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ABSTRACT 
 Cholesterol is a significant component of animal cell membranes, and its 

presence has the effects of not only adding rigidity to the lipid bilayer, but also leading 

to the formation of lipid domains. Two other lipids of interest are 

phosphatidylethanolamine (PE), which constitutes about 45% of the phospholipids 

found in human nervous tissues, and phosphatidylcholine (PC), which is found in 

every cell of the human body. The maximum solubility of cholesterol is the highest 

mole fraction of cholesterol that the lipid bilayer can retain.  About that, cholesterol 

begins to precipitate out to form cholesterol monohydrate crystals. We have measured 

the maximum solubility of cholesterol in mixtures of 16:0-18:1PE and 16:0-18:1PC 

using a new light scattering technique, which utilizes the anisotropic nature of light 

scattering by cholesterol crystals. This new method is highly accurate and 

reproducible. Our results show that the maximum solubility of cholesterol increases 

nonlinearly as a function of the molar ratio POPC/(POPE+POPC), which suggests that 

not only are the two phospholipids mixing, but the geometry of their mixing leads to a 

maximum cholesterol solubility that is higher than it would be if there was a complete 

phase separation between the two phospholipids. 
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CHAPTER I 

 

INTRODUCTION 

 

1.1 Cell Membrane 

 The cell membrane is perhaps one of the most important components of the 

cell, and its formation is thought of as a defining event in the evolution of life, even 

though its exact origins are still unclear1. In addition to acting as a barrier and 

regulating the movement of substance into and out of the cell, the cell membrane has 

many functions, including using chemical and charge gradients to provide energy to 

the cell, supplying the necessary substrates for use in signaling molecules and for use 

in biosynthesis, facilitating information transduction, and even organizing and 

regulating enzyme activities2. Whether prokaryotic or eukaryotic, all cells are 

surrounded by a cell membrane. Eukaryotic cells, however, have many membranes 

that act to compartmentalize many of the organelles, like the mitochondria, the 

endoplasmic reticulum, and the Golgi apparatus, to name a few.  

 Biomembranes, as described in the fluid mosaic model3, are composed of 

lipids, proteins, and carbohydrates, with the most basic representation of the cell 

membrane being the lipid bilayer [Figure 1-1]. The lipid bilayer is a polar membrane 

composed of sphingolipids, sterols, and glycerophospholipids (or simply 

phospholipids), which are, of course, all lipids. Unlike amino acids, carbohydrates, 

and nucleotides, lipids do not follow a common structural template. Instead, what 
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primarily defines lipids is their lack of a structural group. The characteristic that all 

lipids have in common is their hydrophobicity. Due to their largely hydrocarbon-like 

structure, they lack the ability to form hydrogen bonds, and are thus mostly water-

insoluble. Some lipids, however, also contain a polar, hydrophilic head group. 

Molecules that contain both a hydrophobic and a hydrophilic region are known as 

amphipathic. 

 

Figure 1-1 Cartoon depiction of the lipid bilayer. Shown are phospholipids, 
cholesterol, proteins, and carbohydrates. 
 
1.2 The Hydrophobic Effect 

 The formation of phospholipids in the lipid bilayer briefly described in the 

previous section occurs spontaneously due to the influence of the hydrophobic effect. 

When a nonpolar, hydrophobic substance is added to water, rather than dissolving, it 

forms a separate phase. In order to mix this separate phase with the water, free energy 

must be added to the system. This thermodynamically unfavorable mixing is due to a 

positive value for the Gibbs free energy of the system, defined by4: 

∆G = ∆H - T ∆S 



Texas Tech University, Matthew Hein, August 2016 

3 

where T is the temperature, and ∆H and ∆S are the enthalpy and entropy terms, 

respectively. Experimental measurements have shown that the free energy of the 

solvation process is dominated by the entropy term, rather than the enthalpy term5. 

The reason for this is that when a hydrophobic molecule becomes hydrated, the water 

molecules that surround it are rendered unable to participate in normal hydrogen 

bonding, and are instead forced to align themselves such that their polar ends are 

pointed away from the nonpolar solute. This results in a constraint on the arrangement 

of the structure of the water, which represents a decrease in the entropy of the system. 

Since this decrease in entropy drives the dominant entropy term to be positive, this 

causes the result the Gibbs free energy to also be positive, which is indicative of 

thermodynamically unfavorable mixing. 

 When more than one nonpolar molecule is introduced into an aqueous solution, 

rather than dispersing and becoming individually hydrated, with a layer of water 

molecules surrounding each nonpolar molecule, they instead clump together, 

minimizing their contact with the water molecules. With phospholipids, this results in 

the formation of the lipid bilayer. To eliminate hydration of the nonpolar region, the 

lipid bilayer closes up on itself to form a vesicle [Figure 1-2]. Vesicles, specifically 

liposomes, are of particular interest for their use in drug delivery6. 
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Figure 1-2 Cross section of a vesicle that results from the polar head groups of the 
phospholipids arranging themselves to prevent the nonpolar tails from becoming 
hydrated. 
 
1.3 Phospholipids 

 Phospholipids are one of the main components of the lipid bilayer. As 

previously mentioned, phospholipids are amphipathic, and contain both a polar head 

group and a hydrophilic tail. The defining structure of the phospholipid is the glycerol 

backbone with fatty acyl groups esterified at positions 1 and 2, and a phosphate 

derivative head group esterified at position 3. The acyl chains in the phospholipid are 

long-chain carboxylic acids, or fatty acids. These molecules typically contain chains of 

up to 24 carbon atoms, although in plant and animal cells the most common fatty acids 

are even-numbered, typically having a length of 16 or 18 carbons. These fatty acids 

can be either saturated or unsaturated, meaning they either do or do not contain double 

bonds in the carbon chain. The phospholipid head groups vary in chemical structure 

and size, from the small phosphatidylethanolamine to the larger phosphatidylcholine. 
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There are many different specific types of phospholipids, each varying by their acyl 

chain and head group structure, with their names being mostly defined by the polar 

head group. For example, a phospholipid composed of a phosphatidylethanolamine 

head group with acyl chains of palmitic acid and oleic acid would have the name 1-

palmitoyl-2-oleoyl-sn-glyero-3-phosphoethanolamine. The name could also be written 

as 16:0-18:1PE, indicating that the palmitic acid is 16 carbons long with zero double 

bonds, the oleic acid is 18 carbons long with one double bond, and the head group is 

phosphatidylethanolamine. For simplicity, it is typically just called POPE. While there 

are many different types of phospholipids that make up the plasma membranes in our 

cells, it is still unsure exactly how they organize themselves. The potential 

immiscibility of lipids with one another gives rise to the idea of lateral heterogeneities 

in the bilayer, known as lipid rafts7. However, the existence and role of lipid rafts in 

plasma membranes remains controversial8. 

 In most phospholipids, the width of the head group is comparable to the width 

of the two acyl chains. The result is that it gives them a cylindrical shape, making 

them ideal for forming lipid bilayers [Figure 1-3].  
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Figure 1-3 Space-filling model of the physical structure of a phospholipid, showing 
how the hydrophilic head and hydrophobic tail fit into the lipid bilayer. 
 
1.4 Cholesterol 

 Cholesterol is another important component of the lipid bilayer. Like 

phospholipids, cholesterol is also amphiphilic, however, their structures are vastly 

different. Rather than a glycerol backbone attached to two fatty acids and a phosphate 

head group, cholesterol has a planar four-ring body containing 27 carbons attached to 

a hydroxyl head group [Figure 1-4]. Because the head group of cholesterol is so small 

in relation to its body, it is unable to form a bilayer by itself. Instead, cholesterol 

buries itself within the hydrophobic region of the bilayer, inserting its planar body 

among the acyl chains of the other lipids. The inability of cholesterol to form a bilayer 

by itself suggests that there must be an upper limit on the amount of cholesterol that 

can fit inside of the bilayer9. 
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Figure 1-4 Representations of the physical structure of cholesterol visualized through 
the space-filling model (left) and its chemical structure (right). In the space-filling 
model, carbon is represented with green balls, hydrogen with white balls, and oxygen 
with a red ball. 
 
 While there are other members of the sterol family, to which cholesterol 

belongs, cholesterol is the sterol that is found in animal cells, whereas ergosterol and 

stigmasterol are found in fungi and plant cells. Vertebrates, without exception, all 

synthesize cholesterol. It has been estimated that the plasma membranes in animal 

cells have cholesterol contents (Xc) ranging from 25 mol% to 50 mol%. In some 

animal tissues, cholesterol comprises more than 95% of the sterol fraction10. This 

would suggest that cholesterol plays a fairly crucial role in the lipid bilayer. 

1.5 Umbrella Model 

 The Umbrella Model is the model that currently gives the best explanation of 

the interaction between phospholipids and cholesterol within the lipid bilayer, and was 

originally proposed to explain experimental evidence of the maximum cholesterol 

solubility in phosphoethanolamine (PE) and phosphocholine (PC) bilayers11. Due to 

the small size of the cholesterol’s hydroxyl head group, they are forced to hide inside 

of the lipid bilayer underneath the much larger hydrophilic heads of the phospholipids, 



Texas Tech University, Matthew Hein, August 2016 

8 

effectively using them as umbrellas to prevent hydration. As the concentration of 

cholesterol (Xc) increases in the bilayer, the phospholipids have to rearrange 

themselves so as to provide maximum coverage to the cholesterols, effectively 

stretching their head groups to provide as much coverage as possible [Figure 1-5]. 

 

Figure 1-5 Graphical representation of the key idea of the Umbrella Model. Shown on 
the left is a typical phospholipid-cholesterol configuration in the bilayer, with the 
cholesterol hiding underneath the phospholipid head group among the acyl chains. 
Shown on the right is a packing configuration at the maximum cholesterol solubility 
limit11. 
 
1.6 Maximum Cholesterol Solubility 

 As suggested earlier, the cholesterol’s hydroxyl head group size compared to 

the size of its body suggests that there is an upper limit to the amount of cholesterol 

that can occupy the bilayer. Maximum cholesterol solubility, as briefly mentioned 

earlier, is the point at which the lipid bilayer becomes saturated with cholesterol, and 

cannot hold any more. Beyond this point, cholesterol begins to precipitate out of the 

bilayer and bind with the surrounding aqueous environment to form crystalline 

cholesterol monohydrate12 [Figure 1-6]. The maximum cholesterol solubility has only 

been measured in single phospholipid bilayers, and has not been reliably measured in 

binary lipid bilayers containing more than one kind of phospholipid. 
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Figure 1-6 Graphical representation of what happens in the lipid bilayer beyond the 
maximum cholesterol solubility. On the left is an unfavorable orientation of cholesterol 
in the bilayer, lending to the hydration of the unprotected cholesterol. On the right shows 
that the extra cholesterol precipitates out of the bilayer, thus bonding with the aqueous 
environment and forming cholesterol monohydrate11. 
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CHAPTER II 

 
 

THE MAXIMUM CHOLESTEROL SOLUBILITY OF POPE/POPC 

BILAYERS 

 

2.1 Introduction 

 As stated in the previous chapter, the maximum cholesterol solubility (Xc*) has 

only been experimentally measured for lipid bilayers containing one phospholipid. In 

this study, Xc* was measured for binary lipid bilayers using a new, previously 

unpublished method. This new method is similar to a previously used method1, but 

with a slight modification that makes it more precise. By utilizing the crystalline 

structure of cholesterol monohydrate2, the new light scattering method was able to 

detect the presence of cholesterol crystals based on the noise they create in the 

intensity signal, rather than by measuring the standard deviation of the signal. This 

substantially enhances the precision and repeatability of the measurement. 

 Two particular phospholipids of interest for study are 1-palmitoyl-2-oleoyl-sn-

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

phosphoethanolamine (POPE). This is because POPC and POPE are abundant in the 

human body, and have mixed acyl chains – one saturated and one unsaturated. POPC 

has a reasonable chemical stability and is commonly used as a model lipid3, whereas 

the PE head group is sometimes required for correct protein membrane insertion4. By 
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measuring Xc* for lipid bilayers with varying lipid molar ratios (R) between 0 and 1, 

the transition of Xc* from a purely PE bilayer to a purely PC bilayer was observed. 

The shape of this transition gives insight into not just the phospholipid-cholesterol 

interactions, but also the phospholipid-phospholipid interactions between PE’s and 

PC’s. 

2.2 Materials 

 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphoethanolamine (POPE) and 1-

palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC) were purchased from Avanti 

Polar Lipids (Alabaster, AL). Cholesterol was purchased from Nu-Chek Prep, Inc. 

(Elysian, MN). Light scattering analysis was performed with a Photon Technologies 

International (PTI) Spectrofluorometer using FeliX Fluorescence Analysis Software 

Version 1.42d. 

2.3 Phospholipid Concentration 

 Phospholipid concentration was measured via a light absorption assay using 

the procedures described by Kingsley et al5. The assay was created by measuring out 

phosphate standard into test tubes in increasing volumes. Next, volumes of POPE and 

POPC were measured out into test tubes. 200 µL of 10% sulfuric acid was added to 

each test tube, and they were heated to 200 °C for one hour. 25 µL of 30% hydrogen 

peroxide was added, and each test tube was heated for an additional 40 minutes. After 

the test tubes had cooled to room temperature, 0.5 mL of water was added to each test 

tube, along with 0.5 mL of a prepared color reagent made from 0.5% ammonium 

molybdate and 1% ascorbic acid. Test tubes are left to incubate in a 45 °C hot water 
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bath for 20 minutes. Finally, absorption measurements were performed on each test 

tube at 818, 819, and 820 nm. 

2.4 Sample Preparation 

 200 µM rapid solvent exchange (RSE) liposomes in aqueous buffer solution 

were prepared using the RSE procedure6. Lipids were dissolved in 80 µL of 

chloroform in 13 x 100 mm capped test tubes, with the order in which they were 

dissolved being very crucial. First, the POPC was dissolved, followed by POPE, 

followed by cholesterol. This is to prevent any premature formation of cholesterol 

monohydrate and conglomeration of POPE. Next, the lipid test tubes were heated to 

50 °C on a heating plate, and 1.3 mL of RSE buffer solution was added to each test 

tube. While under constant vortexing, the chloroform was removed from the solution 

by gradually decreasing the pressure to ~3 cm Hg using the RSE apparatus [Figure 2-

1]. The test tubes were then vortexed for an additional minute under the same, 

constant pressure. Test tubes were sealed under argon and incubated in the shaker for 

constant agitation for seven days, giving the cholesterol monohydrate time to grow to 

a detectable size7. 
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Figure 2-1 Photograph of the RSE apparatus. It allows for the constant vortexing of 
the aqueous solution while the chloroform is removed by a vacuum pump6.  
 
2.5 Scattering Measurement 

 After rapid solvent exchange and incubation, 1.2 mL RSE buffer was added to 

each test tube, followed by 10 seconds of vortexing. The solution was then transferred 

to a clean polystyrene cuvette with a magnetic stir bar, which was placed in the sample 

holder in the PTI spectrofluorometer [Figure 2-2]. The excitation slits were set at 0.75 

mm, and the four emission slits were set at 1.75 mm. The reflection mirrors on the 

emission monochrometers were set to the steady state position.  The wavelength for 

the excitation monochrometer was set to 271 nm, and the wavelengths for the 

emission monochrometers were set to 244.25 nm and 246.5 nm.  The 
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spectrofluorometer was set to record 10 intensity measurements per second for 60 

seconds at a wavelength of 550 nm. To avoid saturation by the photomultiplier tubes, 

the detection wavelength was set to 556 nm, 6 nm higher than the incident 

wavelength. The light that was scattered by the phospholipid solution was detected by 

the photomultiplier tubes, and the two intensity signals were analyzed for non-uniform 

light scattering as a function of their cholesterol mole fraction for their corresponding 

lipid molar ratio. Xc* was determined by the presence of cholesterol monohydrate 

crystals, which resulted in uneven light scattering to the photomultipliers and an 

increase in the anti-correlation of the two intensity signals. The value of Xc* was 

measured for lipid molar ratios of R = 0, 0.125, 0.25, 0.375, 0.5, 0.625, 0.75, and 1.0. 

 

Figure 2-2 Experimental setup of the Photon Technologies International 
spectrofluorometer. The specific important features are the arc lamp excitation source 
(1), the excitation and emission slits (2), the excitation monochrometer (3), the sample 
holder (8), the emission monochrometers (11), and the photomultiplier tubes (12). 
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2.6 Results 

 The new method was first tested to ensure that it consistently agreed with the 

accepted values for Xc*, which is defined as: 

# ℎ
  

For PE’s and PC’s these values are 0.50 ± 0.01 and 0.66 ± 0.01, respectively8. The 

value of Xc* was measured using the new method. The presence of cholesterol 

monohydrate was determined by a sharp increase in the square of the differences of 

the intensity signals of the two photomultiplier tubes, which is indicative of an 

increase in the anti-correlation of the signals. This difference is defined as: 

( − )  

where I1 and I2 are the intensity values recorded by the two photomultiplier tubes. The 

values of Xc* for POPE and POPC were found to be 0.493 ± 0.012 and 0.664 ± 0.009, 

respectively. These values are within standard error of the accepted values, which 

shows that this new method is valid. Sample plots used for the determination of Xc* 

for POPE and POPC are shown [Figure 2-3]. 

 

Figure 2-3 Plots of the square of the difference of the scattering intensities for POPE 
(left) and POPC (right). The values of Xc* for POPE and POPC can be seen to be 0.50 
and 0.66, respectively. 
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 The maximum cholesterol solubility (Xc*) was measured in binary lipid 

bilayers containing POPE and POPC. Because PE’s and PC’s have different values for 

Xc*, binary bilayers containing the two will have a value of Xc* that is a function of 

the lipid molar ratio (R). The value of R is determined by: 

#
# + #  

where #PC is the number of PC’s in the bilayer, and #PE is the number of PE’s in the 

bilayer. By measuring Xc* for various different R values, the transition in Xc* from a 

purely PE bilayer to a purely PC bilayer was observed. The values of Xc* for various 

values of R are shown in Table 2-1. 

Table 2-1 Maximum cholesterol solubility for binary lipid bilayers containing POPE 
and POPC at various lipid molar ratios. The values for Xc* are given with their 
uncertainty values. 

Lipid Molar Ratio (R) Maximum Cholesterol Solubility (Xc*) 

0 0.493 ± .012 
0.125 0.545 ± .011 
0.25 0.582 ± .009 
0.375 0.596 ± .009 
0.5 0.611 ± .010 
0.625 0.637 ± .004 
0.75 0.635 ± .010 
1 0.664 ± .009 

 
 The values of Xc* as a function of R were plotted for the values in Table 2-1, 

along with a theoretical line that represents what the transition would look like if the 

PE and PC head groups formed lipid rafts [Figure 2-4]. This theoretical line is defined 

as: 

,
∗ + ,

∗ − ,
∗ ∗  
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where Xc,PE* is the Xc* for PE’s (0.50), Xc,PC* is the value of Xc* for PC’s (0.66), and 

R is the lipid molar ratio of PC to PE. The significance of this theoretical line is 

explained in the next chapter. 

 

 

Figure 2-4 Plot of the values of Xc* as a function of R. The red line represents what 
the transition from PE to PC should look like if the PE’s and PC’s form themselves 
into lipid rafts. 
 

 The differences between the experimental values and the theoretical line are 

given in Table 2-2. For R values between 0.25 and 0.625 the difference from the 

theoretical is well outside of the standard error. The average difference for these 

values is 0.032. This means that over this range there is a 3.2% increase in the value of 

Xc*. 
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Table 2-2 Difference from the theoretical line for the different measured values of the 
lipid molar ratio. 

Lipid Molar Ratio (R) 
 

Difference from Theoretical 

0 -0.007 ± 0.012 
0.125 0.003 ± 0.011 
0.25 0.040 ± 0.009 
0.375 0.032 ± 0.009 
0.5 0.026 ± 0.010 
0.625 0.031 ± 0.004 
0.75 0.008 ± 0.010 
1 -0.006 ± 0.009 
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CHAPTER III 

 

DISCUSSION 

 

3.1 Rapid Solvent Exchange 

 The rapid solvent exchange (RSE) is a critical part of the sample creation, and 

its significance has been reported extensively1. Some studies have reported Xc* values 

for PE and PC that are much lower than what we have considered to be the accepted 

values2. This is because during the sample preparation in these other experiments, the 

samples were put through solid-state stages as films or powders, which leads to 

artefactual cholesterol demixing1. Once the cholesterol dries and demixes, it reverts to 

its anhydrous phase3, and is very slow to remix back into the bilayer1. The structure of 

anhydrous cholesterol is crystalline4, but does not have an ordered unit cell [Figure 3-

1]. The presence of the demixed anhydrous cholesterol leads to cholesterol 

monohydrate formation below the actual value of Xc*, leading to falsely low 

experimental estimates. The use of the RSE method is necessary because it never goes 

through a solid-state phase, and completely eliminates the artefactual demixing.  
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Figure 3-1 Photomicrograph of crystalline anhydrous cholesterol magnified 70x5. 

3.2 Scattering Measurement 

 As mentioned earlier, the light scattering measurement presented in this study 

is similar to one done in a previous study6, but with a slight modification. Parker et al. 

did a 90° light scattering measurement, and determined Xc* from the plot of the 

standard deviation normalized by the average intensity of the scattered light [Figure 3-

2]. While the method is effective, it requires averaging many sets of data, and is time 

consuming. This new method, rather than assuming that the presence of cholesterol 

monohydrate will increase the standard deviation of the intensity signal, assumes that 

the presence of cholesterol monohydrate will scatter light unevenly, unlike a simple 

lysosome which will scatter light uniformly. This unevenly-scattered light will be 

detected by the two photomultiplier tubes, which are arranged in an uncommon T-
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shape [Figure 2-2]. This experiment, rather than measuring 90° light scattering, 

measures ± 90° light scattering. 

 

Figure 3-2 Standard deviation of light scattering intensity normalized by average 
intensity as a function of cholesterol mole fraction in DPPC/Cholesterol mixtures. The 
sharp rise near Xc = 0.68 is caused by scattering of cholesterol monohydrate crystals6. 
 
 The measurement of ± 90° light scattering is useful because the structure of 

cholesterol monohydrate is a crystal with an ordered unit cell7 [Figure 3-3]. 

Cholesterol monohydrate has a parallelepiped structure, with a smaller angle of 79.15° 

and a larger angle of 100.85°. When a cholesterol monohydrate crystal is in the path of 

the incident light, it will reflect the light depending on the orientation of the crystal. 



Texas Tech University, Matthew Hein, August 2016 

24 

 

Figure 3-3 Photomicrograph of crystalline cholesterol monohydrate magnified 70x. 
The smaller angle mmeasures 79.15°, and the larger angle measures 110.85° 5. 
 

 This is much different from the uniform scattering of light by lysosomes, and 

results in vastly different intensity signals detected by the photomultipliers. Before the 

maximum cholesterol solubility is reached, only lysosomes scatter light within the 

sample, and while the intensity signals of the two photomultiplier tubes are not 

identical, they are highly-correlated [Figure 3-4]. The shape of the signals is the result 

of lysosomes swirling around in the solution. Each time one passes through the light 

path, it results in a small intensity peak, and the frequency of the peaks corresponds to 

the frequency of the stir bar inside the cuvette. 
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Figure 3-4 Intensity signals recorded by the photomultiplier tubes before the 
maximum cholesterol solubility. While the signals are not identical, it can be seen that 
they are highly-correlated. The frequency of peaks is related to the stirring frequency 
of the magnetic stir bar in the cuvette. 
 
 Once Xc* is reached, however, the excess cholesterol precipitates out of the 

bilayer and forms cholesterol monohydrate. The cholesterol monohydrate, with its 

crystalline structure, reflects light non-uniformly, and results in intensity signals that 

are highly anti-correlated [Figure 3-5]. Rather than looking like a series of nearly-even 

peaks, the signal looks like random noise, although the frequency of the stir bar can 

still be observed. It can be seen that while the average intensity does not change much 

before and after Xc*, the standard deviation increases dramatically. This is how Parker 

et al determined the value for Xc*. While accurate, the standard deviation changes 

slowly around the value of Xc*, and is less of an immediate change than is seen with 

the new method. 
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Figure 3-5 Intensity signals recorded by the photomultiplier tubes past the maximum 
cholesterol solubility. The two signals are not at all correlated, and instead look like 
random noise. 
 

3.3 Maximum Cholesterol Solubility 

 From the intensity plots mentioned in the previous section, a curve for the 

square of the difference of the two signals as a function of the cholesterol mole 

fraction Xc can be created. This plot allows for an accurate and highly repeatable 

determination of the value of Xc* [Figure 3-6]. Rather than measuring the standard 

deviation of the intensity normalized by the average intensity, which results in a 

change that can occur slowly, the square of the difference of the intensity signals 

yields a curve that has a sharp change, and a value of Xc* that is easily identified. 
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Figure 3-6 Plot of the square of the difference of the intensity signals as a function of 
Xc. This plot was created for a sample with an R value of 0.75. It can be easily seen 
that the value for Xc* for 0.75 was measured here as being 0.64. 
 

 As mentioned earlier, PE’s and PC’s have different values for Xc* - PE’s 

having a value of 0.50 and PC’s having a value of 0.66. This is explained by the 

Umbrella Model, which says that the value for Xc* is dependent on the size of the 

phosphate head group of the phospholipid8. It can be seen from their structure that 

POPC has a larger head group than POPE, and as a result is able to hide more 

cholesterol underneath it [Figure 3-7]. The PE head group is made up of one nitrogen 

with three hydrogens attached to it. The PC head group, on the other hand, has the one 

nitrogen, but attached to it are three carbons, each with three hydrogens attached to it.  
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Figure 3-7 Shows both the space-filling models and the stereochemical structures of 
POPE (left) and POPC (right). The two have identical acyl chains, and only vary in 
their head groups. 
 
 Because of the different values of Xc* for PE’s and PC’s, this results in 

different superlattice structures9 for each at their corresponding maximum cholesterol 

solubilities. PE’s, with a Xc* value of 0.50, which means that there is one cholesterol 

for each PE, forming what is called the hexagonal pattern at the maximum cholesterol 

solubility8 [Figure 3-8a]. This is different from the PC’s, which have a Xc* value of 

0.66. This means that there are two cholesterols for each PC in the bilayer, resulting in 

what is called the maze pattern at the maximum cholesterol solubility [Figure 3-8b]. 
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Figure 3-8 Superlattice structures of PE’s (a) and PC’s (b) at the maximum cholesterol 
solubility. Cholesterol is represented as a black dot, whereas acyl chains are 
represented as white dots. At a Xc value of 0.50 the PE’s form a superlattice structure 
called the hexagonal pattern. At a Xc value of 0.66 the PC’s form a superlattice 
structure called the maze pattern8. 
 

 Looking at the superlattice patterns formed by PE’s and PC’s at Xc*, it is 

apparent that uneven stacking would occur in the event of binary lipid bilayers 

containing the two phospholipids. One possible result of binary lipid bilayers at high 

cholesterol content is the potential for cholesterol-rich lipid rafts. Since cholesterol-

rich lipid rafts are a topic of great interest10, this possibility is worth investigating. To 

determine the phospholipid-phospholipid interactions at high cholesterol content, one 

must measure the value of Xc* as a function of R and look at the shape of the 

transition. 

 There are two possible shapes for this transition. One possibility is that the 

phospholipids do not mix, but instead experience a phase separation. This would result 
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in the phospholipids forming two types of cholesterol-rich lipid rafts, one consisting 

entirely of PE’s, and the other consisting entirely of PC’s. Such a transition would be 

linear, increasing steadily from a value of 0.50 to a value of 0.66, hence the earlier 

interest in looking at how the results compare to a theoretical line from 0.50 to 0.66. 

What it would represent is that each time a PE was replaced with a PC, the PC would 

aggregate with the other PC’s and would be able to hold one more cholesterol than the 

PE could. This, however, is not what was observed. Instead, what was observed was a 

transition that was non-linear and greater than the value of the theoretical line for 

values between 0.25 and 0.625. What this transition indicates is that not only are the 

PE and the PC head groups mixing with one another in the bilayer, but that the 

geometry of their mixing leads to an even higher value of Xc* than expected. In the 

non-linear transition region, the average difference from the theoretical line was 0.032, 

which is indicative that the bilayer can hold one extra cholesterol for approximately 

every 31 phospholipids. In other words, at an R value of 0.50, this would indicate that 

each 16th PE-PC pair would be able to hold an extra cholesterol. This could potentially 

be evidence of an undiscovered superlattice structure that only exists in binary lipid 

bilayers. 

 There has been one other study that examined the maximum cholesterol 

solubility in binary lipid bilayers using POPE and POPC11, but the results were not 

completely consistent with either of the transition shapes proposed here. At higher 

values of R, the data showed some evidence of phospholipid mixing, but also showed 

evidence of lipid raft formation at lower values of R [Figure 3-9]. These results, 
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however, were obtained using the Cholesterol Oxidase method, which is not as precise 

or consistent as the new method that has been proposed. 

 

Figure 3-9 The maximum cholesterol solubility in binary lipid bilayers containing 
POPE and POPC for various lipid molar ratios of POPC11. 
 

 Interestingly, a study was done that performed a calculation of the Gibbs free 

energies for mixing for binary lipid monolayers containing POPE and POPC12. The 

study found that the values for the Gibbs free energy of mixing for the phospholipids 

were negative between R values of 0.2 and 0.6, indicating that mixing would be 

favorable in this range of R values. These results match perfectly with the results 

found in this study. It must be noted, however, that these calculations are for water-air 

interface monolayers that do not contain cholesterol. Because the calculation is for a 
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monolayer without cholesterol, and not a cholesterol-rich bilayer, the interactions 

between molecules are not the same, and the results must be taken as coincidental. 

 3.4 Conclusion 

 A new method was presented for measuring the maximum cholesterol 

solubility in lipid bilayers. This new method utilizes the crystalline structure of 

cholesterol monohydrate, and is very accurate and repeatable. Using this method, the 

maximum cholesterol solubility was measured for binary lipid bilayers containing 

POPE and POPC. The shape of the maximum cholesterol solubility transition from 

purely PE bilayers to purely PC bilayers suggests that the phospholipids are mixing in 

the bilayer, and that they are doing so in such a geometric configuration that they are 

able to hold more cholesterol than previously thought. These results could potentially 

suggest the existence of an undiscovered superlattice structure that only exists in 

binary lipid bilayers. 

3.5 Suggested Future Work 

 The purpose of this project was to test a new method for measuring the 

maximum cholesterol solubility of lipid bilayers, and to use that new method to 

determine the maximum cholesterol solubility of binary lipid bilayers. One possible 

direction for a future project could be a computational confirmation of the 

experimental results of this study. Some other possible ideas are to use this new 

method to measure the maximum solubility limit of other members of the sterol group, 

such as stigmasterol and ergosterol. The interactions between these lipids and 
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phospholipids are different from those of cholesterol, but have not been extensively 

investigated.   
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