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Chapter 1  

General introduction 
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1-1 Phospholipid molecules 

 Phospholipid is main constituent of biomembrane. Phospholipid is composed of 

hydrophilic head group and two hydrocarbon tails, and is called amphiphilic molecule. 

Phospholipids are often named in the combination of the structure of the head group 

and acyl chain. For example, “psosphatidyl-choline (PC)”, “phosphatidyl-glycerol (PG(-))”, 

“phosphatidyl-serine (PS(-))” are major head group of phospholipids. PC head group has 

both positive and negative electric charge, and acts neutral lipid. PG(-) and PS(-) lipids 

have a negative electric charge. The chain length and unsaturated bond of hydrocarbon 

tails affect mainly phase transition temperature (Tm) of phospholipid. Transition 

temperature tends to increase with the number of methylene group (CH2) which is 

corresponding to chain length. In the case of the number of carbons is 14, and 16, these 

structure are called “myristic acid”, and “palmitrc acid”, respectively. On the other hand, 

the hydrocarbon tail which is called unsaturated chain includes at least one double bond 

between carbons. Unsaturated chain tends to decrease phase transition temperature 

significantly as compared with hydrocarbon tail that is same chain length composed of 

single bond. In the case of the number of carbons is 18 and hydrocarbon tail includes 

one double bond are called as “oleic acid”. Therefore, when the head group is 

psosphatidyl-choline, and both hydrocarbon chain are oleic acid, the lipid called 

“di-oleoyl-phosphatidyl-choline (DOPC)”.The phase transition temperature of DOPC is 

-20℃. And if the lipid is composed psosphatidyl-choline and two palmitrc acid, this lipid 

called “di-palmitoyl- phosphatidyl-choline (DPPC)”. The phase transition temperature 

of DPPC shows 40℃(Fig.1-1). Phospholipid molecules tend to form bilayer structure 

spontaneously in aquatic solution. 

 



7 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.1-1 The chemical structure of various phopholipids 
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1-2 Biomembrane structure:  

2D dynamics (phase separation) and 3D dynamics (morphological 

change) 

 

The basic structure of biomembrane is lipid bilayer composed of various types of lipid 

molecules. Biomembranes not only distinguish between inner and outer environment of 

cell but also involve wide range of life phenomenon through the dynamic structural 

changes, such as two-dimensional (2D) phase separation, and three dimensional (3D) 

morphological changes. These structural changes are recognized as “membrane 

dynamics”. Membrane dynamics plays a very important role for expression of cell 

function. 

The 2D-dynamics is represented by phase separation called “lipid raft”. Previously, the 

fluid mosaic model has been most considered as models of surface structure in 

biomembrane1 (Fig.1-2A). In this model, various phospholipids and membrane proteins 

diffuse uniformly. However, phase separation structure called raft model has been 

suggested by recent researches2-4. Lipid rafts are micro domain structure which is 

enriched with saturated lipids, cholesterol(FIg.1-2B). In addition, various types of 

membrane protein such as receptor and membrane channels are localized in lipid rafts. 

Therefore, lipid rafts are expected to function as platforms on which proteins are 

attached during signal transduction and membrane trafficking5,6 . 

 

 

 

 

 

Fig.1 (A) fluid mosaic model and (B) raft model 

(A) (B) 
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 The 3D-dynamics is morphological change4. Cellular organelles such as Golgi 

apparatus, mitochondria, and endoplasmic reticulum have complicated membrane 

morphology (Fig.1-3A). Regulation of the membrane morphological change is critical for 

many cellular processes. For example, curvature changes of membrane are observed in 

endocytosis, phagocytosis, and vesicular transport 7-9 (Fig.1-3B). In addition, the 

structural change of membrane from disk to sphere is observed in autophagy. 

 Moreover, coupling between membrane 2D and 3D dynamics is suggested in 

biomembrane10,11. Lipids directly affect the physicochemical properties of lipid bilayer. 

For example, lipid rafts which are enriched saturated lipid and cholesterol have been 

shown to play a role of autophagy and endocytosis (Fig.1-4). Lipid shape or even more 

specifically, spontaneous curvature of lipid molecule contributes the regulation of this 

dynamics. Cone shape lipids prefer or induce positive curvature, whereas inverse cone 

shape lipids prefer or induce negative curvature. 2D dynamics induce 3D dynamics by 

controls specific localization of lipids which have spontaneous curvature. 

 

 

 

 

 

 

 

Fig.1-3 Schematic image of (A) cellular organelles and  

(B) endocytosis and vesicular transport 

 

 

(A) (B) 
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Therefore, membrane 2D and 3D dynamics are deeply committed various cellular 

functions and it is very important to explore the physicochemical properties of 

membrane to understanding the mechanisms of these functions. However, in living cell, 

biomembrane interacts complicatedly with various proteins, extracellular or 

intracellular fluid, nucleic acid, and each cell organelles. Thus, it is very difficult to 

detect only membrane property using living cell experiment. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.1-4 Model of coupling between 2D and 3D dynamics in biomembrane 
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1-3 Model biomembrane: Cell size liposome 

 

 Phospholipid molecule that is main component of biomembranes is consisting on 

hydrophilic part and hydrophobic part. In 1964, Bangham et. al found that the vesicular 

formation of lipid membrane when lipid molecules are suspended in an aqueous 

solution. This lipid vesicle is called as “liposome” (Fig.1-5)12. The characteristics of the 

system of liposome, experiment processes such as preparation, observation, and 

analysis were easier than using living cell. In addition, liposome can prepare same size 

as living cell (10m~), and it called “Giant unilamellar vesicles (GUVs)”. GUVs are large 

enough to be observed directly by microscopic methods13,14. Therefore, to reveal the 

physicochemical properties of lipid membrane, liposome is commonly used as model for 

biomembranes.  

 Liposome also shows high affinity to biological object, and it has the potential to use in 

a wide range of biomedical application, such as carriers for drugs delivery system, micro 

actuator, cosmetics, and health foods. 

 

 

 

 

 

 

Fig.1-5 Schematic image of liposome 
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(A) 

(B) 

(C) 

1-4 Reproductions of biomembrane 2D- and 3D- structure using 

GUVs 

 

 In recently studies, 2D- and 3D- structures of biomembrane were reproduced by using 

GUVs. In 2D-dynamics researches, phase separation structure was observed in 

mixtures composed of high melting temperature lipids (saturated lipid), low melting 

temperature lipids (unsaturated lipid), and cholesterol 15,16. Fig.1-6 shows phase 

diagram and surface structures of GUVs in ternary mixtures of Unsaturated lipid 

dioleoyl-sn-glycero-3-phosphocholine (DOPC), Saturated lipid dipalmitoyl-sn-glycero-3- 

phosphocholine (DPPC), and Cholesterol (Chol). In high concentration of DOPC and 

Chol, GUVs shows one-phase structure. This phase structure is called liquid disorder 

(Ld) phase (Fig.1-6A). In middle concentration of Chol (15~40%), we can observe phase 

separation structure as shown in Fig.1-6B. The white region is Ld phase, whereas the 

circular black domains are liquid order (Lo) phase which is mainly composed of 

saturated lipid (DPPC) and Chol. Lipid raft of biomembrane is also composed of 

saturated lipid and cholesterol, Ld/Lo phase structure of GUVs is used as raft model. 

Moreover, in Chol concentration is low (~15%), anisotropic shape domain is observed 

(Fig.5C). This domain is enriched with DPPC, and called solid order (So) phase. 

 

 

 

 

 

 
Fig.1-6 Phase diagram and microscopic image of GUVs 

 

DOPC/DPPC=1:1 
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In 3D-dynamics researches, morphological changes were reproduced using GUVs by 

external stimuli. Hamada. et. al found the dynamic response by addition of osmotic 

pressure or surfactant 17. Fig.1-7A shows the effect of osmotic stress by adding glucose 

on single phase GUVs of DOPC. Membrane morphology of GUV is changed from 

spherical shape to ellipsoid shape. This structural change is well known that the 

decrease in aqueous volume of inner GUVs due to osmotic pressure results in a various 

morphological change18. In addition, when GUVs are composed of 

DOPC/DPPC/Chol=40:40:20 exhibiting raft model structure, inner-budding like a 

endocytosis are observed by adding osmotic pressure (Fig.1-7B).   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

(A) 

(B) 

Fig.1-7 (A)Fluorescent images of the 3D-dynamics in homogeneous DOPC GUVs by 

osmotic pressure adding glucose (B) Fluorescent images of the 3D-dynamics in raft 

model GUVs by osmotic pressure adding glucose. 
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In this way, previous studies have succeeded in reproducing the membrane 2D and 3D 

dynamics such as phase separation and morphological change by using model 

biomembrane GUVs. However, it is poorly understood how biomembrane controls these 

2D and 3D dynamics. The main reason for this belief is previous systems of model 

membrane were not considered the contribution of biomembrane environments. 
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1-5 Charged lipid molecules and electrostatic interaction 

 

In the past, most of the studies have investigated the lipid membrane structure in 

uncharged model membranes19,20. However, biomembranes also include negatively 

charged lipids. Table.1-1 shows the lipid composition in various biomembranes. In 

particular, phosphatidylglycerol (PG(-)) is found with high fractions in prokaryotic 

membranes. In this respect it is worth mentioning that in Escherichia coli membrane 

includes 15% of PG(-)21. Although the charged lipid fraction in eukaryotic plasma 

membranes is lower, its cellular organelles such as mitochondria and lysosome are 

enriched with several types of charged lipids22. For example, the inner membrane of 

mitochondria includes 20% of charged lipids such as cardiolipin (CL(-)), 

phosphatidylserine (PS(-)) and PG(-)23.  

 

 

Table.1-1 Lipid composition in biomembranes 

source PG Cholesterol PC SM PE PI PS CL PA Glycolipids 

Mitochondria  

(internal membrane) 

(external  membrane) 

 

2.0 

2.5 

 

3.0 

5.0 

 

45 

50 

 

2.5 

5.0 

 

24 

23 

 

6.0 

13.0 

 

1.0 

2.0 

 

18.0 

3.5 

 

0.7 

1.3 

 

－ 

－ 

nucleic membrane － 10.0 55 3.0 20 7.0 3.0 － 1.0 － 

E. coli 15.0 0 0 － 80 － － 5.0 － － 
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Some important biomolecules such as nucleic acid and proteins have electric parts, it is 

considered that positively charged parts of biomolecule is attached to negatively 

charged membrane by electrostatic interaction. Lipid rafts include with negatively 

charged lipid PS(-) and phosphatidic acid (PA(-)) , and may act specific landmarks for 

variety of biomolecules. Thus, it is very important to clarify the effect of charged lipid 

molecules on membrane 2D dynamics. Moreover, mitochondria shows complicate 

structure in internal membrane called Cristae, and CL(-) contributes the stabilization of 

this structure(Fig.1-8) 23. It is suggested that charged lipid molecules also affect 

membrane 3D dynamics. Therefore, it is indispensable to include the effects of 

electrostatic interactions on the 2D- and 3D- dynamics in biomembranes. 

 

 

 

 

 

 

 

Fig.1-8 Schematic image of Mitochondria 
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1-6 Previous study about charged lipid membrane 

 In related studies, Shimokawa et al24,25 studied mixtures consisting of neutral 

saturated lipid (DPPC), negatively charged unsaturated lipid (DOPS(-)) and 

cholesterol(Fig.1-9). The main result is the suppression of the phase separation due to 

electrostatic interactions between the charged DOPS(-) lipids. Other relevant studies are 

worth mentioning. Vequi-Suplicy et al reported the suppression of phase separation 

using other charged unsaturated lipids26. Blosser et al investigated the phase diagram 

and miscibility temperature in mixtures containing charged lipids27. Pataraia et al, 

have found to cytochrome c which is positive charged membrane protein existed in 

mitochondria induces micron-sized domains in ternary mixtures of charged unsaturated 

lipid(DOPG), egg sphingomyelin and cholesterol28. However, the effects of electric 

charge on the phase structure in lipid/cholesterol mixtures have not been addressed so 

far systematically. In particular, the studies about phase behavior including charged 

saturated lipid mixtures, relationship between charged lipids and cholesterol 

localization, and the effect of charge on membrane morphology have not been performed 

nearly. 

 

 

  

Fig.1-9 Ternary phase diagram of DOPS(-)/DPPC/Chol at room temperature. (A) Milli Q 

hydration. (B) hydrated with 0.1mM CaCl2 
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1-7 Objects and outline 

 

 Previously, several 2D dynamics (phase separation) and 3D dynamic (morphological 

change) have been reproduced by change membrane composition in GUVs.  

In the present study, we focus on the effects of electric charges of lipid molecules on 

membrane 2D and 3D dynamics. We investigate the physicochemical properties of 

model membranes containing various charged lipids, with the hope that the study will 

advance our understanding of biomembranes in vivo, which are much more complex. We 

clarify the electric charge effects on the 2D dynamics (phase behaviour) and 3D 

dynamics (membrane morphology) by direct observation using fluorescence microscopy 

and confocal laser scanning microscopy. In addition, the salt screening effect on charged 

membranes is also explored. We discuss the effects of charge on membrane 2D and 3D 

dynamics in below sections. 

In chapter 2, we investigate the effects of charge on 2D dynamics in charged lipid 

GUVs. We observe phase behavior of charged lipid GUVs, and compare to non- charged 

lipid GUVs in simple binary mixtures (unsaturated lipid/ saturated lipid), ternary 

mixtures (neutral saturated lipid/charged saturated lipid/ cholesterol), and 

four-component mixtures (unsaturated lipid/ saturated lipid/cholesterol).  

In chapter 3, we explore the effect of charge on localization of cholesterol in several 

mixtures including charged lipids. First, we observe the cholesterol localization in the 

typical neutral ternary system consisting of DOPC/DPPC/Chol. In the following, 

unsaturated lipid or saturated lipid is replaced with charged lipid. We also explored the 

salt screening effect, and compared the difference of electrostatic effect between 

monovalent cation (Sodium chloride: Na+) and bivalent cation (Magnesium chloride: 
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Mg2+). 

In chapter 4, we investigated the effects of charge on 3D dynamics in binary mixtures 

(unsaturated lipid/ saturated lipid), ternary mixtures (neutral saturated lipid/charged 

saturated lipid/ cholesterol). We observed membrane morphology of charged lipid GUVs, 

and clarify the membrane properties by quantitatively measurement. Moreover, we 

discuss coupling between 2D and 3D dynamics of charged membranes by discussing 

qualitatively using a free energy modeling and numerical simulations. 
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Chapter 2 

The effect of charge on membrane  

2D structure 
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2-1 Introduction 

 

One of the major components of cell membranes is their lipid bilayer composed 

of a mixture of several phospholipids, all having a hydrophilic head group and 

two hydrophobic tails. Recently, a number of studies have investigated 

heterogeneities in lipid membranes in relation with the lipid raft hypothesis1,2. 

Lipid rafts are believed to function as a platform on which proteins are attached 

during signal transduction and membrane trafficking3. It is commonly believed 

(but still debatable) that the raft domains are associated with phase separation 

that takes place in multi-component lipid membranes4.  

 In order to reveal the mechanism of phase separation in lipid membranes, giant 

unilamellar vesicles (GUV) consisting of mixtures of lipids and cholesterol have 

been used as model biomembranes5-7. In particular, studies of phase separation 

and membrane dynamics have been performed on such GUV consisting of 

saturated lipids, unsaturated lipids and cholesterol8. Multi-component 

membranes phase separate into domains rich in saturated lipids and cholesterol, 

whereas the surrounded fluid phase is composed largely of unsaturated lipids. 

The essential origin of this lateral phase separation was argued to be the 

hydrophobic interactions between acyl chains of lipid molecules.  

 In the past, most of the studies have investigated the phase separation in 

uncharged model membranes9-11. However, biomembranes also include charged 

lipids, and, in particular, phosphatidylglycerol (PG(-)) is found with high fractions 

in prokaryotic membranes. In this respect it is worth mentioning that in 

Staphylococcus aureus the PG(-) membranal fraction is as high as 80%, whereas 

the Escherichia coli membrane includes 15% of PG(-)12. Although the charged lipid 
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fraction in eukaryotic plasma membranes is lower, its sub-cellular organelles 

such as mitochondria and lysosome are enriched with several types of charged 

lipids13. For example, mitochondria inner membrane includes 20% of charged 

lipids such as cardiolipin (CL(-)), phosphatidylserine (PS(-)) and PG(-)14,15. It is 

indispensable to include the effect of electrostatic interactions on the phase 

behavior in biomembranes. To emphasize even further the key role played by the 

charges, we note that membranes composed of a binary mixture of charged lipids 

was reported to undergo a phase separation induced by addition of salt, even 

when the two lipids have same hydrocarbon tail16-18. For this charged lipid 

mixture, the segregation is mediated only by the electrostatic interaction 

between the lipids and the electrolyte. 

In related studies, Shimokawa et al19,20 studied mixtures consisting of neutral saturated 

lipid (DPPC), negatively charged unsaturated lipid (DOPS(-)) and cholesterol. The main 

result is the suppression of the phase separation due to electrostatic interactions 

between the charged DOPS(-) lipids. Two other relevant studies are worth mentioning. 

Vequi-Suplicy et al21, reported the suppression of phase separation using other charged 

unsaturated lipids, and more recently Blosser et al22 investigated the phase diagram 

and miscibility temperature in mixtures containing charged lipids. However, the effect 

of electric charge on the phase behaviour in lipid/cholesterol mixtures have not been 

addressed so far systematically. 

 In this chapter, we investigate the physicochemical properties of model membranes 

containing various mixtures of charged lipids, with the hope that the study will enhance 

our understanding of biomembranes in-vivo, which are much more complex. We 

examine the electric charge effect on the phase behaviour using fluorescent microscopy 
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and confocal laser scanning microscopy. In addition, the salt screening effect on charged 

membranes is explored. We discuss these effects in three stages starting from the 

simpler one. First, the phase diagram in charged binary mixtures of unsaturated and 

saturated lipids is presented. Second, we investigate the phase behaviour in ternary 

mixtures consisting of saturated lipids (charged and neutral) and cholesterol. And third, 

we include the change of phase behaviour when a charged saturated lipid is added as a 

fourth component to a ternary mixture of neutral saturated and unsaturated lipids and 

cholesterol. We conclude by discussing qualitatively the phase behaviour of charged 

membranes using a free energy modeling. The counterion concentration adjacent to the 

charged membrane is calculated in order to explore the relation between the electric 

charge and the ordering of hydrocarbon tail. 
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2-2 Materials and methods 

 

Materials 

Materials are used in this chapter are shown in Fig.2-1. Neutral unsaturated lipid 

dioleoyl-sn-glycero-3-phosphocholine (DOPC, with chain melting temperature, Tm= 

-20℃), neutral saturated lipid dipalmitoyl-sn-glycero-3-phosphocholine (DPPC, Tm = 

41 ℃ ), negatively charged unsaturated lipid 1,2-dioleoyl-sn-glycero-3-phospho- 

(1'-rac-glycerol) (sodium salt) (DOPG(-), Tm=-18℃), negatively charged saturated lipid  

1,2-dipalmitoyl-sn-glycero-3-phospho-(1'-rac-glycerol) (sodium salt) (DPPG(-), Tm= 41℃), 

and cholesterol, were obtained from Avanti Polar Lipids (Alabaster, AL). BODIPY 

labelled cholesterol (BODIPY-Chol) and Rhodamine B 1,2-dihexadecanoyl-sn-glycero-3- 

phosphoethanolamine (Rhodamine-DHPE) were purchased from Invitrogen (Carlsbad, 

CA). Deionized water was obtained from a Millipore Milli-Q purification system. We 

chose phosphatidylcholine (PC) as the neutral lipid head and phosphatidylglycerol 

(PG(-)) as the negatively charged lipid head because the chain melting temperature of 

PC and PG(-) lipids having the same acyl tails, is almost identical. In cellular 

membranes, PC is the most common lipid component, and PG is highly representative 

among charged lipids. 

 

 

 

 

 

 

 

 

 

 

 

・DOPC (Neutral lipid) Tm= -20℃ 

 

Unsaturated lipids 

・DOPG(-) (Negatively charged lipid) Tm= -18℃ 
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Fig.2-1 molecular structure of lipids and fluorescent dyes 

Saturated lipids 

・DPPC (Neutral lipid) Tm= 41℃ 

 

・DPPG(-) (Negatively charged lipid) Tm= 41℃ 

 

Fluorescent dyes 

Cholesterol 

・Rhodamine-DHPE (labels liquid phase) 

 

・BODIPY-Cholesterol (labels cholesterol- rich phase) 

 

http://en.wikipedia.org/wiki/File:Cholesterol.svg
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Preparation of giant unilamellar vesicles 

Giant unilamellar vesicles (GUVs) were prepared by gentle hydration method(Fig.2-2). 

Lipids and fluorescent dyes were dissolved in 2:1(vol/vol) chloroform/methanol solution. 

The organic solvent was evaporated under a flow of nitrogen gas, and the lipids were 

further dried under vacuum for 3h. The films were hydrated with 5 L deionized water 

at 55 ℃ for 5 min (pre-hydration), and then with 200 L deionized water or NaCl 

solution for 1-2 h at 37℃. The final lipid concentration was 0.2 mM. The fluorescent 

dyes NBD-PE, Rhodamine-DHPE and BODIPY-Chol concentrations were 0.1 μM, 0.1 

μM and 0.2 μM, respectively (0.5% or 1% of lipid concentration). 

 

 

 

 

 

 

 

Fig.2-2 Preparation process of GUVs 

 

 

Microscopic observation 

The GUV solution was placed on a glass coverslip, which was covered with another 

smaller coverslip at a spacing of ca. 0.1 mm (Fig.2-3). We observed the membrane 

structures with a fluorescent microscope (IX71, Olympus, Japan) and a confocal laser 

scanning microscope (FV-1000, Olympus, Japan). In this chapter, Rhodamine-DHPE 

and BODIPY-Chol were used as fluorescent dyes. Rhodamine-DHPE labels the lipid 

liquid phase, whereas BODIPY-Chol labels the cholesterol-rich one.  A standard filter 

set U-MWIG with excitation wavelength, λex=530–550nm, and emission wavelength, 

λem=575 nm, was used to monitor the fluorescence of Rhodamine-DHPE, and another 
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filter, U-MNIBA with λex=470–495 nm and λem=510-550 nm, was used for the 

BODIPY-Chol dye. The sample temperature was controlled with a microscope stage 

(type 10021, Japan Hitec).  

 

 

 

 

 

 

 

 

Fig.2-3 Schematic of sample chamber and observation method 

 

Experimental condition 

In this study, we controlled surface charging by change lipid composition and 

preparing with electrolyte for all studied systems. First, we changed the percentage of 

negatively charged lipids (Fig.2-4A). Second, we screened the head group charge of PG(-) 

by hydration with NaCl solution(Fig.2-4B). We observed surface structure of membrane 

for each condition. By comparison between these conditions, we can discuss the 

contribution of electric charge on membrane surface structure more deeply.  

 

 

 

 

 

 

 

 

 

 

Fig.2-4 Schematic of experimental condition 

(A) Change charged lipid composition 

 
Low concentration 

 

High concentration 

 

(B) Screening by NaCl 
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Measurement of miscibility temperature 

The miscibility temperature corresponds to the boundary between one- and two-phase 

regions. It is defined as the phase separation point at which more than 50% of the 

phase-separated domains have disappeared upon heating. The temperature was 

increased from room temperature to the desired temperature by 10 ℃/min, and a 

further delay of 5 min was used in order to approach the equilibrium state. We then 

measured the percentage of vesicles that were in the two-phase coexisting region. If the 

percentage of such two-phase vesicles was over 50%, the temperature was further 

increased by 2 ℃. We continued this procedure until the percentage of two-phase 

vesicles decreased below 50%. 

Measurement of area percentage of domain 

 To clarify physiological property of charged membrane, we performed quantitative 

analysis of membrane surface structure. We measured the area percentage of phase 

separated domain from microscope image of GUV for each studied system.  We used 

Image J or Fiji which are free software of image analysis. We binarized microscopic 

image of membrane surface, and measured domain area (black region). Percentage of 

domain is calculated by division process between membrane surface area and domain 

area (Fig.2-5). 

 

 

 

 

 

 

 

Fig.2-5 Measurement method of phase separated domain area 

  

𝐵𝑙𝑎𝑐𝑘 𝑎𝑟𝑒𝑎

𝑎 × 𝑏
= 𝐴𝑟𝑒𝑎 𝑝𝑒𝑟𝑐𝑒𝑛𝑡𝑎𝑔𝑒 𝑜𝑓𝑑𝑜𝑚𝑎𝑖𝑛 

Image 

binarization 
Microscopic image 

𝑎 

𝑏 
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2-3 Experimental results 

 

2-3-1 Binary lipid mixtures (Unsaturated lipid/ Saturated lipid) 

 First, we focused on the effect of charge on the phase separation of binary unsaturated 

lipid/ saturated lipid mixtures. In this section, we used neutral unsaturated lipid DOPC, 

neutral saturated DPPC, negatively unsaturated lipid DOPG(-), and negatively 

saturated lipid DPPG(-). The fluorescent dye Rho-DHPE was used for label liquid 

disorder (Ld) phase that is unsaturated lipid-rich phase. We observed the phase 

separation and measured the miscibility temperatures in four different binary 

mixtures: DOPC/DPPC (neutral system), DOPC/DPPG(-), DOPG(-)/DPPC, and 

DOPG(-)/DPPG(-).We also investigated phase behavior and miscibility temperatures in 

presence of salt (by hydration with NaCl), and compared experiment results each of 

binary mixtures. Fig.2-6 shows the phase behavior in three binary mixtures 

(DOPC/DPPC, DOPC/DPPG(-), and DOPG(-)/DPPC) taken for three temperatures: T = 

22℃, 30℃, and 40℃. Each of images was taken by superimposing several pictures at 

slightly different focus position of the confocal laser scanning microscope. At room 

temperature (22℃), all three mixtures exhibit a phase separation (images 7,8, and 9). 

The red regions indicate the Ld phase that includes a large amount of the unsaturated 

lipid, while the dark regions represent the solid-ordered (So) phase that is enriched with 

saturated lipid. When the temperature raised to 30℃ , the phase separation of 

DOPG(-)/DPPC mixture disappeared (image 6). On the other hand, the two other 

mixtures (DOPC/DPPC and DOPC/DPPG(-)) still retained the phase separated structure 

(image 4 and 5). As the temperature was further increased to 40℃, the DOPC/DPPC 

mixture also become homogeneous (image 1), whereas DOPC/DPPG(-) mixture still 

retained its phase separated structure (image2). As a results, DOPC/DPPG(-) mixture 
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shows highest miscibility temperature of all studied systems. Note that a similar 

phase-separated structure was reported in binary mixtures of egg sphingomyelin 

(eSM)/DOPG(-)21,23. 

Miscibility temperatures of binary mixtures are summarized in Fig.2-7. The filled 

circles denote the neutral lipid mixture, DOPC/DPPC. We also examined charged binary 

mixtures of two negatively charged lipids, DOPG(-)/DPPG(-). The miscibility 

temperatures that are shown by open diamond in Fig.2-7 were quite similar to those of 

neutral DOPC/DPPC mixtures. When the neutral unsaturated lipid (DOPC) was 

replaced with the charged unsaturated lipid (DOPG(-)), the miscibility temperatures in  

 DOPC/DPPC 

50: 50 

DOPC/DPPG(-) 

50:50 

DOPG(-)/DPPC 

50:50 

40℃ 

   

30℃ 

   

20℃ 

   

10m 

1 2 3 

4 5 6 

7 8 9 

Fig.2-6 Microscopic image of the phase separation in binary lipid mixtures 

(DOPC/DPPC, DOPC/DPPG(-), DOPG(-)/DPPC). Red region labeled by Rho-DHPE shows 

unsaturated-rich (Ld) phase. Black region indicates saturated-rich (So) phase. 
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the DOPG(-)/DPPC that are by filled triangles in Fig.2-7 became lower as compared with 

a neutral lipid mixture, DOPC/DPPC. In other words, the phase separation is 

suppressed when a negatively charged unsaturated lipid is included. This result is 

consistent with previous studies performed on lipid mixtures containing negatively 

charged unsaturated lipids19,21-23. At higher concentrations of DPPC, phase separated 

domains could not be observed for mixtures of DOPG(-)/DPPC = 20:80 and 10:90, 

because stable vesicle formation was prevented by the larger amount of DPPC. 

 We also replaced the neutral saturated lipid, DPPC, with the negatively charged 

saturated lipid, DPPG(-). In the DOPC/DPPG(-) mixture, the miscibility temperature 

(denoted by filled squares in Fig2-7) increases significantly as compared with the 

neutral system. In particular, we can see that a maximum in the miscibility 

temperature appears in the phase diagram around 50% relative concentration of the 

saturated lipid. Interestingly, at DOPC/DPPG(-) = 50:50, the miscibility temperature of 

Fig.2-7 Phase boundary (miscibility temperature) between one-phase and two-phase 

regions (filled squares: DOPC/DPPG(-), filled circles: DOPC/DPPC, filled triangles: 

DOPG(-)/DPPC, and open diamonds: DOPG(-)/DPPG(-)) 
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about 44℃ was higher than 41℃ of the DPPG(-) chain melting temperature. Thus, the 

phase separation is enhanced in mixtures containing the negatively charged saturated 

lipid (DPPG(-)). This result should be contrasted with the phase behaviour of the 

DOPG(-)/DPPC charged/ neutral mixture.  

The phase behaviour of charged membranes is also investigated in the presence of salt 

(10 mM NaCl solution) for various charged/neutral mixtures. The miscibility 

temperatures of DOPG(-)/DPPC and DOPC/DPPG(-) with NaCl solutions are indicated by 

open triangles and squares, respectively, in Fig. 2-8. The phase separation was 

enhanced by the addition of salt for DOPG(-)/DPPC, which is in agreement with the 

previous findings19,21. On the other hand, the phase separation of DOPC/DPPG(-) with 

NaCl was suppressed. It seems that the phase behaviour in charged membranes with 

salt approaches that of the neutral mixture, DOPC/DPPC. This is consistent with the 

fact that salt screens the electrostatic interactions of the charged DOPG(-) and DPPG(-). 

Fig.2-8 Comparison of miscibility temperatures between with or without salt in binary 

mixtures. (filled squares: DOPC/DPPG(-), filled circles: DOPC/DPPC, filled triangles: 

DOPG(-)/DPPC, open squares: DOPC/DPPG(-) with 10mM NaCl, and open triangles: 

DOPG(-)/DPPC ) 
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2-3-2 Ternary mixtures (Saturated lipid (Charge or neutral)/ Cholesterol) 

 In general, cholesterol prefers to be localized in the saturated lipid-rich phase rather 

than in the unsaturated lipid-rich one. However, the localization of cholesterol also 

depends strongly on the structure of the lipid head group24. In this ternary mixture, We 

used neutral saturated DPPC, negatively saturated lipid DPPG(-), and cholesterol. The 

fluorescent dye Rho-DHPE and BODIPY-Chol was used for label liquid phase and 

cholesterol-rich phase, respectively. We investigated the localization of cholesterol and 

the resulting phase behaviour in ternary mixtures composed of a neutral saturated lipid, 

negatively charged saturated lipid and cholesterol, such as DPPC/DPPG(-)/Chol. The 

effect of the hydrocarbon tail was excluded by using lipids with the same acyl chain.  

 Microscopic images of saturated lipid/cholesterol mixtures are shown in Fig.10. For 

membranes consisting only of neutral lipids (DPPC/Chol = 80:20), the phase separation 

was not observed at room temperature, as shown in Fig. 2-9A. Both of Rho-DHPE and 

BODIPY-Chol were dispersed uniformly in this mixture. This result shows that 

observed phase was liquid order (Lo) phase rich in DPPC and Chol. In DPPC/Chol 

binary mixture, however, it was reported that the nanoscopic domains are formed even 

though they cannot be detected by optical microscopes25. On the other hand, when we 

replaced a fraction of the DPPC with negatively charged lipid DPPG(-), 

DPPC/DPPG(-)/Chol = 40:40:20, stripe-shaped domain was observed as shown in Fig. 

2-9B. Since the stripe-shaped domain has an anisotropic shape, this is a strong 

indication that the domain is in the So phase. Localization of Rho-DHPE and 

BODIPY-Chol were conformed in this mixture, implies that striped So phase is 

surrounded by Lo phase. 
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Next, we measured the percentage of two-phase vesicles and the area percentage of the 

So phase for a fixed amount of Chol =20%. Fig.2-10 shows the percentage of two-phase 

vesicles. Percentage of two-phase vesicles increased continuously with DPPG(-) 

concentration. However, in presence of salt (with 10mM NaCl hydration), the 

percentage of domain formation was decreased significantly. Fig.2-11 shows microscopic 

images of domain (Fig.2-11A) and area percentage of domain each of compositions 

(Fig.2-11B) for fixed Chol=20%. The area percentages of domain were increased with 

DPPG(-) concentration, and were decreased in presence of salt. 

The phase behavior of DPPC/DPPG(-)/Chol mixtures for Milli Q water and NaCl 

aqueous solutions is summarized in Fig. 2-12. Although the cholesterol solubility limit 

Fig.2-9 Microscopic images of phase separation in saturated lipid/cholesterol mixtures. 

Microscopic images of GUVs are taken at composition of DPPC/Chol = 80/20 (A) and 

DPPC/DPPG(-)/Chol=40:40:20 (B) in Milli Q water at 22℃ 

Fig.2-10 Percentage of two-phase vesicles at 22℃(Filled square: MQ hydration, Open 

square: with 10mM NaCl). 
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in phospholipid membranes is about 60%, we show the results for Chol > 60% to 

emphasize the phase boundary, especially in the case of Milli Q water. The phase 

behavior of DPPC/DPPG(-)/Chol mixtures in Milli Q water is summarized in the left 

diagram of Fig. 2-12. For higher concentrations of DPPC or cholesterol, two phase 

vesicles were not observed or rarely observed (open circles). On the other hand, their 

percentage clearly increases with the DPPG(-) concentration (filled circles). In addition, 

the phase-separated regions with 1 mM and 10 mM of NaCl are indicated the center 

Fig.2-11 (A) Microscopic image of phase separation in DPPC/DPPG(-)/Chol mixtures for 

each component at 22℃. (B) Area percentage of the domain at 22℃ as a function of 

DPPG(-)/DPPC ratio for fixed Chol = 20%. Filled and open squares indicate Milli Q and 

10mM solution, respectively. 

(A) 

(B) 
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and right of diagram in Fig.2-12. As the salt concentration is increased, the phase 

separation tends to be suppressed. This can be understood because DPPG(-)  is screened 

in the presence of salt and approaches the behaviour of the neutral DPPC. This 

observation is qualitatively consistent with the result of DOPC/DPPG(-) mixtures shown 

in Fig. 2-7.  

Three experimental findings led us to conclude that fluorescent (Red and green) and 

dark regions in the fluorescence images represent, respectively, DPPC/Chol-rich and 

DPPG(-)-rich phases. (i) The domain area (dark region) became larger as the percentage 

of DPPG(-) was increased, as shown in Fig. 2-11. (ii) While the homogeneous phase is 

stable for DPPC/Chol mixtures, DPPG(-)/Chol mixtures show a phase separation. 

Therefore, cholesterol molecules mix easily with DPPC but not with DPPG(-). (iii) We 

used BODIPY–Chol as a fluorescent probe that usually favors the cholesterol-rich phase. 

The BODIPY–Chol was localized in the red regions stained by Rhodamine–DHPE as 

shown in Fig.2-9. Although the bulky BODIPY–Chol may not behave completely like 

cholesterol, BODIPY–Chol is partitioned into the Chol-rich phase in all our 

experiments26. In addition, we also observed the phase behaviors without BODIPY– 

Fig.2-12 Phase diagrams of DPPC/DPPG(-)/Chol mixtures in Milli Q and NaCl solutions (left: 

Milli Q, centre: NaCl 1 mM, right: NaCl 10 mM) at room temperature (~22 ℃). Filled, grey, 

and open circles correspond to systems where 60–100%, 40–60%, and 0–40% of the vesicles, 

respectively, exhibit two-phase regions.  
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Chol, and the observed results did not change in any significant way. Thus, we think 

that bulky BODIPY–Chol plays a rather minor role in our study.  

Since most of the cholesterol is included in the DPPC/Chol-rich region, the 

DPPC/Chol-rich region is identified as a liquid-ordered (Lo) phase. In contrast, the 

DPPG(-)-rich domain is in an So phase, because its domain shape is not circular but 

rather stripe-like. We also note that without cholesterol, a membrane composed of pure 

DPPG(-) will be in an So phase at room temperature (lower than its chain melting 

temperature, Tm = 41 ℃). Our results indicate that DPPG(-) tends to repel DPPC and 

cholesterol. In other words, the interaction between the head groups of the lipids affects 

the localization of cholesterol. Furthermore, as the fraction of DPPG(-) of 

DPPC/DPPG(-)/cholesterol membranes increases, the corresponding miscibility 

temperature also increases continuously (Fig. 2-13). For systems with the DPPG(-) 

percentage of over 30%, a two-phase coexistence was observed even above the chain 

melting temperature of DPPG(-). It implies that the head group interaction of DPPG(-) 

makes a large contribution to the stabilization of the phase structure. We will further 

discuss this point in the Discussion section. 

Fig.2-13 Phase boundary (miscibility temperature) between one-phase and two-phase 

regions in DPPC/DPPG(-)/Chol mixtures for fixed Chol=20%.  
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2-3-3 Four-component mixtures of lipid and cholesterol 

From the results of ternary mixtures, we conclude that cholesterol prefers to be 

localized in the neutral DPPC-rich domains rather than in the DPPG(-)-rich ones.  

Next, we investigated four-component mixtures of DOPC/DPPC/DPPG(-)/Chol. 

Previously, a number of studies have used the mixtures of DOPC/DPPC/Chol as a 

biomimetic system related to modelling of rafts8. In these mixtures, unsaturated 

lipids (DOPC) form an Ld-phase, whereas domains rich in saturated lipids 

(DPPC) and cholesterol form an Lo-phase. Aiming to reveal the effect of charge on 

the Ld /Lo phase separation, we replace a fraction of the DPPC component in the 

DOPC/DPPC/Chol mixture with negatively charged saturated lipid, DPPG(-). We 

also screen head group charge by adding salt, and examined how the charged 

lipid, 4th component, affects phase organization of the ternary mixture. 

In high concentration of DOPC for fixed at 60%, one-phase structure was 

observed in all components (Fig.2-14A and B). In this mixture, DOPC 

concentration was very high, so that it is possible that phase behavior showed Ld 

phase structure without forming phase separation.  

Next, we fixed DOPC concentration at 40%. Fig.2-14C and D shows microscopic 

images and phase diagram in DOPC/DPPC/DPPG(-)/Chol mixtures for a fixed 

DOPC=40% and Chol=20%. For ternary mixtures with DOPC/DPPC/Chol = 

40:40:20 (without the charged lipid), a phase separation is observed as shown in 

Fig.2-14(C1). The circular green domains labeled by BODIPY-Chol are rich in 

DPPC and cholesterol, inferring an Lo phase, while the red region labeled by 

Rhodamine-DHPE is a DOPC-rich (Ld) phase. When half of DPPC was replaced 

by the charged DPPG(-), a distinct phase separation (three-phase coexistence) was 
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observed in the four-component mixture, DOPC/DPPC/DPPG(-)/Chol = 

40:20:20:20, as shown in Fig. 2-14(C2). The black regions that appear inside the 

green domains, contain a large amount of DPPG(-) as is the case of ternary 

mixtures. Because this black region excludes any fluorescent dyes, the 

DPPG(-)-rich region is inferred as the So phase. Moreover, for ternary mixtures of 

DOPC/DPPG(-)/Chol = 40:40:20 without DPPC, a coexistence between So and Ld 

phases is observed as shown in Fig. 2-14(C3). The phase diagram in 

four-component mixtures for fixed DOPC=40% and Chol20% is summarized in 

Fig.2-14D. 

(C) 

(D) 

Fig.2-14 (A) Microscopic images of GUVs at compositions of DOPC/DPPC/DPPG(-)/Chol = 

60/10/10/20. (B) The phase diagram of four-component mixtures fixed for DOPC=60%, and 

Chol=20% respectively. (C) Microscopic images of GUVs at compositions of 

DOPC/DPPC/Chol = 40/40/20 (image 1), DOPC/DPPC/DPPG(-)/Chol = 40/20/20/20 (image 

2), and DOPC/DPPG(-)/Chol=40/40/20 (image 3) at 22 ℃. Red, green, and dark regions 

indicate DOPC rich (Ld), DPPC/Chol rich (Lo), and DPPG(-) rich (So) phases, respectively. 

The yellow region in image 3, which includes a large amount of DOPC and Chol indicates 

an Ld phase. (D) The phase diagram of four-component mixtures fixed for DOPC=40%, 

and Chol=20% respectively.. 

 

(A) 

(B) 

10m 
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Next, we fixed at low concentrations the DOPC=20%. In neutral mixture of 

DOPC/DPPC/Chol=20/60/20, Ld domain (red region) was formed in Lo phase 

(green region) (Fig.2-15(A1)). This phase structure is called as reverse domain 

structure8. When half of DPPC was replaced by the charged DPPG(-),three-phase 

coexistence was observed in DOPC/DPPC/DPPG(-)/Chol = 20:30:30:20, as shown 

in Fig. 2-15(A2). In this three-phase structure, Ld domain and So domain (dark 

region) was appeared in Lo phase. Because this composition is accounted for 50% 

of DPPC and Chol which compose the Lo phase. 

The phase diagram of DOPC/DPPC/DPPG(-) for fixed Chol = 20% presented in 

Fig.2-16 shows that the phase-separation strongly depends on the DPPG(-) 

concentration. The boundary between the Lo/So and Ld/So coexistence is not 

marked on the phase diagram, because from optical microscopy it was not 

possible to distinguish between the Lo and Ld phases. But the region where So 

Fig.2-15 (A) Microscopic images of GUVs at compositions of DOPC/DPPC/Chol=20/60/20 

(image 1), DOPC/DPPC/DPPG(-)/Chol = 20/30/30/20 (image 2). (B) The phase diagram of 

four-component mixtures fixed for DOPC=20%, and Chol=20% respectively. 

(A) 

(B) 

1 2 

10m 
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coexists with either Lo or Ld is indicated as light grey region in the phase 

diagram.  

Furthermore, we investigated the screening effects in four-component mixtures 

hydration with 10mM NaCl. Interestingly, at DPPC/DPPG(-)= 15:25, a transition 

between two-phase and three-phase coexistence was driven by adding salt, as is 

shown in the images of Fig. 2-17A. In Fig. 2-17B, the percentage of 

phase-separated vesicle hydrated with 10mM NaCl solution is presented for fixed 

fraction of DOPC=40% and Chol=20%. As shown in Fig. 2-17B, the phase 

separation changes with DPPG(-) concentration. Without salt, the phase boundary 

between Lo/Ld two-phase coexistence, and Lo/Ld/So three-phase coexistence, is 

positioned at DPPC/DPPG(-)= 25:15 (Fig.2-14D). On the other hand, in 10mM 

NaCl solution, the phase boundary is DPPC/DPPG(-)= 20:20 (Fig.2-17B). The 

phase boundary between the Lo/Ld/So three-phase coexistence and Ld/So or Lo/So 

two-phase coexistence, also depends on the salt condition: the boundaries are 

Fig.2-16 (A)Phase diagram of four-component mixtures of DOPC/DPPC/DPPG(-)/Chol for 

fixed Chol=20% at 22 ℃. Black, grey, and light grey regions denote, respectively, Lo/Ld 

two-phase coexistence, Lo/Ld/So three-phase coexistence, and Ld/So or Lo/So two-phase 

coexistence.(B) Red dash line: DOPC 60%, Green dash line: DOPC 40%, Blue dash line: 

DOPC 20%, respectively. 

(A) (B) 
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DPPC/DPPG(-)= 20:20 (without salt) and 15:25 (10mM NaCl). These results 

suggest that the addition of salt affects phase structure of 

DOPC/DPPC/DPPG(-)/Chol mixtures.  

 

 

 

  

Fig.2-17 (A) Fluorescence microscopy images of phase separation in 

DOPC/DPPC/DPPG(-)/Chol=40:15:25:20 hydrated by Milli Q water (image 1) and 10mM 

NaCl solution (image 2) at 22 ℃. (B) The phase diagram of four-component mixtures 

hydrated by 10mM NaCl solution. Temperature was fixed at 22 ℃.  



46 

 

2-4 Discussion 

One of our important results is that when neutral lipids are replaced by charged 

ones, the phase separation was suppressed for the DOPG(-)/DPPC mixtures, 

whereas it was enhanced for mixtures of DOPC/DPPG(-). Furthermore, by adding 

salt, these two mixtures approached the behaviour of the non-charged 

DOPC/DPPC mixture. As mentioned above, it was reported in the past 

experiments19,21-23 that phase separation of other mixtures containing negatively 

charged unsaturated lipids was suppressed similarly to our DOPG(-)/DPPC result. 

However, the enhanced phase separation for DOPC/DPPG(-) is novel and 

unaccounted for. 

We discuss now several theoretical ideas that are related to these empirical 

observations based on a phenomenological free energy model19,20,27,28.  

The first step is to take into account only the electrostatic contribution to the 

free energy, elf , using the Poisson-Boltzmann (PB) theory. For symmetric 

monovalent salts (e.g., NaCl), the electric potential )(z  at distance z from a 

charged membrane satisfies the PB equation: 
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  ,              -(1) 

 

where e  is the electronic charge, bn  the bulk salt concentration, and w   the 

dielectric constant of the aqueous solution, Bk  the Boltzmann constant, and T the 

temperature. For a charged membrane with area fraction  of negatively 

charged lipids, the surface charge density is written as  / e .  The 

cross-sectional area of the two lipids is assumed, for simplicity, to be the same. 
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The PB equation (1) can be solved analytically by imposing   as the 

electrostatic boundary condition, and the resulting electrostatic free energy is 

obtained as29 
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where  /2 DB0 llp   is a dimensionless parameter proportional to the Debye 

screening length b
2

BwD 2/ neTkl  , and to /1 , while Å7)4/( Bw
2

B  Tkel   is 

the Bjerrum length.  

 One essential outcome of the PB model is that for any 0p , the electrostatic free 

energy elf  increases monotonically as a function of  , and a large fraction of 

negatively charged lipid will increase the free energy substantially. This implies 

that any charged domain formed due to lipid/lipid lateral phase separation would 

cost an electrostatic energy. Hence, within the PB approach, the phase separation 

in charged/neutral mixtures of lipids should be suppressed (rather than 

enhanced) as compared with neutral ones. Indeed, phase diagrams calculated by 

using a similar PB approach clearly showed the suppression of the phase 

separation19,20,30,31  

 The above argument does not explain all our experimental findings. Mixtures 

containing negatively charged saturated lipids are found to enhance the phase 

separation, and indicate that there should be an additional attractive mechanism 

between charged saturated lipids to overcome the electrostatic repulsion. Indeed, 

the demixing temperature in the DOPC/DPPG(-) mixture (Fig. 2-6) was found to 
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be even higher than the chain melting temperature of pure DPPG(-) (Tm=41°C). 

Furthermore, the charged DPPG(-)/Chol binary mixtures exhibited the phase 

separation, whereas the neutral DPPC/Chol mixtures (see Fig. 11) did not. 

 The next step is to include entropic and enthalpic terms in the free energy for 

a membrane consisting of a mixture of negatively charged and neutral lipids,  

 

 B
tot elln (1 ) ln(1 ) (1 )

k T
f f          


  ,      -(3) 

 

where the first and second terms in the square brackets account for the entropy 

and enthalpy of mixing between the charged and neutral lipids, respectively, 

while the last term, elf , is the electrostatic free energy as in Eq. (2).  As before,  

  is the area fraction of the negatively charged lipid, 1 is that of neutral lipid, 

and   is a dimensionless interaction parameter between the two lipids (of 

non-electrostatic origin). Note that we took for simplicity the cross-sectional area 

 of the two lipids to be the same, meaning that  can be thought of as the 

charged lipid mole fraction. We note that the free energy formulation as in Eq. (3) 

was used in other studies, such as surfactant adsorption at fluid-fluid interface32 

or lamellar-lamellar phase transition33. In the case of a neutral lipid mixture 

membrane ( 0el f ), this model leads to a lipid/lipid demixing curve with a critical 

point located at 5.0c  , 2c  . 

The phase behaviour difference between mixtures of DOPC/DPPG(-) and 

DOPG(-)/DPPC also suggests a specific attractive interaction between DPPG(-) 

molecules. This is not accounted for by the PB theory of Eq. (2), but the enhanced 

phase separation can effectively be explained in terms of an increased  -value 



49 

 

in Eq. (3) for mixtures containing DPPG(-).We plan to explore the origins of such 

non-electrostatic attractive contributions  in a future theoretical study, and in 

particular, to explore the relationship between the electrostatic surface pressure 

and the phase separation34,35.  

 Although DOPG(-)/DPPC and DOPC/DPPG(-) mixtures look very similar from 

the electrostatic point of view, it is worthwhile to point out some additional 

difference between these mixtures (beside the value of the  parameter). In 

particular, the phase behavior of DOPC/DPPG(-) approaches that of neutral 

DOPC/DPPC system by adding salt. Since the attractive force between DPPG(-) 

molecules vanishes by the addition of salt, we consider that this attractive force 

may be related to the charge effect. Because DOPG(-) has an unsaturated bulky 

hydrocarbon tail, its cross-sectional area   is larger than that of DPPG(-) that 

has a saturated hydrocarbon tail. In the literature, the cross-sectional areas of 

DOPG(-) and DPPG(-) are reported to be 68.6Å2 (at T=303K) and 48Å2 (at T=293K), 

respectively36. This area difference affects the surface charge density  / e . 

As a result, the counterion concentration near the charged membrane are 

different for DOPG(-)/DPPC as compared with DOPC/DPPG(-) Based on the PB 

theory, Eq. (1), one can obtain the counterion concentration )0(0   znn , 

adjacent to the membrane 

 

        

2
2

00b0 1)( 







  ppnn  .                       -(4) 

 

This relation is known as the Grahame equation37,38, and is used in Fig. 2-18 to 

plot 0n  for bn =10mM. As shown in Fig. 2-18(A), 0n sharply increases when the  
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Fig.2-18 (A) The counterion concentration, )0(0   znn , extrapolated to the membrane 

vicinity as a function of cross-sectional area per lipid  for the bulk salt concentration, 

mM10b n . The different line colours represent 25.0 black), 5.0  (red), 75.0  (blue), and 

0.1  (green). (B) The counterion concentration at the membrane as a function of the 

charged lipid concentration, for bulk salt concentration, mM10b n . The solid and dashed 

lines denote 50a  Å2 and 70 Å2, respectively. 

 

 

 

 

 

 

 

 

 

 

 

 

 

cross-sectional area  decreases. This tendency is significantly enhanced at 

higher area fraction   of the charged lipid. In Fig. 2-18(B),  0n  is plotted for 

=50 Å2 (solid line) and 70Å2 (dashed line), which to a good approximation 

correspond to the values of DPPG(-) and DOPG(-), respectively. The larger value of

0n for DPPG(-) may influence the relative domain stability that cannot be 

described by the simple continuum PB theory. We also speculate that the 

hydrogen bonds between charged head groups and water molecules can be 

affected by the presence of a large number of counterions. Although this 

counter-ion condensation is one of the possible explanations for the strong 

attraction between DPPG(-) molecules, it is not enough in order to describe the 

underlying mechanism completely. In addition, it is important to understand 

whether this attractive force is also observed in systems including other types of 
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charged lipids (e.g. phosphatidylserine (PS(-))). Such questions remain for future 

explorations. 

In addition, we found that ternary mixtures of DPPC/DPPG(-)/Chol exhibit 

phase separation between DPPC/cholesterol-rich and DPPG(-)-rich phases. This is 

because the strong attraction between DPPG(-) molecules excludes cholesterol 

from DPPG(-)-rich domains. In addition, the difference of the molecular tilt 

between different lipids may also affect this phase separation. The localization of 

cholesterol strongly depends on the molecular shape of membrane phospholipids. 

It was reported that polar lipids, such as DPPC, which contain both positively 

and negatively charges in their head group, tend to tilt due to electrostatic 

interaction between the neighboring polar lipids39,40. The tilting produces an 

intermolecular space that cholesterol can occupy. However, since the molecular 

orientation of DPPG(-) is almost perpendicular to the membrane surface, it will be 

unfavorable for cholesterol to occupy such a narrow space between neighboring 

DPPG(-) molecules. 

Moreover, we observed three phase coexistence in four-component mixtures 

DOPC/DPPC/DPPG(-)/Chol=40:20:20:20. We confirmed that this observed 

three-phase coexistence was equilibrium state. We raised temperature of sample 

40℃ ca. 28℃ ca. 24℃ 22℃ 22℃ 

(After 5min) 

1 2 3 4 5 

Fig.2-19 Phase behavior of cooling process in DOPC/DPPC/DPPG(-)/Chol = 40/20/20/20. The 

three-phase coexistence reappears at the room temperature when the system is heated and 

cooled again. 
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solution at 40℃, and observed process of domain growth with cooling process 

shown in Fig.2-19. After starting the cooling process, So phase (dark region) first 

appeared (image2). Continuing with the cooling, Lo phase (green region) 

appeared around the So phase. Finally, in room temperature at 22℃ , the 

three-phase coexistence reappears at the same temperature. The three phase 

coexistence in four-component mixtures of DOPC/DPPC/DPPG(-)/Chol= 

40:20:20:20 could be caused by the same mechanism of ternary mixtures of 

DPPC/DPPG(-)/Chol. Unsaturated DOPC forms Ld phase, whereas cholesterol, 

which is localized in DPPC domains, form Lo phase. Thus, the DPPG(-)-rich region 

results in an So phase. Since the hydrocarbon tails of DPPG(-) in the So phase are 

highly ordered, whereas the DOPC hydrocarbon tails in the Ld phase are 

disordered, the So/Ld line tension is larger than the line tension of the So/Lo 

interface. Therefore, So domains are surrounded by Lo domains in order to 

prevent a direct contact between So and Ld domains. 

Although charged lipids in biomembranes are generally assumed to be in the 

fluid phase, the So phase with a large amount of charged lipids is observed in our 

experiments (on 4-component mixtures). Notably, the formation of the So phase 

has been reported in model membrane systems either by decreasing the 

cholesterol fraction or by increasing the membrane surface tension7,8. Although 

the So phase has not been seen in vivo, we believe that our study on model 

membrane is meaningful and will help to reveal some important physicochemical 

mechanisms that underlie the phase behaviour and domain formation of lipid 

membranes in vivo. The Lo domains in artificial membranes can be regarded as 

models mimicking rafts in biomembranes. Because most of proteins have electric 
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charges, sections of the proteins that have positive charges can easily be attached 

to the negatively charged domains due to electrostatic interactions. Conversely, 

negatively charged sections of proteins are electrically excluded from such 

domains. Thus, such charged domains may play an important role in the selective 

adsorption of charged biomolecules.  

Finally, we comment that, in all of our experiments, the salt concentration was 

10mM. This concentration is lower than the concentration in physiological 

conditions of living cells, where the monovalent salt concentration is about 

~140mM. From our results, we can see that screening by the salt is significant 

even for 10mM19,20,30,31. 
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2-5 Conclusions 

In this chapter, we investigated the phase separation induced by negatively 

charged lipids. As compared to the phase-coexistence region (in the phase 

diagram) of neutral DOPC/DPPC mixtures, the phase separation in the charged 

DOPG(-)/DPPC case is suppressed, whereas it is enhanced for the charged 

DOPC/DPPG(-) system. The phase behaviours of both charged mixtures approach 

that of the neutral mixture when salt is added due to screening of electrostatic 

interactions. In DPPC/DPPG(-)/Chol ternary mixtures, the phase separation 

occurs when the fraction of charged DPPG(-) is increased. This result implies that 

cholesterol localization is influenced by the head group structure as well as the 

hydrocarbon tail structure. Furthermore, we observed three-phase coexistence in 

four-component DOPC/DPPC/DPPG(-)/Chol mixtures, and that the 

phase-separation strongly depends on the amount of charged DPPG(-). 

Our findings shed some light on how biomembranes change their own structures, 

and may help to understand the mechanisms that play an essential role in the 

interactions of proteins with lipid mixtures during signal transduction. 
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Chapter 3 

Cholesterol localization in charged 

multi-component membranes 
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3-1 Introduction 

 

 Biomembrane is bilayer structure which is consisting on various types of lipid 

molecules. Below a certain temperature, lipid molecules are not distributed 

homogeneously, and form heterogeneous structures called as lipid rafts1,2. Lipid rafts 

are micro domain structure which is enriched with saturated lipids and cholesterol. It is 

proposed that lipid rafts performed as a functional platforms in signal transduction and 

membrane trafficking3,4. According to previous researches, raft regions isolated from 

animal cells (RBL-2H3) are found to be enriched with cholesterol5. Moreover, when 

cholesterol was depleted from cell membrane, signal transduction was disrupted6,7. 

Thus, cholesterol is essential component in formation of lipid rafts, as well as plays an 

important role in structural regulation of lipid membrane.  

 To explore the mechanism of phase separation in lipid membranes, giant unilamellar 

vesicles (GUVs) have been used as model biomembranes8,9. When the GUVs were 

prepared in ternary mixtures of unsaturated lipid/saturated lipid/cholesterol, phase 

separation structures are observed according to the lipid composition10. The phase 

structures are classified into three states: liquid-disorder phase (Ld) enriched with 

unsaturated lipid, liquid-order phase (Lo) enriched with saturated lipid and cholesterol, 

and solid-order phase (So) enriched with saturated lipid, respectively11. In high 

concentration of cholesterol 45%~60%, phase-separated structure is not observed. On 

the other hand, in middle concentration of cholesterol 15%~45%, two-liquid coexistence 

that is Lo/Ld phase separation is observed. It is known that cholesterol prefers to localize 

in saturated lipid than unsaturated lipid, and results in Lo phase12-14. This phase 

structure is attracting significant attention as “raft model”15-17. Furthermore, when 
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cholesterol concentration is very low (~15%), solid-liquid coexistence So/Ld phase 

separation is observed. These results indicate that cholesterol affects phase behavior of 

lipid membrane. In biomembrane, it is possible that cholesterol-lipid interaction plays 

structural and regulatory role of lipid rafts in biomembranes.  

Although biomembranes also include charged lipids18,19, most of the studies 

investigated the phase separation in uncharged model membranes10,15. In particular, 

investigation of the interaction between charged lipid and cholesterol is not nearly. In 

chapter 2, we investigated the effect of charge on phase behavior in various mixtures of 

charged lipids20. We revealed that charged unsaturated lipid “di-oleoyl-phosphatidyl- 

glycerol (DOPG(-))” suppress phase separation, while charged saturated lipid 

“di-palmitoyl-phosphatidyl- glycerol (DPPG(-))” enhance phase separation. In addition, 

charged saturated lipid DPPG(-) induces phase separation in saturated lipid/cholesterol 

mixtures. In neutral DPPC/Chol mixtures, phase separation is not observed. On the 

other hand, phase separation structure is observed in DPPG(-)/Chol mixture. It is 

possible that head group charge affects phase behavior because the structures of 

hydrocarbon chain of DPPC and DPPG(-) are same. Thus, it is important to clarify the 

interaction between cholesterol and charged lipids. Moreover, it is considered that lipid 

rafts composed of saturated lipid and cholesterol. However, the result of chapter 2 

indicates the localization of cholesterol may different between neutral saturated lipid 

and charged saturated lipid. 

 In this chapter, we investigated the localization of cholesterol and phase behavior in 

various mixtures containing charged lipid and cholesterol. First, we observe the 

cholesterol localization in the typical neutral ternary system consisting of 

DOPC/DPPC/Chol. In the following, unsaturated lipid or saturated lipid is replaced 
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with charged lipid, thus we investigate DOPG(-)/DPPC/Chol and DOPC/DPPG(-)/Chol 

ternary systems. We also explored the salt screening effect, and compared the difference 

of electrostatic effect between monovalent cation (Sodium chloride: Na+) and bivalent 

cation (Magnesium chloride: Mg2+) in both DOPG(-)/DPPC/Chol and DOPC/DPPG(-)/Chol 

systems. 
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3-2 Materials and methods 

 

Materials 

Materials are used in this chapter are shown in Fig.3-1. Neutral unsaturated lipid 

1,2-dioleoyl-sn-glycero-3-phosphocholine (DOPC, with chain melting temperature, Tm= 

-20℃), neutral saturated lipid 1,2-dipalmitoyl-sn-glycero-3-phosphocholine (DPPC, Tm = 

41 ℃ ), negatively charged unsaturated lipid 1,2-dioleoyl-sn-glycero-3-phospho- 

(1'-rac-glycerol) (sodium salt) (DOPG(-), Tm=-18℃), negatively charged saturated lipid  

1,2-dipalmitoyl-sn-glycero-3-phospho-(1'-rac-glycerol) (sodium salt) (DPPG(-), Tm= 41℃), 

and cholesterol, were obtained from Avanti Polar Lipids (Alabaster, AL). BODIPY 

labelled cholesterol (BODIPY-Chol) and Rhodamine B 1,2-dihexadecanoyl-sn-glycero-3- 

phosphoethanolamine (Rhodamine-DHPE) were purchased from Invitrogen (Carlsbad, 

CA). Deionized water was obtained from a Millipore Milli-Q purification system. We 

chose phosphatidylcholine (PC) as the neutral lipid head and phosphatidylglycerol 

(PG(-)) as the negatively charged lipid head because the chain melting temperature of 

PC and PG(-) lipids having the same acyl tails, is almost identical. In cellular 

membranes, PC is the most common lipid component, and PG is highly representative 

among charged lipids. 

 

 

 

 

 

 

 

 

 

 

・DOPC (Neutral lipid) Tm= -20℃ 

 

Unsaturated lipids 

・DOPG(-) (Negatively charged lipid) Tm= -18℃ 
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Fig.3-1 molecular structure of lipids and fluorescent dyes 

Saturated lipids 

・DPPC (Neutral lipid) Tm= 41℃ 

 

・DPPG(-) (Negatively charged lipid) Tm= 41℃ 

 

Fluorescent dyes 

Cholesterol 

・Rhodamine-DHPE (labels unsaturated lipid-rich phase) 

 

・BODIPY-Cholesterol (labels cholesterol- rich phase) 

 

http://en.wikipedia.org/wiki/File:Cholesterol.svg
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Preparation of giant unilamellar vesicles 

Giant unilamellar vesicles (GUVs) were prepared by gentle hydration method (Fig.3-2). 

Lipids and fluorescent dyes were dissolved in 2:1(vol/vol) chloroform/methanol solution. 

The organic solvent was evaporated under a flow of nitrogen gas, and the lipids were 

further dried under vacuum for 3h. The films were hydrated with 5 L deionized water 

at 55 ℃ for 5 min (pre-hydration), and then with 200 L deionized water, NaCl solution, 

or MgCl2 solution for 1-2 h at 37℃. The final lipid concentration was 0.2 mM. The 

fluorescent dyes Rhodamine-DHPE and BODIPY-Chol concentrations were 0.1 μM, 0.1 

μM and 0.2 μM, respectively (0.5% or 1% of lipid concentration). 

 

 

 

 

 

 

 

Fig.3-2 Preparation process of GUVs 

 

 

Microscopic observation 

The GUV solution was placed on a glass coverslip, which was covered with another 

smaller coverslip at a spacing of ca. 0.1 mm (Fig.3-3). We observed the membrane 

structures with a fluorescent microscope (IX71, Olympus, Japan) and a confocal laser 

scanning microscope (FV-1000, Olympus, Japan). In this chapter, Rhodamine-DHPE 

and BODIPY-Chol were used as fluorescent dyes. Rhodamine-DHPE labels the 

unsaturated lipid-rich phase, whereas BODIPY-Chol labels the cholesterol-rich one.  A 

standard filter set U-MWIG with excitation wavelength, λex=530–550nm, and emission 

wavelength, λem=575 nm, was used to monitor the fluorescence of Rhodamine-DHPE, 
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and another filter, U-MNIBA with λex=470–495 nm and λem=510-550 nm, was used for 

the BODIPY-Chol dye. The sample temperature was controlled with a microscope stage 

(type 10021, Japan Hitec).  

 

 

 

 

 

 

 

 

 

Fig.3-3 Schematic of sample chamber and observation method 
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3-3 Experimental results 

 

3-3-1 The localization of cholesterol in neutral DOPC/DPPC/Chol mixtures 

 

First, we observed the localization of cholesterol in neutral mixtures of 

DOPC/DPPC/Chol. Fig.3-4 shows the microscopic images and phase diagram of 

DOPC/DPPC/Chol mixtures for a fixed amount of Chol=20%. We found three types of 

phase separation; isotropic shape dark domain, dark circular domain, and bright 

circular domain. In general, the isotropic shape dark domain is appeared at lower 

cholesterol concentration region. This domain is mainly consisting of DPPC and is 

called “solid-order phase”. Since this domain is formed by the lipid which takes solid 

phase, the domain is stiff and takes isotropic shape. At Chol=20%, we cannot often 

observe this domain, because the cholesterol concentration is too high to form So 

domain. On the other hand, the dark circular domain which is represented in 

Fig.3-4(A)1, is called “liquid-order (Lo) domain” mainly consisting of DPPC and Chol.  

Fig.3-4 (A) Microscopic images of phase separation in DOPC/DPPC/Chol mixture. Ld 

domain was observed in low concentration of DOPC (image 1), whereas Lo domain was 

observed in high concentration of DOPC (image 2). (B)Phase diagram of DOPC/DPPC/Chol 

mixtures for a fixed amount of Chol=20%. 

(A) (B) 

1 2 
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The region which surrounds Lo domains is “liquid-disorder (Ld) phase” which contains 

the large amount of DOPC. When the amount of DOPC is relatively decreased compared 

with sum of DPPC and Chol, Ld phase forms domain and such a phase structure is 

called reverse domain as shown in Fig.3-4(A)2. In Fig.3-4(B), we summarized the phase 

behavior of DOPC/DPPC/Chol mixture. Lo/Ld phase separation can be observed over 

entire range of composition. Therefore, the cholesterol molecules tend to be localized in 

DPPC-rich phase in DOPC/DPPC/Chol mixture. To confirm this cholesterol localization 

directly, Fig.3-5 shows the microscopic images obtained from confocal laser microscopy 

in DOPC/DPPC/Chol=40:40:20. Red region is Ld phase labeled by 

Rhodamine-DHPE dye (image 1), while Green region is cholesterol-rich phase 

labeled by BODIPY-Chol (image 2). In these mixtures, cholesterol localized in 

DPPC-rich region and resulted in Lo phase. 

 

 

 

  

Rhodamine-DHPE BODIPY-Cholesterol Merge 

Scale Bar:10m 

Fig.3-5 Microscopic images of phase separation in DOPC/DPPC/Chol=40:40:20 by confocal 

laser microscopy. Rhodamine-DHPE labels Ld phase (image 1). BODIPY-cholesterol labels 

cholesterol-rich phase (image 2). Both images are merged in image 3. 

1 2 3 
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3-3-2 The localization of cholesterol in charged DOPG(-)/DPPC/Chol mixtures 

 

 We replaced neutral unsaturated lipid DOPC with the charged unsaturated lipid 

DOPG(-), and observed the phase behavior and localization of cholesterol in charged 

mixtures of DOPG(-)/DPPC/Chol. Fig.3-6 shows the microscopic images and phase 

diagram of DOPG(-)/DPPC/Chol mixtures for a fixed amount of Chol=20%. In low 

concentration of DOPG(-), Lo/Ld phase separation was mainly observed same as neutral 

mixture of DOPC/DPPC/Chol. However, solid-liquid coexistence of So/Ld phase 

separation was observed in DOPG(-)/DPPC/Chol=40:40:20 and 50:30:20. We investigated 

the localization of cholesterol in this composition by double staining using 

Rhodamine-DHPE and BODIPY-Cholesterol as shown in Fig.3-7. According to 

microscopic images, cholesterol was localized in the DOPG(-)-rich phase. It is surprising 

result because cholesterol commonly prefers to localize in saturated lipid-rich phase12-14. 

Moreover, when DOPG(-) concentration is high, one-liquid structure of Ld phase was 

observed. This result is consistent with previous studies in that charged unsaturated 

lipids suppress phase separation20,21. 
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 We also explored the phase behavior in presence of salt in DOPG(-)/DPPC/Chol 

mixtures. First, we prepared GUVs in these mixtures with NaCl solution which 

monovalent ion of Na+ dissociates in water. Fig.3-8 shows the percentage of Lo/Ld phase 

separation and homogeneous structure in DOPG(-)/DPPC/Chol mixtures hydrated with 

NaCl solution. The percentage of Lo/Ld phase separation was increased with NaCl 

concentration (Fig.3-8 A). On the other hand, the percentage of homogeneous structure 

was not changed significantly by NaCl concentration (Fig.3-8 B). Second, we prepared 

GUVs in DOPG(-)/DPPC/Chol mixtures with MgCl2 solution which bivalent ion of Mg2+ 

Fig.3-6 (A) Microscopic images of phase separation in DOPG(-)/DPPC/Chol mixture. So/Ld 

phase separation was mainly observed in DOPG(-)/DPPC/Chol =40:40:20 (image 1), whereas 

Lo/Ld domain was observed in DOPG(-)/DPPC/Chol =30:50:20 (image 2). (B)Phase diagram 

of DOPG(-)/DPPC/Chol mixtures for a fixed amount of Chol=20%. 

(A) (B) 

1 2 

Fig.3-7 Microscopic images of phase separation in DOPG(-)/DPPC/Chol=40:40:20 by confocal 

laser microscopy. Rhodamine-DHPE labels Ld phase (image 1). BODIPY-cholesterol labels 

cholesterol-rich phase (image 2). Both images are merged in image 3. 

Rhodamine-DHPE 

1 

BODIPY-Cholesterol 
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Merge 
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dissociates in water. Fig.3-9 shows the percentage of Lo/Ld phase separation and 

homogeneous structure in DOPG(-)/DPPC/Chol mixtures hydrated with MgCl2 solution. 

The percentage of Lo/Ld phase separation was not increased in contrast with NaCl 

hydration. However, the percentage of homogeneous structure was increased 

significantly hydration with 0.01mM MgCl2. These results suggest that the screening 

effects between Na+ and Mg2+ are different. 

 

  

(A) (B) 

Fig.3-8 Phase diagram in DOPG(-)/DPPC/Chol mixture by hydration with NaCl. (A) 

Percentage of Lo/Ld domain formation. (B) Percentage of homogeneous structure. 

Fig.3-9 Phase diagram in DOPG(-)/DPPC/Chol mixture by hydration with MgCl2+. (A) 

Percentage of Lo/Ld domain formation. (B) Percentage of homogeneous structure. 

(A) (B) 
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3-3-3 The localization of cholesterol in charged DOPC/DPPG(-)/Chol mixtures 

 

Next, we replaced neutral saturated lipid DPPC with the charged saturated lipid 

DPPG(-), and observed the phase behavior and localization of cholesterol in charged 

mixtures of DOPC/DPPG(-)/Chol. Fig.3-10 shows the microscopic images and phase 

diagram of DOPC/DPPG(-)/Chol mixtures for a fixed amount of Chol=20%. In this 

mixtures, solid-liquid So/Ld coexistence was mainly observed as shown in Fig.3-10B.  

We investigated the localization of cholesterol in So/Ld phase separation by double 

staining using Rhodamine-DHPE and BODIPY-Cholesterol. According to the Fig.3-11, 

cholesterol was localized in DOPC-rich phase. From the results so far indicates that 

cholesterol tends to be localized in the order of DOPG(-)>DPPC>DOPC>DPPG(-). 

Previously, the localization of cholesterol has been considered mainly the contribution of 

hydrocarbon chain of lipid tail groups. But our results suggest that head group charge of 

lipid molecules also affects cholesterol localization.  

 We also investigated the phase behavior in presence of salt in DOPC/DPPG(-)/Chol 

mixtures. First, we prepared GUVs in these mixtures with NaCl solution which 

monovalence ion of Na+ dissociates in water. Fig.3-12 shows the percentage of So/Ld 

phase separation and Lo/Ld phase separation in DOPC/DPPG(-)/Chol mixtures hydrated 

with NaCl solution. The percentage of So/Ld phase separation was decreased with NaCl 

concentration (Fig.3-12 A). In addition, the percentage of Lo/Ld phase separation was 

increased in hydration at high NaCl concentration (Fig.3-12 B). Second, we prepared 

GUVs in DOPC/DPPG(-)/Chol mixtures with MgCl2 solution which divalent ion of Mg2+ 

dissociates in water. Fig.3-13 shows the percentage of So/Ld phase separation and Lo/Ld 

phase separation in DOPC/DPPG(-)/Chol mixtures hydrated with MgCl2. The percentage 



73 

 

of So/Ld phase separation was increased in DOPC/DPPG(-)/Chol =60:20:20 hydrated with 

0.01mM MgCl2 solution. However, in hydration with 0.1mM and 1mM MgCl2 solutions, 

the percentage of So/Ld phase separation was decreased with MgCl2 concentration in all 

compositions (Fig.3-13A). On the other hand, the percentage of Lo/Ld phase separation 

was increased with MgCl2 concentration in all compositions (Fig.3-13B). 

 

 

 

Fig.3-10 (A) Microscopic images of phase separation in DOPC/DPPG(-)/Chol mixture. So/Ld 

phase separation was observed in DOPC/DPPG(-)/Chol =50:30:20 (image 1) and 40:40:20 

(image 2). (B)Phase diagram of DOPC/DPPG(-)/Chol mixtures for a fixed amount of 

Chol=20%. 

Rhodamine-DHPE BODIPY-Cholesterol Merge 

Scale Bar:10m 

Fig.3-11 Microscopic images of phase separation in DOPC/DPPG(-)/Chol=40:40:20 by 

confocal laser microscopy. Rhodamine-DHPE labels Ld phase (image 1). BODIPY-cholesterol 

labels cholesterol-rich phase (image 2). Both images are merged in image 3. 

(A) (B) 

1 2 

1 2 3 
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Fig.3-12 Phase diagram in DOPC/DPPG(-)/Chol mixture by hydration with NaCl. (A) 

Percentage of So/Ld domain formation. (B) Percentage of Lo/Ld domain formation. 

(A) (B) 

Fig.3-13 Phase diagram in DOPC/DPPG(-)/Chol mixture by hydration with MgCl2. (A) 

Percentage of So/Ld domain formation. (B) Percentage of Lo/Ld domain formation. 

(A) (B) 
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3-3-4 The localization of cholesterol in charged DOPG(-)/DPPG(-)/Chol 

mixtures 

 Finally, we observed the phase behavior and localization of cholesterol in 

DOPG(-)/DPPG(-)/Chol mixtures including both charged unsaturated lipid and saturated 

lipid. Fig.3-14 shows the microscopic images and phase diagram of 

DOPG(-)/DPPG(-)/Chol mixtures for a fixed amount of Chol=20%. The So/Ld phase 

separation was observed in many components as shown in Fig.3-14B, and homogeneous 

structure was observed in DOPG(-)/DPPG(-)/Chol =60:20:20. We investigated the 

localization of cholesterol in So/Ld phase separation by double staining using 

Rhodamine-DHPE and BODIPY-Cholesterol (Fig.3-15). Cholesterol was localized in 

DOPG(-)-rich phase without localized in DPPG(-)-rich phase (image 2).   

(A) (B) 

1 2 

Fig.3-14 (A) Microscopic images of phase separation in DOPG(-)/DPPG(-)/Chol mixture. So/Ld 

phase separation was observed in DOPG(-)/DPPG(-)/Chol =50:30:20 (image 1), and 30:50:20 

(image 2). (B)Phase diagram of DOPG(-)/DPPG(-)/Chol mixtures for a fixed amount of 

Chol=20%. 
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Next, we investigated the phase behavior in presence of salt in DOPG(-)/DPPG(-)/Chol 

mixtures. First, we prepared GUVs in these mixtures with NaCl solution which 

Fig.3-16 Phase diagram in DOPG(-)/DPPG(-)/Chol mixture by hydration with NaCl. (A) 

Percentage of So/Ld domain formation. (B) Percentage of Lo/Ld domain formation. 

(B) (A) 

(A) (B) 

Fig.3-17 Phase diagram in DOPG(-)/DPPG(-)/Chol mixture by hydration with MgCl2. (A) 

Percentage of So/Ld domain formation. (B) Percentage of Lo/Ld domain formation. 

Fig.3-15 Microscopic images of phase separation in DOPG(-)/DPPG(-)/Chol=40:40:20 by 

confocal laser microscopy. Rhodamine-DHPE labels Ld phase (image 1). BODIPY-cholesterol 

labels cholesterol-rich phase (image 2). Both images are merged in image 3. 

Rhodamine-DHPE BODIPY-Cholesterol Merge 

Scale Bar:10m 

1 2 3 
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monovalent ion of Na+ dissociates in water. Fig.3-16 shows the percentage of So/Ld phase 

separation and Lo/Ld phase separation in DOPG(-)/DPPG(-)/Chol mixtures hydrated with 

NaCl solution. The percentage of So/Ld phase separation was decreased at high 

concentration of NaCl (Fig.3-16 A). In addition, the percentage of Lo/Ld phase separation 

was increased at high concentration of NaCl (Fig.3-16 B). Second, we prepared GUVs in 

DOPG(-)/DPPG(-)/Chol mixtures with MgCl2 solution which divalent ion of Mg2+ 

dissociates in water. Fig.3-17 shows the percentage of So/Ld phase separation and Lo/Ld 

phase separation in DOPG(-)/DPPG(-)/Chol mixtures hydrated with MgCl2 solution. The 

percentage of So/Ld phase separation was decreased with MgCl2 concentration 

(Fig.3-17A). On the other hand, the percentage of Lo/Ld phase separation was increased 

with MgCl2 concentration (Fig.3-13B). 
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3-4 Discussion 

 

3-4-1 The localization of cholesterol in neutral DOPC/DPPC/Chol mixtures 

 In present study, the localization of cholesterol is affected by charged lipid molecules 

and presence of salt. We discuss the mechanisms of phase behavior based on umbrella 

model22. In neutral lipid mixture of DOPC/DPPC/Chol, dipolar head group of saturated 

lipid DPPC tilts to neighboring DPPC due to electrostatic interaction (Fig.3-18). 

Cholesterol has small hydrophilic part, thereby induces energy loss when non-polar part 

of cholesterol expose to water. In presence of saturated lipid DPPC, cholesterol can be 

localized into the space between DPPC molecules. DPPC head group acts as a cover of 

cholesterol from exposure to water. Thus, cholesterol prefers to localize into DPPC-rich 

region and results in Lo phase in neutral DOPC/DPPC/Chol mixture.  

 

 

 

 

 

 

 

 

 

 

 

 

  

:DOPC :DPPC 

+Cholesterol 

Cholesterol localization: DPPC>DOPC 

Fig.3-18 Schematic image of the cholesterol localization in DOPC/DPPC/Chol mixture. 

:Chol 
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3-4-2 The localization of cholesterol in DOPG(-)/DPPC/Chol mixtures 

 

We observed the localization of cholesterol in charged mixtures of DOPG(-)/DPPC/Chol. 

According to the results, cholesterol is localized in DOPG(-)-rich phase rather than 

DPPC-rich phase (Fig.3-6). In chapter2, we discussed that the electrostatic repulsion is 

occurred between charged unsaturated lipid DOPG(-). This repulsive force could expand 

molecular distance between DOPG(-). Thus, it is possible that cholesterol is localized in 

DOPG(-) -rich phase due to less steric constraint than DPPC as shown in Fig.3-19. When 

DOPG(-)/DPPC/Chol mixtures were prepared with NaCl solution, Lo/Ld phase separation 

tends to be increased with NaCl concentration (Fig.3-8). In this case, electric repulsion 

between DOPG(-) is suppressed by screening effect of Na+, and DOPG(-) behaves like a 

neutral unsaturated lipid. As a result, cholesterol is localized in DPPC-rich phase. In 

addition, when DOPG(-)/DPPC/Chol mixtures were prepared with MgCl2 solution, 

homogeneous phase tends to be increased with MgCl2 concentration (Fig.3-9). It is 

Fig.3-20 Schematic model of the effect of NaCl screening in DOPG(-)/DPPC/Chol 

mixture. 

Fig.3-19 Schematic model of the cholesterol localization in DOPG(-)/DPPC/Chol mixture. 

Electrostatic repulsion 
:DPPC :Chol :DOPG(-) 
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possible that electric attraction is occurred between DOPG(-) and divalent cation of Mg2+. 

The membrane fluidity of DOPG(-)-rich phase is decreased by electrostatic attraction, 

and may come close to DPPC-rich phase. As a result, all lipids are mixed each other and 

membrane forms homogeneous phase. 

 

 

 

 

 

 

 

 

 

 

  

Fig.3-21 Schematic model of the effect of MgCl2 screening in DOPG(-)/DPPC/Chol 

mixture. 
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3-4-3 The localization of cholesterol in DOPC/DPPG(-)/Chol mixtures 

 

We also investigated the localization of cholesterol in DOPC/DPPG(-)/Chol mixtures. In 

this mixture, cholesterol is localized in DOPC-rich phase rather than DPPG(-)-rich phase 

(Fig.3-11). In chapter2, electrostatic attraction mediated by counter ion between 

DPPG(-) molecules is dominant than electric repulsion between head group charge of 

DPPG(-). This interaction causes the enhancement of phase separation and formation of 

DPPG(-)-rich phase. Therefore, cholesterol cannot be localized in DPPG(-) -rich phase as a 

result, So/Ld phase separation is appeared as shown in Fig.3-22. When 

DOPC/DPPG(-)/Chol mixtures were prepared with NaCl solution, So/Ld phase separation 

tends to be decreased while Lo/Ld tends to be increased with NaCl concentration 

(Fig.3-12). It is suggested that electric attraction mediated by counter ion is suppressed 

by adding NaCl. This behavior is same as DOPC/DPPG(-) approaches DOPC/DPPC 

neutral system by adding salt as mentioned in chapter2. As a result, DPPG(-) behave 

like a neutral saturated lipid which has dipolar head group, and cholesterol is localized 

in DPPC-rich phase (Fig.3-23). We also examined the screening effect using MgCl2 

solution (Fig.3-13). The phase behavior shows almost same as NaCl hydration. The 

So/Ld phase separation tends to be decrease while Lo/Ld tends to increase with MgCl2 

concentration. However, in the case of DOPC/DPPG/Chol=60/20/20, homogeneous 

Fig.3-22 Schematic model of the cholesterol localization in DOPC/DPPG(-)/Chol mixture. 

:DOPC :Chol :DPPG(-) 
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structure was observed in absence of MgCl2, whereas So/Ld phase separation was 

observed in 0.01mM MgCl2. It is possible that DPPG(-) molecules distributed on lipid 

membrane are accumulated by electrostatic interaction of divalent cation Mg2+, and low 

concentration of Mg2+ induced electric attraction between DPPG(-) head group and Mg2+.  

 

 

 

 

 

 

 

  

Fig.3-23 Schematic model of the effect of NaCl screening in DOPC/DPPG(-)/Chol 

mixture. 

Fig.3-24 Schematic model of the effect of MgCl2 screening in 

DOPC/DPPG(-)/Chol=60:20:20 mixture. 
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3-4-3 The localization of cholesterol in DOPG(-)/DPPG(-)/Chol mixtures 

 

 Finally, we clarified the localization of cholesterol in DOPG(-)/DPPG(-)/Chol mixtures. 

Cholesterol is localized in DOPG(-)-rich phase rather than DPPG(-)-rich phase (Fig.3-14). 

Thus, So/Ld phase separation was mainly observed in this mixture. In 

DOPG(-)/DPPG(-)/Chol=60:20:20, homogeneous structure is formed in all vesicles. It 

suggests that the effect of electrostatic repulsion between DOPG(-) molecules is 

dominate than electrostatic attraction of DPPG(-) in this mixture. In presence of salt, 

So/Ld phase separation tends to be decreased while Lo/Ld tends to be increased with 

NaCl or MgCl2 concentration. These results indicate that both charged unsaturated 

lipid DOPG(-) and saturated lipid DPPG(-) behave like neutral lipids by salt screening 

(Fig.3-25). 

 

 

 

 

 

 

 

 

  

Fig.3-25 Schematic model of the effect of salt screening in DOPG(-)/DPPG(-)/Chol 

mixture. 
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3-5 Conclusion 

 

 In this chapter, we investigated the localization of cholesterol and phase behavior in 

various mixtures of charged lipid membranes. Cholesterol prefers to be localized in 

DOPG(-)-rich phase, while does not to be localized in DPPG(-)-rich phase. Our results 

showed that cholesterol tends to be localized in the order of 

DOPG(-)>DPPC>DOPC>DPPG(-). In presence of salt, localization of cholesterol was 

changed significantly. In addition, the screening effects in phase behavior by presence of 

monovalent cation Na+ and divalent cation Mg2+ are also difference. These results 

suggest that the interaction between charged lipid and cholesterol plays an important 

role in structural regulation of phase separation in lipid membrane.  Biomembrane 

may also use this interaction for control of distribution or accumulation of lipid rafts 

during the signal transduction. 
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Chapter 4 

The effect of charge on membrane  

3D structure 
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4-1 Introduction 

 

 Basic structure of biomembrane is lipid bilayer which is composed of various types of 

phospholipid. Biomembranes not only distinguish between inner and outer environment 

of living cell, but also involve wide range of life phenomena through the dynamic 

structural changes. Biomembranes exhibit various two-dimensional (2D) and three 

dimensional (3D) dynamics, and play a very important role in regulation of cellular 

function. The 2D dynamic is represented by phase separation called “lipid raft 

formation”1,2. Lipid rafts which are enriched with saturated lipid, cholesterol, and 

various membrane proteins, are expected to function as platforms on which proteins are 

attached during signal transduction and membrane trafficking3,4. The 3D membrane 

structures are morphological changes5. Regulation of the membrane morphology is 

critical for many cellular processes, such as budding of endo- and exocytosis6, 

fission-fusion sequence of vesicular transport7-9, and pore formation of autophagy10,11. 

Moreover, coupling between membrane 2D and 3D dynamics is suggested in 

biomembrane. Lipid rafts have been shown to play a role of autophagy and 

endocytosis12,13. In these membrane dynamics, physicochemical properties of lipid 

molecules should play a very important role as well as protein function. 

 In several studies, synthetic lipid vesicles consisting of some lipid molecules are used 

commonly as models for biomembranes to investigate the physicochemical properties of 

lipid membrane. Giant unilamellar lipid vesicles (GUVs) are made from phospholipids, 

and have the same size as a cell and are large enough to be observed directly by optical 

microscopies14,15. Previously, using GUVs, several studies have succeeded in observation 

the 2D and 3D membrane dynamics such as phase separation (2D) and morphological 
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change (3D). In 2D dynamics, when GUVs simply composed of unsaturated and 

saturated lipids with cholesterol, lateral phase separation can be observed according to 

a membrane component16. In 3D dynamics, Hamada. et. al found the dynamic response 

by addition of osmotic pressure or surfactant17. They also succeed to control membrane 

shape to use photo responsive amphiphile (KAON12)18. However, it is not clear how 

biomembranes controls such structures. Because previous experimental systems of 

GUVs have not considered to the living cell environment. 

 In the past, most of the studies have investigated the primary physical property of 

lipid membrane in uncharged model systems 19,20. However, biomembranes also include 

charged lipids. In particular, some organelles such as lysosome21 and mitochondria22,23 

are enriched with charged lipids. As physicochemical properties of lipid membranes, 

charged lipids are one of the important factors to be considered. In addition, surface 

charge of membrane could be controlled by cellular ion such as sodium ion, and calcium 

ion.  

In related studies focusing on charged lipids, several studies investigated the 2D 

dynamics of phase behavior.  Shimokawa et al studied mixtures consisting of neutral 

saturated lipid (DPPC), negatively charged unsaturated lipid (DOPS(-)) and 

cholesterol24,25. The main result is the suppression of the phase separation due to 

electrostatic interactions between the charged DOPS(-) lipids25. Other relevant studies 

are worth mentioning. Vequi-Suplicy et al, reported the suppression of phase separation 

using other charged unsaturated lipids26. Blosser et al investigated the phase diagram 

and miscibility temperature in mixtures containing charged lipids27. Pataraia et al, 

have found to cytochrome c which is positive charged membrane protein induces 

micron-sized domains in ternary mixtures of charged unsaturated lipid(DOPG), egg 
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sphingomyelin and cholesterol28.  

In chapter 2, we investigated the 2D dynamics of phase behavior induced by negatively 

charged lipids in binary mixtures of unsaturated and saturated lipids, ternary mixtures 

of saturated (neutral and charged) lipids and cholesterol), and four-component mixtures 

of unsaturated lipid, saturated (neutral and charged) lipids, and cholesterol), 

respectively. In binary mixture, as compared to neutral lipid mixture, the phase 

separation is suppressed by charged unsaturated lipid, whereas it is enhanced for the 

charged saturated lipid. In ternary mixtures, the phase separation occurs when the 

fraction of charged saturated lipid is increased. Furthermore, we observed three-phase 

coexistence in four-component mixtures, and that the phase separation strongly 

depends on the amount of charged saturated lipid. The phase behaviors of all charged 

mixtures approach that of the neutral mixture due to screening of electrostatic 

interactions by adding the salt. In this way, the effect of electric charge on 2D structure 

of phase behavior has been explored. However, the effects of charge on 3D structure of 

membrane morphology have not been explored. 

 In this chapter, we clarify the effect charge on 3D structure in various mixtures of 

charged lipids. We observe morphology of GUVs by using fluorescence microscopy and 

confocal laser scanning microscopy, and compare membrane morphology to neutral lipid 

mixture. We also control the temperature of the sample of charged lipid mixtures GUVs, 

and investigated membrane dynamics. In addition, the salt screening effect on charged 

membranes is explored. These effects are examined in binary mixtures of unsaturated 

lipid and saturated lipid, and ternary mixtures of saturated lipids (charged and neutral) 

and cholesterol, respectively. Furthermore, we discuss coupling between membrane 2D 

and 3D dynamics by comparison between the study of chapter 2 and this chapter.  
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4-2 Materials and methods 

 

Materials 

Materials are used in this chapter are shown in Fig.4-1. Neutral unsaturated lipid 

1,2-dioleoyl-sn-glycero-3-phosphocholine (DOPC, with chain melting temperature, Tm= 

-20℃), neutral saturated lipid 1,2-dipalmitoyl-sn-glycero-3-phosphocholine (DPPC, Tm = 

41 ℃ ), negatively charged unsaturated lipid 1,2-dioleoyl-sn-glycero-3-phospho- 

(1'-rac-glycerol) (sodium salt) (DOPG(-), Tm=-18℃), negatively charged saturated lipid  

1,2-dipalmitoyl-sn-glycero-3-phospho-(1'-rac-glycerol) (sodium salt) (DPPG(-), Tm= 41℃), 

and cholesterol, were obtained from Avanti Polar Lipids (Alabaster, AL). BODIPY 

labelled cholesterol (BODIPY-Chol) and Rhodamine B 1,2-dihexadecanoyl-sn-glycero-3- 

phosphoethanolamine (Rhodamine-DHPE) were purchased from Invitrogen (Carlsbad, 

CA). Deionized water was obtained from a Millipore Milli-Q purification system. We 

chose phosphatidylcholine (PC) as the neutral lipid head and phosphatidylglycerol 

(PG(-)) as the negatively charged lipid head because the chain melting temperature of 

PC and PG(-) lipids having the same acyl tails, is almost identical. In cellular 

membranes, PC is the most common lipid component, and PG is highly representative 

among charged lipids. 

 

 

 

 

 

 

 

 

 

 

・DOPC (Neutral lipid) Tm= -20℃ 

 

Unsaturated lipids 

・DOPG(-) (Negatively charged lipid) Tm= -18℃ 
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Fig.4-1 molecular structures of lipids and fluorescent dyes 

Saturated lipids 

・DPPC (Neutral lipid) Tm= 41℃ 

 

・DPPG(-) (Negatively charged lipid) Tm= 41℃ 

 

Fluorescent dyes 

Cholesterol 

・Rhodamine-DHPE (labels unsaturated-rich phase) 

 

・BODIPY-Cholesterol (labels cholesterol- rich phase) 

 

http://en.wikipedia.org/wiki/File:Cholesterol.svg
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Preparation of giant unilamellar vesicles 

Giant unilamellar vesicles (GUVs) were prepared by gentle hydration method (Fig.4-2). 

Lipids and fluorescent dyes were dissolved in 2:1(vol/vol) chloroform/methanol solution. 

The organic solvent was evaporated under a flow of nitrogen gas, and the lipids were 

further dried under vacuum for 3h. The films were hydrated with 5 L deionized water 

at 55 ℃ for 5 min (pre-hydration), and then with 200 L deionized water or NaCl 

solution for 1-2 h at 37℃. The final lipid concentration was 0.2 mM. The fluorescent 

dyes Rhodamine-DHPE and BODIPY-Chol concentrations were 0.1 μM, 0.1 μM and 0.2 

μM, respectively (0.5% or 1% of lipid concentration). 

 

 

 

 

 

 

 

Fig.4-2 Preparation process of GUVs 

 

 

Microscopic observation 

The GUV solution was placed on a glass coverslip, which was covered with another 

smaller coverslip at a spacing of ca. 0.1 mm (Fig.4-3). We observed the membrane 

structures with a fluorescent microscope (IX71, Olympus, Japan) and a confocal laser 

scanning microscope (FV-1000, Olympus, Japan). In this chapter, Rhodamine-DHPE 

and BODIPY-Chol were used as fluorescent dyes. Rhodamine-DHPE labels the 

unsaturated lipid-rich phase, whereas BODIPY-Chol labels the cholesterol-rich one.  A 

standard filter set U-MWIG with excitation wavelength, λex=530–550nm, and emission 

wavelength, λem=575 nm, was used to monitor the fluorescence of Rhodamine-DHPE, 
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and another filter, U-MNIBA with λex=470–495 nm and λem=510-550 nm, was used for 

the BODIPY-Chol dye. The sample temperature was controlled with a microscope stage 

(type 10021, Japan Hitec).  

 

 

 

 

 

 

 

 

 

Fig.4-3 Schematic of sample chamber and observation method 
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Experimental condition 

In this chapter, we controlled surface charging by change lipid composition and 

preparing with electrolyte for all studied systems. First, we changed the percentage of 

negatively charged lipids (Fig.4-4A). Second, we screened head group charge of charged 

lipid by hydration with NaCl (Fig.4-4B). We observed morphology of lipid membrane for 

each condition. By comparison between these conditions, we can discuss more deeply 

about the contribution of electric charge on membrane morphology.  

 

 

 

 

 

 

 

 

 

 

Fig.4-4 Schematic of experimental condition 

 

 

 

 

 

  

(A) Change charged lipid composition 

 
Low concentration 

 

High concentration 

 

(B) Screening by NaCl 
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4-3 Experimental results 

 

4-3-1 Binary lipid mixtures (Unsaturated lipid/ Saturated lipid) 

 

First, we investigated the effect of charge on membrane morphology in binary 

unsaturated/saturated lipid mixtures. We used neutral unsaturated lipid DOPC, 

neutral saturated lipid DPPC, negatively unsaturated lipid DOPG(-), and negatively 

saturated lipid DPPG(-) in this section. The fluorescent dye Rho-DHPE was used for 

label liquid disorder (Ld) phase that is unsaturated lipid-rich phase. We changed the 

fraction of unsaturated/saturated lipid mixture, and observed membrane shapes for 

each composition. 

 Fig.4-5 shows the microscope images of membrane morphology and phase diagrams in 

binary mixtures. We observed membrane morphology using both of phase-contrast and 

fluorescent microscopy, and took microscopic images for each mixture. For neutral lipid 

mixtures with DOPC/DPPC, vesicles formed spherical shape in all compositions, as 

shown in Fig.4-5A and C. Next, we replaced saturated lipid DPPC with DPPG(-), and 

observed vesicular shape in DOPC/DPPG(-) mixtures. In this case, vesicles also formed 

spherical shape in all compositions as shown in Fig.4-5C (microscopic image is not 

shown). Furthermore, we observed membrane morphology in DOPG(-)/DPPC mixtures. 

We observed the spherical shape vesicles below 50% of DPPC. However, above 60% of 

DPPC, some vesicles formed open pore as shown in Fig.4-5B. This pore formation rate 

was increased with DPPC concentration (Fig.4-5C). At higher concentrations of 

saturated lipids (DPPC or DPPG(-)), membrane morphology could not be observed 

because stable vesicle formation by gentle hydration method was prevented by the 

larger amount of saturated lipid. According to our previous study in chapter 2, phase  
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separation structures were also observed in binary mixture of DOPG(-):DPPC. It is 

suggested that phase separation structure may contribute to pore formation. We will 

discuss the difference of behavior between DOPG(-)/DPPC and DOPC/DPPG(-) mixtures, 

and elaborate the relationship between 2D phase behavior and 3D membrane 

morphology in discussion section. 

Fig.4-5 Microscopic images of membrane morphology and phase diagrams in binary 

mixture of unsaturated lipid/saturated lipid. Each microscopic image of GUV is taken at 

22℃. (A) Spherical structure at composition of DOPC/DPPC=30:70. (B) Pore formation 

structure of GUV at composition of DOPG(-)/DPPC=30:70.  (left: schematic model, 

center: phase-contrast image, right: fluorescent image).(C) Percentage of pore formation 

vesicles in binary mixture of DOPG(-)/DPPC. at 22℃ (open triangle: MQ hydration, gray 

circle: 0.1mM NaCl, filled square: 1mM NaCl). (D) Surface structure of GUV at 

composition of DOPG(-)/DPPC= 60:40 (image 1), and 40:60 (image 2) in MQ hydration at 

22℃. 

 

(C) 

DOPG
(-)

/DPPC 
60:40 

1 

40:60 
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Surface structure (D) 
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In addition, we also investigated the behavior of vesicular morphology in presence of 

salt (with 1mM and 10mM NaCl). Fig.4-5C shows the percentage of pore formation in 

binary mixtures of DOPG(-)/DPPC by hydration with Milli Q water, 0.1mM NaCl, and 

1mM NaCl, respectively. The percentage of pore formation tends to decrease with salt 

concentration. When DOPG(-)/DPPC vesicles were prepared with 0.1mM NaCl, the pore 

formation rate was decreased as compared to preparation with Milli Q water. In the 

case of 1mM NaCl hydration, pore formation vesicles were not observed. These results 

suggest that electric charge of lipid molecule has an important role of pore formation.  

 Next, we focused on the relationship between membrane morphology and vesicular 

size. We measured membrane diameter of spherical and pore formation vesicles. In the 

case of pore formation vesicles, we used following methods. First, we measured 

Fig.4-6 (A)Microscopic image and schematic model of GUVs in binary mixture of 

DOPG(-)/DPPC. The individual shapes are defined as to aperture angle. (B) Size 

distribution of each of membrane morphologies in binary mixture of DOPG(-)/DPPC=30:70 

(white: Disc, light gray: Bowl, gray: Cup, black: Sphere)  
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Fig.4-7 (A) Morphological change from Bowl to Sphere in binary mixture of 

DOPG(-)/DPPC=30:70 by changing the temperature. (B) Phase diagram of miscibility 

temperature and morphological transition temperature in DOPG(-)/DPPC(filled triangle: 

miscibility temperature, open circle: morphological transition temperature). 

membrane surface are of pore formation vesicles. Second, we calculated the diameter of 

sphere having a measured surface area. We defined this spherical diameter as pore 

formation diameter. Fig.4-6 shows the percentage of membrane morphology for each 

vesicular diameter. We classified pore formation structures by aperture angle θ. We 

defined pore formation structures as Disc:θ=180゜, Bowl: 90゜<θ<180゜, and Cup:θ<90゜, 

respectively.  We measured diameter of vesicles and summarized percentage of 

membrane morphology for each size as shown in Fig.4-6B. In under 2m, most of the 

vesicles formed disc shape. In increasing with diameter, bowl and cup shapes were 

appeared. These pore formation structures tend to decrease with diameter. Finally, over 

8 m, all vesicles formed sphere. This result implies that pore formation structure of 
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charged membrane strongly depend on vesicular size. 

Furthermore, we observed the temperature dependence of pore formation. Fig.4-7A 

shows structural change of pore formation vesicle by increasing in temperature at 

DOPG(-)/DPPC=30:70. We focused on the vesicle which was forming pore at 20℃, and 

increased the temperature to 28℃ by 10℃/min. At 28℃, membrane pore was beginning 

to close, and finally formed spherical shape after 159 seconds. When we cooled sample 

solution to room temperature at 20℃ by 20℃/min, this vesicles re-formed pore (data is 

not shown). We also measured this morphological transition temperature in 

DOPG(-)/DPPC=40:60. The morphological transition temperature showed 25℃ lower 

than 28℃  of DOPG(-)/DPPC=30:70. In chapter 2, we investigated the miscibility 

temperature in binary mixture of DOPG(-)/DPPC. Fig.4-7B shows the comparison 

between miscibility temperature and morphological transition temperature. 

Morphological transition temperatures of DOPG(-)/DPPC=40:60 and 30:70 are lower 

than miscibility temperature.  
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4-3-2 Ternary lipid mixtures (neutral and charged saturated lipids 

/cholesterol) 

 

In this section, we prepared the ternary mixture of GUVs using neutral saturated 

DPPC, negatively saturated lipid DPPG(-), and cholesterol. The fluorescent dye 

Rho-DHPE and BODIPY-Chol was used for fluorescent microscopy. We investigated the 

membrane morphology in DPPC/DPPG(-)/Chol. The effect of salt screening was also 

performed using NaCl. 

 Fig.4-8 shows the microscope images of membrane morphology and phase diagrams in 

ternary mixture. We observed membrane morphology using differential interference 

contrast (DIC) and confocal laser scanning microscopy. For neutral lipid mixtures of 

DPPC/Chol=80:20, all of vesicles formed spherical shape as shown in Fig.4-8A. On the 

other hand, when some fraction of DPPC were replaced with DPPG(-), some vesicles 

formed pore (Fig.4-8B). Fig.4-8C shows the percentage of pore formation vesicles in 

DPPC/DPPG(-)/Chol for fixed Chol=20%. Pore formation rate was increased with the 

concentration of DPPG(-). At DPPG(-)/Chol=80:20, most of the vesicles had pore. We also 

investigated the effect of charge on membrane morphology in presence of salt (10mM 

NaCl) for DPPC/DPPG(-)/Chol mixture. Percentage of pore formation with 10mM NaCl 

is indicated by open circle in Fig.4-8C. The pore formation rate was significantly 

decreased by adding salt as compared with Milli Q water (MQ) hydration. This implies 

that negatively charge of DPPG(-) has a critical role to form membrane pore. According 

to our study in chapter 2, DPPC/DPPG(-)/Chol mixture is observed phase separation 

structure as shown in Fig.4-8D. The area percentage of domain is increased with 

DPPG(-) concentration,. Thus, phase separation structure may also have a role of pore 
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Fig.4-8 Microscopic images of membrane morphology and phase diagram in ternary 

mixture of saturated lipids (neutral and charged)/ cholesterol. Each microscopic images 

of GUVs are taken at 22℃ . (A) Spherical structure of GUV at composition of 

DPPC/Cholesterol=80:20 (left: schematic models, center: phase-contrast image, right: 

fluorescent image). (B) Pore formation structure of GUV at composition of DPPC/ 

DPPG(-)/Chol=50:30:20. (C) Percentage of pore formation vesicles in DPPC/DPPG(-)/Chol 

at 22℃ (filled square: hydration by Milli Q water, open circle: hydration by 10mM 

NaCl).(D) Surface structure of GUV at composition of DPPC/Chol= 80:20 (image 1), and 

DPPC/DPPG(-)/Chol= 40:40:20 (image 2) in MQ hydration at 22℃. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

formation.  

Next, we changed the ratio between DPPC and cholesterol for fixed DPPG(-)=50%, and  

measured percentage of pore formation for each composition as shown in Fig.4-9. In MQ 

hydration, pore formation rate was increased with DPPC concentration. In particular, 

pore formation rate was dramatically increased between DPPC/DPPG(-)/Chol=30:50:20 

and 40:50:10. When cholesterol concentration is 15~45%, saturated lipid and cholesterol 

forms liquid order phase (Lo). On the other hand, at low concentration of cholesterol 
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(~15%), saturated lipid-rich region forms Solid order phase (So). Previous research 

suggested that the bending rigidity of So phase is higher than Lo phase29. This result 

implies that bending rigidity also affects membrane morphology. 

Pore formation of DPPC/DPPG(-)/Chol mixtures for Milli Q water and NaCl aqueous 

solutions is summarized in Fig. 4-10. The left diagram shows pore formation rate of 

DPPC/DPPG(-)/Chol mixtures in Milli Q water. For higher concentrations of DPPC or 

cholesterol, pore formation vesicles were not observed or rarely observed (open squares). 

Fig.4-9 Percentage of pore formation vesicles in DPPG(-)/DPPC/Chol for fixed 

DPPG(-)=50% at 22℃ (filled square: hydration by Milli Q water, open square: hydration 

by 10mM NaCl).  

Fig.4-10 Phase diagrams of DPPC/DPPG(-)/Chol mixtures in Milli Q and NaCl solutions (left: 

Milli Q, centre: NaCl 1 mM, right: NaCl 10 mM) at room temperature (~22 ℃). Filled, grey, 

and open squares correspond to systems where 60–100%, 40–60%, and 0–40% of the pore 

formation vesicles, respectively.  
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On the other hand, their percentage clearly increases with the DPPG(-) concentration 

(filled squares). In addition, the pore-formation regions with 1 mM and 10 mM of NaCl 

are indicated the center and right of diagram in Fig.4-10. As the salt concentration is 

increased, the pore formation rate tends to decrease significantly. In particular, most of 

the vesicles formed spherical shape in hydration with 10mM NaCl. This is because 

DPPG(-)  is screened in the presence of salt and approaches the behaviour of the neutral 

DPPC.  

Next, we examined the size dependency of membrane morphology in the same way as 

binary mixture of DOPG(-)/DPPC. Fig.4-11 shows the percentage of membrane 

morphology for each vesicular diameter. Pore formation structures were also classified 

by aperture angle θ (Fig.4-11A). We measured membrane diameter and summarized 

percentage of membrane morphology in DPPC/DPPG(-)/Chol=30:50:20 and 0:80:20. As  

Fig.4-11 (A)Microscopic image and schematic model of GUVs in ternary mixture of 

DPPC/DPPG(-)/Chol. The individual shapes are defined as to aperture angle. (B) Size 

distribution of each of membrane morphologies in DPPC/DPPG(-)/Chol=30:50:20, 0:80:20, 

respectively. (white: Disc, light gray: Bowl, gray: Cup, black: Sphere)  
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Fig.4-12 (A) Morphological change from bowl to sphere in ternary mixture of 

DPPC/DPPG(-)/Chol=40:40:20 by changing the temperature. (B) Phase diagram of 

miscibility temperature and morphological transition temperature in DPPC/DPPG(-)/Chol 

(filled triangle: miscibility temperature, open triangle: morphological transition 

temperature). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

shown in Fig.4-11B, the percentage of pore formation vesicles such as disc, bowl, and 

cup were decreased with membrane diameter in both compositions. Over 8 m, all 

vesicles formed sphere. These results were same tendency as binary mixture of 

DOPG(-)/DPPC. In addition, high concentration of DPPG(-)=80% tends to form disc and 

bowl in large diameter compared with middle concentration of DPPG(-)=50%. It is 

suggested that charged lipid of DPPG(-) stabilizes the edge of membrane pore. 

 Furthermore, we observed temperature dependence of pore formation vesicles by. 

Fig.4-12A shows structural change of pore formation vesicle in 

DPPC/DPPG(-)/Chol=40:40:20. At 28℃, membrane morphology was changed from pore 

formation structure to spherical shape. When we cooled this vesicular solution to room 



106 

 

temperature at 20℃, vesicles formed pore again (data is not shown). We changed 

DPPG(-) concentration and measured morphology transition temperatures. In 

DPPC/DPPG(-)/Chol=20:60:20 and 0:80:20, morphology transition temperatures were 

34℃ and 38℃, respectively. In chapter 2, we investigated the miscibility temperature 

in ternary mixture of DPPC/DPPG(-)/Chol. Fig.4-12B shows the comparison between 

miscibility temperature and morphology transition temperature. All morphology 

transition temperatures were lower than miscibility temperature. Difference of these 

temperatures were larger than binary mixture of DOPG(-)/DPPC in Fig.4-7B. In 

addition, shape transition temperatures were lower than phase transition temperature 

of DPPC and DPPG(-) Tm=41℃.  
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4-4 Discussion 

 According to our result, pore formation can be observed at some lipid compositions, 

while screening of head group charge of charged lipid by adding salt (NaCl) suppress 

pore formation. This suggests that electrostatic interaction plays a key role of 

membrane morphology stability. We discuss the mechanism of pore formation in 

charged lipid mixtures based on Fromherz’s theory30. The membrane elastic free energy 

of a membrane can be written as 

 EEE total )(                                (1) 

where E  is bending energy of membrane and E  is line energy at the membrane 

edge. E  can be obtained from Helfrich bending energy31 as 

dAcccccE  







 21
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021 ')(
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                      (2) 

where dA is the are element of membrane surface, c1 and c2 are the two principal 

curvatures, c0 is the spontaneous curvature,   is bending rigidity, and κ’ is Gaussian 

bending modulus. In addition, E can be expressed as 

  RdlE  2                                    (3) 

where dl is the line element along the membrane edge,   is line tension, and R is 

membrane radius. Membrane shapes are determined by competition between bending 

and line energies. If line energy E  is more dominant than bending energy E , 

membrane shape is sphere to reduce the line energy. Conversely, if bending energy E  

becomes dominant than line energy E , lipid membrane forms pore and becomes flat to 

decrease the bending energy. Previous study suggested that charged lipid molecules 

decrease line tension   and stabilize edge of membrane pore32,33. Charged lipid has 
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positively spontaneous curvature due to head group repulsion and can stabilized edge of 

pore. In addition, charged lipid can obtain entropy gain by counterion in bending part as 

compared to flat part. Thus, charged lipids favors to form edge of pore like a lipid which 

has positively spontaneous curvature34.   

Bending energy E  is affected by bending rigidity . Some studies investigated about 

κ in various kinds of lipid molecules. Commonly, at room temperature,   of 

unsaturated lipid tend to have smaller than saturated lipid one. For example, the   of 

unsaturated lipid DOPC is ][105.1 20 J  at 21℃35, while saturated lipid DPPC is 

][100.1 18 J  at 23℃36. In charged unsaturated lipid DOPG(-) and saturated lipid 

DPPG(-), the value of   could be not so different from neutral unsaturated or saturated 

lipids because acyl chain structures are same.  

Fig.4-13 Relationship between membrane elastic energy and membrane morphology. (A) 

Schematic model of binary mixtures of DOPG(-)/DPPC and DOPC/DPPG(-).(B) Schematic 

model of ternary mixtures of DPPC/DPPG(-)/Chol. 
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 Fig.4-13 shows the relationship between membrane elastic free energy and membrane 

morphology. In binary mixtures of unsaturated lipid/saturated lipid, neutral mixtures of 

DOPC/DPPC form spherical shape in all compositions. Therefore, the contribution of 

E  is larger than that of E in neutral mixture in m scale. When we replaced neutral 

unsaturated lipid DOPC with charged unsaturated lipid DOPG(-), pore formation 

vesicles were observed in DOPG(-)/DPPC=40:60, 30:70, 20:80. In these compositions, 

charged lipid DOPG(-) may be localized at membrane edge and decrease line tension  .  

However, we could not observe the localization of DOPG(-) by optical microscopy. In 

addition, base part of membrane is composed of mainly saturate lipid DPPC which has 

high bending rigidity . As a result, bending energy E  becomes more significant than

E , and pore formation structures were observed (Fig.4-13A left). In high concentration 

of DOPG(-), E  becomes lower by reduction of line tension  . However, bending energy 

E  is also low because bending rigidity   of unsaturated charged lipids DOPG(-) is 

small, and some fraction of DOPG(-) is localized in base part of membrane. Thus, 

bending energy E  is low enough, and lipid membrane forms spherical shape in high 

concentration of DOPG(-). 

On the other hand, when we replace saturated lipid DPPC with negatively saturated 

lipid DPPG(-), pore formation structure were not observed in all composition of 

DOPC/DPPG(-). In this case, charged lipid DPPG(-) can decrease line tension , but base 

part of membrane is composed of unsaturated lipid DOPC. Bending rigidity   of 

unsaturated lipid is one hundredth compared with saturated lipid one. As a result, 

because bending energy E  is low enough, membrane forms spherical shape in all 

compositions (Fig.4-13A right). 
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Furthermore, we also observed pore formation structure in saturated lipid (neutral and 

charged) /cholesterol mixtures of DPPC/DPPG(-)/Chol. We observed pore formation in 

wide range of compositions (Fig.4-10). In this mixture, both lipid molecules are 

saturated lipid. Thus, bending energy E  is high in all compositions. In addition, line 

energy E   is decreased by charged lipid DPPG(-). As a result, the percentage of pore 

formation structure increase with DPPG(-) concentration(Fig.4-13). At low cholesterol 

concentration, it is known that saturated lipid-rich region forms solid phase16,37. In 10% 

cholesterol, pore formation rate was significantly increased (Fig4-9). It indicates that 

E  increases significantly due to phase transition to solid phase by decreasing 

cholesterol concentration. In schematic model of Fig.4-13, charged lipid molecules 

localize the edge of membrane pore, while the large amount of neutral lipid molecule is 

Fig.4-14 Coarse-grained molecular dynamics simulations of binary mixtures of 

unsaturated lipid and saturated lipid. (A) DOPG(-)/DPPC in 100mM salt (B) 

DOPG(-)/DPPC in 1M salt (C) DOPC/DPPG(-) in 100mM salt (D) DOPC/DPPG(-) in 1M 

salt 
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include in base part of membrane. This structure can regard as phase separation. 

Chapter 2 shows the phase separation is occurred between neutral lipid and charged 

lipid. Thus, it is possible that phase separation structure triggers pore formation. At low 

temperature, unsaturated lipid is enriched in liquid phase, while saturated lipid is 

enriched in rich in solid phase. However, when temperature increase, each of lipids 

begins mixing in both phases, and finally forms homogeneous structure. According to 

Fig.4-7 and Fig.4-12, pore formation structure was changed to spherical structure 

before miscibility transition temperature. It implied that membrane edge enriched in 

charged lipids was destabilized by mixing of neutral lipids.  

 Finally, we reproduced experimental system using coarse-grained molecular dynamics 

simulations. For simplicity, we calculated binary charged lipid membranes. A lipid 

molecule is represented by one hydrophilic bead and two hydrophobic beads, and these 

beads are connected by two bonds. The excluded-volume interaction between these 

beads is  
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where brc

6/12 . v  and   are the units of energy and length, respectively. We 

choose 95.0tailhead,headhead,  bb  and tailtail,b  to form bilayer stably. The potentials 

for stretching and bending of bond between beads are described as 
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where 
2

bond /30 vk   is the bond stiffness, 5.1r  is the divergence length, and

2

bend /10 vk   is the bending stiffness. The attractive potential between hydrophobic 

beads is expressed as  
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The cutoff length for this attractive potential is cw . When cw  is large, the lipid takes 

solid phase. Whereas the lipid becomes liquid phase in small cw .  Finally, the 

electrostatic repulsion between charged head group is expressed as Debye-Hückel 

potential 

r

r
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)/exp(
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21Belec





 ,                       (8) 

where B  is the Bjerrum length, 1z  and 2z  are valency of charged head-group, 

and )/()( 2

0BD enTk  is the Debye-Hückel screening length which is related with 

bulk salt concentration 0n  (  , Bk , T , and e  are dielectric constant of solution, 

Boltzmann constant, temperature, and elementary charge, respectively). Since the 

negatively charged head group PG(-) has monovalent ion, we set 121  zz . 

 For comparison, two systems are calculated to correspond to DOPC/DPPG(-) and 

DOPG(-)/DPPC. We choose 6.1DOPC)(DOPC cw , 8.1DPPG)(DPPG cw , and 

5.1DPPG)(DOPC cw  for DOPC/DPPG(-) and 6.1DOPG)(DOPG cw , 8.1DPPC)(DPPC cw , and 

5.1DPPC)(DOPG cw  for DOPG(-)/DPPC. In neutral system, a lipid takes liquid phase for 



113 

 

6.1cw  and solid phase for 8.1cw 39. The number of lipid molecules is 5000, and the 

mixing ratio is unsaturated lipid: saturated lipid=50:50. The snapshots of 

course-grained MD simulation are shown in Fig.4-14. When the salt concentration in 

solution is high (1M), the vesicle shape is spherical in both DOPC/DPPG(-) and 

DOPG(-)/DPPC systems Fig.4-14 (A) and (B). In addition, we can see the phase 

separated structures. The vesicle shape of DOPC/DPPG(-) in low salt concentration 

(100mM) is also spherical shape (Fig.4-14 (C)), but the disc shape is found in 

DOPG(-)/DPPC as shown in Fig.4-14 (D). In experiment, Since we could find the pore 

formation in DOPG(-)/DPPC, and could not observe any morphological changes in 

DOPC/DPPG(-), these results are consistent with the experimental results. Also, we can 

see the same salt concentration dependence of morphological change as experiment. 

Interestingly, the charged lipids which are denoted by red color are localized at the 

edge of disc. Since the electrostatic repulsion between charged head groups becomes 

dominate than the attraction between hydrophobic beads, the spontaneous curvature of 

charged lipid becomes larger and the charged lipids are localized at the edge of disc to 

reduce the line energy. This result supports our experimental findings and theoretical 

predictions. 
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4-5 Conclusion 

 In this chapter, we investigated the effect of charge on membrane 3D structure and 

discussed relationship between membrane 2D and 3D structures by comparison to 

chapter 2. We observed membrane morphology in various mixtures containing charged 

lipids. In binary mixtures of unsaturated lipid/saturated lipid, neutral composition of 

DOPC/DPPC formed spherical shape, whereas pore formation structures were observed 

in DOPG(-)/DPPC mixtures.  Pore formation was suppressed due to screening of electric 

charge of DOPG(-) by adding salt. In ternary mixtures of DPPC/DPPG(-)/Chol, pore 

formation structures were also observed. Percentage of pore formation is increased with 

DPPG(-) concentration. In presence of salt, pore formation was suppressed same as 

binary mixture. These results revealed that electric charge of lipid affects membrane 

morphology. Moreover, the results from experiment and theoretical model corresponded 

to the result of Coarse-grained molecular dynamics simulations. Our findings will be 

advanced understanding of the mechanism of dynamic process in biomembrane that are 

endocytosis, autophagy, and vesicular transport. 
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Chapter 5 

General conclusion 
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5-1 General conclusion 

 

In the present study, we clarify the electric charge effects on the 2D dynamics (phase 

behaviour) and 3D dynamics (membrane morphology). We also explored the salt 

screening effect on charged membranes. We discussed the effects of charge on 

membrane 2D and 3D dynamics based on free energy model. 

 In chapter 2, we investigated the phase separation induced by negatively 

charged lipids. As compared to the phase-coexistence region (in the phase 

diagram) of neutral unsaturated lipid (DOPC)/ saturated lipid (DPPC) mixtures, 

the phase separation in the charged unsaturated lipid (DOPG(-))/DPPC case is 

suppressed, whereas it is enhanced for DOPC/ charge saturated lipid (DPPG(-)) 

system. The phase behaviours of both charged mixtures approach that of the 

neutral mixture when salt is added due to screening of electrostatic interactions. 

In DPPC/DPPG(-)/Chol ternary mixtures, the phase separation occurs when the 

fraction of charged DPPG(-) is increased. This result implies that cholesterol 

localization is influenced by the head group structure as well as the hydrocarbon 

tail structure. Furthermore, we observed three-phase coexistence in 

four-component DOPC/DPPC/DPPG(-)/Chol mixtures, and that the 

phase-separation strongly depends on the amount of charged DPPG(-). 

 In chapter 3, we investigated the localization of cholesterol and phase behavior in 

various mixtures of charged lipid membranes. Cholesterol prefers to be localized in 

DOPG(-)-rich phase, while does not to be localized in DPPG(-)-rich phase. Our results 

showed that cholesterol tends to be localized in the order of 

DOPG(-)>DPPC>DOPC>DPPG(-). In presence of salt, localization of cholesterol was 

changed significantly. In addition, the screening effects in phase behavior by presence of 
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monovalent cation Na+ and divalent cation Mg2+ are also difference. These results 

suggest that the interaction between charged lipid and cholesterol plays an important 

role in structural regulation of phase separation in lipid membrane. 

 In chapter 4, we investigated the effect of charge on membrane 3D structure and 

discussed relationship between membrane 2D and 3D structures by comparison to 

chapter 2. We observed membrane morphology in various mixtures containing charged 

lipids. In binary mixtures of unsaturated lipid/saturated lipid, neutral composition of 

DOPC/DPPC formed spherical shape, whereas pore formation structures were observed 

in DOPG(-)/DPPC mixtures.  Pore formation was suppressed due to screening of electric 

charge of DOPG(-) by adding salt. In ternary mixtures of DPPC/DPPG(-)/Chol, pore 

formation structures were also observed. Percentage of pore formation is increased with 

DPPG(-) concentration. In presence of salt, pore formation was suppressed same as 

binary mixture. These results revealed that electric charge of lipid affects membrane 

morphology. Moreover, the results from experiment and theoretical model corresponded 

to the result of Coarse-grained molecular dynamics simulations 

Our findings will be advanced understanding of the mechanism of dynamic process in 

biomembrane such as 2D dynamics of lipid rafts structure, and 3D dynamics of 

membrane morphology including endocytosis, autophagy, and vesicular transport 

during the signal transduction. Moreover, our finding may help to understand the 

mechanisms that play an essential role in the interactions of proteins with lipid 

mixtures. 
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