macropores and the approximation of the 
effluxes, it can be concluded that the permeabilisation of the heterogeneous membranes is 
mainly determined by the presence of fluid-phase domains.

For the 8:2 DPPC:DPhPC GUVs, the homogeneous-GUVs have displayed a higher 
electrical stability than the domain-GUVs. This increased stability may be due to the 
predominant gel-phase of the lipids in the homogeneous-GUVs [27]. The domain-GUVs, 
on the other hand, also contain fluid-phase domains. Consequently, the lipid loss takes 
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place at a lower electric field, due to the presence of fluid-phase domains. However, it must 
be noted that the different mixing behaviour could also be a consequence of a different 
membrane tension of the GUVs [30]. These two parameters, gel-phase lipid ratio and 
membrane tension, are poorly controlled due to the used method for the preparation of 
the GUVs and can both cause an increased stability of the GUVs. 

Finally, we need to comment on the slow post-pulse shrinkage of the fluid-phase GUVs. 
This slow post-pulse shrinkage is always observed in combination with a complete 
contrast loss after one of the individual pulses. Therefore, this shrinkage effect is linked to 
long-lived defects caused by the electric pulse. Polak et al. [14] have already shown that 
the properties of the carbon-chain determine the electrical stability of the membrane. In 
this research we have used DPhPC lipids, which contain methyl-branched carbon-chains. 
These lipids are known to have slower lateral diffusion than the often used unsaturated 
DOPC [43]. It is plausible that this nature of the DPhPC lipids slows down the resealing 
of the created pores. The slow contrast loss indicates the presence of an influx of glucose 
molecules, whereas the shrinkage indicates an efflux of the inner liquid. Therefore, it can 
be concluded that during the resealing of the membrane both an influx and efflux are 
present, where the net flux is directed outward. It seems plausible that the post-pulse 
shrinkage of the GUVs can be caused by the shear stress on the membrane due to this 
efflux, which is driven through the pores by the post-pulse membrane tension.

3.4 CONCLUSION
To elucidate the role of gel-phase lipids in electroporation of the cell membrane, we have 
studied GUVs composed of DPPC and DPhPC lipids, as well as GUVs composed of 
binary mixtures of both lipids. Our observations show that pure fluid-phase GUV shrink 
after application of an electroporative electric pulse due to the formation of vesicles and/or 
tubules. On the contrary, pure gel-phase GUVs buckle permanently upon electroporation 
without any detectable lipid loss. The electric field can act to expel the lipids from fluid-
phase GUVs in the form of tubules and vesicles, but not from gel-phase GUVs, due to 
the much higher surface viscosity of the gel-phase lipids. Likewise, it is observed that 
the fluid-phase lipids are removed by the electric field from the binary GUVs, while the 
remaining gel-phase lipids induce buckling of the GUVs. The critical electric field required 
to observe lipid loss increases with increasing percentage of DPPC lipids. Moreover, both 
binary systems have revealed macropore formation. Finally, we have analysed the post-

Table 3.1. The estimated values of Q for the different GUVs.
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pulse efflux from the GUVs, to estimate the sizes of the experimentally observed pores. 
The estimates suggest that the pores are comparable to the pores of the pure fluid-phase 
GUVs, showing the ability to form large pores despite a high percentage of gel-phase lipids.

These results provide an insight on the role of the different domains in the membrane 
of living cells during electroporation. On the one hand, the gel-phase lipids can provide 
an increased electrical stability to the membrane, depending on the mixing behaviour of 
the two phases. On the other hand, it seems that the transport across the cell membrane 
is mainly determined by the fluid-phase domains and is not considerably affected by the 
presence of gel-phase domains.

3.5 METHODS
3.5.1 GUV preparation
The GUVs were prepared from 1,2-diphytanoyl-sn-glycero-3-phosphocholine (DPhPC), 
1,2-dipalmitoyl-sn-glycero-3-phosphocholine (DPPC) and 1,2-dioleoyl-sn-glycero-3-
phosphoethanolamine-N-(lissamine rhodamine B sulfonyl) (ammonium salt) (DOPE-
RhoB), all purchased from Avanti Polar Lipids, Inc. All lipids were dissolved in chloroform 
(Sigma Aldrich), 1 mg/ml, prior to use. Afterwards, the lipids were mixed in the correct 
ratio: 99% vol DPPC or DPhPC and 1% vol DOPE-RhoB for the pure phases and for the 
mixtures 79.5% vol DPPC or DPhPC, 19.5% vol DPhPC or DPPC and 1% vol DOPE-RhoB.

The GUVs were prepared by use of the electroswelling technique. The lipid mixtures were 
deposited on two indium tin oxide (ITO) slides (Sigma Aldrich), 20 µL lipid solution on 
each slide. The slides were placed in a teflon holder facing each other with a 1.5 mm distance, 
submerged in 1 mL of 200 mM sucrose (Amresco). It was assured that the swelling took 
place above the transition temperature of the lipids (for pure DPhPC at room temperature, 
for all lipid mixtures that contained DPPC at 57 °C). An alternating field was applied of 1 
V and 10 Hz for 1 hour, and subsequently changed to 1.5 V and 5 Hz for 2 hours, based 
on the procedure of Knorr et al. [19]. After the swelling, the GUV solution was gradually 
cooled down (~ 0.5 °C /min). It was assumed that the low cooling rate assures that the 
lipids organise in the energetically most favoured formation [30]. Afterwards, the GUV 
solution was diluted for at least 10 times with 200 mM glucose (Sigma Aldrich). By using 
the sucrose interior and a glucose exterior of the GUVs, a contrast difference was observed. 
Only GUVs with a proper contrast difference and a spherical shape were selected for these 
experiments, to assure that the membranes were defect free. Additionally, the spherical 
shape of GUVs indicated that all GUVs in our experiments had a nonzero initial tension. 
Finally, we have observed GUVs that have shown membrane fluctuations long after the 
pulse and occasionally even disintegrated. Since these responses were long after the pulse, 
we have assumed that these phenomena may be induced by different causes, these GUVs 
have been excluded from the analysis.
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3.5.2 Microscopy
All microscopy bright field experiments were conducted with the inverted fluorescence 
microscope (Zeiss Axio Observer.Z1) and captured by the Andor iXon3 camera, using 
a 40x oil immersion objective (Ph3, Plan-Neofluar, 40x/1.30 Oil). The contrast of the 
images was enhanced by optimising the aperture diaphragm before imaging and adjusting 
the histogram during processing of the images. The fluorescent images were captured by 
using the Texas Red filter (45 TR, EX BP 560/40, BS FT 585, EM BP 630/75). The confocal 
experiments were conducted on the Zeiss LSM 710 inverted confocal microscope, using 
a 40x oil immersion objective (Fluar, 40x/1.30 oil, M27) and the HeNe-laser (543 nm) to 
image the GUVs.

3.5.3 Electroporation setup
For the electroporation experiments, custom-made stainless steel electrodes were used 
with two fixed distances of 0.6 and 1 mm (Figure 3.1A-C). Prior to the experiments, 
the electrodes were submerged in 1 mL of 200 mM glucose solution. 20 µL of freshly 
prepared GUVs was deposited in between the electrodes. Subsequently, electric 
pulses with duration of 500 µs were applied. The pulse length was comparable to the 
characteristic time in which the transmembrane voltage builds on the GUV membrane 
in our experimental conditions. This charging time τ is estimated using equation (3.4) 
with a membrane capacitance of 0.5-0.6 µF/cm2 [44] and 0.45 µF/cm2 [19] for the fluid-
phase and gel-phase lipids, respectively, and 4.5 µS/cm [33] and 6 µS/cm [33] for the 
external and the internal conductivity, respectively; for a GUV with typical radius of 20 
µm τ is about 300 µs (fluid-phase GUV) or 250 µs (gel-phase GUV). The time interval 
between application of individual pulses was approximately 5 minutes, to minimize the 
effect of the former pulse. With each subsequent pulse, the pulse amplitude was gradually 
increased in steps by 10 to 150 V/mm. Before, during, and after application of each pulse, 
a time lapse of the response of the GUVs was captured by imaging at approximately 10 
to 25 frames per second. For each applied pulse, a separate movie was recorded. After 
the pulse application, the GUVs were imaged until relaxed back to stable shape, which 
meant that the fluid-phase lipids were not floppy at the end of the time lapse. To capture 
the mechanism of lipid loss, electroporation experiments at the confocal microscope 
were conducted. The pulse specifications were identical to the bright field experiments, 
and the images were taken at 1.6 frames per second. In addition, we applied multiple 5 
ms pulses of 0.33 Hz to compare the lipid loss mechanism to former research [16]. The 
joule heating (less than 0.06 K) and evaporation in order to increase the exterior osmotic 
pressure (in the order of 20 mOsm) during the experiments are negligible, details can 
be found in supplementary Sections S3.4 and S3.5. All the data is available from the 
corresponding author. 
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3.5.4 Data analysis
The area A and perimeter P of the GUVs were tracked by a custom-made Matlab script, 
as shown in Figure 3.1D, by use of an edge detection. The perimeter and the area of the 
GUV were determined by a pixel count for most frames of the movie. Subsequently, the 
area was normalised over the area prior to the given pulse (Anorm = Af / Ai). Additionally, the 
form factor of the GUVs during the movie was calculated (FF = 4πA /   P2). Subsequently, 
the final area and form factor (at time ~ 5 min after pulse application) were plotted as a 
function of electric field per GUV. Afterwards, the mean of both factors of all GUVs was 
calculated with a bin size of the electric fields of 30 V/mm. Due to the non-spherical and 
asymmetrical shape of the GUVs after exposure to multiple pulses, the normalised area 
and the form factor were plotted against the applied electric field and not the induced 
transmembrane voltage.  
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S 3 APPENDIX
S 3.1 Movie captions
Supplementary Movie S3.1.1. The response of a DPhPC fluid-phase GUV to the third 
pulse of 500 µs at 97 V/mm. The GUV is imaged in the bright field. The movie is speed 
up 5.4 times. Observation period: 208 seconds. The bright spots on the GUV surface are 
possibly small vesicles that have been present from the start (before applying pulses). No 
increase in the GUV surface area is observed, for which it is assumed that these small 
vesicles do not influence the surface area of the GUV. 

Supplementary Movie S3.1.2. Electroporation of a DPPC gel-phase GUV during the 
third 500 µs pulse at 595 V/mm. The GUV is imaged in the bright field. The movie is speed 
up 2.5 times. Observation period: 153 seconds.

Supplementary Movie S3.1.3. Buckling of a DPPC gel-phase GUV during the fourth 500 
µs pulse at 744 V/mm. The GUV is imaged in the bright field. The movie is speed up 3.8 
times. Observation period: 262 seconds.

Supplementary Movie S3.1.4. The response of a binary GUV with 20 mol% DPPC and 80 
mol% DPhPC lipids to the third 500 µs pulse at 29 V/mm. Before and after the pulse, the 
GUV is imaged in the fluorescence mode to capture the response of the domains. During 
pulse application, the GUV is imaged in the bright field. The movie is speed up 6.3 times. 

Supplementary Movie S3.1.5. The response of the homogeneous-GUV with 80 mol% 
DPPC and 20 mol% DPhPC lipids to the fourth 500 µs pulse at 890 V/mm. Before and 
after the pulse, the GUV is imaged in the fluorescence mode to capture the response of 
the domains. During pulse application, the GUV is imaged in the bright field. The movie 
is speed up 3.4 times. 

Supplementary Movie S3.1.6. The response of the domain-GUV with 80 mol% DPPC 
and 20 mol% DPhPC lipids to the first 500 µs pulse at 445 V/mm. Before and after the 
pulse, the GUV is imaged in the fluorescence mode to capture the response of the domains. 
During pulse application, the GUV is imaged in the bright field. The movie is speed up 
2.2 times. 
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S 3.2 Lipid loss in DPhPC fluid-phase GUVs and buckling DPPC 
gel-phase GUVs
To demonstrate lipid loss in fluid-phase GUVs and lack thereof in gel-phase GUVs, 
confocal images of the pure fluid-phase and pure gel-phase GUVs are captured after an 
individual 500 µs pulse (Figure S3.2.1A and B). Tubular and vesicular protrusions are 
observed in a DPhPC fluid-phase GUV, whereas neither tubulation nor vesicle formation 
is observed for a DPPC gel-phase GUV. 

We have exposed the GUVs to multiple 5 ms pulses following Portet et al. [1]. As observed 
before, the lipid loss and associated shrinkage in the fluid-phase GUVs is shown to be 
more pronounced when multiple 5 ms pulses are applied, compared to the individual 
500 µs pulses (Figure S3.2.1C). The DPPC gel-phase GUVs do not demonstrate lipid 
loss, despite the longer pulse duration, whereas a buckling effect has been observed for 
these pulse parameters (Figure S1.1D). These results give an additional argument that the 
viscosity of the gel-phase lipids hinders lipid expel in gel-phase GUVs. 

Figure S3.2.1. Confocal images of the pure fluid-phase and gel-phase GUVs exposed to electric 
pulses. (A) A pure fluid-phase GUV exposed to an individual 500 μs pulse of 120 V/mm. The lipids 
in the middle of the GUV have already been detected prior to pulse application, and thus are not 
indicating lipid expel. The tubules on the right side of the GUV are caused by the electric pulse, 
indicating lipid expel. (B) A pure gel-phase GUV exposed to an individual 500 μs pulse of 600 V/
mm. The lipids in the middle of the GUV have already been detected prior to pulse application, and 
thus are not indicating lipid expel. (C) A pure fluid-phase GUV exposed to multiple 5 ms pulses, to 
enhance the lipid loss effect. (D) A pure gel-phase GUV exposed to multiple 5 ms pulses, to enhance 
the lipid loss effect. This shows that indeed no tubules nor vesicles are formed due to the pulse, even 
during the application of longer electric pulses. The scale bar in all images is 10 μm.
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S 3.3 Calculation of the efflux for the GUVs exposed to the electric 
pulses
The effluxes for the GUVs are calculated from the change in area during the electroporation 
experiments. The area of the GUVs is captured and tracked over time. This data is fitted, 
in order to calculate the flux of the GUVs as a function of time, as shown in Figure S3.3.1 
(A-D). 
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Figure S3.3.1. The absolute area of the different GUVs as a function of time: (A) pure fluid-phase 
lipids (R-square: 0.95), (B) 2:8 DPPC:DPhPC (R-square: 0.96), (C) 8:2 DPPC:DPhPC (domain-
GUVs R-square: 0.93 and homogeneous-GUVs R-square: 0.98), and (D) pure gel-phase lipids 
(R-square: 0.98). The data from the experiments are depicted in red dots and the solid black lines 
represent the fitted area and subsequently the calculated flux from the fitted area.

 



81S 3 Appendix

S 3.4 Joule heating during electroporation of vesicles
To ensure that the gel-phase GUVs remained in gel phase during the experiments and 
did not undergo phase transition due to the Joule heating from the pulse application, 
we calculate the maximum temperature increase during application of a 500 µs pulse. 
Considering that the delivered heat Q equals the work done by the electric field W

					     (S3.1)

					     (S3.2)

					     (S3.3)

where ΔT is the temperature rise (in kelvins), cm is the heat capacity of the sample, m is 
the mass of the sample, J is the electric current density, E is the electric field intensity, tpulse 
is the pulse duration, λe is the electrical conductivity of sample, and ρ is the density of the 
sample.

For an electric field of 1000 V/mm (the maximum electric field used in experiments):

				  

The heat capacity and density are taken for water. The electrical conductivity of 200 mM 
glucose solution is taken from Riske and Dimova [2]. The calculated temperature increase 
is too low to have any effect on the lipids. 

S 3.5 Evaporation of the exterior liquid during experiments
Some of the fluid-phase DPhPC GUVs have exhibited a slow (on the timescale of several 
seconds) and profound (~ 20%) size decrease after the pulse application, which has 
not been reported before for GUVs prepared from other fluid-phase lipids, such as egg 
phosphatidylcholine or DOPC [1-4]. We have checked whether this phenomenon can 
be due to an increase in the exterior osmotic pressure caused by the evaporation of the 
exterior liquid. 

The evaporation of the exterior liquid during the experiments has been determined by a 
control experiment. The imaging chamber has been filled with 1.1 ml of 200 mM glucose 
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solution and placed under the microscope, similarly as during the experiments. The 
weight of the glucose solution has been determined every hour for three hours, to find 
the total weight loss of the glucose solution. It must be noted that most experiments have 
taken less than two hours; however, in order to ensure that no side effects of evaporation 
have been imaged, we have monitored the evaporation for three hours. In one hour, 
approximately 3.5% volume has been evaporated, and thus approximately 10% of the total 
volume has been evaporated in three hours. The 10% evaporated volume can increase the 
exterior osmotic pressure by ~ 10 mOsm. We do not expect such small increase in the 
osmotic pressure to considerably affect our results, since an osmotic difference of ~ 20 
mOsm (being higher in the exterior with respect to the interior) is often used before in 
electroporation experiments on fluid-phase GUVs [1, 3]. Furthermore, GUVs can exhibit 
a similar slow size decrease, if they have been immediately exposed to a single high-
intensity electric pulse, before any considerate evaporation can take place (not shown). 
Therefore, we attribute this slow size decrease, not reported before for other fluid-phase 
lipids, to the nature of the DPhPC lipids.
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The role of a biomimetic actin cortex was investigated during the application 
of electric pulses that induce electroporation or electropermeabilization, 
using giant unilamellar vesicles (GUVs) as a model system. The actin 
cortex, a subjacently attached interconnected network of actin filaments, 
regulates the shape and mechanical properties of membranes in living 
cells as well, and is a major factor influencing the mechanical response 
of the cell to external physical cues. We demonstrate that the presence of 
the actin shell inhibits the formation of macropores in the electroporated 
GUVs. Additionally, experiments on the uptake of dye molecules after 
electroporation show that the actin network slows down the resealing 
process of the permeabilized membrane. We further analyze the stability 
of the actin network inside the GUVs exposed to high electric pulses. We 
find disruption of the actin layer that is likely due to the electrophoretic 
forces acting on the actin filaments during the permeabilization of the 
GUVs. Our findings on the GUVs containing a biomimetic cortex provide 
a step towards understanding the discrepancies between the electroporation 
mechanism of a living cell and its simplified model of the empty GUV.

4
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4.1 INTRODUCTION
The plasma membrane is a selective barrier that separates the intracellular environment 
from the cell exterior and regulates the transport of molecules of different sizes in or 
out of the cell. The membrane consists of a lipid bilayer with numerous anchored and 
embedded inclusions, providing the membrane with both fluidic and elastic properties; 
additionally, an inter-connected network of actin filaments, called the actin cortex, lies 
immediately underneath the plasma membrane. The cortical skeleton is strongly bound 
to the lipid bilayer via diverse linkers, maintaining the global shape of the cell [1-3], and 
controlling the lateral organization of the plasma membrane [4, 5]. The bi-directional 
interplay between the membrane and actin cortex strongly influences any mechanical 
response of the cell to external stimuli during diverse biological processes, ranging from 
cell migration and differentiation to cell division [6].

The actin network also plays an essential role in electroporation, also referred to as 
electropermeabilization, of cells. This is a membrane permeabilization technique used 
for the delivery of a wide range of molecules ranging from small molecules such as drugs 
to large molecules, such as DNA, into the cell. Applying direct current (DC) electric 
pulses to a cell builds up an induced transmembrane voltage, which can permeabilize the 
cell membrane above a critical transmembrane voltage (~ 0.2 – 1 V) [7, 8]. The kinetics 
of the electroporation mechanisms in cells appears to consist of five consecutive steps: (i) 
nucleation of defects in the membrane, (ii) expansion of these defects, (iii) stabilization 
of the permeabilized state, (iv) resealing of the permeated membrane, (v) the recovery of 
structural changes in the membrane while the membrane is already resealed, also called 
the “memory’’ of the cell [8]. It has been shown that cells can remain permeabilized from 
minutes up to hours after pulsation [9-11]. This long resealing process is considerably 
slower than that observed for bare lipid bilayers (less than one second) [12-14]. 
Additionally, it was reported in electrofusion experiments that the permeabilized area 
in cells does not diffuse laterally [15]. Based on the evidence from the electroporation 
and the electrofusion experiments, it has been suggested that the actin cortex is involved 
in the electroporation mechanism [16-18]. The physical properties of such transient 
permeated lipid structures and the associated intracellular components are the most 
important factors that enable a successful delivery of biomolecules to the cells [8, 19-21]. 
Until now, a complete understanding of the effects of the actin cortex on electroporation 
of a lipid bilayer is lacking.

There have been several studies on the role of the cytoskeleton during electroporation of 
living cells [17, 18, 22-29]. In these studies, the actin filaments were manipulated either 
by drugs that cause chemical disruption [17, 18, 22, 26] or stabilization [23] or by genetic 
engineering [24] of the cytoskeleton. Cell permeabilization was measured in terms of the 
uptake or release of tracer molecules, like Trypan Blue and Propidium Iodide [17, 18, 
22-27]. Depolymerization of the actin in chinese hamster ovary (CHO) cells and human 
erythrocytes leads to acceleration of the post-pulse membrane resealing, while it does 
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not considerably affect the initial steps in the permeabilization process [17, 18]. More 
recently, nanosecond pulses have gained attention due to their ability to permeabilize 
intracellular membranes [30]. Disruption of the actin cortex in CHO cells appears 
to make the cells more susceptible to nanosecond electroporation [25]. Moreover, 
nanosecond electroporation was found to be more damaging to non-adherent cultures 
such as Jurkat cells than adherent cell cultures such as HeLa cells, possibly because of 
the less extensive cytoskeletal network of the former [27]. In addition, some biological 
processes, like apoptosis and necrosis, have been triggered by nanosecond pulses [26, 
28], which could involve the pulse-mediated disruption of the actin cytoskeleton [22, 29]. 

The studies discussed above illustrate how challenging it is to decouple the mechanical 
interaction between actin filaments and the membrane from other biological processes 
involving actin, such as apoptosis and necrosis, and to manipulate the cytoskeleton of a 
living cells without side effects, like cell death. Therefore, simplified cell models like planar 
lipid bilayer models [31-33] or giant unilamellar vesicles (GUVs) [34-36] have been 
utilized to study the fundamental mechanisms of pore formation during electroporation. 
The process of pore formation involves a balance between membrane tension and edge 
tension. During the pulse, the electric field imposes a Maxwell stress on the membrane, 
similar to lateral tension [37, 38]. This rising membrane tension eventually drives pore 
formation [39, 40]. After the pore formation, the growth of the pore can be regulated 
by the intensity and the duration of electric pulses [11, 41]. On the contrary, the edge 
tension confers an energy penalty for making a pore in the lipid bilayer and counteracts 
pore growth. After the electric pulse, this edge tension governs the resealing of the 
pore [41, 42]. Studies on GUVs have revealed the presence of micrometer sized pores 
(referred to as macro-pores) during electroporation [12, 40, 43-45]. The resealing time 
of these pores is typically in the order of 10 ms [40], as opposed to several minutes or 
even hours in living cells. It has been shown that the dynamics of these pores can be 
modified by adjusting the edge tension of the lipid bilayer, e.g. by adding cholesterol 
to increase the edge tension [39, 46]. Moreover, gel-phase lipids have been shown to 
prevent the formation of macropores due to high surface viscosity [47, 48]. From these 
studies, it can be concluded that the membrane components are crucial for the dynamics 
of electropermeabilization in cells.

Although the same physics governs the competition between membrane tension and 
edge tension during pore formation, GUVs and living cells exhibit drastically different 
permeabilized membranes. The pores formed in GUVs due to pulse application are in the 
micrometer range, and reseal within tens of miliseconds. By contrast, the electropores (or 
permeated membrane) in living cells were reported to be in the order of few nanometers 
[11, 49, 50] and express a slow resealing process which takes minutes up to hours [49, 
51, 52], suggesting that the permeabilization dynamics are influenced by an interplay 
between the lipid bilayer and the intracellular structures, in addition to other lipid-
associated interactions [16, 18].
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In this research, we focus on the role of the actin cortex during electroporation of the 
membrane in order to understand the discrepancy between model membranes and the 
plasma membrane. To isolate the mechanical role of the actin, we have used a bottom-
up approach where we have incorporated a biomimetic actin cortex inside GUVs. We 
have used a high-speed imaging technique to reveal the pore formation and resealing 
in response to controlled electric pulses for GUVs, with and without an encapsulated 
actin network. Additionally, we assessed the uptake of sulforhodamine B dye molecules 
to study the permeability dynamics after electric pulses. Finally, we use confocal imaging 
to investigate the structural stability of the encapsulated actin cortex in the electric field. 

4.2 MATERIALS AND METHODS
4.2.1 Preparation of the GUVs
The GUVs (with and without actin filaments) were prepared by electroswelling, based on 
a procedure utilized by Schäfer et al. [53]. The following membrane composition was used 
for the bright field experiments: 95 mol% 1,2-dioleoyl-sn-glycero-3-phospholine (DOPC) 
and 5 mol% Ca2+-ionophore (A23187). For the confocal experiments, the membrane was 
fluorescently labelled using the following membrane composition: 94.5 mol% DOPC, 5 
mol% Ca2+-ionophore and 0.5 mol% 1,2-dioleoyl-sn-glycero-3-phosphoethanolamine-
N-(lissamine rhodamine B sulfonyl) (ammonium salt) (DOPE-RhoB, ex/em 560 nm/583 
nm). The lipids were purchased from Avanti Polar Lipids, Inc and the Ca2+-ionophore 
from Sigma Aldrich, and stored at –20 °C. All membrane components were dissolved 
separately in chloroform at a concentration of 1 mg/mL, stored under nitrogen at –20 
°C, and mixed prior to the experiments. 10 µL of lipid mixture was deposited on the 
conductive face of two Indium Tin Oxide (ITO) slides (purchased from Sigma Aldrich) 
and left under vacuum for more than 2 hours. Afterwards, the ITO slides were inserted 
in the teflon swelling chamber with the conductive sides facing each other, spaced 1.5 
mm apart. 335.6 µL swelling buffer (pH of ~ 8) was inserted in between the ITO slides, 
consisting of 200 mM sucrose, 2 mM Tris-HCl (Thermo Fischer), 0.17 mM Adenosine 
5’-triphosphate disodium salt hydrate (Na2ATP) and 0.21 mM dithiothreitol (DTT) 
(both purchased from Sigma Aldrich). In the case of the GUVs with encapsulated 
filaments, actin monomers from rabbit muscle (Thermo Fischer), purchased as 1 mg of 
lyophilised powder, was dissolved in 2 mM Tris-HCl (pH 8.0) to get a stock solution of 
2 mg/mL and stored at –80 °C. For visualization of the filaments, fluorescently labelled 
actin monomers with Alexa Fluor 488 (Thermo Fischer, ex/em 495 nm/519 nm) was 
purchased as a solution with a concentration in the range of 3 – 5 mg/mL in a buffer (5 
mM Tris (pH 8.1), 0.2 mM DTT, 0.2 mM CaCl2, and 0.2 mM ATP) containing 10% (w/v) 
sucrose. A solution of 7 µM actin monomers, of which 0.5 µM fluorescently labelled, was 
added to the swelling buffer. An alternating current (AC) was applied at 70 Hz, 2.4 V for 
3 hours at room temperature (around 20 °C), using the Agilent 33220A 20 MHz Function 
/ Arbitrary Waveform Generator.
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4.2.2 Polymerization and binding of actin to the membrane
The polymerization of the actin filaments and their attachment to the membrane were 
induced by adding Mg2+ ions [53], as shown in Figure 4.1B. The GUV solution obtained 
by electroswelling was diluted with 1.3 mL glucose buffer of 200 mM glucose and 2mM 
Tris-HCl (pH of ~ 8) in order to dilute the actin monomer concentration and the sucrose 
concentration on the outside of the GUVs. 163 µL of 67.3 mM MgCl2 solution (pH of ~ 
8.5) was then added to increase the MgCl2 concentration to 6 mM. Subsequently, due to 
the presence of the Ca2+-ionophore in the membrane, the Mg2+ ions are transported into 
the GUVs to initiate polymerization and bind the actin filaments to the membrane as a 
cortex, left overnight at room temperature. Prior to the electroporation experiments, the 
MgCl2 concentration in the outer solution was increased to 19 mM to ensure a cortex at 
the membrane for all GUVs. This increase in the MgCl2 concentration to 19 mM after 
equilibrating the GUVs at 6 mM overnight has led to the most consistent result with 
a large majority of GUVs containing an actin network (> 90%) (see Figure S.4.2.1. in 
the supplementary information). Since the ion concentration has a large impact on the 
response of the GUVs to electric pulses, altering the deformations of the GUVs [54] and 
the pore dynamics [55], we fixed the concentration of MgCl2 at 19 mM. The stability of 
the GUVs was not affected by the high ion concentration overnight. The absence of actin 
polymerization on the outside of the GUV during the storage overnight and during the 
electroporation experiments was confirmed by control experiments of empty GUVs with 
actin monomers on the outside (see Figure S.4.3.1. in the supplementary information). 

4.2.3 Electroporation setup combined with high speed imaging
To image the dynamics of the membrane during an electric pulse, the GUVs were 
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Figure 4.1. (A) The electroporation setup. (A) Photograph of the electroporation setup, with a 
schematic of the GUV in between the electrodes shown in the inset, not drawn to scale. (B) Confocal 
fluorescence microscopy images of a GUV (red signal, ex/em 560 nm/583 nm) before and after the 
addition of 19 mM MgCl2, showing that actin polymerizes and accumulates underneath the lipid 
bilayer membrane (green signal, ex/em 495 nm/519 nm). The scale bar in all images is 5 µm.
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visualized by an inverted microscope (Zeiss Axio Observer.Z1) equipped with a Phantom 
v9.1 high-speed camera (10 000 – 15 000 frames per second, fps, Vision Research Inc.), 
using a 40x oil immersion objective (Ph3, Plan-Neofluar, 40x/1.30), providing a pixel size 
of 0.3 µm. Prior to the experiments, the imaging chamber was treated with 5 g/L Bovine 
Serum Albumin (BSA) solution (purchased from Sigma Aldrich) for 20 minutes, to avoid 
rupture of the GUVs when interacting with the glass bottom of the chamber. Custom 
made stainless-steel 20 mm-long electrodes with 1 mm distance were submerged in 1 mL 
glucose buffer with 412.4 µL MgCl2 and 33 µL of GUV solution was added by carefully 
pipetting the GUV-solution in between the electrodes using a cut-off pipette tip (Figure 
4.1A). We selected the actin-encapsulated GUVs based on the fluorescence signal of the 
actin, to ensure that the filaments were organized along the GUV membrane as a cortex, 
as shown in Figure 4.1B. The actin-encapsulated GUVs had a radius between 5 and 10 
µm, empty GUVs of similar sizes were selected for the experiments. During the dynamics 
experiments, consecutive 500 µs pulses with increasing amplitude were applied. The 
electric pulses induce a transmembrane voltage as follows [56]:

					     (4.1)

where R, E and t indicate the radius of the GUV, the applied electric field strength and the 
duration of the pulse, respectively. τ is the charging time of the membrane given by

					     (4.2)

where Cm, λe and λi are the membrane capacitance, and the internal and external solution 
conductivity, respectively. In our experiments the pulses were chosen such that the 
induced transmembrane voltage started from about 1 V, with approximately 1 minute 
interval between the pulses to minimize the effect of the former pulse. The sucrose-filled 
GUVs with glucose solution on the outside assure sufficient optical contrast to image the 
GUVs in bright field, and indicate permeabilization of the membrane by a contrast loss. 
Consecutive pulses with increasing amplitude were applied until a complete contrast loss 
of the GUVs was observed.

4.2.4 Electroporation setup for pore dynamics
To assess the resealing of the membrane, the transport of sulforhodamine B through 
the membrane was monitored. Sulfurhodamine B was added to the outer solution at a 
concentration of 2.5 µM. The same pulse protocol was used as during the high-speed 
imaging experiments. The molecule transport was captured with a Zeiss LSM 710 
inverted confocal microscope, using a 100x oil immersion objective (Ph2, Archoplan, 
100x/1.25 Oil). Images were taken at a frequency of around 1.5 Hz to observe the diffusive 
transport of the dye molecules through the membrane. To obtain the uptake kinetics of 
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the sulforhodamine B, the intensity of 80% of the inner GUV area was monitored, to 
exclude the increased intensity of the membrane (Figure 4.4.A). In addition, the intensity 
of the background was captured. The data was normalized as follows: Iuptake = (Idye,t – Idye,0 )/
(Ibackground,t – Idye,0 ), where Iuptake, Idye,t , Idye,0 and Ibackground,t represent the normalized intensity in 
the GUV at time t, the intensity in the GUV at time t, the initial intensity prior to the pulse 
and the intensity of the background, respectively.

4.2.5 Electroporation chamber combined with confocal imaging
The response of the actin cortex to the electric pulses was visualized with a Zeiss LSM 
710 inverted confocal microscope, using a 100x oil immersion objective (Ph2, Archoplan, 
100x/1.25 Oil) to image both the lipid bilayer and the actin cortex. Two different pulsing 
protocols were used: (i) consecutive increasing pulses starting from low fields, increasing 
gradually to higher fields (ranging from 10 – 300 V/mm with steps of approximately 
10 V/mm), (ii) immediate high pulses (ranging from 300 – 1000 V/mm with steps of 
approximately 200 V/mm), where only 2 to 4 pulses were applied of increasing field. In 
both cases 500 µs pulses were used, with approximately 1 minute interval between the 
pulses. The first pulse protocol (i) was used to test the onset of the breakdown of the 
actin cortex. The second pulse protocol (ii) was used to decouple the breakdown of the 
actin cortex from the cumulative effect of the multiple consecutive pulses. A z-stack of 
7 focal planes, with a range of approximately the diameter of the GUV Δz ~ 4 µm), of 
the fluorescence signal of the membrane and the actin was taken before and after the 
pulses, to record the response of the actin cortex. The z-stack imaging is a slow technique 
(approximately 5 to 10 seconds time interval in between the z-stacks), so only the GUV 
size and the actin cortex stability before and after the pulse were extracted. 

4.2.6 Data analysis of GUVs response
The bright field images of the GUVs were analyzed by a custom written Matlab script. The 
contours of the GUVs were detected with the Canny edge detection method and fitted to 
an ellipse to extract the equatorial a and polar (b, the distance from the center to the poles 
of a spheroid) radii of the GUVs. For the dynamics studies, these two radii were used 
to obtain the deformation ratio (a/b) during and after the pulse. Afterwards, the time-
dependent deformation was fitted to an exponential decay curve to obtain the relaxation 
time(s) of the GUVs, similar to the method reported by Riske and Dimova [40] (Figure 
4.2).

During the confocal experiments, multiple planes of the GUVs were imaged. The radius 
of the GUVs was determined from the fluorescent confocal membrane images taken at 
the equatorial plane of the GUV by a similar detection method as described above. These 
images were used to reveal the area loss of the GUVs as a function of electric field. In 
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order to remove spurious effects due to motion of the GUV in and out of the imaging 
plane (which changed their observed radius), the normalized area (Anorm) was calculated 
at pulse n and corrected for the area loss at the previous pulse (n – 1): Anorm = (Af  / Ai )n (Af 

/ Ai )n-1. Here, Ai and Af represent the initial and the final area of the GUV before (initial) 
and after (final) the pulse, respectively. (Af  / Ai )n and (Af  / Ai )n-1 are the normalized areas 
of the GUV at the pulse n and at the preceding pulse (n – 1). By multiplying these two 
factors, the normalized area is corrected for shrinkage due to earlier pulses. Additionally, 
the intensity of the fluorescence signal of the actin was obtained from confocal z-stacks 
by determining the mean and average intensity of all planes. Photobleaching of the actin 
cortex was removed by correcting the data at scan number k with a reference of a separate 
photobleaching experiment of a GUV without applying any pulses. By normalizing the 
actin fluorescence intensity from the bleaching experiment, the correction factor for 
the photobleaching per scan is calculated (Iref,k = Ik,ref / I0,ref , where I0,ref and Ik,ref are the 
intensities of the image at the start of the photobleaching experiment and at the relevant 
scan number k, respectively). Consequently, the results of the electroporation experiments 
were corrected as follows: Inorm = Ik / (I0Iref,k ). Again, I0 and Ik represent the intensities of the 
image at the start of the experiment and at scan number k, respectively, in this case during 
an electroporation experiment (see Figure S4.4.1. in the supplementary material).

4.3 RESULTS AND DISCUSSION
4.3.1 The dynamics of the GUVs
To investigate the influence of the actin cortex on the electroporation of GUVs, we 
captured the dynamics of the GUVs by high speed imaging 10 000 – 15 000 fps) in bright 
field. The deformations of the GUVs were measured in the terms of the deformation ratio 
a/b during and after the electric pulse (see the schematic in Figure 4.2). The GUVs are 
electroporated once the accumulated transmembrane voltage exceeds a threshold voltage. 
Electroporation can be recognized by the observation of a macropore or the contrast loss 
due to the exchange of glucose and sucrose molecules between the interior and exterior of 
the GUV. Below the critical threshold field, where no macropores nor contrast loss were 
observed, the GUVs exhibited squarelike deformations, as shown in Figure 4.2A. These 
deformations relax back exponentially with a characteristic relaxation time time (τ1) in the 
order of 100 µs for both the empty and the actin-encapsulated GUVs. Riske and Dimova 
[54] have shown that the presence of the ions (NaCl, Ca2+ or Mg2+ acetates) flattens the 
membrane, which they attributed mainly to the electrophoretic forces of the ions, leading 
to squarelike deformations. 

The conductivity ratio χ is defined as the ratio between the conductivity of the internal 
λin and external solution of the vesicle λout, χ = λin / λout. Depending on this conductivity 
ratio, vesicles are expected to either deform along the field, referred to as a tubelike shape, 
(deformation ratio a/b > 1, χ > 1) or perpendicular to the field, referred to as a disklike shape, 
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(deformation ratio a/b < 1, χ < 1). We observed both disklike and tubelike deformations 
during the pulsing experiments of both the empty and the actin-encapsulated GUVs. 
It must be noted that an ionophore is used to transport Mg2+ into the GUVs to initiate 
actin polymerization and cortex formation after the GUV formation, as discussed in the 
methods section. Some variation in the conductivity of the inner solution of the GUVs 
is possible due to our preparation method, which would explain the observations of both 
disklike and tubelike deformations. Additionally, permeabilizing pulses cause an exchange 
of the inner and outer solutions, and consequently may alter the conductivities of the two 
solutions. As these observations are similar for both the empty and actin-encapsulated 
GUVs, they can be related to the presence of the ionophore and the ion-imbalance of the 
inner and outer solution.

The response of the empty and the actin-encapsulated GUVs to an electroporative pulse 
was strikingly different, as shown in Figure 4.2. Macropores were observed for the empty 
GUVs, as was reported before [40], whereas the actin-encapsulated GUVs exhibited 
no visible macropores. Additionally, for the empty GUVs we observed a characteristic 
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Figure 4.2. The dynamics of GUVs with and without an encapsulated actin shell. (A) The dynamics 
of a non-porated empty GUV, where deformation and a single relaxation (τ1) is observed. The blue 
dotted lines in the snap shots of A1-A3 show the tracking method used to determine radii a and 
b. (B) The dynamics of a porated empty GUV, where a pore is observed together with a double 
relaxation (τ2 and τ3). (C) The dynamics of a porated actin-encapsulated GUV where no macropore 
is observed, and only a single relaxation (τ2). The relaxation times are obtained from exponential fits 
to the deformation data, as explained in the text. The scale bar in all images is 5 µm. The definitions 
of non-porated and porated GUVs are explained in the text.
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relaxation process, where the relaxation of the macropore (with a duration τ2 of ~ 1 ms) 
was followed by a subsequent relaxation (with a duration τ3 of ~ 10 ms), as illustrated 
in Figure 4.2B and Movie S4.1.1. The observation of the latter relaxation time τ3 (see 
Figure 4.2B3) did not always occur during macropore formation. This response is similar 
to earlier reports for empty GUVs composed of egg phosphatidylcholine by Riske and 
Dimova [40]. They attributed τ2 to the relaxation time of the macropore in a standalone 
lipid bilayer (τpore ~ ηsr/(2γ), where ηs, γ and r are the surface viscosity, the line energy per 
unit length and the pore radius, respectively) and τ3 to the relaxation of the membrane 
due to either the excess surface area of the GUVs or an increase of the excess area during 
the macroporation [40]. The similarities between the macropores exhibited by our empty 
GUVs and previous studies show that the ionophore and the Mg2+ ions present in the 
solution have a negligible effect on the GUV dynamics during electroporation. 

The distributions of the different relaxation times in the non-porative and porative regimes 
are shown in Figure 4.3A for both the empty and actin-encapsulated GUVs. In strong 
contrast to the observations of the macropores and large deformations for the empty GUVs, 
the actin-encapsulated GUVs show only small deformations during the electroporative 
pulses and do not exhibit macropores (Figure 4.2C and Movie S4.1.2). Since no macropore 
was observed for these GUVs, electropermeabilization was determined by the contrast 
loss of the GUVs. This contrast loss indicates the permeabilization of the membrane, due 
to the exchange of molecules through the membrane. Due to limited recording time of the 
high-speed imaging in the experiments (maximum of 2 seconds), no long-term dynamics 
of the contrast loss was captured. The relaxation time τ2, which shows the time-dependent 
deformation of the actin-encapsulated GUVs in the electroporative regime, is comparable 
to the relaxation time τ2 of the empty GUVs (Figure 4.3A). However, the slow dynamics of 

Figure 4.3. The relaxation time and maximum deformation of the GUVs during an electric pulse with 
and without actin shell. (A) Relaxation times of empty (blue open symbols) and actin-encapsulated 
(red filled symbols) GUVs in the non-electroporative regime (τ1) and the electroporative regime (τ2 
and τ3). (B) The distribution of the maximum deformations of empty (blue) and actin-encapsulated 
(red) GUVs during all pulses (both electroporative and non-electroporative). The schematics in the 
histogram represent simplified contours of the corresponding disklike and tubelike deformations, 
not to scale. The data in both panels is of 16 actin-encapsulated GUVs with an average radius of ~ 5 
µm and 10 empty GUVs with an average radius of ~ 5 µm. In both cases the experiments have been 
repeated five times on different days.
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the contrast loss after a pulse for the actin-containing GUVs indicates that the membrane 
remains permeabilized up to minutes, which was not observed for the empty GUVs. 
Therefore, the pore resealing time of the actin-encapsulated GUVs cannot be deduced 
from τ2, due to the absence of macropores and the slow resealing process which occurs in 
the presence of the actin cortex. In conclusion, the presence of the actin layer in the GUVs 
hinders the formation of macropores. Previous studies on living cells have proposed that 
the formed electropores in the membrane cannot expand beyond the mesh size of the 
actin network [19, 49]. Possibly, a similar mechanism limits the growth of the pores in the 
actin-encapsulated GUVs.  

As discussed above, we observed both disklike (a/b < 1) and tubelike (a/b > 1) deformations 
for the empty and the actin-encapsulated GUVs. The broad distribution of the maximum 
deformation (a/b)max at the end of the pulse is shown in Figure 4.3B. For both types of 
GUVs, the majority of the GUVs undergoes tubelike deformation, indicating a higher 
conductivity of the interior of the GUVs due to the Mg2+ transport across the membrane by 
the ionophore. The deformations of the actin-encapsulated GUVs are significantly smaller 
than those of the empty GUVs, which can be seen from the more narrow distribution 
of (a/b)max (shown in red in Figure 4.3B). Experiments on GUVs in alternating current 
(AC) fields have shown that the extent of membrane deformation depends on the bending 
rigidity of the membrane [57]. Additionally, in DC field experiments, non-electroporative 
pulses can be used to study the stiffness of the membrane [58]. In our experiments we 
focused on pulses around the transmembrane voltage of 1 V, therefore we cannot derive 
the precise mechanical properties. Nevertheless, the smaller deformations of the GUVs 
with an encapsulated actin cortex clearly signify an increase in the bending rigidity of 
the GUVs, consistent with previous research works showing that the presence of an actin 
cortex leads to an increased bending rigidity [53, 59, 60]. The wide distribution observed 
for (a/b)max of the GUVs is caused by the preparation technique used for making the 
actin-encapsulated GUVs. It offers a poor control on the membrane tension of the GUVs 
(both for the empty and the actin-encapsulated GUVs). Moreover, the actin-encapsulated 
GUVs likely possess different actin cortex thicknesses, leading to different mechanical 
properties [53]. In conclusion, our results show that the actin cortex prevents macropore 
formation and reduces membrane deformation, which may contribute to the differences 
observed between the response of cells and empty GUVs to electric pulses. 

4.3.2 Resealing of the permeabilized membrane
The permeabilization dynamics of the membranes has been determined by the uptake 
of dye molecules into the GUVs. Due to the relatively slow imaging, only the transport 
after the pulse could be captured, which is predominantly diffusive [61]. The pulses 
applied are in the same range where macro-pores were observed for the empty GUVs. An 
increase in the inner fluorescence of the GUVs immediately after the pulse is defined as 
electroporation of the membrane. To find the amount and the characteristic time of dye 
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molecule uptake after the pulse, which is mainly diffusive, we use the following fitting 
equation [61]:

					     (4.3)

where I∞, I0 and τuptake represent the final sulforhodamine B intensity of the GUV, the 
initial sulforhodamine B intensity of the GUV prior to the pulse and the characteristic 
time of the uptake of the dye molecules. The two fitting parameters I∞ and τuptake for the 
actin-encapsulated GUVs after a pulse are larger than for the empty GUVs (Figure 4.4). 
A former study on the dye leakage of GUVs with a high temporal resolution showed that 
the leakage of dye mainly occurred through macropores [62]. Similarly, we observed 
macropore formation for the empty GUVs, which was accompanied with ~ 2% uptake 
of dye molecules after a single pulse and a characteristic uptake time of approximately 12 
seconds. Taken together, these observations indicate that most dye transport occurs during 
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Figure 4.4. The kinetics of the uptake of dye molecules from the outer solution during the resealing 
of GUVs. (A) Four snapshots of a resealing experiment of an actin-encapsulated GUV, showing the 
uptake of the dye molecules after a 85 V/mm pulse over time. The scale bar in all images is 5 μm. 
(B) The average intensity of sulforhodamine B in the actin-GUVs over time of 13 different GUVs 
with an average radius of ~ 10 μm. The GUVs were exposed to electroporative pulses inducing a 
transmembrane voltage above 1 V. Already one single 500 μs pulse caused considerable uptake of 
the dye molecules. (C) The average intensity of fluorescent dye in empty GUVs over time of 15 
different GUVs. To ensure dye uptake by the GUVs after pulse application, multiple pulses were 
applied when no visible dye uptake was obtained. Only the pulses where an increase of the dye 
intensity immediately after the pulse was observed have been selected to calculate the average 
intensity increase. The dotted lines in both graphs represent the least-squares fit of Equation 4.3 
through the averaged data. The highlighted area in gray in both graphs shows the spread of the data 
points of all experiments. Only every twentieth data point of the averaged data is shown here, to 
improve the readability of the graph. The fitting parameters, characteristic time of the uptake of dye 
molecules and the amount uptake, obtained from the fits are shown in the graphs.
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the pulse and shortly after the pulse. It must be noted that earlier studies have shown a 
resealing of the membrane in 10 ms [40], which is faster than our temporal resolution. 
Therefore, the actual characteristic uptake time might be considerably smaller than the 
determined 12 seconds. Nevertheless, the presence of the ionophore in the membrane 
may slow down the resealing of the membrane to the approximated 12 seconds. The actin-
encapsulated GUVs, on the other hand, do not show any macro-pores and exhibit a longer 
characteristic uptake time of approximately 146 seconds together with a dye uptake of 
~ 38%. Our observations are reminiscent of prior observations of a high and long-lived 
permeability for lipid membranes associated with an agarose mesh work [62]. In that 
work, it was proposed that the agarose mesh stabilizes pores formed by an electric pulse. 
The actin network in our experiments appears to affect the membrane stability similarly, 
enabling transport through the membrane for a longer duration than of the empty GUVs.

Despite the differences between the biomimetic cortex in our experiments, bundled and 
inhomogeneously distributed over the membrane, and the actin cortex of a living cell, 
similarities can be found between the response of our actin-encapsulated GUVs and living 
cells to electric pulses. The exponential increase in uptake of the actin-encapsulated GUVs 
appears similar to the exponential uptake of living cells [61]. The presence of an actin 
network is known to increase the membrane tension [63, 64]. The enhanced tension likely 
explains the increased permeability of the actin-encapsulated GUVs, compared to the 
empty GUVs at similar pulses. Additionally, a slow resealing process of the membrane is 
consistent with observations in electroporated cells, where the role of the actin cortex is 
the resealing of the permeated structures [17, 18].

4.3.3 Stability of the actin network
To assess the response of the actin network inside the GUV to the electric pulse, the GUV 
and actin were concurrently visualized by confocal microscopy. The fluorescence signals 
of the membrane and actin network were used to detect the area of the GUV and the 
actin intensity, respectively (see Figure S4.5.1 in the supplementary material). In order 
to determine the coverage of the actin network on the inner membrane surface and any 
possible lateral inhomogeneities of the shell, a confocal z-stack was taken before and after 
the pulse. Consecutive pulses of increasing voltage were applied to the GUVs, with at 
least 1 minute in between the pulses to minimize the effect of the former pulse. Similar to 
earlier studies [12, 39, 43, 65], the empty GUVs exhibit increasing shrinkage with higher 
electric pulses (Figure 4.5A). The immediate high pulses reveal the cumulative effect of 
multiple pulses on the shrinkage of the empty GUVs. A single pulse of 300 V/mm does 
not induce the same shrinkage as a 300 V/mm pulse preceded by multiple pulses at lower 
field strength (see Figure 4.5A). Compared to the empty GUVs, the actin-encapsulated 
GUVs display shrinkage at higher electric fields, i.e. the actin-supported bilayer has a 
higher electrical stability (Figure 4.5B). This could be caused by the increased surface 
viscosity of the bilayer due to the presence of the actin layer, as it was recently shown that 
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the shrinkage of the GUVs depends on the surface viscosity of the bilayer [48].

Strikingly, the increasing pulses also result in a decreasing fluorescence signal of the actin 
at ~ 150 V/mm, followed by GUV shrinkage at higher electric pulses (~ 200 V/mm), as 
illustrated in Figure 4.5B and Movie S4.1.3. We observe that the decrease in the fluorescence 
signal of the actin is associated with a breakdown of the actin network. Additionally, the 
intensity loss of the actin layer due to the electric pulses appears to be slightly more at 
the poles, where the GUV is facing the electrodes (Movie S4.1.3). However, this radial 
dependence is not always observed clearly, perhaps because the GUVs can rotate. After 
the breakdown of the actin network we did not observe any increase in the intensity in the 
centre of the GUV (see Section S4.5 and Figure S4.5.1 in the supplementary material). By 
recording the photobleaching of the actin signal in the absence of the pulse and also the 
response of GUVs with encapsulated actin network to immediate high pulses, we could 
confirm that the fluorescence decrease is caused by the breakdown of the network and is 
not a side effect of bleaching. This notion is further supported by the observation that after 
the pulse, the actin fluorescence signal progressively decreases for several tens of seconds. 
This gradual decrease in the signal indicates a slow breakdown of the actin network. In 
addition, the shrinkage of the actin-encapsulated GUVs at higher electric fields than of 
the empty GUVs indicates that initially the actin network stabilizes the membrane and 
that shrinkage only sets in after the breakdown of the network. 

Our observations are reminiscent of observations that have been observed for human cell 
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Figure 4.5. The structural stability of the empty and the actin-encapsulated GUVs. (A) The area loss 
of the empty GUVs as a function of electric field. The average normalized area is shown of 15 empty 
GUVs in total with an average radius of ~ 10 µm, of which 9 have been exposed to the consecutive 
ramping up pulses and 5 to immediate high pulses. These experiments have been repeated four 
times on different days. (B) The area loss of the actin-encapsulated GUVs as a function of the 
electric field, which is associated with an intensity loss of the actin shell. The average normalized 
area is shown of 17 actin-encapsulated GUVs in total with an average radius of ~ 10 µm, of which 
8 have been exposed to the consecutive ramping up pulses and 9 to immediate high pulses. These 
experiments have been repeated five times on different days. The confocal images of the actin shell 
show that the intensity loss can be attributed to shell disruption (B1, B2 and B3). Photobleaching of 
the fluorescence intensity is observed (shown in Figure S.4.4.1. in the supplementary information) 
and is corrected as discussed in the Materials and Methods section. The dotted lines in the graphs 
represent a least-squares fit of a sigmoid curve to guide the eye. The scale bar in all images is 5 µm.
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lines [22] and plant cells [23] exposed to nanosecond pulsed electric fields (nsPEF). The 
nanosecond pulses affect the actin cytoskeleton, which is attributed to depolymerization 
of the filaments [22, 23]. For plant cells it was reported that nanosecond pulses induce 
disassembly of the actin [23, 66]. On the contrary, Pakhomov et al. [29] have shown for 
CHO cells that the depolymerization of the actin cortex is due to osmotic swelling of 
the cells upon electropermeabilization. However, Tolstykh et al. [67] have proposed that 
additional biological processes are involved in actin depolymerization, involving the 
depletion of phosphatidylinositol-4,5-biphosphate (PIP2) lipids. In the GUV model system, 
we can exclude biochemical processes and in addition no osmotic swelling was observed 
in our experiments. The only factors present that might cause actin depolymerization are 
the mechanical forces, originating from the induced electrical membrane stress during 
the pulse, as well as the electrophoretic forces acting on the actin filaments as soon as the 
membrane is permeabilized. 

We therefore estimate the magnitude of both these forces, the mechanical and the 
electrophoretic forces, modelling the actin filaments as semiflexible polymers. For 
simplicity, we ignore the presence of actin bundles (Figure S.4.2.1 in the supplementary 
information). Assuming a uniform distribution of actin filaments over the membrane 
surface, the total number of filaments underneath the lipid bilayer can be estimated as 
[68]: 

					     (4.4)

where c0 and d are the initial concentration (4.2 × 1021 m-3) and size of actin monomers, 
and l is the average length of filaments. Assuming the filaments have a length in the order 
of the actin shell thickness (i.e., l ~ 1 – 4 µm, see Figure S4.6.1 in the supplementary 
material) and with R = 10 μm and d = 2.5 nm, we estimate the total number of filaments to 
be Nf ~ 104. The mesh size of the filament network can be approximated as: ζ ~ √A/Nf with 
A being the surface area of the membrane. The amount of stretch imposed on the length 
of connections in the actin network reads:

					     (4.5)

As the total enclosed volume of the GUVs is conserved during their deformation into 
ellipsoidal topologies in the experiments, the equatorial and polar radii become b = e-1/3R 
and a = e2/3R, respectively, where e = √a/b is taken from the example GUV shown in the 
schematic in Figure 4.2. We choose a value of e ~ 1.18, corresponding to the maximum 
deformation experienced by the GUVs. The total surface area of the GUVs increases 
during the deformation and hence the concomitant mesh size stretches by Δζ ~ 0.8 nm 
(if we assume affine deformations for the network). Such an increase in the length of 
interconnected filaments induces a maximum mechanical force of the order of  fm ~ 34 pN 
for a stretching stiffness of ~ 43 pN/nm [69, 70]. This value is markedly smaller than the 
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force needed for either initiating the depolymerization of a filament network [71] or the 
rupture of single filaments [72], which is in the range of ~ 100 – 400 pN. It is, therefore, 
unlikely that the mechanical forces generated by in-plane tensions are the only origin of 
the breakdown of the actin network in our experiments. Other mechanisms, including 
electrophoretic forces, are expected to be involved.

As soon as the membrane is permeabilized by the electric fields, the membrane tension 
can relax back through the expansion of the pores and the release of the interior fluid. 
Additionally, the actin shell is exposed to the electric field and consequently actin filaments 
experience an electrophoretic force, defined as [73]:

					     (4.6)

where ξh and μB represent the hydrodynamic friction coefficient per unit length of a 
filament close to the surface and the electrophoretic mobility of the actin measured in 
bulk solution, respectively. By assuming an average length of the actin filaments of 1 – 4 
µm and an interaction of the complete filament with the membrane, due to Mg2+-mediated 
adhesion, the force per unit length can be converted in the electrophoretic force felectrophoretic. 
The maximum force experienced by the actin filaments corresponds to a condition in 
which the filaments are perpendicular to the field. As soon as the GUV is permeabilized 
and pores are formed, the electric field penetrates into the GUV, with a maximum 
estimated value of ~ 0.8 E at the poles where the GUV is facing the electrodes (see Figure 
S4.7.2. in the supplementary material). The fluorescence signal of the actin network 
drops at approximately 150 V/mm (Figure 4.5.A). At this electric field and considering a 
hydrodynamic friction of ζ = 0.034 N.s/m2 (for cytoplasmic fluid motion perpendicular 
to the filament length [74]) and an electrophoretic mobility of μB = 10-8 m2/(V.s), we 
predict an electrophoretic force of felectrophoretic ~ 160 pN acting on a single filament for a 
vesicle size of 10 μm. Compared to the mechanical forces calculated above, these forces 
appear most plausible to initiate depolymerization of the actin network. Moreover, the 
disruption of the network mostly occurs above the critical transmembrane voltage (see 
Figure S4.8.1 in the supplementary material), enabling the electrophoretic forces to affect 
the actin filaments. 

4.4 CONCLUSION
To shed light on the role of the actin cortex on the electroporation of cells, we have 
prepared GUVs with an encapsulated actin network that forms a biomimetic cortex and 
exposed them to electric pulses. Time-lapse imaging of the membrane revealed that the 
increased rigidity of the GUVs due to the rigidification by the actin network [53] inhibits 
large deformation of the GUVs during the electric pulses. Additionally, we found that 
the actin layer prevents the formation of large pores, referred to as macropores. Finally, 
we observed that membrane resealing after pulse application is significantly longer in the 
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presence of the actin shell than for a bare membrane. Interestingly, time-lapse imaging of 
actin revealed that, at higher electric fields, the electric pulses cause depolymerization of 
the actin shell. Based on the estimation of the relevant forces, we suggest that actin shell 
disruption is predominantly triggered by the electrophoretic forces on the actin filaments 
during the pulses. 

Although our biomimetic cortex is still far from mimicking the actual actin cortex of a 
living cell, the behaviour of the actin-encapsulated GUVs already show the relevance of 
modelling the plasma membrane more closely. Our results provide the first step towards 
understanding the major differences between the electroporation of living cells and 
GUVs such as (lack of) macropore formation and the resealing dynamics of the defects. 
Consequently, these actin-supported GUVs enable exploring the behaviour of more 
complex systems, such as the mechanism of electro-gene transfection.
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S 4 APPENDIX
S 4.1 Movie captions
Supplementary movie S4.1.1. The empty GUV of Figure 4.2B during a 500 µs pulse of 
220 V/mm. The scale bar in the movie is 5 µm. The actual duration of the movie is 19.62 
ms.

Supplementary movie S4.1.2. The actin-encapsulated GUV of Figure 4.2C during a 500 
µs pulse of 130 V/mm. The scale bar in the movie is 5 µm. The actual duration of the movie 
is 5.45 ms.

Supplementary movie S4.1.3. The disruption of the actin network of the actin-
encapsulated GUV shown in Figure 4.5B. The GUV membrane is shown in red, and the 
actin network in green. The scale bar in the movie is 5 µm. The movie is speed up 34 times, 
the actual duration of the movie is 378 s.

S 4.2 Visualization of the actin shell

Figure S4.2.1. Three z-stacks of confocal images of the formed actin network. For these images, only 
the actin is fluorescently labelled. The scale bar in all images is 5 µm.
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S 4.3 Polymerisation on the outside of the GUV
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Figure S4.3.1. Polymerisation on the outside of empty GUVs. Top: Empty GUVs with an outside 
concentration of actin and MgCl2 of the overnight-conditions (1.55 μM actin and 6 mM MgCl2). 
Bottom: Empty GUVs with an outside concentration of actin and MgCl2 during the electroporation 
experiments (0.04 μM actin and 19 mM MgCl2). The red fluorescence signal shows the membrane, 
and the green fluorescence signal shows the actin. The histograms on the right gives the histogram 
of the intensity at 488 nm, the excitation wavelength for the actin network. The background intensity 
is obtained from empty GUVs in the absence of actin, imaged at the same conditions. In both cases, 
no polymerisation of the actin monomers on the outside of the GUVs and no significant increase in 
the intensity at 488 nm is observed. The scale bar in all images is 10 μm.
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S 4.4 Photobleaching correction
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Figure S4.4.1. (A) The correction of the intensity loss of the actin, normalized over the initial 
intensity, during the electroporation experiments for photobleaching, as discussed in the main text. 
The time interval between the scans is 7.07 seconds. (B) Three images at different times during the 
experiment, indicated in the graph (B1, B2 and B3), where the signal of the membrane is depicted in 
red and the signal of the actin cortex in green. The scale bar in all images is 5 µm.
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S 4.5 Background signal of confocal experiments
The fluorescent signal of the actin network is obtained by determining the gray value of 
a square surface that fits the maximum size of the GUV in the different imaging planes 
(indicated in red in Figure S4.5.1). Therefore, the intensity decrease that we observed upon 
the application of electric pulses includes both the actin network and actin in the bulk 
of the GUVs. Based on our estimates of the forces acting on the actin filaments during 
the pulse, electrophoretic forces can disrupt the actin network into single filaments. 
Consequently, one would expect that either the intensity in the bulk of the GUV increases 
(when the actin remains in the GUV), or intensity on the outside of the GUV increases 
if the membrane is permeabilized (i.e. the background). However, since the GUV 
concentration is dilute and the expelled actin can diffuse freely, we do not expect to be able 
to detect any increase in fluorescence of the background. The fluorescence intensity of the 
bulk actin inside the GUV can only be determined from the equatorial plane (indicated 
in blue in Figure S4.5.1), whereas the fluorescent intensity of the actin network can be 
obtained from the complete z-stack. Consequently, the mean intensity of the GUV is 
dominated by the fluorescent signal of the actin network, as can be seen in Figure S4.5.1B. 
As the electroporation experiments continue, photobleaching takes place, reducing 
the total actin signal, as can be seen in Figure S4.5.1C. Therefore, both the background 
fluorescent intensity and the inside fluorescent intensity approach the noise level of our 
camera. We are therefore unable to conclude whether the actin remains in the bulk of 
the GUV or is expelled. We did not observe any re-polymerization in any experiments at 
higher electric fields (> 150 V/mm), suggesting that some actin may have been expelled, 
lowering the concentration on the inside of the GUV below the critical concentration for 
polymerization. However, it must be noted that as the GUVs are permeabilized by the 
electric pulse, other side effects may affect the re-polymerization of actin network (such as 
local pH fluctuations and local Mg2+ concentration changes).
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Figure S4.5.1. The gray levels of different regions of the confocal images. (A) A confocal image 
showing the areas of interest: background (red), inside of the GUV (blue) and the squared area 
around the GUV (red). (B) The gray values at the three regions of interest during the first pulse (~ 
100 V/mm). (C) The gray values at the three regions of interest during the last pulse (~ 320 V/mm). 
The dotted lines indicate the mean values before and after the pulse. The error bar is 5 µm.
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S 4.6 Thickness of the actin network

Figure S4.6.1. The relation between the thickness of the the actin cortexes and the radius of all 
reported GUVs. The thickness of the actin cortexes has been determined by use of the confocal 
images and are used as an estimate of the cortex thickness for the force calculations.
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S 4.7 Electric field inside an electroporated GUV
We numerically calculated the electric field inside an electroporated GUV using Comsol 
Multiphysics software, similarly as in previous works [1, 2]. The model of a GUV exposed 
to an electric field E is built in a 2D axisymmetric coordinate system (Figure S4.7.1). A 
spherical GUV is positioned inside a cylindrical domain representing the external liquid. 
The exposure of the GUV to an electric pulse is modelled by assigning an electric potential 
to two opposite sides of the external domain (Figure S4.7.1). The electric potential 
distribution Ψ is calculated by

					     (S4.1)

where λi,e and єi,e denote, respectively, the conductivity and the dielectric permittivity of 
the internal (subscript i) or external (subscript e) liquid. The GUV membrane is modelled 
via a boundary condition, which describes the continuity of the normal component of the 
electric current density J across the membrane

					     (S4.2)

where n denotes the unit vector normal to the membrane surface, and Gm and Cm denote 
the membrane conductance and capacitance, respectively. The transmembrane voltage 
Ψm corresponds to the difference between the electric potentials on the two sides of the 
membrane. Membrane electroporation is included into the model by solving the ordinary 
differential equation, which describes the density of electropores created in the membrane 
under the influence of the induced transmembrane voltage [3]

					     (S4.3)

Since electropores conduct ions, they increase the membrane conductance, which in 
turn affects the transmembrane voltage. The increase in membrane conductance due to 
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Figure S4.7.1. A 2-D schematic geometry of a spherical GUV exposed to an electrical field E inside 
a cylindrical domain representing the external liquid.
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electropores is [2] 

					     (S4.4)

where rp, λp, and dm are the pore radius, conductivity of the solution inside the pore, and 
membrane thickness, respectively. The total membrane conductance Gm in equation (S4.2) 
is calculated at each time step as the sum of the passive membrane conductance Gm0 and 
the conductance due to electropores Gep. The values of the model parameters are given in 
Table S4.7.1.

Figure S4.7.2.A shows the magnitude of the electric field inside and around the GUV at 
the end of 150 V/mm pulse (500 µs). Note that the electric field values are normalized with 
respect to the applied electric field, Eapp = 150 V/mm. Figure S4.7.2.B depicts the electric 
field inside the GUV at two points beneath the membrane. The first point is located at 
the pole of the GUV (where the membrane normal is parallel to the applied electric field) 
and the second point is located at the equator of the GUV (where the membrane normal 
is perpendicular to the applied electric field). At both points the electric field is directed 
parallel to the applied electric field. As shown, the maximum electric field induced 
inside the GUV after the electroporation is about 0.2 Eapp and 0.8 Eapp for the vesicle size 
of R = 10 µm. 
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Parameter Symbol Value Reference 
GUV radius R 10 µm Experiment 
Electrical conductivity of internal and external fluid 𝜆𝜆𝜆𝜆𝑖𝑖𝑖𝑖  𝜆𝜆𝜆𝜆𝑒𝑒𝑒𝑒 0.3 S/m * 
Dielectric permittivity of internal and external fluid 𝜖𝜖𝜖𝜖𝑖𝑖𝑖𝑖 𝜖𝜖𝜖𝜖𝑒𝑒𝑒𝑒 80 [4] 
Passive membrane conductance 𝐺𝐺𝐺𝐺𝑚𝑚𝑚𝑚0 =  𝜆𝜆𝜆𝜆𝑚𝑚𝑚𝑚0/𝑑𝑑𝑑𝑑𝑚𝑚𝑚𝑚 0.25 S/m2 [4] 
Membrane conductivity 𝜆𝜆𝜆𝜆𝑚𝑚𝑚𝑚0 10-9 S/m [4] 
Membrane capacitance 𝐶𝐶𝐶𝐶𝑚𝑚𝑚𝑚 0.7 µF/cm2 [4] 
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Electroporation parameter α 109 m-2s-1 [3] 
Characteristic voltage of electroporation Vep 0.258 V [3] 
Electroporation constant 𝑞𝑞𝑞𝑞 2.46 [3] 
Equilibrium pore density 𝑑𝑑𝑑𝑑0 15×109 m-2 [3] 
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Characteristic voltage of electroporation Vep 0.258 V [3] 
Electroporation constant 𝑞𝑞𝑞𝑞 2.46 [3] 
Equilibrium pore density 𝑑𝑑𝑑𝑑0 15×109 m-2 [3] 
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* The conductivity was estimated as the conductivity of an aqueous solution of 19 mM, MgCl2; we 
took tabulated values [5] for 53 mM (0.5 % mass) MgCl2 and 106 mM (1.0 % mass) MgCl2 and used 
linear extrapolation to obtain the conductivity of 19 mM MgCl2.

Table S4.7.1. Model parameters
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Figure S4.7.2. Magnitude of the electric field inside and around a GUV of size 10 µm exposed to an 
electric field of 150 V/mm. The electric field is directed from left to right. As shown, the maximum 
induced electric field inside occurs around the poles. 

Photobleached intensity

Figure S4.8.1. The averaged normalized intensity of the actin cortex of all GUVs plotted against 
the calculated transmembrane voltage (TMV). Since the transmembrane cannot increase as soon 
as the membrane is permeabilized, the estimated TMV is a theoretical value. The GUVs have been 
exposed to ramping up pulses (ranging from 10 – 300 V/mm with steps of approximately 10 V/mm) 
and immediate high pulses (ranging from 300 – 1000 V/mm with steps of approximately 200 V/
mm), where only 2 to 4 pulses were applied of increasing field. It shows that the intensity decreases 
above the critical TMV of 1 V, which is in the electroporative regime.
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5.1 CONCLUSIONS
The objective of this thesis is to unravel the mechanism of electroporation at the cellular 
level by modifying the simplified model of an empty GUV. GUVs provide the unique 
opportunity to decouple the electroporation mechanism of the membrane from the 
complex biological responses of a living cell triggered during electroporation. They are 
easy to prepare, tuneable in size and versatile in composition. Most studies have focused 
on GUVs composed of fluid-phase lipids, similar to the first study in this thesis. These 
fluid-phase GUVs exhibit the formation during the pulse of macro-pores, that reseal 
afterwards in hundreds of milliseconds. This phenomenon is often accompanied with 
shrinkage of the GUV, due to the electrical forces acting on the fluid-phase membrane. 
The three observations of macro-pore formation, fast resealing of the pore and shrinkage 
of the vesicle are universal for all fluid-phase GUVs, independent of the molecular 
architecture of the lipids. The majority of the cell membrane consists of fluid-phase 
lipids. However, these observations on pure fluid-phase GUVs are inconsistent with the 
observations of living cells. Therefore, fluid-phase GUVs cannot describe the pores of a 
living cell, showing that more cellular components are involved than solely a fluid-phase 
membrane. 

By further developing the vesicle as a simplified model of the cell, we are bridging the gap 
between the electroporation of a single cell and of an empty GUV. The cellular membrane 
consists of a heterogeneous composition of lipids combined with rigid domains, and 
connected to the framework of the actin cortex. In this thesis, we have focused on these 
two aspects, the heterogeneity of the membrane and the actin-cortex adjacent to the 
membrane, of which the conclusions will be discussed below.

5.1.1 Empty vesicles in electric fields
Empty fluid-phase GUVs have been used to determine the response of the membrane to 
electric fields. Non-electroporative fields cause electrodeformations of the vesicles, due 
to the Maxwell stress. The degree of deformation is governed by the elastic stretching 
modulus of the membrane. In the presence of ions, based on the pulse duration, strength 
and conductivity ratio of the internal and external solutions (χ = λi /λe, where λi and 
λe represent the conductivity of the internal and external solutions) the GUV can be 
deformed either along the electric field lines into a prolate shape (χ > 1) or perpendicular 
to the field lines into an oblate shape (χ < 1). The two deformations are caused by the 
different charging kinetics of the membrane on both sides. Similarly, GUVs in the 
presence of ions can deform along or perpendicular to the electric field lines, causing 
squared shapes: tube-like deformations (χ > 1), square-like deformations (χ ≈ 1) and 
disk-like deformations (χ < 1). During electroporative pulses the deformations are 
associated with macro-pores in the fluid-phase GUVs. The formation of the macro-pore 
is mainly related to the increase in the membrane tension caused by the electric field. 
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As the pore grows and the internal solvent leaks out, the induced tension is relaxed. The 
closure velocity of the pore is determined by the edge tension of the pore and the leak-out 
of the internal solvent. In addition to the macro-pores, a size reduction of the fluid-phase 
GUVs is observed after the pulse. The size reduction can occur through vesicle formation 
or tubulation or a combination of the two. However, the mechanism underlying these 
observations is unknown. In summary, electroporation of fluid-phase GUVs is associated 
with macro-pore formation together with a GUV size reduction on the form of small 
vesicle formation and tubulation. 

To move towards understanding the response of the heterogeneous cell membrane to 
electric fields, GUVs with different membrane compositions have been studied. Firstly, 
the addition of cholesterol to the fluid-phase lipid bilayer induces a two-phase liquid 
system of liquid ordered and liquid-disordered domains. Based on the architecture of the 
lipids and the cholesterol percentage, the cholesterol can both strengthen and weaken 
the membrane, leading to either an increase or a decrease of the critical transmembrane 
voltage for electroporation. Secondly, mixing two different fluid-phase lipids with a 
different critical electroporation transmembrane voltage results in an intermediate critical 
value. Thirdly, the electroporation mechanism of gel-phase GUVs appears different, 
showing wrinkling and cracks in the membrane instead of the electrodeformations and 
macro-pores of the fluid-phase GUVs related to the Maxwell stresses. Additionally, the 
phase-state determines the critical transmembrane voltage for electroporation, which 
is significantly larger for gel-phase GUVs than for fluid-phase GUVs. In conclusion, a 
heterogeneous membrane results in an intermediate critical transmembrane voltage of 
the bilayer and gel-phase lipids alter the electroporation mechanism of the GUVs due to 
their high bending rigidity.

5.1.2 The response of a heterogeneous membrane to the electric pulse
We have observed that a different electroporation mechanism is operative in fluid-phase 
membranes than in gel-phase membranes. Electrical tension acting during the electric 
pulses applied in electroporation experiments can remove fluid-phase lipids from a GUV, 
due to the low surface viscosity of the lipids. On the contrary, pure gel-phase GUVs 
have a much higher surface viscosity, inhibiting area loss of the GUV during the pulse, 
resulting in buckling. Additionally, the gel-phase lipids prevent macro-pore formation. 
Consequently, fluid-phase GUVs exhibit macro-pore formation accompanied with lipid 
loss whereas gel-phase GUVs display buckling.

Additionally, we have found the electroporation mechanism of binary GUVs, depending 
on the gel-phase lipid percentage. Domains of rigid gel-phase patches in a fluid-phase 
membrane increase the electrical stability of the membrane. An increased buckling effect 
of these GUVs at higher electric fields shows that the electric field can again remove 
the fluid-phase lipids while the gel-phase lipids remain within the GUV. Based on the 
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estimates of the efflux of the GUVs, the pore-sizes appear to be in the same order as 
observed for the fluid-phase GUVs. Moreover, macro-pores have been observed for 
GUVs with a high percentage of gel-phase domains (~ 80%), indicating that the rigid gel-
phase domains are not the limiting factor for the pore growth during the pulse. Therefore, 
the gel-phase domains in the fluid-phase membrane (1) increase the electrical stability 
of the membrane, (2) impose buckling at higher electric fields when most fluid-phase 
lipids have been removed by the electric field, and (3) do not affect the expansion of the 
pores to macro-pores. In conclusions, the findings in this chapter shed light on the role 
of gel-phase domains in the cell membrane, providing an increased electrical stability to 
the membrane while the pore size, and thus the transport across the membrane, is not 
affected. 

5.1.3 Electroporation of an actin-supported membrane
One of the main findings of this thesis is that the presence of the cortex limits the expansion 
of the pore during the pulse, suppressing the formation of macro-pores. These resulting 
microscopically unobservable permeable structures (pore-like structures or not) in the 
membrane are more consistent with the structures reported for living cells. Possibly, the 
growth of the pores is limited to the mesh size of the actin network. Additionally, the 
presence of the actin cortex suppresses significant lipid loss. Similarly to the gel-phase 
membrane, the increased rigidity of the membrane due to the actin cortex does not 
allow lipid loss by the electrical stress. Only after disruption of the cortex, lipid loss can 
take place. Finally, the rigidity of the membrane due to the presence of the actin cortex 
reduces the deformation of the GUVs during pulsation with respect to empty fluid-phase 
GUVs. Increasing the electric fields beyond the electroporation threshold have shown to 
initiate disruption of the actin cortex, triggered by the electrophoretic forces acting on 
the filaments during the pulse. In summary, the actin cortex controls the electroporation 
mechanism as follows: (1) it supresses the formation of macro-pores, most probably due 
to the mesh size of the actin-cortex, (2) the increased rigidity of the actin-supported 
GUV limits the deformation during the pulse, and (3) multiple electroporative pulses 
can disintegrate the actin-cortex. The findings of this chapter both reveal the role of the 
actin-cortex during electroporation, suppressing electrodeformation and macro-pore 
formation, and create new opportunities to reveal the contribution of the intracellular 
components in the electroporation of cells.

5.2 OUTLOOK
In this thesis, we have shown the electroporation mechanisms of GUV systems 
approaching towards a living cell. By preparing binary-phase GUVs and actin-supported 
lipid bilayers, we have systematically increased the knowledge on the electroporation of 
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a living cell. Developing these more complex vesicle systems to study in electric fields is 
the first step towards a fundamental understanding of the electroporation mechanism(s). 
Further exploiting the abilities in the synthetic biology to produce more complex vesicle 
systems is required to understand electroporation at the single cell level. Additionally, the 
physical structure of the electro-pore is still unknown. Moreover, dense vesicle systems 
can create a path towards the control of the electroporation of cell tissue and engineering 
cell tissue creates the opportunity to systematically study the very complex system of 
the human tissue. In conclusion, to fully control electroporation for the use of various 
applications, we must firstly expand the complexity of the vesicle system, secondly zoom 
in to the subcellular level, thirdly study dense vesicle systems as a step towards tissue 
electroporation and finally zoom out to the tissue level by studying engineered cellular 
systems, as will be discussed in the following sections. 

5.2.1 Further increase complexity of the GUV
To increase our knowledge on the electroporation mechanism(s) step-by-step, the GUV 
as a model for the cell can be expanded [1, 2]. The vesicle systems used in this thesis 
have already shown how more complex GUVs can alter the response of GUVs in electric 
fields. The binary GUVs show that gel-phase lipids increase the electrical stability of 
the membrane, without affecting the possibility of macro-pore formation (Chapter 3). 
In addition, we have found that the actin-cortex does inhibit the formation of macro-
pores in the GUV and also increases the life-time of the pores (Chapter 4). However, 
these vesicle systems are still far from modelling the living cell. Synthetic biology has 
developed even further, enabling us create more complex GUV systems [3, 4]. Adjacent 
to the membrane, incorporation of anchoring proteins, such as ezrin, radixin and moesin 
proteins [5, 6], provide a more realistic interaction between the cortex and membrane. 
Moreover, cross-linking proteins, like fimbrin, α-actinin and myosin II, determine the  
integrity of the cortex [7]. Furthermore, in addition to the actin filaments adjacent to the 
membrane, micro-tubules can be grown in GUVs, mimicking the crowded interior of the 
cell. The function of these tubules can be expanded even further by adding motor proteins, 
among which dynein and kinesin, that move across the tubules [8, 9]. Consequently, 
electroporation studies of these more complex systems can reveal two parts of the single 
cell electroporation mechanism: first of all these studies would reveal the role of the 
membrane properties, whether or not influenced by adjacent cellular components, and 
second of all they would create an insight on the contribution of the interior of the cell to 
membrane electroporation.

In addition to the fundamental mechanism of membrane electroporation governed 
by the cellular components, the more extended model of the cell can shed light on the 
electroporation mechanism of macromolecules, such as DNA plasmid. Experiments on 
gene delivery to living cells have shown a more complex delivery mechanism for these 
large molecules, of which the exact mechanism remains unknown. Different suggestions 
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are the transport of the genes through electrophoretic forces, vesicular uptake through 
pulse-mediated membrane-gene interaction and pulse-mediated ion-channel transport 
[10, 11]. Subsequently, after gene-delivery through the membrane, the DNA must reach 
the nucleus of the cell in order to induce gene expression [12, 13]. On the one hand, the 
crowded interior of the cell may inhibit free diffusion of the DNA. On the other hand, the 
molecular motors on the microtubules can provide active transport of the DNA towards 
the nucleus [1, 2]. The suggested modifications to the GUV model discussed above enable 
to study both the transport of the genes through the membrane and the transport of the 
genes inside the crowded cell.

5.2.2 Single pore imaging
Direct visualization of individual electropores in the membrane is challenging due to 
the small sizes of the electropores and the fast dynamics. Rapid freezing of cells after 
electroporation has been one of the first attempts to reveal pores [14]. However, this 
study has led to debate about the side effects of this rapid freezing technique [15]. Sengel 
and Wallace [16] have cleverly used fluorescent microscopy on planer droplet interface 
bilayers. By using this method, they have enabled the visualisation of single pores, their 
distribution of the pores in heterogeneous lipid bilayers and their diffusive behaviour. 
Additionally, Jeuken attempted to image individual pores with atomic force microscopy 
(AFM), providing a resolution in the nanometre scale [17]. No pores have been observed, 
possibly due to the relatively slow imaging technique in the order of minutes with respect 
to the fast dynamics of the pores. 

Using high-speed AFM would combine both the nanometre resolution with the ability 
to do fast imaging with a temporal resolution of hundreds of milliseconds to seconds. 
Moreover, this imaging technique can be carried out under physiological conditions. 
Preliminary results of electroporation experiments using high-speed AFM on planar 
lipid bilayer supported by a gold support are promising. Applying second range pulses 
while scanning with similar temporal resolution has shown potential defects in the 
bilayer (Figure 5.1). Simultaneous conductivity measurements indicate the membrane 
is permeabilized during these observations. These are the first results of this high-speed 
AFM electroporation setup. Further exploring these samples can be used to study the 
pore size as a function of pulse strength and duration. Increasing the probability to 
find the pores would be to use a two-phase system, where it would be expected that the 
pores mainly form in the fluid-phase domains. Due to the difference in heights of the 
gel- and the fluid-phase domains, the two phases can be distinguished from each other. 
Consequently, these high speed AFM experiments on planar lipid bilayers can unravel 
the physical structure of the defects formed during electroporation.

Similarly to the actin-encapsulated GUVs, the lipid bilayer model can be expanded by 
the addition of the actin-cortex below the bilayer. Using this experimental setup of high-
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speed AFM and supported bilayer on gold, the influence of the cortex on the pore size 
can be directly revealed. Therefore, this experimental setup combining high-speed AFM 
imaging with an actin-supported bilayer can provide a step towards finding the physical 
pore structure in cell membranes during electroporation

5.2.3 Reveal shielding effect of multiple GUVs
The work discussed in this thesis up is mainly focussed on the electroporation mechanism 
at the single cell level. These studies mainly focus on the fundamental mechanism(s) 
of electroporation. However, in vitro electroporation of cell suspensions is used for 
clinical and medical applications [18-20]. Low cell density suspension (< 1 vol% cells) 
can be approximated by the single cell electroporation. However, cell suspensions from 
10 vol% cells and cell clusters exhibit an affected transmembrane voltage [19, 21, 22]. 
Additionally, dense cell suspensions, like cell pellets, can bridge the gap going from single 
cell insights to cell tissue systems [23]. The presence of multiple cells in the electric field 
leads to electric shielding effects [21, 22, 24] and requires higher electric pulses in order 
to electroporate the cells [25]. The larger the cell fraction, the lower the percentage of 
electroporated cells and the slower the resealing of the cells. In addition, the molecular 
transport is slowed down by the presence of multiple cells [23, 26, 27]. Systematic studies 
on cells in suspension can be done by using multiple GUV systems. Subsequently, by 
controlling the distribution of the GUVs on a substrate, dependence of the shielding 
effect on the distance between the GUVs can be determined. Due to the size-control 
of the GUVs, the relation between the size of the GUVs and the shielding effect can be 
obtained. Subsequently, using the vesicle models developed in this thesis can be used for 
more systematic studies. This insight can provide a better use of in vitro electroporation 
and simultaneously offer insights in in vivo electroporation of the tissue.

Figure 5.1. (A) A schematic of the high-speed AFM setup for electroporation, not to scale. (B) Three 
snapshots of a high-speed AFM experiment, prior to, during and after pulsing. Multiple pulses of 
12.5 seconds at 600 mV have been applied on a POPC lipid bilayer, supported by a gold substrate. 
Highlighted in blue is the area where a defect is observed during the pulsing. Images are taken at 
12.8 seconds per image. 
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5.2.4 Systematic study on engineered cellular tissue
Electroporation of tissue is already used in several medical applications like 
electrochemotherapy, nonthermal tissue ablation and transdermal drug delivery [28]. 
Using electroporation for these medical applications, the main challenge is to control 
the electric field in the cell tissue, consisting of a heterogeneity of closely packed cells. In 
vivo experiments have shown great promise of the usage of electroporation on tissue for 
medical purposes [28]. By using predictive analytical methods to determine the number 
of electrodes, the geometry of the electrodes and the pulse properties (e.g. shape, strength, 
number), an effective treatment can be established in advance [29-32]. These studies are 
mainly focussed on the top down approach, studying the complex system itself.

Engineering tissue-like materials can be used as a bottom-up approach to unravel 
electroporation at the tissue level. From mid-1980, the field of tissue engineering has 
been introduced and has grown into a prospecting field enabling biomaterial engineering 
[33, 34]. The dermal and transdermal tissue have been successfully engineered [33] and 
microfluidic devices have been used to engineer cell tissue, tumour cells on a chip, and 
even the growth of organ tissue, the so-called “organ-on-a-chip” [35-38]. In these studies, 
both the artificial growth of actual tissue cells is used and the mimicking of certain human 
tissue by use of natural polymers. Both these approaches can enhance the progress in 
the development of electroporation applications as transdermal drug delivery and gene 
therapy. A recent example of the integration of tissue engineering with electroporation is 
the electrotransfer study of DNA into a three-dimensional reconstructed human dermal 
tissue [39, 40]. An extracellular matrix has been made from cell sheets of dermal fibroblasts, 
comparable to the dermis of the skin. The electric pulse experiments on this engineered 
skin tissue has shown that genes can successfully be electrotransferred into the tissue and 
also electrotransfection has been observed. Another example of using tissue engineering 
to study the electroporation of tissue is by mimicking the heterogeneous tissue with 
a potato slice immersed in two kinds of gel phantoms [41]. These potato samples are 
used to validate their numerical model to predict the current density distribution of 
the inhomogeneous tissue. These two examples illustrate how engineered cell tissue can 
expand our knowledge of tissue electroporation. 

Exploiting these opportunities to engineer cell tissue would improve the use of tissue 
electroporation in medical applications. Microfluidic devices have shown great 
promise in culturing cells, providing the spatial control of cell growth [42, 43]. Using 
this approach, successful engineering of tumour models [36] and cell tissue have been 
achieved. Additionally, it enables easy visualisation and the integration of electrodes in 
the chips. Microfluidic concepts have already been used for single cell electroporation 
as single cell electroporation, cell screening and electrofusing [44-49]. Consequently, it 
would be a great system to systematically study the electroporation mechanism of cell 
tissue experimentally, enabling direct translation of the obtained results to medical 
applications. 
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