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 ABSTRACT  

v 
 

Lipid membranes of giant unilamellar vesicles (GUVs) of sizes 10 m or more are 

considered as a mimic of biomembranes of cells. In this investigation, the membranes of 

GUVs are prepared by a mixture of negatively charged lipid 

dioleoylphosphatidylglycerol (DOPG) and neutral lipid dioleoylphosphatidylcholine 

(DOPC) using the natural swelling method. It has been studied the effects of salt 

concentrations 12, 62, 112, 162, 212, 312, 362 and 412 mM containing in buffer (10 mM 

PIPES, pH 7.0 and 1 mM EGTA) on the size distribution and average sizes of self-

assembled GUVs. The experimental results are presented in the form of set of 

histograms. The lognormal distribution is used to calculate the average sizes of GUVs 

from the mean and variance of the distribution. The values of average size of 

40%DOPG/60%DOPC-GUVs (% indicates mole %) from two to three independent 

experiments are obtained (19.6  0.4) and (9.2  0.3) µm for 12 and 412 mM, 

respectively. The average size of GUVs decreases with the increase of salt concentration 

in buffer for fixed surface charge density of membrane. To understand the electrostatic 

effects due to salt concentrations, it has been also studied the effects of surface charge 

density in the membrane of GUVs i.e., 10%, 25%, 40%, 55%, 70% and 90% DOPG on 

the size distribution of GUVs in a buffer containing 162 mM. It is observed that with the 

rise of surface charge density the average sizes of GUVs increase. The values of average 

size of GUVs are obtained (11.9  0.9) and (17.9  0.9) µm for 10% and 90% DOPG, 

respectively at 162 mM salt. In each case of salt concentrations and surface charge 

density, the values of the co-efficient of determination (R2) are more than 0.90. A theory 

of size distribution of vesicles is developed to explain the experimental results using the 

Helmholtz’s free energy of the system. The size distribution histograms and average size 

of GUVs at various conditions are fitted with the proposed theory from which the 

bending modulus (Kben) is calculated for each salt concentration and surface charge 

density of the membrane where the values for 12 and 412 mM are obtained (35.9  0.1) 

and (11.1  0.4) kBT, respectively and for 10% and 90% DOPG Kben are obtained (17.0  

0.2) and (30.1  0.1) kBT, respectively. To observe the effects of salt concentrations and 

surface charge density on the average sizes of GUVs more rigorously, it is used the 

purified GUVs in which purification is performed by the well known membrane filtering 

method. The results obtained from purified samples show a good consistency with the 

unpurified ones. It has shown that the variation of Kben due to the salt as well as the 

surface charge density is the main factor causing to change the sizes of GUVs.
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CHAPTER 1 

INTRODUCTION 

  

 

1.1  Prelude 
 
According to the ‘cell theory’, cells are considered as the basic structural and 

functional unit of life. Biological membranes form cells and enable separation 

between the inside and outside of an organism, controlling by means of their selective 

permeability which substances enter and leave [1, 2]. By allowing gradients of ions to 

be created across them, membranes also enable living organisms to generate energy. 

In addition, they control the flow of messages between the cells by sending, receiving 

and processing information in the form of chemical and electrical signals [3]. At the 

microscopic scale, biomembranes are a crowded mix of membrane proteins and their 

lipid partners. Studies of membrane proteins have revealed a direct link between the 

lipid environment and the structure and function of some of these proteins. Although 

some of these effects involve specific chemical interactions between lipids and 

protein residues, many can be understood in terms of protein-induced perturbations to 

the membrane shape [4, 5]. Cholesterol has been found to modulate the function of 

membrane proteins critical to cellular function. There exist two mechanisms for this 

modulation. In one mechanism, the requirement of ‘free volume’ by integral 

membrane proteins for conformational changes as part of their functional cycle is 

antagonized by the presence of high levels of cholesterol in the membrane. In the 

other mechanism, the sterol modulates membrane protein function through direct 

sterol-protein interactions [6, 7]. 

In spite of the fact that the weight proportion of proteins exceeds that of lipids in most 

bio-membranes, lipids play a unique role. This is demonstrated by the fact that lipids 

can self-organized into a cell-like structure upon dispersion in excess water.  Cellular 

lipids exhibit a lot of variety in structure and function; however, the basic framework 

is the same [8]. Each lipid consists of a hydrophilic or polar head and a hydrophobic 

or non-polar tail. The tail and the head group are both attached to a parent compound 

(called backbone). This structure is responsible for the amphipathic property of the 
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lipids which enables them to cluster together in an aqueous environment forming a 

bimolecular layer structure. The hydrophobic tails form the inner core while the polar 

head groups interact with the aqueous environment. The tails consist of two 

hydrocarbon acyl or fatty acid chains, usually with an even number of carbon atoms 

[9]. These chains may be saturated or unsaturated but are usually linear. The double 

bonds however introduce a bend in the carbon chains, the presence of which disrupt 

close packing and affects fluidity of the membrane. The head groups are generally 

alcohols like serine, choline etc. The backbone usually consists of an alcohol and a 

phosphate group. Based on their backbone and head groups, membrane lipids can be 

classified into three major categories: glycerophospholipids, sphingolipids and 

glycolipids. The detrimental interactions between water and the hydrophobic 

phospholipid tails will drive the phospholipids to self-association at already very low 

lipid concentrations [10, 11]. Most phospholipids self-assemble into bilayers. In 

excess water, these bilayers spontaneously form the closed shells called vesicles.  

Although the exact composition of biomembranes varies among different types of 

organisms, all cell membranes contained a generic lipid bilayer structure. For 

membrane models, bilayer can be prepared as vesicles or liposomes [12], which are 

closed, spherical systems−ranging from nanometers to micrometers in diameter. 

Vesicles are usually within the size range of 10 nm to 1 μm or greater. These vesicular 

systems are composed of aqueous core enclosed by phospholipid bilayers of natural or 

synthetic origin. Vesicles are structurally classified on the basis of lipid bilayers such 

as unilamellar vesicles or multilamellar vesicles (MLVs). Furthermore, on the basis of 

size, vesicles are classified into small unilamellar vesicles (SUVs) of size 1− 100 nm, 

large unilamellar vesicles (LUVs) of size 100 nm − 1 m and giant unilamellar 

vesicles (GUVs) of size 1 m or more [13]. Unilamellar vesicles are composed of 

single layer of lipid such as lecithin or phosphatidylglycerol encapsulating aqueous 

interior core. MLVs are composed of various layers of lipid bilayers [14–16]. 

As a mimic of cells, GUVs have been extensively used to investigate the elasticity 

[17], shape change [18, 19] and rupture formation [20, 21]. The time dependent 

physicochemical and structural change of GUVs due to the interaction of membrane 

active agents such as antimicrobial peptides [22-24], cell penetrating peptides [25-27] 

and nanoparticles [28] have been also investigated. There exist several methods of the 

preparation of GUVs. That includes natural swelling method, electroformation [29], 
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gel assisted swelling [30, 31], polyvinyl alcohol assisted swelling [31], microfluidics 

[32] etc. Among them the natural swelling method is highly popular [33]. However, 

the vesicles obtained using the suspension method (such as sonication) provide only 

average values of the physical properties of all the vesicles stayed in different 

elementary processes, therefore much information has been lost [34]. In this regard, 

the cell size vesicles such as GUVs have considered because the size and shape of 

GUVs can be visualized using optical microscope [20, 21, 24, 26, 35, 36].   

By the energetics and thermodynamics analyses of vesicle formation and the 

consideration of nonlinear elasticity for bending rigidity and configurational entropy, 

the equilibrium size of vesicles and their distribution were calculated [37]. Vesicles 

can be thermodynamically equilibrium by entropy on a mesoscopic scale (undulation, 

translation, polydispersity) [38, 39] or they can have a nonzero spontaneous curvature 

[40]. Both the mechanisms give rise to vesicles of a stable size with proper size 

distribution. Membranes composed of more than one lipid species open the possibility 

to obtain the spontaneous curvature of the membranes which were investigated both 

theoretically and experimentally [40, 41]. In the membranes containing mixed 

species, electrostatic interaction has drawn considerable attention because 

biomembranes are rich in charged lipids surrounded by a buffer containing ionic salts 

with quite different concentrations inside and outside of the cells. It is well known 

that mammalian membranes containing 10–20% charged lipids whereas bacterial 

membranes contain about 80% [42]. Electrostatic interaction due to these charged 

lipids and ionic salts in buffer play important physiological roles such as proteins 

binding to cell membranes, structural changes of membranes and stability of 

membranes [43-45]. The mechanical stability of GUVs decreased significantly [46] 

due to the presence of electrostatic interaction. Therefore, electrostatic interaction 

may play an important role to control the equilibrium size of vesicles. Effects of salt 

concentrations on the formation of GUVs were studied [32, 47] where the formation 

of GUVs is greatly affected by the salt concentrations in buffer.  

The overall size of any organ depends on the number and size of its cells. The average 

animal cell size is approximately 10–30 µm in diameter [48]. Such small size results 

in a large surface area-to-volume ratio that allows for efficient transport of materials 

in and out of cells. If cells were too large with the lacking of salt within a certain 

range, transport would be inefficient and incapable of supporting the metabolic 
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demands of the cell. Nutrient levels can have during development of a cell. If the sizes 

of cell become increase, nutrient levels do not appreciably affect maximal organismal 

size [49]. As the salt concentrations increase much in the body there may be a 

decrease in cell size. When the cell size is limited, they can have a dramatic effect. On 

the other hand, salt contains electrolytes that need to be maintained in an even balance 

for our body to function properly [50]. Otherwise, vital body systems can be affected. 

Severe electrolyte imbalances can cause serious problems like coma, seizures, and 

cardiac arrest [51, 52].  

Recently, the sizes of SUVs prepared by the lipids dioleoylphosphatidylglycerol 

(DOPG) or dioleoylphosphatidylcholine (DOPC) using the sonication, was investigate 

by varying the salts (i.e. NaBr, NaCl) and salt concentrations [53] in which the size of 

SUVs correlated well with self-consistent field predictions of bending modulus, Kben, 

as a function of ionic strength. The size of SUVs was also investigated for the 

membranes containing DOPG and DOPC for various salt concentrations and surface 

charge densities [54]. In these mixed system, the self-consistent field calculations 

indicate that the changes in the equilibrium sizes can be attributed to the dependences 

of Kben on lipid mixing and the average surface charge density. The size distribution 

histograms of egg lecithin and lecithin/cholesterol vesicles synthesized under 

sonication were investigated by a recently developed theoretical approach, in which 

the presence of cholesterol shifted the size distribution to the right and made the 

distribution broader [37].  

So far all the previous researches mainly deal with small nanoscale vesicles, there are 

not the works dealing with GUVs. Moreover, the experimental results obtained in the 

suspension method using nanoscale vesicles provided only the average values of 

physical properties of all the vesicles stayed in different elementary processes, hence 

much information has been lost [34] in these investigations. Therefore, it is worth to 

investigate the electrostatic interaction effects due to salt concentration in buffer and 

surface charge density of the membrane on the size distribution and the average size 

of cell size vesicles (i.e. GUVs) and explain the experimental results theoretically. In 

this regard, the effects of salt concentration (i.e. C) and DOPG molar fraction (i.e. X) 

in the lipid membrane on the size distribution and the average size of GUVs are 

investigated. Based on the energetic and thermodynamic analysis, a theory is 

developed to fit the experimental data. The possible mechanism behind the changes of 
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GUV sizes due to change in salt concentrations in buffer and surface charge density of 

the membrane have been discussed. 

 

1.2   Objective of the Study 
The main objectives of this research project are as follows. 

1. Preparation of lipid membranes of GUVs using the natural swelling method.  

2.  Purification of GUVs using the membrane filtering method.  

3.  Investigations of the effects of salt concentrations (i.e. C) on the size     distribution   

of GUVs for a particular membrane of unpurified GUVs.  

4. Calculating the average sizes of GUVs at different salt concentrations for that 

particular membrane system using the lognormal distribution. Reproducibility of 

each experiment for the better acceptance of result.  

5.  To support the results of salt concentration, investigation on the size distribution of 

GUVs for different surface charge density of membranes by varying the DOPG 

molar fraction (i.e. X) in the membranes.  

6. To observe the effects of salt concentrations and surface charge density on the 

average sizes of GUVs more rigorously, it is also used the purified GUVs in which 

purification is performed by the well known membrane filtering method. 

7. Development a theory of size distribution of GUVs based on the energetic and 

thermodynamic analysis and fit the experimental data. Estimation of bending 

modulus of the membranes in each case using the theory.  

8.  Possible mechanism behind the changes of GUV sizes due to the salt concentration 

in the buffers.  
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1.3   Outline of the Thesis 
The overall goal of the thesis work is to synthesis the GUVs via the natural swelling 

method using the neutral and charged lipids and hence investigates the effects of salt 

concentration in the buffer on the size distribution of GUVs.  

Chapter 1: The motivation and outline of the thesis are given. The effects of salt as 

well as the surface charge density of membranes on the size distribution and average 

sizes of GUVs are discussed here. 

Chapter 2: Literature review of natural swelling and different types of synthesis 

process of GUVs, electrostatic effects due to the effects of salt concentration and 

surface charges on the size distribution of GUVs have been explained in this chapter. 

Chapter 3: Experimental setup used for natural swelling method, purification of 

GUVs and measurement technique of size distribution are described here broadly. 

Chapter 4: Development of size distribution theory of GUVs as well as the 

experimental results and discussions are presented here.  

Chapter 5: The overall conclusion on the size distribution of GUVs by varying the 

salt concentrations as well as the surface charge density in the membranes is 

discussed.  
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CHAPTER 2 

LITERATURE REVIEW 
         

 

2.1  Biological Membrane 

Since 1899 it has been concluded that cells must be surrounded by a “fatty oil”, there 

have been speculations on the structure and properties of the cell membranes [55]. 

The first evidence of a bilayer structure was obtained by Gorter and Grendel [56], 

who predicted and demonstrated that the lipid membrane was indeed a bilayer by 

comparing the surface area of different animal (and human) erythrocytes to the 

“surface occupied by all of the lipoids of the chromocytes” and found that they 

differed by a factor 2. The first, commonly accepted, membrane model came ten years 

later. It was proposed by Danielli and Davson [57], who suggested that cells must be 

surrounded by “lipoidal material” that was sandwiched in between two layers of 

proteins. The membrane itself was considered to be homogeneous and it could be 

either liquid or solid. This model persisted for several decades, undergoing only some 

minor revisions with the introduction of the electron microscope studies, where 

Robertson [58] observed a characteristic trilaminar appearance consisting of two 

darker outer lines and a lighter inner region. The interpretation was that all cell 

membranes must have a common structure (the “unit membrane”), where the darker 

lines were believed to be protein layers and the light region the lipid bilayer. Since the 

fluid mosaic model of the lipid bilayer was firstly proposed by Singer and Nicolson in 

1972, cell membrane has been viewed as a two-dimensional liquid in which lipids and 

proteins can diffuse freely [59]. However, in the past decades, there has been an 

increasing evidence for the existence of membrane compartments which participate in 

regulation of many biological processes. Despite the fact that lipid raft (specialized 

membrane microdomain) theory was proposed twenty years ago [60], there is still a 

strong scientific debate whether these domains exist under physiological conditions in 

complex membranes of living cells, as they have only been observed by indirect 

methods or in model systems and a solid proof evidence is still lacking [61]. 
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As shown in fig. 2.1, the plasma membrane is a thin phospholipid bilayer that acts a 

selective barrier between the inner and outer part of the cell. Inside the cell itself, 

membranes also appear in different organelles like the endoplasmic reticulum, the 

Golgi complex and the mitochondria. The endoplasmic reticulum is involved in the 

synthesis of e.g. lipids, steroids and proteins. The Golgi complex is a network of flat 

membranous sacs that produce, change and store proteins, while the mitochondria are 

involved in cellular respiration and the production of ATP from nutrients.  

 

 
 

Fig. 2.1: Illustration of an idealized animal cell [62] 

       

2.2  Plasma Membrane 

Biological membrane is generally a complex structure composed of a lipid bilayer and 

membrane proteins (fig. 2.2). Its chemical composition varies depending on the type 

of a cell, occurrence and function. The largest biological membrane is the plasma 

membrane which separates the inner parts of the cell from the external environment. 

Other membranes e.g. mitochondrial, endoplasmic reticulum, Golgi apparatus 

separate organelles inside the cell and are highly specialized [63]. It has become 

obvious that the protective barrier function of the plasma membrane is just one of 

many. Among others, vital functions of the plasma membrane include transport of 
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nutrients and metabolites in and out of the cell, cell signaling, cellular 

communication, adhesion and others. Fig. 2.2(A) shows the A: the fluid mosaic model 

according to Singer and Nicolson [59] which depicted is the lipid bilayer with 

proteins embedded in the membrane. The proteins can be associated to the membrane 

surface (peripheral), or be embedded in the membrane (integral membrane proteins). 

To transport nutrients, waste products and ions, the plasma membrane is equipped 

with membrane channels and transporter as shown here (slice through membrane). 

Both proteins and lipids with carbohydrates bound are found in the membrane, named 

glycoproteins and glycolipids, respectively. An updated model of the plasma 

membrane, with lipid domains is shown in fig. 2.2(B). Domains of saturated lipids 

(shown in red) and cholesterol (orange) are enriched in glycolipids, GPI- anchored 

proteins and proteins with specific modifications such as palmitoylation. Other 

proteins are embedded outside these domains, where the bilayer mainly consists of 

unsaturated lipids (depicted in green). 

 

Fig. 2.2: The Singer and Nicolson, 1973 (A) and a new, 2017 (B) model of the 

eukaryotic plasma membrane [59] 
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Mere restriction of the diffusion of membrane proteins from the three-dimensional 

solution to the two-dimensional lipid film effectively increases the concentrations of 

membrane associated enzymes and signaling molecules. Furthermore, 

compartmentalization can enhance their mutual interactions. Therefore, plasma 

membrane has an important role in the regulation of many enzymatic processes [64]. 

A living eukaryotic cell has a capacity to synthetize thousands of different lipid 

molecules [65] using only 5 % of its genes. This results in a great complexity of 

membrane compositions and functions. Heterogeneity of the membranes is usually 

considered as diversity in the lipid distribution among (a) distinct plasma membranes, 

(b) different intracellular compartments, (c) between inner and outer leaflet of the 

bilayer and (d) within the same leaflet. Whilst first three cases are widely accepted by 

scientists there are still on-going discussions about the fourth one [61]. Existence of 

the lipid rafts (heterogeneities of plasma membranes) was firstly proposed by Simons 

et al. in 1997 [60] and since then membrane compartmentalization and phase 

separation has been observed in a variety of model membranes [66-68] and some 

highly specialized biological membranes [61]. 

 

2.3  Amphiphilic Molecules and Their Self-Assemblies 

The earliest forms of life likely required membranes as boundaries. Phospholipids are 

the primary components of cell membranes, but it is improbable that such complex 

molecules were part of the prebiotic earth [69]. Instead, simpler amphiphilic 

molecules probably served as precursors, evolving over time chemically into the 

varied and complex form of phospholipids. Amphiphiles are molecules processing 

both hydrophilic and lipophilic parts. They have a tendency to gather at interfaces, 

such as water-air or water-oil surfaces, and are often referred to as surface-active 

molecules. Amphiphilic molecules (such as lipids and other surfactants) 

spontaneously self-organize into a variety of structures. By means of self-assembly, 

the individual amphiphilic molecule adopts an ordered arrangement, with different 

physical properties that the individual amphiphilic molecule. However, controlling the 

self-assembly of amphiphiles, with the goal to form well-defined structures in a 

predictable and reproducible way, remains a major challenge. 
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2.3.1  Phospholipids 

         Phospholipids are amphiphiles composed of two fatty acid tails, a glycerol unit, a 

phosphate group and a polar molecule. The phosphate group and polar head molecule 

form the hydrophilic region and define each type of phospholipid, including 

zwitterionic groups with zero overall net charge at physiological pH, such as 

phosphatidylcholine (PC) and phosphatidylethanolamine (PE) or anionic groups with 

negative net charge such as phosphatidylglycerol (PG), phosphatidylserine (PS) and 

phosphatidylinositol (PI). The remaining part is a glycerol molecule esterified by two 

fatty acids, forming hydrophobic region that can be of different lengths (between 12-

24 carbons) and degree of saturations. Phospholipids are the main component of 

biological membranes. 

 

2.3.2  Amphiphilic copolymers 

         Amphiphilic copolymers are synthetic amphiphiles, composed of a hydrophilic (e.g. 

polyethylene oxide PEO, polyacrylic acid PAA) and a hydrophobic segment (e.g. 

Polybutadiene PBd, Polystyrene PS). Amphiphilic copolymers can have different 

architectures, e.g: diblock, triblock, graft. A schematic representation of phospholipid 

and amphiphilic copolymer is given in fig. 2.3. 

 

 

Fig. 2.3: Phospholipid & amphiphilic copolymer structure [70] 
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2.3.3  Various aspects of self-assembly 

Lipid bilayer is formed by spontaneous self-assembly process which is typical for 

amphipathic lipid molecules that the bilayer is composed of. Amphipathic lipid is a 

molecule with a polar head group and a hydrophobic tail. When such a molecule is 

exposed to the polar water environment, hydrophobic tails are thermodynamically 

driven to aggregate and exclude water from its surroundings, hence increasing the 

entropy of the system. This process results in the formation of a continuous lipid 

bilayer with individual molecules extending their polar head groups into the water and 

hydrophobic tails forming the inner layer generally impenetrable to ions and other 

polar molecules fig. 2.4. This structure is further stabilized by non-covalent weak 

interactions such as Van der Waals, electrostatic and hydrogen bonds. While non-

polar and uncharged small molecules like O2 and CO2 can freely diffuse through the 

lipid bilayer, transport of other vital molecules is regulated via membrane transport 

proteins and pores. When higher amounts of compounds have to be quickly 

transported inside or outside of the cell, lipid bilayers can be used as small containers 

called vesicles in the processes of endo- or exocytosis, respectively [63]. 

 

Fig. 2.4: Formation of the bilayer from lipid molecules in an aqueous solution [65] 

There are three main classes of lipid molecules that can be found in the majority of 

biological membranes: phospholipids, glycolipids and sterols (fig. 2.5). The amount 

of each of the three components strongly varies with the type of a cell and function of 
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the membrane. Phospholipids consist of a polar head group containing a phosphate 

group [71], glycerol and two fatty acid chains each containing 16 – 20 carbon atoms. 

The length and saturation of the fatty acid chains influence the transition temperature 

of the lipid molecules from the solid, gel-like phase to the liquid, important for the 

compartmentalization of the membrane to domains. Polar head groups of the 

phospholipids are mostly composed of  PC, PS and PE, each having their specific 

charge and properties. Phospholipids do not only possess the structural role in 

bilayers, but may also play an active part in signal transduction. For example, the 

cleavage of the phosphatidylinositol-4,5-bisphosphate (PIP2) head group by 

phospholipase C produces diacylglycerol which appears to be a prominent factor in 

cell signaling [72]. 

 

Fig. 2.5: Schematic structure of the three main components of biological 

membranes: (a) phospholipids, (b) glycolipids and (c) sterols [63] 

Amphiphilic molecules tend to self-assemble in a way that allows them to expose 

only their hydrophilic part to water, shielding the hydrophobic part. This property of 

immiscibility of water and hydrophobic molecules is called hydrophobic effect (fig. 

2.6). This leads to the formation of microscopic aggregates (like micelles, lamellae, 

vesicles etc.) which do not form a three-dimensional microscopic phase as shown in 

fig. 2.6. Amphiphilic molecules line up in order to decrease the hydrophobic area per 

molecule that is exposed to water in order to decrease the free energy of the system. 

Above the CMC (critical micelle concentration) spherical micelles are formed where 

water is entirely excluded from the hydrophobic tails. 
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Fig. 2.6: Schematic illustration of hydrophobic effect [73] 

 

2.3.4  Critical packing parameter 

         The first useful parameter to predict which structures can be obtained is the so-called 

packing parameter ρ according to Israelachvili’s concept [74]. This parameter is 

defined as: 

0 c

v
a l

 =                                                            (2.1) 

where, ν is the volume of the hydrophobic portion of the amphiphile, 0a  is the area 

occupied on average by the polar head group packed in the aggregate and lc is the 

length of the hydrophobic tails. The relationship between packing parameter ρ and the 

optimal aggregate structure is illustrated in Table 2.1. 

         Table 2.1 depicts Israelachvili’s concept of the critical packing parameter: schematic 

representation of the molecular shapes of amphiphilic molecules and their preferred 

self-assembled structures in aqueous solution adapted from [75]. 
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Table 2.1: Geometry of amphiphilic molecules [75] 

Critical 
Packing 

Parameter 

1
3

   1 1
3 2

   1 1
2

   1  1   

Molecular 
Packing 
Shape 

 
 

  
 

Aggregate 
Structure 
Formed 

   
  

Generally, as displayed in Table 2.1, it is proposed that small   1
3


 

 
 

 which 

corresponds to molecules with a relatively large polar head and small hydrocarbon tail 

imply highly curved aggregates such as spherical micelles. The geometry of 

molecules with 1 1
3 2

   can be approximated to a truncated cone; such molecules 

are expected to form aggregates of a cylindrical or rod-like shape. Upon a further 

increase  until 1, corresponding to the cylindrical molecule, bilayer or sheet-like 

structure are formed. Finally, amphiphilic molecules with 1   form reverse 

aggregates. 

 

2.3.5  Membrane curvature and bending 

In order to understand the formation of these phases, the total free energy of the 

system must be considered [76–78]. It has been proposed that the total free energy of 

bilayer systems totalg  is dominated by three contributions, these include 

1. The bending energy per unit area, cg .  

2. The packing of the lipid acyl chain, pg .  
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 3. The hydration and electrostatic forces in a single free energy interaction, int erg .  

        Therefore,                  

                                                     inttotal c p erg g g g= + +                                           (2.2) 

         The major forces that govern the self-assembly of amphiphiles into well-defined 

structures are derived from the delicate force balances at the interface region and at 

the hydrophobic core. The idea of two opposite forces, introduced by Tanford [79], 

refers to (i) the attractive force caused by hydrocarbon-water interface and (ii) the 

repulsive force between the neighboring head groups due to the hydrophilic, ionic or 

steric repulsion (fig. 2.7). 

 

Fig. 2.7: The two opposite forces inside a micelle [79] 

 

Repulsive headgroup forces and attractive hydrophobic interfacial forces determine 

the optimum area 0a . The chain volume v and chain length cl  set limits on how the 

fluid chains can pack together, on average, inside an aggregate. Together, the sum of 

attractive and repulsive forces can be expressed as the simple relation, 

                                                          0
N

Ka
a

 = +                                                    (2.3) 

where, γ is the interfacial free energy, a the head group area and K a constant. 
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The minimum energy can therefore be found by making, 
0

0Nd
da


= , which is shown in 

figure 2.7, resulting in an equilibrium area o
Ka


= . By using the area oa obtained 

from equation (2.3), the packing parameter ρ can be estimated.  

The influence of geometrical parameters of amphiphiles on the shapes of associates is 

represented in fig. 2.8. 

 

Fig. 2.8: A plot of interaction free energy 0
N  as a function of head group 

surface area a. 

The attractive and repulsive energies are combined into the total free energy with a 

minimum in energy located at oa  which is the optimal head group area. The packing 

parameter was initially established to describe low molecular weight amphiphilic 

molecules such as surfactants and lipids but it can be applied also to some extent to 

block copolymers. The packing parameter can be related to the curvature of the 

hydrophilic-hydrophobic interface [61], as follows: 

                                                      
2

1
3

v KlHl
al

 = = − +                                          (2.4) 

Here v is the hydrophobic volume occupied by the amphiphile, a is the interfacial 

energy and l is the chain length of the hydrophobic chain. The parameters describing 

the hydrophobic-hydrophilic interface are the mean curvature (H) and the Gaussian 

curvature (K), and both are given by the two radii of curvature R1 and R2. Descriptions 

of those parameters are displayed in fig. 2.9. 
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(a) 

 

(b) 

 

Fig. 2.9: (a) Description of the amphiphile shape in terms of the packing 

parameter (ρ) and its relation to the interfacial mean curvature (H) and Gaussian 

curvature (K) [80]. (b) Various geometrical shapes and principle curvatures 

associated [81]. 

When combined with the bending modulus,  , and Gaussian modulus, G , which 

describe the energy cost per unit area of changing the mean and Gaussian curvature, 

this leads to the Helfrich expression (Helfrich ansatz) for bending energy per unit 

area, cg . 

                                                     ( )02c Gg H H K = − +                                                         (2.5) 
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This theory is relevant when considering a complex biological membrane composed 

of lipids, which possess independent spontaneous curvature values, as it simplifies the 

physical description of bending a fluid interface by subsuming the details of all of the 

three aforementioned local molecular interactions. 

 

2.3.6  Asymmetry in membranes 

Lipid asymmetry is ubiquitous throughout most biological membranes. Lipid 

monolayers are known to exhibit lateral heterogeneity with respect to their 

composition. The diversity in lipid composition is further enhanced by the observation 

of transverse asymmetry of lipids and proteins in the two leaflets of the bilayer. 

Asymmetry refers to the non-random distribution of different lipid species between 

the two membrane leaflets. 

Typically, in mammalian plasma membranes the extracellular monolayer is known to 

be highly enriched with lipids with a polar choline headgroup such as PC and 

sphingomyelin. Conversely, the cytoplasmic monolayer is predominantly composed 

of lipids with a terminal primary amino group, specifically PS and PE. Sterols such as 

cholesterol are known to be equally distributed throughout both membrane 

monolayers [82]. This compositional asymmetry can vary from one life class to 

another, furthermore, asymmetry is exhibited in different proportions throughout 

various other membrane structures and organelles [83,84]. The relative distribution of 

lipids across a mammalian plasma membrane is highlighted in fig. 2.10. It is the 

proposed distribution of lipids in human red blood cells. The bars show the relative 

proportion of each lipid class in the inner and outer leaflet of human red blood cells, 

indicating the asymmetric distribution of lipids. 
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Fig. 2.10: Asymmetric plasma membranes [82]. 

 

2.4  Model Membranes 

Having reinforced the structural complexity of biological membranes, as well as the 

associated processes that are central to membrane function, it is important to consider 

that understanding of such phenomena has been furthered significantly due to the 

accessibility of model membrane systems. Model membranes have and are constantly 

being developed further to study important membrane-associated phenomena. They 

are particularly useful because they retain key features of biomembrane, and can be 

studied independently from a complex cellular environment. They have been studied 

extensively across a wide range of applications, particularly, they have been an 

important tool in the study of mechanical and physical properties of membranes, as 

well as for studying interactions between lipid membranes and membrane proteins 

[84]. Furthermore, model membrane technologies have been extended into more 

sophisticated studies as drug-delivery vehicles [85] and across a wide range of 

synthetic biology and protocell applications [86]. 

Generally, model membranes incorporate a single (or multiple) lipid bilayer 

constructed in either a purely aqueous or aqueous/organic environment. Common 

model membrane systems include: 
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1. Black lipid membranes (BLMs), and supported lipid bilayers (SLBs) formed by 

Langmuir Blodgett deposition.                                  

2. Droplet interface bilayers (DIBs). 

3. Vesicles–giant unilamellar (GUVs), small unilamellar (SUVs), and multi-lamellar 

(MLVs). 

BLMs (which consist of a bilayer formed across a hydrophobic aperture) and SLBs 

(continuous bilayer on a solid substrate) are more traditional model membrane 

systems and have been studied for some time [87,88] The formation of SLBs can 

occur via collapsing vesicles onto a solid support or by Langmuir-Blodgett film 

deposition, as indicated in fig. 2.11. 

 

 

 
 

 
 
 
 
 
 
 

Fig. 2.11: Formation of a supported lipid bilayer. 

 

Fig. 2.11 depicts Langmuir-Blodgett deposition method to form SLBs which involves 

layering a lipid monolayer onto the water surface and immersing a solid substrate into 

the water resulting in the deposition of a mono/bilayer onto the substrate. 
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2.5  Vesicle 

Vesicles evolve from bilayer forming amphiphile with 1 1
2

   in excess water. 

Upon hydration, the amphiphiles first self-assemble into a lamellar phase before they 

transform to unbound flexible bilayer sheets and finally close into spherical bilayers 

which are called vesicles [89,90]. The self-closing of flexible bilayer sheets in dilute 

aqueous solution is driven by the elimination of the energetically unfavourable 

contact of the hydrophobic edges with water (fig 2.12). According to this self-

assembly process, the basic vesicle structure is generally described as a hollow sphere 

that contains an aqueous solution in the core surrounded by a bilayer membrane. With 

such morphology, the aqueous core of vesicle can be used for the encapsulation of 

therapeutic molecules such as drugs, proteins and peptides, DNA, while the 

membrane can integrate hydrophobic drugs. This possibility to load both hydrophilic 

and hydrophobic drugs is one of the great interests of vesicles for therapeutic 

applications. Vesicles prepared from phospholipids are generally called liposomes and 

from amphiphilic copolymers, polymersomes. 

 

 

Fig. 2.12: Spontaneous closure of a planar bilayer forming vesicle structure [64]. 
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The vast majority of the work done in this thesis concerns the formation and study of 

GUVs. Vesicles (or liposomes) are a type of model membrane that are fundamentally 

very similar to biological cells. They are fully enclosed aqueous compartments that 

possess a single/multiple bilayers in a surrounding aqueous environment. Vesicles are 

typically categorized by their lamellarity (number of bilayers) or size. They are 

usually within the size range of 10 nm to 1 μm or greater. These vesicular systems are 

composed of aqueous core enclosed by phospholipid bilayers of natural or synthetic 

origin. Vesicles are structurally classified on the basis of lipid bilayers such as 

unilamellar vesicles or multilamellar vesicles (MLVs). Furthermore, on the basis of 

size, vesicles are classified into small unilamellar vesicles (SUVs) of size 1 - 100 nm, 

large unilamellar vesicles (LUVs) of size 100 nm - 1 m and giant unilamellar 

vesicles (GUVs) of size 1 m or more [13]. Unilamellar vesicles are composed of 

single layer of lipid such as lecithin or phosphatidylglycerol encapsulating aqueous 

interior core. MLVs are composed of various layers of lipid bilayers [13,14]. The full 

scope of different vascular structures is outlined in fig. 2.13.  

 

 
Fig. 2.13: Different classes of vesicles [13]. 

 

Illustration showing the four main classes of vesicles, which include SUVs, LUVs, 

GUVs, and MLVs. These four subsets are categorized by size and number of bilayers 

that enclose the aqueous core. 

 

2.6  Vesicle mechanics 
The mechanical properties of lipid bilayers are tightly related to the problem of cell 

stability, resistivity, permeability, and functioning, which drives the strong interest 
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toward investigating these properties. A considerable growth has been observed in the 

knowledge in this field following evidence of the similarity of membrane structures to 

liquid crystals. Since then, the liquid crystal approach has become a powerful tool for 

investigations in the field of membrane biophysics. If the membrane is considered as 

an infinitely thin layer of a liquid crystal, the mechanical state of a membrane element 

can be completely characterized by its area and principal curvatures. 

 

2.6.1  Stretching 

The first type of deformation is an isotropic stretch. If the area element of an 

amphiphile bilayer is dilated by in-plane stretching, the bilayer will expand elastically 

(fig. 2.14). For such stretching deformation, the cost of surface free energy per unit 

area is:  

                                              ( )2
0

02
s

stretch
ke A A
A

 
= − 
 

                                                             (2.6)                  

where  is the elastic stretching modulus,  is the surface area before deformation, 

 is the area after deformation.   

 
Fig. 2.14: Schematic illustration of stretching, shearing and bending 

 

2.6.2  Shearing 
The second type of deformation is the in-plane extension of a bilayer at constant 

surface area (fig. 2.15). This type of deformation occurs only in bilayers that are 

frozen. In the fluid state, amphiphile bilayers have no resistance to shearing due to the 

freedom of lateral motion within the monolayers. The surface shear energy can be 

described by: 
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                                                           s se  =                                                          (2.7) 

where s  is the shear modulus of the bilayer and  the degree of deformation. 

 

2.6.3  Bending 

When a small piece of the membrane is bent, the bending elastic energy per unit area, 

, is as follows [91] 

                                                      ( )2
1 2 0 1 22

c
c c

kF c c c k c c= + + +                              (2.8) 

where  and  are the elasticity modulus for cylindrical and saddle-splay (or 

Gaussian) bending (fig 2.15);  and  are the principal curvatures 

at a given point,   and  are the largest and the smallest radius of the curvature in 

two perpendicular directions, and  is the membrane’s spontaneous curvature. For 

symmetric membranes, , and it is nonzero if the two monolayers of the bilayer 

have different compositions or face different environments. 

 
Fig. 2.15: Bending deformation of a membrane element, represented as a two-

dimensional surface; (A) cylindrical bending , (B) saddle-splay 

bending . 

 

When integrating over a closed surface, the Gaussian curvature term gives a constant 

value; consequently, in the case of lipid vesicles, the shape is independent of the 

saddle-splay bending constant. Note that integrating the bending elastic energy per 

unit area, , over the area of the membrane yields the vesicle curvature energy. 
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The thickness of the membrane of the lipid vesicle is on the order of 4 nm and the 

typical liposome radius is 10–50 µm. Because of this enormous size difference, the 

lipid vesicle in a good approximation can be considered as a two-dimensional 

geometric surface (fig. 2.16). Thus, every point of the deformed quasi-spherical 

vesicle can be described in spherical coordinates  as follows [92] 

, 

,                                                   (2.9) 

 , 

where  and  are the Cartesian coordinates of the point of the membrane.  

 and  are time  dependent and describe the Brownian motion of the 

center of mass of the vesicle, R is the radius of the spherical surface with an identical 

volume,  is a function, describing the deviations of the surface of the vesicle 

from spherical shape, and  and  are the polar and azimuthal angles. It is assumed 

that the amplitudes of the fluctuations are small in comparison with the vesicle’s 

radius, that is, . By definition, its mean value over time is zero: 

.         

 
Fig. 2.16: Schematic presentation of the membrane deformation at a given 

point, M. 

 



Literature Review 
 

27 
 

2.6.4  Closed vesicle 

By using the molecular packing parameter described in the previous section, for 

1 1
2

  , vesicles and lamellae are expected to form. While this concept is 

convenient to explain an observed amphiphile aggregation behavior, it has little 

predictive power. For example, the equilibrium area  is not a simple geometric area, 

but an equilibrium parameter derived from thermodynamic considerations. 

Consequently,  can assume widely different values depending on the environmental 

conditions such the temperature, salt concentrations, etc. [93]. Hence, it becomes a 

rather frustrating exercise to predict the packing behavior of an amphiphile in a 

solution containing salts and additives at a certain temperature and concentration, if 

the relative weight of these parameters is unknown. In addition, the influence of the 

amphiphile tail on the packing behavior is neglected in the original concept of 

molecular packing parameter [93]. A steric hindrance interaction parameter also needs 

to be included, making a prediction of the packing behavior even more ambiguous 

from a practical point of view [94].  

Another approach to gain better understanding of amphiphile self-assembly, takes into 

account the instability of flat membranes and the energy required to form closed 

vesicles [95]. In this case, the formation of vesicles can be viewed as a two-step self-

assembly process, in which amphiphiles first form a bilayer, which then, in a second 

step, closes to form a vesicle. 

Imagine that we have a bilayer disk. Amphiphilic molecules of this disk will arrange 

themselves in a way such that the hydrophobic parts of the amphiphiles will avoid 

water and form an arrangement to curve at the edge (fig. 2.17). This membrane edge 

is characterized by an edge tension energy edgeE : 

                                                              2edgeE r=                                               (2.10) 

where  is the radius of the open bilayer disk and  the edge tension. The bending 

energy of any materials is: 

                                                             ( )4 2benE   = +                                      (2.11) 

where  is the bending modulus and  the Gaussian modulus. These two moduli have 
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the dimension of energy per unit volume and are typically on the same order of 

magnitude to . This explains why amphiphile membranes in solution are not rigid 

but subjected to thermal fluctuations [96]. 

 
Fig. 2.17: Formation of a closed vesicle from an open bilayer disk. Left: 

schematic drawings of an open bilayer disk with an enlargement showing 

amphiphiles curve at the edge. Right: Schematic drawing of a closed vesicle. 

 

A closed vesicle forms when the bilayer disk is so large, that the energy loss due to 

the edge tension is greater than the bending energy cost of curving the disk bilayer to 

a vesicle (fig 2.17). The ratio ben

edge

E
E

 will determine the critical vesicle radius cr : 

                                                      
( )4 2

cr
 



+
=                                                   (2.12) 

For fluid lipid bilayers, typical experimental values are; 10pN for  [97,98], 10-

20  for  [17] and -0.9  for  [99,100]. That implies that  must be larger than 

 pN (~nm). This means that practically all free membranes exist in the 

form of vesicles. 

2.7  Electrostatics of Lipid Bilayer 
The van der Waals force between similar particles in a medium is always attractive, 

so that if only van der Waals forces were operating, we might expect all dissolved 

particles to stick together (coagulate) immediately and precipitate out of solution as a 
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mass of solid material. Our own bodies would be subject to the same fate if we 

remember that we are composed of 55–75% water. Fortunately, this does not happen, 

because particles suspended in water or any liquid of high dielectric constant are 

usually charged and can be prevented from coalescing by repulsive electrostatic 

forces. Other repulsive forces that can prevent coalescence are solvation and steric 

forces [101]. 

The charging of a surface in a liquid can come about in three ways: 

1. By the ionization or dissociation of surface groups (e.g., the dissociation of protons 

from surface carboxylic groups (— COOH → — COO- + H+), which leaves behind a 

negatively charged surface). 

2. By the adsorption or binding of ions from solution onto a previously uncharged 

surface; for example, the adsorption of — OH- groups to the water-air or water-

hydrocarbon interfaces that charges them negatively, or the binding of Ca2+ onto the 

zwitterionic headgroups of lipid bilayer surfaces that charges them positively. The 

adsorption of ions from solution can, of course, also occur onto oppositely charged 

surface sites; for example, the adsorption of cationic Ca2+ to anionic — COO- sites 

vacated by H+ or Na+. Such surfaces are known as ion exchangeable surfaces. Ion 

exchange can take a surprisingly long time. 

3. The preceding examples apply to isolated surfaces exposed to a liquid medium 

(usually water). A different type of charge exchange mechanism occurs between two 

dissimilar surfaces very close together where, charges—usually protons or 

electrons—hop across from one surface to the other. This gives rise to an electrostatic 

attraction between the now oppositely charged surfaces. Such “acid-base” type 

interactions are important for understanding short-range adhesion forces. 

Whatever the charging mechanism (also referred to as charge regulation), the final 

surface charge of co-ions is balanced by an equal but oppositely charged region of 

counterions. Some of the counterions are bound, usually transiently, to the surface 

within the so called Stern or Helmholtz layer, while others form an atmosphere of 

ions in rapid thermal motion close to the surface, known as the diffuse electric 

double-layer (fig. 2.18). 
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Fig. 2.18: Ions bound to a surface are not rigidly bound but can exchange with 

other ions in solution; their lifetime on a surface can be as short as 10-9 s (1 ns) or 

as long as many hours [101]. 

 

2.7.1  Charged surfaces in water: no added electrolyte 

The counterion distribution and force between two similarly charged planar surfaces 

in a pure liquid such as water, where (apart from the H3O+ and OH- ions from 

dissociated water) the only ions in the solution are those that have come off the 

surfaces. Such systems are sometimes referred to as “counterions only” systems, and 

they occur when, for example, colloidal particles, clay sheets, surfactant micelles or 

bilayers whose surfaces contain ionizable groups interact in pure water, and also when 

thick films of water build up (condense) on an ionizable surface such as glass. But 

first we must consider some fundamental equations that describe the counterion 

distribution between two charged surfaces in solution [101]. 
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2.7.2  The Poisson-Boltzmann (PB) equation 

For the case when only counterions are present in solution, the chemical potential of 

any ion may be written as: 

                                                       logze kT  = +                                           (2.13) 

Where,  is the electrostatic potential ( , is the electric field), and  the 

number density of ions of valency  at any point  between two surfaces (fig. 2.19). 

Since only differences in potential are ever physically meaningful, we may set  

at the midplane ( ), where also  and  by symmetry. 

From the equilibrium requirement that the chemical potential, be the same throughout 

(i.e., for all values of ), eq. (2.13) gives us the expected Boltzmann distribution of 

counterions at any point  (the Nernst equation): 

                                                          0

ze
kTe


 
−

=                                                    (2.14) 

One further important fundamental equation is required. This is the well-known 

Poisson equation for the net excess charge density at : 

                                                         
2

0 2

dze
dx


  
 

= −  
 

                                        (2.15) 

which when combined with the Boltzmann distribution, Eq. (2.14), gives the Poisson- 

Boltzmann (PB) equation: 

                                                    
2

0
2

0 0

ze
kTzed ze e

dx


 

   

− 
= − = − 

 
                           (2.16) 

When solved, the PB equation gives the potential , electric field , and 

counterion density , at any point  in the gap between the two surfaces. Let us first 

determine these values at the surfaces themselves. These quantities are often referred 

to as the contact values:  and so on. 
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Fig. 2.19: Two negatively charged surfaces of surface charge density  separated 

a distance  in water. The only ions in the space between them are the 

counterions that have dissociated from the surfaces. The counterion density 

profile  and electrostatic potential  are shown schematically in the lower 

part of the figure. The “contact” values are  and  [101]. 

 

Repulsive electrostatic forces also control the long-range swelling of clays in water. 

Most naturally occurring clays are composed of lamellar aluminosilicate sheets about 

1 to 2 nm thick whose surfaces dissociate in water giving off Na+, K+, and Ca2+ ions, 

and when placed in water they can swell to more than 10 times their original volume 

[102]. The swelling of clays is, however, a complex matter and also involves other 

forces at surface separations below about 3 nm [103-107]. In the case of charged 
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spherical particles (e.g., latex particles3) in water, the long-range electrostatic 

repulsion between them can result in an ordered lattice of particles even when the 

distance between them is well in excess of their diameter [108]. 

2.7.3  Charged surfaces in electrolyte solutions 

It is far more common for charged surfaces or particles to interact across or in a 

solution that already contains electrolyte ions (dissociated inorganic salts). In animal 

fluids, ions are present in concentrations of about 0.2 M, mainly NaCl or KCl with 

smaller amounts of MgCl2 and CaCl2. The oceans have a similar relative composition 

of these salts but at a higher total concentration, about 0.6 M. Note that even “pure 

water” at pH 7 is strictly an electrolyte solution containing 10-7 M of H3O+ and OH- 

ions, which cannot always be ignored. 

 
Fig. 2.20: Near a negatively charged surface there is an accumulation of 

counterions (ions of opposite charge to the surface co-ions) and a depletion of co-

ions, shown graphically below for a 1:1 electrolyte, where  is the electrolyte 

concentration in the bulk or “reservoir” at . Counterions can adsorb to the 

surface in the dehydrated, partially hydrated, or fully hydrated state. The OHP is 

the plane beyond which the ions obey the Poisson-Boltzmann equation. This 

plane is usually farther out than the van der Waals plane [101]. 
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Consider an isolated surface, or two surfaces far apart, in an aqueous electrolyte (fig. 

2.20). For convenience, we shall put  at the surface rather than at the midplane. 

Now, all the fundamental equations derived in the previous sections are applicable to 

solutions containing different types of ions  (of valency ) so long as this is taken 

into account by expressing the net charge density at any point  as  and the 

total ionic concentration (number density) as . Thus, Eq. (2.14) for the 

Boltzmann distribution of ions  at  now becomes 

                                                                                                      (2.17) 

while at the surface, at , the contact values of  and  are related by, 

                                                                                                      (2.18) 

 

2.7.4  Debye length 

Debye length is a measure of a charge carrier's net electrostatic effect in a solution 

and how far its electrostatic effect persists. 

Diffuse electric double-layer for describing the ionic atmosphere near a charged 

surface, whose characteristic length or “thickness” is known as the Debye length. The 

magnitude of the Debye length depends solely on the properties of the solution and 

not on any property of the surface such as its charge or potential. For a monovalent 

electrolyte (z = 1) at 25°C (298K) the Debye length of aqueous solutions is, 

 

                                                                                        (2.19) 

Thus, 

 
 

 
 

 
for 2:2 electrolytes (e.g., MgSO

4
) 

 for 2:1 & 1:2 electrolytes (e.g., CaCl
2
, Na

2
SO

4
) 

for 1:1 electrolytes (e.g., NaCl) 
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2.8  Preparation of Vesicles 
 
The formation of vesicle in aqueous solution often requires input of external energy 

[109]. Therefore, the size and lamellarity of the resulting vesicles depend not only on 

the chemical structure of the amphiphile and on the solution conditions but 

particularly on the method of vesicle preparation [110]. In general, the methods 

described for the preparation of lipid vesicles are also applicable for amphiphilic 

copolymers [111]. However, the formation of polymersomes can be more complex 

and slower compared to liposomes, depending on Tg and the flexibility of the block 

copolymer chains [112,113]. 

 

2.8.1  Natural swelling method 

One of the earliest approaches to form GUVs is natural swelling and was introduced 

by Reeves and Dowben [114]. Vesicles grow from prehydrated layers of stacked lipid 

bilayers due to a combination of osmotic pressure, electrostatic interactions and the 

hydrophobic effect [115], as illustrated in fig. 2.21. Here, lipids dissolved in 

chloroform are deposited on a solid substrate and as the solvent evaporates, the 

amphiphilic structure of lipids leads to the clustering of several stacks of bilayers. By 

adding a buffer solution, vesicles can be obtained after several days. 

 

 
 

Fig. 2.21: Schematic illustration of vesicle formation by natural swelling. (A) 

Lipids dissolved in an organic solvent; (B) Evaporation of the solvent and self-

assembly of the amphiphilic lipid molecules into several stacks of bilayers; (C) 

Hydration of the dried lipid film with aqueous solution; (D) Swelling of the lipid 

film into vesicles [115] 
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An important driving force for the swelling process is the flow of the aqueous solution 

in between the bilayer stacks [112] caused by osmotic pressure. Due to the irregularity 

of the bilayer stacks on the glass substrate caused by the lipid deposition, the 

hydrophobic core of the lipid bilayer can be exposed to the aqueous environment. 

This energetically unfavored state forces the bilayer to enclose the vesicles in order to 

shield the hydrophobic core [116]. In order to improve the osmotically driven flow, 

sucrose [115] can be deposited between the lipid layers. Furthermore, an increased 

distance between the lipid layers can lead to a more effective influx of the buffer 

solution in between the bilayer stacks [117]. The spacing is caused by both thermal 

fluctuations and electrostatic repulsion of the lipid head-groups. Therefore, adding a 

certain amount of charged lipids can help to increase the GUV yield [117]. GUV 

formation by natural swelling has the big advantage that it is mild and does not 

interfere with the oxidization of lipids. Nevertheless, the method is limited in several 

ways. First, natural swelling requires long time scales on the order of days [118]. 

Second, a large amount of multilamellar vesicles and lipid debris are formed and only 

a small fraction of the obtained vesicles are GUVs. These GUVs often show a bad 

membrane quality with internal tubules and attached small vesicles [118]. Third, a 

reasonable number of GUVs in physiological buffer can only be achieved with a 

fraction of charged lipids [117]. Furthermore, it has been shown that the lipid 

composition of vesicles in the same sample can vary up to 10-fold due to the 

inhomogeneity of the lipid film on the substrate [119]. It should be noted that this 

applies for every method where lipids are spread on a solid substrate, as is also the 

case for electroformation and gel-assisted swelling. 

 

 

2.8.2  Electroformation 

The electroformation method was first presented by Angelova and Dimitrov in 1986 

[120] and is currently the most widely used method to prepare the GUVs. The 

principle of this method is based on the hydration of a thin amphiphile film in 

aqueous solution of low ionic strength and in the presence of an alternating current 

electric field (ac) [121,122]. Generally, the ac electric field and the periodic 

electroosmotic motion of water molecules (electroosmotic vibration) enhance the 

swelling kinetics of the amphiphile film and promote bilayer separation (fig. 2.22).  
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Recently, it has been shown that enclosed and detached vesicles do not fuse during 

electroformation [123]. In an electroformation experiment, the amphiphile film is 

directly deposited from an organic stock solution on the surfaces of two parallel 

electrodes assembled in an electroformation chamber. The most commonly used 

electrodes are Pt wires [120] or Indium Tin Oxide (ITO) [124] or gold [125] coated 

glass plates. After connecting the electroformation chamber to an external ac supply 

and filling in the hydration medium at T > Tm or Tg of the amphiphile used, the film 

swells and GUVs. growth. The growth behaviour of GUVs and the final diameters of 

electroformed GUVs depend on different experimental conditions, including the 

amphiphile used, the thickness and homogeneity of the film, the swelling medium, the 

membrane fluidity and the applied electric field parameters (voltage, frequency, 

duration) [126-128]. The standard electric field parameters applied to lipid 

membranes consist of a voltage of 1-2 V (peak to peak), a frequency of 10 Hz and 

total electroformation time of 60 – 120 min [129,130]. Polymer GUVs can also be 

obtained within 60 – 120 min by keeping the frequency at 10 Hz and applying 

somewhat higher driving voltages in the range of 4 to 10 V depending on the fluidity 

of the polymer membrane [131]. For extremely viscous polymer membranes, the 

necessary electroformation time can be extended to several hours or /and temperature 

of electroformation can be increased [132]. In 2013, Bi et al. introduced the usage of 

coplanar electrodes [133]. 
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Fig. 2.22: Schematic representation of the growth of vesicles during 

electroformation process; [133]. 

 

An important disadvantage of electroformation is the impact of the electric field on 

the oxidation of lipids [134]. The resulting chemical changes in the lipid structure can 

lead to dramatically altered behavior of the lipids in the GUV membrane such as 

reduced membrane stability [134], increased membrane permeability [135,136], or 

even altered raft behavior [137]. 

 

2.8.3  Gel-assisted swelling 

Horger et al. developed GUV formation by polymer-assisted swelling on an agarose 

gel [30]. The aim of polymer-assisted swelling is to increase the buffer influx without 

any disruption of the membrane. Therefore, the lipids are deposited on a porous 

polymer layer to enhance the buffer flow from below (fig 2.23). This increased flow 

leads to the rapid formation of unilamellar vesicles over a wide range of lipid 

compositions in various buffer solutions [138]. The rate of vesicle growth is high 

enough that the crowded vesicles fuse to form big GUVs. Most of the obtained 

vesicles are unilamellar without any visible defects such as attached lipid debris or 

internal tubules. 
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Fig. 2.23: Schematic illustration of polymer-assisted swelling: Upon hydration of 

a dried lipid film, vesicles swell at an enhanced rate due to an accelerated buffer 

flow from below [30]. 

 

The drawback of using agarose as polymer is that the deposited lipids penetrate the 

porous agarose film, and that the swollen vesicles contain a high amount of agarose 

inside [30,139] The enclosed agarose is auto fluorescent, which can bias fluorescent-

based studies. Furthermore, agarose dissolves in solution and interacts with the lipids 

in the GUV membrane. This can lead to altered mechanical properties of the vesicles 

and increases the permeability of the membrane [139]. We note that even though the 

mobility of lipids in the GUV membrane is tested with FRAP (fluorescence recovery 

after photobleaching) [30], systematic effects on the diffusion behavior of the lipids 

cannot be excluded. 

 

To improve the method of swelling on a porous substrate, Weinberger et al. 

introduced polyvinyl alcohol (PVA) as the underlying polymer film [31]. 

Furthermore, PVA does not dissolve in solution at room temperature and thus there is 

no detectable PVA impurity in the membrane. Tris or Hepes reduce the bending 

rigidity of a lipid bilayer to a different extent [138]. 
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2.8.4  Microfluidics 

Microfluidic approaches offer the ability to produce monodisperse GUVs at high 

throughput with various contents [139]. Funakoshi et al. introduced jetting as a 

microfluidic method for GUV formation in 2007 [140]. Here, the buffer solution is 

shot onto a pre-assembled lipid bilayer at a water-oil interface using a micronozzle or 

micropipette and GUVs are formed out of this bilayer. This method was improved by 

Stachowiak et al. by using a piezoelectric actuator of an inkjet printer [141,142]. The 

size, the inner and outer solution as well as the lipid composition of the inner and 

outer leaflets can be adapted. However, a residual amount of oil needed to form the 

bilayer at the interface with a reservoir of dissolved lipids stays in the hydrophobic 

core of the membrane [140,143]. This can lead to altered mechanical properties and 

diffusional behavior in and across the membrane.  

 

2.9  Reported Works on Salt Concentrations and Surface Charge 

Density  

Claessens et al have shown that the size of the LUVs formed by 

dioleoylphosphatidylglycerol (DOPG) and dioleoylphosphatidylcholine (DOPC) 

depends on the phospholipid concentration [53]. Self-consistent field 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. 2.24 

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

vesicle size decrease with ionic strength and it was comparable for all salts used there. 

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. 
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Fig. 2.24: (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) Mean 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. 

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 taken into account 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. 

Qingchuan Li et. al. [29] have studied GUVs from zwitterionic lipids, lipid mixtures 

and even pure charged lipids electroformed under physiological conditions and even 

higher concentrations of NaCl. The hydrophilic ITO surface may facilitate the 

hydration of the solid lipid film and the formation of lipid bilayers that subsequently 

bend and form vesicles. The formation of GUVs in saline solution is influenced by 

different parameters. The influences of the amplitude and frequency of the used AC 

field, the NaCl concentration, and the temperature were investigated. The diameters of 

the GUVs increased gradually with NaCl concentration from 0 to 200 mM and 

subsequently decreased from 200 mM to 2 M. The influence of NaCl concentration on 
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GUV formation was investigated under constant temperature of 45 C and AC electric 

field with a peak-to-peak amplitude of 2.5 V and a frequency of 1 kHz. The size 

distributions of the DOPC, DMPC, and DOPS GUVs formed in various 

concentrations of NaCl are presented in fig. 2.25. The diameters of the DOPC GUVs 

increased gradually with NaCl concentration increasing from 0 mM to 100 mM and 

subsequently decreased for concentrations going up from 100 mM to 2 M. DMPC and 

DOPS-GUVs shared similar relationship between vesicle diameters and NaCl 

concentration. For DMPC-GUVs, the diameters were smaller. The maximum vesicle 

diameter peaked at 100 mM as presented in fig. 2.25b. For DOPS GUVs, the 

maximum vesicle diameter shifted to 200 mM (fig. 2.25c). 

 

Fig. 2.25:  Variation of DOPC (a), DMPC (b), and DOPS (c) GUV diameter with 

NaCl concentration. 2.5 V peak-to-peak amplitude and 1 kHz AC field was used 

for DOPC and DMPC GUV formation, and 10.0 V peak-to-peak amplitude and 1 

kHz AC field for DOPS-GUV formation at T = 45⁰C. 

They have demonstrated that GUVs of high purity can be electroformed with high 

yields from zwitterionic lipids as well as charged lipids in high concentration saline 

solutions. We used two plasma cleaned ITO electrodes in a face-to-face layout, but all 

experiments were independent of specialized equipment and lipids. Phase diagrams of 

DOPC, DMPC, and DOPS GUV formation were obtained, which can provide 

guidance for the production of GUVs in saline solution. A frequency in the kHz range 

showed to be most favorable and higher frequencies leading to higher required field 

strengths. High frequencies, above 100 kHz, would again forbid GUV formation. 

Claessens et al. [54] have found 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. The mean bending modulus determines the 

membrane persistence length and therefore it is reasonable that there is a correlation 
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between the membrane rigidity and the size of the lipid vesicles. Here they showed 

that in mixtures of the anionic DOPG and the zwitterionic DOPC the radius of 

vesicles produced by repetitive freeze thaw cycles is considerably smaller than 

expected from the rigidities of the corresponding pure lipid bilayers. In SCF 

calculations DOPG and DOPC-like molecules are modeled as linear chains with 

segment sequence C18X2C2X2C18 and C18Y2C2Y2C18, respectively. 

 

Fig. 2.26: (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. 

The phospholipid mixtures show a dependence of R on the NaBr concentration that is 

comparable to what is observed for the pure components (fig. 2.26a). 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. 2.26b). 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. 2.26a and 2.26b) is expected to be related to mixing of 

lipids within the bilayer. Subtraction of the values for kc at equal average surfactant 
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charge results in a curve with a minimum at equimolar composition (Fig 2.3, inset). 

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 of lipid (mixtures) is correlated 

to the membrane persistence length. The latter quantity is related to the mean bending 

modulus (membrane rigidity), which they have estimated by molecularly realistic 

self-consistent field 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 this is why the sizes of the entropically stabilized vesicles 

composed of DOPC/DOPG mixtures are relatively small. 
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CHAPTER 3  

MATERIALS AND METHODS 

 
 

3.1  Chemicals and reagents 
The chemicals and reagents used in this work are of analytical grade and are used 

without further purification.  

3.1.1 Lipids 
The lipids were purchased from Avanti Polar Lipids Inc. (Alabaster, AL). Namely, 

1) 1, 2-dioleoyl-sn-glycero-3-phosphotigycerol (sodium salt) (DOPG) and 

2) 1, 2-dioleoyl-sn-glycero-3-phosphocholine (DOPC) 

 

1, 2-dioleoyl-sn-glycero-3-phosphotigycerol (sodium salt) (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. The head group substituent glycerol is bonded through a phosphomonoester. It is 

the precursor of surfactant and its presence (>0.3) in the amniotic fluid of the newborn 

indicates fetal lung maturity. Molecular weight of DOPG is 775.058 g/mol. 

 

 

 
 

Fig. 3.1: Chemical structure of DOPG 
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1, 2-dioleoyl-sn-glycero-3-phosphocholine (DOPC) 

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

membranes providing structural framework with molecular weight 787.1 g/mol. PC is 

more common in the outer leaflet where it functions as part of the permeability 

barrier. PC is also the primary substrate of Phospholipase D enzymes which produce 

the signaling lipids - phosphatidic acid and lysophosphatidic acid. 

 

 
 

Fig. 3.2: Chemical structure of DOPC 

 

 

3.1.2 Other chemicals 

The chemicals that used in our experiments were as follows: 

1)  Bovine serum albumin (BSA); Sigma-Aldrich (Germany) 

2)  Piperazine-1, 4-bis (2-ethanesulfonic acid) (PIPES); Sigma-Aldrich (Germany) 

3)  O, O’-Bis (2-aminoethyl) ethyleneglycol- N, N, N’, N’,-tetraacetic acid (EGTA); 

Sigma-Aldrich (Germany) 

4)  Sodium Chloride (NaCl) 

5)  D (+) Glucose monohydrate (C6H12O6.H2O) 

6)  Sodium Hydroxide (NaOH) 

7)  Sucrose (C12H22O11) etc. 
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Fig. 3.3: (a) Sodium Chloride (NaCl), (b) D (+) Glucose monohydrate 

(C6H12O6.H2O), (c) Sodium Hydroxide (NaOH), (d) Sucrose (C12H22O11), (e) 

Piperazine-1, 4-bis (2-ethanesulfonic acid) (PIPES), (f) O, O’-Bis (2-aminoethyl) 

ethyleneglycol- N, N, N’, N’,-tetraacetic acid (EGTA); (g) Bovine serum 

albumin (BSA) 

 

Bovine serum albumin (BSA) 
BSA is a serum albumin (molecular weight: 66430.3 g/mol) protein isolated from 

cows. Rockland produces BSA in various formats for use in immunology, 

biochemistry and biotechnology. BSA immunoassay applications include ELISA 

(Enzyme-Linked Immunosorbent Assay), immunoblots (western blot and dot blot), 

and immunocytochemistry (immunohistochemistry and immunofluorescence 

microscopy). Bovine serum albumin (often from a fetal bovine source) is also used as 

a nutrient in cell and microbial culture. In molecular biology BSA is used to stabilize 

some restriction enzymes during digestion of DNA and to prevent adhesion of the 

enzyme to reaction tubes, pipet tips, and other vessels.  BSA is considered to be a 

universal blocking reagent in many applications. This is because BSA does not affect 

the functions of other proteins (enzymes) that do not need it for stabilization. BSA is 

(a) (b) (c) 

(e) 

(d) 

(f) (g) 
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also commonly used to determine the quantity of other proteins, by comparing an 

unknown quantity of protein to known amounts of BSA in, for instance, the Bradford 

Protein Assay. BSA is used because of its stability to increase signal in assays, its lack 

of effect in many biochemical reactions, and its low cost, since large quantities of it 

can be readily purified from bovine blood, a byproduct of the cattle industry. 

  

 
Fig. 3.4: Bovine Serum Albumin 

 

Piperazine-1, 4-bis (2-ethanesulfonic acid) (PIPES) 
PIPES is the common name for piperazine-N,N′-bis(2-ethanesulfonic acid), and is a 

frequently used buffering agent in biochemistry. It is an ethanesulfonic acid buffer 

developed by Good et al. [144] in the 1960s. PIPES has a molecular weight of 302.36 

g/mol. 

 

 
Fig. 3.5: Piperazine-1, 4-bis (2-ethanesulfonic acid) (PIPES)  



Materials and Methods 
 

49 
 

O, O’-Bis (2-aminoethyl) ethyleneglycol- N, N, N’, N’,-tetraacetic acid 

(EGTA) 

 
EGTA (ethylene glycol-bis (β-aminoethyl ether)-N,N,N′,N′-tetraacetic acid), also 

known as egtazic acid (INN, USAN), is an aminopolycarboxylic acid, a chelating 

agent. Molecular weight of EGTA is 380.35. It is a colourless solid that is related to 

the better known EDTA. Compared to EDTA, it has a lower affinity for magnesium, 

making it more selective for calcium ions. It is useful in buffer solutions that resemble 

the environment in living cells [145] where calcium ions are usually at least a 

thousandfold less concentrated than magnesium.  

 

 
 

Fig. 3.6: O, O’-Bis (2-aminoethyl) ethyleneglycol- N, N, N’, N’,-tetraacetic acid 

(EGTA) 

 

Sodium Chloride (NaCl) 
Sodium chloride, [146] commonly known as salt (though sea salt also contains other 

chemical salts), is an ionic compound with the chemical formula NaCl, representing a 

1:1 ratio of sodium and chloride ions. With molar masses of 22.99 and 35.45 g/mol 

respectively, 100 g of NaCl contains 39.34 g Na and 60.66 g Cl. Sodium chloride is 

the salt most responsible for the salinity of seawater and of the extracellular fluid of 

many multicellular organisms. In its edible form of table salt, it is commonly used as 

a condiment and food preservative.  
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Fig. 3.7: Crystal structure with sodium in purple and chloride in green 

 

D (+) Glucose monohydrate (C6H12O6.H2O) 
Glucose (molecular weight: 198.171 g/mol) is the most abundant monosaccharide 

[147], a subcategory of carbohydrates. Glucose is mainly made by plants and most 

algae during photosynthesis from water and carbon dioxide, using energy from 

sunlight. There it is used to make cellulose in cell walls, which is the most abundant 

carbohydrate [148]. In energy metabolism, glucose is the most important source of 

energy in all organisms. Glucose for metabolism is partially stored as a polymer. 

Glucose circulates in the blood of animals as blood sugar. The naturally occurring 

form of glucose is d-glucose, while l-glucose is produced synthetically in 

comparatively small amounts and is of lesser importance. 

 

 
 

Fig. 3.8: Chemical formula of D-glucose monohydrate 
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Sodium Hydroxide (NaOH) 
Sodium hydroxide, also known as lye and caustic soda, is an inorganic compound 

with the formula NaOH and molecular weight of 39.997 g/mol. It is a white solid 

ionic compound consisting of sodium cations Na+ and hydroxide anions OH− Sodium 

hydroxide is a highly caustic base and alkali that decomposes proteins at ordinary 

ambient temperatures and may cause severe chemical burns. It is highly soluble in 

water, and readily absorbs moisture and carbon dioxide from the air. It forms a series 

of hydrates NaOH·nH2O [149]. The monohydrate NaOH·H2O crystallizes from water 

solutions between 12.3 and 61.8 °C. The commercially available "sodium hydroxide" 

is often this monohydrate, and published data may refer to it instead of the anhydrous 

compound. As one of the simplest hydroxides, it is frequently utilized alongside 

neutral water and acidic hydrochloric acid to demonstrate the pH scale.  

 

 
Fig. 3.9: (a) 3D crystal structure of NaOH with Na in purple, O in red and H in 

white; (b) NaOH pellets  

 

Sucrose (C12H22O11) 
Sucrose is common sugar. It is a disaccharide, a molecule composed of two 

monosaccharides: glucose and fructose. Sucrose is produced naturally in plants, from 

which table sugar is refined. It has the molecular formula C12H22O11 and weight 

342.2965 g/mol. For human consumption, sucrose is extracted, and refined, from 

either sugar cane or sugar beet. Sugar mills are located where sugarcane is grown to 

crush the cane and produce raw sugar which is shipped around the world for refining 

into pure sucrose. Some sugar mills also process the raw sugar into pure sucrose. 

Sugar beet factories are located in colder climates where the beet is grown and 

process the beets directly into refined sugar. 
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Fig. 3.10: Chemical formula of Sucrose 

 

3.2 Instruments 

The following equipments and 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 machine (NUVE NF 800R, Turkey) 

10) Precision Micropipette (OHAUS, USA)  

11) Glass vials etc. 

The GUVs are observed by Inverted Phase Contrast Microscope (Olympus IX73, 

Japan). 
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Fig. 3.11: (a) Inverted Phase Contrast Microscope (Olympus IX73, Japan), (b) 

Incubator (Phoenix TIN-IN35, Germany), (c) Centrifuge machine (NUVE NF 

800R, Turkey), (d) Vortex mixture (Stuart SA8, UK), (e) Rotary vacuum pump, 

(f) Drying oven (Ecocell), (g) Precision Micropipette (OHAUS, USA), (h) pH 

meter (BT675 Boeco, Germany). 

 

 

3.3  Synthesis of lipid membranes of GUVs 

DOPG and DOPC lipids were used to synthesize the GUVs by the natural swelling 

method [20,24,26,150].  

i. To investigate the effects of salt concentration (i.e. C), 40%DOPG/60%DOPC-

GUVs (where % indicates mole %) were prepared in buffer (10 mM PIPES, pH 7.0, 

1mM EGTA) containing various concentrations of NaCl with 0.1M sucrose. or 

experiments on surface charge density effects, GUVs of DOPG and DOPC mixture 

containing various molar fractions of DOPG (i.e. X) were prepared in buffer 

containing 150 mM NaCl with 0.1M sucrose. DOPC-GUVs were synthesized in 

MilliQ water using the same procedure. 
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Fig. 3.12: 1mM DOPG and DOPC mixture in two glass vials  

 

ii. A mixture of 1 mM DOPG and DOPC (total volume 200 μL) was taken into a glass 

vial and dried with a gentle flow of nitrogen gas to produce a thin, homogeneous 

lipid film. 

 

 

 

Fig. 3.13: Dry with N2 stream 
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iii. The remaining chloroform in the film was removed by placing the vial in a 

vacuum desiccator for overnight. 

  

 
 

Fig. 3.14: Fine Dry at Vacuum desiccator 

 

iv. 20 μL MilliQ water was added into the glass vial and then pre-hydrated for 8 min 

at 45 ºC.  

 

 

Fig. 3.15: Pre-hydration at 45 oC temperature for 8 min 
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v. After pre-hydration, the sample was incubated with 1 mL buffer containing 0.1 M 

sucrose for 3.5 h at 37 °C to produce a GUVs suspension. 

 

 
 

Fig. 3.16: Incubation at 37° C for 3.5 h 

 

  

vi. After incubation, the GUVs suspension was taken in a 1.5mL eppendorf tube 

using 1000 μL micropipette. Eppendorf tube was carefully put on the centrifuge 

head such. that the balance was maintained. Finlay the sample in eppendorf tube 

was centrifuged at 13,000×g for 20 min at 20 °C using a refrigerated centrifuge 

(NF 800R, NUVE, Turkey).  

 
Fig. 3.17: Centrifugation at 13000 RCF 
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3.4 Purification System 

3.4.1 Equipment of purification 

Two plastic (polypropylene) syringes (JMI Syringes and Medical Devices Ltd. 

Bangladesh) of 10 mL which contains GUVs suspension during the purification are 

clamped in a stand at a fixed height from the surface of the earth shown in figure 

3.19(a). The fine roller clamp regulator (JMI Syringes and Medical Devices Ltd. 

Bangladesh) was controlled flow rate (mL/min) when GUVs suspension passed away 

through the pipe shown in figure 3.19(b). The plastic tube of inner diameter 3 mm 

(JMI Syringes and Medical Devices Ltd. Bangladesh) is used for transferring internal 

solution to first syringe from a buffer filled glass beaker maintained at a finite height 

shown in figure 3.19(c). A tube made by three different types polypropylene fittings 

(Luer fittings VRFE6, VRFC6, VRSC6; AS-ONE, Japan) of inner diameter 3 mm 

shown in figure 3.19(d). It is a polypropylene filter holder (Swinnex, ϕ = 25 mm, 

Millipore Co., Billerica, MA). 1-way polycarbonate stopcock (Luer stopcock 

VXB1055, AS-ONE, Japan) which was inserted between the filter holder and the 

polypropylene tube shown in figure 3.19(f). A 10 μm diameter pores nuclepore 

polycarbonate membrane (Whatman® Nuclepore™ Track-Etched Membranes, UK) 

is clamped inside it during purification shown in figure 3.19(e). 10 μm diameter pores 

nuclepore polycarbonate membrane (Whatman® Nuclepore™ Track-Etched 

Membranes, UK) shown in figure 3.19(g). There is also used as a machinery 

equipment, the peristaltic pump which should be contained with compact precision 

system, double headed and flow rate range should be 0.0024-190 ml/min. Figure 3.18 

shows the double headed peristaltic pump. 

  

 
Fig. 3.18: Double headed peristaltic pump 
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Fig. 3.19: Purification equipment (a) Syringe, (b) Regulators, (c) Plastic pipe, 

(d) Fittings, (e) Filter holder, (f) Stop cock and (g) Filter paper 

   

 

3.4.2 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. 3.20. 

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. 3.20. In this case, the tube contains a total number of 11 fittings 

instead of 9 that was used in the membrane filtering method [151]. The other end of 



Materials and Methods 
 

59 
 

the tube was connected to syringe 1 having the same volume of 10 mL. The GUVs 

suspension in buffer containing 0.1 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. The direction of the flow of buffer at the filter 

was from the bottom to the top, shown in Figure 3.20, 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.  

 

 

Fig. 3.20: Set-up of membrane filtering method 
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3.5  Observations of Lipid Membrane of GUVs 

3.5.1  Suspension of GUVs in microchamber 

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. 

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. 

 

 

Fig. 3.21: GUVs suspension in microchamber 

 

3.5.2 Microscopy 

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 
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contrast microscope (Olympus IX-73, Japan) with a 20  objective at 25 ± 1 ºC and 

the images were recorded using a digital camera (Model: DP22, Olympus) shown in 

fig. 3.22. 

 

 

Fig. 3.22: Inverted phase contrast microscope (Olympus IX-73, Japan)  

 

3.6 Lognormal Distribution 

The lognormal distribution [152,153] is found to the basic type of distribution of 

many geological variables. When the logarithms of values form a normal distribution, 

the original (antilog) values are lognormally distributed. It is a skew distribution with 

many small values and fewer large values. Therefore, the mean is usually greater than 

the mode.  

Multiplication of numbers can be done by addition of the logatrithms and taking the 

antilog of that sum. This principle helps to understand the nature of the lognormal 

distribution. We consider first a process that does not involve multiplication, but 
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addition. We throw four dice and each time we record the sum of the faces. The 

numbers can vary from 4 to 24. The distribution of these sums of faces tends toward a 

normal distribution, (although it is a discrete distribution). 

(a)                                                             (b) 

 

 

 

 

 

Fig. 3.23: Histograms for (a) normal and (b) lognormal distribution  

The fig 3.23(b), for the product of faces, is closer to the lognormal distribution. (by 

the way, these graphs are generated by calculating the complete set of 1296 possible 

outcomes). The product histogram may suggest that the distribution is always "J-

shaped, but that is not necessary. All transitions from a very skewed distribution to a 

symmetric normal are possible, dependent on the variance. The important formulas 

for the lognormal are given here, where the mean, the mode and the variance are 

written in greek symbols if they are calculated from the natural logarithms of the 

variable x, and in words otherwise. 

The probability density is:  
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When our variable is D, eqn. (3.1) can be written as [154],   
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The Cumulative Distribution Function can be calculated analytically, like the normal 

distribution. Hence from eq. (3.2) it can be obtained that, 
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Lognormal distribution plays an important role in probabilistic design. Typical uses of 

lognormal distribution are found in descriptions of size distribution, average size, and 

other phenomena involving a large range of data. 
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CHAPTER 4 

RESULTS AND DISCUSSIONS 

 

 

4.1 Effects of Salt Concentration on the Size Distribution of GUVs 

To investigate the effects of salt concentration, C, on the size distribution and the 

average size of GUVs, vesicles were analyzed for the case of X = 0.4 using various C. 

The vesicles with X = 0.4 were prepared in buffer without NaCl (total salt 

concentration C = 12 mM and Debye length 1/κ = 2.8 nm)  [36]. Fig 4.1 shows the 

experimental results for C = 12 mM and C = 312 mM. Fig 4.1(a) shows a typical 

experimental result of the phase contrast image of GUVs in the suspension for C = 12 

mM. After measuring the diameters, D, of 329 GUVs (i.e. number of observed GUVs, 

N = 329) from the several phase contrast images in case of C = 12 mM, a histogram of 

the distribution of GUVs was obtained (Fig 4.1(b)). As it is seen from this figure, the 

histogram is asymmetrical one in shape, i.e , a large number of GUVs with diameters 

greater than 15 m and a small number of GUVs with diameters 4–14 m are 

observed. The similar result was also obtained at second independent experiment (i.e. 

the total number of experiments was n = 2). The result of experiments in the same 

buffer containing 300 mM NaCl (C = 312 mM, 1/κ = 0.54 nm) is shown in Fig 4.1(c). 

The histogram of the GUV’s size based on the observation in this case of N = 330 is 

shown in Fig 4.1(d), wherein a small number of GUVs with diameters greater than 15 

m and a large number of GUVs with diameters 4–14 m are observed. The similar 

result was also obtained at another independent experiment. From comparison of 

these histograms one can conclude that, with the increase of C the size distribution of 

GUVs shifted to the left direction. i.e. in the range of small vesicles. In other words, 

the histogram becomes more asymmetrical. Then we analyzed the GUVs size 

distribution for X = 0.4 for 6 other concentrations in the range from C = 12 to C = 400 

mM, and the proper histograms were obtained. To analyze the experimental results 

one needs the mathematical description of the obtained histograms.  
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Fig. 4.1: Effects of salt concentration on the size distribution of GUVs containing 

X = 0.4. (a) and (b) show a phase contrast image and a size distribution histogram 

at C = 12 mM, respectively. (c) and (d) show a phase contrast image and a size 

distribution histogram at  C = 312 mM, respectively. The bar in the images 

corresponds to 50 m. N is the number of observed GUVs. The dotted lines show 

the best fitting curves corresponding to the equation (4.1). The parameters in (b) 

are  = 2.89,  = 0.46, and in (d) are  = 2.26,   = 0.38. In the fitted curves, the 

values of R2 were obtained 0.94 in (b) and 0.95 in (d). The solid lines show the 

theoretical curves corresponding to the equation (4.8). The fitting parameters in 

(b) are Kben = 36.0 kBT, Dfreq = 9.5 m, L = 4090, and in (d) are Kben = 16.0 kBT, 

Dfreq= 6.8 m and L = 3500. The values of R2 in 1(b) and 1(d) were obtained 0.66 

and 0.75, respectively. 

Here we use a well-known lognormal distribution as follows  [154].  
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where f(D) indicates the 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).  

From equation (4.1) the average value, Dave, of the distribution is as follows  [154]:   
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                        (4.2)  

The histograms of Fig 4.1(b) and 4.1(d) were fitted with equation (4.1) and the 

average diameter of the GUVs was obtained using equation (4.2). From the fitted 

curves, the parameters were obtained  = 2.89 and  = 0.46 in Fig 4.1(b), and  = 

2.26 and   = 0.38 in Fig 4.1(d). Using equation (4.2), the average diameter of GUVs, 

Dave1, was calculated 20.0 m at C = 12 mM and 10.3 m at 312 mM. In the fitted 

curves, the coefficient of determination, R2, were obtained 0.94 at C = 12 mM and 

0.95 at 312 mM. Then the similar experiments were done for the second time and 

calculated the average diameter of GUVs, Dave2, which were 19.1 m at C = 12 mM 

and 11.4 m at 312 mM.  

 

 
Fig. 4.2: Average size of GUVs containing X = 0.4 at various C obtained from 

histograms in accordance with equation (4.2). Average values and standard errors 

of the size for each C were determined from two independent experiments using 

300−400 GUVs for each experiment. The solid line shows the theoretical curve 

corresponding to equation (4.15) with equation (4.16) using Dfreq0 = 12.0 m, 

Kben0 = 17.0 kBT and γ = 2 mM3/2.  



Results and Discussions 
 

67 
 

The average size (average diameter) of GUVs, ave ave1 ave2 ( ) / 2D D D= + , was calculated 

from two independent experiments (i.e. n = 2) using N = 300−400 GUVs in each 

experiment. The Dave were obtained (19.6  0.4) and (10.8  0.6) m (± indicating the 

standard deviation) for X = 0.4 at C = 12 and 312 mM, respectively.  

As we mentioned above our results demonstrate the asymmetrical GUV’s distribution 

by the sizes. The approach based on the lognormal distribution was previously used 

for the description of the distribution of purified GUVs suspension [151]. It was also 

applied for fitting the histogram of the persistence length of the endoplasmic 

reticulum found from a combination of fixed and live cells (human MRC5 lung cells) 

 [155]. The dependence of Dave on C obtained in this manner in the whole range of 

NaCl concentration from C = 12 to C = 400 mM for X = 0.4 is shown in Fig 4.2. It is 

seen that as the salt concentration in buffer increases, the average size of the GUVs 

decreases. The values of Dave at various C are presented in table 4.1.  

 

4.2 Effects of Vesicle Surface Charge on the Size Distribution of 

GUVs  

The effects of vesicle surface charge (determined by X) on the GUVs size distribution 

were investigated. We have analyzed the system under varying X from X = 0.1 to 0.9 

in the buffer containing C = 162 mM (i.e. 1/κ = 0.76 nm  [36]). Fig 4.3 shows the 

experimental results for two specific values of X, namely X = 0.1 and X = 0.9. Fig 

4.3(a) shows a typical experimental result of the phase contrast image of GUVs 

suspension for X = 0.1. The histogram of the distribution of GUVs using N = 331 in 

case X = 0.1 is shown in Fig 4.3(b). It is seen from histogram that there are a small 

number of GUVs with diameters greater than 14 m and a large number of GUVs 

with diameters 4–14 m. The similar result was also obtained in other independent 

experiments. The typical phase contrast image of the GUVs in the same buffer in case 

X = 0.9 is shown in Fig 4.3(c) and the corresponding histogram is shown in Fig 

4.3(d). In the histogram, a large number of GUVs with diameters greater than 12 m 

and a small number of GUVs with diameters 4–10 m were observed. The similar 

result was obtained from other experiments. Therefore, with the increase of X the 

histogram of the distribution shifted to right direction, i.e. in region of larger size 
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GUVs. The histograms of Fig 4.3(b) and 4.3(d) were fitted with the equation (4.1), 

and the average values of the GUVs were obtained (using eq. 5.2) (11.7 ± 0.9) and 

(17.9 ± 0.1) m for X = 0.1 and X = 0.9, respectively. The values of R2 were obtained 

0.90 and 0.97 for X = 0.1 and X = 0.9, respectively from n = 2 using N = 300−400 

GUVs. 

 

 
Fig. 4.3: Effects of DOPG molar fraction on size distribution of DOPG/DOPC-

GUVs at C = 162 mM. (a) and (b) show a phase contrast image and a size 

distribution histogram of the GUVs suspension for X = 0.1, respectively. (c) and 

(d) show a phase contrast image and a size distribution histogram of the GUVs 

suspension for X = 0.9, respectively. The bar in the images corresponds to 50 m. 

N is the number of observed GUVs. The dotted lines show the best fitting curves 

corresponding to the equation (4.1). The parameters in (b) are  = 2.34,  = 0.34, 

and in (d) are  = 2.81,  = 0.39. The values of R2 were obtained 0.90 in (b) and 

0.97 in (d). The solid lines show the theoretical curves corresponding to the 

equation (4.10). The parameters in (b) are Kben =18.0 kBT, Dfreq = 7.0 m, L = 

4000, and in (d) are Kben = 30.0 kBT, Dfreq = 11.0 m and L = 3600. The values of 

R2 in (b) and (d) were obtained 0.67 and 0.84, respectively. 
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The effects of X on the average size of DOPG/DOPC-GUVs at the whole range of X 

for C = 162 mM is shown in Fig 4.4. It is seen that with the increase of X the average 

size of GUVs increases. The values of Dave at various X are presented in table 4.1.  

 

 
Fig. 4.4: Average size of DOPG/DOPC-GUVs for various X at C = 162 mM 

obtained from histograms in accordance with equation (4.2). Average values and 

standard errors of the sizes for each X were determined from two independent 

experiments using 300−350 GUVs for each experiment. The solid line shows the 

theoretical curve corresponding to equation (4.15) with equation (4.16) using 

Dfreq0 = 10.5 m, kben0 = 17.0 kBT and γ = 2 mM3/2.  

 

Table 4.1: The values of average size of GUVs and bending modulus (Kben) of 
membranes at various conditions  

Effects of salt concentration for X =0.40 Effects of surface charge for C = 162mM 
C (mM) Dave (m) Kben (kBT) X Dave (m) Kben (kBT) 

12 19.6  0.4 35.9  0.1 0.0  
(in MilliQ) 

10.9  0.1 17.0  0.2 

62 16.6  0.2 31.3  0.3 0.10 11.9  0.9 18.5  0.5 
112 15.0  1.0 27.8  0.4 0.25 15.4  1.4 21.1  0.1 
162 13.4  0.6 24.4  0.2 0.40 13.4  0.6 24.4  0.2 
212 11.4  0.7 20.5  0.4 0.55 15.0  0.8 26.7  0.3 
312 10.8  0.6 16.3  0.3 0.70 16.5  0.3 28.5  0.4 
362 11.2  0.3 13.3  0.2 0.90 17.9  0.1 30.1  0.1 
412 9.2  0.3 11.1  0.4    
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So, these results show that the size of self-assembled GUV is a function of the 

charged lipids in the lipid bilayer and the ionic strength of the solution. Generalizing 

these results one can conclude that with the increase of electrostatic interaction 

(decrease of C or increase of X) the fraction of large GUVs in solution increases. As 

we discuss below this is result of the electrostatic effects on the bilayer bending 

modulus. It is known that at low ionic strength, the curvature energy of a charged 

lipid bilayer is considerably lower than that of a bilayer carrying less or no electric 

charge  [53,156,157]. 

 

4.3    Theory 

4.3.1 The free energy of the GUVs ensemble 

A few theories based on different physical principles have been proposed to explain 

the process of spontaneously formed lipid vesicles [37,38,156,158]. It is necessary to 

note that mainly these theories used for consideration of small vesicles. Here we 

follow the approach introduced for the spontaneous vesiculation of nanoscale vesicles 

[37]. This theory, based on the Helmholtz’s free energy of the system, describes the 

vesiculation of the lipid molecules as interplay between vesicle bending energy and 

the entropy of the system. But we modify this approach somewhat to describe the 

formation of micrometer size GUVs. The molecular dynamic simulation demonstrated 

that the vesiculation of lipid vesicles starts from small aggregations of lipid 

molecules, which transform into disk-like bilayer structures and then they associate 

with one another and fuse with individual molecules [159,160]. The X-ray scattering 

experiments also demonstrated the similar phenomena [161]. It was accepted that 

there are a set of quasi-stable states of the system with some intermediate structures 

during the vesicle formation processes [162-164]. Hence before to reach out the final 

equilibrium state with final GUVs size distribution during vesicle formation the 

system passes a set of different states with different aggregate size distributions [37]. 

So, our model is based on the following suggestions. Let us consider that during 

GUVs formation the system passes a set of states with various distributions of lipid 

structures before to rich final equilibrium state with final GUVs size distribution. We 

do not consider in details the full process of GUVs formation from lipid molecules 

rather we are interesting in ‘last jump’ from some near-final distribution of aggregates 
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(we name it as ‘initial assemble’) to final GUVs distribution fGUV(nm, m). For 

simplicity we treat this initial assemble as assemble of N some equal lipid 

supramolecular structures. It can be bilayer fragments, SUVs or LUVs or some curved 

disc-like aggregates [37]. Assuming for simplicity that all aggregates in this initial 

assemble are exactly the same we describe it by two parameters: total number of 

aggregates N and the surface area of one aggregate Sinit (which we name ‘initial 

vesicle’). This assumption means that we describe the real initial assemble consisted 

with lipid structures of the different sizes by apparent assemble of some effective 

structures of the equal size. Moreover, the latter corresponds to average size of these 

structures init initD S = . The initial vesicles transform into different sizes GUVs due 

to some processes in which the final equilibrium distribution of GUVs by the sizes 

achieves. Each GUV in this assemble is described by a number of initial aggregates 

m, which compose it. Taking into account that the total surface of m initial aggregates 

is mSinit, one determines the diameter of m-GUV as m inst /D mS = . We also assume 

that each GUV has spherical shape (or quasi-spherical) and consisted by lipids with 

zero spontaneous curvature. Generally, the state of such system under consideration is 

determined by the Helmholtz’s free energy G as follows [37]: 

( ) ( ) ( )
2

m c
m ben m2

1 1B m

,
4 1 ln ln ln

2 2

N N

m
m m

G n m l mn K N N n mn
k T D


 

= =

       = + − − −       
       

  (4.3) 

Here m is the number of initial aggregates which composed m-GUV, nm is the number 

of m-GUVs in the system, Kben is the bending modulus of the membrane in kBT unit, 

kB is the Boltzmann constant and T is the absolute temperature. The parameter lc 

describes the nonlinear component of Kben and   describes the vesicle membrane 

fluctuation effect on bending energy, φ is the volume fraction of initial vesicles in 

solution. The first term in equation (4.3) describes the bending energy of all vesicles 

[165] in the GUV population, the second term is entropic contribution. The question 

can arise: how do the electrostatic contributions is presented in expression (4.3)? The 

reply is the following. We put all electrostatic effects in the bending modulus of the 

membrane. Hence, in our model Kben is the function of salt concentration in solution C 

and vesicle surface charge density X i.e. Kben(C, X). 
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Equation (4.3) determines the free energy of the system under consideration for any 

arbitrary set of {nm, m}, i.e. the free energy of the system G is the function of many 

variables {(m1, m2, m3,…..N), (nm1, nm2, nm3,……)}. The equilibrium state of the system 

is determined by the following equation,  

                   ( )m

m

,
0

G n m
n


=


  for (nm = nm1, nm2, nm3,……)                           (4.4) 

under condition       
*

m

N

m m
n m N

=

=                                              (4.5)    

The solution of (4.4) and (4.5) is                                                

( ) ( )
2

ben c
m GUV 2

m

4exp 1 ln
2 2

K lN mn m N f m
m m D m

     = = − + +    
    

                             (4.6) 

This equation describes the destribution of GUVs in the population by the number m 

of initial aggregates which composed specific GUV. To use this equation for 

interpretation of our experimental results it is necessary to change in the equation 

(4.7) the non-measurable parameter m for the measurable one. To this firstly change 

m for m inst /D mS =  as follows. 

( ) ( )
2 2

init init c init m
m m m ben2 2 2 2

m m m m init

4exp 1 ln
2 2GUV

S S l S Dn D N f D N K
D D D D S


 
 

   
= = − + +   

    
(4.7)   

     

Then take into account that, 6= and lc = 10 nm [37] (while Kben 20 kBT [17] ) and 

that in our experiments the characteristic size of GUVs is Dm ~10 m, one can 

simplify the equation (4.7) as follows: 

 

                         ( ) ( ) init init
m m GUV m ben2 2

m m

4expS Sn D N f D N K
D D




 
=  − 

 
                             (4.8) 

Using the condition m

m

0n
D


=


, one obtains from equation (4.8) the size of most 

frequent GUVs in the system (i. e. the mode of the distribution or in other words, the 

most frequent diameter, Dfreq which can be obtained also from experimental 

histograms).  

                                              freq init ben2D S K=                     (4.9)   
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Using equation (4.9), we change non-measurable parameter Sinit for measurable one 

Dfreq in equation (4.8) and obtain, 

                                             ( )
2 2
freq freq

m m 2 2
ben m m

exp
D DLn D

K D D
      

 −     
     

                            (4.10)   

Here
4
NL 


= . According to equation (4.10), with the increase of Dm the size 

distribution shows a sharp increase immediately above the minimum critical size and 

then follows a long tail as the Dm increases as shown in Fig. 4.5. Such a positively 

skewed distribution was observed also in other researches [166,167]. Equation (4.10) 

has two fitting parameters, Dfreq and Kben (L is normalized parameter). It is necessary 

to underline that among other things one can estimate the values of Kben at different C 

and X by comparison of the theoretical equation (4.10) with the experimentally 

obtained histograms. 

 
Fig. 4.5: Size distributions of GUVs at various fitting parameters. (a) L = 3000, 

2500, 2000; dfreq = 9.6 m, Kben = 27 kBT (b) dfreq = 10, 13, 15 m; L = 2800, Kben 

= 25 kBT (c) Kben = 35, 30, 27 kBT; dfreq = 11 m, L = 3200.   

 

4.3.2 Average size of GUVs 

Generally, the average size of GUVs from equation (4.10) is defined as follows [168]: 

   
2 2
freq freq

ave m m m m2 20 0
ben m m

1 exp
D D

D D n dD L dD
k D D

        = = −      
      

             (4.11) 

But the integral in equation (4.11) diverges. It is the reason why we approximate the 

distribution of equation (4.10) by lognormal distribution (eq. 4.1), which average 



Results and Discussions 
 

74 
 

value is well-defined (see eq. 4.2). By comparing equation (4.1) and (4.11), we 

obtained 

( )22 2
freq freq m

2 2 2
ben m m m

ln
exp exp

22
D D DL P

K D D D


 

     −     −  −       
         

                          (4.12)                  

The parameters of the proper lognormal distribution (P, μ and σ) were obtained from 

the following conditions: a) the modes of both distributions have to be the same b) the 

maximum values (peaks) have to be the same and c) the distribution widths at ‘high’ 

(1/e) have to be the same.  

It was found that 2
freq lnD = + and ( )  56.0287.0 == ArcSh approximate the 

distribution (4.10) well and determines its average value Dave as follows. 

( )
2

2 2
ave freq freq

1 3exp exp exp exp
2 2 2

D D D b
   

    = + = = =    
    

         (4.13)               

where ( )2
freq expD  = −  and 

23exp 0.67
2

b  
= = 

 
. Therefore, Dave in our model is 

determined (eq. 4.9) by bending modulus and by the size of initial aggregate. 

 

4.3.3 The influence of the membrane bending modulus on the 

average size of GUVs 

As it is seen from equations (4.9) and (4.10) the main physical parameter which 

influences on vesicle size distribution (and therefore, on the average size) is the 

membrane bending modulus Kben. It is the reason why it is worth to consider the 

variations of average size of GUVs due to the changing of Kben in details. Firstly, we 

argue that one can assume that Sinit does not depend on Kben as a first approximation. 

Dfreq in our experiments varied in the range (6.8−11.5) m. Then, taking into account 

that membrane bending modulus for PG/PC bilayers is (10−30)kBT [17,169,170] one 

can estimate using equation (4.9) the effective size of initial 

aggregates 2
init init freq ben~  ~ (4 )  ~ 0.15 μmD S D K . Hence the number of aggregates 

in initial assemble is 10−20 times higher than that the same in the final equilibrium 

assemble. It means that the free energy of the initial assemble is determined mainly by 

entropy contribution (second term in eq. 4.3). Therefore, we can consider that the size 
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distribution (and, accordingly, the average size and Sinit in eq. 4.9) in this assemble 

does not depend on Kben as a first approximation. There have been many studies on 

the electrostatic effects upon Kben. It was shown that the electrostatic contribution to 

bending rigidity is independent of geometry [156,171,172], moreover Kben can be 

determined as follows, 

                                         el
ben ben0 benK K K= +                                                                    (4.14) 

                

where Kben0 is the bending modulus of bilayer  in case of neutral lipids and 
el
benK indicates the electrostatic term of bending modulus of the bilayer, which has 

been considered from various theoretical perspectives  [171,173]. Inserting equations 

(4.9) and (4.14) in equation (4.13) one obtains the expression for Dave as follows, 

( )
el el

el ben ben
ave freq ben0 ben init ben0 init freq0

ben0 ben0

2 2 1 1K KD bD b K K S b K S bD
K K

= = + = + = +           (4.15) 

where freq0 ben0 init2D K S= is the most frequent vesicle size in case of neutral lipids. It 

is worth to note that self-consistent-field calculations have shown the similar result, 

namely that there is a strong correlation between the values of membrane rigidity and 

experimentally determined sizes of vesicles synthesized by the freeze-thaw method 

[54]. 

 

4.4 Fitting of Size Distribution Histograms (Comparison of the 

Proposed Theory with Experimental Results) 

In this thesis, it is considered that the electrostatic effects on the size distribution of 

GUVs during spontaneous vesiculation obtained using the natural swelling method. 

The electrostatic effect was varied by changing the salt concentration in solution and 

the surface charge density of the membranes. All histograms received turned out to be 

positively skewed distributions, which can be mathematically described well by the 

classical log-normal distribution. This distribution is widely used to describe 

phenomena and processes in various sciences, from medicine to geology. The 

peculiarity of this distribution is that in the systems being analyzed the elements 

corresponding to the smaller value of the random parameter (it is size of GUV in our 

case) prevail. In addition, in such system the probability of each subsequent event 
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depends on the probability of previous events  [37]. For our system, this means that 

the size of the newly formed GUV depends on the number and size of the GUVs 

already existed in the system. This is due to the change in entropy of the system. The 

proposed physical model based on equation (4.10) makes it possible to clarify the 

physical meaning of the processes occurring in the system during spontaneous 

vesiculation. In Fig 4.1(b, d) and 4.3(b, d), the solid lines show the theoretical 

distribution obtained using equation (4.10). 

It can be seen that the theoretical curves describe the experimental histograms well 

(only 4 specific cases are shown in the figures). As we already mentioned the 

equation (4.10) is obtained on the basis of Helmholtz’s free energy of equation (4.3), 

which consists of two terms; the energy one, determined by the bending energy of 

each GUV, and the entropy term. If the size of some vesicles is increased, the number 

nm of corresponding vesicles in the system decrease and, as a result, the total bending 

energy of all such vesicles is reduced, as described by the first term of equation (4.3). 

As for the entropy term, it should be taken into account that as the size of individual 

GUV increases, the contribution of the GUV itself to the total entropy of the system 

decreases (in the limiting case of single GUV in the system, the entropy is minimal) 

and the entropy of the assemble also decreases due to a decrease in the diversity of 

GUVs in size. The competition between these two contributions in G (eq. 4.3) 

determines the dynamic equilibrium distribution of the GUVs by sizes.  

It is necessary to emphasize that for all conditions (different C and X) a positively 

skewed asymmetric distribution was obtained. This means that in the system under 

consideration the number of GUVs with sizes smaller than the average one, Dave, 

prevails over the number of vesicles with a size larger than Dave. Consequently, the 

system prefers a small size of GUVs, and therefore, as follows from equation (4.3) 

and the above speculations, the entropy term prevails over the energy one. That is 

why such spontaneous vesiculation is called ‘entropically stabilized’. It is worth 

mentioning one more thing that contributes to the shift of the distribution in the region 

of small quantities. As far back as 1941, Kolmogorov, considered a similar problem in 

geology (distribution of particle sizes during crushing) and showed that in such 

systems the probability of collisions between particles also has a certain value. The 

probability of collision of small particles with other particles is substantially less than 

the same for large particles  [174]. Since the redistribution of particle sizes in the 
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system occurs as a result of particle collisions between themselves, the lifetime of a 

particular particle of small size is larger than the same of large particle size. This 

effect also contributes to appearance in the equilibrium distribution of a larger fraction 

of small particles compared to the same large size. 

The solid lines of Fig 4.1(b) and 4.1(d) correspond to the theoretical equation (4.10) 

for X = 0.4 at C = 12 and 312 mM, respectively. From the fitted curves, the values of 

Kben were obtained 36.0 kBT in Fig 4.1(b) and 16.0 kBT in Fig 4.1(d). The average 

values of Kben were obtained (35.9  0.1) and (16.3  0.3) kBT for C = 12 and 312 

mM, respectively. The values of R2 in Figs 4.1(b) and 4.1(d) were obtained 0.66 and 

0.75, respectively. Again, the size distribution histograms for C = 162 mM at various 

X are shown in Fig 4.3(b) and 4.3(d) which were also fitted by equation (4.10). From 

the fitted curves (solid lines), the values of Kben were obtained 18.0 and 30.0 kBT for X 

= 0.1 and 0.9 at C = 162 mM, respectively. The average values of Kben were obtained 

(18.5  0.5) kBT for X = 0.1 and (30.1  0.1) kBT for X = 0.9 at C = 162 mM. The 

values of R2 in Fig 4.3(b) and 4.3(d) were obtained 0.67 and 0.84, respectively. Hence 

the average values of Kben varied with C and X. Using the similar procedure the value 

of Kben for pure DOPC-GUVs was obtained (17.0  0.2) kBT, which was similar to 

that obtained (20 ± 0.5) kBT using micropipette aspiration technique  [17]. Therefore, 

as the electrostatic interaction increases (increase of X or decrease of C) the values of 

Kben increase. The values of Kben at various C and X are provided in table 4.1.  

Fig. 4.6 shows the size distribution histograms of GUVs for various C and X fitted 

with theoretical equation. The size distribution histograms for X = 0.4 at various C are 

shown in Fig. 4.6(a). The solid line of Fig. 4.6a(i) corresponds to the best fitting curve 

of equation (4.10) for X = 0.4 at C = 62 mM. From the fitted curve, the value of Kben 

was obtained 31.0 kBT. Similarly, the values of Kben from the fittings of Figs. 4.6a(ii) 

and 4.6a(iii) were obtained 24.5 and 13.4 kBT for C = 162 and 362 mM, respectively. 

The average values of Kben were obtained (31.3  0.3), (24.4  0.2) and (13.3  0.2) 

kBT for C = 62, 162 and 362 mM, respectively in two independent experiments. The 

values of R2 in Figs. 4.6a(i), 4.6a(ii) and 4.6a(iii) were obtained 0.92, 0.91 and 0.86, 

respectively. Therefore, the average value of Kben decreased with the increase of C. 

Again, the size distribution histograms for C = 162 mM at various X are shown in Fig. 

4.6(b) which are fitted by the equation (4.10). From the fitted curve (solid line), the 

values of Kben were obtained 21.2, 26.4 and 28.1 kBT for X = 0.25, 0.55 and 0.70, 
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respectively. The average values of Kben were obtained (21.1  0.1), (26.7  0.3) and 

(28.5  0.4) kBT for X = 0.25, 0.55 and 0.70, respectively in two independent 

experiments. Hence, the average value of Kben increased with the increase of X. The 

values of R2 in Figs. 4.6b(i), 4.6b(ii) and 4.6c(iii) were obtained 0.87, 0.83 and 0.86, 

respectively. 

 

 
 

Fig. 4.6: Effects of C and X on the size distribution of GUVs. (a) Size distribution 

histograms for X = 0.4 at (i) C = 62 (ii) C = 162 (iii) C = 362 mM. (b) Size 

distribution histograms for C = 162 mM at (i) X = 0.25 (ii) X = 0.55 (iii) X = 0.70.  

The solid lines of (a) and (b) show the best fitted theoretical curves corresponding 

to equation (4.10). The parameters (Kben =27 kBT, L = 3000, Dfreq = 9.6 m), (Kben 

=16.1 kBT, L = 2300, Dfreq = 7.6 m) and (Kben =14.4 kBT, L = 2800, Dfreq = 5.6 m) 

are used in the Figs. a(i), a(ii) and a(iii), respectively. In the Figs. b(i), b(ii) and 

b(iii) the parameters are used (Kben =12.5 kBT, L = 1670, Dfreq = 8.2 m), (Kben 

=16.7 kBT, L = 2250, Dfreq = 8.1 m) and (Kben =20.2 kBT, L = 2140, Dfreq = 10.6 

m), respectively. 

 

Hence the average values of kben varied with C and X. Therefore, as the electrostatic 

interaction increased (increased of X or decreased of C), the Kben increase. The values 

of Dben at various C and X are provided in the table 4.2. 
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4.5  The Average Size of GUVs vs Bending Modulus of Lipid Bilayer  

As we indicated above, the main fitting parameter of the theoretical model is Kben. It 

gives us the opportunity based on experimental histograms and theoretical model to 

estimate the value of Kben in our experiments. We obtained Kben in our experiments in 

the range of 16−36 kBT (Figs 4.1 and 4.3) from the fitting of experimental results by 

theoretical equation (4.10). The values of Kben obtained from such fittings are at the 

same order as the values of Kben for PC membrane  [17] and for PG/PC membrane 

 [169,170]. We assumed that the average size of vesicles in initial assemble Sinit does 

not depend on Kben, which means that in our model Dave is only proportional to benK  

i.e. ( )ave init ben ben2 constD b S K K= =  (see Eq. 4.15). The question arises: does this 

assumption correspond to real system? To consider this question we plotted the 

dependences of ( )ave ,D С X and ( )ben ,K С X  in the same graph as shown in Fig 4.7.  

It is seen that aveD  is really proportional to benK  as it is following from equation 

(4.15). The appropriate constants are equal to (2.9  0.1) m/(kBT)1/2 in Fig. 4.7(a) for 

various C at X = 0.4 and (3.0  0.1) m/(kBT)1/2 in Fig 4.7(b) for various X at C = 162 

mM. Hence one can conclude that the above mentioned assumption is valid. Fig 4.7 

and equation (4.15) show that if the Kben decreases, Dave in the system also decreases. 

This phenomenon can be easy explained in framework of equation (4.3). 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.  
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Fig. 4.7: Relationship between the average size Dave (obtained from histograms 

in accordance with equation (4.2)) and the bending modulus of GUV bilayer Kben 

(obtained from histograms in accordance with equation (4.10)). (a) Effects of C 

on Dave and Kben for X = 0.4 (b) Effects of X on Dave and Kben at C =162 mM. 

Average values and standard errors were determined from two independent 

experiments. 

 

4.6 Fittings of the Dependence of GUVs Average Size on Electrostatic 

Interaction 

Our results demonstrate that, as the electrostatic interaction increases the values of 

Kben increase. The size distribution histograms for C = 162 mM at various X are 

shown in Fig 4.3(b) and 4.3(d). From the fitted curves (solid lines), the values of Kben 

were obtained (18.5  0.5) and (30.1  0.1) kBT for X = 0.1 and 0.9, respectively. It is 

known that electrostatic conditions in the lipid bilayer system influence on bilayer 
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bending rigidity  [171]. In particular, it has been established a significant 

enhancement of the bending rigidity of membranes due to charge effects  [157]. The 

measurements based on the fluctuation spectroscopy of giant vesicles showed the 

decrease of Kben in the presence of various types of salts  [175]. The effect of NaCl on 

Kben of palmitoylphosphocholine membranes exhibited the decrease of Kben from 39 to 

32 kBT due to NaCl concentration changes from 0 to 100 mM  [175]. In contrast, 

incorporation in bilayer of phosphatidylcholine vesicles of a small fraction (10 mol 

%) of negatively charged phosphatidylglycerol, results the increase of Kben about 3-

fold to that of the pure phosphatidylcholine membrane  [176]. Therefore, these 

measurements supported our results that as the electrostatic interaction increases the 

Kben also increase.   

Taking into account that from one hand we have shown that size of GUVs is 

determined by Kben (eq. 4.15) and from another hand our experimental results 

demonstrated significant dependences of GUVs size on surface charge density and 

ionic strength of solution (Figs 4.2 and 4.4), we can say that our research also 

demonstrates the dependence of the bilayer bending rigidity on electrostatics. It is 

worth to consider this point in details. For this one has to determine the expression 

describing the dependence of Kben i.e. Kben (C, X). There have been many studies on 

the effect of electrostatics upon Kben. Moreover the problem has been analyzed in 

framework of various theoretical approaches  [54,156,177–181]. A substantial 

theoretical study has addressed the effect of surface charge density and ionic strength 

in solution on the membrane bending rigidity  [156,182,183]. It was shown that the 

rise in the bending rigidity with increasing fraction of charged species can be 

connected with the stronger repulsion in the bilayer plane (in particular, between the 

polar heads of charged lipids), which effectively suppresses the membrane 

undulations and thus increases the membrane rigidity. The presence of the electric 

double layer surrounding a charged membrane also affects the bilayer bending rigidity 

 [156]. However, in spite of bulk studies at present there is none the commonly 

accepted interpretation of this problem. It was shown that more or less generally Kben 

increases with the increase of X and decrease of C.   

Moreover such dependences of el
benK can be described as a function of C and X as 

follows  [156,172,177,183].  



Results and Discussions 
 

82 
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= =                                                       (4.16)  

where Debye length 1

0.304
С

 − =  nm-1 and   is the surface charge density of 

vesicles.  

We use this expression for interpretation and fitting of our results in which γ used as a 

fitting parameter. The solid lines in Fig 4.2 and 4.4 demonstrate the theoretical curves 

corresponding to equations (4.15) with (4.16) for two specific cases, namely the 

dependence Dave(C) for X = 0.4 (Fig 4.2) and the dependence Dave (X) for C = 162 mM 

(Fig 4.4). The experimental points on these figures were obtained from histograms in 

accordance with equation (4.2) by method described above. It is seen the satisfactory 

fit of theoretical curves to experimental data. We emphasize that in spite the fact that 

Fig 4.2 and 4.4 correspond to totally different experimental conditions (variation of C 

in one case and variation of X in another one) the fitting of the experimental data by 

theoretical equation (4.15) with (4.16) was obtained with the same fitting parameters 

(Kben0 = 17.0 kBT, and γ = 2 mM3/2) in both cases. The fitting parameters in Fig 4.2 

were Dfreq0 = 12.0 m, Kben0 = 17.0 kBT, b = 0.67 and in Fig 5.4 were Dfreq0 = 10.5 m, 

Kben0 = 17.0 kBT, b = 0.67. This means once more that the developed theory really 

describes the real processes in the system under consideration satisfactory 

 

4.7  Theoretical Fittings of the Size Distributions of Purified GUVs  

To re-confirm the estimation of Kben of unpurified GUVs, we used the histograms of 

purified GUVs. The size distribution histograms of purified GUVs were fitted using 

equation (4.10) for various C (Fig 4.8a) and X (Fig 4.8b).  The solid lines of Fig 

4.8a(i-iii) corresponds to the best fitting curve of equation (4.10) for X = 0.4 at C = 

62, 162 and 362 mM, respectively. From the fitted curve, the values of Kben are 

obtained 32.0, 24.7 and 13.2 kBT, respectively. The average values of Kben are 

obtained (31.6  0.4), (24.5  0.1) and (13.4  0.2) kBT for C = 62, 162 and 362 mM, 

respectively from two independent experiments. The value values of Kben are 

increased with the increase of C. The values of R2 in Figs 4.8a(i), 4.8a(ii) and 4.8a(iii) 

are obtained 0.90, 0.87 and 0.85, respectively. Again, the size distribution histograms 



Results and Discussions 
 

83 
 

for C = 162 mM at various X are fitted (solid lines) by the equation (4.10) as shown in 

Fig 4.8b(i-iii). From the fitted curves the values of Kben are obtained 21.3, 26.6 and 

29.0 kBT for X = 0.25, 0.55 and 0.70, respectively. The average values of Kben are 

obtained (21.4  0.1), (26.8  0.2) and (28.7  0.3) kBT for X = 0.25, 0.55 and 0.70, 

respectively from two independent experiments. The value of kben is increased with 

the increase of X. The values of R2 in Figs 4.8a(i), 4.8a(ii) and 4.8a(iii) are obtained 

0.81, 0.81 and 0.84, respectively. The average values of kben at various conditions of 

purified GUVs are almost same to that obtained for unpurified GUVs. Therefore, the 

theory explained the histograms of size distributions irrespective of purification of 

GUVs. The data of various fitting parameters of purified GUVs at various C and X are 

provided in the table 4.2 and 4.3. 

 
 

Fig. 4.8: Effects of C and X on the size distribution of purified GUVs. (a) Size 

distribution histograms for X = 0.4 at (i) C = 62 (ii) C = 162 (iii) C = 362 mM. (b) 

Size distribution histograms for C = 162 mM at (i) X = 0.25 (ii) X = 0.55 (iii) X = 

0.70. The solid lines of (a) and (b) show the best-fit theoretical curves corresponding 

to equation (10). The parameters (Kben = 32 kBT, L = 2700, Dfreq = 10.8 m), (Kben 

=24.7 kBT, L = 2950, Dfreq = 9.2 m) and (Kben =13.2 kBT, L = 2000, Dfreq = 7.7 m) 

are used in the Figs. a(i), a(ii) and a(iii), respectively. In the Figs. b(i), b(ii) and b(iii) 

the parameters are used (Kben = 21.3 kBT, L = 2100, Dfreq = 11.2 m), (Kben = 26.6 

kBT, L = 2450, Dfreq = 13.1 m) and (Kben = 29.0 kBT, L = 2290, Dfreq = 13.7 m), 

respectively. 
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4.8 Effects of Salt Concentrations and DOPG Molar Fraction on the 

Average Sizes of Purified GUVs  

To evaluate the measurement of average sizes of unpurified GUVs as described at 

various conditions, I followed the same procedure to measure the average sizes of 

purified GUVs. It is apparent that the averages sizes of purified GUVs at various salt 

concentrations are higher than those obtained in the unpurified GUVs (Fig. 4.9). The 

average sizes of purified GUVs are well fitted with the theoretical equation (4.15) 

with equation (4.16) as indicated by the dotted line in Fig 4.9. The best parameters are 

obtained Dfreq0 = 13.8 m, Kben0 = 17.0 kBT and γ = 2 mM3/2. The R2 value of this 

fitting is 0.59. For comparison of the average sizes of purified GUVs, the averages 

sizes of unpurified GUVs with X = 0.40 at various C are also shown in the Fig 4.9. 

The data of average sizes of purified GUVs at various C is provided in the table 4.2.  

 
Fig. 4.9: Average size of purified 40%DOPG/60%DOPC-GUVs at different C. 

Average values and standard errors of size for each C were determined for two 

independent experiments using 300-400 GUVs for each experiment. The solid 

line shows the theoretical curve corresponding to equation (4.15) with equation 

(4.16). The fitting parameters (Dfreq0 = 13.8 m, Kben0 = 17.0 kBT and γ = 2 

mM3/2) are used for purified GUVs. For comparison, the average sizes of 

unpurified GUVs with fitting (solid line) for various C at X = 0.4 are also shown. 

Similarly, the average sizes of purified GUVs are measured to assess the 

measurements of the averages sizes of unpurified GUVs at C = 162 mM. The 

averages sizes of purified GUVs are increased with the increase of X. But the sizes of 
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purified GUVs are higher than those obtained of unpurified GUVs. The average sizes 

of purified GUVs are well fitted with the theoretical equation (4.15) with equation 

(4.16) as indicated by the dotted line in Fig 4.10. The best parameters are obtained 

Dfreq0 = 15.4 m, kben0 = 17.0 kBT and γ = 2 mM3/2. The R2 value of this fitting is 0.63. 

For comparison of the average sizes of purified GUVs with the unpurified GUVs for 

various X at C = 162 mM are also shown in the Fig 4.10. The data of average sizes of 

GUVs at various X is provided in the table 4.2. It is well reported that during 

purification the smaller vesicles with diameters smaller than 10 m passed through 

the pores of polycarbonate membrane [184]. This is the reason why the average sizes 

of purified GUVs are increased than those obtained in the unpurified GUVs at various 

conditions (Fig 4.9 and 4.10).   

 
Fig 4.10: Average size of purified DOPG/DOPC-GUVs for various X at C = 162 

mM. Average values and standard errors of size for each X were determined for 

two independent experiments.  The fitted theoretical curves (dotted line) 

correspond to equation (4.15) with equation (4.16). The fitting parameters (Dfreq0 

= 15.4 m, kben0 = 17.0 kBT and γ = 2 mM3/2) are used for unpurified GUVs.  For 

comparison, the average sizes of unpurified GUVs with fitting (solid line) for 

various X at C = 162 mM are also shown. 

The correlation between the average sizes of GUVs (Dave) and square root of the 

bending modulus ( )benK  of the membranes of purified GUVs is shown in Fig 4.11. 

This correlation is very similar to that obtained for unpurified GUVs. Fig 4.11(a) 

shows correlation between Dave and benK  for various C at X = 0.40. Similarly, the 
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correlation between Dave and benK  for various X at C = 162 mM is shown in Fig 

4.11(b). With the increase of electrostatic interactions (increase of X or decrease of C) 

both the Dave and benK  increase proportionally The appropriate constants are equal to 

(3.6  0.2) m/(kBT)1/2 in Fig. 4.11(a) for various C at X = 0.4 and (3.8  0.1) 

m/(kBT)1/2 in Fig 4.11(b) for various X at C = 162 mM.. This value is slightly higher 

than that obtained i.e., (2.9  0.1) m/(kBT)1/2 for various C at X = 0.4 and (3.0  0.1) 

m/(kBT)1/2 for various X at C = 162 mM for unpurified GUVs. This slight increase is 

due to the effect of purification of GUVs suspension because the values of Dave of 

purified GUVs are larger than the unpurified GUVs.    

 

 
Fig. 4.11: Relationship between the average size Dave of purified GUVs (obtained 

from histograms in accordance with equation (4.2)) and the bending modulus of 

the membranes of purified GUVs Kben (obtained from histograms in accordance 

with equation (4.10)). (a) Effects of C on Dave and Kben for X = 0.4 (b) Effects of 

X on Dave and Kben at C =162 mM. Average values and standard errors were 

determined from two independent experiments. 
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Table 4.2: (a) Effect of salt concentration for constant X (=0.40) [Fig. 4.1, 4.2, 4.6(a), 

4.7, 4.8, 4.9, 4.11]. 

C 

(mM) 
 (m) Kben (kBT) 

WP() P() WP() P() 

12 19.6  0.4 24.1  1.8 35.9  0.1 35.9  0.1 

62 16.6  0.2 23.5  1.6 31.3  0.3 31.6  0.4 

112 15.0  1.0 23.2  0.2 27.8  0.4 27.9  0.4 

162 13.4  0.6 17.0  1.2 24.4  0.2 24.5  0.1 

212 11.4  0.7 14.1  1.4 20.5  0.4 20.9  0.3 

312 10.8  0.6 13.4  1.3 16.3  0.3 16.8  0.2 

362 11.2  0.3 11.6  0.3 13.3  0.2 13.4  0.2 

412 9.2  0.3 - 11.1  0.4 - 

Without purification of GUVs Purified GUVs 

 

(b) Effect of surface charge density at constant C (=162mM) [Fig. 4.3, 4.4, 4.6(b), 4.8, 

4.9, 4.11]. 

X 

(mM) 
 (m) Kben (kBT) 

WP() P() WP() P() 

0.10 11.9  0.9 16.1  0.9 18.5  0.5 18.6  0.4 

0.25 15.4  1.4 18.5  1.3 21.1  0.1 21.4  0.1 

0.40 13.4  0.6 16.9  1.2 24.4  0.2 24.5  0.1 

0.55 15.0  0.8 18.4  1.1 26.7  0.3 26.8  0.2 

0.70 16.5  0.3 23.0  0.8 28.5  0.4 28.7  0.3 

0.90 17.9  0.1 22.0  0.8 30.1  0.1 30.3  0.1 

Without purification of GUVs Purified GUVs 
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CHAPTER 5 

CONCLUSIONS 

 

In this thesis, the effects of salt concentrations, on spontaneous formation of GUVs 

obtained using the natural swelling method are presented. DOPG and DOPC lipids 

were used to synthesize the GUVs by this method. To investigate the effects of salt 

concentration (i.e. C) on the size distribution and average sizes of self-assembled 

vesicles, 40%DOPG/60%DOPC-GUVs (where % indicates mole %) were prepared in 

buffer (10 mM PIPES, pH 7.0 and 1 mM EGTA) containing 12, 62, 112, 162, 212, 

312, 362 and 412 mM salt (NaCl) concentration with 0.1M sucrose solution. Two to 

three independent experiments were performed for each salt concentration. 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 

observation microchamber due to the density difference of sugar solution. The GUVs 

were observed using an inverted phase contrast microscope (Olympus IX-73, Japan) 

with a 20 objective at 25 ± 1 ºC and recorded using a DP22 charge-coupled device 

camera (Olympus, Japan). From several phase contrast microscopic images, the sizes 

of 300 to 400 GUVs were measured manually for an independent experiment. The 

results are presented as histograms describing the GUVs size distribution. All 

histograms were described very well by classical lognormal distribution with 

positively skewed asymmetry. The positively skewed distribution manifests that the 

number of GUVs with sizes smaller than the average one prevails over the number of 

vesicles with a size larger than the average size. It was found that with the increase of 

salt concentration, the peak of the histograms shifts at left, i.e. in region of smaller 

vesicles. The average sizes of the GUVs were obtained by calculating mean and 

variance which were picked up from lognormal distribution. The best fittings were 

evaluated from the values of the co-efficient of determination (R2). In the case of 12, 

62, 112, 212, 312, 362 and 412 mM salt concentrations in buffer the average sizes of 

the GUVs were obtained (19.6  0.4), (16.6  0.2), (15.0  1.0), (13.4  0.6), (11.4  

0.7), (10.8  0.6), (11.2  0.3) and (9.2  0.3) m. The values of R2 were obtained 

0.95, 0.91, 0.94, 0.94, 0.97, 0.91, 0.92 and 0.96 for 12, 62, 112, 212, 312, 362 and 412 
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mM salt, respectively. From these results it is clear that with the increased of salt 

concentrations in buffer, the average size of 40%DOPG/60%DOPC-GUVs decrease. 

To observe the electrostatic effects due to salt concentration, the impact of surface 

charge density in the membrane of GUVs on the size distribution in a physiological 

buffer containing salt concentration 162 mM was analyzed. For experiments on 

surface charge density effects, GUVs of DOPG and DOPC mixture containing various 

molar fractions of DOPG (i.e. X) were prepared in buffer containing 162 mM NaCl 

with 0.1M sucrose. The similar procedure was taken into account to observe and 

measured the sizes of GUVs as considered in the case of different ionic concentration 

of salt in solution. The results show that the peak of histograms steps to right with the 

growth of surface charge density. The average sizes of GUVs were obtained (11.9  

0.9), (15.4  1.4), (13.4  0.6), (15.0  0.8), (16.5  0.3) and (17.9  0.1) m for 

surface charge density (X) 0.10, 0.25, 0.40, 0.55, 0.70 and 0.90, respectively. The 

values of R2 were obtained 0.92, 0.93, 0.93, 0.95, 0.96 and 0.92 for surface charge 

density 0.10, 0.25, 0.40, 0.55, 0.70 and 0.90, respectively. Therefore, with the 

increase of surface charges in the lipid membranes, the average sizes of 

DOPG/DOPC-GUVs increases. For more insight investigation, both the effects of salt 

concentration and surface charge density of purified GUVs were considered. To 

remove the lipid aggregates and smaller vesicles from the GUVs suspension 

membrane filtering method was used for purification. In the purification of GUVs, 10 

m pores polycarbonate membrane was used where the flow rate of suspension, 1.5 

mL/min, was controlled by a double headed peristaltic pump. The lipid aggregates 

and the smaller vesicles with diameters less than 10 m pass though the pores of 

polycarbonate membrane. For 12, 62, 112, 212, 312 and 362 mM salt concentrations 

in buffer the average sizes of the purified GUVs were obtained (24.1  1.8), (23.5  

1.6), (23.2  0.2), (17.0  1.2), (14.1  1.4), (13.4  1.3) and (11.6  0.3) m, 

respectively. In these fittings, the values of R2 were obtained 0.91, 0.94, 0.93, 0.94, 

0.96, 0.95 and 0.94 for 12, 62, 112, 212, 312 and 362 mM, respectively. The average 

sizes obtained from purified GUVs were obtained (16.1  0.9), (18.5  1.3), (16.9  

1.2), (18.4  1.1), (23.0  0.8) and (22.0  0.8) m for surface charge density (X) 

0.10, 0.25, 0.40, 0.55, 0.70 and 0.90, respectively. The values of R2 were obtained 

0.91, 0.93, 0.95, 0.95, 0.94 and 0.92 for surface charge density 0.10, 0.25, 0.40, 0.55, 
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0.70 and 0.90, respectively. This indicates that the results for purified GUVs are 

consistent with the results for unpurified ones.  

 

To explain the experimental results, based on the energetic and thermodynamic 

analyses a distribution function is developed and fitted the experimental results at 

various C and X. This will help to clarify the essence of the physical processes 

occurring in the system under consideration. Using the thermodynamic analysis, this 

theory was developed for the effects of electrostatic interaction due to change in salt 

concentrations in buffer and surface charge density of the membrane of GUVs on the 

size distribution and average size of GUVs. The proposed theory explained the 

experimental results and fits the experimental data reasonably well in the presence of 

a range of electrostatic interaction. Huang’s model made for the nano-scale vesicle 

was modified for micrometer scale system that has taken into account here. The key 

assumption of the theory is that it is postulate the existence of a certain initial 

assemble of lipid bilayer aggregates. Using the experimental results, it was evaluated 

some parameters of these initial aggregates in accordance with our theory. It was also 

obtained that the general form of GUVs size distribution is controlled by entropy 

contribution in total free energy. But the specific distribution is determined by the 

bending modulus of membrane. Based on the proposed theory, it is concluded that the 

positively skewed asymmetry in play that the entropy term of system free energy 

prevails over the bending energy of vesicles. This means that with the increase of salt 

concentrations in buffer and the decrease of surface charge density in the membranes 

of GUVs the fraction of large GUVs in solution decreases. Hence the results 

demonstrate that decrement of salt concentration as well as increase of surface charge 

density in the system results in increase of bending energy of vesicles.  

 

From the fitting of size distribution of GUVs, the bending modulus (Kben) of the 

membrane of GUVs for 12, 62, 112, 212, 312, 362 and 412 mM salt concentrations 

were obtained (35.9  0.1), (31.3  0.3), (27.8  0.4), (24.4  0.2), (20.5  0.4), (16.3 

 0.3), (13.3  0.2) and (11.1  0.4) kBT, respectively. The values of R2 were obtained 

0.67, 0.92, 0.86 0.91, 0.90, 0.78, 0.86 and 0.75 for 12, 62, 112, 212, 312, 362 and 412 

mM, respectively. For surface charge density (X) 0.10, 0.25, 0.40, 0.55, 0.70 and 0.90 

the values of Kben were obtained (18.5  0.5), (21.1  0.1), (24.4  0.2), (26.7  0.3), 
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(28.5  0.4) and (30.1  0.1) kBT, respectively. The values of R2 were obtained 0.77, 

0.88, 0.91, 0.83, 0.86 and 0.84 for surface charge density 0.10, 0.25, 0.40, 0.55, 0.70 

and 0.90, respectively. It is observed a proportional relation between the average sizes 

of GUVs and the average Kben of those corresponding GUVs. The ratio ave

ben

D
K

 for 

various salt concentrations and surface charge density were obtained (2.9  0.1) and 

(3.0  0.1) m/(kBT)1/2, respectively. The similarity between the calculated Kben and 

the measured sizes of GUVs suggests that these GUVs are stabilized by entropy. The 

translational entropy prefers to form many small GUVs, but the minimum size of 

these GUVs may be set by the persistence length of the membranes.  

 

In the case of purified GUVs, the estimated values from the fitting of size distribution 

of GUVs, the values of Kben for 12, 62, 112, 212, 312 and 362 mM salt concentrations 

were obtained (35.9  0.1), (31.6  0.4), (27.9  0.4), (24.5  0.1), (20.9  0.3), (16.8 

 0.2) and (13.4  0.2) kBT, respectively. The values of R2 were obtained 0.85, 0.90, 

0.88, 0.87, 0.92, 0.90 and 0.85 for 12, 62, 112, 212, 312 and 362 mM, respectively. 

For surface charge density (X) 0.10, 0.25, 0.40, 0.55, 0.70 and 0.90 the values of Kben 

were obtained (18.6  0.4), (21.4  0.1), (24.5  0.1), (26.8  0.2), (28.7  0.3) and 

(30.3  0.1) kBT, respectively. The values of R2 were obtained 0.74, 0.81, 0.87, 0.81, 

0.84 and 0.77 for surface charge density 0.10, 0.25, 0.40, 0.55, 0.70 and 0.90, 

respectively. The values of ave

ben

D
K

 for various salt concentrations and surface charge 

density were obtained (23.6  0.2) and (3.8  0.1) m/(kBT )1/2, respectively for 

purified GUVs. This also depicts the proportional relationship between the average 

sizes of GUVs and the average Kben of those corresponding GUVs. 

 

All of these findings indicate that the experimental results were fitted very well with 

the developed theory. Considering the results, it is concluded that Kben due to 

electrostatic interaction is one of the main factors causing to change the average sizes 

of GUVs. It turned out that the results are in good agreement with current 

interpretation of this problem. These investigations play an important role not only in 

the physical description but also in the biological consequences. 
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