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ABSTRACT 

 

A cell’s plasma membrane separates the interior and exterior media of cell, along with 

contributing to many vital functions, such as maintaining gradients across the cell and 

signal transductions. Lipid bilayers, the most important constituents of the cell 

membranes, have been subject of numerous studies. Synthetic liposomes have been 

widely used as model systems of cell membranes. However, the size of typical liposomes 

is less than 0.5 microns, too small for most microscopy studies. On the other hand, giant 

unilamellar vesicles (GUV) are a special type of liposome sized 10 to 200 microns, 

particularly suited for studying complex phase behaviors of biomembranes using 

fluorescence microscopy.  In this study, the synthesis of GUVs from much smaller 

liposomes produced by the rapid solvent exchange (RSE) method in solutions of high and 

low ionic strength was investigated. Such GUVs have a unique property: the lipid 

composition is very uniform throughout the sample, unlike GUVs prepared by other 

methods. The detailed procedures of the electroformation method in high and low ionic 

strength buffers were systematically tested and refined. The optimized procedure was 

able to produce high quality DOPC/DSPC/cholesterol multi-component GUVs, which 

clearly showed coexisting lipid phases. The procedure can also be further adapted to 

produce GUVs containing native membrane proteins. 
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CHAPTER I 

INTRODUCTION 

 

1.1   Lipid bilayer structure and function 

     Cell membranes are essential for compartmentalizing the interior and exterior medium  

in cells, while letting the cell take in nutrients and exude harmful agents. Membranes are 

also involved in deriving energy from chemical reactions by maintaining charge 

gradients, along with regulating enzyme activities, contributing to the transduction of 

information, providing cells with substrate for biosynthesis and for signaling 

molecules(1). 

    In 1915, the composition of red blood cell membranes isolated from mice was found to 

be lipids and proteins by chemical analysis. In the 1950s, membranes were first seen by 

electron microscope (2). In 1925, Gorter and Grendel proposed for the first time that the 

membrane should be made of phospholipid bilayers without answering where the 

proteins stand in the bilayer (3). In 1972, S. J. Singer and G. Nicolson proposed that 

membrane proteins are inserted into the phospholipid bilayer with the hydrophilic region 

protruding out of the phospholipid bilayer and in contact with water while the 

hydrophobic region is confined within the bilayer and not in contact with water (4). A 

sketch of Singer and Nicolson model is shown in Fig. 1. The current understanding of 

biological membranes has been refined since the Singer and Nicolson model (5). The 

lipid component of the lipid bilayer is made of mostly phospholipids, along with 

sphingolipids and sterols (1).  



Texas Tech University, Bahar Saremi, August 2010 

  

2 
 

 

Fig.1.  A sketch of the lipid bilayer based on Singer and Nicolson model by Dana Burns 

(12).                                                       

 

    Biomembranes contain amphiphilic lipids and proteins, in other words, molecules with 

both polar and nonpolar parts. By definition, lipids are soluble in organic solvents and 

have poor solubility in water (1). When added to water, under the effect of molecular 

forces such as Van der Waals, hydrophobic, electrostatic interactions and hydrogen 

bonding, lipids self assemble into different types of structures based on the preparation 

method and the structure of lipid (11). All lipids are amphiphilic enough to aggregate 

spontaneously in water and form polar and nonpolar domains which leads to the 

formation of monolayers, bilayers, micelles, vesicles … depending on the type of the 

lipid and the preparation method. The structure of water is the most important factor 

resulting in hydrophobic effect (1). The most important and abundant constituents of the 

bio-membranes are a group of amphiphilic lipids called phospholipids. The general 

structure of phospholipids is shown in Fig.2. 
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Fig.2. Structure of phospholipids with polar head groups and non-polar acyl chains. 

    When a lipid molecule with a long acyl chain comes into contact with water molecules, 

water molecules change their configuration around the lipid molecule, and form a “cage” 

(1). Loss of the hydrogen bond does not happen rigorously, and so the change in enthalpy 

is not significant.  This, however, reduces the entropy of water molecules as they lose the 

ability to move freely. For increasing the entropy, nonpolar molecules aggregate together. 

When the nonpolar acyl chains come together and form an aggregate, the ratio of the 

surface area to the volume decreases (r
2 

and r
3 

respectively), and results in lessening the 

decrease of entropy. There is also the possibility that the nonpolar domains could be 

stabilized by Van der Waals forces. The aggregation results in maximizing the favorable 

interaction between water molecules and minimizing the unfavorable interaction between 

water molecules and acyl chains and consequently stabilizing the aggregation (1). 

     This explains why in the  bilayer the nonpolar acyl chains of one layer come into 

contact with the acyl chain of the other layer and exclude water molecules which 

subsequently come into contact with the small polar heads of the lipid molecules (1). 

Under the hydrophobic effect, which is the most dominant factor in the lipid water 

interaction, micelles or bilayers form based of several factors including the optimal 

surface area of the head groups, the length and the volume of the acyl chain. 

    The head groups in the bilayer optimize a distance between them to decrease the effect 

of repulsion; a fact which strongly depends on the PH of the aqueous solution and the 
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ionic concentration and affect the structure. Generally big head groups favor the micelle- 

like structure and small head groups favor vesicles. The length of the hydrocarbon chain 

can also limit the size of the micelles, along with the volume that the tail occupies, which 

can have an important effect on the structures that  the lipids from in the solution (11). 

Most important and relevant of these structures to our discussion, micelles and vesicles 

along with lipid bilayer are shown in Fig.3. 

 

 

                       

(a)                                       (b)                                          (c)  

 

Fig.3.  (a) Micelle. (b) Vesicle. (c) Lipid bilayer. 

 

                                     

                                   1.2   GUV application 

 

    GUVs are extensively used for studying the membrane as they make the studying of 

the membrane in real sizes possible. By use of GUVs it’s possible to study the critical 

phenomena in the membrane and the existence of lipid rafts in ternary lipid mixtures. 

Along with the fact that GUVs are good membrane models, they are used as micro-

reactors, a means of studying micro-compartmentalization and microscopic vessels for 

protein crystallization (14).  
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1.3   GUV formation history 

 

The methods for producing GUVs can be separated into two main groups: Spontaneous 

Swelling and Electroformation. 

                     

1.3.1 Spontaneous swelling 

 

    This method was established by Reeves and Dowben (1969), and was improved by 

others, including Needham and Evans (1988). Reeves and Dowben dissolved the pure 

phospholipids or a mixture of phospholipids and brain lipids in a 1:2 chloroform-

methanol solvent. The solution was then spread homogeneously over the bottom of an 

Erlenmeyer flask at room temperature. Solvent was then evaporated slowly without 

agitation or distortion with the aid of passing gaseous nitrogen through Erlenmeyer flask. 

Then water saturated nitrogen was circulated in the flask for a period of time.  After that, 

water, sucrose or a non-electrolyte solution was gently transferred against the sides of the 

flask. Lipids were allowed to swell under nitrogen atmosphere for about 2 hours or more. 

This step was done with great caution not to disturb the mixture to avoid decreasing the 

yield significantly. For some of the phospholipids, it was required that the swelling take 

place in temperatures between 35-40 C.  After the swelling step, the thin walled vesicles 

and myelin fragments made a suspension. The suspension was gently centrifuged for a 

few minutes, which resulted in the myelin fragments to float to the top of the suspension 

and be removed. An equal volume of isomolar glycine or glucose was added and 

centrifuged again. Vesicles form a pellet at the bottom of the flask and ready to be 

harvested. Vesicles were typically 0.5 to 10 µm in diameter and had a single or a few 

lipid bilayers (6). This method was modified later by Needham and Evans (1988). They 

found that unilamellarity is best preserved by having a very thin layer of lipid on the 

surface of the substrate, unlike the previous method which was based on having a thick 

layer of lipid on the surface. For solving this problem, they proposed a roughened Teflon 
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disk as the substrate on which lipid be deposited. The Teflon disk was roughened with an 

emery paper to form tiny grooves and then was washed with tab water, distilled water and 

chloroform before being heated in an oven at 40 
0
C. DMPC, a lipid with two saturated 14 

carbon chains, in chloroform-methanol (2:1) was deposited on the surface of the disk and 

was spread quickly over the surface. The solvent was evaporated, and a thin film of lipid 

was left on the surface overnight so that the remaining solvent evaporated. They 

maintained that rehydration should be carried out in temperatures above the acyl chain 

crystallization transition in low ionic strength or non-electrolyte solutions. The thin film 

was then pre-hydrated at 40 
0
C with water-saturated argon. Final hydration was carried 

out at 30-35 
0
C by adding distilled water, and the Teflon was left in a beaker in an oven 

overnight without any agitation. A cloud was then formed from vesicles and strings of 

lipid. Vesicles were harvested by pipetting the cloud into a tube and diluted with warm 

water at 35 
0
C. 

1.3.2 Electroformation 

    Applying electric field for helping the production of vesicles was first proposed by 

Angelova and Dimitrov (1986). They suggested that the bilayer has to be separated and 

bended to form vesicles, and the external electric field serves both needs as it decreases 

the attraction between layers and helps in destabilizing the bilayer and in consequence 

helps its bending. Decreasing the thickness of the lipid film is also stated as a means to 

increasing the yield. However, they stated that negative lipids don’t form vesicles with 

thicknesses below 90 bilayers. It was also shown that the negatively charged lipids swell 

faster and to higher extent on the negative electrode as oppose to the positive electrode.  

In the first set of experiments, they used egg leticine which contained 71% 

phosphatidylcholine (PC), 21.5% phosphatidylethanolamine (PE) and 7.5% 

phosphatidylserine (PS), which is a negatively charged lipid.  Lipids were dissolved in 

chloroform-methanol 9:1 solvent and a drop of the solution was placed on the negative 

and positive platinum electrodes (0.5 mm in diameter), separated by 0.5 mm. Nitrogen 

was used to evaporate the solvent. Distilled water or water solution was transferred to the 
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electrodes and a DC voltage below 3V was applied. The temperature was mostly kept 

over 30 
0
C higher than the phase transition of both lipids. Vesicles were formed and 

viewed under the phase-contrast microscope. The mean diameter of vesicles was about 30 

µm and the thicknesses was below 10 bilayers. 

    Applying external AC electric field was first proposed by Angelova et al (1992). They 

used ITO coated glasses as the substrate on which the lipid was deposited and produced 

large vesicles between 15 to 70 µm in diameter. A sketch of the cell used by them is 

shown in Fig.4. 

    They mainly used egg phosphatidylcholine (EPC), egg lyso-phosphatidylethanolamine 

(lyso-PE), digalactosyl diacylglyceride (DGDG), bovine phosphatidylserine (PS) and 

cholesterol. The cell for vesicle formation contained two ITO coated glasses separated by 

a silicone spacer of 0.3mm. Lipids were dissolved in chloroform-methanol 9:1 at a 

concentration of 0.5 mg/ml. Solution was deposited on one of the coated glasses and then 

was dried under nitrogen. Milli-Q water of resistivity () of 15 to 18 MΩ/cm was added 

and an AC field of 10Hz and 1V was applied to the cell for about 2 hours. 

 

Fig.4. Sketch of the cell for vesicle preparation (Angelova et al 1992). 

A  rough estimate was given for finding the number of bilayers, by taking into account 

the amount of deposited lipid and surface area of the spot which corresponded to about 5-

10 bilayers in their experiment. Vesicles were observed by phase-contrast microscope. 
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Vesicles were between 15 to 70 µm in diameter, unilamellar and fluctuating. They also 

discussed how the formation of these vesicles is from the lateral fusion of smaller 

vesicles.  

    According to Angelova et al., after a few minutes in AC field circular contour 

structures were observable which grew to a diameter up to 10µm. After that, these 

vesicles contacted each other, fused together and formed giant vesicles and detached from 

the substrate, after which the same process started again and another layer formed 

vesicles. This process causes the vesicles to have different diameters. They could also 

view vesicles vibrating at the same frequency as the electric field which proved the 

interaction of the field with vesicles. They also maintain that one of the mechanisms 

through which the electric field interacts with vesicles is to provide mechanical agitation. 

The method worked well with phosphatidylcholines such as EPC, also with 

Cholesterol/EPC (limited spontaneous swelling). A mixture of EPC with stearic acid 

yielded the formation of vesicles even in 100mM sucrose, which showed how the electric 

field can overcome osmolarity.  

   Akashi et al. produced GUVs in buffers with high ionic strength in 1996 by 

spontaneous swelling. They maintain that if GUVs are to be used as membrane models 

they have to be prepared under physiological condition which is similar to high ionic 

strength buffer. 

    They were able to produce GUVs with diameters in the order of 25-100µm in 100mM 

KCI plus 1mM CaCl2. As they argued, to be able to producing GUVs in high ionic 

strength buffer by their method, one needs to use 10-20% of negatively charged lipids, 

such as phosphatidylglycerol, phosphatidylserine(PS), phosphatidic acid, or cardiolipin, 

together with neutral lipids phosphatidylcholine(PC) or phosphatidylethanolamine(PE). 

They outlined in their paper that conducting the experiment at
 
37 

0
C as opposed to room 

temperature or 4 
0
C, increased the yield significantly and also implied that pre-hydration 

is necessary in high ionic strength condition. They also checked the lamellarity of the 

GUVs and concluded their GUVs are flaccid not tense as in previous experiments in high 
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ionic salts and can acquire various shapes. They have used methods that are not so severe 

for proteins to survive.  

1.4   History of RSE method and special property of RSE liposomes 

    Rapid solvent exchange (RSE) was first introduced by Buboltz and Feigenson in 1999 

for making liposomes to study biomembranes (9). There existed several other methods 

previously for making multi-component lipid membranes such as film deposition, 

lyophilization, freeze-thawing and extrusion. Buboltz and Feigenson found that in film 

deposition or lyophilization method, the lipid passes through solid phase as the solvent is 

evaporated (see Fig.5). It is known that this long passage in the solid state phase, would 

cause the lipids to form lamellae that are highly ordered, even more than the lipid bilayer 

in the fluid phase They argue that usually solid-phase mixtures show demixing of the 

different components, which would consequently interfere with the phase behavior of the 

lipids in the bilayer. Also in phospholipid/cholesterol mixtures, cholesterol shows a high 

affinity for de-mixing from mixture, and forming crystals as confirmed by X-Ray 

diffraction while the lipid mixture passes through the solid phase. This produces many 

problems in precisely studying the solubility limits of cholesterol in the membrane, and 

the parameter of solubility is usually falsely lower with these methods. Demixing causes 

the liposomes to be “artifactually heterogeneous” according to Buboltz and Feigenson.  
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Figure 5.Film deposition (upper pathway) and lyophilization (lower pathway). Lipid 

passes the solid phase in both methods (9). 

 

    Some methods use miscible organic solvents, such as ethanol, in which lipids 

precipitate from the organic solvent to the water, forming liposomes. Although the 

methods are successful in producing a good number of small unilamellar vesicles, the low 

solubility of the lipid in these kinds of organic solvents impedes the process, along with 

the removal of the solvent process which is difficult and time-consuming. On the other 

hand, in the case of the immiscible organic solvents, as Buboltz et al maintain in the 

previous papers, the time it takes for the solvent to be evaporated hasn’t been taken into 

account, which in case the solvent hasn’t been evaporated quickly, causes the de- 

naturation of some the proteins present in the mixture, and also facilitates the formation 

of lipid structures because of the contact with excess solvent that remain in the aqueous 

solvent even after evaporation. 

  The RSE method, however, is a fast and easy method for the formation of liposomes 

with reserving homogeneity and without “artifactual de-mixing ” of the components of 

the lipid mixture. In Fig.6 the apparatus for RSE method is shown.  
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1.4.1   RSE liposome preparation 

The apparatus for RSE is shown in Fig.6. 

 

(a)     (b) 

Fig. 6.(a)The RSE apparatus(9).(b)The cross-sectional schematic of the RSE process. 

    The lipid solution is injected into the FEP Teflon sample which contains the aqueous 

solution. The vacuum pressure is slightly higher than water at about 23 torr at room 

temperature. The organic solvent evaporates upon encountering the lower pressure. The 

lipid then precipitates in the buffer and forms liposomes. The tube is being vortexed 

throughout the process, and the whole process takes about a minute.   
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1.5  The goal of this project 

    Liposomes made by RSE protocol are homogeneous in lipid composition and free of 

demixing artifacts. These characteristics make RSE liposomes good candidates as multi-

component model membranes for studying complex molecular interactions between lipid 

molecules, and phase behaviors of multi-component lipid membranes.  However, the size 

of RSE liposomes ranges from 0.1 to 1 µm, too small for most of microscopy studies. 

The goal of this project is to develop and refine the experimental procedure to make 

GUVs from RSE liposomes. Note that, forming a dry lipid film is also a necessary step in 

the existing methods of making GUV:  The demixing of lipids or even forming 

cholesterol crystals can occur within the dry lipid films.  Thus, the GUVs synthesized 

using the existing methods could have large uncertainty in lipid composition. There are 

two main advantages to synthesize GUVs from RSE liposomes: (1) The lipid 

composition of multi-component GUVs will be far more uniform and the phase behavior 

of the GUVs will be more representative and reproducible. (2) The same procedure can 

also be used to make GUVs from native cell membranes (such as proteo-liposomes) 

already containing certain native membrane proteins. Thus, protein-lipid interactions can 

also be studied in GUVs using microscopy. 
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CHAPTER 2 

EXPERIMENTAL PROCEDURE 

 

2.1  Introdution 

    There are two main methods to make GUVs: the gentle hydration method and the 

electro-formation method.  The gentle hydration method is the simpler of two, but it 

requires about 10% charged lipids, such as POPG or POPS.  The electrostatic repulsion 

force between charged lipids pushes bilayers away from each other, thus facilitates the 

formation of GUVs. However, in many experiments, the charged lipid is an unnecessary 

component and they disturb the system. Therefore, the usage of the gentle hydration 

method is limited. We tested this method as a calibration, to compare the GUV yields by 

the two methods. With the electro-formation method, an AC electric field is used and no 

charged lipid is required. The AC electric field interacts with the dipole moments of lipid 

molecules and causes agitation of lipid bilayers. When the parameters of the electric field 

(waveform, frequency, field strength and time duration) are optimized, very large GUVs 

(up to 200 µm) can be produced. Our goal is to optimize the electro-formation method to 

produce useful GUVs from RSE liposomes. 

2.2   The gentle hydration method 

    (1) The first step in gentle hydration method is to produce dry lipid films free of 

organic solvent. Ideally, we want to produce a very thin lipid film with very large surface 

area, because GUVs only form at the exterior surface of the lipid films. The rest of lipids 

form multilamellar liposome clusters or bilayer tubes, which we call “junks”. The thinner 

lipid film produces less the lipid junks. 

    25µl of 15mM POPC/POPG 9/1 lipid stock was transferred into a test tube along with 

50µl of chloroform. POPG is a negatively charged lipid at pH. 7.0. The purpose of adding 

POPG was to produce electric repulsion between lipid bilayers. POPC is a neutral lipid, 
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and is a good representation of lipids in biomembranes. The lipid stock also contained 1 

mol percent of fluorescence label, rhodamine-PE, which allowed us to observe GUVs 

with a fluorescence microscope. The vial was caped and kept in the room temperature for 

equilibration. The solution was then transferred into a 50mL Teflon test tube. A rubber 

cap was placed on the tube and the solution was vortexed vigorously while vacuum was 

pulled using a table-top vacuum pump. The large Teflon test tube served two purposes: (i) 

it provided large surface area for the lipid film, and (ii) lipid solution in chloroform 

spread easier on the hydrophobic surface of Teflon than on a normal glass surface. 

    After the bulk solvent is gone, a lipid film is evenly distributed at the bottom of the 

Teflon tube. The Teflon tube was then left inside a vacuum chamber for one hour to 

remove residue chloroform (see Fig.7, 8 and 9). 

 

 

Fig.7.Using low vacuum and vortexing to evenly distribute the lipid film at the bottom of 

the large Teflon tube. 
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Fig.8. Lipid film evenly distributed at bottom of the Teflon tube. The lipid film appeared 

red because it contained 1 mol % of red fluorescence label rhodamine-PE. 

 

 

Fig.9.Using vacuum chamber to remove the last traces of solvent. 

 

    (2) The second step is pre-hydration of lipid film with water saturated nitrogen stream.  

The purpose is to slowly hydrate lipid film without excess water, so that large stack of 

lipid bilayers can form. If water is added to the sample too quickly, lipids form lipid tubes 
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or multi-lamellar liposome clusters, not stacks of lipid bilayers. The Teflon tube was 

fixed in a tube rack, which was then placed inside a water bath at 50 
0
C. High 

temperature keeps the lipids in the fluid phase to facilitate GUV formation. A thin metal 

tube was clamped on a ring-stand and brought down well into the tube. A gentle water 

saturated nitrogen stream was then introduced into the Teflon tube through the thin metal 

tube at a rate of 1 liter per minute for about 30-40 minutes to pre-hydrate the lipid film.  

After pre-hydration, the lipid film looked moist, but not wet (see Fig.10). 

 

 

Fig.10.Pre-hydration of the lipid film using water saturated nitrogen stream. 

    (3) The third step is gently hydration of the lipid film. During this step, some of lipid 

bilayers at the exterior surfaces detach from the rest of bilayer stack due to electrostatic 

interactions, and form GUVs.  About 2 ml of GUV buffer (100mM KCl, 5mM PIPES, pH 

7.0) was then gently transferred into the tube and against the tube walls. The water bath 

was then turned off and the tube was left inside the bath for slow cooling overnight.  A 

red lipid cloud can be seen inside the Teflon tube the next day. The GUVs were harvested 

by gently pipetting the fluid adjacent to the red lipid ball. About 30-40 µL was pipetted 

on a thin microscope slide for viewing under a microscope. All images were obtained 
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using an Olympus IX70 microscope. GUVs were fragile, even slow vortexing of the test 

tube could completely destroy all GUVs. 

2.3   The electro-formation method 

    The electro-formation method uses an AC electric field to agitate lipid bilayers, and 

causes GUVs to detach from the rest of lipids. The obvious advantage is that it does not 

require charged lipid as a component. However, it imposes another problem in buffers 

with high salt, since the solution becomes highly conductive, and the yield of the 

production of GUVs in high salt buffers becomes generally lower than that of pure water, 

while buffers with high salt are more biologically relevant. 

    Our goal was to optimize the procedures in pure water as well as in a buffer of 20mM 

KCl. The experimental parameters included RSE liposome drying time, AC field 

waveform, frequency, field strength, and time duration. Since no one had made GUV 

from RSE liposomes previously, all experimental variables needed to be investigated. 

 

2.3.1   Step 1: Synthesizing RSE liposomes 

The RSE method is a very specialized liposome technology. Currently, there are only 

three research labs in the world (Feigenson lab, Buboltz lab and ours) who have the 

equipment to make RSE liposomes. Therefore, we describe the RSE procedure here. 

About 33 µl of 12mM DOPC stock was transferred into a 13x100 mm glass test tube. The 

volume was increased to 70µl by adding chloroform. The tube was then heated at 50 
0 

C 

for 1 minute and was then vortexed for about 5 seconds, to ensure the complete 

dissolving of lipids in chloroform. 1 ml of DI water or buffer was added for low or high 

ionic strengths experiment, respectively (See Fig. 11). Then the tube was mounted and 

vortexed on the RSE apparatus as shown in the picture. Note that water and chloroform 

(like water and oil) do not mix at this concentration. 
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Fig.11. The lipid mixture was heated and vortexed. 

 

Fig.12. The RSE apparatus. 

    The tube was then vortexed at the highest speed setting to drive water and chloroform 

into an emulsion state, i.e., thousands small droplets of chloroform with lipid in bulk 

water (see Fig. 12).  The vacuum (-25 psi) was applied (reading from a Napco Model 

5831 vacuum gauge) for exactly one minute while the tube was continuously vortexed.  

The actual value of the vacuum pressure was estimated to be 100 mtorr.  At low pressure, 

chloroform quickly boils and is removed by vacuum pump.  The lipids precipitate in 
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water and form RSE vesicles. The tube was then vented by opening the argon gas valve, 

which caused the pressure returning to atmosphere pressure. This combination of vacuum 

and rapid vortexing essentially get ride of all the chloroform, and RSE liposomes are 

ready for use in just one minute (see Fig 13).   

 

 

Fig. 13.RSE liposomes ready for use. 

 

2.3.2   Step 2A: Electro-formation of GUV under low ionic strength 

2.3.2.1   (1) Slides preparation 

    The ITO coated slides were cleaned with 10% Liqui-Nox detergent. ITO is a 

transparent conducting coating on the microscope slide to provide AC electric field to the 

sample.  After rinsing with DI water and ethanol, the slides were let dry for several 

seconds at the room temperature. The ITO coated sides of the slides were determined 

using an ohmmeter, and 20 µl of the RSE liposomes was pipetted on the coated surface to 

cover an area about 1 cm in diameter (see Fig.14).  
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Fig.14. The liposomes spotted on the slides. 

2.3.2.2   (2) Drying lipid spots 

    The lipid spots were let to dry for a few hours at the room temperature. This drying 

step is an important one. The purpose is to form partial hydrated lipid lamellar stack on 

the glass slides. When the drying time is too short, many small RSE liposomes remain 

and GUV yield becomes very low. If the drying time is too long, lipids become fully 

dehydrated, and the de-mixing (i.e., phase separation) of lipids may occur in the dry state, 

which will cause heterogeneity in GUV lipid composition. Therefore, our goal was to 

find the minimum drying time, with which we can still produce a lot GUVs. 

2.3.2.3   (3) Forming a sealed chamber 

    One large Buna o-ring was place on the lipid spot and 3 small Buna o-rings were 

placed on the other end of the slides to provide mechanical support. The o-rings were 

pressed down firmly to form seal against the slide.  Then 400 µl of the 5% sucrose 

solution was transferred into the large Buna o-ring to hydrate the lipid spot (See Fig.15).  
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Fig.15. Buna o-rings placed on the slide. 

 

    A second slide was placed on the top of Buna o-rings to form a sealed chamber.  Two 

slides were held together by a small metal clip and electric connections were made 

through two mini-alligator clips (see Fig. 16).  AC field was then applied from a function 

generator through a switch box.  

 

Fig.16. ITO coated slides connected to an AC electric field source through two mini-

alligator clips. 
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2.3.2.4   (4) Applying AC field 

    The voltage was set on + 1V AC (peak-to-peak) and a frequency of 10 Hz (see Fig.17) 

. 

 

 

Fig.17. Oscilloscope, function generator and voltmeter. 

    The samples were connected to the AC electric field for a few hours. We  investigated 

the effects of waveform (sinusoidal, square, or triangular), AC field amplitude, frequency, 

and time duration on GUV yield.  After this, the solution was transferred to a small 

centrifuge tube and was checked with a fluorescence microscope. 

 

2.3.3   Step 2B: Electro-formation of GUV under high ionic strength 

    The procedure for high ionic strength was based on the Method by Pott and Bouvrais 

(10). The key difference from the low ionic strength preparation is the AC field used.  

The frequency, field strength, and time duration of the applied AC field were very 

different from the low ionic strength preparation. The AC voltage was applied in three 

stages: In the first stage, the voltage was set at + 1V for 30 minutes at 500 Hz. After that, 

the voltage was increased to + 2V for 1.5 hours, still at 500 Hz. In the final step, the 

frequency was gradually decreased to 50 Hz manually during a time span of 30 minutes. 
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Again, our goal was to optimize these parameters. The mixture was then transferred into 

a small plastic centrifuge tube and ready to be checked with a fluorescence microscope. 

 

2.4   Multi-component lipid mixtures 

    This experiment was designed to demonstrate the capability of our preparation method.  

In these series of experiments, the lipid mixture was made up of equal amount of three 

lipids DOPC/DSPC/CHOL = 1/1/1. The same sample preparation procedure was 

performed and GUVs were obtained.  At the room temperature, DOPC is in fluid phase 

but DSPC is in gel (i.e., a solid-like) phase. The phase difference in GUVs can be clearly 

seen under microscope.  

    The Lipid phase diagram for the ternary mixtures relates the composition of the lipid 

mixtures to the phase behavior of the liposomes. GUVs can be used to visualize this 

phase difference based on the difference in the affinity of the fluorescent probes for 

different types of lipid phases. This makes GUVs a powerful tool to study critical phase 

phenomenon and to produce more accurate phase diagrams (see Fig.18). 
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Fig. 18.Images of giant unilamellar vesicles (GUVs) of DSPC/DOPC/chol reveal compo-

sitions where immiscible phases coexist, and other regions where no phase separations 

are apparent. (A) Uniform fluorescence over GUV.  

(B) Filled circles, round domains that show complementary brightness of the two dyes. 

(C) Filled squares, red domains with clearly angular and linear features are surrounded by 

green. Picture taken from Phase studies of model biomembranes by Zhao et al(13).  

 

    The above ternary phase diagram has been previously published by the Feigenson 

group of Cornell University (13).  In their study, GUVs were made using the electro-

formation method from dry lipid films, stated from an organic solvent solution.  In our 

experiment, GUVs were made from the RSE liposomes. We hoped to reproduce some of 

their observations. The composition of our samples was chosen fell in the green region of 

the phase diagram. In this region, both Lo and Lα (liquid-ordered and liquid-disordered, 

respectively) phases exist as shown in the figure 10B. The Lo phase has red fluorescence 
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and Lα phase has green fluorescence. The pictures we took, however, are in black and 

white, but still clearly show the existence of lipid domains. 
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CHAPTER 3 

RESULTS and DISCUSSION 

 

3.1   The gentle hydration method 

    We found that the gentle hydration method can produce some GUVs, but the yield was 

quite low compared to the electro-formation method and the size of GUVs was generally 

small as well. It was not possible find more than a few GUVs in a whole sample. The size 

of GUVs were all less than 60 µm, with a mean size of about 15 µm. Most lipids were 

not in GUV form, but in the form of lipid tubes or multi-lamellar liposome clusters. We 

found that the pre-hydration of lipid film with a water saturated nitrogen stream is a 

critical step for this method to work. It was found that if the pre_hydration step was too 

fast the GUVs produced were multilamellar, which had to be avoided (see Fig. 19). 

 

 

Fig.19. GUVs made of POPC/POPG (=9/1) produced by the gentle hydration method. It 

is possible to see tubules between GUVs in the third picture. The white bar on the lower-

left corner in each picture is 20 µm.   

    As described in the Method section, the gentle hydration method requires about 10% of 

the charged lipid.  In our experiment, 10 % of POPG (a negatively charged lipid) was 

mixed with 90 % of POPC (a neutral lipid) to provide electrostatic repulsion between 

lipid bilayers. However, adding 10% of charged lipid can significantly perturb the bilayer 
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system. Therefore, in many cases, this method is not an ideal method. Given the 

limitations of the gentle hydration method and its low yield, we turned our attention to 

optimizing the electro-formation method. 

 

3.2   The electro-formation method 

    Various experimental conditions have been tested with the goal of optimizing GUV 

production.  The variable experimental parameters included frequency, applied voltage 

(duration and magnitude), waveform, drying- time in both low and high ionic strength 

solution. There has been little discussion in literature about how AC electric field 

interacts with lipid bilayers. The problem is too complex to be solved analytically. First, 

the dielectric constant of buffer is about 78 and the dielectric constant of lipid 

hydrocarbon chains is about 2-3. In the lipid headgroup region, the dielectric constant 

fluctuates largely, depending on the water penetration in the region. Also, a lipid 

headgroup contains an electric dipole from the positive charged nitrogen atom and 

negatively charged phosphate group. In addition, each water molecules has a dipole 

moment. In general, an electric field produces a torque on an electric dipole. The torques 

and forces on complex shaped liposomes are difficult to calculate, but we can argue that 

these forces and torques cannot be all uniform. Therefore, experiments are the best way 

to find the optimal electric field parameters (strength, frequency, waveform, and duration) 

for GUV production. However, it has been observed with microscope that liposomes 

move back and forth in a low frequency electric field. So AC electric field indeed can 

produce agitations on liposomes. At the right frequency and field strength, it can help 

GUV production and detaching from the rest of mixtures. However, since GUVs are 

fragile, if the agitation becomes too strong, it could also destroy GUVs. 
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3.2.1   Low ionic strength solution 

     Drying time: Our results showed that it’s important to let the lipid dry for an 

appropriate amount of time. Generally, we let the lipid dry for four hours at room 

temperature at atmosphere pressure. Decreasing the drying time led to lower GUV yield 

and also a decrease in the GUVs’ size. Also more GUVs had deformities when the drying 

time was decreased.  One interesting result is that letting the lipid dry at the room 

temperature yielded better results compared to using vacuum. It was shown that GUVs 

had more deformities when using vacuum.   

     The following are examples when the drying time was too short or vacuum was used.  

Many GUVs have some small liposome fragments attached (see Fig. 20, 21, 22). 

 

 

Fig.20. GUVs produced by drying in vacuum for half an hour. We found less than 10 

GUVs in about 30 µL of the mixture. These GUVs have some lipid fragments inside and 

their mean size is about 23 µm. The white bar on the lower-left corner in each picture is 

20 µm.   
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Fig.21. GUVs produced by drying in vacuum for one hour. Generally, we found less than 

10 GUVs in about 30 µL of the mixture. Some of these GUVs have some lipid fragments 

inside and some are attached to outside fragments  and their mean size is about 30 µm. 

The white bar on the lower-left corner in each picture is 20 µm.   

 

 

Fig.22.GUVs produced by drying in vacuum for 2 hours. We found less than 10 GUVs in 

about 30 µL of the mixture. Some of these GUVs have some lipid fragments inside and 

their mean size is about 20 µm. As you see in the picture, GUVs are clearer but not ideal 

and some still carry smaller GUVs or lipid fragments. 

    Using vacuum for more than 2 hours might be deleterious as it might cause de-mixing 

in multi-component lipid mixtures and also denaturation in proteins. In one experiment 

using 4 hour vacuum, it was not possible to find any GUV. After this,  drying at room 

temperature was examined.  

It took more than an hour to dry lipids in the room temperature in our experiment, so 2 

and 3 hours were examined (see Fig.23, 24). 
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Fig.23. GUVs produced by drying in room temperature for 2 hours. We again found less 

than 10 GUVs in about 30 µL of the mixture. Some of these GUVs have some lipid 

fragments inside and their mean size is about 30 µm (Scale is 20 µm for all photos.) 

 

 

Fig.24. GUVs produced by drying in room temperature for 3 hours. The yield was still  

Applied Voltage: It was shown that it is possible to produce GUVs from 1-4V with 

reasonable yield. However increasing the voltage to 5 volts slightly decreased the yield 

and increasing to 6V decreased the yield significantly. High voltage can cause too much 

agitation on GUVs, and that could destroy GUVs.  The experiments were generally 

conducted under 1 or 2 V, as the yield and quality of GUVs were not significantly 

different from 1 to 4 Volts. The peak electric field corresponding to 1V is 633V/m. 

Applying electric field for 3 hours yielded good results: more than 20 GUVs in each 

sample with 30 µl of the mixture. Consequently decreasing the duration decreased the 

yield and also the size of the GUVs. The pictures for the optimized method are provided 
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in the waveform section as all the optimized experiments were conducted with 3 hours of 

AC electric field . 

Waveform: In most literature, sinusoidal waveform is used. It was surprising that using 

triangular or square waves enhanced the yield and increased the size of GUVs, compared 

to sinusoidal wave. There was not a significant difference in the size and GUV yield for 

triangular and square waves (see Fig. 25, 26 and 27). However, these results do not apply 

to high ionic strength samples.  One difference between the sinusoidal wave and the other 

two waves is that the time derivative of a sinusoidal wave is continuous, but the time 

derivative of a square or a triangular wave is discontinuous. This discontinuity in higher 

order acceleration could give GUVs some extra agitations that help the formation of large 

GUVs. 

    

Fig.25.GUVs were produced with applying 3 hours of 1V AC voltage and frequency of 

10 Hz. The wave form was chosen sinusoidal. The mean size of the GUVs was about 60 

µm and it was possible to find more than 20 GUVs in each sample. 
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Fig.26.GUV produced in Low ionic strength.  Field amplitude was 1V, square wave was 

used . The white bar at lower-left corner on each picture is 20 µm long.  The size of GUV 

shown here ranges from 70 to 200 µm with a  mean size of about 120 µm . Some GUVs 

contain smaller liposomes or lipid tubes in their interior.   

 

 

Fig.27.GUV produced in Low ionic strength. Field amplitude was 1V and triangular 

wave was used. The white bar at lower-left corner on each picture is 20 µm long. The 

mean size of the GUVs was about 100 µm and it was possible to find more than 20 

GUVs in each sample. 

 

Frequency: The frequency was set on 10 Hz. In an experiment it was shown that there is 

not a significant difference in yield when the frequency was increased from 10 to 20, 30 

or 40 Hz (see Fig. 28, 29, 30 and 31). However, increasing the frequency to 500 Hz 

decreased the yield and the size of GUVs significantly. The images below are the best 

four of each group considering the size of the GUVs. The yield was about the same for all 
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samples (more than 10 GUVs per slide). The voltage applied was 1V for 3 hours with the 

frequency of 10 Hz. 

  

 

Fig.28. Pictures show the GUVs produced with 1V applied voltage for the duration of 3 

hours and the frequency of 10 Hz. It was possible to find about 10 GUVs in each sample 

with a mean size of 30 µm. 

 

 

Fig.29.GUVs were produced under the same condition as above except changing the 

frequency to 20 Hz. The mean size of GUVs is about 27 µm. 
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Fig.30.GUVs were produced under the same condition as above except changing the 

frequency to 30 Hz. The mean size of the observed GUVs was about  30 µm. 

 

   

Fig.31.GUVs were produced under the same condition as above except changing the 

frequency to 40 Hz. About 10 GUVs were observed with a mean size of 30 µm. 

 

    As Lecuyer et al. stated (15), applying a DC current for a very short period of time can 

be helpful in separating GUVs by size, as smaller GUVs, unlike bigger ones, fuse to the 

ITO slides. In our experiments, we tried to find the effect of electric field on the yield and 

size of GUVs. It was found that applying a DC voltage of 1V for 10 seconds destroyed 

the smaller GUVs (less than 15 µm) without effecting the yield of large GUV. However 

applying the voltage for a longer time had deleterious effects, and in the case of 1 minute 

it was not possible to find any GUVs. It is possible to see in the pictures that the 

background is clearer when the 10 second DC voltage was applied (see Fig.32).       
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Fig.32. In the first 2 pictures, GUVs are formed without applying the DC electric field. In 

the 3
rd

 and 4
th

 pictures, a DC field has been applied and the background is much clearer 

without changing the yield of large GUV. 

 

Table 1.Summary of optimal conditions for GUV production in water. 

Drying time 4 hours at room temperature without 

vacuum 

Wave form Square or triangular is better than 

sinusoidal 

Voltage 1-4 volts (or 633 – 2,532 V/m) 

Frequency 10 -50 Hz 

DC 10 seconds of 1V DC can help to clear up 

the background 

 

3.2.2   High ionic strength solution 

    Drying time: For high ionic strength solutions, using vacuum was more successful than 

drying at room temperature. Vacuum was used for about an hour to two hours. A 

combination of vacuum and drying at room temperature yielded slightly better results in 
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which 30 minutes of vacuum was followed by 30 minutes of drying at the room 

temperature.  

    Waveform: In high ionic strength buffer, sinusoidal wave was significantly more 

productive than triangular or square waves.  This result is quite different from the low 

ionic strength situation, where square or triangular waves gave better yield.  

    Applied Voltage and Frequency: The voltage sequence was used based on Pott and 

Bouvrais’ paper (10) with some modifications. 

 

 

Table 2. Electro-formation steps.  

 V (volts) E (V/m) f (Hz)  Time (min) 

Step 1 0 -2 (gradually 

increased) 

0-1300 500 30 

Step 2 2 1300 500 90 

Step 3 2 1300 500-100 

(gradually 

decreased) 

30-60 

 

    In step 1, the electric field was gradually increased from 0 to 1300 V/m during a time 

period of 30 minutes.  For step 2 and 3, the field strength was kept at 1300V/m. However, 

in Step 3, the frequency was gradually decreased from 500 Hz to 100 Hz during a time 

period of 30 – 60 minutes. Pott and Bouvrais used a sample chamber composed of two 

parallel wires, while ours is two parallel conducting plates. The gap between the two 

plates was controlled by the thickness of the buna o-rings, and it was 1.58 mm.  
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   One other modification is the lowest frequency used in step 3. Although Pott et al. in 

their paper asserted that the decrease in frequency causes the GUVs to bounce back and 

to be detached from the wires; we got the opposite result.  The decrease of the lowest 

frequency attracted the GUVs to the slides and finally they were fused onto the slides 

when the frequency was lower than 50 Hz (see Fig.33). This difference could result from 

the different sample geometry used. On the other hand, however, this step was beneficial, 

because fractions of lipids that were not in GUV form were cleared from the solution by 

fusing with the slides, which in turn made the background clearer and studying the GUVs 

easier. A slight increase in yield has been seen in some experiments followed by step 3.  

 

 

Fig. 33. Fused GUVs make the surface of slides permanently golden. Pictures were taken 

after the slides were washed. 

    Increasing the frequency to 1000 Hz decreased the yield and made the background 

dirtier (many small vesicles). Consequently decreasing the frequency below 100Hz 

decreased the yield. Pictures from the optimized procedure are shown in Fig 34. 
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Fig.34.GUV produced from RSE liposomes in high ionic strength buffer (20mM KCl.) 

Only sinusoidal wave was used. The white bar at lower-left corner on each picture is 20 

µm long. The mean size was about 130µm. The yield was very high and it was possible 

to find more than 30 GUVs per slide. It is clear in the third picture that a lot of GUVs 

aggregated in the same place. It was also shown that in about 70% of the experiments 

increasing the voltage from 1V to 2V in the first step yielded better results. 

  

Table 3. Summary of optimal conditions for GUV production in 20mM KCl. 

Drying time 30 minutes in a diaphragm pump vacuum 

chamber, followed by 30 minutes drying at 

room temperature without vacuum. 

Wave form Sinusoidal wave is better than square or 

triangular waves. 

Voltage See Table 2 for details. 

Lowest Frequency A wave with a frequency lower than 50 Hz 

can destroy GUVs.  Somewhere between 

50 and 100 Hz for only 10 seconds can 

reduce junks. 
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3.3   GUVs composed of ternary lipid mixture 

    After optimizing the electro-formation procedure, we tested our methods with the 

ternary lipid mixture of DOPC/DSPC/Cholesterol = 1/1/1/. Previously, GUVs of this 

particular lipid composition showed phase separation into two coexisting phases: a 

liquid-ordered phase (Lo) which is rich in DSPC and cholesterol, and a liquid-disordered 

phase (L) which is rich in DOPC. The difference between our preparation and 

previously published data is that our GUVs are made from RSE liposomes, but their 

GUVs were made from dry lipid film. Therefore, our GUV should be more uniform in 

lipid composition. However, to quantitatively test this particular point, another systematic 

study is required. Our fluorescence probe, rhodemine-PE with two saturated 16:0 

hydrocarbon chains, seems preferentially partition into the liquid-ordered phase.  

Therefore, the liquid-ordered phase looks brighter than the liquid-disordered phase (see 

Fig. 35). 

 

 

Fig.35. GUVs of the ternary lipid mixture DOPC: DSPC: Cholesterol = 1:1:1 in low ionic 

strength. The liquid-ordered domains are brighter because of the preferential partition of 

fluorescence probe rhodemine-PE. The dark domains are the liquid-disordered domains.  

The white bar in each picture is 20 µm long. 

    Our preparation was successful for both low and high ionic samples. Interestingly, for 

high ionic preparation, our procedure also introduced an osmotic pressure difference 

between the interior and the exterior of GUVs. This difference resulted in a swelling of 
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GUVs. Two types of lipid domains have different bending energy, which resulted in 

different surface curvatures. The liquid-disordered domains, which are rich in DOPC, are 

more flexible and bulged out more than the liquid-ordered domains (see Fig.36). This 

phenomenon was first discovered by Watt Webb group at Cornell University, and was 

reported in a Nature paper in 2003(16).  

 

 

 

Fig.36.GUVs of the ternary lipid mixture DOPC:DSPC:Cholesterol = 1:1:1 in high ionic 

strength. The liquid-ordered domains are brighter than the liquid-disordered domains.  

The pictures also show two types of domains have difference surface curvature due to 

their difference in bending energy.  The white bar in each picture is 20 µm long.   

Our experiments demonstrated that our procedure is capable of producing quality multi-

component GUVs, and can be used to systematically study the critical phenomena in 

these mixtures. 
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CHAPTER 4 

CONCLUSION 

 

    Giant unilamellar vesicles were produced from POPC/POPG 9/1 lipid mixture by the 

gentle hydration method.  We found that the time duration of pre-hydration step is critical 

to the success of the method.  In general, the yield of GUVs is lower and size of GUVs is 

smaller (< 50 µm), comparing to the electro-formation method.  Also, the requirement of 

having 10% charged lipid limits its application.  One advantage of the method is that it 

works well in high ionic strength buffer. 

   GUVs of pure DOPC and of ternary DOPC/DSPC/Cholesterol 1/1/1 lipid mixtures 

were synthesized using the electro-formation method in low and high ionic strength 

solutions.  First, small liposomes were made by the RSE method.  Then, the RSE 

liposomes were used to make large size GUV. Making GUV from RSE liposome is 

beneficial in that cholesterol wouldn’t separated from the rest lipid mixture to make 

crystals and de-mixing wouldn’t occur so the final composition of liposomes wouldn’t 

change.  This makes GUV a suitable system for study of the phase behavior and critical 

phenomena in multi-component lipid mixtures.  In general, the GUVs made by the 

electro-formation method are larger (20-200 µm) and yield is higher.   

   Consequently the yield was optimized for the field strength, frequency, waveform, 

duration of the applied AC field, as well as the amount of lipid used and the duration of 

drying procedure. Interestingly, it was found that sinusoidal wave gives higher GUV 

yield in high ionic strength buffer, while square and triangular waves produce higher 

yield in low ionic strength solution.  Also, in high ionic strength buffer, when frequency 

of the applied AC field is lower than 50 Hz, the yield was dramatically reduced, and 

GUV’s fused to the glass slides. 
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    There has been no quantitative explanation about how electric field affects the yield of 

GUVs in the literature, although in some papers it is maintained that the electric field 

enhances the yield by providing mechanical agitation. The agitation is likely caused by 

the interaction between the AC field and the dipole moments of the lipid molecules. The 

electric field can exert a torque on these dipoles and increase the possibility that bilayers 

detach from each other and consequently form GUVs. 
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