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ABSTRACT 

The phase behavior of four component DOPC/DSPC/cholesterol/nAChRs 

giant unilamellar vesicles is investigated using fluorescence microscopy. A phase 

boundary is mapped out on a ternary plot through different cholesterol concentrations 

and various DOPC/DSPC ratios. 
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CHAPTER I 

INTRODUCTION: THE LIPID BILAYER 

Cellular membranes are the key component of the cell that separate the 

extracellular and intracellular environments from directly interacting with each other. 

The membrane is made of three basic types of chemical structures: lipids, proteins, 

and carbohydrates, of which there are many different subgroups. Lipids are molecules 

that are insoluble in water but soluble in organic solvents, such as chloroform. They 

always consist of a polar head group and the nonpolar acyl chain group. Within the 

cell membrane, lipids are ordered such that the polar head group is facing outward and 

the nonpolar acyl chains are facing inwards. This form is known as the lipid bilayer. It 

is usually around 3nm to 5nm in thickness. Embedded within the lipid bilayer are 

various proteins and cholesterol molecules, along with carbohydrates, which are not 

present in this study. The fluid mosaic model presents a widely accepted general 

model of the cell membrane that emphasizes that the components of a lipid bilayer 

behave like a fluid with lateral movement of various molecules occurring throughout 

the membrane and that there is an inhomogeneous distribution of different lipid 

species throughout the membrane.1 An example of a cell bilayer is shown in Figure 

1.1. 

Lipids 

 There exists three main types of phospholipids: glycerophospholipids 

(phospholipids), sphingolipids, and sterols. Phospholipids (PLs) consist of the main 

structural isomer call sn-glycerol 3-phosphate. Fatty acyl chains in ester linkage to the 

carbon 1 and carbon 2 nodes causes the molecule to become phosphatidic acid (PA). 

Esterification of PA turns this molecule into various PLs, depending on the head group 

formed. Among the many phospholipids available for study, they are generally 

categorized by their head groups. Examples of lipid head groups studied that result 

from the esterification of phosphatidic acid include phosphatidylinositol (PI), 
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phosphatidylethanolamine (PE), phosphatidylcholine (PC), and phosphatidylglycerol 

(PG). The chemical structure of DOPC and DSPC is shown in Figure 1.2. 

Figure 1.1: An illustration of the lipid bilayer of a cell. Note the various types of 

proteins embedded within the membrane along with the orientation of the 

phospholipid molecules. 

 

 

Figure 1.2: Structure of 1,2-dioleoyl-sn-glycero-3-phosphocholine (DOPC) and 1,2-

distearoyl-sn-glycero-3-phosphocholine (DSPC).2  
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 Sphingolipids do not contain the sn-glycerol 3-phosphate backbone found in 

phospholipids. Instead, they contain a long-chain amino acid with a fatty acyl chain 

attached. Sphingomyelin with either a PC or PE head group are most common in 

biology; specifically found in nerve cells, where their carbohydrate moieties are 

important to cellular signaling. 

Sterols are another major class of lipids found in most eukaryotic cells. The 

core of these lipids consists of a nuclear structure of four carbon rings, three with six 

carbons and one with five carbons. Cholesterol, which has been heavily studied, is 

most commonly found in animal tissues. The chemical structure of cholesterol is 

shown in Figure 1.3. 

 

Figure 1.3: Chemical structure of cholesterol. 

Other types of sterols are common in other forms of eukaryotic life. For example, 

stigmasterol is found in plants and ergosterol is found in fungi. 

Cholesterol 

 As mentioned in the previous section, cholesterol has been heavily studied in 

theoretical and model systems, and is considered as fundamental part of the lipid 

bilayer. The concentration of cholesterol in various cell membranes can be as high as 

25%. In eukaryotic cells, around 90% of their cholesterol is in the plasma membrane. 
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There exists an upper limit on the amount of cholesterol that can form in the cell 

membrane, with a maximum solubility limit of cholesterol peaks at 66 mol % in PC 

bilayers and 51 mol % in PE bilayers.3 Beyond this limit, cholesterol will produce 

cholesterol monohydrate crystals due to the unfavorable packing structure of the PLs 

and cholesterol. 

 The role of cholesterol within the bilayer is complex. The range of motion of 

phospholipids has been shown to be reduced by an increase the cholesterol 

concentration of the lipid bilayer, along with the permeability of the bilayer. This 

effect had been experimentally studied by several authors.4, 5 Although several 

theoretical models have been proposed, the umbrella effect has been shown to be most 

accurate in explaining how cholesterol affects the movement of PLs in the bilayer and 

the maximum solubility of cholesterol in various PL membranes.6, 7, 8 Exposing the 

majority nonpolar region of a cholesterol molecule to water near the PL bilayer yields 

an unfavorable contribution to the free energy. Therefore, the PL head groups act to 

shield the nonpolar cholesterol, which sits adjacent to the acyl chains of the PLs, 

eliminating its exposure to water. The size of the PL headgroups affect the maximum 

solubility limit of cholesterol in the bilayer, with PC groups having greater shielding 

potential than PE groups. This effect also explains why as cholesterol content 

increases, the cholesterol and acyl chains become more tightly packed, leading to the 

cholesterol condensing effect, more ordering among the acyl chains, and greater lateral 

diffusion of certain cholesterol-rich lipids in the liquid-ordered phase, Lo. 

Membrane Proteins 

Membrane proteins are an integral part of the lipid bilayer. Their function is 

extremely important to the cell, and are essential to cell signaling and transport 

substances across the cell membrane. They are categorized into two types with respect 

to their position in relation to the bilayer. The first are extrinsic or peripheral proteins. 

These are surface proteins that can be easily removed from the bilayer without 

disruption of the membrane. They are bound to the surface of the cell by some form of 
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electrostatic interaction with anionic lipids. Integral membrane proteins do not 

dissociate from the lipid bilayer easily without some form of disruption of the cell. 

These are categorized as transmembrane (TM) proteins. Monotropic proteins are TM 

proteins that do not span the membrane. Most integral membrane proteins have 

multiple TM segments that span the membrane. Polytopic proteins have multiple TM 

segments forming a single polypeptide. Oligomeric proteins are oligomers of several 

polypeptides. 

From these two main classes of proteins, many subclasses can be 

characterized. For example, amphitropic proteins are peripheral proteins that are 

affiliated with the cell membrane and found inside the cytosol. An illustration of the 

types of proteins found in cell membranes is shown in Figure 1.4.9 There are many 

 

Figure 1.4: An example of a peripheral and integral protein. The 

glycosylphosphatidylinositol (GPI) protein can be found inside the cytosol as an 

amphitrotic protein.9 

different subclasses of proteins, categorized based on their relation to the membrane 

and structure. Some proteins cannot be categorized into any subclasses, since they are 

found inside the cell, on the peripheral area of the membrane, and even inserted into 

the membrane. 
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Nicotinic Acetylcholic Receptors 

Nicotinic acetylcholine receptors (nAChRs) are transmembrane proteins that 

operate as a passage of electrical signals from a motor neuron to a muscle fiber at the 

neuromuscular junction, in turn allowing the muscle to contract. Acetylcholine is 

released by a neuron, diffuses towards the muscle cell plasma membrane, and binds to 

an acetylcholine receptor. This causes the nAChR ion channel receptor to open, 

allowing Na+, Ca2+, and K+ ions to pass through, and forces the myocyte plasma 

membrane to become depolarized, triggering a muscle contraction. 

The significance of this study is the size difference between other well studied 

incorporated proteins, such as gramicidin, and the much larger nAChR.10 As far as the 

author knows, no study of model membranes has shown how nAChRs modulate the 

phase behavior of three component lipid bilayers. Also, since nAChR protein is a 

typical membrane protein in myocytes, understanding how it modulates the membrane 

structure of model membranes is invaluable to biophysicists and biologists. Figure 1.5 

shows an example of a nAChR.11 
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Figure 1.5: Size comparison of nAChR with the lipid bilayer thickness. The lipid 

bilayer thickness is shown by the solid white lines. The actual nAChR ion channel 

extends 65 Å in length outside of the bilayer, with a radius of about 35 Å.11 

  

The Phases of Model Membranes 

Spontaneous aggregation of amphiphilic lipids occurs with the introduction of 

water due to the hydrophobic effect. Different compositions of lipids and 

environmental conditions can bring about various phases of lipid agglomerates, as 

proposed by the amphiphilic shape hypothesis. A standard phase is the bilayer or 

lamellar phase, which features the hydrophobic tails facing inwards and polar head 

groups facing outwards, creating a bilayer sheet. Other phases include the hexagonal 

phases, HI and HII, and the cubic phases. The lamellar phase is presented in this 

research and will be the main point of discussion from here on. 
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The lamellar phase could have several states, with the two common states, the 

liquid-disordered or liquid crystalline phase, Ld, and the ordered-solid phase, Lβ. 

Above a specific melting temperature, Tm, the lipids transition from ordered solid to 

crystalline phase. The solid phase is not physiological relevant, except under very 

precise conditions; however, another phase termed liquid-ordered, Lo, can form as 

cholesterol concentration increases.12, 13 The acyl chains of Lo PLs are intermediates of 

disordered and solid phase lipids. They are more ordered and unsaturated like the solid 

phase, but also have a higher degree of lateral mobility like the disordered phase. 

Phase separation between liquid-ordered and liquid-disordered PLs only occurs in 

ternary mixtures containing both a high-Tm and low-Tm lipid mixture. Examples of 

high-Tm and low-Tm lipids used in this study are DSPC and DOPC, respectively. 

Giant Unilamellar Vesicles (GUVs) are bilayer, spherical structures containing 

many amphipathic molecules. They are usually on the scale of 5 to 300 µm. Since flat 

bilayer sheets are energetically unfavorable in aqueous mediums due to the 

hydrophobic effect, the sheet spontaneously folds into a spherical vesicle where only 

the head groups of the bilayer are in contact with water. Cells can be very complex in 

that they can consist of many different ambiphiles that make up the bilayer; GUVs 

have proven to be invaluable to scientists in studying how the bilayer behaves under 

more simple conditions. Cell bilayers and model membrane bilayers consist of regions 

known as coexisting regions and single-phase regions. The two-phase regions 

presented in this study are Lo and Ld, although other regions, such as Lβ and Ld, or 

even a three phase region of Lβ, Ld, and Lo can occur. Ternary phase diagrams of 

model cell membranes are used to show the various lipid compositions at which these 

phases can occur. An example of a ternary phase diagram is shown in Figure 1.6.14 

These different phase regions can be determined through various experimental 

techniques. For example, Forster resonance energy transfer (FRET) can be used to 

determine the Lo-Ld phase boundary at high resolution. In this study, fluorescence 

imaging of GUVs is used to visually determine the Lo-Ld phase boundary of ternary 
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mixtures. An example of what these GUVs look like under a fluorescence microscope 

is shown in Figure 1.7. 

The number of phases available to a multicomponent system is governed by 

the Gibbs’ Phase Rule equation 

f = r – M + 2                    (1.1) 

where f is the number of thermodynamics degrees of freedom, r is the number of 

components to a system, and M is the number of phases. This equation is sometimes 

written as 

f = r – M + 1                    (1.2) 

where pressure is fixed, therefore leading to one less degree of freedom. As an 

example, in a one component system, if the number of phases is two, below Tm and 

 

 

 

 

 

 

 

 

 

Figure 1.6: Ternary phase diagram of DOPC/DSPC/Cholesterol mixtures. The 

boundaries are given by the solid line. The liquid disordered phase is called Lα in this 

figure. The solid and disordered phases disappear as cholesterol concentration 

increase, leading to a more rigid, ordered membrane.14 
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above Tm. Therefore, there is zero degree of freedom available. For a two component 

system at constant temperature and pressure, the maximum number of coexisting 

phases is two, such as solid and liquid. In three component systems, if both pressure 

and temperature are fixed, the maximum number of phases that can coexist is three. Of 

course two-phase and single-phase regions are possible. As shown in other studies, 

two-phase regions are only accessible over a range of both temperature and 

composition.15 The composition variable in this case would be cholesterol 

concentration. Also, in the two phase region of a four component system as presented 

in this study, there exists three variables that can be varied, temperature, and two 

compositional variables, such as a lipid and protein ratio and cholesterol 

concentration. 

As an alternative example, consider Gibbs’ phase rule applied to a one 

component system of water. There are three phases, liquid, solid, and gas, that water 

can exist as. The single triple point exists at a very specific temperature and pressure. 

All three phases coexist at this point, and since all three phases exist at this specific 

point and not at any other temperature or pressure, there are no degrees of freedom for 

this coexisting region. Much like this example of water, a lipid membrane follows the 

same phase rule as in Equations 1.1 and 1.2. 

Various ternary phase boundaries have been solved using different 

experimental techniques.4, 16, 17 Although many of these boundaries are solved using 

different PLs, the interaction between the Ld phase and cholesterol always drives the 

Lo phase to appear. Lateral separation of lipid phases is an important factor in lipid raft 

formation. Lipid rafts are areas in the cell membrane where the PLs are more ordered 

and tightly packed, and on the order of 100 nm in diameter. The raft area consists of 

Lo regions with cholesterol and various proteins tightly embedded in the outer bilayer 

leaflet. There are some proteins that are exclusive to these raft regions while others are 

inclusive. Indirect techniques are used to observe raft formation. Lipid rafts are 

associated with cell signaling, along with various other cellular functions. A diagram 

of a lipid raft is shown in Figure 1.8. 
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Figure 1.7: Image of a 1:3:2 ratio DSPC/DOPC/Cholesterol GUV. The darker spots 

are the liquid-ordered phase (enriched with DSPC lipids and cholesterol) and the 

brighter areas are the liquid-disordered phase (enriched with DOPC lipids). This 

mixture is within the two-phase Ld + Lo region. 

 

 

Figure 1.8: Lipid raft area of a cell membrane. Note the increased concentration of 

cholesterol molecules shown in red, indicating an ordered phase region.18 
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CHAPTER II 

METHODS 

Experimental Methods 

 

A phosphate assay was used to determine to lipid stock concentrations. The 

absorption ranges were between 818nm and 820nm for each lipid stock. A 5.265 mM 

phosphate standard was used as a standard against the absorption values, since the 

molarity of our phosphate standard is known. This was then used against the 

absorption values of the different lipid stocks; since each lipid has one phosphorous 

per head group, the molarity of each lipid stock could then be calculated. An assay for 

cholesterol was not used. Instead, cholesterol concentration was determined using the 

molar mass of cholesterol and by measuring the mass via a precision scale. 

Giant Unilamellar Vesicles (GUVs) were created using the damp-film 

method.1 The damp-film method has the advantage that lipid demixing does not occur, 

thus compositionally uniform GUVs can be created. Ternary 

DOPC/DSPC/Cholesterol with the added 0.105 mol% nAChRs vesicles were created 

using the Rapid Solvent Exchange (RSE) procedure.2 The RSE apparatus is shown in 

Figure 2.1. It is used to uniformly mix various lipid components into small vesicles. 

One-third of the standard amount of lipid stock was deposited using Hamilton syringes 

in order to conserve our lipid stock. We added 0.2 mol% DiIC12 fluorescence dye to 

each GUV solution. Once the RSE procedure was complete, 150 μL of the final RSE 

solution was deposited into separate test tubes, along with 12 μL of the nAChRs 

protein stock. Each 162 μL solution was then sonicated for five minutes, in order to 

break up the vesicles and make sure the protein goes into the bilayer. After sonication, 

60 μL of each solution set was deposited on two separate ITO-coated slides, directly 

on the conductive side. Since the volume was three times the amount of solution that 

is standard, a drying time of one hour was used to evaporate some of the excess water. 

After the one hour drying procedure, the ITO slides were then placed in a magnesium 

chloride water solution on a dry platform, sealed under argon, and left to dry for a 36 
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hour period. Doing this acts to keep the lipids drying at a constant humidity. If the 

lipid solution is dried without the humidity chamber, anhydrous cholesterol crystals 

will begin to form. It was found that the standard  

 

Figure 2.1: The Rapid Solvent Exchange Apparatus.2 

24 hour drying period did not produce enough GUVs to determine the phase 

boundary, and 36 hours was optimum. After the drying period, the damp film was then 

setup in an electroformation device, similar to Angelova et. al.3 Two O-rings were 

used; the first O-ring was placed around the dry lipid film while the second one was 

placed on the same side of the slide but opposite to the first O-ring. A 150 mM 

solution of sucrose was then deposited into the O-ring/lipid film reservoir, and the 

second ITO slide was sandwiched on top of this. Thus, a completely sealed 

lipid/sucrose suspension was created. The two slides were held together by a metal 

clip. The sample was then placed in a dry heating block at 58 °C and a 0.01 Hz 

sinusoidal voltage was applied for a period of 3 hours. The sucrose/GUV suspension 
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was then cooled down to room temperature in about 8 to 10 hours, so as to not induce 

any sudden demixing response to rapid cooling. 

Fluorescence images were obtained using an Olympus IX70 inverted 

microscope and Cooke SensiCam CCD camera. GUVs were prepared at different 

DOPC/DSPC ratios and cholesterol concentrations. Since the total amount of lipids in 

the solution can be normalized to 100%, the various lipid concentrations can be 

characterized by two separate equations. The R-value, given by 

R =
[DSPC]

[DOPC]+[DSPC]
                                                                  (2.1) 

characterizes the ratio of DOPC concentration to DSPC concentration, while χc 

characterizes the cholesterol mole fraction. Both the R or χc values were varied while 

holding the other constant. In order to solve the phase boundary between two phase Lo 

and Ld regions, and single phase regions, the standard DOPC/DSPC/cholesterol was 

used as a starting point.4, 5 The R-value was held constant at some value. The χc value 

was then varied in increments of 5 mol % cholesterol concentration across the 

standard phase boundary. This was done at least twice for each point for consistency. 

Once the area of phase transition was determined, a smaller increment of 2 mol % was 

used to determine a more accurate phase boundary. Similarly, along the sides of the 

boundary, the χc value was held constant while varying the R-value. Several points 

were determined, and a best fit approximation was made. An illustration of this 

procedure is shown in Figure 2.2. Information on how to read a ternary phase diagram 

is given in the Appendix. 
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Figure 2.2: Procedure for determining the liquid-ordered/liquid-disordered phase 

boundary. The boundary without any protein added is shown in black. The two-phase 

Lo/Ld coexisting region is below the solid line. The single phase region is above the 

solid line. The red dots correspond to points with nAChRs added to the 

DOPC/DSPC/cholesterol GUVs. The cholesterol concentration, χc, was held constant 

at 30 mol% while the R-value is varied from 0.30 to 0.10 at 0.05 increments. The 

straight lines cutting through each point correspond to an R-value given by the 

numbers on the bottom axis. The phase transition occurs between R = 0.25 and R = 

0.20, indicating an inward shift in the boundary. The DiIC12 prefers aggregation 

towards the Ld phase. The dark spots correspond to regions in a Lo state. 
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CHAPTER III 

RESULTS AND DISCUSSION 

Phase Boundary 

 

The phase boundary solved using the techniques described above is shown in 

Figure 3.1. In total there were five data points on the left side mapped out. Each point  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.1: Shifted phase boundary with nAChRs proteins added to 

DOPC/DSPC/Cholesterol GUVs. The solid black line indicates the phase boundary 

without protein. The solid red line indicates the new phase boundary with 0.105 mol% 

of nAChRs added. The point at R = 0.70 was done twice in increments of 0.05 mol%. 

The dashed red line indicates a preliminary phase boundary determined by another 

group member.1 

 

was done at least two times within an estimated 5% error. Additional, we varied the χc 

and R-values by 2 mol% increments, so an estimated error of 2% could be given for 
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the points to the left of R=0.50. The point at R = 0.70 was done twice within a χc error 

of 5 mol%. To the right of this is preliminary data. Domains were found afte r several 

constant χc = 0.28 cuts were done from R = 0.85 to R = 0.98. By varying the R-value 

and cholesterol concentration and keeping the protein concentration constant, we 

effectively reduced the number of degrees of freedom of this system down to two 

variables, temperature and the lipid compositions. In other words, like many other 

phase diagrams resolved previously, coexisting phases can occur across various 

temperatures and cholesterol concentrations. It would be interesting to see a four 

component phase boundary with four vertices, which is a tetrahedron, each 

corresponding to the three lipid species and the nAChR proteins. In this system, there 

would exist three variables that could be varied in the two phase region, temperature 

and two different compositional variables, such as cholesterol concentration and some 

lipid ratio. 

Together with the preliminary phase boundary on the right side of the phase 

diagram measured by another group member, we can conclude that 0.105 mol% of 

nAChR protein significantly shifts the Lo-Ld phase boundary of 

DOPC/DSPC/cholesterol bilayers to the right, while the top part of the phase boundary 

is essentially unchanged. Thus, with nAChR proteins, the Ld phase contains far more 

DSPC and the DOPC is almost excluded from the Lo phase.  In the region towards the 

left side, phase separation occurs at higher concentrations of DOPC without any 

nAChRs added, however after the protein is added, phase separation occurs at 

significantly higher concentrations of DSPC. This indicates that nAChR proteins 

strongly favor DSPC with saturated acyl chains over DOPC with unsaturated acyl 

chains. Our current hypothesis is that nAChR proteins prefer to be surrounded by 

DSPC lipids with long saturated acyl chains in both Lo and Ld phases, and this 

preference alters the lipid compositions in both phases. An illustration of this is shown 

in Figure 3.2. Our result is consistent with a recent study that hydrophobic mismatch 

controls the affinity for ordered domains in transmembrane proteins, especially longer 

TM segments.2 Hydrophobic mismatch results in a perturbation of the membrane 
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thickness that contributes 1.2 kcal/mol per mismatch of 10 Å for certain bilayer-

embedded proteins. Although this may be the case for some proteins, certain 

transmembrane proteins have no effect on the thickness of the bilayer. Instead, these 

transmembrane proteins can tilt in the bilayer to match the hydrophobic thickness of 

the membrane. These tilted proteins generally have fewer alpha helixes and are much 

more flexible. Due to the sheer size of the nAChR protein, this tilting action is 

unlikely, therefore some form of conformal change to the bilayer thickness is likely to 

occur. This selective nature of the protein-lipid interaction would induce a preference 

for more saturated acyl chains, like those of DSPC, over unsaturated shortened acyl 

chains, like those of DOPC. 

 

Figure 3.2:  My hypothesis that can explain our experimental result. The nAChR 

proteins are surrounded by the long and saturated DSPC molecules. The more 

disordered DOPC lipids with their shortened, unsaturated acyl chains and cholesterol 

molecules make up the rest of the structure. 

 

Recently, the effect of a membrane protein on phase boundary was studied by 

E. Hassan-Zadeh et. al. using gramicidin, a protein well studied that is much smaller 

than nAChRs.3 The concentration of protein added was chosen based off of the 

geometric size of gramicidin-A used in this previous study. Since we did see a 

noticeable inward shift on the left side, the protein might favor higher concentrations 
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of liquid-ordered lipids than liquid-disordered lipids. One way to test this is to add 

even higher concentrations of nAChRs to the bilayer. Since the area of nAChRs is 

approximately 19 times larger than the area of gramicidin-A at the bilayer, the molar 

percentage was adjusted to provide an approximate protein area similar to that used in 

2 mol% of gramicidin-A. Although the small vesicles produced from the RSE 

procedure were sonicated with the expectation that they will go into the bilayer, we 

currently do not know how much of much of the protein is going into the bilayer. 

Obviously since there was a shift of the phase boundary, the nAChRs do go into the 

bilayer in some form, however the amount of receptors that go in is up for further 

experiment and interpretation. 

Future Work and Conclusion 

 

 Although the DOPC/DSPC/Cholesterol + 0.105 mol% nAChRs phase 

boundary has been determined, several more experiments need be done to further 

complete this work. First, we need to measure thermodynamic tie-lines in the two 

phase region. The thermodynamic tie lines are lines of constant chemical potential 

within a two-phase region. To help illuminate this concept, Figure 3.3 shows a graph 

of a two-phase region. A tie line is drawn on the graph corresponding to various 

compositions. Points D, Z, and O correspond to mole fractions of Xj
D, Xj

Z, and Xj
O, 

respectively. The mole fraction Xj
D of point Z varies from zero to one as Z moves 

along the tie line. Therefore the fraction of Xj
D and Xj

O as point Z moves along the tie 

line can be given as 

𝑋𝑗
𝐷

𝑋𝑗
𝑂 =

𝑋𝑗
𝑂−𝑋𝑗

𝑍

𝑋𝑗
𝑍−𝑋𝑗

𝐷                    (3.1) 

or by the simpler form 

𝑋 =
𝑋𝑗
𝑂−𝑋𝑗

𝑍

𝑋𝑗
𝑂−𝑋𝑗

𝐷                    (3.2) 

where that fact that Xj
D + Xj

O is normalized has been used. These equations are called 

the lever rule, and they give useful information on the phase information of a system 
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along a tie line. Recently, a new fluorescent method was developed to measure 

thermodynamics tie-lines, and the method can be used for our system. Furthermore, 

we should also measure the protein’s partition coefficient in Lo and Ld phases, which 

will tell us the precise protein concentrations in both phases. The critical point at 

constant temperature occurs when the tie line length reduces to zero and merges with 

the phase boundary. This point can be visually observed by noting that fluctuations of 

the domains have a highly irregular shape and large size scale. Finally, the shift of the 

phase boundary established in this study can be systematically studied using computer 

simulations to quantitatively determine the molecular interactions between nAChR 

protein, DSPC, DOPC, and cholesterol. Knowing these interactions will allow us to 

predict the properties of a lipid membrane for a given lipid and protein composition. 

 

 

 

 

 

 

 

 

Figure 3.3: Phase boundary illustrating the lever rule.  

Studying model membranes and how various lipid components partition into 

different phase domains has provided us with a better understanding of the lipid raft 

hypothesis. Can generalizations be made about different protein groups that share the 

same partitioning behavior? Few studies have been made that incorporate proteins into 

model membranes. Understanding membrane heterogeneities that form not only from 

cholesterol lipid interactions, but also with a third protein component can help give us 
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a better understanding of lipid rafts and why some proteins may prefer raft areas while 

some do not. 
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APPENDIX 

Ternary phase diagrams are common tools used in biophysics to render phase 

boundaries of lipid membranes. They are similar to a Cartesian coordinate system in 

that the vertex of the triangle is used in determining a point in the graph, much like an 

axis is used to determine a point. A sample ternary diagram is shown in Figure A.1 

with instruction on how to read a single point. 

 

Figure A.1: Sample ternary diagram. The point for the z coordinate corresponds to 0.4. 

A black arrow that is parallel to the vertex labeled y running from 0.4 to the point 

indicates this. The blue arrow gives a value of 0.5 and runs parallel to the vertex 

labeled z. The red arrow gives a value of 0.1 and runs parallel to the vertex labeled x. 

 


