
Maximum Solubilities of Sterols and Cholesterol Induced 

Domain Formation in Lipid Membranes 

by 

SERKAN BALYIMEZ, M.Sc. 

A Dissertation 

In 

PHYSICS 

Submitted to the Graduate Faculty 

of Texas Tech University in 

Partial Fulfillment of 

the Requirements for 

the Degree of 

DOCTOR OF PHILOSOPHY 

Approved 

Juyang Huang 

Chair of the Committee 

Charles W. Myles 

Mahdi Sanati 

Edward L. Quitevis 

Mark A. Sheridan 

Dean of the Graduate School 

May, 2014 



 

 

 

 

 

 

 

© Copyright 2014, Serkan Balyimez 

 

 

 

 

 

 

 

 

 

 

 

 

 



Texas Tech University, Serkan Balyimez, May 2014 

 

ii 

 

ACKNOWLEDGEMENT  

I would like to thank my PhD advisor, Dr. Huang for his mentorship and support during 

my PhD. I appreciate all his contributions of time, ideas, and funding to make my Ph.D. 

experience a valuable experience. He has been a good example of a successful physics 

professor not only by his research, but also his mentorship.   

I would like to thank my committee members; Dr. Charles Myles, Dr. Mahdi Sanati, and 

Dr. Edward Quitevis for their time, interests, and helpful comments. I would like to thank 

Dr. Mark Webb for his time to serve as a dean’s representative.  

I would like to thank my colleagues; Mohammad Alwarawrah, Eda Baykal, Ebrahim 

Hassanzadeh, Jian Dai, and Yun Mao for making my time in the lab and office a 

pleasure. Together, they have made the difficult days easier and the good days even more 

enjoyable.   

I would like to thank my parents who have raised me in a loving, caring environment and 

supported me in all my pursuits. I would like to thank my brothers for all their love and 

encouragement.  

Most of all, I would like to thank my loving, supportive, encouraging, and patient wife 

Aysegul Balyimez whose continuous support has been so valuable.  

 

 

 



Texas Tech University, Serkan Balyimez, May 2014 

 

iii 

 

 

TABLE OF CONTENTS 

 

Acknowledgement .............................................................................................................. ii 

Abstract ............................................................................................................................ viii 

List of Tables ..................................................................................................................... ix 

List of Figures ..................................................................................................................... x 

List of Abbreviations ....................................................................................................... xvi 

CHAPTER 1 ....................................................................................................................... 1 

Introduction ......................................................................................................................... 1 

1.1 Cell Membrane ..................................................................................................... 1 

1.2 Lipid Bilayer ........................................................................................................ 2 

1.3 Phospholipids ....................................................................................................... 2 

1.4 Cholesterol ........................................................................................................... 3 

1.5 Umbrella Model ................................................................................................... 3 



Texas Tech University, Serkan Balyimez, May 2014 

 

iv 

 

1.6 Maximum Solubility of Cholesterol ..................................................................... 4 

1.7 Phase Behavior of Plasma Membrane .................................................................. 4 

1.8 Ternary Phase Diagram ........................................................................................ 5 

1.9 References ............................................................................................................ 6 

CHAPTER 2 ....................................................................................................................... 7 

Maximum Solubility of Cholesterol and Domain Formation in POPC/POPE Lipid 

Bilayers ............................................................................................................................... 7 

2.1 Abstract ................................................................................................................ 7 

2.2 Introduction .......................................................................................................... 9 

2.3 Materials and Methods: ...................................................................................... 11 

2.4 Results ................................................................................................................ 16 

2.4.1 Max Solubility of Cholesterol in POPC POPE Lipid Bilayers ................... 16 

2.4.2 Large Domain Formation in POPC/POPE/Cholesterol Mixture ................ 20 

2.5 Conlusion and Discussion .................................................................................. 29 

2.6 References .......................................................................................................... 33 



Texas Tech University, Serkan Balyimez, May 2014 

 

v 

 

CHAPTER 3 ..................................................................................................................... 35 

Investigation of the Phase Diagram of di16:0DAG, Cholesterol, and POPC mixtures 

using Light Scattering and Optical Microscopy ............................................................... 35 

3.1 Abstract .............................................................................................................. 35 

3.2 Introduction ........................................................................................................ 37 

3.3 Experimental Methods ....................................................................................... 40 

3.4 Results ................................................................................................................ 43 

3.4.1 Light Scattering ........................................................................................... 43 

3.4.2 Optical Microscopy ..................................................................................... 52 

3.5 Conclusion and Discussion ................................................................................ 53 

3.6 References .......................................................................................................... 56 

CHAPTER 4 ..................................................................................................................... 58 

Ergosterol and Stigmasterol Interact with Phosphatidylcholine Lipid Bilayers Less 

Favorably Than Cholesterol Introduction ......................................................................... 58 

4.1 Abstract .............................................................................................................. 58 



Texas Tech University, Serkan Balyimez, May 2014 

 

vi 

 

4.2 Introduction ........................................................................................................ 59 

4.3 Experimental Methods ....................................................................................... 62 

4.4 Results ................................................................................................................ 65 

4.5 Conclusion and Discussion ................................................................................ 74 

4.6 References .......................................................................................................... 78 

CHAPTER 5 ..................................................................................................................... 80 

Other Small Projects ......................................................................................................... 80 

5.1 Phase Behavior of DOPC/DSPC/Cholesterol Ternary Mixtures ....................... 80 

5.1.1 Abstract ....................................................................................................... 80 

5.1.2 Introduction ................................................................................................. 81 

5.1.3 Materials and Methods:............................................................................... 82 

5.1.4 Results ......................................................................................................... 85 

5.1.5 Conclusion and Discussion ......................................................................... 92 

5.2 Maximum Solubility of Cholesterol in lipid bilayers with Charged Lipids ....... 93 



Texas Tech University, Serkan Balyimez, May 2014 

 

vii 

 

5.2.1 Abstract ....................................................................................................... 93 

5.2.2 Introduction ................................................................................................. 94 

5.2.3 Materials and Methods:............................................................................... 95 

5.2.4 Results ......................................................................................................... 96 

5.2.5 Conclusion and Discussion ......................................................................... 97 

5.3 References .......................................................................................................... 99 

CHAPTER 6 ................................................................................................................... 101 

Conclusion ...................................................................................................................... 101 

References ................................................................................................................... 105 

 



Texas Tech University, Serkan Balyimez, May 2014 

 

viii 

 

ABSTRACT 

Sterol is a major component of cell membranes in living cells. A characteristic sterol is 

cholesterol in animal cell membranes, stigmasterol in plants, and ergosterol in fungi. The 

maximum solubility of sterol in a lipid bilayer is the highest mole fraction of sterol that 

can be incorporated into a lipid bilayer before sterol crystals precipitate. We have 

investigated how the maximum solubility of cholesterol depends on the sizes of lipid 

head groups in POPC/POPE/cholesterol lipid bilayers and on the charges of head groups 

in POPS/cholesterol and POPG/cholesterol lipid bilayers. We found that the maximum 

solubility of cholesterol increases linearly as a function of the ratio 

POPC/(POPE+POPC). Our fluorescence microscopy measurements reveal phase 

separations and large domain formation in the mixture of POPC/POPE lipid bilayers with 

high amount of cholesterol. We measured maximum solubility limits of ergosterol and 

stigmasterol molecules in PC lipid bilayers. Our results show that minor differences in 

sterol structure could result in large differences in sterol-phospholipid  interactions. The 

maximum solubility of di16:0DAG in POPC lipid bilayers in the presence of cholesterol 

is measured using light scattering technique. Optical microscopy experiment detected the 

existence of DAG crystals and confirmed solubility limits obtained by light scattering 

measurement. Our results show that light scattering is a reliable method to measure the 

maximum solubility.  
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CHAPTER 1   

INTRODUCTION 

1.1 Cell Membrane 

Cell membrane has important functions in the structure and function of a cell. It 

separates the interior of the cell from the outside environment, defines the 

compartments inside the cell, and regulates the molecule exchange between the inside 

and the outside of the membrane. It consists of phospholipid bilayer with embedded 

proteins.  

The lipid bilayer structure of cell membrane was first proposed by Gorter and Grendel 

in 1925 
1
. They extracted the lipids from red blood cells and spread them on a water 

surface. They measured the surface area of the lipids and they compared their finding 

with the surface area measurement from the microscopic images. They found that the 

surface area of the lipid structure spread on the water surface is twice that of the 

microscopic images. They concluded that the cell membrane is made of two opposing 

molecular layers and proposed the bilayer structure of cell membrane.  

Danielli and Davson modified the cell membrane model with a protein layer tightly 

associated 
2
. Singer and Nicolson proposed the fluid mosaic model in 1972 

3
. 

According to the fluid mosaic model, the cell membrane consists of a highly fluid 

matrix of a bilayer of phospholipids with globular proteins embedded. The molecules 



Texas Tech University, Serkan Balyimez, May 2014 

 

2 

 

in the cell membrane are always in motion and the phospholipid molecules are able to 

drift across the membrane.  

1.2 Lipid Bilayer 

The lipid bilayer is a two-layered arrangement of lipid molecules. The amphiphilic 

nature of lipids allows them to form the bilayer structure. The hydrophobic tails of 

lipids face inward and the hydrophilic head groups of lipids face outward. The lipid 

bilayer preserves the ion concentration across the membrane. Even though it is about 

five nanometers thick, it is impermeable to most hydrophilic molecules.  

1.3 Phospholipids 

Phospholipids are essential molecules that are found in a cell membrane. 

Phospholipids contain two fatty acid tails attached to a glycerol head group. The 

glycerol group makes the head group hydrophilic, whereas the fatty acid tails are 

hydrophobic. Due to the dual nature of hydrophilicity, phospholipids are called 

amphipatic. When a phospholipid molecule is in water, it self-assembles into micelles 

or bilayers to protect their hydrophobic tails from water and to expose their 

hydrophilic head groups to water.  

The structural diversity of a phospholipid comes from the variability of the chain 

length and its degree of saturation. The most abundant types of phospholipids are 

phosphatidylcholine, phosphatidylethanolamine, and phosphatidylserine. 
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1.4 Cholesterol 

Cholesterol is another major constituent of the cell membrane. The amount of 

cholesterol varies with the type of membrane. Cholesterol is an amphipathic molecule, 

like phospholipids. Its hydrophilic hydroxyl group aligns with the phospholipid’s 

hydrophilic head group. The remaining portion of it tucks into the hydrophobic portion 

of the bilayer. This helps immobilize the outer surface of the membrane, makes the 

lipid bilayer less deformable, and make it less permeable to small water soluble 

molecules.  

According to recent experimental evidences, cholesterol at some particular 

compositions forms highly ordered lateral distributions in the lipid bilayer 
4
. Also 

cholesterol has important roles on the mechanical and thermodynamic properties of a 

lipid bilayer. It regulates the membrane fluidity and membrane protein interaction.  

When the cholesterol content is high enough in the bilayer, it forms a liquid-ordered 

phase 
4
. Cholesterol can induce domain formation when mixed with phospholipids. 

Lipid rafts is an example of such a domain formation. Since lipid rafts involve at least 

three lipid components, a good model system needs to employ at least three lipid 

components, one of which is cholesterol.  

1.5 Umbrella Model 

According to the umbrella model, the hydrophobic portion of cholesterol is shielded 

by the hydrophilic head groups of neighboring phospholipid molecules to avoid the  
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unfavorable interaction with water 
5
. Lipids with relatively large head groups are 

better candidates to accommodate cholesterol than other lipids with smaller head 

groups. In addition to the size of head group, the level of acyl chain unsaturation is 

important. The higher unsaturation of lipid acyl chains leads to a conical shape, 

whereas saturated lipids tend to be more cylindrical. Hence the saturated lipids can 

accommodate more cholesterol than the unsaturated lipids.  

1.6 Maximum Solubility of Cholesterol 

The umbrella model explains well the cholesterol’s mixing behavior in the cell 

membrane 
5
. The maximum solubility of cholesterol in the membrane depends on how 

much shielding the membrane can provide to cholesterol. It depends on the size of the 

head group, the saturation of acyl chains, any charge on the phospholipid, and the 

length of acyl chains.  

1.7 Phase Behavior of Plasma Membrane 

A number of recent publications support the hypothesis that the plasma membrane is 

not uniform. The plasma membrane consists of domains of lipids in different phases. 

The liquid-ordered (Lo) phase is rich in cholesterol and saturated lipids while the 

liquid-disordered (Ld) phase is rich in unsaturated lipids 
6, 7

. The gel phase is the solid 

phase of lipids under the melting point.  

Saturated and unsaturated lipids undergo a phase separation due to a simple packing 

effect. The presence of a double bond produces a kink in the unsaturated chain. The 
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kink prevents the efficient packing and free energy reduction. Hence, the lipids 

separate into a gel phase of saturated lipids and a liquid phase of unsaturated lipids. If 

both lipids are in liquid phase, the difference in the order of lipids will not be high 

enough for a phase separation. When cholesterol is added to the system, the saturated 

lipid will be sufficiently ordered that energetically favorable phase separation can 

occur.  

1.8 Ternary Phase Diagram 

Due to experimental difficulties, only simple three component lipid mixtures can be 

treated rigorously. Hence, one needs to choose a small number of main lipid 

components to work on. It is reasonable to choose one lipid in liquid-ordered phase, 

one in liquid-disordered phase, and cholesterol to observe the interaction between 

different types of lipids. Also the mixture should include the predominant lipids found 

in a particular type of cell membrane. We can use various three-component lipid 

mixtures to characterize the phase behavior of a cell membrane. A ternary phase 

diagram would be useful to summarize the phase behavior of a three-component lipid 

mixture.  
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CHAPTER 2   

MAXIMUM SOLUBILITY OF CHOLESTEROL AND 

DOMAIN FORMATION IN POPC/POPE LIPID 

BILAYERS 

2.1 Abstract 

Lipid bilayers composed of POPC and POPE usually stay as 1-phase mixtures at room 

temperature, with or without incorporation of modest amount of cholesterol. However, 

at the maximum solubility limit of cholesterol in binary lipid mixtures, possibility of 

domain formation has been suggested based on the detail molecular packing patterns 

of phospholipids with cholesterol. The maximum solubility of cholesterol in a lipid 

bilayer is the highest mole fraction of cholesterol that can be incorporated into a lipid 

bilayer before cholesterol crystals precipitate. The maximum solubility of cholesterol 

was determined to be 67 mol % in POPC bilayers and 50 mol % in POPE bilayers 
1
.  

In this study, the maximum solubility of cholesterol in mixtures of POPC/POPE lipid 

bilayers is measured using a cholesterol oxidase (COD) reaction rate assay. We found 

that the maximum solubility of cholesterol increases linearly as a function of the ratio 

POPC/(POPE+POPC).  We also prepared planar POPC/POPC lipid bilayers at their 

cholesterol solubility limits on mica surfaces inside hydrated chambers. Although the 

bilayers appeared having uniform fluorescence intensity initially, large lipid domains 

became visible by fluorescence microscopy after several days of incubation. 

Previously, it has been suggested that cholesterol may form a "hexagonal" regular 
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distribution pattern at the maximum solubility limit in POPE bilayers and a "maze" 

pattern at the maximum solubility in POPC bilayers 
2
. Thus, it is possible that the lipid 

mixtures separated into POPC-rich and POPE-rich lipid domains, each having their 

signature lipid packing pattern and mole fraction of cholesterol.  
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2.2 Introduction 

Plasma membranes show asymmetry when the distribution of major phospholipid 

classes is concerned. Phosphatidylcholine (PC), sphingomyelin (SM), and cholesterol 

are known to be localized in the outer leaflet of the plasma membrane whereas 

phosphatidylethanolamine (PE), phosphatidylserine (PS), and cholesterol are 

predominantly found in the inner leaflet of the membrane 
3, 4

. Estimates of the 

cholesterol content vary between 25 mole percent and 50 mole percent. Different 

concentrations of cholesterol and lipids in a cell imply that they play a key role in 

establishing the properties of the plasma membrane. Different types of phospholipids 

can have different head groups of different sizes. The cross sectional area occupied by 

the head groups of lipids can be greater than that occupied by the acyl chains. The 

presence of a larger head group than the acyl chains causes the tails to be packed more 

loosely if there is no cholesterol in the membrane. If cholesterol is present, it acts as a 

spacer to fill the gap between lipid tails and help achieve a closer packing. It has been 

proven by experimentalists that the addition of cholesterol increases the acyl chain 

order 
5
. Since more cholesterol can be shielded by lipids with larger head groups (such 

as PCs), lipids with larger head groups have more ordered acyl chains than that with 

smaller head groups (such as PEs) at the maximum solubility limit of cholesterol.  

The lateral distribution of lipids in bilayers and the formation of lipid domains have 

been extensively studied in recent years 
6-8

. It is generally believed that lipids are not 

randomly distributed in the bilayer. Instead, it is believed that lipids phases separate 
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and form compositionally distinct domains 
9, 10

. The mechanism of phase separation is 

not clear. It was shown that the different lipid species in the multicomponent 

membranes tend to form regular lateral distributions 
6, 11

. The formation of regular 

lateral distributions is proposed to be governed by repulsive forces and entropy gain 
6
.   

According to the Umbrella Model, the solubility of cholesterol is limited because the 

shielding provided by phospholipid head groups is limited. Huang et al. studied the 

solubility of cholesterol in POPC and POPE bilayers 
1
. They determined the maximum 

solubility of cholesterol to be 66 mole percent in POPC bilayers and 51 mole percent 

in POPE bilayers. The data indicates that cholesterol prefers the large head group lipid 

(POPC) over the small head group lipid (POPE). However, the co-existence of both 

head groups and cholesterol has not been yet explored. Previously, it has been 

suggested that cholesterol may form a hexagonal regular distribution pattern at the 

maximum solubility limit in POPE bilayers and a maze pattern at the maximum 

solubility in POPC bilayers (Figure 2-1) 
2
. Again it has never been explored whether 

domains of these patterns still exist at the maximum solubility of cholesterol in POPC 

and POPE mixtures. 

Liposomes and supported lipid bilayers have been extensively studied for 

understanding the important properties of phase separation in lipid bilayers 
12-14

. These 

studies have shown that different phases of different lipid compositions can coexist.  
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In this work, the maximum solubility of cholesterol in mixtures of POPC/POPE lipid 

bilayers is measured using a cholesterol oxidase (COD) reaction rate assay. We also 

investigated phase separation of POPC and POPE at the maximum solubility limits of 

cholesterol.  

 

 

 

Figure 2-1 Cholesterol-lipid lateral distribution patterns at the maximum solubility of 

cholesterol. Cholesterol molecules are shown by black dots and lipid acyl chains by 

white dots. (a) Hexagonal pattern at Xc=0.50 for the mixture of POPE/Chol and (b) 

maze pattern at Xc=067 for the mixture of POPC/Chol.  

2.3 Materials and Methods:  

1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC), 1-palmitoyl-2-oleoyl-sn-

glycero-3-phosphoethanolamine (POPE), 1,2-dipalmitoyl-sn-glycero-3-

phosphoethanolamine-N-(lissamine rhodamine B sulfonyl) (Rhodamine-PE) were 

purchased from Avanti Polar Lipids (Alabaster, AL). Cholesterol was purchased from 

Nu Chek Prep, Inc. (Elysian, MN). Lipid purity (>99%) was confirmed by thin layer 

chromatography (TLC) on washed, activated silica gel plates (Alltech Associates, Inc., 

Deerfield, IL) and developed with a 65:25:4 chloroform/methanol/water mixture for 

phospholipid analysis. The TLC plates were visualized by being heated on a 200 °C 
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hotplate for 2 h after being sprayed with a 20% ammonium sulfate solution. All 

solvents were HPLC grade. Concentrations of phospholipid stock solutions were 

determined with a phosphate assay 
15

. Aqueous buffer [5 mM PIPES, 200 mM KCl, 

and 1 mM NaN3 (pH 7.0)] was prepared from deionized water (~18 MΩ) and filtered 

through a 0.1 µm filter before use. Recombinant cholesterol oxidase expressed in 

Escherichia coli (C-1235), peroxidase (P-8250) from horseradish, and other chemicals 

for the cholesterol oxidation measurements were obtained from Sigma (St. Louis, 

MO).  

Liposome Preparation: The cholesterol content in all samples was kept at 80 µg for 

COD experiments, and the lipid compositions of samples were adjusted by adding 

appropriate amounts of POPC and POPE. For all microscopy experiments, the total 

concentration of lipid and cholesterol was kept constant at 500 µM and lipid mixtures 

were also labeled with 1% rhodamine-PE. Liposomes were prepared by the rapid 

solvent exchange (RSE) method 
16

. First, lipids were dissolved in 80 µL of 

chloroform. The lipid solution was then heated to 50 °C briefly in a glass tube, and 1.3 

mL of aqueous buffer was added. While the mixture was kept vigorously vortexed in 

the glass tube, the bulk solvent was removed by gradually reducing the pressure to ~3 

cm of Hg using a home-built vacuum attachment. The remaining trace chloroform was 

removed by vortexing for an additional 1 min at the same pressure. The liposomes 

prepared by these procedures were all sealed under argon. The samples were then 

placed in a programmable water bath (VWR, model 1187P), preheated to 50 °C for the 

subsequent heating and cooling cycle. The samples were first cooled to 24 °C at a rate 
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of 10 °C/h and again heated to 50 °C at the same rate. The samples were then kept at 

50 °C for an additional 1 h before finally being cooled to room temperature at a rate of 

1.5 °C/h. Finally, the liposomes were stored at room temperature on a mechanical 

shaker for ~10 days in the dark before the cholesterol oxidation measurements. 

Cholesterol Oxidation Measurements: Cholesterol oxidase (COD) is a water-soluble 

monomeric enzyme that catalyzes the conversion of cholesterol to cholest-4-en-3-one. 

The initial rate of oxidation of cholesterol by the oxidase enzyme was determined 

through a coupled enzyme assay scheme as shown below.  

Cholesterol+ O2      
COD

        H2O2 + Cholest-4-en-3-one  

2H2O2 + 4-Aminoantipyrine + Phenol   
POD 

     Red Quinoneimine + H2O  

The total reaction involves two steps. In the first step, the COD-mediated oxidation of 

membrane cholesterol produces two products, hydrogen peroxide and cholest-4-en-3-

one 
17

. Catalyzed by peroxidase (POD), the production of hydrogen peroxide in the 

first step subsequently leads to reaction with 4-aminoantipyrine and phenol and 

produces red-colored quinoneimine, which has a distinctive absorption peak at 500 nm 

18
. For each cholesterol oxidation measurement, 1.3 mL of liposomes was first mixed 

with 0.2 mL of a 140 mM phenol solution. After mixing had been carried out, 1 mL of 

reaction buffer [1.64 mM aminoantipyrene and 10 units/mL peroxidase in PBS buffer 

(pH 7.40)] was added. The above mixture was then incubated at 37 °C for at least 10 

min and finally transferred to a cuvette preheated to 37 °C in a heating block. The 
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sample in the cuvette was maintained at 37 °C and stirred with a home-built magnetic 

mini-stirrer during the measurement. An HP-8453 (UV-vis) linear diode array 

spectrophotometer (Agilent Technologies, Wilmington, DE) was used to measure the 

absorption spectra of the samples. The reaction was started by injecting 30 µL of a 

COD solution (5 units/mL) into the cuvette. The time-resolved absorption spectra 

(190-1100 nm) were collected with an integration time of 0.5 s. The spectra were 

collected at a rate of two spectra per second, and the total data collection time per 

sample was 120 s. Background-corrected time-dependent absorption of quinoneimine 

was determined by calculating the difference in the absorption at 500 nm and the 

background average over the range of 700-800 nm as a function of time. The initial 

oxidation rate, i.e., the rate of change in the quinoneimine absorption at time zero, was 

determined using a second-order polynomial fit to the first 40 s of the absorption data. 

All data acquisition and data analysis were performed using the UV-visible 

ChemStation Software provided by Agilent Technologies. For all COD experiments, 

each sample contained the same amount of cholesterol (60 µg). This ensured that the 

bulk concentration of available substrate to COD remained constant.  

Fluorescence Microscopy: Fluorescence microscopy was used to visualize domain 

formation in POPC/POPE/cholesterol bilayers.  Liposomes containing %1 rhodamine-

PE were first prepared using the RSE method 
16

. Then the liposomes were kept in a 65 

°C water bath for 5 minutes followed by 15 seconds of vortexing and 20 minutes of 

sonification. An O-ring was placed on freshly cleaved mica which was glued to a glass 

slide. Two other O-rings were placed on the sides to provide support (see Figure 2-4). 
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A plastic slide was then placed on top of the O-rings. The slides were held together by 

two metal clips. Liposomes were added onto the mica surface through a small hole on 

the plastic slide, and the hole was then sealed. The samples were then heated at 50 °C 

for 20 minutes on a dry heating block and slowly cooled down to the room 

temperature. The samples were incubated at room temperature for about a week. At 

the end of the first incubation, the mica surface was gently rinsed with water to get rid 

of all lipid bilayers except the first layer 
19

.  After incubating the samples for another 

week, we imaged the lipid bilayers under a fluorescence microscope. Fluorescence 

images of lipid domains were captured using a Cooke SensiCam CCD camera 

(Auburn Hills, MI) on an Olympus IX70 inverted microscope (Melville, NY) with a 

20× Olympus objective. For the determination of the large domains in the 

POPC/POPE bilayer, a series of POPC/POPE/cholesterol mixtures with varying 

amount of POPC to POPC+POPE ratios and the maximum amount of cholesterol 

soluble in the mixture were examined. The maximum mole fraction of cholesterol 

soluble in the POPC/POPE mixture was calculated using the formula:  

Χ*Mixture = X*POPE + (X*POPC - X*POPE) x R   

where Χ*Mixture, X*POPC, and X*POPE are the maximum solubility limits of cholesterol in 

the POPC/POPE mixture, the pure POPC, and the pure POPE lipid bilayers, 

respectively and R is the molar ratio of POPC to POPC+POPE.  
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The domain sizes of POPC and POPE domains were determined by visual inspection 

of bright and dark domain sizes as the lipid ratio R changed.  

2.4 Results 

2.4.1 Max Solubility of Cholesterol in POPC POPE Lipid Bilayers 

Huang et al. studied the solubility of cholesterol in POPC and POPE bilayers 
1
. They 

determined the maximum solubility of cholesterol to be 66 mole percent in POPC 

bilayers and 51 mole percent in POPE bilayers.  

The maximum solubility of cholesterol in mixtures of POPC/POPE lipid bilayers has 

been investigated systematically using a cholesterol oxidase (COD) reaction rate 

assay. There are two important factors contributing to the COD reaction rate; the 

amount of cholesterol in the bilayer that is accessible to the COD enzyme and the 

chemical potential of cholesterol 
20

. When the cholesterol mole fraction is below the 

cholesterol solubility limit, the COD initial reaction rate increases due to the increase 

in the chemical potential of cholesterol. Since all samples contain the same amount of 

cholesterol, the amount of cholesterol plays no role in the increase of the COD initial 

reaction rate below the cholesterol solubility limit. Since some cholesterol will be in 

the crystal phase above the solubility limit, the amount of cholesterol accessible to the 

COD enzyme will be less. Hence the COD initial reaction rate will decrease above the 

cholesterol limit. The chemical potential of cholesterol does not affect the COD initial 

reaction rate since it will be constant above the cholesterol solubility limit. Since the 
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reaction rate will increase below the solubility limit and decrease above the solubility 

limit, the COD initial reaction rate will form a peak at the cholesterol solubility limit. 

Thus finding a global peak of COD initial reaction rate is a reliable method to 

determine the maximum solubility of cholesterol in lipid bilayers.  

COD experiment was performed on three sets of samples for each 

POPC/(POPE+POPC) ratio. For each set of samples, we kept the ratio R = 

POPC/(POPE+POPC) constant and we changed the cholesterol concentration to find 

the highest chemical potential and hence the maximum solubility of cholesterol 
20

. We 

repeated the measurements for various R ratios ranging from 0.25 to 0.75. The R ratios 

we have chosen were 0.25, 0.35, 0.50, 0.65, and 0.75. For each set, the COD 

experiment was performed and a peak indicating the solubility limit of cholesterol was 

observed. Figure 2-2a shows one of those measurements and Figure 2-2b the curve 

obtained for the lipid ratio of R=0.25.  

It is clear from the COD reaction curve that after the cholesterol concentration reaches 

0.53 mole fraction, cholesterol molecules begins to precipitate and hence the 

maximum solubility of cholesterol is Xc=0.53 for lipid mixtures with R=0.25. The 

other COD reaction curves were not shown here.  

We prepared three sets of samples for each specific POPC/(POPE+POPC) lipid ratio. 

The cholesterol solubility limit for each lipid ratio was averaged and graphed with 

respect to the lipid ratio. The blue line in Figure 2-3 shows the maximum solubility of 



Texas Tech University, Serkan Balyimez, May 2014 

 

18 

 

cholesterol in the mixture of POPC and POPE lipids. The filled diamonds are the 

maximum solubility of cholesterol in POPC/POPE bilayers determined by COD 

measurement. Clearly, the higher the POPC/(POPC+POPE) ratio, the higher the 

maximum solubility of cholesterol. Previously, it has been shown that on average one 

POPC molecule can shield two cholesterol molecules and one POPE molecule can 

cover only one cholesterol molecule 
21

. Our results strongly suggest that for each 

POPE replaced by one POPC molecule, the bilayer can accommodate one additional 

cholesterol molecule. To test this hypothesis over the entire range of R values, we 

calculated the theoretical value of the solubility limit of cholesterol with the above 

assumption. If our assumption that the bilayer can accommodate one additional 

cholesterol molecule for each POPE molecule replaced by one POPE molecule is 

correct, the maximum solubility limit of cholesterol (X*) in POPC/POPE bilayer can 

be calculated by  

Χ*(theory) = X*POPE + (X*POPC - X*POPE) R       (1) 

The red line in Figure 2-3 is the theoretical X* curve given by Equation 1. It is clear 

from Figure 2-3 that there is a good agreement between the theoretical curve and the 

experimental data over the entire range of R values. This confirms that for each POPE 

replaced by one POPC molecule, the bilayer can accommodate one additional 

cholesterol molecule. 
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Figure 2-2 a) COD absorbance measurement as a function of time after COD enzyme 

was injected. b) COD initial rate as a function of cholesterol mole fraction in 

POPC/POPE/Cholesterol bilayers with fixed POPC/(POPE+POPC)=0.25 lipid ratio.  

 

 

 

 

 

 

 

 

 

 

Figure 2-3 The solubility limit of cholesterol in POPE/POPC bilayer for various ratios 

of POPC/(POPE+POPC) 
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2.4.2 Large Domain Formation in POPC/POPE/Cholesterol Mixture 

Previously, it has been suggested that cholesterol may form a "hexagonal" regular 

distribution pattern at the maximum solubility limit in POPE bilayers and a "maze" 

pattern at the maximum solubility in POPC bilayers. It is unclear whether domains of 

these patterns exist at the maximum solubility limit in POPC/POPE mixtures. To test 

the existence of phospholipid domains, we prepared samples for each specific 

POPC/(POPE+POPC) lipid ratio with max amount of cholesterol allowed in the 

bilayer. 1% rhodamine-PE was added to the samples to visualize domain formation in 

bilayers. Liposomes containing rhodamine-PE were first prepared using the RSE 

method 
16

. Then the liposomes were kept in a 65 °C water bath for 5 minutes followed 

by 15 seconds of vortexing and 20 minutes of sonification.  

The samples were deposited on the mica surface as described in the Materials and 

Methods part and Figure 2-4. The samples were allowed to incubate on the mica 

surface for one week and rinsed to remove excess vesicles. The samples were 

incubated for an additional time before we imaged the lipid bilayer under a 

fluorescence microscope.  The first one-week incubation allows enough time for 

vesicle fusing to the mica surface.  
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a) b

) 

c) d) 

e

) 

f) h) g) 

Figure 2-4 Sample preparation for fluorescence microscopy. A freshly cleaved mica 

disk was glued to a glass slide (a). After putting three O-rings on the slide (b), they 

were covered with a plastic slide with a hole at the center (c). The slides were held 

together by two metal clips (d) and the liposomes were added onto the mica surface 

through the hole on the plastic slide (e). The hole was then sealed with a cover slip (f). 

After about one week of incubation, the mica surface was gently rinsed with water to 

get rid of all lipid bilayers except the first layer (g). The O-ring on the mica surface 

was filled with water to keep the sample hydrated at all times (h). The sample was 

incubated for an additional week until fluorescence microscopy.  

During the second incubation, the bilayers form POPC-rich and POPE-rich lipid 

domains. It has been observed that domain size is largely affected by the length of the 

second incubation. To determine a good amount of time for the second incubation, we 

prepared samples for the lipid ratio R=0.50 with maximum amount of cholesterol 

allowed in bilayer and incubated for one week. At the end of the incubation, the mica 

surface was rinsed to get rid of additional lipid bilayers. Figure 2-5 shows microscopy 

images from the same sample with different incubation times after rinsing. The bilayer 

was imaged immediately, 1 day, 4 days, and 1 week after rinsing the samples. A 

variety of bilayer structures were observed depending on the incubation time. The 

microscopy images show that vesicles form regular, circular domains after one week. 
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a) b) c) d) 

e) f) g) h) 100 µm 

During first incubation, POPC/Chol and POPE/Chol phase-separate and form large 

lipid domains. After rinsing with water, smaller lipid domains form from large lipid 

domains. The process has some similarity to cell divisions in biology. A good 

incubation time after rinsing was determined to be one week. Water was added onto 

the mica surface after the rinsing to keep the bilayer hydrated at all times. We noticed 

that adding excess amount of water prevents domain formation. 

Figure 2-5 All the samples were prepared for the lipid ratio R=0.50 with maximum 

amount of cholesterol and incubated for one week. At the end of the incubation, the 

mica surface was rinsed to get rid of additional lipid bilayers. The images were taken 

immediately (a and b), one day (c and d), four days (e and f), one week (g and h) after 

rinsing the samples.  

Figure 2-6 shows microscopy images of two samples; one with excess amount of 

water and one with relatively low amount of water only on the edges of mica surface. 

In comparison of the images from samples, we conclude that excess amount of water 

disrupts domain formation and boundaries between domains. Therefore, good 
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100 µm 

a) 

c) 

b) 

d) 

POPC/Chol and POPE/Chol domains are possible with just enough water to keep the 

sample hydrated.  

As mentioned above, we observed POPC/Chol and POPE/Chol phase separation and 

large domain formation in POPC/POPE/Chol lipid mixtures at cholesterol solubility 

limits. We need to find out whether brighter domains are POPC/Chol or POPE/Chol 

phase. If brighter domains are POPC/Chol (or POPE/Chol) phase, we would expect an 

increase (or decrease) in the brighter area of the entire surface upon increasing the 

lipid ratio of POPC. To test whether brighter region is POPC/Chol or POPE/Chol 

domain, we prepared samples with five different lipid ratios of POPC/(POPC+POPE) 

at cholesterol solubility limits.  

 

 

 

 

 

 

 

Figure 2-6 All the samples were incubated one week before rinsing and additional one 

week after rinsing. The lipid mixture was incubated with excess amount of water on 

the mica surface. No domain formation was observed (a and b). One week after the 

excess water was removed from the mica surface, the new domains started to form (c 

and d).  
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Figure 2-7 shows microscopy images of vesicles with lipid ratios of R=0, 0.25, 0.5, 

0.75, and 1. As it would be expected, we did not observe any domain formation for the 

lipid ratios of R=0 and R=1 since domain formation is impossible in mixtures of one 

type of lipid and cholesterol. In comparison of the lipid ratios of 0.25, 0.5, and 0.75, it 

was observed that brighter region of the entire surface increased as the R ratio 

increased. The samples with high POPE content (R=0.25) had less bright domains 

compared to the samples with high POPC content (R=0.75). This result suggests that 

the brighter domains are POPC bilayers with saturated amount of cholesterol (66 mole 

%) and the darker domains are POPE bilayers with saturated amount of cholesterol (50 

mole %).  

Our results suggest the phase separation behavior of POPC/POPE/Chol mixture as 

shown in Figure 2-8. Previously, it has been shown that POPC/POPE/Chol mixtures 

tend to form regular lateral distributions at specific lipid ratios with cholesterol 

concentration lower than solubility limits 
22

. To test any regular distribution in the 

POPC/POPE/Chol mixture, we prepared a set of samples at a fixed lipid ratio with 

varying amount of cholesterol. 
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a) 

f) 

b) 

g) 

c) 

h) 

d) 

i) 

e) 

j) 

 

Figure 2-7 All the samples were incubated one week before rinsing and one week after 

rinsing. The samples imaged have the lipid ratios R=0 (a and b), R=0.25 (c and d), 

R=0.5 (e and f), R=0.75 (g and h), R=1 (i and j).  

We used the lipid ratios of R=0.25, 0.5, and 0.75. Figure 2-9 shows images from the 

mixtures at the given lipid ratios and varying cholesterol concentrations. For the lipid 

ratio of R=0.25, we did not observe any phase separation for samples with cholesterol 

concentration lower than 0.50 (The samples with cholesterol concentration lower than 

Xc=0.48 are not shown). For samples with cholesterol concentration Xc=0.5 and 

higher, phase separation was observed (The samples with cholesterol concentration 

higher than Xc=0.5 are not shown). Similarly domain formation was observed for 

R=0.5 with cholesterol concentration Xc=0.52 and higher and for R=0.75 with 

Xc=0.56 and higher. Figure 2-9 shows images of the samples just below and above the 

critical cholesterol concentration needed for phase separation.  
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e) 

f) 100 µm 

a b c 

 

Figure 2-8 Cholesterol-lipid lateral distribution patterns at the maximum solubility of 

cholesterol. Cholesterol molecules are shown by black dots and lipid acyl chains by 

white dots. (a) Hexagonal pattern at Xc=0.50 for the POPE/Chol mixture. (b) Maze 

pattern at Xc=0.67 for the POPC/Chol mixture. (c) Phase separation in the 

POPC/POPE/Chol mixture at the maximum solubility of cholesterol. Maze pattern of 

POPC/CHOL lipid bilayer appears circular and brighter than hexagonal pattern of 

POPE/CHOL lipid bilayer. 

 

 

Figure 2-9 All the samples were incubated one week before the rinsing and one week 

after the rinsing. a) The lipid ratio R=0.25, cholesterol concentration Xc=0.48. b) 

R=0.25 and Xc=0.50. c) R=0.50 and Xc=0.52. d) R=0.50 and Xc=0.54. e) R=0.75 and 

Xc=0.54. f) R=0.75 and Xc=0.56.  
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This procedure was repeated to determine the phase boundary of domain formation. 

The minimum cholesterol concentrations for domain formation were determined to be 

Xc=0.49 for lipid ratio R=0.25, Xc=0.52 for R=0.50, and Xc=0.54 for R=0.75 (images 

not shown). We conclude that samples with cholesterol content lower than the phase 

boundary are one-phase and with cholesterol content higher than the boundary are 

two-phase.  

Lipid mixtures with cholesterol concentration above the cholesterol maximum 

solubility have 3 phases: a monohydrate cholesterol crystal phase, a POPC/Chol 

bilayer phase, and a POPE/Chol bilayer phase.  

Figure 2-10 is a phase diagram of POPC/POPE/Chol mixtures at high cholesterol 

concentrations. The red line indicates the cholesterol solubility limits, and the green 

boundary specifies the minimum cholesterol mole fractions needed in order to have 

phase separated POPC/POPE/Chol lipid bilayers. The ternary phase diagram is shown 

in Figure 2-11. 
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Figure 2-10 The POPC-rich and POPE-rich domain coexisting region for 

POPC/POPE/Chol mixtures.  Red line: The maximum solubility limit of cholesterol in 

POPE/POPC bilayers.  Green line: the phase boundary that separates the 2-phase 

region and 1-phase region.  
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Figure 2-11 The proposed phase diagram for POPC/POPE/Chol mixtures with high 

cholesterol content. Measured cholesterol solubility limit values were shown by 

square, measured boundary concentration values by x. Phase separation were observed 

between solubility limit and boundary line. The mixture has 3-phases above solubility 

limit due to the presence of cholesterol crystals.  

2.5 Conlusion and Discussion  

The maximum solubility of cholesterol was determined to be 50 mol % in POPE 

bilayers and 67 mol % in POPC bilayers 
1
. We found that the maximum solubility of 

cholesterol increases linearly as a function of the lipid ratio POPC/(POPC+POPE). 

This was not necessarily expected since the maximum solubility of cholesterol is 

affected by a number of factors such as the size of lipid head group, the saturation of 
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acyl chains, and how well cholesterol fits in between the bilayer phospholipids. Our 

results indicate that for each POPE molecule replaced by POPC in 

POPC/POPE/cholesterol mixtures, the bilayer can accommodate one additional 

cholesterol molecule.  Our results support the interpretation of cholesterol solubility 

limit by the Umbrella Model.  

Previous studies have suggested that cholesterol may form a hexagonal regular 

distribution pattern at the maximum solubility limit in POPE bilayers and a maze 

pattern at the maximum solubility in POPC bilayers. The present study shows 

POPC/Chol and POPE/Chol phase separations and large domain formation in the 

mixture of POPC/POPE/Cholesterol at cholesterol solubility limits. This implies that 

POPC bilayers with saturated amount of cholesterol are arranged in the maze pattern 

and POPE bilayers with saturated amount of cholesterol are arranged in the hexagonal 

pattern.  

The Gibbs' Phase Rule allows one to determine the number of degrees of freedom in a 

chemical system. According to the phase rule, the number of degrees of freedom (F) is 

proportional to the difference of the number of chemical components (C) and the 

number of phases (P) in the system. The number of degrees of freedom is given by the 

formula below: 

F = C - P + 2  
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In this formula, 2 represent temperature and pressure variances. In a mixture of 

POPC/POPE/Chol, the number of components is 3. At room temperature and 

atmospheric pressure, the formula becomes  

F = 3 - P  

The minimum value for F can be zero. Hence, the maximum number of phases is 3. In 

our mixture, those three phases are POPC/CHOL, POPE/CHOL, and cholesterol 

crystal phases.     

We developed a planar supported bilayer system to image large domain formation in 

the mixture of POPC/POPE/Chol. We found that large lipid domains became visible 

by fluorescence microscopy after one week of incubation. We found that rinsing is an 

important step to get rid of excess vesicles from the mica surface. Our images show 

that the bottom layer on the mica surface does not detach easily by rinsing. The 

domain sizes of large domains observed were on the order of 100 µm.  

Our results indicate that as the POPC fraction increases, the bright area increases. This 

observation suggests that POPC/Chol domains appear brighter and POPE/Chol 

domains appear darker in the fluorescence microscopy images. Therefore, we 

conclude that fluorescence probe rhodamine-PE preferentially partition into 

POPC/Chol domains.   
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This report demonstrates that domain formation in the mixture of POPC/POPE/Chol is 

possible at high cholesterol concentrations. The phase boundary that separates the 2-

phase region and 1-phase region was determined at various lipid ratios. This phase 

boundary agrees with the previous study 
22

.   
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CHAPTER 3   

INVESTIGATION OF THE PHASE DIAGRAM OF 

DI16:0DAG, CHOLESTEROL, AND POPC MIXTURES 

USING LIGHT SCATTERING AND OPTICAL 

MICROSCOPY 

3.1 Abstract 

Lipid bilayer studies have revealed that DAGs can modify the bilayer structure 

significantly and even induce non-bilayer phases at high concentration 
1
 
2
. In a 

previous study, it was shown that the maximum solubility of cholesterol decreases 

with the increase of di16:0DAG content. The maximum solubility of di16:0DAG in 

pure POPC lipid bilayers was determined to be 21 mol percent. In this study, the 

maximum solubility of di16:0DAG in POPC lipid bilayers in the presence of 

cholesterol is measured by light scattering experiment. We found that the maximum 

solubility of di16:0DAG remains constant at 21 mol percent for cholesterol mole 

fraction below 35 and decreases with the increase of cholesterol content for 

cholesterol mole fraction above 35. Our optical microscopy experiment detected the 

existence of DAG crystals and confirmed the maximum solubility of di16:0DAG 

determined by our light scattering measurements.  The low solubility of di16:0DAG 

indicates that DAG has a lower affinity to PC bilayers, compared with cholesterol and 

ceramides.  This low affinity is resulted from the low headgroup/body ratios of DAGs, 
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which make it difficult for PC headgroups to cover the hydrophobic bodies of DAGs 

in a lipid bilayer. 
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3.2 Introduction  

Diacylglycerols (DAGs) are glycerol derivatives in which two hydroxyl groups have 

been replaced by fatty acids through ester bond formation. DAGs play important roles 

in lipid metabolism, cell signaling, activation of protein kinase C, and other enzymes 

and receptors 
3, 4

. DAGs are known to act as second messengers in cell signaling. 

Their local accumulation in the cell membranes may induce significant changes in the 

physical properties of the lipid bilayer thus influencing important processes, such as 

membrane fusion and fission.  

Under normal conditions, DAGs are minor lipid constituents in cell membranes. 

Previous studies suggest that under equilibrium conditions, cell membranes contain 1-

2 mol percent of DAG 
5, 6

. However, as little as 2 mol percent DAG may cause 

significant changes in the properties of lipid bilayers 
7
. Cell membranes have been 

shown to exist under conditions whose lipid composition is at the threshold for 

membrane protein activation so that a slight change in DAG composition may trigger 

a significant effect 
8
.  

Lipid bilayer studies have revealed that DAGs can modify the bilayer structure 

significantly and even induce non-bilayer phases at high concentration 
1
 
2
. The 

transition from bilayer phase depends on a number of factors, such as the type of 

phospholipids and the proportion of DAG 
2
. Knowledge of the physical properties of 

DAG in a phospholipid matrix will be the key to understanding the physiological 

processes involving DAG.  
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Cholesterol constitutes a significant fraction of most plasma membrane lipids. 

Cholesterol is well-known for increasing the order of acyl chains and bilayer thickness 

and reducing the lateral diffusion of lipids. Another effect of cholesterol is the 

condensing effect, i.e., the total area of a lipid bilayer is less than the sum of the areas 

of phospholipid and cholesterol 
9
 
10

.   

DAG produces some very similar effects on POPC bilayers as cholesterol: increasing 

acyl chain order and bilayer thickness, and decreasing lateral diffusion 
11

. DAG also 

induces strong condensing effect in PC bilayers 
12

. Cholesterol is more effective than 

DAG in producing such effects, probably due to its rigid sterol rings 
12

. DAG and 

cholesterol both have small hydrophilic headgroups and large hydrophobic bodies. It 

is possible that the similarity in their effects on PC bilayers is resulted from their 

similarity in molecular shape.  The chemical structures of di16:0DAG, cholesterol, 

and POPC are shown Figure 3-1.  

The Umbrella model explains well the cholesterol’s mixing behavior in the cell 

membranes 
13

. The maximum solubility of cholesterol in the membrane depends on 

how much shielding the membrane can provide to cholesterol. The maximum 

solubility of cholesterol was determined to be 67 mol percent in POPC bilayers 
14

. Ali 

et al. reported that the maximum solubility of ceramide in POPC lipid bilayers is 67 

mol percent 
15

. They showed that ceramide competes with cholesterol for the coverage 

of PC headgroups and drives cholesterol out of the bilayer into the cholesterol crystal 
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a) 

b) 

c) 

phase 
15

. Hence the maximum solubility of cholesterol decreases with the addition of 

ceramide into the mixture.  

Wang et al. studied the maximum solubility of cholesterol in the mixture of 

POPC/di16:0DAG/Cholesterol 
16

. They showed that the maximum solubility of 

cholesterol decreases with the increase of di16:0-DAG content (the solid line on 

Figure 3-2). They determined the maximum solubility of di16:0-DAG in POPC lipid 

bilayer to be 27±3 mol percent, which is far below the cholesterol maximum solubility 

of 67 mol %. In this study, we report the maximum solubility limit of di16:0DAG in 

the mixtures of di16:0/Chol/POPC 

 

 

 

 

 

 

 

Figure 3-1 Chemical structures of POPC (a), cholesterol (b), and di16:0DAG (c).  
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Figure 3-2 The solubility limit of cholesterol in POPC and di16:0DAG mixture is 

shown by the solid line. The solubility limit of di16:0DAG (    
 =0.27) in POPC lipid 

bilayers is also shown.  

3.3 Experimental Methods 

1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC), cholesterol, and 1, 2-

dipalmitoyl-sn-glycerol were purchased from Avanti Polar Lipids (Alabaster, AL). 

Lipid purity (>99%) was confirmed by thin layer chromatography (TLC) on washed, 

activated silica gel plates (Alltech Associates, Inc., Deerfield, IL) and developed with 

a 65:25:4 chloroform/methanol/water mixture for phospholipid analysis. The TLC 

plates were visualized by being heated on a 200 °C hotplate for 2 h after being sprayed 

with a 20% ammonium sulfate solution. All solvents were HPLC grade. 

Concentrations of phospholipid stock solutions were determined with a phosphate 

assay 
17

. Aqueous buffer [5 mM PIPES, 200 mM KCl, and 1 mM NaN3 (pH 7.0)] was 

di16:0DA
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prepared from deionized water (~18 MΩ) and filtered through a 0.1 µm filter before 

use.  

Liposome Preparation: The total amount of POPC, Cholesterol, and di16:0DAG in 

each sample was kept at 0.3 µmole for light scattering and optical microscopy 

experiments. The lipid compositions of samples were adjusted by adding appropriate 

amounts of POPC, cholesterol, di16:0DAG. Each set of samples was prepared for a 

particular cholesterol concentration with gradually changing di16:0DAG 

concentration. Liposomes were prepared by the rapid solvent exchange (RSE) method 

18
. First, lipids were dissolved in 80 µL of chloroform. The lipid solution was then 

heated to 50 °C briefly in a glass tube, and 1.3 mL of aqueous buffer was added. 

While the mixture was kept vigorously vortexed in the glass tube, the bulk solvent was 

removed by gradually reducing the pressure to ~3 cm of Hg using a home-built 

vacuum attachment. The remaining trace chloroform was removed by vortexing for an 

additional 1 min at the same pressure. The liposomes prepared by these procedures 

were all sealed under argon. The samples were then placed in a programmable water 

bath (VWR, model 1187P), preheated to 50 °C for the subsequent heating and cooling 

cycles. The samples were first cooled to 24 °C at a rate of 10 °C/h and again heated to 

50 °C at the same rate. The samples were then kept at 50 °C for an additional 1 h 

before finally being cooled to room temperature at a rate of 1.5 °C/h. Finally, the 

liposomes were stored at room temperature on a mechanical shaker for ~8 days in the 

dark before the optical microscopy measurement. No long incubation was used for the 

light scattering samples.  
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Light Scattering: Ninety-degree light scattering was measured using a PTI 

spectrofluorimeter. The incident beam was set at 550 nm with a 2-nm slit width. To 

avoid detector saturation, the 90
o
 scattering light was collected with the detection 

monochromators set at 6 nm higher than the incident wavelength. The diameter of the 

illumination beam in the cuvette was narrowed down to ~2 mm by adjusting the focus 

lens. A paper aperture in front of samples was used to reduce the noise of scattering 

intensity. Two milliliters of 100 µM POPC/cholesterol/di16:0DAG suspension was 

added to the cuvette with a Teflon coated magnetic stir bar. Determination of X
*
DAG 

by light scattering exploits the differences in size, structure, and refractive index 

between DAG crystals and bilayer vesicles. As DAG crystals enter or leave the narrow 

illumination beam due to stirring motion, fluctuations were introduced in the 

scattering intensity. The scattering signals was collected by two detectors set in the 

photon counting mode at a rate of 10 data points per second for a total of 60 s.  

Optical microscopy: Optical microscopy was used to detect the presence of 

di16:0DAG crystals in the lipid dispersions. The method has been described 

previously 
19

. An Olympus (Melville, NY) IX70 inverted microscope was used in the 

Nomarski differential interference contrast (Nomarski DIC) mode. An Olympus 203 

air (UplanFl) objective was used. Images were captured by a Cooke SensiCam digital 

CCD camera (Auburn Hills, MI). Hydrated POPC/cholesterol/di16:0DAG dispersions 

made by the RSE method were viewed on thin cover glasses. The advantage of light 

microscopy is that crystals and lipid vesicles can be identified by direct, visual 

observation 
20

. We examined a series of samples with varying compositions and 
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searched for the critical composition above which the presence of DAG crystals was 

detected. The main limitation of the method is that the quantity of crystals cannot be 

estimated, due to the small sampling volume and variations in the crystal size. 

However, light microscopy can serve as a supporting technique to confirm X
*
mixture 

value.  

3.4 Results 

3.4.1 Light Scattering 

Previously, it has been shown that the maximum solubility of cholesterol in POPC 

lipid bilayers is 66 mol % 
14

 and that the maximum solubility of di16:0-DAG in POPC 

lipid bilayers is 27±3 mol % 
16

. However, the maximum solubility limits of 

di16:0DAG in POPC/di16:1DAG/cholesterol lipid mixtures (X
*
mixture) have not been 

explored.  

The maximum solubility of di16:0DAG in mixtures of POPC lipid bilayers has been 

investigated systematically using light scattering. Determination of X
*
DAG by light 

scattering exploits the differences in size, structure, and refractive index between DAG 

crystals and bilayer vesicles 

Anti-Correlation Function of Scattered Lights: As crystals enter or leave the narrow 

illumination beam due to stirring motion, fluctuations are introduced in the scattering 

intensity. Depending on the orientation and size of crystals, scattering intensities from 
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two detectors often differ. On the other hand, the lights scattered by lipid vesicles are 

more similar at two detectors set at 90 degree angle. Here we define a function to 

measure the anti-correlation of scattering intensities between two detectors.  

Anti-Correlation Function = (I1(t)-I2(t)*I1Av/I2Av)
2
   

where I1(t) and I2(t) are the intensity values from the first and second detectors and 

I1AV and I2AV are the average intensity values from the first and second detectors over 

60 seconds.  

For samples with concentration below the solubility limit, the value of the anti-

correlation function will be low, due to the nearly symmetrical scattering of light by 

liposomes. For samples containing crystals, light scattered by crystals is often 

nonsymmetrical, which results in a difference in the scattering intensities collected by 

two detectors (see Figure 3-3). We determine the solubility limit by identifying the 

sudden increase of anti-correlation value in an anti- correlation vs. concentration 

graph. We validated this new light scattering technique by measuring the solubility 

limit of cholesterol in DOPC and DPPC lipid bilayers. The solubility limit of 

cholesterol has been measured to be 66 mol percent 
14

. Fluctuations in scattering 

intensities look similar below the solubility limit and differ a lot above the solubility 

limit. We confirmed that the solubility of cholesterol in DOPC/DPPC/Chol mixture is 

66 mol %, which is consistent with the previous work 
14

. This shows that light 

scattering is a valid method to detect solubility limit in PC bilayers. 



Texas Tech University, Serkan Balyimez, May 2014 

 

45 

 

0.0E+00

5.0E+06

1.0E+07

1.5E+07

2.0E+07

2.5E+07

3.0E+07

3.5E+07

0 1 2 3 4 5 6 7 8 9 10

Detector 1

Detector 2

Time (sec) 

S
c
a
tt

e
ri
n

g
 I
n
te

n
s
it
y
 

a) 

0.0E+00

5.0E+06

1.0E+07

1.5E+07

2.0E+07

2.5E+07

3.0E+07

3.5E+07

0 1 2 3 4 5 6 7 8 9 10

Detector 1

Detector 2

S
c
a
tt

e
ri
n

g
 I
n
te

n
s
it
y
 

Time (sec) 

b) 

 Figure 3-3 Light scattering measurement of DOPC/DPPC/Cholesterol Mixture with 

65% (a) and 70% (b) of Cholesterol  

The maximum solubility of di16:0DAG in mixtures of POPC lipid bilayers has been 

investigated systematically in the presence of cholesterol using light scattering. Light 

scattering experiments was performed on at least three sets of samples for each ratio of 

cholesterol to total amount of di16:0DAG, cholesterol, and POPC. For each set of 

samples, we kept the ratio of cholesterol (Xc) constant and changed the ratio of 

di16:0DAG to total amount of di16:0DAG and POPC. We performed the 

measurements for various ratios of Xc ranging from 0 to 0.70. For each set of samples, 

we plotted the data in four different ways to determine the solubility limit as shown in 

Figure 3-4. RDAG is the ratio of di16:0DAG to total amount of di16:0DAG and POPC.  

RDAG = DAG/(DAG+POPC)  
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In Figure 3-4a, average intensity is calculated over time and drawn against RDAG. In 

Figure 3-4b, standard deviation for light scattering intensity was drawn. In Figure 

3-4c, we calculated normalized standard deviation by dividing standard deviation over 

average intensity. Although all three figures mentioned above show an increase at the 

solubility limit, none of them is as sharp and certain as the anti-correlation function 

shown in Figure 3-4d. The solubility limit of DAG for this experiment is determined 

to be 29 mol percent.  We plotted all four graphs for every measurement and found 

that the anti-correlation function is most helpful to determine the solubility limit.  

We prepared at least three sets of samples for each cholesterol ratio Xc and measured 

solubility limit using light scattering. The cholesterol ratios we have chosen were 0, 

0.10, 0.20, 0.30, 0.40, 0.50, 0.60, 0.63, 0.66, and 0.70. The anti-correlation function 

graphs for the cholesterol ratio of 0, 0.20, 0.40, and 0.60 were shown in Figure 3-5.  

Our results suggest that the maximum solubility of di16:0DAG decreases with the 

increase of cholesterol content. Hence it would be interesting to plot the solubility 

limit of di16:0DAG against cholesterol mole fraction in the mixtures. Figure 3-6a 

summarizes all the measurements we obtained. For each cholesterol concentration, we 

measured the solubility limit of di16:0DAG at least three times.  Sometimes, we 

obtained the same solubility value in two independent measurements; these data points 

overlap and look like one data point on the graph. In Figure 3-6b, we plotted the 

averaged values of solubility limits. 
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Figure 3-4 Light scattering measurement of di16:0DAG/Cholesterol/POPC with 

cholesterol concentration of 50 mol percent (Xc=0.50). The graphs were drawn against 

the ratio of di:16:0DAG to total amount of di16:0DAG and POPC (RDAG). (a) 

Scattering intensity values were averaged over 60 seconds. (b) Standard deviations 

were calculated. (c) Standard deviations were normalized by average intensities. (d) 

Anti-correlation values were calculated. The arrow indicates the solubility limit 

determined by this experiment. 
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Figure 3-5 Anti-correlation functions of light scattering intensities vs. Lipid ratio RDAG 

for measurements with cholesterol concentrations Xc=0 (a), Xc=0.20 (b), Xc=0.40 (c), 

and Xc=0.60 (d). The arrows indicate the solubility limits. 
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Figure 3-6 Results were plotted as the ratio of di16:0DAG to total amount of 

di16:0DAG/Chol/POPC (X*DAG=
   

             
) vs the ratio of cholesterol to total 

amount of di16:0DAG/Chol/POPC (     
 =

    

             
). Figure (a) shows all 

measurements and (b) shows the averages.  
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Our data suggest that the solubility of di16:0DAG in POPC lipid bilayers is 21 0.50 

mol percent. This result closely matches with the previous measured value of 0.27 mol 

percent 
16

. The solubility limit remains relatively constant in the presence of low 

cholesterol content. For cholesterol mol fraction above ~ 30 mol percent, the solubility 

limit of di16:0DAG decreases with the increase of cholesterol content. For cholesterol 

ratio Xc=0.70, we observed a continuous increase in anti-correlation graph. This result 

would be expected since cholesterol crystal formation begins at      
 =0.66.   

We plotted our data in a triangular phase diagram of di16:0DAG/Chol/POPC (Figure 

3-7). Our data is consistent with the solubility limit of cholesterol      
 =0.66 mol 

percent in POPC lipid bilayers 
13

. The solubility limit of di16:0DAG remained 

constant with the increase of cholesterol content until the cholesterol content in the 

mixture is above 35 mol percent. For samples with cholesterol content higher than 35 

mol percent, the solubility of di16:0DAG is smaller than 21 mol percent.   
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Figure 3-7 The maximum solubility limit of di16:0DAG in the mixture of 

di16:0DAG/Chol/POPC is shown on a triangular phase diagram (green line) along 

with cholesterol solubility limit from a previous study (blue line) 
16

.  
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3.4.2 Optical Microscopy  

The solubility limits of di16:0DAG were confirmed by optical microscopy. We 

prepared samples for each specific cholesterol mole fraction for varying amounts of 

di16:0DAG and POPC. We incubated the samples for 8 days before measurement. 

Long incubation is needed in order for DAG crystals to grow large enough to be 

observed by optical microscope.  Figure 3-8 shows DIC images of di16:0DAG and 

POPC binary mixtures without cholesterol. No crystal was observed for the 

di16:0DAG ratio of 22 mol percent and below (Figure 3-8a and b). For the 

di16:0DAG ratio of 24 mol percent and above, we detected DAG crystals. This result 

is consistent with our light scattering experiment measurement of     
 =0.21.       

The procedure was repeated twice for cholesterol mole fraction of Xc=0, 0.30, and 

0.50 (images not shown). The crystals observed were similar to the crystals observed 

without cholesterol (Figure 3-8) and different than sharp, rectangular shaped 

cholesterol crystals. This result indicates that the crystals observed are di16:0DAG 

crystals but not cholesterol crystals. Optical microscopy experiment confirmed the 

di16:0DAG solubility limits determined by light scattering experiment within 2 mol% 

of di16:0DAG concentration. It also reinforces the validity of light scattering 

technique.      
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Figure 3-8 Samples of di16:0DAG and POPC binary mixtures were prepared for 

various lipid ratios and incubated for one week. At the end of the incubation, no 

di16:0DAG crystal was observed in the mixtures with di16:0DAG ratio less than the 

maximum solubility of di16:0DAG measured by light scattering (a and b). 

Di16:0DAG crystals were observed in the mixtures with di16:0DAG ratio higher than 

the maximum solubility of di16:0DAG measured by light scattering (c and d). The 

images shown for the ratios of RDAG= 0.22 (a and b) and RDAG =0.24 (c and d).  

3.5 Conclusion and Discussion 

Previously, the maximum solubility of cholesterol was determined to be 67 mol 

percent in POPC lipid bilayers 
14

. A previous study reported that the maximum 

solubility of cholesterol decreases with the increase of ceramide amount in the 

POPC/Cholesterol/Ceramide mixture 
15

. Hence they concluded that ceramide has 

much higher affinity for POPC than cholesterol. In another study, the maximum 

solubility di16:0DAG was determined to be 27 mol percent in POPC lipid bilayers and 
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it was shown that the maximum solubility of cholesterol does not change significantly 

with the increase of di16:0DAG content 
16

.  

In this study, we found that the maximum solubility of di16:0DAG in POPC lipid 

bilayers without cholesterol is 210.50 mol percent. Our results indicate that the 

maximum solubility of di16:0DAG in POPC lipid bilayers remains 21 mol percent for 

the cholesterol content less  than 35 mol percent and decreases with the increase of 

cholesterol content for the cholesterol content higher than 35 mol percent. This result 

might be explained by Umbrella Model. Cholesterol finds enough space under PC 

head groups without affecting the maximum solubility of di16:0DAG in lipid bilayers 

until the cholesterol content reaches 35 mol percent. For the cholesterol ratio of 35 

mol percent and higher, cholesterol molecules compete with di16:0DAG molecules. 

PC head groups can accommodate a certain concentration of hydrophobic molecules. 

For the cholesterol ratio higher 35 mol percent, cholesterol drives di16:0DAG 

molecules out of the bilayer into the crystal phase. This result is along the line of a 

previous study 
16

. 

Our data showed that cholesterol has a higher affinity for POPC bilayers than 

di16:0DAG, and di16:0DAG can be incorporated into a POPC bilayer only after all 

cholesterol molecules have been accommodated. In addition, at the solubility limit of 

di16:0DAG, cholesterol displaces di16:0DAG from the bilayer phase into the crystal 

phase for cholesterol ratio higher than 35 mol percent. Our data along with the 

previous study 
15

 indicates that among ceramide, cholesterol, and di16:0DAG, 
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ceramide has the highest affinity for POPC lipid bilayer, and di16:0DAG has the 

lowest affinity. According to the Umbrella Model, solubility limit is related to the 

ability of PC lipid bilayers to shield hydrophobic body from water exposure. The low 

headgroup/body ratio of di16:0DAG makes it difficult for neighboring POPC 

molecules to cover its nonpolar body.  This explains the low affinity between DAG 

and POPC. 

The solubility limit of di16:0DAG decreases with the increase in cholesterol content 

for the cholesterol ratio of 35 mol percent and higher. The solubility limits of 

di16:0DAG determined by light scattering experiment was confirmed by optical 

microscopy. The results were within 2 mol percent of di16:0DAG ratio.   

The light scattering technique was shown to be a reliable technique by measuring the 

maximum solubility limit of cholesterol in DOPC/DPPC lipid bilayers. Light 

scattering experiment showed that the maximum solubility of cholesterol in 

DOPC/DPPC lipid bilayers is 66 mol percent which is consistent with a previous work 

14
.  Our optical microscopy result validates the light scattering technique, too. We 

observed that maximum solubility limit measured by optical microscopy is usually 1-2 

mol percent higher than that measured by light scattering. This might be attributed to 

the fact that di16:0DAG crystals just above the solubility limit were not big enough to 

be seen in optical microscopy. This result suggests that light scattering technique is 

more reliable than optical microscopy to measure maximum solubility.    
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CHAPTER 4   

ERGOSTEROL AND STIGMASTEROL INTERACT 

WITH PHOSPHATIDYLCHOLINE LIPID BILAYERS 

LESS FAVORABLY THAN CHOLESTEROL 

INTRODUCTION 

4.1 Abstract 

Sterol is a major component of cell membranes in wide varieties of cells. A 

characteristic sterol in animal cell membranes is cholesterol; it is stigmasterol in 

plants, and ergosterol in fungi. The maximum solubility of sterol in a lipid bilayer is 

the highest mole fraction of sterol that can be incorporated into a lipid bilayer before 

sterol crystals precipitate. Previous studies showed that the solubility limit of 

cholesterol in saturated and mono-unsaturated PC lipid bilayers is 66 mol percent 
1
. A 

more recent study reported that the solubility limits of ergosterol and stigmasterol are 

much lower than cholesterol in binary lipid mixtures of saturated and unsaturated 

lipids 
2
. In this study, we measure maximum solubility limits of ergosterol and 

stigmasterol molecules in PC lipid bilayers. Our results show that minor differences in 

sterol structure could result in large differences in sterol-PC interactions.  
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4.2 Introduction 

Sterol is a major component of cell membranes in wide varieties of cells. It plays 

important roles in structural and dynamical properties of cell membranes 
3-5

. Sterols 

are found in high concentrations (up to 50 mol percent) in plasma membranes of plant 

and animal cells 
6, 7

. A characteristic sterol in animal cell membranes is cholesterol; it 

is stigmasterol in plants, and ergosterol in fungi. Sterols are found in all eukaryotes 

and play vital roles in regulating the physical properties of cell membranes, such as 

membrane fluidity and permeability, and signal transduction 
8, 9

. Various compositions 

of different sterols in cell membranes suggest specialized functionality.  

Sterols have a hydrophobic four-membered fused ring rigid structure and a small polar 

head group. A well-known example of sterol is cholesterol. Many studies have been 

carried out in order to understand the biological functions of this sterol. From these 

studies, it has been concluded that cholesterol molecules inside a lipid bilayer free the 

rotation and translation of the phospholipid molecules in the gel phase, while 

restricting these motions in the fluid phase. It has generally been assumed that sterols 

which share a rigid ring structure and a small polar head group with cholesterol induce 

similar properties and perform essentially equivalent functions in cell membranes. 

However, there are several lines of evidence that do fit the assumption particularly 

well 
10-16

.  

An effective method of studying the effect of sterols on cell membranes is to study 

lipid-sterol interactions and the related phase behavior in lipid bilayers. There have 
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been very few studies done to understand the effects of sterols other than cholesterol 

on the physical properties of lipid bilayers. Early studies suggested that ergosterol was 

much less effective than cholesterol in condensation of PC monolayers 
17

. Another 

study reported that ergosterol and stigmasterol were less effective than cholesterol in 

reducing the permeability of PC liposomes to glycerol and glucose 
18

. It was shown 

that ergosterol, in contrast with cholesterol, ordered acyl chains only up to 15-20 

mol% and induced disorder of the acyl chains above this ratio 
19

.  

The maximum solubility of sterol in a lipid bilayer is the highest mole fraction of 

sterol that can be incorporated into a lipid bilayer before sterol crystals precipitate. A 

high solubility limit indicates favorable interaction between the sterol and the lipid 

bilayer. Previous studies showed that the solubility limit of cholesterol in saturated and 

mono-unsaturated PC lipid bilayers is 66 mol percent using x-ray diffraction, light 

scattering, and optical microscopy techniques 
1
. The maximum solubility of 

cholesterol in DOPC lipid bilayer was measured to be 67 mol percent 
20

. Solubility 

limits of cholesterol are lower in polyunsaturated PC and PE lipid bilayers 
1, 21

. 

Recently, the solubility limits of ergosterol and stigmasterol were reported to be much 

lower than cholesterol in DOPC:DPPC 1:1 lipid bilayers 
2
. It was reported that the 

solubility limit of ergosterol is 30-35 mol percent and stigmasterol 20-25 mol percent 

in DOPC:DPPC 1:1 lipid bilayers 
2
.   

In this study, we measure the maximum solubility limits of cholesterol, ergosterol, and 

stigmasterol molecules in PC lipid bilayers. Those sterols were chosen because they 



Texas Tech University, Serkan Balyimez, May 2014 

 

61 

 

are found in high ratios in various cell membranes; cholesterol in animal cell 

membranes, stigmasterol in plant cell membranes, and ergosterol in fungi cell 

membranes. For the lipid bilayers, DOPC and DSPC bilayers were chosen due to 

different saturation levels they carry; DSPC is fully saturated and DOPC is 

unsaturated. The structures of the sterols and lipids are shown in Figure 4-1. We 

expect that sterols interact differently with saturated lipids and unsaturated lipids. Our 

experiments different from the previous study in several ways:  (1) We measure 

solubility limits of ergosterol and stigmasterol in saturated and unsaturated lipid 

bilayers separately to identify the effect of acyl chain saturation on sterol solubility. In 

the previous study, they measured the sterol solubility in the mixture of saturated and 

unsaturated lipid bilayers. (2) We employ a novel method for model membrane 

preparation, called rapid solvent exchange (RSE) method. RSE method allows 

membrane structures to form without passing the lipid mixture through an 

intermediary solid state. In the previous study, vesicles were prepared by 

electroformation. Since sterol crystals can form before vesicle formation, there is a 

risk of losing some sterol molecules and hence obtaining a falsely low solubility limit. 

(3) We measure solubility limit using light scattering, which is shown to be a reliable 

method by measuring a well-established value of maximum solubility of cholesterol. 
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Figure 4-1 Structures of sterols and PC lipids. Cholesterol, ergosterol, and stigmasterol 

share a hydrophobic four-membered fused rigid ring and a small polar head group. 

Structural differences between sterol molecules are highlighted in grey. DOPC and 

DSPC both have two 18-carbon acyl chains. Acyl chains are saturated for DSPC and 

unsaturated for DOPC.  

4.3 Experimental Methods 

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

phosphocholine (DSPC), cholesterol, ergosterol, and stigmasterol were purchased 

from Avanti Polar Lipids (Alabaster, AL). Lipid purity (>99%) was confirmed by thin 

layer chromatography (TLC) on washed, activated silica gel plates (Alltech 

Associates, Inc., Deerfield, IL) and developed with a 65:25:4 

chloroform/methanol/water mixture for phospholipid analysis. The TLC plates were 

visualized by being heated on a 200 °C hotplate for 2 h after being sprayed with a 20% 

ammonium sulfate solution. All solvents were HPLC grade. Concentrations of 

phospholipid stock solutions were determined with a phosphate assay 
22

. Aqueous 
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buffer [5 mM PIPES, 200 mM KCl, and 1 mM NaN3 (pH 7.0)] was prepared from 

deionized water (~18 MΩ) and filtered through a 0.1 µm filter before use.  

Liposome Preparation: The total amount of DOPC, DSPC, cholesterol, ergosterol, and 

stigmasterol in each sample was kept at 0.3 µmole for light scattering and optical 

microscopy experiments. Each set of samples was prepared containing one type of 

sterol and one type of lipid with gradually changing the sterol ratio in the mixture. The 

lipid compositions of samples were adjusted by adding appropriate amounts of lipid 

and sterol.   

Liposomes were prepared by the rapid solvent exchange (RSE) method 
23

. First, lipids 

were dissolved in 80 µL of chloroform. The lipid solution was then heated to 50 °C 

briefly in a glass tube, and 1.3 mL of aqueous buffer was added. While the mixture 

was kept vigorously vortexed in the glass tube, the bulk solvent was removed by 

gradually reducing the pressure to ~3 cm of Hg using a home-built vacuum 

attachment. The remaining trace chloroform was removed by vortexing for an 

additional 1 min at the same pressure. The liposomes prepared by these procedures 

were all sealed under argon. The samples were then placed in a programmable water 

bath (VWR, model 1187P), preheated to 50 °C for the subsequent heating and cooling 

cycles. The samples were first cooled to 24 °C at a rate of 10 °C/h and again heated to 

50 °C at the same rate. The samples were then kept at 50 °C for an additional 1 h 

before finally being cooled to room temperature at a rate of 1.5 °C/h. Finally, the 

liposomes were stored at room temperature on a mechanical shaker for ~8 days in the 
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dark before the optical microscopy measurement. No long incubation was used for the 

light scattering samples.   

Light Scattering: Ninety-degree light scattering was measured using a PTI 

spectrofluorometer. The incident beam was set at 550 nm with a 2-nm slit width. To 

avoid detector saturation, the 90
o
 scattering light was collected with the detection 

monochromators set at 6 nm higher than the incident wavelength. The diameter of the 

illumination beam in the cuvette was narrowed down to ~2 mm by adjusting the focus 

lens. Two milliliters of 100 µM sterol/lipid suspension was added to the cuvette with a 

Teflon coated magnetic stir bar. Determination of X
*
sterol by light scattering exploits 

the differences in size, structure, and refractive index between sterol crystals and 

bilayer vesicles. As sterol crystals enter or leave the narrow illumination beam due to 

stirring motion, fluctuations were introduced in the scattering intensity. The scattering 

signals was collected by two detectors set in the photon counting mode at a rate of 10 

data points per second for a total of 60 s.  

Optical microscopy: Optical microscopy was used to detect the presence of sterol 

crystals in the lipid dispersions. The method has been described previously 
20

. An 

Olympus (Melville, NY) IX70 inverted microscope was used in the Nomarski 

differential interference contrast (Nomarski DIC) mode. An Olympus 203 air 

(UplanFl) objective was used. Images were captured by a Cooke SensiCam digital 

CCD camera (Auburn Hills, MI). Hydrated lipid/sterol dispersions made by the RSE 

method were viewed on thin cover glasses. The advantage of light microscopy is that 
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crystals and lipid vesicles can be identified by direct, visual observation 
24

. We 

examined a series of samples with varying compositions and searched for the critical 

composition above which the presence of sterol crystals was detected. The main 

limitation of the method is that the quantity of crystals cannot be estimated, due to the 

small sampling volume and variations in the crystal size. However, light microscopy 

can serve as a supporting technique to confirm X
*
sterol value.  

4.4 Results 

Previously, it was shown that the solubility limit of cholesterol in saturated and mono-

unsaturated PC lipid bilayers is 66 mol percent 
1
. Recently the solubility limits of 

ergosterol and stigmasterol were reported to be much lower than cholesterol in 

DOPC:DPPC 1:1 lipid bilayers 
2
. In this study, we investigate the maximum 

solubilities of ergosterol and stigmasterol in DOPC and DSPC lipid bilayers. Those 

lipids were chosen because of their different acyl chain saturations.   

We prepared a series of samples with varying compositions of sterol and lipid and the 

presence of sterol crystals was detected using light scattering. Determination of 

       
 by light scattering exploits the differences in size, structure, and refractive 

index between DAG crystals and bilayer vesicles.  

Anti-Correlation Function of Scattered Lights: As crystals enter or leave the narrow 

illumination beam due to stirring motion, fluctuations are introduced in the scattering 

intensity. Depending on the orientation and size of crystals, scattering intensities from 
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two detectors often differ. On the other hand, the lights scattered by lipid vesicles are 

more similar at two detectors set at 90 degree angle. Here we define a function to 

measure the anti-correlation of scattering intensities between two detectors.  

Anti-Correlation Function = (I1(t)-I2(t)*I1Av/I2Av)
2
   

where I1 (t) and I2(t) are the intensity values from the first and second detectors and 

I1AV and I2AV are the average intensity values from the first and second detectors over 

60 seconds.  

For samples with concentration below the solubility limit, the value of the anti-

correlation function will be low, due to the nearly symmetrical scattering of light by 

liposomes. For samples containing crystals, light scattered by crystals is often 

nonsymmetrical at different scattering angles, which results in a difference in the 

scattering intensities collected by two detectors (see Figure 4-2). We determine the 

solubility limit by identifying the sudden increase of anti-correlation value in an anti-

correlation vs. concentration graph. We validated this new light scattering technique 

by measuring the solubility limit of cholesterol in DOPC and DPPC lipid bilayers. The 

solubility limit of cholesterol has been measured to be 66 mol percent 
25

. Fluctuations 

in scattering intensities look similar below the solubility limit and differ a lot above 

the solubility limit. We confirmed that the solubility of cholesterol in 

DOPC/DPPC/Chol mixture is 66 mol %, which is consistent with the previous work 
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25
. This shows that light scattering is a valid method to detect solubility limit in PC 

bilayers. 

Figure 4-2 Light scattering measurement of DOPC/DPPC/Cholesterol Mixture with 

65% (a) and 70% (b) of Cholesterol.   

The maximum solubilities of ergosterol and stigmasterol in DOPC and DSPC lipid 

bilayers have been investigated systematical using light scattering. Light scattering 

experiments were performed on at least three sets of samples for each mixture of sterol 

and lipid. For each set of samples, we kept the total mol amount of sterol and lipid 

constant and changed the ratio between them. We performed the measurements for 

each mixture of one sterol and one lipid. For each set of samples, we plotted the data 

in four different ways to determine the solubility limit as shown in Figure 4-3.  
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Figure 4-3 shows the light scattering measurement data for Ergosterol/DOPC 

mixtures. In Figure 4-3a, average intensities from two detectors were calculated over 

time and drawn against sterol mole fraction. In Figure 4-3b, standard deviations for 

light scattering intensity were drawn. In Figure 4-3c, we calculated normalized 

standard deviations by dividing standard deviations over average intensities. Although 

all three figures mentioned above show increases as a function of ergosterol mole 

fraction, none of them is as sharp and certain as the anti-correlation function shown in 

Figure 4-3d. The solubility limit of ergosterol in DOPC lipid bilayers for this 

experiment is determined to be 0.21 (see the arrow in Figure 4-3d).  We plotted all 

four graphs for every measurement and found that the anti-correlation function is most 

helpful to determine the solubility limit.  

We prepared at least three sets of samples for each type of sterol-lipid mixtures and 

measured solubility limit using light scattering. We plotted the data in four different 

graphs as we did on Figure 4-3. We determined the maximum solubility limit by 

identifying the sudden increase of anti-correlation value in an anti-correlation vs. 

concentration graph. We observed an increase in other graphs too but the increase was 

not as sharp and certain as that in anti-correlation graph. Graphs for other sterol-lipid 

mixtures are shown in Figure 4-4, Figure 4-5, and Figure 4-6.  

Light scattering experiments were performed on at least three sets of samples for each 

type of mixtures of sterol and lipid. The sterol solubility limit for each experiment was 

investigated using the method discussed above. Maximum sterol solubility limits in 
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lipid bilayers were determined by taking average of solubility limits obtained from at 

least three experiments. The average solubility limits in lipid bilayers are shown in 

Table 4-1.  

In our measurements, we found consistent solubility values within 3 mol percent error 

for each sterol-lipid mixture. The sudden and sharp increase in anti-correlation graphs 

were observed for all mixtures with the exception of ergosterol-DSPC mixture. It was 

relatively difficult to identify the sharp increase in anti-correlation function of 

ergosterol-DSPC mixture and hence to determine the maximum solubility of 

ergosterol in DSPC lipid bilayers. We confirmed our maximum solubility result for 

ergosterol in DSPC lipid bilayers using optical microscopy as well as for other sterol-

lipid mixtures.  

The solubility limits of sterols in lipid bilayers were confirmed by optical microscopy. 

We prepared samples for each mixture with varying amounts of sterol to lipid ratio. 

We incubated the samples for 8 days. Long incubation is needed in order for sterol 

crystals to grow large enough to be observed by optical microscopy. The procedure 

was repeated twice for each type of sterol/lipid mixtures.  

Optical microscopy experiment results confirmed the sterol solubility limits in lipid 

bilayers determined by light scattering experiment within 3 mol% of sterol 

concentration. Ergosterol and stigmasterol crystals observed were similar to each other 

and different from the sharp, rectangular shaped cholesterol crystals. Figure 4-7 shows 



Texas Tech University, Serkan Balyimez, May 2014 

 

70 

 

some selected DIC images of ergosterol and stigmasterol crystals in DOPC and DSPC 

lipid bilayers. Confirmation of light scattering experiment results by optical 

microscopy reinforces the validity of the light scattering technique.      

 
 
 
 
 
 

 

 

 

 

 

 

 

Figure 4-3 Light scattering measurement of Ergosterol/DOPC mixtures. The graphs 

were drawn against the ratio of ergosterol to total amount of ergosterol and DOPC 

(XSterol). Scattering intensity values were averaged over 60 seconds (a). Standard 

deviation was calculated (b) and normalized by dividing it over average intensity (c). 

Anti-correlation values were calculated (d). The arrow indicatess the solubility limit. 

a) 
b) 

c) 
d) 

Solubility limit 
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Figure 4-4 Light scattering measurement of Stigmasterol/DOPC mixtures. The graphs 

were drawn against the ratio of stigmasterol to total amount of stigmasterol and DOPC 

(XSterol). Scattering intensity values were averaged over 60 seconds (a). Standard 

deviation was calculated (b) and normalized by dividing it over average intensity (c). 

Anti-correlation values were calculated (d). The arrow indicates the solubility limit. 

 

 

Solubility limit 

a) 
b) 

c) d) 
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Figure 4-5 Light scattering measurement of Stigmasterol/DSPC. The graphs were 

drawn against the ratio of stigmasterol to total amount of stigmasterol and DSPC 

(XSterol). Scattering intensity values were averaged over 60 seconds (a). Standard 

deviation was calculated (b) and normalized by dividing it over average intensity (c). 

Anti-correlation values were calculated (d). The arrow shows the solubility limit. 
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Solubility limit 

a) b) 

c) d) 

 

Figure 4-6 Light scattering measurement of Ergosterol/DSPC mixtures. The graphs 

were drawn against the ratio of ergosterol to total amount of ergosterol and DSPC 

(XSterol). Scattering intensity values were averaged over 60 seconds (a). Standard 

deviation was calculated (b) and normalized by dividing it over average intensity (c). 

Anti-correlation values were calculated (d). The arrow indicates s the solubility limit. 

 DSPC bilayer DOPC bilayer 

Ergosterol 0.47 ± 0.01 0.21 ± 0.01 

Stigmasterol 0.40 ± 0.01 0.29 ± 0.02 

Table 4-1 Maximum solubilities of sterols in PC lipid bilayers. Solubility values given 

are for sterols in the first column in lipid bilayers given in the first row.  
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Figure 4-7 Selected sterol crystals in lipid bilayers obtained by optical microscopy. 

Figures (a) and (b) show ergosterol crystals, (c) and (d) stigmasterol crystals, (e) and 

(f) cholesterol crystals.  

4.5 Conclusion and Discussion 

The maximum solubility limit of cholesterol in saturated and mono-unsaturated PC 

lipid bilayers has a well-established value of 66 mol percent 
1
. A recent study 

suggested that the solubility limits of ergosterol and stigmasterol are much lower than 

cholesterol in DOPC:DPPC 1:1 lipid bilayers 
2
. They showed that the solubility limit 

of ergosterol and stigmasterol in DOPC:DPPC 1:1 lipid bilayers are 30-35 and 20-25 

mol percent. In this study, we report the maximum solubilities of ergosterol and 

stigmasterol in DOPC and DSPC lipid bilayers (Table 4-1). The sterol solubility limits 

in lipid bilayers were also confirmed by optical microscopy. The results by the two 

methods agreed within 3 mol percent of sterol ratio, within our experimental errors.   

rrr 

d) 

a) 

b) 

c) e) 

f) 
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Our sterol solubility limit measurements in PC lipid bilayers show that ergosterol and 

stigmasterol have much lower solubility limits than cholesterol. The result is 

consistent with a previous solubility limit study reported by Stevens et al. 
2
 They 

measured maximum solubility limit of ergosterol in DOPC/DPPC mixture to be 30-35 

mol percent and of stigmasterol in DOPC/DPPC mixture to be 20-25 mol percent.  

One would expect that ergosterol solubility limit would be higher in DSPC lipid 

bilayers because of its fully saturated acyl chains and lower in DOPC lipid bilayers 

because of its unsaturated acyl chains.  Our results match this expectation. One would 

have the same expectation for stigmasterol and it appears that our maximum solubility 

results for stigmasterol are higher in DOPC and DSPC lipid bilayer than the previous 

measurement in DOPC/DPPC mixture. This could be attributed to the different vesicle 

preparation methods used in two studies. They prepared lipid vesicles using 

electroformation method, which allows sterol crystal formation as an intermediate 

state. There is high risk of not being able to recover all crystal sterol into the lipid 

bilayer and hence of measuring a falsely low solubility limit. Although the structural 

differences between ergosterol, stigmasterol, and cholesterol are small, the solubility 

limits of ergosterol and stigmasterol are much lower than cholesterol. It appears that 

additional methyl groups in ergosterol and stigmasterol hydrocarbon tails may affect 

sterol’s packing and orientation in PC bilayers.  

We found that the maximum solubilities of ergosterol and stigmasterol are higher in 

PC lipid bilayers with saturated chains (DSPC) than that in PC lipid bilayers with 

unsaturated chains (DOPC). This result might be explained by Umbrella Model. Due 
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to their cis double bonds, unsaturated acyl chains of PC occupy more space than 

saturated acyl chains. Since there will be less space for sterol molecules in lipid 

bilayers with unsaturated chains, solubility limits of sterols will be lower in DOPC 

lipid bilayers.   

Our results indicate an interesting solubility behavior of ergosterol and stigmasterol. 

Although stigmasterol has a higher solubility limit in DOPC lipid bilayers than 

ergosterol, ergosterol has a higher solubility limit than stigmasterol in DSPC lipid 

bilayers. Minor differences in sterol structure could result in large differences in 

sterol-PC interactions.  

The light scattering technique was shown to be a reliable technique by measuring the 

maximum solubility limit of cholesterol in DOPC/DPPC lipid bilayers. Light 

scattering experiment showed that the maximum solubility of cholesterol in 

DOPC/DPPC lipid bilayers is 66 mol percent which is consistent with a previous work 

25
.  Our optical microscopy result validates the light scattering technique, too. We 

observed that maximum solubility limit measured by optical microscopy is usually 2-3 

mol percent higher than that measured by light scattering. This might be attributed to 

the fact that sterol crystals just above the solubility limit were not big enough to be 

seen in optical microscopy. This result suggests that light scattering technique is more 

reliable than optical microscopy to measure maximum solubility.    
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Much lower solubility limits of ergosterol and stigmasterol suggest that the lipid 

bilayers with cholesterol are more ordered than those with ergosterol and stigmasterol 

for a given sterol fraction below the solubility limit.  This hypothesis can be tested 

using fluorescence anisotropy measurement due to the direct correlation between order 

parameter and fluorescence anisotropy value. DPH-PC was shown to be a 

fluorescence anisotropy probe, which is sensitive to acyl chain order in model 

membranes 
26, 27

. Relative order parameters in ergosterol/PC, stigmasterol/PC, and 

cholesterol/PC will be compared using fluorescence anisotropy measurement of DPH-

PC. 
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CHAPTER 5   

OTHER SMALL PROJECTS 

5.1 Phase Behavior of DOPC/DSPC/Cholesterol Ternary 

Mixtures 

5.1.1 Abstract 

An important property of a biological membrane is its phase behavior. A phase 

diagram of chemically well-defined lipid mixtures would be useful to understand the 

phase behavior of biological membranes. The phase diagram of 

DOPC/DSPC/Cholesterol was suggested in a previous study 
1
. We aim to confirm the 

phase diagram of DOPC/DSPC/Cholesterol using a chemical potential measurement 

and to investigate chemical potential variation at different locations of the phase 

diagram. We obtained the chemical potential graphs for various lipid ratios. The peaks 

in the cholesterol oxidase (COD) measurement graphs indicate the formation of a new 

phase. Maximum solubility of cholesterol forms the highest peak in the COD 

measurement graphs.  
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5.1.2 Introduction 

An important property of a biological membrane is its phase behavior. Many events in 

the life of a cell might be directly connected to the phase behavior of cell membrane 
2-

5
. The phase behavior of a biological membrane is important for cellular activities 

such as cell signaling, membrane fusion and fission, virus entering and exiting, etc. 
6, 7

. 

A phase diagram of chemically well-defined lipid mixtures would be useful to 

understand the phase behavior of biological membranes.  

Model membranes composed of ternary mixtures are often used to mimic biological 

membranes. The study of model membranes that contain a significant concentration of 

cholesterol requires at least two additional phospholipid species in order to detect rich 

phase behaviors. Reasonable choices for these components based upon natural 

occurrence are cholesterol, together with phospholipids having saturated and 

unsaturated acyl chains.  

Zhao et al. used a ternary model membrane system composed of cholesterol; an 

important component of biological membranes, DSPC; a lipid with two saturated 

chains, and DOPC; a lipid with two unsaturated chains. Since DOPC is known being 

in fluid phase at room temperature and DSPC in gel phase, they are good candidates to 

study the phase behavior of biological membranes.  Figure 5-1 shows the phase 

diagram of DOPC/DSPC/Cholesterol they obtained using four different experimental 

techniques.  
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The purpose of this project is to map out the contour of chemical potential of 

cholesterol over the entire phase space, using a cholesterol activity assay.  

Understanding the chemical potential fluctuations in different phases will help us 

better understand the molecular interactions between lipid molecules.   

 

 

 

 

 

 

Figure 5-1 Ternary phase diagram of DOPC/DSPC/Cholesterol based on four different 

experimental techniques, by Zhao et al. 1. 

5.1.3 Materials and Methods: 

Materials: 1,2-dioleoyl-sn-glycero-3-phosphocholine (DOPC) and 1,2-distearoyl-sn-

glycero-3-phosphocholine  (DSPC) were purchased from Avanti Polar Lipids 

(Alabaster, AL). Cholesterol was purchased from Nu Chek Prep, Inc. (Elysian, MN). 

Lipid purity (>99%) was confirmed by thin layer chromatography (TLC) on washed, 



Texas Tech University, Serkan Balyimez, May 2014 

 

83 

 

activated silica gel plates (Alltech Associates, Inc., Deerfield, IL) and developed with 

a 65:25:4 chloroform/methanol/water mixture for phospholipid analysis. The TLC 

plates were visualized by being heated on a 200 °C hotplate for 2 h after being sprayed 

with a 20% ammonium sulfate solution. All solvents were HPLC grade. 

Concentrations of phospholipid stock solutions were determined with a phosphate 

assay 
8
. Aqueous buffer [5 mM PIPES, 200 mM KCl, and 1 mM NaN3 (pH 7.0)] was 

prepared from deionized water (~18 MΩ) and filtered through a 0.1 µm filter before 

use. Recombinant cholesterol oxidase expressed in Escherichia coli (C-1235), 

peroxidase (P-8250) from horseradish, and other chemicals for the cholesterol 

oxidation measurements were obtained from Sigma (St. Louis, MO).  

Liposome Preparation: The cholesterol content in all samples was kept at 80 µg for 

COD experiments, and the lipid compositions of samples were adjusted by adding 

appropriate amounts of DOPC and DSPC. For all microscopy experiments, the total 

concentration of lipid and cholesterol was kept constant at 500 µM and lipid mixtures 

were also labeled with 1% rhodamine-PE. Liposomes were prepared by the rapid 

solvent exchange (RSE) method 
9
. First, lipids were dissolved in 80 µL of chloroform. 

The lipid solution was then heated to 50 °C briefly in a glass tube, and 1.3 mL of 

aqueous buffer was added. While the mixture was kept vigorously vortexed in the 

glass tube, the bulk solvent was removed by gradually reducing the pressure to ~3 cm 

of Hg using a home-built vacuum attachment. The remaining trace chloroform was 

removed by vortexing for an additional 1 min at the same pressure. The liposomes 

prepared by these procedures were all sealed under argon. The samples were then 
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placed in a programmable water bath (VWR, model 1187P), preheated to 50 °C for the 

subsequent heating and cooling cycle. The samples were first cooled to 24 °C at a rate 

of 10 °C/h and again heated to 50 °C at the same rate. The samples were then kept at 

50 °C for an additional 1 h before finally being cooled to room temperature at a rate of 

1.5 °C/h. Finally, the liposomes were stored at room temperature on a mechanical 

shaker for ~10 days in the dark before the cholesterol oxidation measurements. 

Cholesterol Oxidation Measurements: Cholesterol oxidase (COD) is a water-soluble 

monomeric enzyme that catalyzes the conversion of cholesterol to cholest-4-en-3-one. 

The initial rate of oxidation of cholesterol by the oxidase enzyme was determined 

through a coupled enzyme assay scheme as shown below.  

Cholesterol + O2      
COD

        H2O2 + Cholest-4-en-3-one 

2H2O2 + 4-Aminoantipyrine + Phenol   
POD 

    Red Quinoneimine + H2O  

The total reaction involves two steps. In the first step, the COD-mediated oxidation of 

membrane cholesterol produces two products, hydrogen peroxide and cholest-4-en-3-

one 
10

. Catalyzed by peroxidase (POD), the production of hydrogen peroxide in the 

first step subsequently leads to reaction with 4-aminoantipyrine and phenol and 

produces red-colored quinoneimine, which has a distinctive absorption peak at 500 nm 

11
. For each cholesterol oxidation measurement, 1.3 mL of liposomes was first mixed 

with 0.2 mL of a 140 mM phenol solution. After mixing had been carried out, 1 mL of 

reaction buffer [1.64 mM aminoantipyrene and 10 units/mL peroxidase in PBS buffer 



Texas Tech University, Serkan Balyimez, May 2014 

 

85 

 

(pH 7.40)] was added. The above mixture was then incubated at 37 °C for at least 10 

min and finally transferred to a cuvette preheated to 37 °C in a heating block. The 

sample in the cuvette was maintained at 37 °C and stirred with a home-built magnetic 

mini-stirrer during the measurement. An HP-8453 (UV-vis) linear diode array 

spectrophotometer (Agilent Technologies, Wilmington, DE) was used to measure the 

absorption spectra of the samples. The reaction was started by injecting 30 µL of a 

COD solution (5 units/mL) into the cuvette. The time-resolved absorption spectra 

(190-1100 nm) were collected with an integration time of 0.5 s. The spectra were 

collected at a rate of two spectra per second, and the total data collection time per 

sample was 120 s. Background-corrected time-dependent absorption of quinoneimine 

was determined by calculating the difference in the absorption at 500 nm and the 

background average over the range of 700-800 nm as a function of time. The initial 

oxidation rate, i.e., the rate of change in the quinoneimine absorption at time zero, was 

determined using a second-order polynomial fit to the first 40 s of the absorption data. 

All data acquisition and data analysis were performed using the UV-visible 

ChemStation Software provided by Agilent Technologies. For all COD experiments, 

each sample contained the same amount of cholesterol (60 µg). This ensured that the 

bulk concentration of available substrate to COD remained constant.  

5.1.4 Results 

We used the COD experiment described above to map the phase diagram of the 

ternary mixture of DOPC/DSPC/Cholesterol. There are two important factors 
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contributing to the COD reaction rate; the amount of cholesterol in the bilayer that is 

accessible to the COD enzyme and the chemical potential of cholesterol 
12

. When the 

cholesterol mole fraction is below the cholesterol solubility limit, the COD initial 

reaction rate increases due to the increase in the chemical potential of cholesterol. 

Since all samples contain the same amount of cholesterol, the amount of cholesterol 

plays no role in the increase of the COD initial reaction rate below the cholesterol 

solubility limit. Since some cholesterol will be in the crystal phase above the solubility 

limit, the amount of cholesterol accessible to the COD enzyme will be less. Hence the 

COD initial reaction rate will decrease above the cholesterol limit. The chemical 

potential of cholesterol does not affect the COD initial reaction rate since it will be 

constant above the cholesterol solubility limit. Since the reaction rate will increase 

below the solubility limit and decrease above the solubility limit, the COD initial 

reaction rate will form a peak at the cholesterol solubility limit.  

For each set of samples, we kept the ratio R = DSPC/(DSPC+DOPC) constant and 

changed the cholesterol concentration to find the highest chemical potential, which 

occurs at the cholesterol solubility limit in a bilayer. We used the same procedure for 

various R ratios to map the whole phase diagram. We used 80 μL COD enzyme for 

low cholesterol region Xc=0.10 - 0.50 and 30 μL COD enzyme for high cholesterol 

region Xc=0.45 - 0.75. Figure 5-2 to Figure 5-5 show COD measurement values with 

lipid ratios of R=0.25 and R=0.50 in low and high cholesterol regions.  
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We performed the experiments with the same lipid ratio 2-3 times and took the 

average of intensity values. COD measurement values for the same composition 

varied by a factor of up to 2 but the overall shape of COD measurement graphs looked 

same. Since we used more COD enzyme for low cholesterol region, we normalized 

COD measurement values in low cholesterol region so that low and high cholesterol 

measurements match each other at the overlap region. The normalization factors for 

measurements in low cholesterol region were 0.43 for the lipid ratio R=0, 0.41 for the 

lipid ratio R=0.25, and 0.46 for the lipid ratio R=0.50. Figure 5-6 and Figure 5-7 show 

the chemical potential values for R=0, 0.25, 0.50, and 0.75 with varying amount of 

cholesterol.   

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5-2 COD initial rate as a function of cholesterol mole fraction in 

DOPC/DSPC/Cholesterol bilayer for DSPC/(DOPC+DSPC)=0.25 lipid ratio in high 

cholesterol region.  
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Figure 5-3 COD initial rate as a function of cholesterol mole fraction in 

DOPC/DSPC/Cholesterol bilayer for DSPC/(DOPC+DSPC)=0.25 lipid ratio in low 

cholesterol region.  

 

 

 

 

 

 



Texas Tech University, Serkan Balyimez, May 2014 

 

89 

 

0.0E+00

1.0E-03

2.0E-03

3.0E-03

4.0E-03

5.0E-03

6.0E-03

7.0E-03

8.0E-03

0.45 0.50 0.55 0.60 0.65 0.70 0.75

Xc

ra
te

R = 0.50

 

 

 

 

 

 

 

 

 

 

Figure 5-4 COD initial rate as a function of cholesterol mole fraction in 

DOPC/DSPC/Cholesterol mixture for DSPC/(DOPC+DSPC)=0.50 lipid ratio in high 

cholesterol region.  
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Figure 5-5 COD initial rate as a function of cholesterol mole fraction in 

DOPC/DSPC/Cholesterol bilayer for DSPC/(DOPC+DSPC)=0.50 lipid ratio in low 

cholesterol region. 
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Figure 5-6 Chemical potential graph for different R and Xc values 

 

 

 

 

 

Figure 5-7 Colored map of chemical potential for different R and Xc values  
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5.1.5 Conclusion and Discussion 

Thermodynamically, the chemical potential of a substance is defined as the partial 

molar derivative of the Gibbs free energy.  Experimentally the chemical potential of 

cholesterol in a membrane is related to the tendency of cholesterol to escape from the 

bilayer structure. The Umbrella Model predicts jumps in the chemical potential of 

cholesterol when a new regular distribution occurs 
13

. Hence, each jump in the 

chemical potential of cholesterol is a signature of a new large scale regular 

distribution. Our results for this project are mostly consistent with the phase diagram 

obtained by using four different experimental techniques 
1
. The results from COD 

experiments indicate the formation a regular distribution at the cholesterol 

concentration of 0.50 and 0.65 for the lipid ratio of R=0.25 and 0.15 and 0.65 for the 

lipid ratio of R=0.50.  
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5.2 Maximum Solubility of Cholesterol in lipid bilayers with 

Charged Lipids 

5.2.1  Abstract 

Lipid molecules differ with respect to the degree of unsaturation in acyl chains, the 

length of acyl chains, the size of headgroups, and the polarity of headgroups. We 

investigate how the polarity of POPS and POPG headgroups influence the maximum 

solubility of cholesterol in lipid bilayers. Optical microscopy is used to determine the 

solubility limit of cholesterol by detecting the presence of crystals in lipid mixtures. 

We measured the maximum solubility of cholesterol to be 67 mol percent in POPS 

and POPG lipid bilayers. This finding shows that the charges on the headgroup do not 

affect the solubility of cholesterol.  
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POPS 

POPG 

5.2.2 Introduction 

Biological membranes are complex structures that contain a wide variety of 

phospholipids with different headgroups and acyl chains. Lipid molecules differ with 

respect to the degree of unsaturation in acyl chains, the length of acyl chains, the size 

of headgroups, and the polarity of headgroups. Cholesterol is another important 

molecule of biological membranes in mammalian cells. The purpose of this project is 

to investigate the maximum solubility of cholesterol in charged lipid bilayers. Once 

we know the cholesterol solubility limit in charged lipids, we will have a better 

understanding of how the charge of a phospholipid headgroup influences the 

interaction with cholesterol and the behavior of phospholipids in cell membrane. We 

used two important charged phospholipids: POPS and POPG (see Figure 5-8). 

Phosphatidylserines (PS) are abundant in nervous tissues and the most abundant 

negatively charged phospholipid. PS and PG carry a net charge of -1e on their 

headgroups near pH 7.  

 

 

 

 

 

 

Figure 5-8 Structures of POPS and POPG charged lipids 
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5.2.3 Materials and Methods: 

Liposome Preparation: The total amount of lipid and cholesterol in each sample was 

kept at 0.3 µmole for optical microscopy experiments. The lipid compositions of 

samples were adjusted by adding appropriate amounts of lipid and cholesterol. Each 

set of samples was prepared with gradually changing cholesterol concentration. 

Liposomes were prepared by the rapid solvent exchange (RSE) method 
9
. First, lipids 

were dissolved in 80 µL of chloroform. The lipid solution was then heated to 50 °C 

briefly in a glass tube, and 1.3 mL of aqueous buffer was added. While the mixture 

was kept vigorously vortexed in the glass tube, the bulk solvent was removed by 

gradually reducing the pressure to ~3 cm of Hg using a home-built vacuum 

attachment. The remaining trace chloroform was removed by vortexing for an 

additional 1 min at the same pressure. The liposomes prepared by these procedures 

were all sealed under argon. The samples were then placed in a programmable water 

bath (VWR, model 1187P), preheated to 50 °C for the subsequent heating and cooling 

cycles. The samples were first cooled to 24 °C at a rate of 10 °C/h and again heated to 

50 °C at the same rate. The samples were then kept at 50 °C for an additional 1 h 

before finally being cooled to room temperature at a rate of 1.5 °C/h. Finally, the 

liposomes were stored at room temperature on a mechanical shaker for ~8 days in the 

dark before the optical microscopy.  

Optical microscopy: Optical microscopy was used to detect the presence of cholesterol 

crystals in lipid bilayers. The method has been described previously 
15

. An Olympus 
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(Melville, NY) IX70 inverted microscope was used in the Nomarski differential 

interference contrast (Nomarski DIC) mode. An Olympus 203 air (UplanFl) objective 

was used. Images were captured by a Cooke SensiCam digital CCD camera (Auburn 

Hills, MI). Hydrated DOPC/cholesterol dispersions made by the RSE method were 

viewed on thin cover glasses. The advantage of light microscopy is that crystals and 

lipid vesicles can be identified by direct, visual observation 
15

. We examined a series 

of samples with varying compositions and searched for the critical composition above 

which the presence of crystals was detected. The main limitation of the method is that 

the quantity of crystals cannot be estimated, due to the small sampling volume and 

variations in the crystal size. However, light microscopy can serve as a supporting 

technique to confirm X
*
mixture value.  

5.2.4 Results 

We used two different types of charged phospholipids in our experiments; POPS and 

POPG. Optical microscopy was used to determine the solubility limit of cholesterol in 

those lipids and confirm the presence of cholesterol monohydrate crystal in lipid 

mixtures. Cholesterol crystals can be found in a lipid mixture when the cholesterol 

concentration is beyond the max solubility limit of cholesterol. We repeated our 

microscopy experiments for the same phospholipid at least twice to confirm our 

results. Figure 5-9 and Figure 5-10 show some of the cholesterol crystals we imaged. 

We observed cholesterol crystals when cholesterol mole fraction Xc is higher than 

0.67 for POPS and POPG.  
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Figure 5-9 A cholesterol crystal in a POPG/Cholesterol mixture with cholesterol mole 

fraction Xc=0.67. 

 

 

 

 

Figure 5-10 A cholesterol crystal in a POPS/Cholesterol mixture with cholesterol mole 

fraction Xc=0.68. 

5.2.5 Conclusion and Discussion 

In this work, we have found the maximum solubility of cholesterol in charged lipids. 

Our results indicate that the maximum solubility of cholesterol in charged lipid 

bilayers is same as PC. This finding shows that the charge on the headgroup does not 
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affect the solubility of cholesterol. One can expect that the cholesterol solubility 

depends on a number of factors such as the saturation of lipids, the chain length, the 

charge of head group, and the size of head group. Previously it was shown that the 

chain length does not cause any change in cholesterol solubility limit 
13

. Our results 

suggest that the charge on the head group is not one of those factors as well. Although 

headgroups of POPS and POPG are smaller than PC headgroups, the same cholesterol 

solubility value for all lipids might be attributed to the water molecules attracted to PS 

and PG headgroups and forming a cluster around them due to the fact that water 

molecules are attracted to charged headgroups of POPS and POPG more strongly than 

PC headgroups with zero net charge.   
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CHAPTER 6   

CONCLUSION 

Sterol is a major component of cell membranes in wide varieties of cells and plays 

important roles in structural and dynamical properties of cell membranes 
1-3

. The 

maximum solubility of sterol in a lipid bilayer is the highest mole fraction of sterol 

that can be incorporated into a lipid bilayer before sterol crystals precipitate. 

According to the umbrella model, the maximum solubility of sterol in the membrane 

depends on how much shielding the membrane can provide to cholesterol 
4
.  

A characteristic sterol in animal cell membranes is cholesterol; it is stigmasterol in 

plants, and ergosterol in fungi. Our sterol solubility limit measurements in PC lipid 

bilayers show that although there are minor differences between structures of three 

sterols, ergosterol and stigmasterol have much lower solubility limits than cholesterol 

in DSPC lipid bilayers with saturated acyl chains than DOPC lipid bilayers with 

mono-unsaturated acyl chains. Although cholesterol solubility limit is same in DOPC 

and DSPC lipid bilayers 
4
, ergosterol and stigmasterol solubility limits are higher in 

DSPC lipid bilayers. This result might be explained by Umbrella Model. Due to their 

cis double bonds, unsaturated acyl chains of PC occupy more space than saturated acyl 

chains. Since there will be less space for sterol molecules in lipid bilayers with 

unsaturated chains, solubility limits of sterols will be lower in DOPC lipid bilayers.   
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The maximum solubility of cholesterol was determined to be 67 mol % in POPC 

bilayers and 50 mol % in POPE bilayers 
5
. We found that the maximum solubility of 

cholesterol increases linearly as a function of the lipid ratio POPC/(POPC+POPE). 

This was not necessarily expected since the maximum solubility of cholesterol is 

affected by a number of factors such as the size of lipid head group, the saturation of 

acyl chains, and how well cholesterol fits in between the bilayer phospholipids. Our 

results indicate that for each POPE molecule replaced by POPC in 

POPC/POPE/cholesterol mixtures, the bilayer can accommodate one additional 

cholesterol molecule.  Our fluorescence microscopy study shows POPC/Chol and 

POPE/Chol phase separations and large domain formation in the mixture of 

POPC/POPE/Cholesterol at cholesterol solubility limits. Thus, it is possible that the 

lipid mixtures separated into POPC-rich and POPE-rich lipid domains, each having 

their signature lipid packing pattern and mole fraction of cholesterol.  

One can expect that the cholesterol solubility depends on a number of factors such as 

the saturation of lipids, the chain length, the charge of head group, and the size of head 

group. Previously it was shown that the chain length does not cause any change in 

cholesterol solubility limit 
4
. We investigated the dependence of cholesterol solubility 

on the charge of lipid headgroup. Our optical microscopy study show that cholesterol 

solubility limit in POPS and POPG lipid bilayers with charged headgroups is 67 mol 

percent (same as PC lipid bilayers with uncharged headgroups). This finding shows 

that the charge on the headgroup does not affect the solubility of cholesterol.   
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Lipid bilayer studies have revealed that DAGs can modify the bilayer structure 

significantly and even induce non-bilayer phases at high concentration 
6
 
7
. The 

maximum solubility of di16:0DAG in pure POPC lipid bilayers was determined to be 

21 mol percent using light scattering. We found that the maximum solubility of 

di16:0DAG remains constant at 21 mol percent for cholesterol mole fraction below 35 

and decreases with the increase of cholesterol content for cholesterol mole fraction 

above 35. This result suggests that cholesterol drives di16:0DAG molecules out of the 

bilayer into the crystal phase for the cholesterol ratio higher 35 mol percent. Our 

optical microscopy experiment confirmed the maximum solubility of di16:0DAG 

determined by light scattering measurements.   

In light scattering experiment, as crystals enter or leave the narrow illumination beam 

due to stirring motion, fluctuations are introduced in the scattering intensity. For 

samples with sterol concentration above the solubility limit, scattering intensities from 

two detectors will differ due to the nonsymmetrical scattering of light by sterol 

crystals. We defined an anti-correlation function to determine the solubility limit by 

identifying the sudden increase of anti-correlation value. We validated this new light 

scattering technique by measuring the solubility limit of cholesterol in DOPC and 

DPPC lipid bilayers. Optical microscopy experiment also confirmed that light 

scattering using anti-correlation function is a reliable method to measure the maximum 

solubility. 
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We developed a planar supported bilayer system to image large domain formation in 

the mixture of POPC/POPE/Chol. We found that large lipid domains became visible 

by fluorescence microscopy after one week of incubation. We found that rinsing is an 

important step to get rid of excess vesicles from the mica surface. Our images show 

that the bottom layer on the mica surface does not detach easily by rinsing.  
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