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Abstract 

 

The effects of cholesterol (chol) in the membranes of giant unilamellar vesicles (GUVs) on 

the size distribution of vesicles and the irreversible electroporation (IRE)-induced pore 

formation in GUVs were investigated. Dioleoylphosphatidylcholine (DOPC)/chol-GUVs 

and dioleoylphosphatidylglycerol (DOPG)/DOPC/chol-GUVs were prepared using the 

natural swelling method. The average sizes of GUVs were obtained from the size 

distribution histograms of vesicles, which were fitted by the lognormal distribution. The 

size of GUVs increased with the increase of chol in neutral and charged membranes. Using 

the theorical approach, the values of bending modulus (Kben) were obtained 19.1  0.1, 

23.1 ± 0.1, 28.6 ± 0.01 and 31.0 ± 0.1 kBT (here kB is the Boltzmann constant and T is the 

absolute temperature) for DOPC/chol-GUVs ratios of 100/0, 85/15, 71/29 and 60/40, 

respectively. The values of Kben were also found to increase with chol for charged 

membrane. IRE signal (pulsating direct current) induced lateral electric tension in the 

membranes of GUVs. The time dependent fraction of intact GUVs among all the examined 

GUVs was fitted to a single exponential decay function from where the rate constant (kp) of 

pore formation was obtained. The values of kp were obtained (1.0 ± 0.1)×10-2 s-1 at 7.0 

mN/m, (2.9 ± 0.3)×10-2 s-1 at 8.0 mN/m, (11.0 ± 0.3)×10-2 s-1 at 9.0 mN/m for ratio of 

DOPG/DOPC/chol-GUVs as 46/39/15. Similar increase of kp was also obtained for other 

chol content. The estimated line tension was observed to increase from 12.9 to 14.6 pN 

with the corresponding increase of chol from 15 to 40 mole%. The increased energy barrier 

in the prepore state, due to the increase of chol, was the main factor for decreasing the kp. 

Hence, the increase of Kben due to chol controlled the kp of IRE-induced pore formation in 

GUVs.  
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CHAPTER 1 

INTRODUCTION 

 

1.1 Background  

When lipid molecules disperse in aqueous solution, the self-assembled system changes into 

the aggregates of different sizes and shapes [1-3]. Such aggregates form bilayer vesicles 

after some specific processes [4-5]. Vesicles are basically closed and spherical structures 

formed by a lipid bilayer ranging from nano to micrometer in size (diameter). Such vesicles 

are used in several researchers as they used model of real cells [6-7]. There are various 

methods for preparing the unilamellar vesicles with different sizes. Among these vesicles, 

giant unilamellar vesicles (GUVs) of diameters 10 m or more have attracted special 

attention as their size and shape can be visualized using an optical microscope [8-12]. Such 

GUVs can be synthesized using the well-known natural swelling method [13-15, 11]. The 

size along with the shape of GUVs gives the opportunity to study the phenomena occurring 

at the single individual vesicle. The GUVs have been used for investigating the 

membrane’s elasticity [14, 16], rupture/pore formation in membranes using 

mechanical/electrical stress [17-20], pore formation due to peptides and nanoparticles [21-

23] etc. Such vesicles are potentially used for delivering the drug to a specific body organ 

[24-27]. 

The natural swelling method is a well-accepted process to obtain the oil-free different sizes 

GUVs [11]. In vesicle’s population the size distribution analysis gives important 

information for the processes of the formation of GUVs. Several experimental and 

theoretical investigations dealing with this problem which explained the fundamental 

principles of the spontaneous lipid vesiculation [28]. The equilibrium size distribution of 

vesicles and the stability of each vesicle in the population are determined by a competition 

between total curvature energy of all vesicles and various sources of entropy of the system 

(i.e., vesicle translation and bilayer undulation). In addition, membrane bending modulus is 

one of the important factors for determining the size distribution of vesicles.  

As it has been known that cholesterol is a basic element of cell membranes which varies up 

to 50 mol% of the total lipid content. Hence, such cholesterol plays important role in 

functioning of real biological system [29]. For example, cholesterol inhibits the formation 

of pores in membranes and increases the line tension of membranes [30-31]. On the other 
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hand, pore forming toxin, lysenin, induces pore formation in the lipid membranes of GUVs 

in presence of cholesterol [32].  The cholesterol has some ordering effects on lipids, the 

effect of cholesterol on the mechanical properties of lipid membranes is controversial, 

leaving open questions about the interaction mechanism between cholesterol and lipids. 

The bending modulus is a most important parameter for determining the mechanical 

property of lipid bilayer. There are many experimental techniques such as 

micromanipulation, tether pulling, vesicle deformation induced by electric fields, nuclear 

magnetic resonance and X-ray diffraction are commonly used to determine the mechanical 

property of cholesterol containing membranes [33, 34]. Among those huge bulk studies, till 

to date there is no commonly accepted theoretical approach that how cholesterol influences 

on the bending modulus of lipid bilayer. From one side, some studies indicated that 

cholesterol rises the membrane bending rigidity [35-41]. In particular, addition of 50 

mole% cholesterol in the membranes of vesicles, the bending modulus increase upto 3-4 

times [42]. But from other side, the effect of cholesterol on bending modulus is not 

universal rather it depends on the types of lipid [43, 44]. Particularly, it was reported that 

that the bending modulus of DOPC membrane does not change significantly with the 

addition of cholesterol, but the sphingomyelin membrane shows higher flexibility [45]. 

Possible causes for such variations are discussed in the reported paper [46]. An illustration 

is provided for showing the structure of cholesterol and the cholesterol containing lipid 

bilayer in Fig. 1.1.  

 

 
 

Fig. 1.1 (a) Structure of cholesterol (b) illustration of cholesterol (c) lipid membrane of 

GUV and (d) cholesterol-rich lipid membrane. [31] 
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Plasma membranes of mammalian cells contain 15-50% cholesterol depending on the types 

of organism [47], which is an important element of lipid rafts involved in signal 

transduction and endocytosis [48, 49]. Cholesterol modulates the physicochemical 

activities of plasma membranes [50], kinetics of voltage-gated ion channels [51], function 

of G-protein coupled receptors [52], rate of motion of hydrophobic tails [53] etc. 

Cholesterol also influences the mechanical stability of membranes, enhancing the 

mechanical strength, affecting membrane elasticity, and increasing packing density of 

lipids by means of the so called ‘condensing and ordering’ effects [54-56]. For the reason 

of the above modification, membranes are less permeable to water, small molecules, and 

ions [57-59]. Incorporation of cholesterol influences the bending rigidity of membranes 

and stiffens them [60]. 

Recently, irreversible electroporation (IRE) technique has been used for the ablation of 

certain tumor and cancer cells. Cell ablation occurred due to the permanent 

permeabilization of the membranes through the application of electric pulses of micro to 

millisecond duration [61, 62]. In order to model cell membranes, bilayers can be prepared 

as vesicle or liposome, which are closed, spherical systems ranging in diameter from 

nanometers to micrometers. The unilamellar vesicles are extensively investigated in 

medical researches for delivering the drug to a specific body organs [63-65, 27]. Among 

the various unilamellar vesicles, giant unilamellar vesicles (GUVs) of diameters 10 m or 

more have attracted special interest because the size and shape of GUVs can be visualized 

using optical microscopes [10, 66-67]. As a mimic of cells, such GUVs are used to 

investigate quite several biophysical phenomena, for example the elasticity of lipid 

membranes [60], rupture/pore formation of vesicles [18, 23, 68, 69], molecular diffusion 

through nano-sized pore [22] and size distribution of vesicles [11, 33]. Artificial 

permeabilization due to transient pore or transmembrane pore in plasma membranes is used 

for various medical and bioengineering purposes [70-72].  

A theoretical model describes the continuous trajectory of pore formation in lipid 

membranes subjected to applied lateral tension or electrical stress. The waiting time of pore 

formation followed a nonmonotonous function of the lateral tension, falling from infinity at 

zero tension to a minimum at several mN/m. On the contrary, electrical stress caused the 

waiting time to decrease monotonously [73]. The kinetics, statistics, and energetics of pore 

formation in lipid membrane studied by molecular dynamics (MD) simulations show a 

linear dependency of the activation energy for prepore formation under applied field [74]. 

The electropore life cycle describes the pore initiation, construction and resealing. The pore 
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creation time depends strongly on the electric field gradient across the membrane interface 

and that the pore annihilation time is weakly dependent on the pore-initiating electric field. 

The pore annihilation time is much longer than the pore creation time [75]. The MD 

simulations of a bare bilayer, a bilayer containing a peptide nanotube channel and a system 

with a peripheral DNA double strand has been performed under a high transverse electrical 

field. In all systems, the applied electric fields induce an electroporation in the lipid 

membrane manifested by the formation of water wires and water channels across the 

membranes. The results suggest the evidence of lateral stress on the bilayer under electric 

field [76]. The pore formation begins with the formation of single-file like water defects 

penetrating into the bilayer under the electric field [77]. The metastability of small 

hydrophilic pore in the lipid membranes is investigated by MD simulations. The 

metastability is due to compensating positive and negative curvature effects at the pore 

edge [78]. Hence, the research on pore formation in the membranes due to electroporation 

is rapidly growing due to its potential applications in biology, biotechnology and medicine 

[79, 80]. The constant-current (chronopotentiometric) measurements of planar bilayer lipid 

membrane demonstrated the constant-intensity current flow through bilayer membranes 

generated fluctuating pores in their structure. The presence of cholesterol in the lipid 

bilayer caused an increase in the value of the breakdown potential. The greater stability of 

the membrane with cholesterol can result from an increased critical pore radius [81]. MD 

simulations shows that the rate of pore formation is much slower at cholesterol containing 

DOPC membranes subjected to a transverse electric field because of the substantial 

increment of membrane cohesion [82]. The MD simulation study of the electroporation of 

lipid bilayers at different cholesterol contents indicated that the addition of cholesterol in 

concentrations of lipid: sterol ranging from 20 to 50 mol% increases substantially the 

membrane cohesion, which is manifested by an increase of the electroporation threshold 

[83]. The increase of the electroporation threshold upon addition of cholesterol, often 

linked to the increase of the stiffness of the bilayer, was studied [84]. The question thus 

arises how cholesterol influences the size distribution of vesicles and the IRE-induced rate 

constant of pore formation in membranes. Exactly this is the focus of this study. 
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1.2 Aims and Objectives  
 

(a) Synthesis of cholesterol-rich neutral and charged membranes of GUVs using the well-    

known natural swelling method. 

(b) Purification of GUVs using the membrane filtering method. 

(c) Investigations on the size distribution of vesicles for estimating the bending modulus of 

membranes.  

(d) Investigations of IRE-induced pore formation in GUVs for different cholesterol in 

charged membranes.  

(e) Statistical analysis for obtaining the probability of pore formation and the rate constant 

of pore formation of GUVs. 

(f) Correlation between the bending modulus of membranes and the rate constant of pore 

formation in vesicles.  

. 

1.3 Outline of Thesis   
 

The thesis paper has been divided into five chapters.  

Chapter one contains general introduction of the size distribution of vesicles, bending 

modulus of membranes, IRE-induced pore formation in GUVs in presence of various 

concentration of cholesterol.  

Chapter two describes the literature review and theoretical aspects. It also includes the 

basic structure of biomembranes, lipid membranes and vesicles.  

Chapter three describes the materials and method which contains the preparation and 

observation of GUVs using optical microscope. 

Chapter four describes the results and discussion. The effects of cholesterol on the bending 

modulus and the IRE-induced rate constant of pore formation in GUVs are described here 

with theoretical explanations.  

Chapter five describes the conclusions of thesis. 

At last, references are included. 



 

Chapter 2 

LITURATURE REVIEW AND THEORETICAL ASPECTS 

 

2.1 Previous Study on Bending Modulus 

Claessens et al. [85] investigated the ionic strength dependent sizes of large unilamellar 

vesicles (LUVs) formed by DOPG and DOPC. Self-consistent field (SCF) calculations on 

charged bilayers show that the mean bending modulus kc and the Gaussian bending 

modulus |k| have opposite sign and |k| > kc; especially at low ionic strength. Fig. 2.1 

presents the result obtained for DOPG in NaCl, NaBr and NaI solution. The initial size of 

vesicles decreases with ionic strength and it was comparable for all three types of salt. 

However, at high ionic strength, the size of vesicles in NaI was always smaller than that of 

vesicles in NaBr, and these were in turn smaller than those in NaCl. The stronger the ion is 

hydrated, the more the bilayer membrane is dehydrated. 

 

 

Fig. 2.1 (a) Radius R of DOPG vesicles as a function of ionic strength. Vesicles were 

prepared by freeze-thawing DOPG vesicles 15 times in NaCl (●), NaBr (○), and NaI (▲). 

(b) Bending modulus, kc versus ionic strength. Data are shown for χw-anion = 0 (●), χw- anion = 

-1 (○), and χw- anion = -2 (▲); in all cases, χw- cation = -2. 
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The experiments show that vesicles in salt solution made by freeze-thaw experiments are 

very likely close to their entropically stabilized size. When vesicles are subjected to the 

freeze-thaw method, the initial size of the vesicles has no influence on the vesicle radius. 

Ion hydration is considered by the choice of the Flory-Huggins interaction parameters χw- 

cation = -2 and χw- anion = -1. In the high ionic strength regime, the radii of the DOPG vesicles 

in NaCl also increase faster with ionic strength than similar vesicles in the other salt 

solutions. Also, for this situation, kc from the calculations and the experimentally 

determined vesicle radius show the same trends in their behavior as a function of ionic 

strength. As the experiments performed here on LUVs diameter of each vesicle cannot 

possible to measure. 

 

Claessens et al. [86] obtained that large negative Gaussian bending modulus associated 

with charged membranes results in an overall curvature energy that is so low that entropic 

stabilization is possible. In Self-consistent field (SCF) calculations, DOPG and DOPC lipid 

molecules were modeled as linear chains with segment sequence C18X2C2X2C18 and 

C18Y2C2Y2C18, respectively. The phospholipid mixtures show a dependence of radius (R) 

on the NaBr concentration that is comparable to what is observed for the pure components 

(Fig. 2.2a).  

 

 

 
Fig. 2.2 (a) The radius of stable DOPG (●), DOPC (○) and mixed DOPG/DOPC vesicles 

(ϕDOPC = 0.1, ■; ϕDOPC = 0.2, □) as a function of NaBr concentrations; (b) The mean 

bending modulus kc of a charged C18X2C2X2C18 at ϕS = 0.0025 (○) and ϕS = 0.01 (●) as a 

function of the charge (in units of e) on the headgroup, Inset: The dependence of kc that 

results from lipid mixing as a function of C18Y2C2Y2C18 in the bilayer. 
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An initial decrease in R is followed by a slight increase of the vesicle radius with CNaBr. In 

phospholipid mixtures, the minimum in R is observed at NaBr concentrations that lie 

between those seen for pure DOPG and DOPC vesicles. The shift in the position of the 

minimum in R (CNaBr) probably results from changes in the surface charge density with 

composition. When the charge on the surfactant head group is decreased from −1e to 

−2/5e, a maximum in kc is observed (Fig. 2.2b). At low ionic strength the maximum occurs 

at a high surface charge, but with increasing ionic strength the maximum is observed to 

shift to lower surface charges. The difference between the two calculated kc curves (Fig. 

2.2a and 2.2b) is expected to be related to mixing of lipids within the bilayer. As a result, 

such vesicles can be stabilized by some translational entropy, most likely assisted by some 

undulation entropy. They collected evidence that the size of the vesicles as produced by 

repetitive freeze-thaw cycles is correlated to the membrane persistence length which is 

related to the mean bending modulus. It was estimated by molecularly realistic SCF 

calculations. The bilayers composed of a mixture of lipids typically do have a lower 

rigidity than expected from the rigidities of the pure lipid bilayers. This relatively low 

rigidity results in a relatively low membrane persistence length. They argue that the sizes of 

the entropically stabilized vesicles composed of DOPC/DOPG mixtures are relatively 

small. 

 

Karal et al. [87] investigated the effects of salt concentrations (C) and DOPG mole fraction 

(X) on the size distribution of DOPG/DOPC-GUVs prepared by the natural swelling 

method. The average size of the vesicles (Dave) was determined using equation (2.2) by 

analyzing the size distribution histograms which was fitted by the theoretical equation 

(2.1). The lognormal distribution is expressed as follows [88]:  

 

  

                                                       (2.1) 

where f (D) indicates the frequency of GUVs with diameter D (probability density 

function), the dimension median ρ (or dimensionless μ lnρ) and σ2 are the distribution 

parameters, and μ is the mean of the distribution of lnD. The value of Dave is expressed as 

follows, 
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The size distribution of GUVs was also fitted using the following equation from where the 

bending modulus of membranes (Kben) was obtained.  

                                  (2.3) 

where, Dm = 2 μm in our case) and L = Ninitφ/4π∆Dm. Equation (2.3) has two fitting 

parameters, Dfreq and Kben (L is normalized parameter).  

 

 

Fig. 2.3 Relationship between the average size (Dave) and the bending modulus of bilayer 

(Kben). (a) Effects of C on Dave and Kben for DOPG mole fraction X = 0.40. (b) Effects of X 

on Dave and Kben at C = 162 mM.  
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Fig.  2.3 shows that both the Dave and Kben decreased with the increase of C in buffer for 

40%DOPG/60%DOPC-GUVs (here, X = 0.40). On the other hand, the values of Dave and 

Kben increased with the increase of X for C = 162 mM NaCl in buffer. If the Kben decreases, 

Dave in the system also decreases. If Kben decreases the bending energy of small vesicles 

also decreases, therefore the fraction of such vesicles in assemble increases as result the 

average size of all vesicles decreases.  

 

Rawicz et al. [89] investigated the effect of chain length and unsaturation on lipid bilayers. 

They used micropipette aspiration technique for measuring the bending modulus (kc) and 

area compressibility modulus (KA) of phosphatidylcholine (PC) membranes. Fig. 2.4 

shows the change of area expansion of GUVs with applied tension. Bending modulus 

was derived from measurements of apparent expansion in vesicle surface area under 

very low tensions (0.001– 0.5 mN/m), which was dominated by smoothing of thermal 

bending undulations.  

 

 
 

Fig. 2.4 Video micrograph of a vesicle area expansion test. (a) The vesicle at low 

tension. (b) The vesicle at high tension. The change in projection length is proportional 

to the change in apparent surface area. 

 

Area stretch modulus was obtained from measurements of vesicle surface expansion under 

higher tension (0.5 mN/m and above), which involve an increase in area per molecule and a 
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small-but important contribution from smoothing of residual thermal undulations. Though 

the elastic modulus was same for all PC membranes, however, bending rigidity with 

polyunsaturation decreased significantly. The tension dependent change of area for 

different membranes is shown in Fig. 2.5. 

 

 

 

 

Fig.  2.5 (A) Linear plot of tension versus apparent area expansion. (B) Semilog plot of 

tension versus apparent area expansion. Slopes of the linear fits (dashed lines) applied to 

the range of very low tensions yield elastic bending moduli kc (× 8/kBT ) for each bilayer 

(kc =  0.9 × 10-19 J for C18:0/1 and kc = 0.4 × 10-19 J for diC18:3).  

 

Pan et al. [90] investigated the effect of cholesterol on structural and mechanical 

properties of membranes (Fig. 2.6). They have shown the effects of cholesterol on 

membrane bending modulus KC, membrane thickness DHH, the partial and apparent areas of 

cholesterol and lipid and the order parameter Sxray  are depend upon the number of saturated 

hydrocarbon chains in the lipid molecules. Particularly striking is the result that up to 40% 

cholesterol does not increase the bending modulus KC of membranes composed of 

phosphatidylcholine lipids with two cis monounsaturated chains, although it does have the 

expected stiffening effect on membranes composed of lipids with two saturated chains. 

They have used five sample of lipid such as DOPC, SOPC, DMPC, DPPC and diC22:1PC. 

In their result, they have shown that as cholesterol concentration c increases, KC for DMPC 
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increases rapidly and at c = 0.3, it is already more than fourfold larger than at c = 0. 

Increasing KC decreases the intensity of the diffuse scattering required for the method, 

which is why only KC up to c = 0.3 for DMPC is obtained.  For SOPC KC also increases, but 

not as dramatically as for DMPC, and above c = 0.3 it levels off. The results for SOPC are 

like results for POPC which has two fewer carbons in its saturated sn-1 chain. The leveling 

off KC has also been observed for SOPC/cholesterol and POPC/ergosterol. Their more 

surprising result is that both DOPC and diC22:1PC have essentially constant KC for c up to 

0.4.  

 

 

Fig. 2.6 Bending modulus KC for bilayers of four lipids with   cholesterol mole fraction c 

at 30 °C. 

However, it had not been emphasized that the overall phenomenological description is that 

the effect of cholesterol on KC increases dramatically with the number of saturated chains. 

Since cholesterol does not increase KC in DOPC has been thrice confirmed using entirely 

different techniques on giant unilamellar vesicles. Quantitatively, the polymer brush theory 

predicts that the area modulus KA is the same for all lipid bilayers. These KC results 

motivate a theory of elastic moduli in the high cholesterol limit and they challenge the 

relevance of universality concepts. Although most of the results were obtained at 30 °C, 

additional data at other temperatures to allow consideration of a reduced temperature 

variable do not support universality for the effect of cholesterol on all lipid bilayers. If the 

concept of universality is to be valid, different numbers of saturated chains must be 

considered to create different universality classes. 



13 
 

 
 

 

Genova et al. [91] investigated the influence of cholesterol on the bending modulus of 

SOPC membrane throughout a considerably wide interval of concentrations. Thermally 

induced shape fluctuations of giant quasi-spherical lipid vesicles were used to study the 

influence of cholesterol on the bending modulus (kc) of membrane. At low concentration of 

cholesterol, a decrease of the bending elasticity modulus is observed and compared to pure 

SOPC membrane. At high cholesterol content, a two-fold increase of bending modulus is 

also obtained. The data for kc for mixed SOPC- cholesterol membrane is compared to the 

results obtained by different methods on different lipid matrices. Table 2.1 represents the 

cholesterol dependent bending modulus of SOPC membranes.  

 

Table 2.1 Bending modulus of SOPC-GUVs containing different concentration of 

cholesterol.  

 

Cholesterol concentration (mol %) Bending modulus kc 1019 (J ) 

0 1.70 ± 0.10 

10 1.56 ± 0.05 

20 1.98 ± 0.11 

30 2.02 ± 0.09 

50 2.67 ± 0.13 

 

 

2.2 Previous Study on Electroporation 

Electroporation or electropermeabilization is a technique in which an electrical field is 

applied to cells in order to increase the permeability of cell membrane, allowing chemicals, 

drugs or DNA into the cells [92, 93]. IRE is a soft tissue ablation technique using short but 

strong electrical fields to create permanent and hence lethal nanopores in the cell 

membrane, to disrupt cellular homeostasis. The cell death results from induced  

apoptosis or necrosis induced by either membrane disruption or secondary breakdown of 

the membrane due to transmembrane transfer of electrolytes and adenosine triphosphate 

[94-106]. The first generation of IRE for clinical use, in the form of the NanoKnife System, 

became commercially available for research purposes in 2009, solely for the surgical 

ablation of soft tissue tumors [97]. Cancerous tissue ablation via IRE appears to show 

https://en.wikipedia.org/wiki/Electrical_field
https://en.wikipedia.org/wiki/Cell_membrane
https://en.wikipedia.org/wiki/DNA
https://en.wikipedia.org/wiki/Ablation#Medicine
https://en.wikipedia.org/wiki/Electric_field
https://en.wikipedia.org/wiki/Apoptosis
https://en.wikipedia.org/wiki/Necrosis
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significant cancer specific immunological responses which are currently being evaluated 

alone and in combination with cancer immunotherapy [98-102].  

 

Rubinsky et al. [103] investigated to treat the hepatocarcinomas by means of IRE. They 

reported an experimental study on pig livers where the electrodes were inserted 

percutaneously, without exposing the liver, and the histological samples were analyzed 

with apoptotic markers. Equivalent observations were obtained (lesion manifestation by 

ultrasonography and sharp transition zone between ablated and normal tissue). They 

investigated in their report that the IRE pulse parameters were bipolar electroporation 2.5 

kV pulse applied in a train of eight 100 microsecond pulses separated by 100 milliseconds. 

Fig. 2.7 shows the treatment planning and surgical protocol for IRE ablation in pig liver. 

Four electrodes 18 gage stainless steel electrodes with 1.5 cm distance between probes 

were used in the investigations. In Fig. 2.7(A), the results of mathematical analysis of two 

electrode system showing constant electrical field. The numbers on the figures indicate the 

magnitude of the electrical field in increments of 100 V/cm starting from 100 V/cm (outer 

isoline). The power delivered during each pulse is 1.2 J per cm depth of electrode. In Fig. 

2.7(B), the results of mathematical analysis of four electrode system show constant 

electrical field magnitude isolines due to the superposition of the application of the IRE 

pulses between the four pairs of IRE electrodes. The numbers on the figures indicate the 

magnitude of the electrical field in increments of 100 V/cm starting from 600 V/cm (outer 

isoline). Experiments have shown that 600 V/cm induces irreversible electroporation in 

liver. In Fig. 2.7(C), the photograph of application of electroporation probes with 

ultrasound and in Fig. 2.7(D), insertion of a set of four electrodes are shown. They found 

the results from these parameters because the sequence of eight 100 microsecond pulses 

separated by 100 milliseconds was conventionally used in reversible data and previous 

information was available for the electrical field magnitude that separated between 

reversible and irreversible electroporation.  

 

https://en.wikipedia.org/wiki/Cancer_immunotherapy
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Fig. 2.7 Treatment planning and surgical protocol for irreversible electroporation ablation 

in the pig liver. [103] 

 

In Fig. 2.8(A), margin of ablated area (bottom half) and unaffected area (top half) are 

shown. Focal dark areas are necrotic hepatocytes with calcification. In Fig. 2.8(B), margin 

of ablated area (left) and unaffected area (right) are shown. Focal dark areas are necrotic 

hepatocytes with calcification. In Fig. 2.8(C), central area of ablation is shown. Hepatocytes 

have hypereosinophilic cytoplasm and pyknotic nuclei. Sinusoids are congested. Scale bar 

100 micron. In Fig. 2.8(D), normal area of hepatic parenchyma for comparison to ablated 

region. In Fig. 2.8(E), area of hepatic necrosis with hypereosinophilic cytoplasm and 

pyknotic nuclei is shown. Aggregate of hepatocytes at bottom also contain calcium. In Fig. 

2.8(F), area of hepatic necrosis with hypereosinophilic cytoplasm and pyknotic nuclei are 

shown. Hepatocytes are separated by hemorrhage. In Fig. 2.8(G), brown granular pigment 

is calcium in areas of hepatic necrosis of ablated region is shown.  
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Fig. 2.8 Microscopic histology of IRE ablation in the pig liver, 24 hours post IRE. Scale bar 

in (A) 500 m (B, C) 100 m, and (C, D, E) 25 m. [103] 

 

Riske et al. [104] investigated the rupture of charged 50%POPG/50%POPC-GUVs (% 

indicates mole %) subjected to high electric filed. Strong electric pulses applied to GUVs 

induce the formation of pores, which reseal within milliseconds. They studied the response 

of GUVs to such pulses. Vesicles composed of charged membranes in a buffer solution of 

HEPES and EDTA exhibited the same behavior as observed with neutral GUVs. 

Surprisingly, when the medium was changed to a nonbuffered solution with or without salt, 

the vesicles bursted and disintegrated to tubular structures after the pulse is applied. A fast-

digital camera and confocal microscopy were used to observe the dynamics of vesicle 

rupture and the membrane reorganization after the applied pulse as shown in Fig. 2.9. The 

experiments suggested that the membrane charge plays a significant role for the rupturing 

of GUVs. Vesicles made of lipid extract from human plasma membranes behave the same 

fashion, implying that the reported bilayer reorganization may also occur to a certain 

degree in the membrane of electroporated cells. 
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Fig. 2.9 Bursting vesicles. (a) Pulse-induced bursting of a 50%POPG/50%POPC-GUVs. 

The images were obtained with phase contrast (top) and confocal microscopy (bottom). 

The DC pulse applied was 1.4 kV/cm and 200 μs. The approximate time after the 

beginning of the pulse is marked; note that the scanning speed is 2.62 fps. The last image is 

a magnified fraction (refocused). The scale bars correspond to 15 μm. 

 

Karal et al. [105] investigated the effects of electrostatic interactions on the rate constant 

(kp) for mechanical tension induced pore formation in GUVs. The mechanical tension was 

applied by the micropipette aspiration technique. They changed the salt concentration (C) 

of buffer solution as well as the DOPG mole fraction (X) in lipid membranes. They 

obtained the results that with the decrease of salt concentration and increased the DOPG 

mole fraction, the rate constant of pore formation increases.  

Using the mean first passage time approach the rate constant of the formation of pore in 

membranes was determined as follows [106], 
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where h is the thickness of membrane,  is the membrane surface charge density, w is the 

relative dielectric constant of water, 0 is the permittivity of free space, 02 AXp B   
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and 21 pq  , 1/ is the Debye length (0.76 nm), Bjerrum length in water at 25 C 

is nm716.04 0
2  wkTeB  , kB is Boltzmann constant, T is absolute temperature, 

and  is the fitting parameter. Fig. 2.10 shows the obtained results from the study. At 12 

mM NaCl concentration (C) in buffer solution, the rate constant of pore formation 

increased with the applied tension [Fig. 2.10(a), open squares]. The similar results were 

also obtained for C = 162 (with Debye length 0.76 nm and 312 mM NaCl in buffer. Fig. 

2.10(a) shows that with a decrease in C, the tension required to induce pores decreased. 

Electrostatic interactions in buffer increase with a decrease in salt concentration because 

shielding of the membrane surface charge by counterions decreases (i.e., the Debye length 

increases) [107]. Hence, Fig. 2.10(a) indicates that kp increases with an increase in the 

extent of electrostatic interaction.  

 

 

Fig. 2.10 Tension dependence of rate constant of pore formation (kp) for DOPG/DOPC-GUVs 

for different DOPG mole fraction (X) and NaCl concentration (C). The solid lines show the 

best-fit theoretical curves of equation (2.4) with Dr = 165 nm2/s and  = 0.45. (a) Effect of 

C for 40%DOPG/60%DOPC-GUVs (i.e., X = 0.40). C = 12 mM (open circle), 162 mM 

(closed circle), and 312 mM (open square). (b) Effect of X at C = 162 mM. X = 0.70 (open 

circle), X = 0.40 (closed circle), X = 0.10 (open square) and X = 0.0 (closed square).  

 

They also investigated the effects of surface charge density, which is controlled by DOPG 

mole fraction (X) in membranes, on the rate constant of pore formation. Fig. 2.10(b) shows 

that with an increase in X, the tension required to induce pores decreased. Comparing the 

data for the same tension, but for different X, kp increases with an increase in X. Therefore, 
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the results in figure clearly show that kp increases with the increase of electrostatic 

interactions in the membranes of vesicles. 

 

Karal et al. [108] investigated the electrostatic effects on the electrical tension (σc)-induced 

irreversible rate constant (kp) of pore formation in GUVs. The DOPG/DOPC-GUVs were 

prepared using the natural swelling method. The rate constant of pore formation increased 

with the decrease of salt concentration in buffer along with the increased of surface charge 

density of membranes (Fig. 2.11). Fig. 2.11(A) shows the σc dependent kp values for C = 

62, 162 and 262 mM using 40%DOPG/60%DOPC-GUVs. Similarly, Fig. 2.11(B) shows 

the σc dependent kp values for X = 0.60, 0.40, 0.20 and 0.10 at C = 162 mM. In both 

systems, the value of kp increases with the increase of σc. The experimental results of σc vs 

kp was fitted with the theoretical equation (eq. 2.4) and obtained the line tension of 

membranes. The solid lines show the best fitted theoretical curves corresponding to 

equation (2.4). The decrease in energy barrier of a prepore due to electrostatic interaction 

was the key factor causing an increase of rate constant of pore formation.  

As is known, ions of solution in colloidal systems shield the surface charges of membrane 

lipids and hence reduce the effects of electrostatic interactions. The higher the 

concentration of salt in the solution, the weaker the electrostatic effects in the system. 

Again, as the surface charge density in membrane increases the repulsive force between the 

lipid molecules also increases and hence increase the electrostatic effects. These statements 

support our investigations that as the electrostatic interaction increases in the membranes 

(decrease of salt concentration or increase of surface charge density) the probability of pore 

formation and the rate constant of pore formation increase. Therefore, the results presented 

in Fig. 2.11 clearly indicate that electrostatic interactions play an important role in 

processes of the formation of pores in the membranes of GUVs.  
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Fig. 2.11 The electric tension (σc) dependent kp for different salt concentrations (C) and 

DOPG mole fraction (X). (A) The σc dependent kp value for C = 62 mM (open 

circle), C = 162 mM (open square) and C = 262 mM (open triangle) using 

40%DOPG/60%DOPC-GUVs (i.e., X = 0.40). (B) The σc dependent kp for X = 0.60 

(open triangle), 0.40 (open square), 0.20 (open diamond) and 0.10 (open circle) at 

C = 162 mM. The solid lines show the best fitted theoretical curves corresponding to 

equation (2.4). 

 

2.3 Membrane Curvature and Bending 

Mechanical property of membranes is two types. One is bending modulus or bending 

rigidity, and another is elastic modulus or area compressibility modulus. Bending modulus 

is defined as a quantity in which strain due to stress is not change proportionally. It 

generally occurred at lower (0.001 - 0.5 mN/m) applied tension. Cell can easily bend due to 

this modulus. The bending modulus is one of the most important properties of lipid 

membranes, playing an important role in several biological processes including exo- and 

endocytosis, vesicle fusion, and the regulation of membrane protein activity. Elastic 

modulus of membrane is defined as a quantity in which stress and strain changes 
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proportionally. It generally occurred at relatively higher (0.5 mN/m and above) applied 

tension. Cell can easily expand due to this modulus. The bilayer obeys a simple continuum 

theory characterized by a very small number of effective material parameters. The bending 

modulus is a mechanical macroscopic constant that describes the tendency of a certain 

material to resist bending. In the case of a lipid membrane, it is defined as the energy 

required for deforming the bilayer from its intrinsic curvature to some other curvature and is 

undoubtedly one of the most important properties of bilayer. It plays an important role in 

many biological situations, including endocytosis [109], the organization of membrane 

trafficking [110], and membrane fusion [111].  According to the theory of Helfrich [112], if 

the membrane is modeled as a two-dimensional elastic sheet, the curvature energy per unit 

area can be expressed as, 

 

                                    (2.6) 

 

where c1 = 1/R1 and c2 = 1/R2 are the two main curvatures, c0 is the spontaneous curvature, 

K the gaussian curvature,  the gaussian modulus and Kc the bending modulus. If the 

membrane topology is fixed, the second term is a constant, and if the bilayer is symmetric 

c0 is equal to zero. Thus, in the simplest case, the only parameter characterizing membrane 

rigidity is the bending modulus Kc, and the optimum configuration is the flat one. However, 

thermal undulations lead to local displacements. It has been considered u(r) the vertical 

displacement of each point of the membrane, identified by r, with respect to the horizontal 

plane of the flat membrane. These displacements can be expressed in terms of plane waves. 

Considering the membrane surface tension γ, and working in the reciprocal space, the 

power spectrum <uq
2> dependence on the wave vector q can be derived, using the 

equipartition theorem [113].  

 

                             (2.7) 

 

where, A is the area of a squared piece of membrane. Thus, in the case of vanishing (or 

negligible) surface tension, simple q-4 dependence is found. Since the only parameter left is 

Kc, this result gives origin to the most common experimental and numerical methods to 

determine the bending modulus from the thermal undulation spectrum.  
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2.4 Biomembranes 

Biomembranes are one of the most important elements of cells (Fig. 2.12). It represents 

an envelope of the cell with unique barrier function that provides directional transport of 

species into the cell and waste and toxic compounds out of the cell. In addition, channel 

proteins maintaining non-equilibrium ion distribution between the extra cellular and 

cytoplasmic of cells. Hence, biomembranes provide not only structural and barrier 

functions but also contain integral and peripheral proteins that are responsible for 

communication of the cell with surrounding environment. They have receptor function 

and are responsible also for transfer of the signals into the cell by means of sophisticated 

signaling pathways. In a membrane, there are several catalytical processes are 

concentrated, for example the energy transduction connected with synthesis of 

energetically reaches molecule adenosine triphosphates (ATP) [114].  

 

 
 

Fig. 2.12 The structure of biomembrane. 

 

Biomembranes are permeable only to very small molecules like water, oxygen and 

carbon dioxide and to a very small degree of polar compounds of hydrophobic 

molecules. These molecules are either transported into the cell via endocytosis or 

through membrane proteins that allow a controlled carriage through pores and channels 

or by active transport. Under physiological conditions the cell keeps chemical gradients 

for Na
+ and K

+ across the cell membrane to facilitate the membrane potential that is vital 

to many cellular functions. Most cellular reactions are controlled by the Ca2+ signaling 
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system and the concentration of free Ca2+ in the cytoplasm is under strict control. It is 

kept very low (~0.1 μm) inside the cell, while the outside concentrations of free Ca2+ are 

multifold higher (~1.3 mM). High levels of intracellular ATP entertain the different 

active ports that maintain these gradients and sustain the energy-dependent cellular 

processes which the cell integrity depends on.  

 

2.5 Lipid Membranes  
[ 

Lipids are nonpolar compounds which are soluble in nonpolar solvents. It is the major 

component of all types of biomembranes [115]. Based on chemical structure and 

constitution, lipids are broadly classified into simple lipids and complex lipids. Simple 

lipids contain a trihydric alcohol, glycerol and long chain fatty acids. The carboxyl groups 

of the fatty acids are ester-linked to the hydroxyl groups of glycerol. The fatty acids 

present in simple     lipids have generally 16 or 18 carbon atoms and they may be saturated or 

unsaturated. The lipid molecules are oriented in such a manner that the hydrophilic 

glycerol moieties remain in contact with water, while the fatty acid tails project inward to 

build a compact hydrophobic central zone [116]. Hence, in a bilayer membrane, lipids form 

the middle hydrophobic layer and glycerol and protein remain on two sides facing the 

outer and inner aqueous environment [117]. Fig. 2.13 shows the schematic illustrations of 

a lipid molecule and its molecular structure. 

 

 

Fig. 2.13 Lipid molecule and molecular structure of lipid molecule. [118] 
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In a phospholipid molecule, two hydroxyl groups of glycerol are esterified with carboxyl 

groups of long chain fatty acids as in case simple lipids, while the third hydroxyl group of 

glycerol is esterified with phosphoric acid. Such a lipid is called a phosphatide. In most of 

the phospholipids, phosphoric acid is further linked to an organic group. Another group of                     

complex lipids are steroids which are quite different in chemical structure from simple 

lipids [119]. The steroid nucleus contains three 6- membered and one 5-membered carbon 

rings. Steroids having an alcoholic (OH) group attached to one of the rings are known as 

sterols, e.g. cholesterol. Sterols are widely distributed in the plasma membranes of animals,         

plants and fungi, but not in bacteria. The structure of a lipid molecule and the structure of 

lipid membrane are illustrated in Fig. 2.14. Phospholipids with certain head groups can alter 

the surface chemistry of a bilayer and can serve as signals as well as "anchors" for other 

molecules in the membranes of          cells [120]. Just like the heads, the tails of lipids can also 

affect membrane properties, for instance by determining the phase of the bilayer. The 

bilayer can adopt a solid gel phase state at lower temperatures but undergo phase transition 

to a fluid state at higher temperatures, and the chemical properties of the lipids’ tails 

influence at which temperature this happens. The packing of lipids within the bilayer also 

affects its mechanical properties, including its resistance to stretching and bending. Many of 

these properties have been studied with the use of artificial "model" bilayers produced in a 

lab.  

 

 
 

Fig. 2.14 Schematic diagram of lipid bilayer. [121] 
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2.6 Cholesterol   

Cholesterol strengthens the bilayer and decreases its permeability. It also regulates the 

activity of certain integral membrane proteins.  Cholesterol is biosynthesized by all animal 

cells and is an essential structural component of animal cell membranes. Cholesterol 

composes about 30% of all animal cell membranes. It is required to build and maintain 

membranes and modulates membrane fluidity over the range of physiological temperatures. 

The hydroxyl group of each cholesterol molecule interacts with water molecules 

surrounding the membrane, as do the polar heads of the membrane phospholipids and 

sphingolipids, while the bulky steroid and the hydrocarbon chain are embedded in the 

membrane, alongside the nonpolar fatty-acid chain of the other lipids. Through the 

interaction with the phospholipid fatty-acid chains, cholesterol increases membrane 

packing, which both alters membrane fluidity [122] and maintains membrane integrity so 

that animal cells do not need to build cell walls (like plants and most bacteria). The 

membrane remains stable and durable without being rigid, allowing animal cells to change 

shape and animals to move. The chemical structure of cholesterol is shown in Fig. 2.15. 

 

 
 Fig.  2.15 Chemical structure of cholesterol. 

 

2.6.1 Types of cholesterol 

Cholesterol moves throughout the body carried by lipoproteins in the blood. These 

lipoproteins include: 

 Low-density lipoprotein (LDL). LDL is often called “the bad cholesterol.” 

 High-density lipoprotein (HDL). HDL is often called “the good cholesterol.” 

 Very-low-density lipoproteins (VLDL) are particles in the blood that 

carry triglycerides. 

https://my.clevelandclinic.org/health/articles/17583-triglycerides--heart-health
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2.6.2 Sources of cholesterol 

Since all animal cells manufacture cholesterol, all animal-based foods contain cholesterol 

in varying amount. Major dietary sources of cholesterol include cheese, egg yolks, beef, 

pork, poultry, fish, and shrimp. Human breast milk also contains significant quantities of 

cholesterol. However dietary cholesterol intake does not correlate well with blood plasma 

cholesterol levels. There is a correlation between saturated fat intake and cholesterol levels 

but most of the circulating plasma level of cholesterol is of endogenous origin (i.e. 

produced by the liver). 

 

2.6.3 Advantages and disadvantages of cholesterol 

Cholesterol itself isn’t bad. Body needs some cholesterol to make hormones, vitamin D, 

and digestive fluids. Cholesterol also helps the organs function properly. Yet having too 

much LDL cholesterol can be a problem. High LDL cholesterol over time can damage the 

arteries, contribute to heart disease, and increase the risk for a stroke. 

 

2.7 Vesicles 
 

Vesicles made by model bilayers have also been used clinically to deliver drugs. 

Biological membranes typically include several types of molecules other than 

phospholipids [123]. In cell biology, a vesicle is a structure within or outside a cell, 

consisting of liquid or cytoplasm enclosed by a lipid bilayer. Vesicles can be prepared 

artificially in the laboratory using lipids and cholesterol. Depending on the sizes 

unilamellar vesicles are categorize into three types: 1) Small Unilamellar Vesicles (SUVs) 

which size range is 20-100 nm, 2) Large Unilamellar Vesicles (LUVs) which size range is 

100-1000 nm and 3) Giant Unilamellar Vesicles (GUVs) which size range is 1-80 µm. The 

different types of unilamellar vesicles are illustrated in Fig. 2.16. 

 

 

Fig. 2.16 Different classes of vesicles. [123]

https://en.wikipedia.org/wiki/Cell_biology
https://en.wikipedia.org/wiki/Intracellular
https://en.wikipedia.org/wiki/Extracellular
https://en.wikipedia.org/wiki/Cell_(biology)
https://en.wikipedia.org/wiki/Lipid_bilayer


CHAPTER 3 

MATERIALS AND METHOD 

 

3.1 Chemicals and Reagents 

The chemicals and reagents used in this work are of analytical grade without further 

purification. The lipids 1, 2-dioleoyl-sn-glycero-3-phosphotigycerol (sodium salt) (DOPG) 

and 1, 2-dioleoyl-sn-glycero-3-phosphocholine (DOPC) were purchased from Avanti Polar 

Lipids Inc. (Alabaster, AL) and Cholesterol (C27H46O) was purchased from WAKO 

pharmaceuticals (Japan).  Bovine serum albumin (BSA), Piperazine-1, 4-bis (2-

ethanesulfonic acid) (PIPES), O, Oʹ-bis (2-aminoethyl) ethyleneglycol-N,N,Nʹ,Nʹ,-

tetraacetic acid (EGTA) and calcein were purchased from Sigma-Aldrich (Germany). 

Glucose, sucrose and sodium hydroxide were purchased from Mark Germany.  

 

3.2 Structure of DOPG, DOPC and Cholesterol 

The structure of DOPG, DOPC and cholesterol are described below. 

DOPG: Phosphatidylglycerol is a glycerophospholipid found in pulmonary surfactant. The 

general structure of phosphatidylglycerol consists of a L-glycerol 3-phosphate backbone 

ester-bonded to either saturated or unsaturated fatty acids on carbons 1 and 2 (Fig. 3.1). It 

is found at high levels in the membranes of all cells and at low levels in fat stores. PG has 

two hydroxyl groups in its head group. The head group substituent glycerol is bonded 

through a phosphomonoester. It is an anionic lipid. Molecular weight of DOPG is 775.058 

g/mol. 

 

Fig. 3.1 Chemical structure of DOPG. 
 

DOPC: 1,2-Dioleoyl-sn-glycero-3-phosphocholine (DOPC) is a phosphatidylcholine 

(36:2) in which the phosphatidyl acyl groups at positions 1 and 2 are both oleoyl. 

Phosphatidylcholine (PC) is generally the most abundant lipid in animal cell membranes 

providing structural framework with molecular weight 787.1 g/mol (Fig. 3.2). PC is more 

common in the outer leaflet where it functions as part of the permeability barrier. PC is also 
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the primary substrate of Phospholipase D enzymes which produce the signaling lipids - 

phosphatidic acid and lysophosphatidic acid. 

 

Fig. 3.2 Chemical structure of DOPC. 
 

Cholesterol: Cholesterol is an organic molecule. It is a sterol, a type of lipid. It is 

biosynthesized by all animal cells and is an essential structural component of animal cell 

membranes (Fig. 3.3). The hydroxyl group of each cholesterol molecule interacts with 

water molecules surrounding the membrane, as do the polar heads of 

the membrane phospholipids and sphingolipids, while the bulky steroid and 

the hydrocarbon chain are embedded in the membrane, alongside the nonpolar fatty-acid 

chain of the other lipids. It is a yellowish crystalline solid. In this research, triglyceride was 

used.  

 

Fig. 3.3 Chemical structure of cholesterol. 

3.3 Instruments used for the Synthesis and Purification of GUVs 
 
The following instruments were used for synthesis and           characterization. 

1) Drying oven (Ecocell) 

2) Nitrogen gas cylinder with multistage regulator 

3) pH meter (BT675 Boeco, Germany) 

4) Vortex mixture (Stuart SA8, UK) 

5) Incubator (Phoenix TIN-IN35, Germany) 

6) Analytical balance (Radwag, Poland) 

7) Frezzer (Siemens) 

8) Rotary vacuum pump 

9) Centrifuge (NUVE NF 800R, Turkey) 

https://en.wikipedia.org/wiki/Hydroxyl
https://en.wikipedia.org/wiki/Polar_molecules
https://en.wikipedia.org/wiki/Lipid_bilayer
https://en.wikipedia.org/wiki/Phospholipid
https://en.wikipedia.org/wiki/Sphingolipid
https://en.wikipedia.org/wiki/Steroid
https://en.wikipedia.org/wiki/Hydrocarbon
https://en.wikipedia.org/wiki/Polar_molecules#Nonpolar_molecules
https://en.wikipedia.org/wiki/Fatty_acid
https://en.wikipedia.org/wiki/Fatty_acid
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3.4 Synthesis of Lipid Membranes of GUVs 
 

There are several different methods for the formation of GUVs [124]. Here to prepare the 

population of lipid GUVs we used the natural swelling method [11, 13, 15]. At first, 200 

μL of a mixture of 1 mM DOPC and cholesterol (or a mixture of 1 mM DOPG, DOPC and 

cholesterol) was taken into a 4.5 mL glass vial which was gently shacked and was kept 

without any motion for 40-60 s to get the compositionally homogeneous mixture of the 

lipids and cholesterol throughout the total suspension. It is known that due to high diffusion 

of lipid molecules in chloroform, they are distributed very quickly throughout the bulk of 

the sample. Then this mixture was dried with a gentle flow of N2 gas to produce a thin, 

homogeneous lipid film followed by the vial was placed in a vacuum desiccator for 12 h. 

During this procedure the lipid bilayer stacks in the vial arise. After this a 20 μL MilliQ 

water was added into the vial and pre-hydrated for 8 min at 45 ºC following the sample was 

incubated for 3.5 h at 37 °C with 1 mL MilliQ containing 0.10 M sucrose (for neutral 

membrane) and 1 mL buffer (10 mM PIPES, 150 mM NaCl, pH 7.0, 1mM EGTA) 

containing 0.10 M sucrose (for charged membrane). As the result of this procedure, the 

GUVs contained sucrose in vesicle’s interior with different size arise in solution. We have 

considered early the problem of the GUV’s vesiculation [11, 22], and concluded that this 

time is enough for forming the thermodynamically equilibrium population of GUVs. To 

observe the population of GUVs in phase contrast microscope, an amount of 280 L 0.10 

M glucose containing MilliQ (for neutral membranes) and 0.10 M glucose containing 

buffer (for charged membranes) was added into the microchamber. Then 20 L aliquot of 

GUVs suspension was introduced into the handmade microchamber and it was waited 

20−25 min for achieving the equilibrium settle down of vesicles at the bottom of 

microchamber. The asymmetrical concentration of sugar between the inside and the outside 

of GUVs was created for the visualization of GUVs. For removing the strong attraction 

between the glass surface and the GUVs, the microchamber and the glass surface were 

coated with 0.10% (w/v) BSA dissolved in the same solution. An inverted phase contrast 

microscope (Olympus IX-73, Japan) with a 20 objective at 25 ± 1 ºC was used to observe 

the GUVs and the images were recorded using a charge-coupled device camera (Olympus 

DP22, Japan). Before going to the next section, it is necessary to clarify the notation used. 

In particular, the DOPG/DOPC/chol (46/39/15)-GUVs means that in the sample there were 

46% of DOPG, 39% of DOPC and 15% of cholesterol (here, Ch is the mole percentage of 

cholesterol in GUVs), where % indicates the mole%.  

https://www.multitran.com/m.exe?s=homogeneous&l1=1&l2=2
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The following block diagram (Fig. 3.4) and schematic diagram shows synthesis of GUVs 

using natural swelling method. 

 

 
 

 

 
 

Fig. 3.4 Block diagram (a) and schematic diagram (b) showing steps of natural swelling 

method. 

 

To prepare the cholesterol (i.e. chol, Ch)-rich neutral membranes, DOPC/chol (100/0, 100/0 

indicates molar ratio), DOPC/chol (85/15), DOPC/chol (71/29) and DOPC/chol (60/40)-

GUVs were prepared in MilliQ water containing 0.10 M sucrose as an internal solution. As 

for preparation of the GUVs with charged membranes containing cholesterol, it is 

necessary to make a note. Embedding in lipid monolayer cholesterol condenses it and 
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thereby changes the area per lipid molecule of this monolayer. To obtain GUVs with more 

or less same surface charge density in case of the charged GUVs with the different 

fractions of cholesterol (that is necessary for comparison of the results of different 

experiments) it is necessary to make some specific procedure. It is well reported that after 

addition of cholesterol in the lipid membranes its condensation occurs [125-128]. In the 

absence of cholesterol the cross sectional area of DOPG ( DOPGa ) and DOPC ( DOPCa ) lipid 

molecules is about 72.5 Å2/molecule (Nagle and Tristram-Nagle 2000). However, in the 

presence of cholesterol the cross sectional area of these molecules decreases to about 50, 

42 and 40 Å2/molecule for 15, 29 and 40 mole% cholesterol, respectively [129-130]. The 

cross sectional area of cholesterol molecule is about half of DOPG or DOPC lipid one i.e. 

3338 Å2/molecule [126]. The surface charge density of cholesterol-free 

DOPG/DOPC/chol (70/30/0)-GUVs, PG DOPG/eX a   is  0.154 C/m2, where X is the 

DOPG mole fraction in the membranes and e is electronic charge. The surface charge 

density of cholesterol containing charged GUVs is determined by 

expression
 

ch
DOPG h ch h1

eX
a c a c

 
 

, where X is the fraction of DOPG molecules in GUV 

and ch = Ch/100 is the mole fraction of cholesterol in GUVs. Therefore, to obtain the 

cholesterol containing charged GUVs with more or less same surface charge density (  

0.15 to  0.16 C/m2) for different fractions of cholesterol the GUVs with different 

composition (namely DOPG/DOPC/chol (46/39/15), DOPG/DOPC/chol (43/28/29) and 

DOPG/DOPC/chol (40/20/40)) were prepared in the buffer containing 0.10 M sucrose as 

an internal solution.  The total salt concentration, C, in the buffer was 162 mM [30]. The 

values of X in the DOPG/DOPC/chol (70/30/0), DOPG/DOPC/chol (46/39/15), 

DOPG/DOPC/chol (43/28/29) and DOPG/DOPC/chol (40/20/40)-GUVs were 0.70, 0.46, 

0.43 and 0.40, respectively. Hence all these GUVs with 15, 29 and 40 mole% cholesterol 

have approximately the same surface charge density (  0.15 to  0.16 C/m2), which is 

close to the surface charge density in the membranes of DOPG/DOPC/chol (70/30/0)-

GUVs. Table 3.1 shows the values of surface charge density of different membranes. 
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 Table 3.1 Surface charge density of cholesterol containing membranes. 

 

Cholesterol, Ch 

(mole %) 

Surface area of 

DOPG mole 

fraction, aDOPG 

(m2/molecule) 

Surface area of 

cholesterol mole 

fraction, ach 

(m2/molecule) 

Surface charge 

density of 

membranes, ch 

(C/m2) 

0 72.510-20 0 0.154 

15 50.010-20 3410-20 0.150 

29 42.010-20 3510-20 0.172 

40 40.010-20 3710-20 0.160 

 

 

3.5 Purification Method of GUVs 

After incubation, the GUVs suspension was centrifuged at 13,000×g for 20 min at 20 °C 

using a refrigerated centrifuge (NF 800R, NUVE, Turkey) and then the supernatant 

containing GUVs was filtered through a 10 μm diameter pores nuclepore polycarbonate 

membrane (Whatman® Nuclepore™ Track-Etched Membranes, UK) clamped in a 

polypropylene filter holder (Swinnex, ϕ = 25 mm, Millipore Co., Billerica, MA). The 

arrangement of the purification technique is depicted in Fig. 3.5. The upper end of the filter 

holder was connected with a 10 mL plastic (polypropylene) syringe 2 (JMI Syringes and 

Medical Devices Ltd. Bangladesh) and the lower end was connected with a tube containing 

three different types of polypropylene fittings (Luer fittings VRFE6, VRFC6, VRSC6; AS-

ONE, Japan) having inner diameter 3 mm as shown in Fig. 3.5. In this case, the tube 

contains a total number of 11 fittings instead of 9 that was used in the membrane filtering 

method [11]. The other end of the tube was connected to syringe 1 having the same 

volume of 10 mL. The GUVs suspension in buffer containing 0.10 M glucose was added to 

syringe 1 where the flowing of buffer was continuously controlled due to the double 

headed peristaltic pump (CPPSP2, Shenchen, China) through a plastic tube of inner 

diameter 3 mm (JMI Syringes and Medical Devices Ltd. Bangladesh). Before starting the 

flow of buffer from beaker to syringe 1, the air bubbles were carefully removed from the 

polypropylene tube and filter holder.  
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Fig. 3.5 Set-up of membrane filtering method. 

 

The direction of the flow of buffer at the filter was from the bottom to the top, shown in 

Fig. 3.5, so the smaller vesicles passed through the filter into the upper syringe (syringe 2). 

After filtering for a definite time, the addition of buffer containing 0.1 M glucose to syringe 

1 was stopped, and then the buffer inside syringe 2 was removed by the pump at the same 

flow rate. Finally, the suspension in the tube and the filter holder was collected and used as 

a purified GUV suspension. 

 

3.6 Observations of GUVs 

At first, 280 µL buffer containing 0.1 M glucose (external solution) was transferred into 

a handmade microchamber. Then 20 µL aliquot of GUVs suspension (0.1 M sucrose in 

buffer as the internal solution) was mixed into the buffer of microchamber (Fig. 3.6). To 

visualize the GUVs in the suspension, sugar asymmetry between the inside and the 

outside of GUVs is created. The GUVs were settled down at the bottom of the 

microchamber due to the density difference of sugar solution. The difference in refractive 

indices of the sugar solution enhanced the contrast of GUVs during the observation. To 

remove the strong attraction between the glass surface and the GUVs, the microchamber 

along with the glass surface were coated with 0.10% (w/v) BSA dissolved in buffer 

containing 0.1 M glucose. 
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Fig. 3.6 GUVs suspension in microchamber. 

 
Phase contrast microscopy is suitable for viewing colorless and transparent specimens and 

live cells. It utilizes the difference between light rays propagating directly from the light 

source and light rays refracted by the specimen when light passes through it to add 

bright/dark contrast to images of transparent specimens. The microscope is fitted with a 

phase-contrast objective and a condenser for observations. Specimens may be made to 

appear dark against a bright background (positive contrast) or bright against a dark 

background (negative contrast). The borders of images are surrounded by a characteristic 

bright “halo.” The GUVs were observed using an inverted phase contrast microscope 

(Olympus IX-73, Japan) with a 20x objective at 25 ± 1 ºC and the images were recorded 

using a digital camera (Model: DP22, Olympus) shown in Fig. 3.7. 

 

 
 

Fig. 3.7 Inverted phase contrast microscope (Olympus IX-73, Japan). 
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To investigate the effects of cholesterol of the size of vesicles and the IRE-induced pore 

formation in GUVs, both phase contrast and fluorescence microscope is used. Fig. 3.8 

shows the images in optical microscope. The green color in the inside of GUVs shown in 

Fig. 3.8(b) indicates the encapsulated calcein solution. 

 

 

Fig. 3.8 (a) Phase contrast image and (b) Fluorescence GUVs images. 

 

3.7 Method of Applying IRE Technique in GUVs 

220V AC voltage was applied to a single-phase transformer for generating a variable 

secondary output of 0-800 V AC with minimum current of 5 A. Using a full wave rectifier, 

the secondary voltage was converted to DC voltage. A MOSFET (Metal–Oxide–

Semiconductor Field-Effect Transistor) based switching circuit was used for getting the 

square pulses of 1.1 kHz frequency. A microcontroller is used to control the IRE signal. 

The gold coated electrode of length 17.0 mm and width 2.54 mm (Model: SH-17P-25.5, 

Hellotronics) was used for applying the signal on GUVs. To apply the IRE signal on 

GUVs, we initially keep the E at around 440 V/cm and focus a ‘single GUV’ between the 

electrodes. Then the value of E increases rapidly (7 s) to reach a specific level and this E 

is held constant for a specific time (i.e. 60 s). The experimental setup for applying the IRE 

signal on GUVs is illustrated in Fig. 3.9. Pore formation time is defined as the time when 

the GUV was started to break, and had a time resolution of less than 1 s.  
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Fig. 3.9 Experimental setup for applying the IRE signal on GUVs. (a) IRE signal (b) 

Targeted GUV in IRE system (c) Microscopic system for observing the GUV (d) Intact 

GUV (fluorescence image) (e) Ruptured GUV. Bar corresponds to 10 m.    

 

Since the lipid membranes are impermeable to ions the electric field, E, polarizes the inner 

and outer free charges of buffer of GUV with radius R. The accumulation time of free 

charges is calculated by the Maxwell–Wagner equation [131]. The accumulation of free 

charges increases the membrane potential Vm, which induces the stretching of membranes. 

Such stretching induces lateral tension in the membranes of GUVs. The IRE-induced 

lateral tension,c, is calculated by the following Maxwell stress tensor [131, 132-133]. 

 

                                      (3.1) 

                    

where, m is the permittivity of the membrane (4.5 [134], 0 is the permittivity of free 

space, h is the membrane thickness (4 nm) [89] and he the dielectric thickness of 

membrane (2.8 nm) [135]. It is possible to employ a simple model in order to consider the 

uniform field on the GUV with negligible membrane conductivity. The induced membrane 

potential at each membrane point is defined as follows by considering the membrane 

charging time τcharg  0 [131, 136].   

 

                          (3.2) 
 

 

 



37 
 

 
 

Therefore, equation (3.1) can be simplified as follows.  

 

 [mN/m]            (3.3)  
 

Equation (3.3) shows that for a GUV with radius R, c can be described as a function of E. 

In this experiment  E = 350-560 V/cm electric field is applied. For R = 10 m and E = 553 

V/cm, Vm = 0.83 V. The membrane tension is considered as constant as it has been used a 

particular value of E for a specific R. By choosing the appropriate value of E, various 

constant tensions are applied on GUVs.   

 



 

CHAPTER 4 

RESULTS AND DISCUSSION 

 

4.1 Size Distribution of Vesicles 
 

4.1.1 Effects of cholesterol on the size distribution of GUVs of neutral membranes  
 

To investigate the effects of cholesterol (chol, Ch) on the size distribution of GUVs in 

vesicle population, primarily it has been considered that the GUVs with neutral membranes 

using various molar ratios of Ch. Fig. 4.1 shows the experimental results of DOPC/chol 

(100/0, 100/0 indicates molar ratio) and DOPC/chol (71/29)-GUVs. The phase contrast 

image of DOPC/chol (100/0)-GUVs in the suspension (i.e., for Ch = 0) is shown in Fig. 

4.1(a). After measuring the diameters, D, of N = 350 GUVs (i.e., N is the number of 

measured GUVs) from the several phase contrast images of DOPC/chol (100/0)-GUVs, a 

histogram of the size distribution of GUVs was obtained (Fig. 4.1(b)). In each experiment 

there were about 350 GUVs which were chosen arbitrary from the entire ensemble. It has 

been considered that this amount is quite enough to obtain a representative histogram. It is 

seen that the shape of histogram is asymmetric with positive skewness, indicating a large 

fraction of small GUVs with 3–10 m diameters (which is smaller than GUVs of the 

average diameter) and a small fraction of more than 10 m diameters GUVs. Note, the 

similar results were obtained for other systems (for DOPC-GUVs [30] and for 

POPC/cholesterol-GUVs [137]. One can assume that such a size distribution of vesicles is 

a characteristic property of populations of lipid GUVs. To get the average values of the 

distribution parameters it has been repeated the experiment and got the similar result (i.e., 

the total number of experiments was n = 2-3).  

Then, it has been considered that the GUVs with membranes containing the cholesterol. 

The results of this experiment (phase contrast image for DOPC/chol (71/29), i.e., Ch = 29) 

is shown in Fig. 4.1(c). The histogram based on the 350 GUV’s observations (i.e., N = 350) 

from several phase contrast images has been constructed (Fig. 4.1(d)). It is seen that as in 

case of DOPC/chol (71/29)-GUVs the shape of histogram is also asymmetric, indicating a 

large number of more than 11 m diameters GUVs and a small number of 3–11 m 

diameters GUVs. The similar results were also obtained in other independent experiments. 

It has been performed 24 independent experiments in each condition. But it has been 
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presented only one independent experiment in each condition for avoiding the redundant. 

The average value Dave (i.e. the arithmetic mean over all measured GUVs) from these two 

experiments is shown in table 4.1. By comparing the histograms of Figs. 4.1(b) and 4.1(d) 

one can conclude that with the increase of Ch the size distribution of GUVs shifts in the 

range of larger vesicles, indicating the decrease of histogram asymmetricity. The GUVs 

size distribution for cholesterol-rich neutral GUVs was also analyzed for two other 

concentrations namely Ch = 15 and 40 (see results in Table 4.1).  

To analyze the experimental results quantitatively, we use a well-known lognormal 

distribution [88]: 
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where f(D) indicates the probability density function (frequency of GUVs with diameter 

D), the dimension median ρ (or dimensionless ln  ) and 2 are the distribution 

parameters, more  is mean of distribution of (lnD). The average value (diameter) of the 

distribution, Dave, is calculated using equation 4.2 as follows [88]:  
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Note, the similar approach based on this distribution was used for the description of the 

distribution of GUVs suspension at various conditions [11, 87].  

Figs. 4.1(a) and 4.1(b) show a phase contrast image and a size distribution histogram of 

DOPC/chol (100/0)-GUVs, respectively. Figs. 4.1(c) and 4.1(d) show a phase contrast 

image and a size distribution histogram of DOPC/chol (71/29)-GUVs, respectively. The 

blue lines show the best fitting curves of equation 4.1. The parameters in Fig. 4.1(b) are  

= 2.25,  = 0.49, and in Fig. 4.1(d) are  = 2.63,   = 0.39. The values of the coefficient of 

determination, R2, are obtained 0.91 in Fig. 4.1(b) and 0.95 in Fig. 4.1(d) from the fitted 

(blue) curves. The red lines show the best fitting theoretical curves corresponding to the 

equation 4.7. The fitting parameters in Fig. 4.1(b) are Kben = 19.0 kBT, Dfreq = 6.4 m, L = 

3360, and in Fig. 4.1(d) are Kben = 28.5 kBT, Dfreq= 9.1 m and L = 4230. The values of R2 
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in Fig. 4.1(b) and Fig. 4.1(d) are obtained 0.92 and 0.69, respectively from the fitted (red) 

curves. 

 

 
 

Fig. 4.1 Effects of cholesterol on the size distribution of GUVs containing neutral 

membranes. The bar in the images corresponds to 50 m. 

 

In the first independent experiment, the average sizes (diameters) of GUVs, Dave1, were 

obtained 10.7 m for DOPC/chol (100/0)-GUVs and 15.0 m for DOPC/chol (71/29)-

GUVs. Then the similar experiments were performed and the average sizes of GUVs, Dave2, 

were obtained 9.9 m for DOPC/chol (100/0)-GUVs and 14.9 m for DOPC/chol (71/29)-

GUVs from the second independent experiment. The arithmetic mean of the average sizes 

of GUVs, ave ave1 ave2 ( ) / 2D D D  , was calculated from the results of two independent 

experiments (i.e. n = 2) using N = 350 GUVs in each experiment. The Dave were obtained 

(9.9  0.8) and (14.9  0.04) m (± indicating the standard error) for DOPC/chol (100/0)-

GUVs and DOPC/chol (71/29)-GUVs, respectively. The average values of Dave at various 

cholesterol concentrations are presented in Table 4.1.  
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4.1.2. Effects of cholesterol on the size distribution of GUVs of charged membranes 
 

In the previous paper, it has been demonstrated that the electrostatic effects influence 

significantly on the size distribution of GUVs [87]. It is the reason why it has been 

considered here also the effect of cholesterol on such distribution in case of GUVs 

contained the charged lipids. The effects of cholesterol in case of charged vesicles 

membranes on the size distribution of GUVs were investigated upon fixing the surface 

charge density of membranes (  0.15 to  0.16 C/m2). It has been analyzed the system by 

varying cholesterol fraction from Ch = 0 to 40 at C = 162 mM. Fig. 4.2 shows the 

experimental results for DOPG/DOPC/chol (46/39/15) and DOPG/DOPC/chol (40/20/40)-

GUVs. A typical experimental result of the phase contrast image of GUVs suspension for 

DOPG/DOPC/chol (46/39/15)-GUVs is shown in Fig. 4.2(a). The corresponding histogram 

of the size distribution of GUVs using N = 350 is shown in Fig. 4.2(b). It is seen that as 

well in case of DOPG/DOPC/chol (46/39/15)-GUVs the histogram is asymmetrical with 

the positively skewed distributions, i.e., there are a small number of GUVs with diameters 

greater than 14 m and a large number of GUVs with diameters 3–14 m. The similar 

results were also obtained in other independent experiments. A typical phase contrast 

image in the same buffer for DOPG/DOPC/chol (40/20/40)-GUVs and the corresponding 

histogram (using N = 350) are shown in Fig. 4.2(c) and Fig. 4.2(d) correspondently. In this 

histogram, a large number of GUVs with diameters greater than 15 m and a small number 

of GUVs with diameters 3–15 m are observed. The similar results were obtained from 

other experiments. Therefore, with the increase of cholesterol the peak of the histogram of 

the vesicle distribution shifts to the region of the large GUVs. The histograms of Fig. 

4.2(b) and 4.2(d) are fitted (blue line) with equation 4.1, and the diameters of the GUVs 

distribution were obtained 15.6 and 18.5 m using equation 4.2 for DOPG/DOPC/chol 

(46/39/15) and DOPG/DOPC/chol (40/20/40)-GUVs, respectively. The average values of 

the GUVs diameters were obtained (16.0 ± 0.6) and (19.7 ± 1.2) m for DOPG/DOPC/chol 

(46/39/15) and DOPG/DOPC/chol (40/20/40)-GUVs, respectively using 23 independent 

experiments. Figs. 4.2(a) and 4.2(b) show a phase contrast image and a size distribution 

histogram of DOPG/DOPC/chol (46/39/15)-GUVs, respectively. Figs. 4.2(c) and 4.2(d) 

show a phase contrast image and a size distribution histogram for DOPG/DOPC/chol 

(40/20/40)-GUVs, respectively. The blue lines show the best fitting theoretical curves 

corresponding to eq. 4.11. The parameters in Fig. 4.2(b) are  = 2.66,  = 0.42, and in Fig. 

4.2(d) are  = 2.74,  = 0.60. The values of R2 are obtained 0.88 in Fig. 4.2(b) and 0.84 in 

Fig. 4.2(d) for the fitted (blue) curves. The red lines show the theoretical curves of equation 
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4.7. The parameters in Fig. 4.2(b) are Kben =26.6 kBT, Dfreq = 8.6 m, L = 3700, and in Fig. 

4.2(d) are Kben = 36.8 kBT, Dfreq = 9.5 m and L = 3600. The values of R2 in Fig. 4.2(b) and 

Fig. 4.2(d) are obtained 0.76 and 0.86, respectively for the fitted (red) curves. 

 

 
 

Fig. 4.2 Effects of cholesterol on the size distribution of charged GUVs. The bar in the 

images corresponds to 50 m. 

 

 

The values of Dave and Kben at various cholesterol concentrations in charged membranes are 

presented in table 4.1. The dependence of Dave on Ch for cholesterol-rich neutral GUVs and 

cholesterol-rich charged GUVs is shown in Fig. 4.3. The solid lines show the theoretical 

curve corresponding to the eqs 4.12, 4.13 and 4.14. The fitting parameters for DOPC/chol-

GUVs are DfreqPC = 15.4 m, DOPCK  = 19.1 kBT and  = 0.5 kBT and for DOPG/DOPC/chol-

GUVs are DfreqPC = 22.8 m, DOPCK = 19.1 kBT,  = 0.28 kBT and γ = 2.5 kBT/mM3/2. The 

values of R2 are obtained 0.99 and 0.73 for DOPC/chol-GUVs and DOPG/DOPC/chol-

GUVs, respectively. 
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Table 4.1 The values of average size of GUVs and bending modulus of neutral and charged 

(surface charge density   0.15 to   0.16 C/m2 and C = 162 mM) membranes.  

 

DOPC/chol DOPG/DOPC/chol 

Chol (%) Dave (μm) Kben (kBT) Chol (%) Dave (μm) Kben (kBT) 

0 9.9 ± 0.8 19.1 ± 0.1 0 16.5 ± 0.3 25.9 ± 0.3 

15 12.0 ± 0.4 23.1 ± 0.1 15 16.0 ± 0.6 26.8 ± 0.1 

29 14.9 ± 0.04 28.6 ± 0.01 29 18.7 ± 0.3 32.1 ± 0.3 

40 15.7 ± 0.5 31.0 ± 0.1 40 19.7 ± 1.2 37.1 ± 0.3 

 

It is seen that as the cholesterol concentration in GUVs membrane increases the average 

size of the GUVs increases for both the neutral and charged membranes. So, the results of 

this research shows that the sizes of self-assembled neutral and charged GUVs depend on 

the cholesterol concentration in vesicle membranes. Generalizing these results one can 

conclude that with the increase of cholesterol the fraction of large GUVs in population of 

vesicles increases.  

 

 
Fig. 4.3 The cholesterol concentration dependent average size of DOPC/chol-GUVs and 

DOPG/DOPC/chol-GUVs. Average values and standard errors of the size for each 

membrane were obtained from 23 independent experiments using 350 GUVs in each 

experiment.  

 

It has been discussed that these results in framework of the theory which describes the 

behavior of the system as interplay between the entropy of the system and bending energy 
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of lipid membrane. It is worth to note that this results correspond to experimental 

investigations of the effects of cholesterol on the size of sonicated phospholipid vesicles 

where the increase of cholesterol from 0 to 30 mole % induced the increase of the vesicle 

surface area from 7.7 to 14.0 nm was demonstrated [138]. 

 

4.2. Theory 
 

Recently, it has been developed the theory of the formation of GUVs in population [30]. 

Here a short description of this theory is given. We postulate the existence of some initial 

population of lipid bilayer aggregates which treated as population of Ninit lipid 

supramolecular structures. All such aggregates in this initial population are exactly the 

same. The surface area of each aggregate is Sinit. The initial population transforms into 

population of different sizes GUVs in which the final equilibrium distribution of GUVs by 

the sizes achieves. Each GUV in this population is described by a number of initial 

aggregates m, which composes it. Because the total surface of m initial aggregates is mSinit, 

the diameter of m-GUV (i.e. composed on m initial aggregates) is m inst /D mS  . The 

state of such system is determined by the Helmholtz’s free energy as follows [29, 87]:  

 

   
   

init nit
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ben m init init m m
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,
4 ln ln
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m m
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                  (4.3) 

 

Here nm is the number of m-GUVs in the system, Kben is the bending modulus of 

membranes in kBT unit where kB is the Boltzmann constant and T is the absolute 

temperature and   is the volume fraction of initial vesicles in solution. The first term in 

equation 4.3 describes the bending energy [139] of all vesicles in the GUVs population and 

the second term is the contribution of configurational entropy. In the general case, the 

bending energy of the lipid bilayer consists of a number of components [139, 140-142]. In 

the case of giant unilamellar lipid vesicles considered here, all these components can be 

described by a single generalized parameter Kben. In our case, there are no problems 

associated with spontaneous curvature since we consider only unilamellar vesicles (with a 

symmetric bilayer) for which the total spontaneous curvature is zero. As for the component 

associated with the Gaussian one, in our case this component is summed up with the 

component describing the local curvature, since both the radii of GUV’s principal 

curvatures coincide. Equation 4.3 determines the free energy of the GUVs population for 
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any arbitrary set of {nm, m}. The equilibrium state of the population is determined by 

equation  

  
 m

m

,
0

G n m
n





    for (nm = nm1, nm2, nm3,……)              (4.4) 

under condition  
init

m init
1
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m
n m N



                       (4.5) 

The solution of equation 4.4 and 4.5 is as follows,                            

  init init
m m init ben2 2

m m

4expS Sn D N K
D D




 
  

 
                           (4.6) 

 

The non-measurable parameter m in equation 4.6 is converted to the measurable one, 

namely to the size of m-GUVs, Dm, by using expressions m initD mS   

and freq init ben2D S K . The latter expression is obtained from the condition m

m

0n
D





. The 

parameter Dfreq is the mode of the distribution or in other words, the most frequent diameter 

that can be obtained from experimental histograms. Then one can obtain from equation 4.6 

the probability density function f(Dm) (i.e. histogram) as follows,  
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                    (4.7) 

where the step of experimental histogram ΔDm = 2 μm and  init m4L N D   . Equation 

4.7 has two fitting parameters, Dfreq, and Kben (L is normalized parameter). The value of 

Kben can be determined in each specific experiment from the fitting of the corresponding 

histogram (see also the legends in figure 4.2 and figure 4.3). Using the equation 4.7, one 

can also determine the average size of GUVs in population as follows [143]: 
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           (4.8) 

Here Ei(z) is the exponential integral function, Dmax is the size of the greatest vesicle 

obtained in experiment. This equation is not convenient for an analysis of the GUV’s 

parameters influence on the Dave.  Hence it is worth to present this equation in a form that 
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will make it relatively easy to analyze the influence of the system parameters on the 

distribution of vesicles by size. Because the equation 4.7 gives the positively skewed 

distributions, we approximate the equation 4.7 by lognormal distribution (see equation 4.1), 

which also gives the positively skewed distributions. By comparing equation 4.1 and 4.7 

and using certain conditions we obtained after manipulation as follows [87]. 

 

2 2
ave freq freq

1 3exp exp ,
2 2

D D D b  
   

      
   

         (4.9)  

where  2
freq expD     and  2exp 3 / 2 0.67b   . As it was discussed above the key 

physical parameter influencing on GUVs size distribution (and therefore, on the average 

size Dave) is Kben. A few words about this parameter we obtained Kben in our experiments 

for Ch = 0 from the fitting of experimental results by theoretical equation 4.7 in the range 

of 1937 kBT (see table 4.1). These values are at the same order as the values of Kben for PC 

membrane [89] and for PG/PC membrane [87, 139,144]. Therefore, the value of Dave is 

determined by Dfreq which in its turn is determined by Kben (see above freq init ben2D S K ). 

We postulate for simplicity that Sinit does not depend on cholesterol concentration at the 

same time Kben depends on Ch. It means that in our model Dave is proportional only to benK  

i.e.,    

 ave init ben ben2 constD b S K K                                   (4.10) 

 

This assumption is supported by our experiments (see Fig. 4.4).  

It has been shown early that electrical charge of the vesicle membrane increases the 

bending modules of membrane Kben [87]. The results of the current research show that the 

cholesterol also increases Kben. Hence one can consider as a first approximation that the 

bending modulus of cholesterol-rich membranes can be written as sum of the three 

components, namely as follows, 

 

   
el ch

ben DOPC ben ben ,K K K K                                 (4.11)     

where KDOPC is the bending modulus of pure DOPC membrane (i.e. without cholesterol), 
el
benK  indicates the surface charge density term of bending modulus and ch

benK indicates the 

cholesterol term of the modulus. Inserting equation 4.11 in equation 4.10 one obtains the 

expression for Dave as follows, 



47 
 

 
 

 

 el ch
ave freq DOPC ben ben init

el ch
ben ben

DOPC init
DOPC

el ch el ch
ben ben ben ben

freqPC freqPC
DOPC DOPC

2

2 1

1 1 ,
2

D bD b K K K S

K Kb K S
K

K K K KbD bD
K K

   


 

  
    

 

         (4.12) 

 

where, freqPC DOPC init2D K S is the most frequent vesicle size in case of DOPC-GUVs. It 

was taking into account in equation 4.12 that  el ch
ben ben DOPC/ 1K K K   in the total range of 

the cholesterol concentrations used in our experiments. 

 

4.3 Discussion on Bending Modulus  
 

4.3.1 Average size of GUVs and the bending modulus of membranes 
 

As it is following from equation 4.10 the average size of GUVs in the population is 

determined by value of Kben. Fig. 4.4 shows the dependence of Dave on benK  drawing on 

the base on table 4.1. It is seen from this figure that Dave can be approximated by a linear 

function of benK . The appropriate constants are obtained from Fig. 4.4 and which were 

2.63 [m/(kBT)1/2] for cholesterol-rich neutral membranes and 3.17 [m/(kBT)1/2] for 

cholesterol-rich charged membranes. Hence, one can conclude that the above-mentioned 

assumption (see equation 4.10) is valid. More increase of Kben results the increase of the 

average size of GUVs in population.  



48 
 

 
 

 

 

 

Fig. 4.4 Relationship between the average size and the benK of cholesterol containing 

neutral and charged membranes. Average values and standard errors are determined from 

23 independent experiments. 

 

The explanation of such behavior of the system under consideration in the following. As it 

is seen from equation 4.3 increase of Kben means the increase of the total elastic energy of 

the population. To decrease the free energy in equilibrium, state the system “trends” to 

increase the number of large vesicles, because the elastic energy of such vesicles is less that 

the same of small ones. 

It is worth to discuss shortly the terms of equation 4.12. The parameter b was obtained 

above (see equation 4.9), freqPC DOPC init2D K S can be obtained from experimental 

histograms. As for el
benK  we have discussed in detail in our previous paper [30] and we have 

concluded that this term can be determined as following, 

   

2 2 2
el ch
ben 3 2 23 3

h h h

const ,
1 1 0.5

X XK
C c c C c

 

 


  

  
    (4.13) 

where ch DOPG 0.5a a   , Debye length 1 B s 0
2 = 0.76 [nm]k T A

e C C
 

     where C = 

162 mM is the bulk concentration of NaCl in buffer, S is the dielectric constant of 

solution, ε0 is the vacuum permittivity, kB is the Boltzmann constant and T is absolute 

temperature. A = 0.304 [nmmM1/2] and  -1 = 0.76 [nm] for C = 162 mM used in our 

experiment. 
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It has been used this equation for interpretation and fitting of the results (Fig. 4.3) in which 

 = 2.5 kBT/mM3/2 used as a fitting parameter for X = 0.70. To get the information 

about ch
benK  that it is necessary to analyze the experimental results for cholesterol-rich 

neutral GUVs. Let us describe the dependence of Kben on Ch as 

following ben DOPC hK K C  . Based on experiment results one obtains KDOPC =19.1 kBT 

and η = 0.5 kBT. Hence it can be written as follows, 

                 
ch
ben hK C                              (4.14) 

 

4.3.2 Size distribution histograms fitting 
 

In this thesis, it has been considered the cholesterol effect on the size distribution of GUVs 

during spontaneous vesiculation in the natural swelling method. The cholesterol was varied 

in both neutral and charged GUVs. All histograms demonstrated a positively skewed 

distribution, which is described well by the lognormal distribution. Moreover, it is seen 

from the histograms of Figs. 4.1 and 4.2 that with the increase of cholesterol the histogram 

peak shifts in the range of larger vesicles, indicating the decrease of histogram 

asymmetricity.  

In Figs. 4.1(b, d) and (b, d), the red lines show the theoretical distribution obtained using 

equation 4.7. It can be seen that the theoretical curves describe the experimental histograms 

well. However, as it is seen from a comparison of the theoretical equation with the 

experimental results, the theoretical distribution overestimates slightly the number of 

vesicles in the region of vesicle large sizes. This is since the equation 4.7 considers only 

configurational entropy, but not the orientational one. Since this equation enough well to 

describe the specific distribution as well as the histogram transformations upon change of 

cholesterol and to avoid cumbersome mathematical expressions, we do not consider here 

the orientation entropy. It is to be noted that the energetics is generally contains both the 

bending modulus and Gaussian modulus (i.e., 2Kben+KGauss). Since Gaussian energy makes 

no difference for shape changes in a single vesicle, as for simplicity we ignored it for the 

determination of Kben where it was assumed that Kben/KGauss = -1, which is similar as used 

before [29]. The average value of Kben are obtained (19.1  0.1) kBT for DOPC/chol 

(100/0)-GUVs (i.e., DOPC-GUVs without cholesterol), which is very close to the value (20 

± 0.5) kBT for DOPC-GUVs obtained in micropipette aspiration technique [89]. In addition, 

Kben for DOPG/DOPC (70/30)-GUVs is close to the value obtained in the previous study 

[87]. The average values of Kben at various cholesterol concentrations are provided in table 
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4.1. Our results demonstrate that, as the cholesterol increases in the DOPC or 

DOPG/DOPC-GUVs the value of Kben increases.  

 

Taking into account that from one hand it has been shown that the size distribution and 

average size of GUVs are determined by Kben (equation 4.7 and 4.10) and from another 

hand our experimental results demonstrated significantly dependences of GUVs size on 

cholesterol content (see Fig. 4.1 and Fig. 4.2), it can say that the results of this reasearch 

also exhibit the dependence of the vesicle membrane bending modulus on cholesterol. As it 

has been discussed above the histograms of Figs. 4.1 and 4.2 show that with the increase of 

cholesterol concentration in vesicles membranes the histogram peak shifts in the range of 

larger vesicles. This means that the number of large vesicles in system increases in GUVs 

population with the addition of cholesterol. As a result, the value of Dave also increases. 

The physical explanation of such behavior is simple. As it has been discussed above, the 

cholesterol induces increase of bending modulus of membranes. Hence the energy term of 

free energy increases (see equation 4.3). However, it is seen that this term does not content 

the vesicle size explicitly. The question arises: how this term can describe the bending 

modulus influence on vesicle size distribution. To understand this point it is necessary to 

consider that this term contains nm vesicles composed with m initial aggregates. The total 

number of vesicles in the system
init

m ves
1

N

m
n N



  is not fixed. The greater fraction of large 

vesicles in population, the smaller Nves.  Hence the system trends to decrease the energy 

term in equation 4.3 by decreasing the total number of vesicles Nves. Smaller number of 

vesicles means the greater fraction of large vesicles and consequently larger average size of 

vesicles in population.  

The solid lines in Fig. 4.3 demonstrate the theoretical curves corresponding to equation 

4.12, 4.13 and 4.14 for the dependence of Dave on cholesterol for neutral and charged 

membranes. It is seen the satisfactory fitting of theoretical curves (solid line) to the 

experimental data. This means once more that the theory describes the real processes in the 

system under consideration satisfactory. In our investigations, we could measure the GUVs 

with diameters greater than 3 m without any difficulties. Hence, we omitted to count the 

vesicles with diameters less than 3 m. It is to be noted that the range of the diameters of 

GUVs were 3.3 – 40.9 m and 6.3 – 50.2 m as shown in Figs. 4.1(a, b) and 4.1(c, d), 

respectively. On the other hand, the range of the diameters of GUVs were 5.6  50.9 m 

and 5.5 – 72.3 m as shown in Figs. 4.2(a, b) and 4.2(c, d), respectively. The same 
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technique was used in the recent papers to measure the similar range of size distribution of 

GUVs [11, 87]. In addition, Tamba et al. was able to measure the GUVs with diameters 

greater than 2 m using the similar technique [145].  

In these investigations, it has been prepared two types of membranes. One is cholesterol 

containing neutral membranes such as DOPC/chol-GUVs and another is cholesterol 

containing charged membranes such as DOPG/DOPC/chol-GUVs. The 

DOPG/DOPC/chol-GUVs were prepared in PIPIES buffer. The internal solution of the 

DOPG/DOPC/chol-GUVs was 0.10 M sucrose containing PIPES buffer and the external 

solution of the same GUVs was 0.10 M glucose containing PIPES buffer. As the 

preparation of neutral GUVs in PIPES buffer is difficult we used the MilliQ instead of 

PIPES buffer. The internal solution of the DOPC/chol-GUVs was 0.10 M sucrose 

containing MilliQ water and the external solution of the same GUVs was 0.10 M glucose 

containing MilliQ water. So, it has been used 0.10 M glucose in both neutral and charged 

membranes. It has been compared the bending modulus of cholesterol containing various 

neutral GUVs. It has been also compared the bending modulus of cholesterol containing 

various charged GUVs. If the 0.10 M glucose is used with PIPES buffer instead of MilliQ 

water, the bending modulus may be changed. However, that was not the focus of this 

research. Our aim was to investigate the change of bending modulus by changing the 

cholesterol content in the neutral and charged GUVs. Recently, it was investigated the 

change of bending modulus by changing the salt concentration in PIPES buffer solution 

and obtained that as the salt concentration in buffer increases the bending modulus of 

membranes decrease [87]. 
 

4.3.3 Estimation of area compressibility modulus of cholesterol-rich neutral 

membranes 

One more interesting characteristic of lipid membranes that must be discussed here is the 

area compressibility modulus KA which relates to Kben [89, 146-147]. The polymer brush 

theory defines this relationship as follows: 

ben
A 2

e

24
( )

KK
h h




                                                (4.15) 

where h is the bilayer thickness ( 4 nm), he is the head group thickness ( 1 nm). The 

influence of cholesterol on area compressibility modulus was considered in different 

studies. Particularly, obtained the increasing trend in area compressibility modulus due to 

the incorporation of cholesterol in DOPC membranes and the values of KA for DOPC/chol 
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(100/0), DOPC/chol (70/30) and DOPC/chol (50/50)-GUVs were obtained 290, 420 and 

840 mN/m, respectively. Incorporation of cholesterol in SOPC-GUVs (which is very 

similar of DOPC-GUVs) increased the area compressibility modulus greatly [60]. The 

value of area compressibility modulus was obtained (193  20) mN/m for SOPC-GUVs. 

Upon addition of 14, 28, 38 and 43% cholesterol in SOPC-GUVs the area compressibility 

modulus increased to (216  12), (244  24), (333  9) and (609  44) mN/m, respectively. 

Summarizing these results one can conclude that as the cholesterol increases the values of 

KA increase. Our results dealing with the estimation of Kben (see table 4.1) give the 

opportunity to get the KA in accordance with the equation 4.15. We have done the proper 

estimations and obtained the following. The values of KA for DOPC/chol (100/0), 

DOPC/chol (85/15) and DOPC/chol (71/29) and DOPC/chol (60/40)-GUVs are obtained 

(209  1), (253  1), (291  0.5) and (340  1) mN/m, respectively. Therefore, the value of 

AK for DOPC/chol (100/0) is very similar to that found in micropipette aspiration 

technique (230  10) mN/m [89]. Hence our estimations of on area compressibility 

modulus for cholesterol-rich neutral membrane based on our experimental measurements 

are very similar to the reported ones.  

 

4.4. Probability of Pore Formation in GUVs 

Until this section it has been described the results on the effects of cholesterol on the size 

distribution of vesicles and then estimated the corresponding bending modulus. From this 

section the effects of cholesterol on the IRE-induced pore formation in charged GUVs is 

described.   

At first, the effect of constant tension of c = 8.0 mN/m on a ‘single DOPG/DOPC/chol 

(46/39/15)-GUV’ containing 1 mM calcein in 0.10 M sucrose is investigated. Before the 

application of electric filed (i.e., membrane tension), the GUV had a high contrast in a 

fluorescence microscopic image as shown in Fig. 4.5(a) at time = 0 s due to the difference 

in concentrations of calcein containing sucrose and glucose between the inside and the 

outside of the GUV (i.e., 1 mM calcein containing 0.10 M sucrose in inside and 0.10 M 

glucose in outside). During the application of c, GUV was also intact with spherical shape 

until 10.5 s. At time 11 s, GUV is started to rupture and at time 12 s GUV breaks 

completely (Fig. 4.5(a)). It is to be noted that the spherical structure of GUV is 

permanently vanished due to the rupture of vesicle. The rupture of vesicle can be explained 

in the way that at first a nano-sized pore is initiated in the membrane, whose radius rapidly 
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increases to infinity, leading to complete GUV rupture [18, 69]. The time when the GUV 

started to rupture indicates the time of pore formation. When we performed the similar 

experiment using several ‘single DOPG/DOPC/chol (46/39/15)-GUVs’ (the number of 

examined GUVs n = 15-24), pore formation occurred stochastically at different times. The 

stochastic pore formation for several GUVs (n = 16) is shown in Fig. 4.5(b) in which pore 

formation occurred at different times although c was same. The x-axis of Fig. 4.5(b) 

indicates the GUV label-number at a particular time. When various c are applied to 

several ‘single DOPG/DOPC/chol (46/39/15)-GUVs’, the similar stochastic pore formation 

are also observed for each c. The probability of pore formation at 60 s, Ppore (60), is 

calculated for various c. 

 

 
 

Fig. 4.5 Fluorescence images of pore formation of a ‘single GUV’ and the stochastic pore 

formation of several ‘single GUVs’. (a) Fluorescent images of pore formation in the 

membrane of a ‘single DOPG/DOPC/chol (46/39/15)-GUV’ at c = 8.0 mN/m. The field 

direction is shown with an arrow in the left side. The numbers above in each image indicate 

the time in seconds after applying of c due to E. The white bar corresponds to a length of 

15 μm. (b) Stochastic pore formation of 16 ‘single DOPG/DOPC/chol (46/39/15)-GUVs’ at 

c = 8.0 mN/m.  

It was performed three independent experiments for DOPG/DOPC/chol (46/39/15)-GUVs 

at c = 8.0 mN/m.  
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Table 4.2 shows the time of pore formation for the corresponding GUV level number. 

 

 

It is very clear that the time of pore formation for different GUVs is random though the  

tension is fixed, such as c = 8.0 mN/m. Such type of random nature of pore formation is 

observed for different independnt experiments. In the table 4.2, it is presented the data of 

three independent experiments for DOPG/DOPC/chol (46/39/15)-GUVs’ at c = 8.0 mN/m. 

It is to be mentioned that the similar stochastic nature of pore formation was also observed 

for different membrane systems at different constant tensions. The stochastic pore 

formation can be occurred due to the stochastic nature of pre-pore formation in lipid 

First independent  
Experiment 

Second independent 
experiment 

Third independent  
experiment 

GUV-
label 
no. 

Time of 
pore 

formation 
(s) 

Probability 
of pore 

formation 
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(t) 
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(s) 

Probability 
of pore 

formation 
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pore
(t) 

1 11 

0.77 

1 12 

0.86 

1 22 

0.89 

2 12 2 14 2 29 
3 20 3 20 3 36 
4 Intact 4 29 4 Intact 
5 5 5 Intact 5 10 
6 28 6 23 6 13 
7 Intact 7 49 7 17 
8 24 8 14 8 22 
9 Intact 9 17 9 40 
10 55 10 Intact 10 Intact 
11 14 11 2 11 60 
12 16 12 5 12 5 
13 3 13 6 13 8 
14 Intact 14 18 14 15 
15 5 15 15 15 47 
16 6 16 60 16 Intact 
17 19 17 30 17 20 
18 18 18 10 18 27 
19 60 19 34 19 31 
20 Intact 20 25 20 39 
21 33 21 39 21 57 
22 24 22 Intact 22 43 
    23 28 
    24 32 
    25 60 
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vesicles. When the radius of pre-pore overcomes the critical value, pre-pore converted to 

the transmembrane pore.  

Fig. 4.6 shows the dependence of the probability of pore formation until 60 s, Ppore (60 s) 

for DOPG/DOPC/chol (46/39/15)-GUVs for various c. At c lower than 5.0 mN/m, Ppore 

(60 s)  0, at 7.0 mN/m, Ppore (60 s) = 0.45  0.07 and at 7.5 mN/m, Ppore (60 s) = 0.71  

0.09. The value of Ppore (60 s) increases with the increase of c and it reaches to 1.0 at c = 

8.0 mN/m and above. The similar experiment was performed for DOPG/DOPC/chol 

(43/28/29)-GUVs and DOPG/DOPC/chol (40/20/40)-GUVs. As a control, we investigated 

the experiment for the membrane containing without cholesterol such as 

DOPG/DOPC/chol (70/30/0)-GUVs. The tendency of Ppore (60 s) for the 29 and 40 mole% 

cholesterol is very similar to that observed in DOPG/DOPC/chol (46/39/15)-GUVs. 

However, the tension required for similar Ppore (60 s) using DOPG/DOPC/chol (43/28/29)-

GUVs is higher than DOPG/DOPC/chol (46/39/15)-GUVs and similarly for 

DOPG/DOPC/chol (40/20/40)-GUVs is much higher than DOPG/DOPC/chol (46/39/15)-

GUVs.  

 

 

Fig. 4.6 Dependence of Ppore (60 s) on c for DOPG/DOPC/chol (46/39/15)-GUVs 

(triangle), DOPG/DOPC/chol (43/28/29)-GUVs (diamond) and DOPG/DOPC/chol 

(40/20/40)-GUVs (circle) in IRE experiments. The average values and standard deviations 

of Ppore (60 s) are obtained using 3 independent experiments, each with 15˗24 GUVs, for 

each value of c. The solid lines show the best fitted theoretical curves corresponding to 

equation (4.21) with same kp as used in figure 4.8 according to equation (4.20).  
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As an example, the value of Ppore (60 s) is 0.45  0.07 at 7.0 mN/m, 0.48  0.05 at 10.0 

mN/m and 0.56  0.04 at 12 mN/m for DOPG/DOPC/chol (46/39/15), DOPG/DOPC/chol 

(43/28/29) and DOPG/DOPC/chol (40/20/40)-GUVs, respectively. Theoretical equation 

(4.21) is fitted to the c dependent Ppore (60 s) data with the same kp value as used in Fig. 

4.8 according to equation (4.20). The blue, green and red solid lines (Fig. 4.6) are fitted to 

the experimental data of DOPG/DOPC/chol (46/39/15), DOPG/DOPC/chol (43/28/29) and 

DOPG/DOPC/chol (40/20/40)-GUVs, respectively.  

 

The tension dependent probability of pore formation with standard deviation for 

DOPG/DOPC/chol (46/39/15)-GUVs, DOPG/DOPC/chol (43/28/29)-GUVs and 

DOPG/DOPC/chol (40/20/40)-GUVs are shown in Table 4.3.  

Table 4.3. Tension dependent probability of pore formation with standard deviation for 

different cholesterol containing membranes.  

 

Chol (%) Tension, 
c 

(mN/m) 
Probability of pore 

formation 
P

pore 
(60 s) 

Standard 
deviation (±) 

15 

4 0 0 
5 0.05 0.01 
6 0.07 0.02 

6.5 0.19 0.09 
7 0.45 0.07 

7.5 0.71 0.10 
8 0.87 0.05 
9 1 0 

29 

7 0 0 
8 0.06 0.00849 
9 0.14 0.04434 

9.5 0.25 0.0157 
10 0.48 0.04583 
11 0.82 0.05124 
12 1 0 

40 

8 0 0 
9 0.06 0.01 
10 0.11 0.05 
11 0.25 0.04 

11.5 0.38 0.09 
12 0.56 0.04 
13 0.82 0.07 
14 0.99 0 
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4.5 Rate Constant of Pore Formation in GUVs  

In order to obtain the rate constant of pore formation in the membranes of GUVs, at first 

we determine the time course of the fraction of intact GUVs without pore formation among 

all of the examined GUVs, Pintact (t). It is basically indicating the fraction of GUVs that are 

still intact after time "t" and is defined as Pintact (t) = 1- Ppore (t) [71, 148]. Fig. 4.7(a) shows 

the time course of Pintact (t) for DOPG/DOPC/chol (46/39/15)-GUVs at c = 7.0 mN/m. The 

time dependent Pintact (t) is well fitted by a single-exponential decay function (black solid 

line in Fig. 4.7a):  

                   tktP pintact exp)(                                    (4.16) 

where kp is the rate constant for pore formation and t is the duration of constant tension 

applied to a GUV (tension is started at t = 0). From the fitted curve, the kp value is obtained 

1.0×10-2 s-1. Next, the same experiment is performed at c = 9.0 mN/m.  

 

 

 

Fig. 4.7 The time course of the fraction of intact DOPG/DOPC/chol (46/39/15)-GUVs at c 

= 7.0, 8.0 and 9.0 mN/m. The solid lines represent the best fitted single exponential decay 

function of equation (4.16). 

 

 

At this c, the decrease in Pintact (t) with time is faster than at 7.0 mN/m, and obtain the 

value kp of 11×10-2 s-1 at 9.0 mN/m. A similar experiment is done for c = 8.0 mN/m, and 
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obtain the value of kp of 2.7×10-2 s-1. It has been also obtain the kp values for different 

membranes at various c. It was performed 3 independent experiments for each tension and 

obtained the average rate constant with standard deviation. Fig. 4.8 shows the time course 

of the fraction of intact GUVs containing 29% (A) and 40% (B) cholesterol in the 

membranes. The solid lines represent the best fitted single exponential decay function of 

equation (4.16). 

 

 

Fig. 4.8 The time course of the fraction of intact GUVs containing 29% (A) and 40% (B) 

cholesterol in the membranes. The solid lines represent the best fitted single exponential 

decay function of equation (4.16). 

 

Table 4.4 shows the tension dependent rate constant of pore formation in GUVs containing 

various concentration of cholesterols. The data is obtained for one independent experiment 

as shown in Figs. 4.7 and 4.8. 
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Table 4.4 Tension dependent rate constant of pore formation in GUVs containing various 

concentrations of cholesterol. 

 

Chol (%) Tension, 
c 
(mN/m) Rate constant, kp (s-1) 

15 
7 1.0  10-2 
8 2.7  10-2 
9 11.0  10-2 

29 
10 1.0  10-2 
11 2.2  10-2 
12 9.0  10-2 

40 
12 1.2  10-2 
13 2.4  10-2 
14 8.0  10-2 

 

 

Fig. 4.9 shows the c dependent kp values for DOPG/DOPC/chol (46/39/15) (), 

DOPG/DOPC/chol (43/28/29) () and DOPG/DOPC/chol (40/20/40)-GUVs (○). From this 

figure, it is clear that as the cholesterol content increased in the membranes, the tension 

required the same kp is higher. As an example, the value of kp is (2.9 ± 0.3)×10-2 s-1 at 8.0 

mN/m, (2.5 ± 0.4)×10-2 s-1 at 11.0 mN/m and (2.5 ± 0.6)×10-2 at 13.0 mN/m for 

DOPG/DOPC/chol (46/39/15), DOPG/DOPC/chol (43/28/29) and DOPG/DOPC/chol 

(40/20/40)-GUVs, respectively. In all the membranes, c activates the pore formation 

process, which is observed as an increase of kp. We have fitted the theoretical equation 

(4.20) to the experimental data on c vs kp and obtain the line tension of membranes. The 

best fit was evaluated from the value of coefficient of determination, R2, which was 0.95 

for DOPG/DOPC/chol (46/39/15)-GUVs, 0.99 for DOPG/DOPC/chol (43/28/29)-GUVs 

and 0.98 for DOPG/DOPC/chol (40/20/40)-GUVs. The detail result is discussed in the 

discussion section. The tension dependent average rate constants of pore formation with 

fitting parameters are shown in Table 4.5. These results indicate that cholesterol inhibits 

the rate constant of pore formation of GUVs. 
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Fig. 4.9 The tension dependent kp for DOPG/DOPC/chol (46/39/15)-GUVs (triangle), 

DOPG/DOPC/chol (43/28/29)-GUVs (diamond) and DOPG/DOPC/chol (40/20/40)-GUVs 

(circle). Average values and standard deviations of kp for each tension are determined for 3 

independent experiments, each with 15˗24 GUVs, for each value of c. The solid lines 

show the best fitted theoretical curves corresponding to equation (4.20).  

 

Table 4.5 Tension dependent average rate constants of pore formation and line tension at 

various membranes systems.  

Chol. 

(mole %) 

 

Electric 

tension c 

(mN/m) 

Rate constant of 

pore formation 

kp (s-1) 

Line 

tension 

 (pN) 

Fitting 

parameter 

AF (m2s−1J-1) 

Coefficient of 

determination 

R2 

 

15% 

7.0 (1.0 ± 0.1) × 10-2    

8.0 (2.9 ± 0.3) × 10-2 12.9 9.3  105 0.95 

9.0 (11.0 ± 0.3) × 10-2    

 

29%   

10.0 (1.1 ± 0.1) × 10-2    

11.0 (2.5 ± 0.4) × 10-2 13.8 1.5  105 0.99 

12.0 (7.0 ± 0.1) × 10-2    

 

40% 

12.0 (1.0 ± 0.1) × 10-2    

13.0 (2.5 ± 0.6) × 10-2 14.6 9.3  104 0.98 

14.0 (7.0 ± 0.1) × 10-2    
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4.6. Analytical Treatment of the Pore Formation in GUVs  
 

Lipid membrane is an ensemble of lipid molecules in which local thermal fluctuations in 

the lateral density of the bilayer is constantly presented. The local region of a lipid 

membrane where the lateral density of lipid molecules is lower than their regular one is 

defined as a local density rarefaction or prepore [149-150]. In the presence of electric field 

(E) in the membranes, the lateral tension σc is induced in the membrane. Due to the thermal 

energy, a lateral density of lipid molecules that is defined as local condensation and local 

rarefaction exists in the membrane [18, 69, 148]. If the size of such a rarefaction crosses a 

critical radius rc, this area transforms into a prepore of radius, r. If r < rc the prepore closes 

quickly and if r  rc the prepore transforms into a transmembrane pore. The rupture of 

vesicles occurred as r goes to infinite within a very short time (1 s). The free energy of a 

prepore U(r, σc) consists of -πr2σc that is favoring the expansion of prepore and 2πrΓ (Γ is 

the free energy per unit length of a prepore) that is favoring the closure of prepore. 

According to the classical theory of pore formation, the free energy of a prepore can be 

expressed as [18, 69, 148] ]. A similar equation of a prepore 

free energy for IRE technique is used in the previous paper [18] where toroidal structure of 

prepore is considered [151-152] as shown in Fig. 4.10.  

 

 

 

                      Fig. 4.10 Illustration of toroidal structure of a prepore of radius r. [31] 

 

For cholesterol containing charged membranes, the free energy of a prepore can be written 

as, 

  2
c c, 2 ( )U r r r B                           (4.17) 

The electrostatic effect, B is defined as follows [69, 105], 

 

          
 

2
2B

0

14 ln
2w

k Tq hB p q
p e


 

   
      

  

                              (4.18) 

where h is the thickness of membrane,  is the membrane surface charge density, w is the 
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relative dielectric constant of water, 0 is the permittivity of free space, 02 AXp B   

and 21 pq  , 1/ is the Debye length (0.76 nm), Bjerrum length in water at 25 C 

is nm716.04 0
2  wkTeB  , kB is Boltzmann constant, T is absolute temperature, 

and  is the fitting parameter. At the critical radius of a prepore, cr r
B


 


, the energy 

barrier of a prepore free energy is as follows [69, 105]:  

 

                       
 

2

b c
c

( , )U r
B










                         (4.19) 

Using the mean first passage time approach the rate constant of the formation of pore in 

membranes is determined as follows [105, 144]:    

 

       
 

2

p F c
B c

expk A B
k T B






 
   

 
                        (4.20) 

where F
B

3rDA
k T

 
   
 

 is the pre-exponential factor. The fitting parameters of equation (4.20) 

are AF and . By changing these two parameters, this equation is fitted to experimental rate 

constant data. The fraction of GUVs with pores, among all the examined GUVs at t = 60 s 

is as follows [18, 148]. 

 

 pore c p( ,60 s) = 1- exp 60P k                  (4.21) 

 

4.7. Discussion on Electroporation 

As the membranes charge density is similar, the value of B  2.03 mN/m (which 

corresponds to the best fitting parameter  = 0.49) according to equation (4.18). The 

experimental data of kp vs c was fitted by varying the parameters AF and . The curves of 

Fig. 4.8 were fitted using the values of AF = 9.3  105 m2s−1J-1 and  = 12.9 pN for 

DOPG/DOPC/chol (46/39/15)-GUVs, AF = 1.5  105 m2s−1J-1 and  = 13.8 pN for 

DOPG/DOPC/chol (43/28/29)-GUVs and AF = 9.3  104 m2s−1J-1 and  = 14.6 pN for 

DOPG/DOPC/chol (40/20/40)-GUVs. The values of  for different membranes are 

provided in table 4.5. It has been observed that the value of Γ increased with the increase of 

cholesterol content in the membranes. Recent results on electroporation of vesicles and 
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analysis of the pore closure dynamics indicated that the addition of 17 mol% cholesterol to 

the DOPC-GUVs causes an increase of line tension [153]. It was reported the Γ value of 

27.7 ± 2.5 pN for DOPC-GUVs and 36.4 ± 1.9 pN for DOPC/cholesterol (5:1)-GUVs. 

Using the micropipette aspiration and electroporation technique the  at the pore region 

was determined for stearoyloleoylphosphatidylcholine (SOPC) and SOPC with 50 mol% 

cholesterol, and obtained the Γ value of 9.2 ± 0.7 pN and 30.5 ± 1.2 pN, respectively [154-

155]. Using the pore closure dynamics and the light-induced poration technique it was 

reported that cholesterol (a model of inverted cone-shaped molecule) increases the value of 

 upon addition into the bilayers [156]. It was reported the Γ value of 6.9 ± 0.42 pN for 

DOPC-GUVs (DOPC supplied from Sigma) and incorporation of cholesterol of upto 31 

mol% into DOPC-GUVs increased the Γ value of 9-22 pN [156]. Therefore, these 

investigations supported our results that as the cholesterol increased in membranes the 

value of Γ also increase. Taking the same values of kp as used in figure 4.9, the 

experimental data of Fig. 4.6 was fitted using equation (4.21). It is very clear that the 

theoretical equation fitted well to the experimental data (Fig. 4.6). Recent report indicated 

that cholesterol decreased the rate of entry of cell-penetrating peptide oligoarginine into the 

lipid vesicles [30], which supported our investigation that as cholesterol increased in the 

membranes, the probability of pore formation and the rate constant of pore formation 

decreased. From equation (4.19), the main factor determining the IRE-induced rate 

constant of pore formation is Ub which depends on the value of c, in which σc is controlled 

by E (equation 3.3 in chapter 3). Fig. 4.11 shows an example of U (r, σc) for different . As 

it has been mentioned above that  increases with the increase of cholesterol in membrane 

and therefore Ub(r, σc) increases as cholesterol increases in the membranes. The similar 

tendency of prepore energy profile is observed in the cell-penetrating peptide 

oligoarginine-induced pore formation in the lipid membranes containing cholesterol [30]. 
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Fig. 4.11 Dependence of the prepore energy profile, U(r) on the pore radius at (A) Γ = 12.9 

pN, (B) Γ = 13.8 pN, (C) Γ = 14.6 pN. UI is calculated according to equation (4.17) using 

σc = 7.0 mN/m and B  2.03 mN/m.  

 

The free energy of a prepore, Ub(r, σc) decreases with the decrease of Γ, 

because
2

b c
c

( , )U r
B










. The initial slope of UI decreases with a decrease of Ub, so the 

prepore radius decreases with a decrease of Γ, consequently the rate constant of pore 

formation increases. Therefore, it is observe that as the value of Γ increases due to the 

incorporation of cholesterol in the membranes, the rate constant of pore formation 

decreases which support our investigations.  

 

4.8. General Discussion 

It has been observed that the main fitting parameter of the theoretical model is Kben. The 

value of Kben in our experiments was obtained 19.1-31.0 kBT for neutral GUVs and 25.9- 

37.1 kBT for charged GUVs. According to the theoretical approach, Dave is only 

proportional to Kben i.e., ave benconstD K . When it has been plotted the dependence of Dave 

(С, X) and Kben (С X) in the same graph (Fig 4.4), it is observed that Dave is proportional to 

Kben. The appropriate constants are equal to 2.63 [m/(kBT)]1/2 for cholesterol-rich neutral 

GUVs and 3.17 [m/(kBT)1/2] for cholesterol-rich charged GUVs. The average value of 
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Kben are obtained (19.1  0.1) kBT for DOPC/chol (100/0)-GUVs (i.e. DOPC-GUVs without 

cholesterol), which is very close to the value (20 ± 0.5) kBT for DOPC-GUVs obtained in 

micropipette aspiration technique [89]. In addition, Kben for DOPG/DOPC (70/30)-GUVs is 

close to the value as reported earlier [87]. The average values of Kben at various cholesterol 

concentrations are provided in table 4.1. Our results demonstrate that, as the cholesterol 

increases in the DOPC-GUVs or DOPG/DOPC-GUVs, the value of Kben increases. Taking 

into account that from one hand it has been shown that the size distribution and average 

size of GUVs are determined by Kben and from another hand the experimental results 

demonstrated significantly dependences of GUVs size on cholesterol content, it can say 

that these results also exhibit the dependence of the vesicle membrane bending modulus on 

cholesterol. The increase of Kben means the increase of the total elastic energy of the 

population. To decrease the free energy in equilibrium, state the system “trends” to 

increase the number of large vesicles, because the elastic energy of such vesicles is less that 

the same of small ones, as a result the average size of all vesicles increases. 

With the increase of cholesterol, the histogram peak shifts in the range of larger vesicles 

(Figs. 4.1 and 4.2), which means that the number of larger vesicles in population increases, 

and therefore, Dave increases. As it has been discussed above, cholesterol increases the 

bending modulus of membranes, and hence the energy term of free energy increases (see 

eq. 4.3). However, it is seen that this term does not content the vesicle size explicitly. The 

question arises: how this term can describe the bending modulus influence on vesicle size 

distribution. To understand this point it is necessary to consider that this term contains nm 

vesicles composed with m initial aggregates. The total number of vesicles in the 

system
init

m ves
1

N

m
n N



  is not fixed. The greater the fraction of large vesicles in population, the 

smaller the Nves.  Hence the system trends to decrease the energy term in equation (4.3) by 

decreasing the total number of vesicles Nves. Smaller number of vesicles means the greater 

fraction of large vesicles and consequently larger average size of vesicles in population. It 

has been shown early that electrical charge of the vesicle membrane increases the bending 

modules of membrane Kben [87]. The results of the current research show that the 

cholesterol also increases Kben. Hence one can conclude that if the cholesterol concentration 

increases, the average sizes of GUVs, Dave in the system increases also the Kben increases.  

It was also investigated the effects of IRE-induced probability of pore formation and the 

rate constant of pore formation in GUVs containing various mole% of cholesterol. As the 

membranes charge density is similar, the value of B  2.03 mN/m (which corresponds to 

the best fitting parameter  = 0.49) according to equation (4.18). The experimental data of 
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kp vs c was fitted by varying the parameters AF and . The obtained line tension increased 

from 12.9 to 14.6 pN for the increase of cholesterol from 15 to 40 mole%. Using the 

micropipette aspiration and electroporation technique the  at the pore region was 

determined for pure SOPC and SOPC with 50 mol% cholesterol, and obtained the Γ value 

of 9.2 ± 0.7 pN and 30.5 ± 1.2 pN, respectively [154-155]. Using the pore closure 

dynamics and the light-induced poration technique it was reported that cholesterol 

increases the value of  [156]. It was reported the Γ value of 6.9 ± 0.42 pN for DOPC-

GUVs and incorporation of cholesterol of upto 31 mol% into DOPC-GUVs increased the Γ 

value of 9-22 pN [156]. Therefore, these investigations supported our results that as the 

cholesterol increased in membranes the value of Γ also increase and therefore Ub(r, σc) 

increases as in the membranes. Therefore, it has been observe that as the value of Γ 

increases due to the incorporation of cholesterol in the membranes, the rate constant of 

pore formation decreases which support our investigations. Since the bending modulus and 

rate constant of pore formation dependent with the cholesterol concentrations so, it can say 

that with the increase of cholesterol concentrations the bending modulus increased, for this 

reason the rate constant of pore formation in the membranes of vesicles decrease.  
 

 

 

 

 

 



 

CHAPTER 5 

CONCLUSIONS 
 

In this thesis, the influence of cholesterol on the size distribution and the IRE-induced pore 

formation in GUVs is considered. The amount of cholesterol was varied from 0 to 40 

mole%. The size distributions of GUVs were presented as a set of histograms. The classical 

lognormal distribution was well fitted to the histograms from where the average size of 

vesicle was obtained. With the increase of cholesterol concentration, the peak of the 

histograms shifted to right, i.e., in the region of large vesicles for both the neutral and 

charged GUVs. This means that with the increasing of cholesterol, the fraction of large 

GUVs in population increases. The values of average size (Dave) were obtained (9.9  0.8), 

(12.0 ± 0.4), (14.9 ± 0.04) and (15.7 ± 0.5) m for DOPC/chol, DOPC/chol (85/15), 

DOPC/chol (71/29) and DOPC/chol (60/40)-GUVs, respectively. Similarly, the values of 

Dave were obtained (16.5 ± 0.3), (16.0 ± 0.6), (18.7 ± 0.3) and (19.7 ± 1.2) m for 

DOPG/DOPC/chol (70/30/0), DOPG/DOPC/chol (46/39/15), DOPG/DOPC/chol 

(43/28/29) and DOPG/DOPC/chol (40/20/40)-GUVs, respectively. Therefore, the increase 

of cholesterol content in the membranes of GUVs increases the average size of vesicles in 

population. For theoretical explanation of the obtained results the theory based on 

Helmholtz’s free energy is used. The specific GUVs size distribution was determined by 

the bending modulus of membranes of vesicles. The values of bending modulus (Kben) of 

neutral GUVs were obtained (19.1  0.1), (23.1 ± 0.1), (8.6 ± 0.01) and (31.0 ± 0.1) kBT for 

DOPC/chol (100/0), DOPC/chol (85/15), DOPC/chol (71/29) and DOPC/chol (60/40)-

GUVs, respectively. Also, for charged GUVs, the average values of Kben were obtained 

(25.9 ± 0.3), (26.8 ± 0.1), (32.1 ± 0.3) and (37.1 ± 0.3) kBT, for DOPG/DOPC/chol 

(70/30/0), DOPG/DOPC/chol (46/39/15), DOPG/DOPC/chol (43/28/29) and 

DOPG/DOPC/chol (40/20/40)-GUVs, respectively. Hence, the value of bending modulus 

increased with the increase of cholesterol concentration. It was observed a proportional 

relation between the average sizes of GUVs and the average Kben of those corresponding 

GUVs. The increase of Kben means the increase of the total elastic energy of the population. 

To decrease the free energy in equilibrium, state the system “trends” to increase the 

number of large vesicles, because the elastic energy of such vesicles is less that the same of 

small ones. 
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For IRE-induced pore formation in GUVs, it was applied an electric field of pulsating DC 

of frequency 1.1 kHz. At first, the probability of pore formation until 60 s, Ppore (60 s) for 

DOPG/DOPC/chol (46/39/15)-GUVs for various constant electric tension c was 

calculated. The value of Ppore (60 s) increased with the increase of c and it reached to 1.0. 

The similar results were also obtained for other cholesterol containing vesicles. The tension 

required for similar Ppore (60 s) using DOPG/DOPC/chol (43/28/29)-GUVs was higher than 

DOPG/DOPC/chol (46/39/15)-GUVs and similarly for DOPG/DOPC/chol (40/20/40)-

GUVs was much higher than DOPG/DOPC/chol (46/39/15)-GUVs. To obtain the rate 

constant of pore formation in the membranes of GUVs, the time course of the fraction of 

intact GUVs without pore formation among all the examined GUVs, Pintact (t), was 

determined. The Pintact (t) vs time graph was well fitted by a single-exponential decay 

function, Pintact (t) = exp(-kpt), where kp indicates the rate constant for pore formation in 

GUVs. The value of kp increased with the increase of membrane tension. However, the 

value of kp decreased with the increase of cholesterol at a particular tension. As the 

cholesterol content increased, the tension required the same kp was higher. Theoretical 

equation fitted well to the tension dependent rate constant which allowed obtaining the line 

tension of membranes. The obtained line tension increased from 12.9 to 14.6 pN for the 

increase of cholesterol from 15 to 40 mole%. The increase in the energy barrier of a 

prepore free energy due to the increase of cholesterol was the main factor for the decrease 

of rate constant of pore formation in the cholesterol containing membranes. This 

observation offers the kinetics of irreversible pore formation under constant electric tension 

in the cholesterol containing membranes of giant vesicles.   
From the above discussions, finally it can be concluded that as the bending modulus 

increased with the increase of cholesterol the rate constant of pore formation in GUVs 

decrease. 
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