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ABSTRACT 

 A cholesterol oxidase (COD) enzyme reaction assay has been developed to measure the 

chemical potential of cholesterol in various PC/cholesterol bilayers, and the result was compared 

with the predictions from four major lipid-cholesterol interaction models.  In PC bilayers with 

chains containing single cis double bonds, the chemical potential of cholesterol displays vertical 

jumps, indicating large-scale superlattice formation, at cholesterol mole fractions of 0.15, 0.25, 

0.40, .50 and 0.57, and peaks at the cholesterol maximum solubility limit in the bilayers. No such 

jump below Cχ = 0.50 was observed in PC bilayers with all saturated chains or with chains 

containing 3 cis double bonds.  PC with trans double bond showed similar mixing behavior to PC 

with cis double bond.  The result provided solid supportive evidences for the cholesterol chemical 

potential predicted from the Monte Carlo simulations based on the Umbrella model.  

Interestingly, the cholesterol maximum solubility shifted to lower Cχ when cholesterol was 

substituted by ceramide, a molecule having similar small headgroup like cholesterol.  The result 

supported an earlier speculation of the Umbrella model.  

 In another study, we have used lattice model Monte Carlo simulations to reproduce 

experimental phase boundaries of DOPC/DSPC/Cholesterol obtained by Feigenson group in 

Cornell University through multiple experimental techniques. A new computational technique, 

named the “Composition Evaluation Method”, which is about 10 ~ 30 times more efficient in 

determining phase boundaries comparing to the traditional free energy calculation, has been 

implemented to determine the compositions of the coexisting phases. We found that pairwise 

interactions can reproduce the experimental critical point as well as the slope of tie lines, but not 

the compositions of the coexisting phases.  
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CHAPTER ONE 

INTRODUCTION 

 

1.1 Brief Historical Overview of Lipid Membrane 
 

Biomembranes have the important roles in structure, cell-signalling and function 

of all cells; both prokaryotic and eukaryotic.  In addition providing the compartments, 

membranes determine the communications between the inside of the cell and the 

environment outside. For its large number of composing components and functional 

variations, biomembrane has always attracted  researchers as a topic of active research. 

Early models of membrane emphasized the lipid bilayer structure. In the 1970s, the 

phenomenon of lateral diffusion was introduced in Nicolson’s popular Fluid Mosaic 

Model. However, works in the 1980s and 1990s implemented many more sophisticated 

experimental techniques rather than speculative modeling on sparse experimental data. 

Use of nuclear magnetic resonance, differential scanning calorimetry and  fluorescence 

spectroscopy refined the membrane picture to further details and importantly established 

the roles of cholesterol as the determining factor of various membrane properties. The 

experimental phase diagram and various data developed into lipid-cholesterol interaction 

models trying to incorporate key membrane properties. The effort, of course, has been to 

simplify and reduce a practically  very complex system of lipid membrane to a 

reasonably working physical model based on phenomenological molecular interactions. 

Our study has been aimed towards that goal.  
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1.2 The Role of Cholesterol in Lipid Bilayers: The Problem of Interest 

As outlined above, cholesterol has the central role on the mechanical, chemical, 

and thermodynamic properties of lipid bilayers.  The functions include membrane fluidity 

regulation, regulation of membrane protein interaction and activity, and forming a liquid-

ordered phase (lo phase) with high cholesterol content.  More importantly, cholesterol can 

induce domain formation in multi-component lipid membranes.  One important type of 

the domains is lipid rafts, which are enriched with cholesterol, sphingomyelin, and 

certain membrane proteins.  Lipid rafts are speculated to be involved in cell functions like 

signal transduction, lipid trafficking, and protein function. Although new experimental 

data on lipid raft domains is accumulating at an accelerating rate, a definitive model of 

lipid raft formation based on microscopic molecular interaction is still lacking. 

Since lipid rafts involve at least three lipid components, a reasonable model 

system will be a ternary system, containing sphingomyelin, cholesterol, and 

phosphatidylcholine (PC).  In recent years, several experimental studies of the ternary 

phase diagram have been published.  Most of the reported phase studies used 

calorimetric, NMR, and FRET  techniques to determine the phase boundaries. However, 

some disagreements on the locations of phase boundaries as well as the nature of lipid 

phases still exist.   

As understanding of the phase diagram of the lipid-cholesterol system can be vital 

in explaining many related phenomena, precise mapping of the phase diagram with 

detailed molecular interaction is essential. The overall goal of this research has been to 

answer the following key questions: (1) How does one describe the key interactions 

between cholesterol and other membrane molecules? (2) How does cholesterol induce 
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membrane domains to modulate the properties of cell membranes?  We have used Monte 

Carlo simulation, cholesterol oxidase (COD) activity assay, optical and fluorescence 

microscopy to address the problem. 

 
1.3 Contents and Structure of the Dissertation 

 In the following three chapters, second to fourth, we will present results of three 

different but interrelated studies. The first two are experimental and the third is 

computational simulation work. The major experimental methodology is the same for 

both experimental studies. However, in the second chapter we address 

phospholipid/cholesterol binary systems with different aspects of lipid structural and 

functional variations. In the chapter following, we focus on the ternary system of 

POPC/Ceramide/Cholesterol.  In fourth chapter, Monte Carlo simulation technique has 

been implemented to reconstruct a well-established experimental ternary phase diagram 

constructed by Feigenson group at Cornell University. The objective of the study is to 

determine key molecular interactions that are responsible for observed phase diagram 

phenomena. Once correctly defined, one expects that the molecular interactions can be 

potentially extended to explain the interactions in other systems.   

 In Chapter five, we provide a very brief conclusion, together with an outline of 

possible future works that can further refine and extend our findings here.  
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CHAPTER TWO 
 

MEASUREMENT OF CHEMICAL POTENTIAL OF CHOLESTEROL IN 
PC/CHOLESTEROL LIPID BILAYERS 

 

Abstract 
 
 The vital roles of cholesterol for various physical and functional properties in cell 

membranes have been well emphasized in contemporary membrane researches. However, 

the exact nature of molecular interaction of cholesterol with other membrane molecules 

has been a subject of ongoing debate. Experimentations over years have led to four major 

models depicting cholesterol interactions with membrane lipids. Each model has its own 

prediction of chemical potential of cholesterol in lipid bilayers. In this study, a 

cholesterol oxidase (COD) enzyme reaction assay has been developed to measure the 

chemical potential of cholesterol in various PC/cholesterol bilayers.  In PC bilayers with 

mono-unsaturated chains, the chemical potential of cholesterol displays vertical jumps at 

cholesterol mole fraction ( χc) of 0.15, 0.25, 0.40, 0.50 and 0.57, and peaks at the 

cholesterol maximum solubility limit in the bilayers.  A vertical jump in cholesterol 

chemical potential has been identified as a reliable thermodynamic indicator for a large-

scale cholesterol superlattice formation. Below χc = 0.50, no such jump was observed in 

PC bilayers with all saturated chains or with poly-unsaturated chains.  PC with trans 

double bond showed similar behaviors as PC with cis double bond.  The result provided 

solid supportive evidence for the cholesterol chemical potential predicted from the Monte 

Carlo simulations based on the Umbrella model.  The data also revealed the driving 

forces of cholesterol superlattice formation, which are in good agreement with the 

Umbrella model.  The merits and deficiencies of each model are also discussed. 
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2.1 Introduction     

  As discussed in the Introduction, although active research has been underway to 

understand the role of cholesterol in lipid membranes in the past three decades, most of 

the proposed theoretical models, however, cannot really explain many crucial 

experimental data (Finegold, 1993; Yeagle, 1993). Historically, Nicolson’s Fluid Mosaic 

Model (Singer and Nicolson, 1972) proposed in 1970s was quite popular at the time. The 

model was developed mainly to incorporate the fact of rapid lateral diffusion of lipid 

molecules in bilayers. The Fluid Mosaic Model was of considerable improvement over 

previous models (Gorter and Grendel, 1925; Danielli and Davson, 1935).  However, the 

major limitation of the Fluid Mosaic Model was that cholesterol had little or no role in it.  

As later findings show, cholesterol is the key molecule in lipid membranes for its diverse 

properties.  The Fluid Mosaic Model was in need of modification to incorporate the 

important roles of cholesterol. 

  In the past decade, experimental results using various techniques have promoted 

at least four prominent models of cholesterol-lipid interactions. One common feature of 

all models is that they incorporate the key role of cholesterol in determining membrane 

properties. Each of the models tries to explain cholesterol’s chemical association with 

other lipid molecules in bilayers. In that process, all the models have predicted the 

profiles of chemical potential of cholesterol in membranes. Thermodynamically, the 

chemical potential of a substance i is defined as the partial molar derivative of the Gibbs 

free energy G, the enthalpy H, the Helmholtz free energy A, or the internal energy U of 

substance i: 
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 Experimentally, chemical potential of cholesterol in a membrane is related to the off-rate 

of cholesterol, or the tendency of cholesterol to escape from the membrane. Before 

discussing the experimental details, we are going to briefly introduce the key concepts of 

each model and the supporting experimental facts. 

2.1.1 Coexisting Phases Model 

  In 1990, based on a Nuclear Magnetic Resonance (NMR) and Differential 

Scanning Calorimetry (DSC) study on di16:0-PC/cholesterol bilayers, Vist and Davis 

proposed the Coexisting Phases model (Vist and Davis, 1990). The model proposed the 

coexistence of liquid-disordered (Lα) and liquid-ordered (Lo) phase over the cholesterol 

mole fraction 7% to 22%. According to the phase rule, the model predicts that cholesterol 

chemical potential should remain constant within the liquid-disordered (Lα) and liquid-

ordered (Lo) coexistent region. It has been suggested that the phase diagram is also 

applicable to other phospholipids/cholesterol systems.  The main idea of the model is that 

cholesterol can bring order to a lipid bilayer while maintaining its fluidity. 

 

6  
 



  

    

 

 Figure 1.  Coexisting Phase diagram of Vist and Davis (1990). The red line has been 

superimposed on the original diagram to illustrate the predicted chemical potential of 

cholesterol. 

 

2.1.2 Condensed Complex Model 

  The Condensed Complex Model hypothesizes the existence of stoichiometric 

cholesterol/lipid complex (Radhakrishnan and McConnell, 1999; 2000). Based on 

experimental data on lipid monolayer at air-water interface, the model proposed that PC 

and cholesterol form a low free energy complex at the ratio of 1 cholesterol to 2 PC 

molecules. The Condensed Complex Model predicts a jump in cholesterol chemical 

potential at cholesterol mole fraction of 0.33.  The model predicted that cholesterol is 

likely to form the condensed complex with lipids with which it can mix favorably, such 

as PC with long saturated chain (di16:0-PC) or sphingomyelins. When phospholipids are 

in excess at low cholesterol concentration, all cholesterol is in the low energy complex 
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state and the chemical potential of cholesterol is low. When cholesterol concentration 

passes the 1:2 stochiometric composition ratio, i.e. cholesterol mole fraction of 0.33, free 

cholesterol begins to appear and a jump in cholesterol chemical activity is predicted.   

 

 

        

 

 

 

 

 

  

Figure 2.  Cholesterol chemical activity as predicted by the Condensed Complex Model. 

The figure has been reproduced from Radhakrishnan and McConnell, 2000. 

 

2.1.3 Superlattice Model 
 

  The Superlattice Model suggested that the cross-sectional area difference between 

cholesterol and other lipid molecules can result in a long-range repulsive force among 

cholesterol and produce superlattice distributions (Somerharju et al, 1985; Parkson, 

1994). At cholesterol mole fractions where superlattices occur, the Superlattice Model 

predicted dips in free energy, which also implies that the cholesterol chemical potential 

should have sharp spikes at these compositions. In this model, the cholesterol chemical 

potential behavior is different from the two above models in that instead of jumps, a spike 
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profile at the superlattice composition is predicted.  The superlattice model suggests that 

cholesterol has a general tendency of keeping a maximum distance from each other in a 

lipid membrane. 

         

     

 Figure 3. Prediction of cholesterol free energy according the Superlattice model. The 

figure has been reproduced from Somerharju et al. (1999). The superimposed line 

indicates the corresponding cholesterol chemical potential profile obtained from the first-

order derivative of the free energy. 

2.1.4 Umbrella Model 

 The Umbrella Model believes that the mismatch in the size of cholesterol 

hydrophilic  head group with its hydrophobic body determines cholesterol’s 

preferential association in lipid membranes (Huang and Feigenson, 1999; Huang, 2002). 

Like the Superlattice  Model, it predicts regular distributions at some cholesterol mole 

fractions. But instead of predicting spikes in cholesterol chemical activity, the Umbrella 
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Model predicts jumps in chemical potential at some particular cholesterol mole fractions 

where regular  distributions occur.  

   

   

0

20

40

0.4 0.5 0.6 0.7

µ ch
ol

 / 
R

T

χ

E

chol

²E
C
 = 6 kT

5

4

3

2

1

 

 

 
 
 
 
 
 
 

         

0

10

20

30

40

0.2 0.3 0.4 0.5 0.6

µ ch
ol

 /R
T

χ

E

²Ea= 3.0 kT

2.5

2.0

1.5

1.0

0.5

0

   (a)       (b) 
 Figure.4 Simulated cholesterol chemical potential in a lipid bilayer based on the 

Umbrella model. (a) At low cholesterol mole fractions (Huang, unpublished data).  (b) At 

high cholesterol mole fractions (Huang and Feigenson, 1999).  

 Obviously, all four models have its own predictions of cholesterol chemical 

activity. Thus, experimental measurement of the chemical potential of cholesterol is 

crucial to determine the nature of cholesterol-lipid interactions. The result will allow us to 

judge the merits of each model.  Under the premises, we have measured the chemical 

potential of cholesterol (µchol) using the cholesterol-oxidase (COD) activity assay.  Over 

the years, we have systematically measured µchol in di12:0-PC (DLPC), di14:0-PC 

(DMPC), di16:0-PC (DPPC), 16:0,18:1-PC (POPC), di18:1c9-PC (DOPC), di18:1c6-PC 

(C6PC), di18:3-PC and di18:1t9-PC.  The experimental methodologies will be discussed 

below, followed by a detail discussion of the results.  
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2.2 Materials and Methods 

2.2.1 Materials 

 di12:0-PC (DLPC), di14:0-PC (DMPC), di16:0-PC (DPPC), 16:0,18:1-PC 

(POPC), di18:1c9-PC (DOPC), di18:1c6-PC (C6PC), di18:3-PC and di18:1t9-PC  were 

purchased from Avanti Polar Lipids, Inc. (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 chloroform/methanol/water = 65:25:4 for 

phospholipid analysis or with petroleum ether/ethyl ether/chloroform = 7:3:3 for 

cholesterol analysis.  The TLC plates were visualized by heating on a 200 °C hotplate for 

2 hours after spraying with 20% ammonium sulfate solution. All solvents were of HPLC 

grade.  Concentrations of phospholipid stock solutions were determined by a phosphate 

assay (Kingsley and Feigenson, 1979) Aqueous buffer (pH 7.0, 5mM PIPES, 200mM 

KCl, 1 mM NaN3) was prepared from de-ionized water (~18 MΩ) and filtered through a 

0.1 µm filter before use.  Recombinant cholesterol oxidase expressed in E. Coli (C-1235), 

peroxidase (P-8250) from horseradish and other chemicals for the cholesterol oxidation 

measurements were obtained from Sigma (St. Louis, MO).   

2.2.2 Liposome Preparation 

 The cholesterol content in all samples was kept at 60 µg, and the lipid 

compositions of samples were adjusted by adding appropriate amounts of other lipid 

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

(Buboltz and Feigension 1999). First, lipids were dissolved in 70 µL of chloroform. The 

lipid solution was then heated to 55 °C briefly in a glass tube and 1.3 mL of aqueous 
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buffer was added.  While keeping the mixture vigorously vortexed in the glass tube, the 

bulk solvent was removed by gradually reducing the pressure to about 3 cm of Hg using a 

home-built vacuum attachment.  The remaining trace chloroform was removed by an 

additional minute of vortexing at same pressure. The liposomes prepared by the above 

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

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

cycle.  The samples were first cooled to 24 °C at 10 °C/hour and again heated to 50 °C at 

the same rate. The samples were then kept at 50°C for one more hour before finally 

cooled to room temperature at a rate of 1.5 °C/hour.  Finally the liposomes were stored at 

room temperature on a mechanical shaker for about 10 days in the dark before the 

cholesterol oxidation measurements.   

2.2.3 Cholesterol Oxidation Measurements 

 Cholesterol oxidase (COD) is a water-soluble monomeric enzyme that catalyzes 

the conversion of cholesterol to cholest-4-en-3-one.  COD first binds to the membrane 

surface without causing much perturbation to it (Cheng et al., 2006). After binding, COD 

undergoes conformational changes and forms a hydrophobic channel for membrane 

cholesterol to leave the membrane. The initial oxidation rate of cholesterol by the oxidase 

enzyme was determined through the 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.   The first step, i.e. the COD-mediated oxidation 

of membrane cholesterol, is a slow reaction or the rate-limiting step. The step produces 

two products, hydrogen peroxide and cholest-4-en-3-one (Ahn and Sampson, 2004). 
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Catalyzed by peroxidase (POD), the hydrogen peroxide produced in the first step quickly 

reacts with 4-aminoantipyrine and phenol and produces red colored quinoneimine, which 

has a distinctive absorption peak at 500 nm . (Allain et al 1974). As the rate of overall 

reaction is controlled only by the off-rate of membrane cholesterol in the first step, 

measuring time dependent absorbance at that wavelength gives direct measurement of 

cholesterol chemical potential (Ali et al,, 2006). For each cholesterol oxidation 

measurement, 1.3 mL of liposomes was first mixed with 0.2 mL of 40 mM phenol 

solution.  After mixing, 1 mL of reaction buffer (1.64 mM aminoantipyrene and 10 U/mL 

of Peroxidase in PBS buffer, pH = 7.40) was added. The above mixture was then 

incubated at 37 oC for at least 10 minutes and finally transferred to a cuvette preheated to 

37 oC in a heating block. The sample in the cuvette was maintained at 37 oC and stirred 

with a home-built magnetic mini-stirrer during the measurement.  A 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 20 

µL of COD solution (5 U/mL) into the cuvette for high Cχ  samples. For better S/N ratio 

at low Cχ  samples 60 µL of COD has been added instead of 20 µL. The time-resolved 

absorption spectra (190-1100 nm) were collected with an integration time of 0.5 seconds 

(as shown in Fig. 5). The spectra were collected at a rate of 2 spectra/second, and total 

data collection time per sample was 120 second. 
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Figure 5. Typical absorption spectra at 500 nm as COD reaction progresses for a 
sample at Cχ  = 0.60.  

 
 
 
 
 
 

   

Figure 6. COD reaction curves for samples at three different cholesterol concentrations 
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Background corrected time-dependent absorption of quinoneimine was determined by 

calculating the difference of the absorption at 500 nm and background average over range 

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 seconds of the absorption data (Fig. 6).  All data acquisition and data 

analysis were performed using the UV-visible ChemStation Software provided by 

Agilent Technologies.  For all experiments, each sample contained the same amount of 

cholesterol (60 µg).  This ensured that the bulk concentration of available substrate to 

COD remained constant. 
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  (a) Cholesterol   (b)   di12:0-PC (DLPC) 
 
 
 

        
 
 
 (c)  di14:0-PC (DMPC)         (d) di16:0-PC (DPPC) 
 
 
 
Figure 7. Structures of cholesterol and PCs with saturated chains. 
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(a) 16:0,18:1-PC (POPC)     (b) di18:1c9-PC (DOPC)      (c) di18:1c6-PC (C6PC) 
 
Figure 8. Structures of PCs with mono-unsaturated chains.  
 
 

       
 
  . (a) di18:3-PC (18:3-PC)                    (b) di18:1t9-PC (T9PC) 
 
Figure 9.  Structures of di18:3-PC containing 3 cis double bonds on each chain and 

di18:1t9-PC with trans double bonds. 
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2.3 Results and Discussion 
 
 Our systematic measurements of chemical potential of cholesterol in lipid bilayers 

of di12:0-PC (DLPC), di14:0-PC (DMPC), di16:0-PC (DPPC), 16:0,18:1-PC (POPC), 

di18:1c9-PC (DOPC), di18:1c6-PC (C6PC), di18:3-PC and di18:1t9-PC  provided very 

solid supportive evidences for theoretical chemical potentials predicted from the 

Umbrella model.   

2.3.1 Maximum Solubility of Cholesterol (χ*) in Lipid Bilayers 

 In this work, we have measured  for the first time using a thermodynamic 

technique.  The previous 

χ*

χ*  studies employed non-thermodynamic techniques, such as 

X-ray diffraction or fluorescence spectroscopy (Huang et al., 1999; Parker et al., 2004).  

In this study, we found that COD initial reaction rate peaks at  (see Figure 10). As 

shown in Figure 10, the initial rate increases with cholesterol mole fraction.  This 

increase is not a surprise.  Previously, based on a thermodynamic analysis and Monte 

Carlo simulation, Huang and Feigenson (1999) predicted that the chemical potential of 

cholesterol in a lipid bilayer should increase sharply near its solubility limit, to approach 

that in cholesterol monohydrate crystals.  Thus, finding the global peak of COD initial 

reaction rate has been evolved as a new experimental technique to measure  in lipid 

bilayers.  The COD studies on the list of PCs show most PCs have  a cholesterol 

maximum solubility limit in ranges 0.65 ~ 0.67 (Table 1), which are consistent with the 

 

χ*

χ*

χ* values previously obtained by other methods. This finding indicates that measuring 

COD initial reaction rate is a reliable method to explore the chemical potential of 

cholesterol in lipid bilayers.    
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Figure 10(a). COD initial rate as a function of cholesterol mole fraction in di12:0-

PC/Cholesterol bilayer.  
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Figure 10(b). COD initial rate as a function of cholesterol mole fraction in di14:0-

PC/Cholesterol bilayer. 

20  
 



  

 

    

Figure 10(c). COD initial rate as a function of cholesterol mole fraction in di16:0-

PC/Cholesterol bilayer.  
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 Table 1. The maximum cholesterol solubility in various PC bilayers measured by 

 the COD activity assay in this study and by other methods (X = X-ray, L = Light  

 scattering, M = Microcopy,  F = Fluorescence spectroscopy)   

Full name of the 
PC 

Abbreviated names χ* by COD method χ* by other 
methods 

di12:0-PC DLPC 0.65±0.01 0.66±0.01 (X, L) 

di14:0-PC DMPC 0.66±0.01 0.66±0.01 (X, L, M) 

di16:0-PC DPPC 0.67±0.01 0.66±0.01 (X) 

16:0,18:1-PC POPC 0.67±0.01 0.66±0.01 (X, L, M) 

di18:1c9-PC DOPC 0.66±0.01 0.66±0.01 (L,M, F) 

di18:1c6-PC C6PC 0.62±0.01 0.62±0.01 (L, F) 

di18:3-PC No abbreviation 0.66±0.01 No data 

di18:1t9-PC No abbreviation 0.66±0.01 No data 

   

 In Table 1, C6PC is the only exception having a lower  value. The low value 

has been further confirmed by light scattering and fluorescence techniques (data not 

shown). In the discussion below, we have explained the possible reasons for this lower 

value. 

χ*

.  
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     11(a)  Cχ  = 0.50       11(b)  Cχ  = 0.57         11(c)  Cχ  = 0.67 

Figure 11. Computer simulated hexagonal, dimer, and maze patterns of cholesterol 
superlattices at Cχ  =  0.50, 0.57 and  0.67.  
 

2.3.2.  Chemical Potential of Cholesterol in High Cholesterol Region 

 We define the high cholesterol region as Cχ ≥ 0.50. The Umbrella Model and MC 

simulations (Huang and Feigenson, 1999) predicted regular distribution of cholesterol 

(i.e., superlattice formation) at cholesterol mole fraction of 0.50, 0.57 and 0.67.  The 

regular distribution of cholesterol at Cχ = 0.50 is a hexagonal distribution, and at 0.57 is a 

“dimer” pattern, and at 0.67 is a “maze” pattern (Fig. 11).  It should be pointed out that 

the regular distribution at 0.57 is a unique prediction from MC simulation based on the 

Umbrella model, and this regular distribution has not been previously reported in any 

other theoretical models or experimental measurements.  In addition, the MC simulation 

based on the Umbrella model predicted a direct correlation between regular distribution 

(superlattice) formation and jumps in cholesterol chemical potential:  Each large-scale 

regular distribution must accompany with a jump in cholesterol chemical potential.  Thus, 

a jump in cholesterol chemical potential is an experimental “signature” of a large-scale 

regular distribution of cholesterol in the lipid membrane. 
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2.3.2.a PCs With Saturated Chains 

 Figure 10 shows measured COD initial reaction rates as a function of cholesterol 

mole fraction in di12:0-PC, di14:0-PC and di16:0-PC lipid bilayers.  All three PC have 

saturated acyl chains, but the chain length is different.  In all three cases, the rate showed 

a global maximum around Cχ = 0.67, which indicates that they all have the same  

value.  This result is consistent with the Umbrella model, since chain length has very 

little to do with the capability of PC covering neighboring cholesterol.  Thus,  value 

should be insensitive to the acyl chain length.  In Figure 10, we also see the initial rate 

has a sharp jump around 

χ*

χ*

Cχ  = 0.57 in all three bilayers.  This jump has been predicted by 

Huang and Feigenson (1999), signifies the formation of dimer pattern superlattice at this 

composition (Fig. 11).  Another important result is that there is no big jump of initial rate 

at Cχ  = 0.50, which indicates that there is no large-scale regular distribution 

(superlattice) formation at Cχ = 0.50 in PC bilayers with all saturated chains.  The result 

does not rule out the presence of relative small superlattice domains at this composition.  

However, it indicates that the tendency to form superlattice at this composition is weak.  

According to Huang and Feigenson (1999), the driving force of regular distribution 

formation at high cholesterol region ( Cχ  ≥ 0.50) is the rapid increasing of free energy 

cost for PCs to cover cholesterol clusters as the size of cholesterol cluster increases from 

monomer (at Cχ = 0.50), to dimer (at Cχ = 0.57), and to the line formation at Cχ = 0.67.  

Since PCs with the saturated chains have the largest “headgroup/body” ratio among PCs, 

it is reasonable to assume that they can cover cholesterol clusters in the form of monomer 

or dimer without paying too much free energy cost, which results in a weak driving force 
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to form regular distribution at Cχ = 0.50.  However at Cχ = 0.67, the size of cholesterol 

cluster becomes too large, and the free energy cost to cover cholesterol clusters becomes 

so high that the “maze” pattern begins to form.  Thus, chemical potential of cholesterol 

rises sharply. 

 If the above reasoning is correct, then it logically leads to the following testable 

“predictions”: (1) The tendency of forming cholesterol superlattice at Cχ = 0.50 should 

be much stronger in PCs bilayers with unsaturated chains, which have a smaller 

“headgroup/body” ratio; (2) There will be no regular distribution of cholesterol in low 

cholesterol region ( Cχ  < 0.50) in PC bilayers with all saturated chains.  The second 

prediction is based on the conclusions from a MC simulation study by Huang (2002), 

which suggested that a strong force against any cholesterol clustering is one of the two 

necessary conditions for regular distribution of cholesterol in low cholesterol region.  As 

shown in later sections, both “predictions” turn out to be true. 

2.3.2.b PCs with Mono-Unsaturated Chains 

 Figure 12 shows measured COD initial reaction rates as a function of cholesterol 

mole fraction in 16:0,18:1-PC (POPC), di18:1-PC (DOPC) and di18:1c6-PC (C6PC) 

lipid bilayers.  Only one of the two acyl chains of a 16:0,18:1-PC contains a cis double 

bond, and both chains of di18:1-PC and di18:1c6-PC have a cis double bond.  Since 

double bond makes a chain more “bulky” and stiff than a saturated chain, these three PCs 

have a smaller “headgroup/body” ratio than PCs with all saturated chains.  This common 

characteristic would make them less capable to cover neighboring cholesterol clusters, 

and generate a stronger tendency to form cholesterol superlattice at Cχ = 0.50, based on 

the arguments from the Umbrella model. 
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 Unlike PCs with all saturated chains, in Figure 12, the COD initial reaction rate 

shows large jumps at χc = 0.50 and 0.57 in three PCs with unsaturated chains.  In 

addition, the height of jump at χc = 0.5 is largest in di18:1c6-PC and smallest in 

16:0,18:1-PC (POPC).  The COD initial reaction rate peaks at χc = 0.67 in di18:1c9-PC 

(DOPC) and 16:0,18:1-PC (POPC) bilayers, but the peak is at χc ~ 0.62 in di18:1c6-PC 

bilayer, which indicates that cholesterol maximum solubility is lower in di18:1c6-PC 

bilayers than in other PC bilayers.  Our result indicated that the number of double bonds 

as well as the locations of the double bonds play crucial roles in phospholipid-cholesterol 

interactions.   

 The molecular driving force for regular distribution at χc = 0.50 is that the free 

energy cost of covering a cholesterol dimer is significant higher than that of covering a 

cholesterol monomer, and the driving force for regular distribution at χc = 0.57 is that 

the free energy cost of covering a higher order cholesterol cluster (line-formation) is 

much higher than that of covering a cholesterol dimer (Huang and Feigenson, 1999).  

Thus, regular distribution requires certain “unfavorable” interaction between cholesterol 

and PC.  PCs with unsaturated chains have a smaller “headgroup/body” ratio than PCs 

with saturated chains.  Our data indicated that PC bilayers with unsaturated chains have 

stronger “unfavorable” interaction with cholesterol, and can provide the favorable 

condition for regular distribution formation.  Based on the height of jump at χc = 0.50,  

di18:1c6-PC has the strongest unfavorable interactions with cholesterol, and di18:1c9-PC 

(DOPC) has slightly weaker interactions, and 16:0,18:1-PC (POPC) has the weakest 

interactions.  This can be understood from the molecular structure of these PCs. 

16:0,18:1-PC (POPC) only has one double bond in one of two acyl chains, and the other 
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chain is saturated.  Although both di18:1c9-PC (DOPC) and di18:1c6-PC (C6PC)have 

one cis double bond in each of their acyl chains, the double bonds in di18:1c6-PC are 

closer to the headgroup and are in physical contact with the sterol rings of neighboring 

cholesterol (Figure 8).  Thus, di18:1c6-PC does not “pack” well with cholesterol, and its 

capability to cover neighboring cholesterol is relatively low.  In another word, di18:1c6-

PC have a stronger unfavorable interaction with cholesterol than di18:1c9-PC (DOPC).   

2.3.2.c The Unusual χ* Value in di18:1c6-PC Bilayers 

The unfavorable interaction between di18:1c6-PC (C6PC) and cholesterol is so 

strong that it also lowers the cholesterol maximum solubility.  In Figure 12c, the COD 

initial rate peaks at χc = 0.62 in di18:1c6-PC bilayers.  This is very unusual, since the 

cholesterol maximum solubility in a dozen of other PCs is all around 0.67 (Table 1).   

The low  value demonstrates that di18:1c6-PC bilayer can accommodate less 

cholesterol than other PC bilayers.  It is unclear whether cholesterol also form regular 

distribution at 

χ*

χc = 0.62. 

2.3.3 Chemical Potential of Cholesterol in Low Cholesterol Region 

The excess chemical potential of cholesterol (μchol
ex ) in low cholesterol region ( χc 

≤ 0.50) generally is an increasing function of cholesterol mole fraction.  Since each 

theoretical model has different prediction of μchol
ex , we look for sudden changes of COD 

initial reaction rate (i.e., jumps or spikes) as a function of cholesterol mole fraction. 

2.3.3.a  PCs with All Saturated Chains 

 Figure 10 shows the COD initial reaction rates for three PCs with all saturated 

hydrocarbon chains: di12:0-PC (DLPC), di14:0-PC (DMPC), and di16:0-PC (DPPC).   
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Although each experiment has been repeated three times, no sudden change of COD 

initial reaction rate (i.e. jumps or spikes) has been found.  Which suggests that no large-

scale regular distribution of cholesterol occurs in low cholesterol region in PC bilayers 

with all saturated chains. 

 Based on MC simulation results, Huang (2002) pointed out that the driving force 

for cholesterol regular distribution at low cholesterol region is different from that in high 

cholesterol region.  In low cholesterol region, in order to form a cholesterol superlattice, 

two opposing types of interactions are needed: A large interaction which favors the 

cholesterol-phospholipid mixing or against any cholesterol clustering, and a smaller 

unfavorable acyl chain multibody interaction which increases nonlinearly with the 

number of cholesterol contacts.  The combined effect of both interactions must still favor 

the cholesterol-phospholipid mixing.  The magnitude of the interactions should be in the 

order of kT.  The first interaction is likely originated from the requirement for PC to 

cover cholesterol.  The “headgroup/body” ratio of a PC should be in some “optimal” 

range to create a strong tendency for cholesterol to avoid clustering in that particular 

bilayer.  This strong tendency can be experimentally verified by checking whether 

cholesterol form the monomer (i.e., hexagonal) regular distribution at χc = 0.50.  Thus, 

forming large-scale regular distribution at χc = 0.50 would meet the first necessary 

condition for regular distribution of cholesterol at low cholesterol region.  The second 

necessary interaction likely comes from the reduction of acyl chain conformation entropy 

due to cholesterol contact (Huang 2002).  Although mixing cholesterol with 

phospholipids must have an overall favorable free energy, from the point of view of acyl 

chains, cholesterol molecules are aggressive invaders.  Cholesterol molecules have to 
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partially “live” under the headgroups of phospholipids, and occupy the lateral spaces that 

would otherwise be available to acyl chains.  The rigid, bulky bodies of cholesterol can 

significantly reduce the number of possible conformations of neighboring acyl chains, 

which is evidenced by increasing chain order parameter when cholesterol is added to a 

bilayer and by the “cholesterol condensing effect” ” (Leathes, 1925; Demel, et al., 1967; 

Stockton and Smith, 1976; Vist and Davis, 1990).   

Our result is consistent with the Umbrella model.  In Figure 10, COD initial rate 

shows no (or small) jump at χc = 0.50, which indicates that no large-scale hexagonal 

regular distribution formed in PC bilayers with all saturated chains.  Thus, the first 

necessary condition for cholesterol regular distribution in low cholesterol region does not 

meet, and it results in no superlattice formation in low cholesterol region.  

2.3.3b  PCs with Mono-Unsaturated Chains 

Figure 12 shows the COD initial reaction rates for three PCs with mono-

unsaturated hydrocarbon chains: 16:0,18:1-PC (POPC), di18:1c9-PC (DOPC), and 

di18:1c6-PC (C6PC).  It was challenging to measure the COD initial rate at low 

cholesterol concentrations. However, we have improved the S/N ratio by adding 3x more 

cholesterol oxidase.  The COD initial reaction rate clearly jumps around χc = 0.25 and 

0.40 in all three PC bilayers.  In addition, the rate also shows a jump round χc = 0.15 in 

di18:1c9-PC (DOPC) and di18:1c6-PC(C6PC).  The result indicates that cholesterol 

forms large-scale regular distributions in low cholesterol region in PC bilayers with 

mono-unsaturated chains.  To demonstrate the reproducibility of the measurement, Figure 

13 shows three independent measurements of COD initial reaction rate on di18:1c9-

PC(DOPC)/cholesterol mixtures, and Figure 14 shows the similar measurements on 
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di18:1c6-PC(C6PC)/cholesterol mixtures.  Both figures show that the jumps we observed 

are quite consistent. 

In a previous study of POPC/cholesterol bilayers, Wang reported that sharp peaks 

on COD initial reaction rate were observed at χc = 0.20, 0.25, and 0.33 (Wang et al., 

2004).  To confirm that the jumps we observed were not artifact caused by our relative 

large χc increment in our samples (~ 0.01), we prepared a set of di18:1c9-PC/cholesterol 

samples covering χc = 0.25 region at a much smaller χc increment (~0.003).  As shown 

in Fig. 13c, the COD initial reaction rate showed a clean jump at χc = 0.25, and no 

indication of peak was observed. 

Our result clearly demonstrates the direct correlation between the regular 

distribution at χc = 0.50 and the regular distributions at low cholesterol mole fraction 

(0.40, 0.25, and 0.154).  It is interesting to notice that the cholesterol mole fractions at 

which the jump observed in our COD experiment agree perfectly with the MC 

simulations based on the Umbrella model (Huang and Feigenson, 1999; Huang 2002), but 

not with the predictions from some other models.  For example, there is no jump χc = 

0.33, which was predicted by the Condensed Complex Model (Radhakrishnan and 

McConnell, 1999).  There is also no jump at χc = 0.125, 0.182, 0.20, 0.22, and 0.286, 

which were predicted by the SuperLattice Model (Somerharju et al. 1999). 

Our data does not disagree with the Coexisting Phase Model.  According to 

Coexisting Phase Model (Vist and Davis, 1990), there should be no jump in chemical 

potential between χc = 0.07 and 0.22, as Lα and Lo phases coexist in this range. We did 

observe COD initial rate jump around 0.15 in di18:1c9-PC (DOPC) and di18:1c6-PC 

(C6PC) bilayers.  However, Vist and Davis constructed their phase diagram using di16:0-
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PC (DPPC), we did not observe jump with di16:0-PC (DPPC).  It can be argued that PCs 

with saturated chains (such as di16:0-PC) and PCs with mono-unsaturated chains (such as 

di18:1c9-PC) could have different phase diagrams.  More investigation is needed to test 

the Coexisting Phases Model. 

   

 

 Figure 12(a) COD initial rate as a function of cholesterol mole fraction in 

16:0,18:1-PC/Cholesterol bilayer.    
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 Figure 12(b) COD initial rate as a function of cholesterol mole fraction in 

di18:1c9-PC/Cholesterol bilayer. 
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 Figure 12(c) COD initial rate as a function of cholesterol mole fraction in di18:c6-

 PC/Cholesterol bilayer. 
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     (a) 

   
      (b) 
 
Figure13.  Three independent measurements of COD initial reaction rate as a function of 

cholesterol mole fraction in di18:1c9-PC(DOPC)/Cholesterol lipid bilayer.  (a) In low 

cholesterol region; (b) In high cholesterol region. 
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Figure13(c)  Cholesterol chemical potential jump at χc = 0.25 in di18:1c9-

PC(DOPC)/Cholesterol lipid bilayer.  Samples were made at a much smaller cholesterol 

mole fraction increment (~ 0.003). 
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      (a) 
 

    

      (b) 
 
Figure14.  Three independent measurements of COD initial reaction rate as a function of 

cholesterol mole fraction in di18:1c6-PC(C6PC)/Cholesterol lipid bilayer.  (a) In low 

cholesterol region; (b) In high cholesterol region. 
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 Figure 15. COD initial rate as a function of cholesterol mole fraction in di18:3-PC

 /Cholesterol bilayers. 
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Figure 16.  COD initial rate as a function of cholesterol mole fraction in di18:1t9-PC 

/Cholesterol bilayers. 
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2.3.4  PC With Poly-Unsaturated Chains 

 We also performed COD initial reaction rate measurement in di18:3-

PC/cholesterol bilayers to test a specific hypothesis of the Umbrella Model.  Based on an 

extensive MC simulation study, Huang proposed that two types of molecular interactions 

are required for superlattice formation in low cholesterol region (Huang 2002): (1) A 

strong force again any cholesterol clustering, and (2) an unfavorable multibody (i.e., 

nonlinear) interaction between acyl chains of phospholipids and cholesterol.  The second 

interaction must be sufficient large and  increase nonlinearly with the number of 

cholesterol contacts that an acyl chain has.  Huang suggested that the source of the 

second interaction is most likely coming from the decreasing of conformational entropy 

of an acyl chain due to cholesterol contact (Huang 2002).   

Different from all other PCs used in this study, each acyl chain of a di18:3-PC 

contains three cis double bonds, which are located at the 9th, 12th, and 15th carbon 

positions respectively.  Thus, a di18:3-PC is similar to a di18:1c9-PC (DOPC), except 

two additional cis double bonds at the 12th and 15th carbon positions.  On the basis of the 

molecular structure, di18:3-PC and di18:1c9-PC (DOPC) have a similar 

“headgroup/body” ratio, therefore one would expect that they have the similar chemical 

potential profiles in high cholesterol region.  However, two additional double bonds in 

di18:3-PC make the acyl chains less flexible or with less conformational freedom.  When 

an 18:3 chain contacts cholesterol, the magnitude of conformational entropy loss should 

be less than that with an 18:1 chain.  If the loss of chain entropy is indeed the source of 

the second required multibody interaction for the superlattice formation, a reduction in 
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the magnitude of this interaction could abolish the superlattice formation in low 

cholesterol region.   

 Figure 15 shows the COD initial reaction rate as a function cholesterol mole 

fraction in di18:3-PC/cholesterol lipid bilayers.  In high cholesterol region, the profile is 

similar to that for di18:1c9-PC/cholesterol system: a jump in χc = 0.5 and the rate peaks 

around ~ 0.67.  However, the COD initial reaction rate profile in low cholesterol region is 

very different from that for di18:1c9-PC/cholesterol bilayers:  There is no evidence of 

rate jump from cholesterol mole fraction 0.1 to 0.45.  The data clearly showed that the 

two addition double bonds abolish the superlattice formation in low cholesterol region.  

The result strongly supports the hypothesis that the source of the unfavorable multibody 

interaction is most likely coming from the decreasing of conformational entropy of acyl 

chains due to cholesterol contact. 

2.3.5  Effect of trans Double Bond on Cholesterol-PC Interaction 

Recently, there is a surging public interest in the health effects of consuming trans 

fat.  We investigated the effect of trans double bond on cholesterol-PC interaction. From 

our studies, di18:1c9-PC (DOPC) stands out to be the ideal lipid for experimentally study 

of superlattice phenomena at high and low cholesterol regions, due to the multiple jumps 

of cholesterol chemical potential in both regions.  Di18:1t9-PC (T9PC) has an almost 

identical molecular structure as di18:1c9-PC (DOPC), except that the double bond 

located at 9th carbon position is a trans double bond, instead of a cis double bond. 

As shown in Figure 16, the chemical potential profile in di18:1t9-PC/cholesterol 

bilayers is very similar to that in di18:1c9-PC/cholesterol bilayers in Fig. 12b. The COD 

initial rate jumped at cholesterol mole fractions 0.15, 0.25, 0.4, 0.5, and 0, 57, and 
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eventually peaked at 0.67.  The result indicates that trans double bonds do not produce 

measurable effect on cholesterol chemical potential. 

2.3.6  Merits and Deficiencies of Some Theoretical Models 

2.3.6a  The Condensed Complex Model 

 McConnell’s group initially proposed cholesterol-PC condensed complex at 

cholesterol mole fraction of 0.33 (i.e., at cholesterol/PC ratio of 1/2).  Based on a mean-

field calculation, they predicted that the chemical potential of cholesterol should jump at 

this composition.  The key concept is that cholesterol and PC can form some low energy 

complexes at certain cholesterol/PC ratios.  Later, they argued that superlattices at other 

cholesterol mole fractions could also be considered as condensed complexes 

(Radhakrishnan A and McConnell, 2003).   

In this study, we did not observe the jump of cholesterol chemical potential at χc 

= 0.33 as predicted by the Condensed Complex Model in any of the cholesterol/PC 

systems.  Could the chemical potential jumps observed at other lipid compositions 

support their model?  After careful consideration, we think that the answer is NO.  The 

following are key objections: 

(1) Cholesterol is a relative simple molecule.  It is hard to justify that cholesterol 

can form so many different chemical complexes with so many different PC.  

In fact, it has never been shown what these complexes look like, or what 

causes the “low energy structure”. 

(2) Since the proposed condensed complexes are low energy structures, 

cholesterol is more likely to form the complex with PCs it can mix well.   It is 

well known that cholesterol prefers lipids with saturated chains over lipids 
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with unsaturated chains (Brown and London, 2000; Pitman et al. 2004).  For 

example, in DOPC/DSPC/cholesterol ternary mixtures, cholesterol prefers 

“liquid-ordered” lipid raft phase which is rich in PC with saturated chains 

DSPC (di20:0PC) over the “liquid-disordered” phase which is rich in PC with 

unsaturated chain DOPC (Feigenson data, personal communication).  

McConnell group has specifically stated that cholesterol is most likely to form 

the condensed complex with DPPC or sphingomyelins, both with all saturated 

chains (Radhakrishnan and McConnell, 2005; McConnell and Radhakrishnan , 

2006).  However, our data shows a general pattern which is opposite to what 

the Condensed Complex Model has predicted:  Cholesterol superlattices have 

been observed in PC bilayers with unsaturated chains, such as di18:1c9-PC 

(DOPC) and di18:1c9-PC (C6PC).  No cholesterol chemical potential jump 

was observed in low cholesterol region in PC bilayers with all saturated 

chains, such as di16:0-PC (DPPC) or di14:0-PC (DMPC).   

(3) The Condensed Complex Model was originally proposed based on a lipid 

monolayer study at air-water interface, not based on data from lipid bilayer 

(i.e., vesicles) studies (Radhakrishnan and McConnell, 2000).  We should 

point out that cholesterol-lipid interactions at an air-water interface are very 

different from that in a lipid bilayer.  At an air-water interface, the 

hydrophobic body of cholesterol is suspended in the air and only the 

hydrophilic hydroxyl group touches the water.  A large pure cholesterol 

monolayer can form at an air-water interface, while it is not possible to have a 

pure cholesterol bilayer, since the hydrophobic bodies of cholesterol would be 
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exposed to water in such bilayer.  Thus, in a lipid monolayer at air-water 

interface, the key cholesterol-PC interactions described by the Umbrella 

Model, the requirement of covering cholesterol’s hydrophobic bodies by 

neighboring PCs, do not exist.  Therefore, a conclusion from a monolayer 

study may not be applicable to bilayer systems.  Furthermore, the “condensed 

complexes” have only been observed in lipid monolayers at a lateral pressure 

much lower than that in a lipid bilayer.  No “condensed complex” has been 

ever observed at a lateral pressure similar to that in a lipid bilayer.   

2.3.6b  The Superlattice Model 

 The Superlattice Model has a lot more merits than the Condensed Complex 

model.  First, it correctly describes a general picture of cholesterol/PC mixing in a lipid 

bilayer as cholesterol has a little tendency to cluster in a lipid bilayer.  Cholesterol tends 

to distribute in such way that the distance between cholesterol molecules are 

“maximized”.  Second, it proposed some highly symmetrical long-range lateral 

distribution patterns (superlattice) at some well-defined lipid compositions.  However, the 

data in many early publications were quite noisy and were difficult to be reproduced in 

other labs.  The model has not received as much respect as it deserves.  However, the 

Superlattice model does have a few deficiencies: 

(1) It incorrectly hypothesized that the driving force of superlattice is a long-range 

repulsive force between cholesterol.  In a Monte Carlo simulation study, Sugar et 

al. found that pairwise long-range repulsive forces cannot produce any large-scale 

superlattice, except at χc = 0.50 (Sugar et al., 1994).  It appeared that Sugar et al. 

did not fully understand the implication of their result, and missed the golden 
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opportunity to find the real driving force of cholesterol superlattice: the multibody 

interactions. 

(2) The Superlattice model predicts superlattices from an equation based on 

geometric symmetry, not based on molecular interactions (Somerharju et al., 

1999).  The model did predict the superlattices at χc = 0.154, 0.25, 0.4 and 0.50, 

but failed to predict the superlattices at χc = 0.57 (dimer pattern) and 0.67 (maze 

pattern), because these two patterns do not have the symmetry they look for.  In 

addition, it predicted many other superlattices which are unlikely to exist, 

particularly at low cholesterol mole fractions.   

(3) The Superlattice model hypothesized that a superlattice distribution represents a 

local minimum in free energy (Fig. 3).  The corresponding chemical potential 

profile has been proven to be wrong in this study. 

2.3.6c  The Coexiting Phases Model 

 The Coexisting Phases Model was constructed for di16:0-PC only. Our data on 

di16:0-PC/cholesterol bilayers did not contradict with the Coexisting Phases Model.  

However, our measured chemical potential profiles on PC bilayers with unsaturated 

chains showed significant difference from that on di16:0-PC bilayers. Many researchers 

think that Vist and Davis’s phase diagram (1990) is a universal phase diagram for 

cholesterol/PC mixtures.  Our data shows that cautions must be taken. 

 The Coexisting Phases Model does not mention cholesterol superlattice 

formation.  Thus, it failed to point out the most important feature of cholesterol-PC 

mixing.  An important contribution of the model is that it firmly established that 

cholesterol significantly increases the packing order of acyl chains of surrounding PCs.  

44  
 



  

2.3.6d  The Umbrella Model 

  In this study, the Umbrella Model and the consequent Monte Carlo simulations 

has been proven to be quite successful in predicting the cholesterol mixing behavior with 

PCs. 

(1) The jumps of cholesterol chemical potential at χc = 0.15, 0.25, 0.40, 0.50, 0.57, and 

0.67 predicted by the Umbrella model have all been observed.   Interestingly, no other 

jumps, which have not been predicted by the model, have been observed.  The 

measured chemical potential profiles look very similar to the calculated profiles from 

MC simulation based on the Umbrella Model.  Figure 17 compares the observed 

chemical potential jumps with the predictions from various models.  It is obvious that 

only the Umbrella model is completely consistent with the measurements. 

(2) The Umbrella model gave detail description of molecular interactions required for 

superlattice formation.  In this study, the predictions have been tested with PCs of 

various acyl chain structures, and the result strongly supports the explanation of the 

driving forces of superlattice formation by the Umbrella model.  This study shows 

that both the “headgroup/body” ratio of PC and the acyl chain conformational entropy 

play important roles in cholesterol superlattice formation. 

 

 

 

45  
 



  

    

 

 Figure 17.  Comparison of experimental observed jumps in cholesterol chemical potential 

with the predictions of various models.   

 2.4 Conclusion 

We found that the measured chemical potentials of cholesterol have an excellent 

agreement with the predictions from the Umbrella model:  The chemical potential 

profiles look very similar to that simulated from the Umbrella Model, and the position of 

jumps matches prediction precisely.  The Superlattice model is correct in general 

behavior of cholesterol/PC mixing, but was incorrect in the molecular driving forces of 

superlattices and the chemical potential profiles.  The Coexisting Phase Model lacks the 

key feature of cholesterol/PC mixing: cholesterol superlattices.  Finally, the data 

indicated that the validation of the Condensed Complex Model is in serious question. 
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CHAPTER THREE 

CERAMIDE-CHOLESTEROL INTERACTIONS IN POPC BILAYERS 

Abstract 

 The effect of brain ceramide on the maximum solubility of cholesterol in ternary 

mixtures of 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine 

(POPC)/cholesterol/ceramide was investigated at 37 °C by a cholesterol oxidase (COD) 

reaction rate assay and by optical microscopy.  The COD reaction rate assay showed a 

sharp increase of cholesterol chemical potential as the cholesterol mole fraction 

approaches the solubility limit. A decline in the COD reaction rate was found after the 

formation of cholesterol crystals.  The maximum solubility of brain ceramide in POPC 

bilayers was determined to be 68±2 mol percent by microscopy.  We found that ceramide 

has a much higher affinity to the ordered bilayers than cholesterol, and maximum 

solubility of cholesterol decreases with the increase of ceramide content.  More 

significantly, the displacement of cholesterol by ceramide follows a one-to-one relation: 

At the cholesterol solubility limit, adding one more ceramide molecule to the lipid bilayer 

drives one cholesterol out of the bilayer into the cholesterol crystal phase, and cholesterol 

is incapable of displacing ceramide from the bilayer phase.  Based on these findings, a 

ternary phase diagram of POPC/cholesterol/ceramide was constructed.  The behaviors of 

ceramide and cholesterol can be explained by the Umbrella model: Both ceramide and 

cholesterol have small polar headgroups and relative large nonpolar bodies.  In a PC 

bilayer, ceramide and cholesterol compete for the coverage of the headgroups of 

neighboring PC to avoid the exposure of their nonpolar bodies to water.  This 
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competition results in the one-to-one displacement as well as the displacement of 

cholesterol by ceramide from lipid raft domains.   

3.1 Introduction 

 Sphingomyelin and cholesterol represent the major components of lipid rafts in 

the plasma membranes of most animal cells. These raft domains are thought to be 

involved in regulating many important cell functions, such as signal transduction, lipid 

trafficking, and protein functions (Field and Baird, 1997, Brown and London, 1998, 

Simons and Ikonen, 2000).  Ceramide is an important lipid involved in many vital cell 

signaling processes (Michell and Wakelam, 1994, Hannun, 1996)   It also plays a key 

role in many biochemical processes associated with cell proliferation, cell differentiation, 

and apoptosis (Ruvolo,  2003, Michael et al., 1997).  In cells, ceramide can be generated 

by either de novo synthesis or the hydrolysis of sphingomyelins by acid 

sphingomyelinase (aSMase) or neutral sphingomyelinase (nSMase) during cellular stress 

and apoptosis (van Blitterswijk et al., 2003, Luberto and Hannun, 2000, Bose et al., 

1995).  In lipid membranes, ceramide increases acyl chain packing order and stabilizes 

the gel phase (Massey, 2001). Recently, the interaction between cholesterol and ceramide 

in cell membrane has drawn a lot of interest (Scheffer et al., 2005, Ohta and Hatta, 2002).  

It has been shown that ceramide preferentially partitions into lipid raft domains and 

displaces cholesterol from lipid rafts (Megha and London, 2004, Yu et al., 2005, Nybond 

et al., 2005). However, cholesterol-ceramide interaction in a PC lipid bilayer at high 

cholesterol or high ceramide, as well as the phase diagram of the ternary mixtures, have 

not yet been investigated.  
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 Previously, solubility limit of cholesterol in lipid membranes has been reported  

Huang et al.(1999). Above this limit, cholesterol precipitates from the bilayer to form 

cholesterol monohydrate crystals.  Experiments with careful sample preparation 

procedure yielded reproducible and precise cholesterol solubility limits: 66 ± 1 mol 

percent for phosphatidylcholine (PC) bilayers and 51 ± 1 mol percent for 

phosphatidylethanolamine (PE) bilayers (Huang et al.,1999). The above data were further 

analyzed using Monte Carlo simulations to explore the molecular interactions between 

phospholipids and cholesterol. It has been found that at high cholesterol concentration, 

the dominant effects arise from a hydrophobic interaction, which is explained by the 

"Umbrella Model". Cholesterol has a large nonpolar steroid ring body and a relative 

small polar hydroxyl headgroup.  In a bilayer, cholesterol relies on the coverage of polar 

headgroups of neighboring phospholipid to avoid the unfavorable free energy of exposure 

of the nonpolar body part to water.  As cholesterol concentration increases, fewer lateral 

distributions of lipids can satisfy the coverage requirement.  When the concentration of 

cholesterol increases to a point at which big clusters of cholesterol begin to form and not 

all of them can be effectively covered by phospholipid headgroups, cholesterol chemical 

potential jumps sharply and leads to the precipitation of cholesterol from the bilayer.  The 

phenomenon of cholesterol precipitation most likely occurs near three discrete 

cholesterol mole fractions of 0.50, 0.57 and 0.67, which correspond to 

cholesterol/phospholipid mole ratios of 1/1, 4/3, and 2/1, respectively.  At these 

cholesterol mole fractions, the cholesterol-phospholipid bilayer mixture forms highly 

regular lipid distributions in order to minimize cholesterol-cholesterol contacts (Huang 

and Feigenson, 1999, Huang, 2002).  
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Although the molecular structure of ceramide is quite different from cholesterol 

as shown in Figure 1, both molecules have a small polar headgroup and a large nonpolar 

body.  Based on the Umbrella model as discussed above, it is likely that ceramide in a 

lipid bilayer also needs the coverage of the neighboring PC headgroups to shield its 

nonpolar body from water exposure like cholesterol does. This is consistent with recent 

reports that ceramide displaces cholesterol from lipid raft domains (Megha and London, 

2004, Yu et al., 2005, Nybond et al., 2005). Megha and London (2004) suggested that 

ceramide and cholesterol both compete for the association with the lipid rafts because of 

a limited capacity of raft lipids with large headgroups to accommodate small headgroup 

lipids.  If the behavior of ceramide in a lipid bilayer can also be described by the 

Umbrella model, one would expect that this competition between cholesterol and 

ceramide could affect the maximum solubility of cholesterol in the lipid bilayer. Since 

ceramide competes with cholesterol for the coverage of neighboring PC headgroups, the 

more ceramide is present in a PC bilayer, the less the bilayers can accommodate 

cholesterol. In other words, one expects a consistent decline of the value of the 

cholesterol solubility limit in response to an increasing content of ceramide in the lipid 

bilayers. 

In this study, the effect of ceramide on the maximum solubility of cholesterol 

( ) in ternary lipid mixtures of POPC/cholesterol/ceramide was investigated 

systematically.  We found that the value of the maximum solubility limit of cholesterol 

indeed decreases concomitantly with the increase of ceramide concentration, as predicted 

by the Umbrella model.  Most significantly, we found that ceramide has a much higher 

affinity to the lipid bilayer phase when compared with  cholesterol: One ceramide 

molecule displaces one cholesterol out of the bilayer phase into cholesterol crystal phase 

χ*
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at the solubility limit, and cholesterol is incapable of displacing ceramide from the lipid 

bilayer.  This one-to-one relationship allowed us to construct a phase diagram of 

POPC/cholesterol/ceramide mixtures, which describes the crystal and bilayer phases in 

this ternary system. 

3.2   Materials and Methods 

3.2.1   Materials 

 POPC, brain ceramide, and rhodamine-PE were purchased from Avanti Polar 

Lipids, Inc. (Alabaster, AL).  Typical fatty acid distribution for brain ceramide is 58% 

C18:0, 15% C24:1, 9% C22:0, 7% C24:0, 6% C20:0, 2% C16:0, and 3% others (Veiga 

et. Al., 1999).  Cholesterol was purchased from Nu Chek Prep, Inc. (Elysian, MN).  The 

Liposome preparation and Cholesterol Oxidase (COD) experimental procedure  used in 

this chapter are practically same as in previous chapter. Importantly, of course, the 

cholesterol content in all samples was kept at 60 µg, and the lipid compositions of 

samples were adjusted by adding appropriate amounts of POPC and ceramide. For each 

sample 20 µL of COD solution (5 U/mL) has been used to start COD reaction. For further 

discussion details we refer to the  Materials and Methods in previous chapter. However in 

the following we will discusse optical and fluorescence microscopy techniques in detail 

that that we used to reconfirm different phase regions.    

3.2.2   Ethanol Injection Method 

 Ethanol injection samples were prepared using the method by Bazri et al. (1973). 

Following the same procedure as in RSE technique as discussed in Materials and 

Methods of Chapter Two, lipid and cholesterol were clicked out at the desired 

compositions and dissolved in 70 μL chloroform. Each tube was then vortexed for 10 

seconds, and all tubes were placed inside a vacuum chamber to pump away chloroform. 
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After closing the pump, the chamber was Argon flushed and the samples were taken out.  

25 μL of 100% pure ethanol was added into each sample and each tube was vortexed, 

shaked and heated to make sure all lipids dissolved in ethanol. The programmable water 

bath (VWR, Model 1187P) was preheated to 50 °C. A second set of tubes each 

containing 1 mL of buffer was warmed in the water bath. After buffer tube set reaches the 

bath temperature, a buffer tube is taken out and vortexed. While vortexing, lipids 

dissolved in ethanol were injected into the buffer tube using a 25 μL gas-tight syringe. 

The tube was further vortexed for 20 seconds and then finally put in the water bath for 

temperature cycling. 

3.2.3   Optical and Fluorescence microscopy

 Optical microscopy was used to determine the solubility limit of ceramide in 

POPC bilayers, and to confirm the presence of crystal and bilayer phases in 

POPC/ceramide/ cholesterol ternary mixtures. Fluorescence microscopy was also used to 

visualize lipid vesicles, since rhodamine-PE is very effective to label lipid vesicles, but 

not cholesterol crystals or ceramide crystals.  An Olympus (Melville, NY) IX70 inverted 

microscope was used in the Nomarski differential interference contrast (Nomarski DIC) 

mode. A 20x air (UplanFl) or a 60x water immersion (UplanApo) objective manufactured 

by Olympus was used.  Digital images were captured by a Cooke SensiCam CCD camera 

(Auburn Hills, MI).  Lipid dispersions made by the RSE method were first concentrated 

by a tabletop centrifuge and viewed on thin cover glasses.  For determining the maximum 

solubility of ceramide in POPC bilayer, a series of POPC/ceramide mixtures with 

increasing ceramide mole fraction were examined, and the critical mole fraction above 

which ceramide crystals present was determined.  For POPC/ceramide/cholesterol ternary 
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samples, the presence of crystal phases was determined by visual inspection, and the type 

of the crystal, ceramide or cholesterol, was further identified by the crystal shape. 
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Figure 1.  Chemical structures of cholesterol, POPC, and the main component of brain 

ceramide (C18:0 ceramide).  Both cholesterol and ceramide have small polar headgroups 

and relatively large nonpolar bodies.  POPC has a much larger polar headgroup. 
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3.3 Results  

3.3.1. Maximum Solubility of Ceramide in POPC Bilayers 

The maximum solubility of brain ceramide in POPC bilayers was measured by 

optical microscopy.  No ceramide crystals were found in samples with ceramide mole 

fraction below 0.66.  Above the critical mole fraction of 0.68, ceramide crystals were 

consistently detected in the samples.  Fluorescence microscopy was also used to visualize 

the lipid vesicles, which exhibited a bright fluorescence from the rhodamine-PE label.   

is 0.66  for many PC’s with acyl chain length ranging from 12 to 22 carbons (Huang et 

al.,1999).  We believe that  is not sensitive to the acyl chain length, because chain 

length makes little difference on the coverage requirement (Huang and Feigenson, 1999).  

Although brain ceramide is not a pure substance as it is composed of a number of long 

chain ceramides (see Material and Methods), we expect that these long chain ceramides 

have the same solubility limit in POPC bilayer, independent of their chain lengths.

χ*

χ*
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Figure 2.  Initial reaction rates as a function of cholesterol mole fraction for seven sets of 

POPC/cholesterol/ceramide mixtures.  Each set has a predetermined R ratio, here 

R = ceramide/(ceramide+ POPC).  The peak location of each curve indicates the 

maximum solubility of cholesterol in lipid bilayers with that particular R ratio. 
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3.3.2. The COD Reaction Rate Assay 

Figure 2 shows the initial rate of COD reaction as a function of cholesterol mole 

fraction for seven sets of POPC/ceramide/cholesterol mixtures.  Here, the molar ratio R is 

defined as ceramide/(ceramide +POPC).  For the curve corresponding to R = 0, there is 

no ceramide, and the mixtures are POPC/cholesterol binary mixtures.  As seen in 

POPC/Cholesterol binary system of previous chapter this curve peaks at χchol  = 0.67, 

which is the maximum solubility of cholesterol in POPC bilayer (Huang et al., 1999).  

The increase of the COD initial reaction rate with increasing cholesterol for cholesterol 

content below 0.67 should be primarily due to the increase of the chemical potential of 

cholesterol. However, why does the COD initial reaction rate drop when the overall 

cholesterol mole fraction is above ?  Two important factors that affect the COD 

reaction rate are the amount of bilayer cholesterol accessible to COD enzyme and the 

chemical potential of cholesterol.  The drop cannot be due to the change of cholesterol 

chemical potential, since above , the bilayer phase is in thermodynamic equilibrium 

with the cholesterol crystal phase, and the chemical potential of cholesterol should 

become a constant.  However, the amount of bilayer cholesterol in a sample accessible to 

COD enzyme decreases above : Since every sample has an identical amount of 

cholesterol (60 µg), when the overall cholesterol mole fraction of a sample is above , 

some cholesterol will be in the cholesterol crystal phase, and less cholesterol will remain 

in the bilayer phase.  Thus, the effective substrate (i.e., the bilayer cholesterol) 

concentration decreases above .  Other mechanisms may also contribute to the drop.  

For example, cholesterol micro-crystals could physically change the packing order of 

lipids and the curvature of lipid bilayers, and affect COD activity.  In previous X-ray 

χ*

χ*

χ*

χ*

χ*
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diffraction experiments, it has been found that as soon as the cholesterol mole fraction 

passes the solubility limit and cholesterol monohydrate crystals begin to form, the broad 

wide-angle diffraction peaks at 4.9 Å, corresponding to the acyl chain packing in the 

bilayers, quickly disappears (Huang et al., 1999)..  

The second part of the coupled enzyme assay adapted in this study involves using 

phenol and 4-aminoantipyrine (see Materials and Methods in Chapter 2). To investigate 

the effect of these chemicals on bilayer structure and the chemical potential of 

cholesterol, a control experiment was carried out, in which the second part of the coupled 

enzyme assay was removed, and the production of cholest-4-en-3-one was directly 

monitored by measuring its absorption peak at 240 nm as described by Ahn and Sampson 

(2004).  We found that the initial reaction rates obtained from the control experiment 

(data not shown) had essentially the same composition dependence and peak locations as 

those obtained from the coupled enzyme assay shown in Figure 2.  Thus, it appeared that 

phenol and 4-aminoantipyrine did not cause detectable change on bilayer structure or 

chemical potential of cholesterol. In previous chapter we have discussed cholesterol 

chemical potential in 2-component PC systems. Here we present results of cholesterol 

chemical potential for a ternary system. 

 Figure 2 also shows the COD initial reaction rate as a function of cholesterol mole 

fraction at six other R ratios.  For each set of experiments, the ratio R was kept constant 

for all samples.  For each R value, there is a clear global peak in COD initial reaction 

rate, which indicates the cholesterol maximum solubility in the lipid bilayers with that 

particular R ratio.  Clearly, the higher the ceramide concentration, the lower the 

cholesterol maximum solubility.  Figure 3 shows the cholesterol maximum solubility as a 

function of R. The filled circles are averaged  values determined from three χ*
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independent COD reaction rate experiments.  The filled square is the ceramide maximum 

solubility in POPC bilayer determined by microscopy. The value of , starting from 

0.67 in POPC, decreases with increasing ceramide concentration, and eventually becomes 

zero at R = 0.68.  The results strongly suggest that cholesterol is displaced by ceramide 

from the bilayer phase into the crystal phase.  The more ceramide is present in a bilayer, 

the less the bilayer can accommodate cholesterol.  Most significantly, our data also 

suggests that each ceramide molecule displaces one cholesterol molecule out of the 

bilayer phase.  To test this hypothesis over the entire range of R value,  

χ*
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Figure 3.  The maximum solubility of cholesterol, , as a function of 

 ratio. obtained from 3 independent COD reaction rate 

measurements. The maximum solubility of ceramide in POPC bilayers determined by 

optical microscopy measurement.  The solid line is the theoretical  curve given by Eq. 

3, with the assumption that one ceramide molecule displaces one cholesterol from the 

bilayer phase into the cholesterol crystal phase. 

χ*
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we calculated the theoretical value of  as a function of R ratio with this one-to-one 

displacement assumption.  Let 

χ*

χPC
*  be the maximum solubility of cholesterol in POPC 

bilayer, and define  in POPC/cholesterol/ceramide ternary mixtures as      χ*

χ* = chol /(chol+ POPC + cer),     (1) 

at the cholesterol solubility limit.  Assume that adding one ceramide molecule would 

displace one cholesterol molecule out of lipid bilayer phase, then at the solubility limit,  

(cer + chol) /(chol + POPC + cer) = χPC
* .     (2) 

Solving Equations 1 and 2 together, we obtained the theoretical prediction of as a 

function of R as shown below. 

χ*

χ* (theory) = (χPC
* − R) /(1− R) .     (3) 

The solid line in Figure 3 is the theoretical curve given by Equation 3.  It is clear 

from Figure 3 that there is a very good agreement of the theoretical curve with the 

experimental data over the entire range of R ratio.  This confirms that the displacement of 

cholesterol by ceramide from the bilayer phase to cholesterol crystal phase is indeed 

one-to-one.  Ceramide has a much higher affinity to the ordered bilayer phase than 

cholesterol, and cholesterol cannot displace ceramide from the lipid bilayer phase. 

χ*

3.3.3. POPC/Cholesterol/Ceramide Ternary Phase Diagram 

 A POPC/cholesterol/ceramide ternary phase diagram was subsequently 

constructed based on our COD initial reaction rate and microscopy data, and is shown in 

Figure 4.  Interestingly, our  data points at various R ratios form a straight line, χ*

χchol + χcer = 0.67, in the ternary phase diagram. This observed straight line provides 

evidence for supporting the hypothesis that the displacement of cholesterol by ceramide 
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is one-to-one.  As shown in Figure 4, the bilayer phase region is bounded by the 

boundary χchol + χcer  ≤ 0.67.  In this region, all lipid molecules are in the bilayer

phase(s), and no crystal of any kind exists.  It has been reported that multiple bilaye

phases can coexist in this region (Carrer and Maggio, 1999), but our experiments were

not designed to investigate this question. 

  

 

r 
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Figure 4.  Ternary phase diagram of POPC/cholesterol/ceramide mixtures, along with the 

maximum solubility data.  obtained from COD reaction rate measurements; the 

maximum solubility of ceramide in POPC bilayers determined by optical microscopy 

measurement.  In the bilayer phase(s) region, all POPC, cholesterol, and ceramide 

molecules are in lipid bilayer(s).  In the two-phase (2φ) region, bilayer phase coexists 

with cholesterol monohydrate crystals.  The dashed lines are thermodynamics tie lines, 

which indicate the compositions and amounts of two coexisting phases.  In the three-

phase (3φ) region, the lipid bilayer phase containing all POPC molecules and 67 mole 

χ*
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percent of brain ceramide, coexists with cholesterol monohydrate crystals and ceramide 

crystals. 

In the 2-phase region (labeled as 2φ), the lipid bilayer phase and the cholesterol 

monohydrate crystal phase coexist.  The region is bounded by two boundaries: 

χchol + χcer  ≥ 0.67 and χcer  ≤ 0.67.  In this region, the bilayer phase contains all the 

POPC and all ceramide molecules, as well as the maximum amount of cholesterol that 

can be accommodated by the bilayer.  Excess cholesterol will form cholesterol 

monohydrate crystals.  Note that optical microscopy confirmed the coexistence of lipid 

vesicles and cholesterol crystals, and no ceramide crystal was observed in this region.  

The dashed lines are thermodynamic tie lines that indicate the compositions and amounts 

of coexisting phases.  In the 3-phase region (labeled as 3φ), a bilayer phase, cholesterol 

monohydrate crystal phase, and ceramide crystal phase coexist.  This region is bounded 

by the boundary χcer  ≥ 0.67.  The three corners of the region specify the compositions of 

the three phases.  The bilayer phase contains all the POPC molecules and the saturated 

amount of ceramide (i.e., bilayer ceramide/(bilayer ceramide + POPC) = 0.67).  No 

cholesterol is present in the lipid bilayer, since all cholesterol molecules have been 

displaced by ceramide.  Excess ceramide form ceramide crystal, and all cholesterol are in 

the form of cholesterol monohydrate crystals. To confirm the phases in the 3-phase 

region, optical and fluorescence microscopy were used to examine mixtures in this 

region.  Figure 5 shows three representative Nomarski DIC images taken from a 

POPC/cholesterol/ceramide ternary mixture in the 3-phase region, with the composition 

of POPC/cholesterol/ceramide = 15/35.8/49.2. This mixture contains ceramide crystals, 

cholesterol crystals, and vesicles.  Vesicles made by the RSE method are usually small, 
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comparing with that made from the dry film method.  Complimentary rhodamine-PE 

fluorescence images were also obtained to confirm the bilayer phase (data not shown). 

 

 

 

Figure 5.  Nomarski DIC images taken from a POPC/cholesterol/ceramide mixture in the 

3-phase regionLeft: ceramide crystals; Middle: cholesterol crystals; Right: vesicles.  

Ceramide crystals are usually large in size and irregular in shape.  Cholesterol crystals 

have a typical planar shape with sharp edges.  Images show three phases coexisting in 

this mixture. 

3.4 Discussion 

3.4.1 Sample Preparation Method 

 In this study, the RSE method was chosen to prepare POPC/cholesterol/ceramide 

mixtures for two main reasons:  (i) The COD reaction rate measurement typically uses 

large unilamellar vesicles (LUVs), since the reaction rate depends on the accessible 

membrane surface area to COD enzymes.  Large unilamellar vesicles can be made either 

by the extrusion method or by the ethanol injection method (Batzri and Korn, 1973) The 

extrusion method is labor intensive, and the binding of lipids to polycarbonate 
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membranes could be a real concern (Wang et al., 2004).  In addition, samples with high 

cholesterol content often clog the filter membrane, and large crystals of cholesterol and 

ceramide simply cannot pass through the membrane.  With the ethanol injection method, 

we found that the residue ethanol, which is typically about 1 % of total aqueous volume, 

significantly decreased the COD reaction rate, and the decrease was strongly depending 

on the amount of ethanol in a sample.  This effect of ethanol on the COD reaction rate 

was not limited to liposomes made by the ethanol injection method: Adding ethanol to 

liposome samples made by the RSE method also resulted in the similar decrease.  It is not 

clear whether ethanol causes change in membrane structure or it interferes with the COD 

oxidation process.  We tested the ethanol injection method with a set of 

POPC/cholesterol samples and we found that the data obtained was noisier and the COD 

reaction rates were lower than that with RSE samples (data not shown).  However, the 

overall shape of COD initial rate vs. cholesterol mole fraction curve as well as its peak 

position were essentially identical to that from RSE samples shown in Figure 2, which 

indicated that RSE method did not introduce measurable compositional dependent 

change in COD accessible surface area.  Comparing with other methods, RSE is a 

convenient method with no binding or contamination concern.  In addition, the accessible 

external surface in RSE samples is about 33% of the total lipids, which is quite close to 

the 50% theoretical value for true unilamellar vesicles .  (Buboltz and Feigension 1999). 

(ii) Measuring  involves samples with high mole fraction of cholesterol.  Previously, it 

has been observed  that making a truly equilibrium phospholipid and cholesterol 

suspension is a quite challenging task.  Some conventional sample preparation methods, 

such as the dry film or lyophilization from benzene, can induce cholesterol crystals in 

samples with cholesterol mole fraction far below the true maximum solubility of 

χ*
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cholesterol.  Thus, samples made by these methods often yield a falsely low  value as 

a result of sample preparation artifacts.  Two sample preparation methods, the Low 

Temperature Trapping (LTT) and the Rapid Solvent Exchange (RSE), were specifically 

developed to overcome this problem .  (Buboltz and Feigension 1999, Huang and 

Feigenson, 1999).  Samples made by either LTT or RSE method yield the true 

thermodynamic equilibrium  value.  Therefore, in this study, all samples were made 

by the RSE method.   

χ*

χ*

3.4.2 The One-To-One Displacement 

 Our results established that a POPC bilayer could either accommodate up to 67 

mole % of cholesterol, or 67 mole % of ceramide, or a combined 67 mole % of 

cholesterol and ceramide.  The Umbrella model gives a clear explanation about the 

mechanism of the one-to-one displacement.  Previously, we interpreted  in PC as the 

maximum amount of cholesterol that can be covered by the headgroups of PCs.  Our 

Monte Carlo simulation showed that lipids form a highly ordered “maze pattern” lateral 

distribution in the bilayer at the solubility limit (Huang and Feigenson, 1999). Like 

cholesterol, ceramide molecules also have small polar headgroups and large nonpolar 

bodies.  Neither cholesterol nor ceramide can form a bilayer by itself in water, since their 

small polar headgroups cannot protect their large nonpolar bodies from water.  Thus, in 

water, both cholesterol and ceramide form crystals instead of bilayers.  In a PC bilayer, 

ceramide competes with cholesterol for the coverage of PC headgroups.  Since at the 

solubility limit, the “coverage capability” of PCs has been stretched to the limit, covering 

one additional ceramide is at the cost of covering one less cholesterol.  This explains why 

χ*
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all our  data points form the straight line, χ*
cerchol χχ +  = 0.67, in Figure 4.  The one-to-

one displacement validates the Umbrella model’s physical interpretation of .   χ*

3.4.3 Why Ceramide Has a Much Higher Affinity to POPC Than Cholesterol? 

 Our data showed that ceramide has a much higher affinity to POPC bilayer than 

cholesterol, and cholesterol can be incorporated into a POPC bilayer only after all 

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

cholesterol, ceramide displaces cholesterol from the bilayer phase into the cholesterol 

crystal phase.  One possible reason contributing to the ceramide’s high affinity is that the 

long saturated chains of ceramide allow a tight packing of the acyl chains of PC around 

ceramide, which is more difficult with the sterol rings of cholesterol.  Megha and London 

have shown that the tight lipid packing is important for the displacement of cholesterol 

(2004) Another possible reason contributing to the ceramide’s high affinity is that 

ceramide has a higher “headgroup/body” ratio than cholesterol.  Cholesterol’s polar 

headgroup has one hydroxyl, and the cross-sectional area of its nonpolar body is about 37 

Å2 (Lundberg et al., 1982).  On the other hand, ceramide’s polar headgroup has two 

hydroxyls, and the cross-sectional area of two long saturated acyl chains is only about 40 

~ 42 Å2 (Scheffer et al.,2005,  Brockman et al., 2004) not much larger than cholesterol.  

Thus, ceramide has a significant higher “headgroup/body” ratio than cholesterol, 

although its polar headgroup is still not big enough to completely protect its nonpolar 

body from the exposure of water.  Based on the above consideration, it should be much 

easier for the neighboring PC’s to cover ceramide than cholesterol, or equivalently, the 

free energy cost for covering ceramide should be much lower than that for covering 

cholesterol. Both above mechanisms could contribute to a higher affinity of ceramide to 

the bilayer phase than cholesterol.  One piece of experimental evidence that supports this 
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explanation is that the chemical potential of cholesterol decreases when some cholesterol 

is displaced by ceramide.  In Figure 2, there is a general trend that the COD initial 

reaction rate, which is related to cholesterol chemical potential, decreases with the 

increase of R ratio.  Thus, the bilayer is more “relaxed” or at a lower free energy state, 

when cholesterol is displaced by ceramide.  Previous Monte Carlo simulations showed 

that at the maximum solubility limit, cholesterol adapts a “maze” lateral distribution 

pattern in POPC, which has a precise cholesterol/PC ratio of 2/1 or a  value of 0.67.  

In a lipid bilayer composed of smaller headgroup lipids, such as POPE which is less 

capable of covering neighboring cholesterol than PC, cholesterol adapts a “hexagonal” 

lateral distribution pattern, which has a cholesterol/PE ratio of 1/1 or a value of 0.50 

(Huang and Feigenson 1999). The Umbrella model together with the simulations showed 

that the change of  value is likely to be discontinuous in response to the change of 

headgroup/body ratio of host lipids.  Some small changes of headgroup/body ratio would 

not alter the  value, but a sufficient large change can cause membrane lipids to adapt a 

new lateral packing pattern and result in an abrupt change of  value.  value could 

jump from 0.50 (“hexagonal” pattern) to 0.57 (“dimer” pattern), then to 0.67 (“maze” 

pattern), as the headgroup/body ratio increases continuously.  The one-to-one 

replacement indicates that the lateral packing of ceramide with POPC is likely to be the 

same “maze” pattern, which suggests that the difference in “headgroup/body” ratio of 

ceramide and cholesterol is not large enough for lipids to adapt different lateral packing 

pattern to accommodate more ceramide. 

χ*

χ*

χ*

χ*

χ* χ*
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3.4.4 Ceramide Interaction With Lipid Rafts 

 Ceramide concentration on cell membranes can increase significantly through the 

action of sphingomyelinase, which converts sphingomyelins into ceramides.  It has been 

shown in a number of studies that ceramide has a strong affinity to the lipid raft domains, 

and ceramide displaces cholesterol from lipid raft domains (Megha and London, 2004, 

Yu et al., 2005, Nybond et al., 2005). Raft domains are membrane domains with highly 

ordered acyl chains and rich in sphingomyelin and cholesterol.  Raft domains coexist 

with liquid-disordered lipid domains, which are rich in PCs with unsaturated chains.  Our 

result is consistent with other group’s findings that ceramide competes with cholesterol 

for the coverage from large headgroup lipids, and ceramide has a higher affinity to large 

headgroup lipids than cholesterol.  However, in the lipid raft system, the displacement of 

cholesterol by ceramide is not simply one-to-one, and cholesterol can also displace 

ceramide from the lipid raft domains, to a certain extent (Megha and London, 2004).  We 

should point out that an important difference is that the cholesterol and ceramide 

concentrations in the raft studies were relatively low, compared to that in ours.  Ceramide 

and cholesterol can redistribute themselves within the bilayers between the raft phase and 

the liquid-disordered phase, without involving any crystal phases.  Thus, the 

displacement of cholesterol by ceramide from the raft domains is determined by the 

relative affinities of cholesterol and ceramide to the raft phase and the liquid-disordered 

phase.  In our system, the competition between ceramide and cholesterol is only for the 

big headgroup lipids available in the bilayer, POPC.  Although this study was conducted 

at high cholesterol and ceramide concentrations, we believe that the interesting molecular 
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interactions it uncovered can help us to understand the behaviors of cholesterol and 

ceramide at other concentrations as well. 

3.4.5 The Umbrella Model 

The Umbrella model and the subsequent quantitative calculations based on the model 

have been successful in explaining and predicting a number of behaviors of cholesterol 

and ceramide in lipid membranes.  (i) It successfully explained the  value difference in 

PC and PE bilayer.  PE has a smaller headgroup than PC.  Therefore, PE can 

accommodate less cholesterol than PC.  It also explained why the value of  is not 

sensitive to the acyl chain length of the phospholipids.  (ii) It explained the discrete value 

of .  Based on our Monte Carlo simulations, cholesterol precipitation is most likely to 

occur at 

χ*

χ*

χ*

χchol  = 0.5, 0.57, and 0.67, where the chemical potential of cholesterol jumps 

(Huang and Feigenson, 1999).  (iii) One interesting prediction from our Monte Carlo 

simulation studies was that there should be a cholesterol regular distribution (a hexagon 

pattern) at the cholesterol mole fraction of 0.50, a dimer pattern at 0.57, and a “maze” 

pattern at the saturation point 0.67 (Huang and Feigenson, 1999).    The regular 

distribution at χchol  = 0.57 had not been observed previously, and was only predicted 

from our simulation based on the Umbrella Model.  This prediction was confirmed in 

DOPC/cholesterol system, using fluorescence anisotropy and fluorescence resonance 

energy transfer (FRET) measurements (Parker et al., 2004) In addition, fluorescence 

lifetime of DPH-PC also showed a drop at 0.50, 0.57, and 0.67 (Cannon et al., 2003) The 

verification of our prediction at χchol  = 0.57 demonstrated that the Umbrella Model 

captures the key molecular interactions between cholesterol and phospholipid.  (iv) The 

Umbrella model explained the increasing of acyl chain order and reduction of membrane 
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permeability by cholesterol.  Since cholesterol molecules need to squeeze into the acyl 

chain region and partially hide under the phospholipid headgroups, it will restrict the 

motions of acyl chains or even force acyl chain to adapt nearly all-trans conformations.  

The acyl chain order parameter should increase (Stockton and Smith, 1976; Vist and 

Davis, 1990) and membrane permeability should decrease (Kinsky et al., 1967). Recent 

molecular dynamics simulations showed that cholesterol molecules are covered by DPPC 

headgroups in a bilayer and conformation of acyl chains next to cholesterol is quite 

restricted (Smondyrev and Berkowitz, 1999; Tu et al., 1998; Chiu et al., 2001). (v) The 

Umbrella model explained the so-called “cholesterol condensing effect”.  Since 

cholesterol is partially hidden under the headgroups of phospholipid, the total surface 

area of the bilayer should be smaller than the sum of the surface area of pure 

phospholipid bilayer and the total cross-sectional area of cholesterol (Leathes, 1925, 

Demel et al.1967). (vi) The Umbrella model explained the expansion and re-orientation 

of phospholipid headgroup.  As the cholesterol concentration increases, the phospholipid 

headgroups need to expand and reorient toward the membrane surface to cover more 

interfacial area per headgroup.  This is consistent with earlier findings that PC 

headgroups become more hydrated when cholesterol was added (Kusumi et al., 1986; Ho 

et al., 1995). Molecular dynamic simulations have shown that PC headgroup-headgroup 

distance increases and phospholipids in close contact with cholesterol have a slightly 

larger average area per headgroup and their headgroups are oriented nearly parallel to the 

membrane surface (Smondyrev and Berkowitz, 1999; Pasenkiewicz-Gierula et al., 2000). 

(vii) The Umbrella model pointed out the molecular driving forces of cholesterol 

superlattices (i.e., cholesterol forms regular, symmetrical, crystal-like, lateral 

distributions in a fluid lipid bilayer).  Cholesterol superlattices have been successfully 
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simulated at cholesterol mole fraction of 0.154, 0.25, 0.40, and 0.5, based on a form of 

multibody interaction energies derived from the Umbrella model (Huang, 2002). (viii) 

The Umbrella model also suggested a possible driven force of lipid raft formation (Parker 

et al., 2004).  In a lipid mixture with PC having unsaturated chains and sphingolipids 

having more saturated chains, cholesterol can mix well with both lipids, since both can 

provide the needed coverage for cholesterol.  However, association with sphingolipids 

can be much more favorable than association with PCs, because the unfavorable chain 

entropy effect will be reduced by the long and saturated sphingolipid hydrocarbon chains 

having a natural tendency to form straight conformations. This explanation is consistent 

with the experimental findings that cholesterol has low affinity to unsaturated acyl chains 

and can selectively form association with saturated chains even in a pure PC bilayer 

(Mitchell and Litman, 1998, Niu and Litman, 2002). Based on the Monte Carlo 

simulation (Huang, 2002), this entropy effect can be quite large.  Thus, it is likely to be 

the driving force of lipid raft formation.  In addition, the same argument explains why 

ceramide also has a strong tendency to partition into lipid raft domains (Megha and 

London, 2004).   (ix) In this study, the COD reaction rate data validated our previous 

prediction that the chemical potential of cholesterol must increase sharply as cholesterol 

mole fraction approaches its maximum solubility in a bilayer (Huang and Feigenson, 

1999).  In addition, the high affinity of ceramide to PC bilayer, and the one-to-one 

displacement of cholesterol by ceramide are well explained by the Umbrella model.  In 

summary, the Umbrella model describes the important molecular interactions between 

membrane molecules with small polar headgroups (such as cholesterol, ceramide, and 

diacylglycerides) with membrane molecules with large polar headgroups (such as PC and 

sphingomyelins). These interactions play key roles in regulating physical and chemical 

 

76



properties of membranes, determining the maximum solubility of ceramide and 

cholesterol, formation of the cholesterol regular distributions, formation of the raft 

domains, and the preferential association of lipid molecules within the bilayers. 
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CHAPTER FOUR 
 

DETERMINATION OF PHASE BOUNDARIES IN 3-COMPONENT LIPID 
MEMBRANES BY MONTE CARLO SIMULATION 

 
 

Abstract 

 Three-component model membranes comprising of a fluid-phase phospholipid, a 

gel-phase phospholipid, and cholesterol is a useful system to study many cell membrane 

phenomena, such as lipid raft formation, phase separation, and molecular lateral 

distributions. In this study, we have used lattice model Monte Carlo simulations to 

reproduce experimental phase boundaries of DOPC/DSPC/cholesterol ternary mixtures 

obtained by Feigenson group at Cornell University through multiple experimental 

techniques. A new computational technique, named the “Composition Evaluation 

Method”, has been implemented to efficiently determine the compositions of the 

coexisting phases in simulations. Additionally, pair correlation functions have been used 

to determine the phase boundaries in the critical region.  The new method is about 20 ~ 

50 times faster in determining phase boundaries, comparing to the traditional free energy 

calculation.  In addition, a thermodynamic tie-line can be obtained through a single 

simulation.  The size effects of “phase mask” and simulation lattice have been 

investigated to select the optimal parameters for simulation.  We found that pairwise 

interactions can reproduce the experimental critical point as well as the slope of tie lines, 

but not the compositions of the coexisting phases. Introducing multibody interactions in 

the simulation has produced a much better fit to the experimental phase diagram.   The 

physical origin of the multibody interactions is still under investigation. 
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4.1 Introduction 

 In the past three decades, studying membrane problems using theoretical and 

computational approaches has made significant advances (Scott, 1977; van der Ploeg and 

Berendsen, 1982). During this time period, the computational capacity has been improved 

tremendously. For biomembrane problems, both Molecular Dynamics (MD) and Monte 

Carlo (MC) methods are quite popular (Pastor, 1994).  Of course, each technique has its 

advantages and limitations.  MD technique is quite straightforward as it applies Newton’s 

classical equations of motions through numerical integration.  The key advantage of the 

MD technique is that dynamic properties with stunning atomistic details can be obtained.  

However, because of very large number of interactions have to be evaluated at very small 

time step, even with the best available computational power, simulating a bilayer problem 

with MD technique could be challenging. This limitation results in the difficulty to 

achieve true thermodynamic equilibrium in simulation. In most cases, the local minima of 

thermodynamic parameters are the major limitations for MD approach in biological 

systems (Pastor, 1994; Jakobsson, 1997). Current effort to developing “coarse-grain 

model” could be a promising approach to overcome the MD’s limitation (Marrink et al., 

2004; Stevens, 2004).  However, coarse grain techniques are still under development and 

researchers often disagree on how to “coarse grain” a biological system.  

 On the other hand, MC method has some intrinsic advantages. MC algorithms 

sample the equilibrium properties instead of dynamic properties. In contrast to MD 

method, which is limited by the size of the time step, MC simulations can sample 

phase space efficiently even using non-physical steps. The main criteria of accepting or 

rejecting a move is to test the Boltzman factor using Metropolis algorithm (Metropolis et 
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al., 1953). However, the lattice model MC method looses all atomistic details, and 

molecular interactions can only be phenomenological.  Also in many cases, MC 

techniques are too system specific. But for phase transition phenomena and critical 

processes, MC methods are often superior to MD methods (Landau and Binder, 2000; 

Newman and Barkema ,1999). 

 In past, a number of researchers have studied two-component bilayer systems 

using the approach of statistical mechanics. The DMPC-DSPC bilayers were studied 

using a phenomenological theory of regular fluid by Ipsen et al. (1988) and Braumberg et 

al. (1990). Von Dreel calculated the solidous and liquidous lines through introducing 

like-like and like-unlike molecular interactions in DMPC-DPPC, DPPC-DSPC and 

DMPC-DSPC systems (von Dreele, 1978).  Priest (1980) calculated phase diagrams of 

some two-component phospholipid bilayers using phase transition theory.  More recently, 

works of Sugar (2002) and Huang (1993) have also addressed the phase separation in 

two-component membranes. 

A good model membrane in its simplest form is at least a ternary mixture. In fact, 

DOPC/Sphingomyelin/Cholesterol ternary mixtures have often been identified as the 

“raft mixture” in which lipid raft domains enriched in sphingomyelin and cholesterol 

have been found (Ahmed and London, 1997; Dietrich et al., 2001).  Due to the difficulty 

to find suitable fluorescent probes which can partition into the sphingomeylin-rich 

domains, the DOPC/DSPC/cholesterol ternary system becomes a popular alternative 

choice.  A detailed phase diagram has been recently established by Feigenson group at 

Cornell University using multiple experimental techniques, including confocal 

fluorescence microscopy, fluorescence spectroscopy, fluorescence resonance energy 
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transfer (FRET), and X-ray diffraction (personal communications).  The phase diagram is 

quite complex as shown in Fig.1.  The most interesting region is the two-phase coexisting 

region (Lα + L0) at the center of the diagram. 

  

 

 

 

  

Figure 4.1. Experimental ternary phase diagram of DOPC/DSPC/Cholesterol (From 

Feigenson et al.) 
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Although a considerable number of works have been done in phase separation of 

two-component lipid systems, molecular simulations with three-component systems are 

relatively rare. However, the discovery of raft domains increased researchers’ interests in 

three-component lipid-cholesterol systems. Very recently, Frolov et al and Komurai et al 

used multi-component systems to develop domain or raft formation theory ( Frolov et al., 

2006;  Komura1 et al., 2004).  Other major works on ternary system with cholesterol 

have been reported by Scott et al. (2004) and Elliot et al. (2006). Both works 

implemented MD techniques.   

In this chapter, we present a MC study of the three-component 

DOPC/DSPC/cholesterol phase diagram proposed by the Feigenson group (Figure 1), 

with the emphasis on the biologically relevant lipid raft phase i.e. liquid-ordered (Lo) 

phase enriched with cholesterol and DSPC.  The phase boundaries can provide some 

constrains to verify or eliminate some current hypotheses about lipid rafts. We aim to 

answer following questions through this simulation study:  (1) Are pairwise interactions 

enough to simulate the main feature of the phase diagram?  (2) What types of multibody 

interactions are needed? (3) What is the most likely driving force of lipid raft formation 

(is it hydrogen bonding, VDW attraction, or chain entropy effect in PC-Cholesterol 

interaction)? 

4.2  An Overview of Monte Carlo Algorithm 

4.2.1 Detailed Balance Conditions in MC Method 

 To obtain equilibrium properties from a simulation, the most important condition 

for the sampling algorithm is that thermal equilibrium must be achieved (Edited by 
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Binder, 1986).  The transition probabilityω(ci ,cf )should be chosen in such way that it 

satisfies the detailed balance, i.e., 

  ω(ci ,cf )Peq (ci ) = ω(cf ,ci )Peq (c f ).              (1) 

Where  and  are the correct equilibrium probability distributions of the 

initial and final state in configuration space, given by 

Peq (ci ) Peq (c f )

  Peq (c) = Z −1 exp(−H (c) / kBT ) .    (2) 

H is the Hamiltonian and Z is the partition function.  Thus, the detailed balance condition 

can also be expressed as   

  ]/exp[]/)(exp[
),(
),(

TkETkEE
cc
cc

BBcc
ij

ji
ij

−Δ=−−=
ω
ω

.              (3) 

The most famous and widely used choice for ω(ci,cf), which satisfies the detailed 

balance condition, is that of  Metropolis (1953): 

        ωM(ci,cf) = exp(-∆E/kBT)  for ∆E > 0 

    = 1   for ∆E ≤ 0.            (4) 

Another common choice for ω(ci,cf) that also satisfies the detailed balance is Kawasaki 

dynamics (1966).   

 ωK (ci ,c f ) = exp(−ΔE / 2kBT ) / [(exp(−ΔE / 2kBT )+ exp(ΔE / 2kBT )]         (5) 

Therefore, ω(ci,cf) can be setup in many ways.  Each should be able to bring the 

system to equilibrium.  However, each technique differs in efficiency and also is system 

dependent.  By far, the Metropolis method is the most popular one. 
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4.2.2 The Long-range Relaxation Technique 

 For mixtures with coexisting phases, very long simulations are needed; so 

efficiency is an important issue.  The Kawasaki relaxation method (1966), which is 

widely used for Monte Carlo simulations of lipid membranes (Sperotto and 

Mouritsen,1991), allows a pair of nearest neighbor (NN) molecules to exchange position 

according to the Metropolis criterion (1953).  We found that the Kawasaki relaxation 

method becomes very inefficient for simulations containing coexisting phases.  We 

implemented a long-range relaxation method in which any unlike molecule pair over any 

distance is now allowed to exchange positions (Allen and Tildesley, 1987).  

4.2.3 Procedure to Implement the Metropolis Method in Triangular Lattice Model 

It has been shown by Freire and Snyder (1980) that a two component lipid system 

with pure nearest neighbor pairwise interactions is isomorphic or mathematically 

equivalent to an Ising model . The simplest model is the two-dimensional hexagonal (i.e., 

triangular) lattice model in which each site has co-ordination with six nearest neighbors 

(Rice, 1967). For a two-component system of types A and B molecules, totaling N in 

number, there will be A-A, A-B and B-B types of interactions with ZN/2 total contacts; 

where Z is the co-ordination number which is six for the triangular lattice. In later 

sections, we extended these basics for three-component system containing two PC lipids 

and cholesterol. The general scheme of an MC algorithm should work as following:   

1. Randomly pick a molecule from the entire lattice. 

2. Randomly pick one of its six nearest-neighbor molecules. 
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3. Calculate the energy difference, if two molecules switch their positions. ∆E = 

E(switch)-E(before).  This step is not trivial, particularly if multibody 

interactions are used. 

4. If ∆E ≤ 0, switch the positions of two molecules.   

5. If ∆E > 0:  Generate a random number, R, in the range from 0 to 1.  If exp(-

∆E/kBT) > R, make the switch; if exp(-∆E/kBT) < R, no switch. 

6. Randomly pick another molecule from the lattice, repeat steps 2 to 5. 

7. A Monte Carlo Step (MSC) is defined as everyone site in the entire lattice get 

picked once.  The pick can be in a random sequence or in the “typewriter” 

fashion. 

8. For the long-range relaxation method, the molecule picked in Step 2 is not 

limited to exchange positions with its six nearest neighbors.  It can be any 

molecule in the lattice, over any distance. 

 

4.3 Simulation Method  

4.3.1 Hamiltonian of the System: Pairwise Interaction Parameters 

 A 3-component membrane can be modeled as a 2-dimensional triangular lattice 

with 3 types of molecules.  In a fluid phase lipid bilayer, a PC has a typical cross-

sectional area of 62 Å (Nagle et al., 1996) and cholesterol has about 38Å (Lundberg,  

1982). Therefore, in our lattice model, each phospholipid occupies two adjacent sites, and 

cholesterol only occupies one lattice site.  The interaction energies can be confined only 

between nearest neighbors (Huang and Feigenson, 1999). The Hamiltonian in its most 

general expression can be written as: 
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   multipair HHH +=       (6) 

   

 The pairwise part of the Hamiltonian accounts for acyl chain-acyl chain, 

cholesterol-cholesterol and cholesterol-acyl chain ineractions. The pairwise 

Hamiltonian for 3-component DSPC/DOPC/cholesterol mixtures is given by:  

Hpair = 1
2 EOO

i, j
∑ LOiLOj + 1

2 ESS
i, j
∑ LSiLSj + 1

2 ECC
i, j
∑ LCiLCj + 1

2 EOS
i, j
∑ (LOiLSj + LSiLOj )

+ 1
2 EOC

i, j
∑ (LOiLCj + LCiLOj ) + 1

2 ESC
i, j
∑ (LSiLCj + LCiLSj )

(7) 

where EOO, ESS, ECC, EOS, EOC, and ESC are pairwise interaction energies between 

DOPC acyl chains, between DSPC acyl chains, between cholesterols, between DOPC 

and DSPC acyl chains, between DOPC acyl chains and cholesterol, and between 

DSPC acyl chains and cholesterol, respectively.  LOi, LSi, and LCi are occupation 

variables (= 0 or 1) of DOPC acyl chains, DSPC acyl chains, and cholesterols, 

respectively.  The summation i is over all lattice sites, and j is over the nearest-

neighbor sites of i only.  Similar to the treatment for a 2-component mixture 

(Guggenheim, 1952), the 6 interaction energies in the above Hamiltonian can be 

further reduced to just 3 independent parameters: 

Hpair = 1
2 ZEOO LOi

i
∑ + 1

2 ZESS LSi
i
∑ + 1

2 ZECC LCi
i
∑

+ 1
2 ΔEOS

i, j
∑ (LOiLSj + LSiLOj ) + 1

2 ΔEOC
i, j
∑ (LOiLCj + LCiLOj )

+ 1
2 ΔESC

i, j
∑ (LSiLCj + LCiLSj )

  (8) 

where Z (=6) is the number of nearest-neighbors to a lattice site. ∆EOS, ∆EOC, and 

∆ESC are the pairwise excess mixing energies between DOPC and DSPC acyl chains, 
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between DOPC acyl chains and cholesterol, and between DSPC acyl chains and 

cholesterol, respectively: 

ΔEOS = EOS − 1
2 (EOO + ESS ) 

ΔEOC = EOC − 1
2 (EOO + ECC ) 

ΔESC = ESC − 1
2 (ESS + ECC )       (9) 

The first 3 terms in Hamiltonian Eq. 8 are constants, independent of lipid lateral 

distribution.  Lipid mixture behavior is entirely determined by values of the 3 excess 

mixing energies. 

Mixing of cholesterol with DSPC or DOPC is overall energetically favorable. 

This can be expressed by large negative values of ∆EOC and ∆ESC.  Also, based on the 

Umbrella Model and a previous simulation of PC/sphingomyelin/cholesterol 3-

component system, cholesterol should prefer DSPC over DOPC due to the cis double 

bonds in DOPC chains (Huang, unpublished data). This preference can be expressed 

by assigning |∆ESC | > |∆EOC|. 
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4.3.2 Multi-body Interaction Energy Parameters 

 In contrast to linear nature of pairwise interaction, multibody interaction is highly 

nonlinear and dependent on types and number of neighboring molecules.  The 

unfavorable acyl chain multibody interaction with neighboring cholesterol is given by 

(Huang, 2002):  

 Hchain = ΔEa As
s= 0

5

∑
i
∑ LsiLai .      (10) 

where ΔEa  is the strength of the acyl chain multibody interaction, As are the energy-

scaling factors, and Lsi  is the environment variable of a lattice site, defined as: 

            Lsi   = 1 if site i has s cholesterols as nearest neighbors or 
             = 0 otherwise       

the summation s is over 6 possible environments for the lattice site i: a site can have 0 

to 5 cholesterols as its nearest-neighbors.  If an acyl chain site is surrounded by s 

cholesterol molecules, then the multibody interaction energy for this chain will be 

ΔEaAs.  Six energy-scaling factors ( A0, A1,..., A5), the multibody interactions 

energies, define the relative magnitude of the multibody interaction in the 6 possible 

situations, and ΔEa  determines the overall strength of the acyl chain multibody 

interaction. Thus, each multibody interaction energy parameter has a clear physical 

meaning.  As shown in Chapter Two, cholesterol superlattices are formed at χc = 0.15, 

0.25, 0.40, and 0.5 in DOPC/cholesterol binary mixtures.  Huang demonstrated that in 

order to produce these superlattices, the energy-scaling factors must increase 

nonlinearly.  For example, ( A0, A1,..., A5) = (0, 1, 3, 6, 10, 15) and ΔEa  = 2.5 kT can 

be a good set of parameters for DOPC/cholesterol multibody interaction (Huang, 

2002).  
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In this study, ΔEa  is chosen to be positive, which implies that the multibody 

interaction of acyl chains with their nearest-neighbor cholesterol is unfavorable. For 

long and saturated acyl chains of DSPC, the unfavorable acyl chain multibody 

interaction with cholesterol should be smaller than that of the unsaturated acyl chains 

of PC. 

4.3.3 System Parameters and Composition Evaluation Method 

 All simulations have been done on a 2D 300 x 300 triangular lattice. However, for 

studying system size effect and phase mask size effect, smaller size systems have also 

been used. A standard periodic boundary condition has been used. For each simulation N, 

T, and energy parameters were held constant (i.e., Canonical ensemble). All simulations 

started from an ideal mixture of given compositions. Equilibrium conditions were 

reached in 100,000 MC steps. Ensemble average was obtained using data after 

equilibrium. System size and phase mask size have been optimized an extensive study. 

The optimized phase mask has been used to identify phases by the “Composition 

Evaluation Method  (CEM)”.  

The “Composition Evaluation Method (CEM)” has been used to efficiently 

determine the compositions of the coexisting phases in simulations. In implementing 

CEM, each equilibrium snapshot has been systematically scanned in a typewrite fashion 

by a square “phase mask”.  The local lipid composition within the phase mask at every 

site is recorded, and a composition histogram for the whole mixture is generated.  The 

local composition distribution is evaluated at every 50 MC steps after equilibrium.  The 

method gives a very straightforward visual approach to determine the composition of 

coexisting phases.  CEM has been found to be very efficient to determine thermodynamic 
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tie-lines.  However, in the critical region, the method becomes less effective, since the 

critical fluctuation becomes significant and the compositions of coexisting phases can be 

very close.  We have used pair-correlation functions to locate phase boundaries in the 

critical region. 

  

Figure. 4.2  The Composition Evaluation Method computes the local lipid composition 

histogram using a moving “Phase Mask” over the entire simulation lattice.  (The size of 

the mask is not drawn to the scale. 

4.3.4 Pair Correlation Function and Length 
 
  Pair correlation function between two types of particles A and B at a given 

distance r in a mixture is defined as: 
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simulationAB
AB rN
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g
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=      (11) 

 Where NAB(r) is defined as the average number of the event in which type A is 

located at a distance r from type B.  The above expression was evaluated over many 

equilibrium distributions to obtain the average values for pair correlation functions. 

 Note that gAB(r) = 1 for an ideal mixed mixture.  For a nonideal mixture, gAB(r) > 

1 if type A and type B molecules attract, and gAB(r) < 1 if type A and type B molecules 

repel each other.  

 Pair correlation length, ξ is a very important indicative parameter to identify the 

phase separation particularly in the critical region. If phase separation occurs, then 

correlation length for similar types of molecule will be very large as they form phase-

separated domains. Otherwise for one-phase mixture, its value is typically small due to 

lack of long-range correlation.  The pair correlation length, ξ,  is defined as the distance ξ 

at which  

   
1
e gAB(1)−1≥ gAB(ξ)−1.   (12) 

 With our definition of ξ, ξ is negative when type A and type B molecules repel 

each other, and ξ is positive when type A and type B molecules attract.  The value of ξ is 

usually small (a few lipid distance) in a one-phase mixture, but can be very large in a 

two-phase mixture.  

4.4 Result and Discussion 

4.4.1 The Jump-relax Method vs. the Nearest-Neighbor Exchange method 

 It is important that the simulation must reach equilibrium before taking any data. 

No change in system energy does not necessarily indicate thermal equilibrium, since the 
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system can be trapped in a local minimum energy state.  Rather, the equilibrium should 

be judged with the following criterions: 

● The result of any simulation must not depend on the initial molecule distribution.   

● A simulation algorithm should efficiently bring the mixture to the equilibrium state. 

As meaningful data can only be collected after a simulation reaches equilibrium, a 

reliable way to determine the equilibrium condition is to monitor the convergence of 

nonideality parameter, which reflects the energy of the system.  In Figure 3, we use the 

simulation of a binary mixture to compare the efficiency of two relaxation methods: the 

Jump-Relax Method and the Nearest-Neighbor Exchange (NNE) method.  In this binary 

mixture, particles A and B had a 1:1 ratio, and had a strong repulsive interaction which 

resulted in a phase separation.  The excess nonideal interaction parameter ∆EAB was set to 

0.6 kT, and simulation lattice size used was 100x100.  The nonideality parameter for the 

binary system is defined as:  

Nonideality = < number of AB contact in simulation >
number of AB contact in ideal mixture

. 

 Figure 3 shows the progression of the nonideality parameter when simulations 

have been started from two very different initial states.  One of the initial states is the 

ideal (i.e., random) mixing state, in which all particles are mixed randomly and the 

nonideality parameter is 1.   The other initial state is called the “slab” state, in which all A 

particles are placed together filling half the simulation lattice and all B particles fill the 

other half.  Due to the low A-B contact in the “slab” state, the nonideality parameter is 

very low, close to 0.  As show in Figure 5, the Jump-relax method quickly brought the 

system the equilibrium: after about 10,000 Monte Carlo steps, the nonideality parameters 

from two simulations with very different initial states converged to the same value ~ 
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0.23.  However, with the Nearest-Neighbor Exchange method, even after 30,000 Monte 

Carlo steps, the nonideality parameters from two simulations were still far apart. Thus, 

equilibrium had not been reached.  The data shown in Figure 3 indicates that jump 

relaxation technique is essential to reach thermal equilibrium and the system reaches 

same equilibrium independent of the initial conditions. Without jump relaxation, it will 

take very large number of MCS to reach same equilibrium.  We estimated that the Jump-

Relax method is about 20-50 times faster than the Nearest-Neighbor Exchange method in 

simulations containing coexisting phases.  All our simulation in this study used the Jump-

relax method. 

 It should be pointed out that 30,000 Monte Carlo step is a very long simulation.  It 

is equivalent to 1 ms in real time.  Sine the Nearest-Neighbor Exchange method is so 

inefficient in this situation, the nonideality parameter seems approaching to a constant, 

which can give a false impression that the equilibrium has been reached.  This has been a 

common mistake often made by new researchers, and many misleading non-equilibrium 

results have been published. 
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Figure 4.3.  The progression of nonideality parameter as a function of Monte Carlo Steps 

(MCS).  Filled squares: Simulations with the Nearest Neighbor Exchange (NNE) method 

started from ideal mixing; Filled circles: Simulations with NNE method started from a 

“Slab” initial distribution; Open squares: Simulations with the Jump-Relax method 

started from ideal mixing; Open circles: Simulations with the Jump-Relax method started 

from a “Slab” initial distribution.  The jump relax method brought the system to the 

equilibrium in less than 10,000 MCS, while system is still far from equilibrium after 

30,000 MCS with the NNE method. 
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4.4.2 Estimate Phase Boundary by The Composition Evaluation Method 

Here we will illustrate how to use the “Composition Evaluation method” together 

with pair-correlation function analysis to determine a simulated phase boundary.  Figure 

6 shows three snapshots of lipid lateral distributions for 

DSPC/DOPC/cholesterolmixtures and their corresponding local composition distribution 

histogram plots calculated by the Composition Evaluation method.  Two lateral 

distributions containing coexisting phases (Figure 4a & 4c), and the corresponding local 

composition distribution 3D histogram show two distinct peaks.  The X-axis of the 

histogram plot is the DSPC/(DSPC+DOPC) ratio R, the Y-axis is cholesterol mole 

fraction, and the Z-axis is the probability of a site having this composition.  The number 

of peaks in a 3D histogram plot indicate the number of coexisting phases in the 

simulation, and the locations of the peaks in the compositional space indicate the 

compositions of the phases.  In addition, the straight line connecting these two peaks is 

the thermodynamic tie-line.  Thus, each simulation in the two-phase region can provide 

two points on the phase boundary as well as a thermodynamic tie-line.  The mixture 

shown in Figure 4e has only one phase.  Since this mixture is located near the critical 

point, and the mixing is highly nonideal (i.e., heavy clustering).  The corresponding local 

composition distribution histogram showed a single broad peak (Figure 4f).   
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(a) 

 

 

(c) 

 

 

(e) 

 

 

(b) 

 

 

(d) 

 

 

(f) 

(a): The mixture has two 
coexisting phases with very 
different lipid compositions. 
 
(b). The corresponding local 
composition histogram shows 
two sharp peaks.  

(c): The mixture has two 
coexisting phases, but the 
compositional difference is 
less than that in (a).    
 
(d): The corresponding local 
composition histogram 
shows two distinct but less 
separated peaks.  

(e): The mixture is near the 
critical point, and has only 
one highly nonideal phase.    
 
(f): The corresponding local 
composition histogram 
shows one broad peak. 

 
Figure 4.4.   The snapshots of lipid lateral distributions of a three-component mixtures 

and their corresponding 3D local composition distribution histograms calculated with the 

“Composition-Evaluation” method.  Black circles: cholesterol; Open circles: DOPC 

chains; Red filled circles: DSPC chains. The Z-axis in histogram plots is the probability 

of a composition. 
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4.4.3 Estimate Phase Boundary in the Critical Region by The Pair-Correlation Function 

Analysis Method 

 In the critical region, the critical fluctuation broadens the composition distribution 

peaks, and the Composition Evaluation method becomes ineffective. The composition 

difference between two coexisting phases is so small that it becomes difficult to decide 

whether the mixture has only one or two phases.  To determine the phase boundary in the 

critical region, we used pair-correlation function analysis. Figure 5 shows the pair 

correlation lengths as a function of cholesterol mole fraction, for the 3-component 

DOPC/DSPC/cholesterol mixtures in the critical region.  The correlation length is 

measured in the unit of lattice size, i.e., the distance between two adjacent sites (~ 6 Å).  

For this particular set of simulation, the lipid ratio DSPC/(DSPC+DOPC) was fixed at R 

= 0.75, and only the cholesterol mole faction was allowed to change.  The sharp decrease 

of A-B (DOPC-cholesterol) correlation length (in magnitude) indicates that the mixtures 

enter one-phase region when Cχ  ≥ 0.39, and Cχ  < 0.39 is a two-phase region.  Thus, the 

Composition Evaluation method and the pair correlation length analysis are 

complimentary to each other, and allowed us to get the complete phase boundary without 

performing computational expensive free energy calculations.  
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Figure 4.5. Pair correlation lengths as a function of cholesterol mole fraction, for the 3-

component DOPC/DSPC/cholesterol mixtures in the critical region.  The simulations 

were carried out with fixed lipid ratio, R = 0.75.  The sharp decrease of A-B (DOPC-

cholesterol) correlation length indicates that the mixtures enter one-phase region when 

Cχ  ≥ 0.39.   
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4.4.4 MC Simulation of Phase Boundary Using Pairwise Interactions 

 In this section, we limited the molecular interaction to the pairwise interactions 

only.  The goal is to find out whether pairwise interactions alone are sufficient to 

reproduce the experimental phase boundary.   

The possible values of pairwise interaction energies are strongly constrained 

by the experimental phase boundaries and tie lines. Three pairwise interaction energies 

are defined in Eq. 3.  The simulation goal is to find the best values to reproduce the 

experimental Lα +Lo phase boundary in the DSPC/DOPC/cholesterol ternary system 

(Figure. 1).  

The Lα phase is rich in DOPC, whereas the Lo phase is rich in DSPC.  To 

simulate the coexistence region, excess pairwise interaction energy ∆EOS (DOPC-DSPC 

interaction) must be positive, and large enough to create a phase separation. Previously, It 

has been shown that +0.52 kT is the critical value for phase separation in a binary system 

(Huang and Feigenson, 1993).  In this case, ∆EOS should be larger than +0.52 kT, since 

1/3 of the lipid is cholesterol.  On the other hand, both ∆EOC (DOPC-cholesterol 

interaction) and ∆ESC (DSPC-cholesterol interaction) should be negative in order to 

correctly represent the known favorable mixing of cholesterol with both phospholipids.  

 We have now found that the values of the interaction parameters are strongly 

constrained by the location and shape of the phase boundary.  For example, the value of 

∆EOS is essentially determined by the cholesterol mole fraction at the critical point (χchol 

~ 0.4 in Fig. 1).  If DOPC and DSPC have a strong tendency to phase separate, more 

cholesterol would be needed to bring them back to one phase, i.e., a higher χchol value 

for the critical point.  Roughly speaking, this single point would fix the value of EOS.  The 
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slope of tie lines in the Lα +Lo coexistence region describes the relative affinities of 

cholesterol for DOPC and DSPC.  A horizontal tie line indicates no difference.  Tie lines 

in Fig. 1 tilt upwards, indicating a preference of cholesterol for DSPC. Thus, the 

magnitude of ∆ESC must be larger than that of ∆EOC. 

 By comparing the simulations with the experimental phase diagram, our initial 

estimation was that ∆EOC = -1.5 kT, ∆ESC = -1.8 kT, and ∆EOS = +0.75 kT.  The next 

logical step is to perform simulations using this set of interaction parameters to produce a 

theoretical phase boundary. After comparing it with the experimental phase boundary, the 

parameters are adjusted to obtain a better fit.  This procedure is repeated many times until 

a satisfactory set of parameters is obtained.  

 The phase boundaries were estimated using the Composition Evaluation method 

and pair correlation length analysis. With the Composition Evaluation method, local lipid 

compositions are systematically evaluated during the simulation, and the resulting 

histograms are plotted in composition space.  If a mixture has only one phase, a single 

peak centered at the composition of the mixture will result.  An interesting result of this 

analysis is that for a single phase mixture having sizable clustering, this composition peak 

becomes broad.  However, if a mixture has two coexisting phases, then two separated 

peaks appear from this analysis.  The center of each peak represents the composition of 

the coexisting phase.  Thus, the compositions of two phases, as well as the tie line can be 

estimated in a single simulation.  To generate a theoretical phase boundary for a 

particular set of interaction parameters, we need only run 10 - 15 simulations (compare 

this to the several hundreds required with free energy calculations!), and calculation 

usually can be done in 2-3 days.  
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 We applied the Composition Evaluation method to search for a set of “best fit” 

pairwise interaction parameters to match the experimental Lα - Lo phase boundary.  

After examining dozens parameter sets, we found that the “best fit” parameters are close 

to: ∆EOC = -1.4 kT, ∆ESC = -1.8 kT, and ∆EOS  = +0.80 kT. Figure 6 shows the theoretical 

phase boundary and tie lines simulated with the pairwise interactions, together with the 

experimental phase boundary and tie-lines.  

 In our simulation, the two chains from the same PC are not physically linked, and 

sometimes it creates a non-physical situation in which an acyl chain is alone by itself.  A 

study conducted by another group showed that its effect on thermodynamic quantities is 

negligible (R. Biltonen, personal communication).  In addition, our multi-body simulation 

can largely avoid this situation by correctly assigning multibody interaction parameters.   
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Figure.4.6(a) Comparison of experimental phase boundary with the “best-fit” theoretical 

phase boundary simulated with the pairwise interactions. Three sets of independent 

simulations at different R ratios with the same pairwise interaction parameters yielded 

identical theoretical phase boundaries.  

 
 
 
 

   

Figure.4.6(b) The above figure with tie-lines. 
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To produce a simulated phase boundary as shown in Fig. 6a, we first chose a set 

of pairwise interaction parameters: ∆EOS, ∆EOC, and ∆ESC.  Then we chose a R ratio, 

usually in the middle of the two phase region, such as R = 0.50.  Then we ran a series of 

simulations with different cholesterol mole fraction, from χc = 0.20 to 0.45.  Analyzing 

the data with the Composition Evaluation method, we obtained a simulated phase 

boundary. 

To see whether the simulated phase boundary depends on the value of R used in 

the simulation, we have run 3 independent series of simulations, each with different R 

value (0.35, 0.50, 0.65).  Interestingly, as shown in Fig. 6a, the three phase boundaries 

produced by the three independent simulation series are identical, within the simulation 

error.  The result provided a strong evidence that true thermodynamic equilibrium has 

been reached in our simulation. 

We emphasize that in order to extract correct interaction parameters from 

simulations, it is crucial to start with reliable experimental phase boundaries and tie lines.  

These can only be obtained through multiple, careful, complementary measurement 

techniques.   

 We started with three pairwise interactions to get an idea of the magnitude of the 

interactions.  But pairwise interactions cannot produce the correct shape and location of 

the phase boundary.  For that, we need multibody interactions.  However, pairwise 

interactions give us important guidelines to setup multibody interactions. 
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4.4.5 Effect of Phase Mask 

 The choice of the size of phase mask used for simulation is critical to the success 

of the Composition Evaluation method.  The size of phase mask must be carefully 

chosen to be neither “too big” nor “too small”.  If the size is too small, the method would 

not be able to distinguish between non-ideal mixing (small clusters) and phase 

separation (compositional distinct regions). On the other hand, if the mask size is too 

big, it would average out the lateral composition variation. .  Figure 7 shows the effects 

of phase mask size and simulation lattice size on the accuracy of phase boundary 

determination.  We simulated the phase boundaries of DOPC/DSPC/cholesterol mixture 

with pairwise interactions.  To investigate the size effects, we fix the interaction 

parameters, and only change the size of simulation lattice as well as the size of the phase 

mask.  The mixture shows two coexisting phases, one is rich in DOPC and another is 

rich in DSPC and cholesterol, as shown in Fig. 6.  Figure 7 shows the shift of the 

DOPC–rich phase boundary at 20 mole % of cholesterol.  With a very large simulation 

lattice size, such as 200x200 or 300x300, the simulated phase boundary, indicated by the 

DOPC/(DOPC+DSPC) ratio, is sensitive to the size of the phase mask used when the 

size is less than 23x23.  Above 23x23, the obtained phase boundary becomes 

independent of the mask size.  When phase mask size is smaller than 23x23, the method 

tends to underestimate the DOPC content of the phase.  Simulation lattice size also 

affects the accuracy of the simulated phase boundary.  When size was too small, such as 

100x100, the DOPC content of the phase was overestimated.  When 50x50 simulation 

size was used, we cannot get the coexisting phase for phase mask large than 19x19.  To 

make a balance between the simulation accuracy and computation time, for this study, 
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we used simulation lattice size of 200x200, and phase mask size of 23x23.  We 

estimated that the uncertainty in simulated phase boundary is less than 1 mole %, and is 

sufficiently less than the experimental uncertainty (>2 mole %). 

 

 

  

         

Figure. 4.7 The effects of phase mask size and simulation lattice size on accuracy of 

simulated phase boundary.   
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4.4.6 Preliminary Results of Multi-body Interaction Simulation 

 The key feature of Umbrella model that cholesterol does not like clustering with 

other cholesterol molecules necessitates the introduction of multi-body interaction energy 

parameter (MIEP). The form of Hamiltonian has been discussed above. The nature of 

MIEP is highly non-linear in compared to pairwise interaction. It has been shown (Huang 

1999, 2002) that multi-body parameter has very important role in forming superlattice at 

Xc=0.57 and 0.67 for binary system.  

 The physical basis of Umbrella model naturally justifies the MIEP in ternary 

system also. Although how MIEP is different from binary system is still under study. 

Several runs have been carried out to optimize MIEP in our DOPC/DSPC/cholesterol 

system. Figure 8 shows experimental and computational phase boundaries implementing 

multibody interaction parameters.  But the work is still preliminary and we have not yet 

found the “best fit” interaction parameter set.  Our long-term goal is to find the set of 

multibody interaction parameters which can best reproduce the experimental phase 

diagram, and then search for the physical origin of these multibody interaction.  Although 

much more work need to be done, as show in Figure 8, it becomes obvious that 

multibody interactions can produce a much better fit to the experimental phase boundary 

than pairwise interactions.  Since we have not yet find the “best fit” multibody interaction 

parameters and this challenging project could take another year or two to complete, we 

are not in a position to discuss the detailed form of the multibody interactions required as 

well as their physical origin at this point. 
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Figure 4.8.  Comparison of experimental phase boundary and the simulated phase 

boundary with multibody interactions.  The work is still preliminary. 
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4.5 Summary of the MC Simulation Study 

Results from pairwise interaction simulation showed that the mixing of DOPC 

with DSPC is very unfavorable, resulting in a miscibility gap.  The magnitude of the 

excess interaction energy between the two PCs (∆Eos) is about +0.8 kT.  However, 

cholesterol mixes favorably with both PCs.  Although, it prefers DSPC over DOPC as 

nearest neighbor.  The preference can be represented by a 0.4 kT difference in interaction 

energies.  This is a significant energy difference. It is also evident that the width of the 2-

phase region simulated with pairwise interactions is always significantly wider than the 

experimental one, regardless of the parameters used, as shown in Figure 6.  This simple 

finding clearly indicates that pairwise interactions alone are insufficient to represent the 

key lipid-lipid interactions.  Thus, multibody interactions must be included in 

simulations.  This finding is consistent with the previous finding that multibody 

interactions are necessary to simulate the maximum solubility of cholesterol (Huang and 

Feigenson, 1999) as well as cholesterol superlattices (Huang, 2002). 

The new technique of the Composition Evaluation method (CEM) and the jump-

relax method significantly speeded up the simulation.  The pairwise analysis required 

about two weeks.  Had we used the free energy calculation as the only method, at least 

nine months of CPU time would have been needed.  We are excited about the potential to 

capture 3 or more coexisting phases in a single simulation. Comparing Figure 6 with 

Figure8, it can be concluded that the phase boundary simulated with the multibody 

interactions is a better fit to the experimental boundary than that produced by the pairwise 

interactions.   
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 In this study, we have thoroughly investigated the pairwise interactions and the 

result is conclusive. In addition, preliminary study using multibody interactions showed 

very promising result. 
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     CHAPTER FIVE 
 
       CONCLUSION 
 

5.1. Suggested Future Works 
 
 Even though our findings from COD experiments provided very solid and 

conclusive support for the Umbrella model, one justifiably expects lipid-cholesterol 

interaction still will be a topic of much interest in future. Over years independent 

experiments by different groups in USA and Europe have given growing strong support 

for Umbrella Model over other lipid-cholesterol interaction models. Our strong 

perception is that with reliable sample preparation technique, the Umbrella Model will 

continue to be the correct lipid-cholesterol interaction model. 

 As we have mostly used COD technique in our exploration, other experimental 

techniques also have a potential to provide valuable data:  

(I) Fluorescence technique has been reported before in regards to detecting 

Superlattice formation at some but not all cholesterol compositions. The 

technique can be potentially refined and tuned to explore both high and 

low cholesterol regions in many other PC/Cholesterol systems.  

 

(II) Measuring complementary chemical potential of PC experimentally can be 

of great interests.  In theory, when chemical potential of cholesterol jumps, 

the chemical potential of PC must drop at the same composition. 
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For Monte Carlo simulation, we still have scopes to refine our ternary phase 

boundaries. Also The CEM has the capability to deal with more than 3 components.   

(III) Refining multi-body interaction parameters can provide us useful 

information for molecular interaction picture of lipid raft. However, the 

problem is under refinement both in views of experimentation and 

computation.   
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