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ABSTRACT 

There is an on-going debate whether anesthetic drugs, such as isoflurane, can cause 

meaningful structural changes in cell membranes at clinical concentrations. In this study, 

the effects of isoflurane on lipid membrane fluidity were investigated using fluorescence 

anisotropy and spectroscopy. In order to get a complete picture, four very different 

membrane systems (erythrocyte ghosts, a 5-lipid mixture that mimics brain endothelial cell 

membrane, POPC/Chol, and pure DPPC) were selected for the study. In all four systems, 

we found that fluorescence anisotropies of DPH-PC, nile-red, and TMA-DPH decrease 

significantly at the isoflurane concentrations of 1 mM and 5 mM. Furthermore, the 

excimer/monomer (E/M) ratio of dipyrene-PC jumps immediately after the addition of 

isoflurane. We found that isoflurane is quite effective to loosen up highly ordered lipid 

domains with saturated lipids. Interestingly, 1 mM isoflurane causes a larger decrease of 

nile-red fluorescence anisotropy in erythrocyte ghosts than 52.2 mM of ethanol, which is 

three times the legal limit of blood alcohol level. Our results paint a consistent picture that 

isoflurane at clinical concentrations causes significant and immediate increase of 

membrane fluidity in a wide range of membrane systems. 

In this study, we use light scattering to determine the solubility of ergosterol and 

stigmasterol in pure DOPC and DPPC lipid bilayers. We find that the solubility limit of 

ergosterol is ~15% and ~55% in pure DOPC and DPPC bilayers respectively. And, the 

solubility limit of stigmasterol is ~22% and ~42% in pure DOPC and DPPC bilayers 

respectively. As opposed to cholesterol where acyl chain variations have no impact on the 

cholesterol solubility limit, the low solubilities of ergosterol and stigmasterol show that 

minor differences in the alkyl tails can have a significant impact on the solubility limits. 

During our work, we discovered that ergosterol and stigmasterol can become 

supersaturated within the lipid bilayer in the absence of primary nucleation sites. We also 

investigated the effect the presence of cholesterol in the lipid bilayer has on the solubility 

limit of ergosterol and cholesterol. We found that 5-10% cholesterol has no significant 

impact on ergosterol solubility in DOPC bilayer. But 10% cholesterol in DOPC bilayer and 
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15% cholesterol in DPPC bilayers significantly reduced the stigmasterol solubilities in 

these bilayers. This shows that the interactions between ergosterol and cholesterol are much 

more favorable than those between stigmasterol and cholesterol. 
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CHAPTER I 

1. CELL MEMBRANE 

1.1 Introduction 

The cell membrane is the boundary that separates the living cell from its non-living 

surroundings. Evolution of a biomembrane in the primordial cell that separated the 

enclosed solution from the surrounding environment while still allowing the uptake of 

nutrients and removal of waste products was a vital episode in the history of life. In the 

modern cell, the membrane acts a selectively permeable membrane to ions and organic 

molecules, serves as an attachment surface for extracellular and intracellular structures, 

organizes and regulates enzyme activities, facilitates transduction of information, and 

supplies substrates for biosynthesis and signaling molecules. Eukaryotes also have 

biomembranes that surrounds the nucleus and different organelles such as mitochondria, 

chloroplasts, lysosomes, endoplasmic reticulum, Golgi apparatus and vesicles involved in 

intracellular transport [1]. 

Even with the diversity of biomembranes, there are many things that can be 

generalized about their structural properties. Biomembranes consists of lipids, proteins and 

carbohydrates split into two leaflets. The inner leaflet faces the internal environment of the 

cell and the outer leaflet faces the outside environment. The proportion of these 

components varies for different cell types. For example, myelin cells membrane is 80-90% 

lipids and 20-30% proteins by weight. On the other extreme, mitochondrial membrane is 

20-30% lipids and 70-80% proteins by weight. The plasma membranes surrounding the 

cell is 50% lipids and 50% proteins by weight  [1]. Biomembranes are very dynamic 

structures with constant activities in the inner and outer leaflets and constant movement in 

both the transverse and lateral directions. The movement in the lateral direction makes 

possible the fluid nature of the biomembrane. This fluid nature enables various interactions 

between lipids and proteins that are important to membrane functions [1]. 
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1.2 Lipids 

Lipids form the matrix of biomembranes and provide the right physical and 

chemical environment for membrane proteins to function. The most important 

characteristic of the lipids is that they are amphipathic in nature [2]. Individual lipids 

consist of hydrophobic non-polar fatty acid tails and a hydrophilic polar head group as 

shown in Figure 1.1. When lipids encounter an aqueous solution, the hydrophobicity of the 

fatty acid tails drive the lipids to aggregate to minimize interactions with water molecules. 

This specific phenomenon allows the lipids to spontaneously form a lipid bilayer, with 

hydrophobic tails facing each other and away from the aqueous solution and the 

hydrophilic head facing water on both sides as shown in Fig. 1.3 [3].   Biomembranes 

usually contain hundreds of different lipid species which are split into three main 

categories: 

 

Figure 1.1: (a) Phospholipid. (b) Glycolipid. (c) Sterol.  

Phospholipids consists of two fatty acid tails and a phosphate head group that are 

joined together by a glycerol molecule. The tails are either saturated, unsaturated or a 

combination of the two and the head group can be modified with an organic molecule such 

as choline, ethanolamine or serine. These combinations give rise to the wide variety of 
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phospholipids found in the biomembranes. Phospholipids are essential in maintaining the 

membrane structural integrity and fluidity. 

Glycolipids, in contrast to phospholipids, have carbohydrates such as 

monosaccharide or oligosaccharide attached to the glycerol molecule. The carbohydrates 

extend from the lipid bilayer into the extracellular environment where they facilitate cell-

cell interactions such as allowing cells to connect to each other to form tissues. 

Biological membranes contain a wide variety of lipids that differ in their polar 

regions and their fatty acyl chains. For example, red blood cell membranes contain over 

200 different species of lipids [4]. Lipid composition can also vary due to diet and growth 

conditions such as temperature. Because of these factors, the specific chemical structure of 

the lipids molecules is not conserved. Two features which are conserved are the bilayer 

fluidity due to the unsaturated fatty acyl chains of lipids and the hydrophobic thickness of 

the bilayer which does not vary much from 25 to 30 Å [5]. 

Sterols or steroid alcohols are an important class of organic lipids. They are very 

water insoluble and simply partition into cell membranes. Sterol that do not partition into 

cell membranes form monohydrate crystals [6]. Sterols, like phospholipids, consists of two 

main parts. They have a polar -OH group while the rest of the molecule is hydrophobic. 

Compared to hundreds of different species of phospholipids and glycolipids, there are very 

few types of naturally occurring sterols. Plants contain phytosterols such as sitosterol, 

stigmasterol, two 24-ethyl sterols, fungi and protozoans have ergosterol and the only major 

sterol found in animals is cholesterol [7].  

Cholesterol plays an important role in building and maintaining the biomembrane 

and regulating membrane fluidity. The interactions between phospholipids and cholesterol 

increases membrane packing which alters the fluidity and maintains the integrity of the 

membrane. This allows mammalian cells to function without a cell wall which enables 

them to change shape and remain durable without being rigid [8]. Therefore, cholesterol 

has been proposed to be a molecular glue that holds cell signaling lipid rafts. Cholesterol 
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is also a precursor of all steroid hormones (such as testosterone), bile salts and vitamin 

D [9]. 

 

Figure 1.2: Structures of various sterols shown in two formats. Deviations from cholesterol’s molecular 

structure are highlighted in gray (top) and circled (bottom). 

So far, we have briefly discussed cholesterol and its effects on membrane dynamics. 

But cholesterol is just one of the many naturally occurring sterols in plants, animals and 

fungi. However, all sterols share a common property: the ability to regulate membrane 

fluidity. The four rigid rings in various sterols, shown in Fig 1.2, are responsible for 

modulating membrane fluidity and packing free volume. This ability is regulated by the 

molecular modifications of sterols that have occurred via evolution  [6,10]. 
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1.3 Membrane Proteins 

Membrane proteins embedded in the membranes perform a wide range of processes 

that are fundamental for all living cells. They transport large ions and solutes across the 

membranes, mediate communication between cell and its environment and catalyze 

chemical reaction [11]. Membrane proteins constitute more than a quarter of all know 

proteins, but their dependence on lipids makes it difficult to study their functions on an 

individual basis [12]. Based on their location, proteins can be split into three different types 

as shown in Fig. 1.2: 

• Integral membrane proteins 

• Peripheral membrane proteins 

• Lipid-anchored membrane proteins 

 

Figure 1.3: Various types of proteins found in biomembranes 

Integral membrane proteins are permanently embedded in the cell membrane. 

Peripheral proteins are attached to the lipid bilayer or integral proteins by hydrophobic 

interaction, electrostatic interaction and non-covalent interactions and can easily detach 

from the membrane. Lipid anchored protein are covalently attached to the lipids in the 

bilayer. While membrane proteins comprise 50% of the plasma membrane by weight, a 

more detailed inspection reveals that much of the protein mass (80%-85%) is localized to 

the aqueous milieu outside of the plasma membrane [13]. 
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1.4 Lipid Rafts 

The rafts are a cluster of ordered lipids that exist within the disordered lipid milieu 

of the membrane. A consensus definition of a lipid raft was given at the 2006 Keystone 

Symposium of Lipid Rafts and Cell Function: “Lipid rafts are small (10-200 nm), 

heterogeneous, highly dynamic, sterol and sphingolipid-enriched domains that 

compartmentalize cellular processes. Small rafts can sometimes be stabilized to form larger 

platforms through protein-protein and protein-lipid interactions.” [14].  

Lipid rafts are heterogeneous collection of domains that differ in protein and lipid 

composition and temporal stability. Cholesterol levels in lipid rafts are doubled and there 

is a 50% increase in the sphingomyelin levels as compared to the surrounding plasma 

membrane [15]. They are found in the plasma membrane and cell organelles such as the 

Golgi apparatus and lysosomes. They serve an important physiological role in various cell 

functions such as cell signaling, membrane fusion, membrane transport, protein sorting and 

virial pathologies. Fig. 1.4 shows the tightly packed, highly organized microdomain 

enriched in cholesterol and sphingolipids that act as a platform for the proper function of 

biomolecules involved in numerous biological processes [16]. 

 

Figure 1.4: Lipid raft microdomain 
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CHAPTER II 

2. MEMBRANE BIOPHYSICS 

2.1 Introduction 

1/3rd of the dry weight of a cell is the cell membrane. Half of all proteins encoded 

by our DNA are membrane proteins. Consequently, half of all biological processes take 

place on the membrane and many aspects of these processes are governed by the laws of 

physics [17]. Membrane biophysics examines various membrane phenomenon such as 

bilayer and lipid-raft formation, lipid-lipid and lipid-protein interactions, the phase 

behavior of lipids, and mechanical properties of the membrane and their effect on cellular 

transport and cell shape. 

2.2 Hydrophobic Effect and Vesicle Formation 

Oil and water do not mix. This occurs because non-polar substances, such as lipids 

and sterols, have the tendency to aggregate in an aqueous solution and exclude water as 

shown in Fig. 2.1. This is known as the hydrophobic effect. Many biological processes 

such as cell membrane and vesicle formation, protein folding, insertion of membrane 

proteins, ligand-protein and protein-protein binding, chromatographic retention, nucleic 

acid interactions, and partitioning of drugs, metabolites, and toxins throughout the cell 

membrane are driven by the hydrophobic effect [18]. In this section, we will focus on the 

thermodynamics behind bilayer formation. 

 

Figure 2.1: Exclusion of non-polar substances from water. 
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As mentioned in the section 1.2, lipids consist of a hydrophilic head group and 

hydrophobic fatty-acid tails. The fatty-acid tails are composed of hydrocarbon chains 

shown in Fig. 2.2. We can quantify the hydrophobic effect by using the chemical potential 

of hydrocarbon molecules in water: 

 𝜇𝐻𝐶,𝑤 =  𝜇𝐻𝐶,𝑤
0 + 𝑅𝑇 ln 𝑋𝐻𝐶,𝑤 +  𝑅𝑇 ln 𝑓𝐻𝐶,𝑤 (2.1) 

where, HC, w stands for hydrocarbon in water, the first term on R.H.S is the chemical 

potential in the standard state. The symbol X and f stand for the mole fraction of 

hydrocarbon in water and the activity coefficient for the hydrocarbon in water at the 

concentration [19]. By replacing HC, w with HC, HC we have the expression for the 

chemical potential of a hydrocarbon molecule in the purely hydrocarbon environment. 

Moreover, interactions between hydrocarbon molecules when in an aqueous solution is 

negligible due to their low solubility in water. Therefore, the activity coefficient 

approaches unity and its logarithm is zero. In equilibrium conditions, 𝜇𝐻𝐶,𝑤 and 𝜇𝐻𝐶,𝐻𝐶
0  

will be equal because the pure hydrocarbon is in its standard state when in direct contact 

with an aqueous solution. And since 𝑋𝐻𝐶,𝐻𝐶 is one, we can derive: 

 𝜇𝐻𝐶,𝐻𝐶
0 −  𝜇𝐻𝐶,𝑤

0 =  𝑅𝑇 ln 𝑋𝐻𝐶,𝑤 (2.2) 

 We can then use solubility experiments to measure the solubility of hydrocarbon 

chains and obtain the differences in the chemical potential between the two standard states. 

This method yields: 

 ln 𝑋𝐻𝐶,𝑤 =  −4.11 − 1.49𝑛𝑐 (2.3) 

Here, 𝑛𝑐 is the number of carbon atoms in the chain. Eq. 2.3 shows that with each additional 

methylene group the number of water molecules forced to be in contact with the 

hydrocarbon also increases, thereby increasing the interaction energy between the 

hydrocarbon chain and water [20–22]. 
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Figure 2.2: Lauric acid, a fatty acid found in coconut oil. 

 The chemical potential difference of two-chain lipids for a chain of 16CH2 is: 

 ∆𝜇 =  −75 
𝑘𝐽

𝑀
 𝑜𝑟 ≈ 30𝐾𝐵𝑇 (2.4) 

This strong hydrophobic effect is responsible for two very important phenomenon: a very 

high internal lateral tension within bilayers on the order of 30
𝑚𝑁

𝑚
 which accounts for the 

strong self-healing effect of the bilayers and in excess of water, most lipids spontaneously 

form vesicles with high stability [23]. 

 The formation of vesicles is governed by the difference in the energy required to 

bend the bilayer and the energy gained by preventing the exposure of the hydrophobic 

interior of the bilayer to an aqueous solution  [24]. To bend a bilayer a positive tension, 𝜎+ 

is applied to one monolayer and a negative tension, 𝜎− is applied to another (Fig 2.3). This 

gives the bending moment: 

 𝑀 =  𝑑𝑚(𝜎+ −  𝜎−) (2.5) 

where 𝑑𝑚 is the membrane thickness. Now according to Hooke’s’ law, 

 𝑀 =  𝐾𝑐 (
1

𝑅1
+  

1

𝑅2
) (2.6) 
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where 𝐾𝑐 is the bending elastic modulus, 𝑅1 and 𝑅2 are the principal radii of curvature 

along two perpendicular axis. Therefore, the total bending energy is given by 

 𝐸𝑏𝑒𝑛𝑑 =  
1

2
𝐾𝑐 ∫ (

1

𝑅1
+ 

1

𝑅2
)

2

𝑑𝑆 (2.7) 

where 𝑑𝑆 is a surface element and the integral is performed over the entire bilayer surface. 

Note that the bending energy of a sphere does not depend on size and it is therefore scale 

invariant  [23,24]. Equation 2.7 gives the bending energy of 100 kBT for vesicles of all 

sizes. 

 

Figure 2.3: Illustration of bending moment, M by opposite tensions  

2.3 Maximum Solubility of Cholesterol 

The lipid bilayer is composed of many different components with distinct chemical 

properties. There are many possibilities for the number of interactions that could occur 

between these components. Therefore, we focus on the most abundant molecule in 

mammalian plasm membrane: cholesterol. According to Bloch, almost half of all lipids in 

the cell membrane is cholesterol [25]. But pure cholesterol cannot form a lipid bilayer, so 

there exist an upper limit on the amount of cholesterol that could be present in the cell 

membrane. Beyond the limit, excess cholesterol will precipitate from the bilayer as crystals 
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of pure cholesterol monohydrate [26]. This solubility limit, 𝛸𝑐ℎ𝑜𝑙
∗ , is the first-order phase 

transition in phospholipid/cholesterol thermodynamic phase diagram. A more in-depth 

discussion of the phase diagram is presented in section 2.4. 

Cholesterol in crystal form has a constant chemical potential, 𝜇𝑐ℎ𝑜𝑙
𝑐𝑟𝑦𝑠𝑡𝑎𝑙

, while the 

chemical potential of cholesterol in a lipid bilayer, 𝜇𝑐ℎ𝑜𝑙
𝑏𝑖𝑙𝑎𝑦𝑒𝑟

, is dependent on the bilayer 

composition. When the amount of cholesterol in the lipid bilayer is less than the solubility 

limit, i.e. when 𝛸𝑐ℎ𝑜𝑙  <  𝛸𝑐ℎ𝑜𝑙
∗ , 𝜇𝑐ℎ𝑜𝑙

𝑏𝑖𝑙𝑎𝑦𝑒𝑟
 (𝛸𝑐ℎ𝑜𝑙) has to be less than 𝜇𝑐ℎ𝑜𝑙

𝑐𝑟𝑦𝑠𝑡𝑎𝑙
 for the cell 

membrane to be the only available stable phase. When 𝛸𝑐ℎ𝑜𝑙  ≥  𝛸𝑐ℎ𝑜𝑙
∗ , the lipid bilayer 

phase and cholesterol crystal phase co-exist [27]. In this two-phase region, 

𝜇𝑐ℎ𝑜𝑙
𝑏𝑖𝑙𝑎𝑦𝑒𝑟

 (𝛸𝑐ℎ𝑜𝑙
∗ ) =  𝜇𝑐ℎ𝑜𝑙

𝑐𝑟𝑦𝑠𝑡𝑎𝑙
, i.e. the chemical potential of cholesterol in the lipid bilayer is 

equal to the chemical potential of cholesterol in crystal form. Rigorous testing and 

experimentation conducted by Huang et. al. has given us the solubility limit of cholesterol 

in bilayers of lipids with various head groups and acyl chains as shown in Table 2.1 [26]. 

Table 2.1: Maximum solubility of cholesterol in PC and PE bilayers. 

Bilayer type Solubility limit 

16:0, 18:1-PC 0.66 ± 0.01 

16:0, 18:1-PE 0.51 ± 0.01 

di22:1-PC 0.66 ± 0.01 

di12:1-PC 0.66 ± 0.01 

di16:1-PC 0.66 ± 0.01 

 From the values in table 2.1, several aspects of the interactions between cholesterol 

and lipids become clear. First, the contribution to 𝜇𝑐ℎ𝑜𝑙
𝑏𝑖𝑙𝑎𝑦𝑒𝑟

 (𝛸𝑐ℎ𝑜𝑙) due to the interactions 

between cholesterol and acyl chain is negligible. Second, the contribution to 

𝜇𝑐ℎ𝑜𝑙
𝑏𝑖𝑙𝑎𝑦𝑒𝑟

 (𝛸𝑐ℎ𝑜𝑙) is dominated by the head group. From table 2.1, we can see that by 

exchanging a PC head group for the smaller PE head group the solubility limit of 

cholesterol decreases by 15%. The high solubility limit of cholesterol in PC also suggests 

that the microscopic interactions strongly favor the mixing of cholesterol with 

phospholipid, i.e. cholesterol-cholesterol contacts are unfavorable. 
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2.3.1 Interaction Model 

The cross-sectional area of cholesterol is ~37 Å2 and the cross-section area of a 

phospholipid in a fluid phase is ~65 Å2 [28,29]. We can use a hexagonal lattice structure, 

where each site has six nearest neighbors, to illustrate the packing of cholesterol and 

phospholipid acyl chains [30]. The possible variations of the acyl chains such as their 

length, conformation and unsaturation will have one energy state, and all interactions and 

conformational changes will be included in the interaction energy term. All of this will 

allows us to devise a general form of the microscopic cholesterol/phospholipid interaction 

Hamiltonian [27]. 

The Hamiltonian for the microscopic interaction model has two components: 

 𝐻𝑡𝑜𝑡𝑎𝑙 =  𝐻𝑝𝑎𝑖𝑟 + 𝐻𝑚𝑢𝑙𝑡𝑖 (2.8) 

where 𝐻𝑚𝑢𝑙𝑡𝑖 is for cholesterol interactions with its nearest neighbors and 𝐻𝑝𝑎𝑖𝑟 is for acyl 

chain-acyl chain, cholesterol-cholesterol, and acyl chain-cholesterol interactions: 

 𝐻𝑝𝑎𝑖𝑟 =
1

2
 ∑ 𝐸𝑎𝑎𝐿𝑎𝑖𝐿𝑎𝑗

𝑖,𝑗

+ 
1

2
 ∑ 𝐸𝑐𝑐𝐿𝑐𝑖𝐿𝑐𝑗

𝑖,𝑗

+  
1

2
 ∑ 𝐸𝑎𝑐(𝐿𝑎𝑖𝐿𝑎𝑗

𝑖,𝑗

+  𝐿𝑐𝑖𝐿𝑐𝑗) (2.9) 

where 𝐸𝑎𝑎 , 𝐸𝑐𝑐, 𝐸𝑎𝑐 are the interaction energies between acyl chains, cholesterols and acyl 

chain-cholesterol respectively. 𝐿𝑎𝑖 and 𝐿𝑐𝑖 are occupation variables of acyl chains and 

cholesterol respectively. The summation i over all lattice sites and j is over the nearest 

neighbor of i. The factor ½ is to avoid counting each pair twice.  

 The three interaction energies in Eq. 2.9 can be reduced to just one independent 

variable and rewritten as 
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 𝐻𝑝𝑎𝑖𝑟 =
𝑍

2
 ∑ 𝐸𝑎𝑎𝐿𝑎𝑖

𝑖

+  
𝑍

2
 ∑ 𝐸𝑐𝑐𝐿𝑐𝑖

𝑖

+  
𝑍

2
 ∑ ∆𝐸𝑚(𝐿𝑎𝑖𝐿𝑐𝑗

𝑖

+  𝐿𝑐𝑖𝐿𝑎𝑗) (2.10) 

where Z is the number of nearest neighbors to a lattice site [31]. ∆𝐸𝑚 is the pairwise 

additive excess mixing energy of acyl chain and cholesterol and has the form 

 ∆𝐸𝑚 =  ∆𝐸𝑎𝑐 −
∆𝐸𝑎𝑎+ ∆𝐸𝑐𝑐

2
     (2.11) 

In an ideal case, the number of lattice sites, the number of acyl chains, the number of 

cholesterol and the temperature can all be held constant. Therefore, in Eq. 2.10 the 

contribution of pairwise additive interactions to the lipid mixing is determined by ∆𝐸𝑚 

since the first two terms are independent of lipid lateral distribution [27]. 

 Now the Hamiltonian for the multibody interaction of cholesterol with its six 

nearest neighbors is 

 𝐻𝑚𝑢𝑙𝑡𝑖 =  ∑ ∑ ∆𝐸𝑐𝐶𝑠𝐿𝑠𝑖𝐿𝑐𝑖

6

𝑠=0𝑖

 (2.12) 

where ∆𝐸𝑐 is the strength of the cholesterol multibody interaction, 𝐶𝑠 are the energy scale 

factors, and 𝐿𝑠𝑖 is the environment variable of the lattice site with values 

𝐿𝑠𝑖 =  {
1, if site 𝑖 has 𝑠 cholesterol as its nearest neighbor
0, otherwise

 

Thus, we can combine Eq. 2.10 and Eq. 2.12 to get the total Hamiltonian of a lipid 

bilayer. We can then use this Hamiltonian to simulate a system of lipids and cholesterols 

and see how these molecules arrange themselves at maximum solubility as shown in Fig. 

2.4. And, we can also visualize how the chemical potential of cholesterol changes with 

increasing amount of cholesterol in the lipid bilayer as shown in Fig. 2.5 [27]. 
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Figure 2.4: Snapshot of phospholipid and cholesterol lateral distribution simulated using Monte-Carlo, 

known as the maze pattern. Here 𝛸𝑐ℎ𝑜𝑙 = 0.67 and ∆𝐸𝑐 = 0.6 𝑘𝑇 

 

Figure 2.5: Excess chemical potential of cholesterol, 𝜇𝑐ℎ𝑜𝑙
𝐸 , as a function of cholesterol mole fraction. 
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2.3.2 Umbrella Model 

As we can see from Fig. 2.5, there are steep jumps in the chemical potential of 

cholesterol at Χchol = 0.50, 0.57 and 0.67. At these critical mole fractions, cholesterol has 

0, or 1, or 2 other cholesterols as nearest neighbor respectively. This indicates that the 

energy cost of some cholesterol-cholesterol contact is much higher than the energy cost for 

lower-order contacts. The increase in the energy cost of cholesterol interactions with each 

other can explained by the Umbrella Model [27,32]. Cholesterol is mostly non-polar 

therefore, when cholesterol partition into lipid bilayers, phospholipid head group provide 

cover to block the non-polar parts of cholesterol from exposure to an aqueous solution as 

shown in Fig 2.6a. The space underneath the head group is occupied by both the acyl-

chains and cholesterol  [27].  

As the amount of cholesterol in the bilayer increases, the headgroups are stretched 

to cover additional cholesterol molecules. But with this increase, a cholesterol molecule 

encounters another cholesterol molecule under the umbrella of a head group, Fig. 2.6b. 

This addition comes at the cost of losing an acyl chain contact which increases the energetic 

cost of cholesterol-cholesterol contact. Consequently, the high energy cost for the first 

cholesterol-cholesterol contact produces a sharp increase in 𝜇𝑐ℎ𝑜𝑙
𝑏𝑖𝑙𝑎𝑦𝑒𝑟

 at 𝛸𝑐ℎ𝑜𝑙 = 0.50. 

Similarly, the large PC head group can accommodate the first two cholesterol-cholesterol 

contact, but the energy cost of a third contact is simply too high and results in the maximum 

solubility of 𝛸𝑐ℎ𝑜𝑙
∗ = 0.67. But for a smaller head group, such as PE, just the cost of the 

first contact is too high which results in the maximum solubility of 𝛸𝑐ℎ𝑜𝑙
∗ = 0.51 for 

PE [32]. At 𝛸𝑐ℎ𝑜𝑙 = 0.57, all cholesterols are avoiding the second cholesterol-cholesterol 

contact. This alludes to the fact that there is no chemical association between phospholipid 

and cholesterol [27,32]. 

The umbrella model also provides a physical explanation of the cholesterol 

condensing effect [33]. Examination of the lipid bilayer has shown that the average 

molecular area of a cholesterol-phospholipid monolayer is less than the sum of the 
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individual components [34]. In the umbrella model, acyl chains and cholesterols become 

tightly packed as more cholesterol is added to the bilayer and the hydrophobicity of 

cholesterol forces cholesterol and acyl chains together [27]. 

 

Figure 2.6: (a) Phospholipid headgroups acting as umbrellas to shield cholesterol, (b) the headgroups are 

stretched to their limits at maximum solubility, (c) beyond the maximum solubility, cholesterol is exposed to 

water, (d) excess cholesterol form monohydrate crystals to lower the free energy. 
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2.4 Phase Behavior of Plasma Membrane 

Mixtures of different molecules show distinct clusters that differ in their molecular 

composition. These clusters show either like neighbors being favored, or in case of 

cholesterol, unlike neighbors being favored. Interaction energies between different 

neighbors and entropy work against each other. When interaction energies are large enough 

to overcome entropic mixing, distinct phases can co-exist. Distinct phases are stable 

domains of molecules with phase properties such as chain order parameter and density that 

are uniform throughout the phase domain [35]. 

2.4.1 Binary Mixtures 

A binary lipid mixture can be modeled using only one parameter: ΔEm which is the 

energetic cost of unlike molecular neighbors defined as ΔEm = Eab – (Eaa+ Ebb)/2. Here a 

and b are two different phospholipids. Though the mixing is random for ΔEm = 0 kT, 

several clusters of 3-5 molecules are still visible as shown in Figure 2.7A. As ΔEm 

increases, like-molecule neighbors become more energetically favorable, but the mixture 

is still in a single phase and the clusters do not display co-operative behaviors. But at ΔEm 

> 0.55 kT, interaction energies are high enough to overcome entropic mixing and the 

phases separate as shown in Figure 2.7A-2.7D [35]. 

 

Figure 2.7: (A) Random mixing at ΔEm = 0, (B) non-ideal mixing at ΔEm = 0.4 kT, (C) large-scale clusters 

at ΔEm = 0.55 kT, (D) phase separation at ΔEm = 0.7 kT 
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2.4.2 Ternary Mixtures  

A three-component mixture of a low-Tm lipid, a high-Tm lipid and cholesterol 

displays a more complex phase behavior due to more interaction energies. The phase 

behavior is also highly dependent on the composition of the ternary mixtures. For example, 

decreasing the cholesterol from 45% to 5% and keeping the interaction energies constant 

will force the system into a two-phase system from a one-phase system as shown in Fig. 

2.8 below [35]. 

 

Figure 2.8: (E) 45% cholesterol, (F) to 30%, (G) to 20%, (H) to 5% 

2.4.3 Phase Diagrams  

Modelling the phase behavior of the biomembrane is extremely difficult due to the 

many hundreds of species of lipids and protein present in the membrane. The solution to 

this is to represent similar lipids as a single pseudo component. Grouping lipids into a low-

Tm lipid, a high-Tm lipid and cholesterol enables us to compare lipid phase behavior by 

using Gibbs’ triangle phase diagrams (Fig. 2.9) [36]. 
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Figure 2.9: Ternary Phase Diagram, and fluorescence images of GUVs showing Type I and Type II mixtures. 

 The phase diagrams show us the different regions where phase coexistence can 

occur at equilibrium. The most characteristic mixtures of ternary compositions are called 

Type I and Type II mixtures. Type I mixtures are nanoscopic domains where {Lα + Lo} 

and {Lα + Lβ + Lo} phases coexist. Type II mixtures are macroscopic domains of these 

phases [36]. 

 Gibbs’ Phase Rule: The general appearance of a ternary phase diagrams and 

the conditions where phase coexistence can occur can be determined using the Gibbs Phase 

Rule. The rule is: 

 F = C – P + 2 (2.13) 

where F is the number of degrees of freedom, C is the number of components and P is the 

number of phases in thermodynamic equilibrium with each other. The degrees of freedom 

in the number of independent intensive variables. Viscosity, pressure (p), temperature (T) 

and chemical potential (µ) are example of intensive variables that do not depend on the 

system size [37]. For a ternary lipid mixture in mechanical and chemical equilibrium and 

C different lipids, Eq. 2.13 becomes 
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 F = C – P + 1 (2.14) 

For a single lipid system, C = 1 and P = 2, the number of degrees of freedom is zero. For a 

binary lipid system C = 2 and P = 2, the number of degrees of freedom is one and there the 

liquid-solid phase coexistence is maintained as the temperature is varied. Gibbs’ phase rule 

is applicable only when the lipid phases separate macroscopically. 

2.4.4 Thermodynamic Tie-lines 

 A thermodynamic tie-line is a line drawn at a constant temperature within a two-

phase region of a phase diagram. The composition of the lipids of the two coexisting phases 

remain the same and only the relative amount of phase fraction changes [38]. The lever 

rule can then be used to calculate the fractions of gel and fluid phase as a function of the 

components and the temperature. Fig. 2.10 shows the application of the tie-line, T, the lever 

rule to a binary lipid system composed of a low melting lipid, 𝑇𝑚
𝐴, and a high melting lipid, 

𝑇𝑚
𝐵. 

 

Figure 2.10: 𝑇𝑚 
𝐴 = 296 K, 𝑇𝑚

𝐵  = 314 K, ΔHA = 24 kJ/mol and ΔHB = 24 kJ/mol 
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The phase fraction of the gel phase, 𝑥𝑔, and the phase fraction of the fluid phase, 

𝑥𝑓, depend on the amount of lipid A, 𝑥𝐴, and lipid B, 𝑥𝐵. The phase fraction of the gel 

phase and the fluid phase for a given temperature and 𝑥𝐵 can be calculated using the level 

rule, 

 
𝑥𝑓

𝑥𝑔
=

𝑥𝐵
𝑔

− 𝑥𝐵

𝑥𝐵 − 𝑥𝐵
𝑓

 (2.15) 

and by using the fact that 𝑥𝑔 + 𝑥𝑓 = 1, we get 

 𝑥𝑓 =
𝑥𝐵

𝑔
−  𝑥𝐵

𝑥𝐵
𝑔

−  𝑥𝐵
𝑓
 (2.16) 

We can also use Eq. 2.15 and 2.16 to calculate the enthalpy and heat capacity as a function 

of temperature: 

 ∆𝐻(𝑇) =  
𝑥𝐵

𝑔
− 𝑥𝐵

𝑥𝐵
𝑔

−  𝑥𝐵
𝑓

∙ (𝑥𝐵
𝑓

∙ ∆𝐻𝐵 + (1 +  𝑥𝐵
𝑓

) ∙ ∆𝐻𝐴 (2.17) 

And, 

 𝑐𝑝 =
𝑑∆𝐻(𝑇)

𝑑𝑇
 (2.18) 

2.4.5 Partition Coefficient 

Experimental observations have shown that lipid rafts exhibit protein and lipid 

compositions that are vastly different from those found in the rest of the bio-membrane. 

This observation raises two question: First, how clearly can raft association or exclusion of 

a membrane component be established experimentally? Second, does the enrichment or 

depletion of a membrane component rest on its intrinsic affinity for a liquid-ordered phase 
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or on other interactions? We can answer these questions by determining the partition 

coefficient of a membrane component. 

Partition coefficient is the ratio of concentrations of a membrane component in two 

coexisting phases of a lipid mixture in equilibrium. The partition coefficient for a 

membrane component, e.g. protein, between liquid-ordered phase, Lo, and liquid-

disordered phase, Ld is [4], 

 𝐾𝑝 (
𝐿𝑜

𝐿𝑑
) =

𝑝𝑟𝑜𝑡𝑒𝑖𝑛 𝑐𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛 𝑖𝑛 𝐿𝑜 𝑝ℎ𝑎𝑠𝑒

𝑝𝑟𝑜𝑡𝑒𝑖𝑛 𝑐𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛 𝑖𝑛 𝐿𝑑  𝑝ℎ𝑎𝑠𝑒
 (2.19) 

If the phase boundary and thermodynamic tie-lines of a ternary lipid mixture is 

known (Fig. 2.11A), we can use a fluorescent method developed by Feigenson and his 

colleagues to measure the partition coefficient of a fluorescent molecule between 

coexisting fluid/gel phases [39]. In this method, a series of lipid mixtures labeled with 

miniature amount of fluorescent molecule, e.g. Nile-Red, are prepared along a tie-line and 

the fluorescence intensity of emission spectrum for all samples is measured at the peak of 

spectrum. Then, the normalized fluorescence intensity is drawn as function of composition 

and fitted to an equation of the form: 

 𝐹𝑁(𝑥) =
𝐾𝑝 ∙ 𝐹𝑁(𝐿𝑑) ∙ (𝑥𝐿𝑜

−  𝑥)  + 𝐹𝑁(𝐿𝑜) ∙ (𝑥 −  𝑥𝐿𝑑
)

𝐾𝑝 ∙ (𝑥𝐿𝑜
−  𝑥)  +  (𝑥 −  𝑥𝐿𝑑

)
 (2.20) 

where 𝐾𝑝, is the partition coefficient of Nile-red, 𝐹𝑁(𝐿𝑜) and 𝐹𝑁(𝐿𝑑) are the normalized 

fluorescence intensity values for Nile-red present in 𝐿𝑜 and 𝐿𝑑 phases, and 𝑥𝐿𝑜
 and 𝑥𝐿𝑑

 are 

the two end-point of the tie-line [40].  
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Figure 2.11: (A) Series of lipid mixtures (open circles) spanning the full length of the tie-line AB in the two-

phase region are prepared. (B) Normalized fluorescent intensities as a function of composition of lipid B. 

2.5 Hydrophobic Mismatch 

The cellular membrane has a protein density of about 25,000 protein/µm2 [41]. Due 

to such crowding, lipid-protein interactions play a vital role in maintaining the structure 

and function of biomembranes. Changes in the lipid composition due to external stress and 

stimuli can alter lipid-protein interactions. In most cases, lipid-protein interactions are 

between protein side chains and lipid head groups [42]. But, in one type of lipid-protein 

interaction, the tail of the lipid is more important. This type of interaction is called 

hydrophobic mismatch. It is one of the most well-known and extensively studied 

interaction between the lipid bilayer and protein. 

The hydrophobic thickness of the cell membrane is an essential property that has a 

profound impact on transmembrane protein structure and function [43]. Hydrophobic 

mismatch occurs when the hydrophobic thickness of the transmembrane region of the 

membrane protein does not match the average hydrophobic thickness of the membrane 

(Fig. 2.12). This occurs due to two reasons. First, the hydrophobic parts of membrane 

proteins have different lengths. And second, membrane proteins with the same length are 

embedded in bilayers of different thickness. The energy cost for exposing a single amino 
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acid from the TM region of the membrane protein to polar residues is 9
kcal

mol 
 [44]. For 

comparison, the energy released during the hydrolysis of ATP to ADP is 13
kcal

mol 
  [45]. 

 

Figure 2.12: (a) positive mismatch (b) negative mismatch 

To minimize the energy cost associated with positive mismatch, the protein can 

form aggregates, transmembrane helices could tilt or change the orientation of hydrophobic 

or hydrophilic side chains (Fig. 2.13A). Lipids can also stretch their acyl chains or assemble 

into a different aggregate to modulate the membrane thickness around the protein. For 

negative mismatch, proteins can again form aggregates, change their orientation or localize 

to a surface (Fig. 2.13B). Lipids can disorder their acyl chains or form an inverted non-

lamellar structure to decrease bilayer thickness [46]. 
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Figure 2.13: Consequences of hydrophobic mismatch due to (A) positive mismatch and, (B) negative 

mismatch 

  Changes in the hydrophobic length of a membrane protein will induce a local 

change in the bilayer thickness as shown in Fig. 2.12. The difference in lipid bilayer 

deformation energy associated with two protein conformation, say A and B, will contribute 

to the total energetic cost of the protein conformational change: 

 ∆𝐺𝑡𝑜𝑡
𝐴→𝐵 =  ∆𝐺𝑝𝑟𝑜𝑡

𝐴→𝐵 +  ∆𝐺𝑏𝑖𝑙𝑎𝑦𝑒𝑟
𝐴→𝐵  (2.21) 

where ∆𝐺𝑏𝑖𝑙𝑎𝑦𝑒𝑟
𝐴→𝐵 =  ∆𝐺𝑑𝑒𝑓

𝐵 −  ∆𝐺𝑑𝑒𝑓
𝐵  and ∆𝐺𝑝𝑟𝑜𝑡

𝐴→𝐵 is energetic contributions due to the 

protein. The equilibrium distribution between two ion-channel protein conformation, e.g. 

open and close states, is given by 

 
𝑛𝐵

𝑛𝐴
=  𝑒𝑥𝑝 {−

∆𝐺𝑝𝑟𝑜𝑡
𝐴→𝐵 + ∆𝐺𝑏𝑖𝑙𝑎𝑦𝑒𝑟

𝐴→𝐵

𝑘𝐵𝑇
} (2.22) 

A B 
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where 𝑛𝐴 and 𝑛𝐵 are the number of proteins per unit area in each of the two states. For 

equation 2.22 to be an important regulator of protein function, changes in bilayer 

composition must alter the bilayer contribution to ∆𝐺𝑡𝑜𝑡
𝐴→𝐵 by more than 𝑘𝐵𝑇. Therefore, it 

is essential to our understanding of what determines the magnitude of ∆𝐺𝑏𝑖𝑙𝑎𝑦𝑒𝑟
𝐴→𝐵 , and how 

∆𝐺𝑏𝑖𝑙𝑎𝑦𝑒𝑟
𝐴→𝐵  varies due to the changes in the bilayer composition [44]. 

 The energetic cost of bilayer deformation can be analyzed by using the continuum 

theories of elastic bilayer deformation. According to the theory, bilayer deformation can 

be decomposed as the sum to two major contributions: bilayer compression and monolayer 

bending [47,48]. Energetic contributions due to Gaussian curvature and bilayer interfacial 

tension are negligible and will not be considered in this proposal [49]. 

 The compression energy density (CED) associated with lipid bilayer is: 

 𝐶𝐸𝐷 =
1

2
𝐾𝑎 ∙ (

𝑑 − 𝑑0

𝑑0
)

2

 (2.23) 

where 𝐾𝑎 is the bilayer compression modulus, 𝑑0 is the thickness of the unperturbed bilayer 

and 𝑑 is the thickness of the perturbed bilayer (Fig. 2.14a). Similarly, the bending energy 

density (BED) of monolayer bending is: 

 𝐵𝐸𝐷 =
1

2
𝐾𝑐,𝑚 ∙ (

𝑐1 − 𝑐2

2
−  𝑐0)

2

 (2.24) 

where 𝐾𝑐,𝑚 is the monolayer bending modulus, 𝑐1 and 𝑐2 are the principal curvature and 

𝑐0 is the intrinsic monolayer curvature (Fig. 2.14b).  
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Figure 2.14: (a) Bilayer compression and (b) Monolayer bending 

 Thus, we can define the energetic cost of the bilayer deformation needed to match 

the length of a cylindrical bilayer-spanning protein of radius 𝑟0 as: 

 ∆𝐺𝑑𝑒𝑓 =  ∫ {
1

2
𝐾𝑎 ∙ (

𝑑 − 𝑑0

𝑑0

)
2

+  
1

2
𝐾𝑐,𝑚 ∙ (

𝑐1 − 𝑐2

2
− 𝑐0)

2

}
∞

𝑟0

 × 2𝜋𝑟 𝑑𝑟 − ∫
1

2
𝐾𝑐𝑐0

2
∞

𝑟0

× 2𝜋𝑟 𝑑𝑟 (2.25) 

where 𝑑 is the bilayer thickness as a function of 𝑟 and the second integral is the curvature 

energy of the unperturbed bilayer. Equation 2.25 can be solved analytically and can be 

expressed as a biquadratic function of the channel-bilayer mismatch (𝑙 −  𝑑0) and 𝑐0 such 

that Eq. 2.25 becomes: 

 ∆𝐺𝑑𝑒𝑓 =  𝐻𝐵(1 −  𝑑0)2 +  𝐻𝑋(1 − 𝑑0)𝑐0  −  𝐻𝐶𝑐0
2

 (2.26) 

where 𝐻𝐵, 𝐻𝑋 and 𝐻𝐶 are the elastic coefficients that are functions of 𝐾𝑎, 𝐾𝐶, 𝑑0 and 𝑟0.  

The effects due to the changes in the composition of lipid bilayer on 𝐾𝑎, 𝐾𝐶, 𝑑0 and 

𝑟0 can be measured in protein-free systems. One can then use equation 2.25 and 2.26 to 

predict bilayer contribution to the free energy difference between two protein 

conformation, A and B, that differ in their hydrophobic length, l [44]. 
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CHAPTER III 

3. METHODS IN BIOPHYSICS 

3.1 Introduction 

Like all physical systems, cell membranes have physical and chemical properties 

such as viscosity, elasticity, chemical potential, tension, solubility, melting points, phase 

transitions, permeability, etc. Changes in these properties can tell us the behavior of the 

cell membrane under different conditions. We can then use this information to shed light 

on the function of the membrane, design better drugs, gain a deeper understanding of the 

diseases related to cell membranes, etc. But, to study this properties scientist need 

biophysical techniques specifically designed to examine the physical and chemical 

properties of the cell membrane on an atomic level.  

These techniques include vesicle formation, fluorescence anisotropy, resonance 

energy transfer, biophotonics, calorimetry, atomic force microscopy, microscale 

thermophoresis, nuclear magnetic resonance spectroscopy, optical tweezers, X-ray 

diffraction and many more. For the purpose of our research, we will focus on two of these 

techniques: vesicle formation and fluorescence anisotropy.  

3.2 Rapid Solvent Exchange 

The best-known way to study membrane dynamics and molecular interactions 

between lipids, sterols, and membrane proteins is studying these effects on model 

membranes. Model membranes are artificial cell membrane that could be made using any 

combination of lipids, sterols and proteins. This flexibility allows researchers to combine 

any membrane component in any concentration. Thus, scientists can isolate different 

components of the cell membrane and study individual interactions in great detail. Model-

membranes are a remarkable tool that can be used in conjecture with other biophysical 

methods to unearth the underlying mechanisms that govern membrane dynamics. The most 
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well-known and common model membrane systems used in research today are lipid 

monolayers, supported lipid bilayers and lipid vesicles such as micelles and 

liposomes. [50]. 

 

Figure 3.1: Different model membrane systems. 

 In our research, we use liposomes because they have many properties that are 

attractive for experimental research. They are well suited for use in a variety of biochemical 

and fluorometric assays. Liposomes have many of the same structural and mechanical 

properties as biological cell membranes and they come in sizes from less than 50 nm to 

over 1 µM. There are several methods for preparation of liposomes which can be used for 

research purposes. Film deposition, lyophilization, freeze-thawing, extrusion, etc. are just 

some of the methods in use today. They each have their own advantages and disadvantages. 

The main drawback for these methods is that they pass the lipid mixture through a solvent-

free state. This solid state favors the demixing of membrane components [51]. Therefore, 

we use a novel sample preparation method, called Rapid Solvent Exchange (RSE), 

developed by Buboltz and Feigenson which is specifically designed to avoid this solid 

state [51,52]. 
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 In RSE, first lipids are dissolved in an organic solvent such as chloroform. Then 

the solution is briefly heated to 50 °C in a glass tube and 1.3 mL of aqueous buffer at the 

same temperature is added. Finally, the bulk solvent is removed via vacuum suction while 

the solution is vigorously vortexed. The sample is then sealed under argon. Due to the 

hydrophobic effect discussed in section 2.2, the lipids in the aqueous solution 

spontaneously form vesicles once the organic solvent is removed to minimize the free 

energy. The sample can then undergo sonication to yield vesicles of different sizes. The 

apparatus constructed for RSE along with a schematic representation of the method is 

shown in Fig 3.2. 

Figure 3.2: RSE Schematic (left), RSE apparatus (right) 
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3.3 Fluorescence Anisotropy 

One of the most important mechanical properties of the biomembrane is its 

viscosity. Changes in the viscosity or membrane fluidity can affect the rotation and lateral 

diffusion of proteins, lipid reorganization, membrane permeability, cell-cell signaling, and 

many other physiological processes that occur in the cell membrane [53]. Therefore, it is 

of utmost relevance to understand factors that can influence membrane fluidity. One way 

to gauge changes in membrane fluidity is to use fluorescence anisotropy. 

Fluorescence anisotropy is a very powerful tool in biophysics research and medical 

testing. Anisotropy measures the average angular displacement of a fluorophore. The 

angular displacement is dependent on the rate of rotational diffusion during the lifetime of 

the excited state of the fluorophore. The rate of rotational diffusion is dependent upon the 

fluidity of the solvent. Thus, a change in the solvents’ fluidity will produce a change in the 

fluorescence anisotropy. In a highly fluid membrane, the rate of rotational diffusion is very 

high and consequently the anisotropy is close to zero [54]. The measurement of 

fluorescence anisotropy is performed using spectrofluorometers, shown in Fig 3.3. An 

illustration of the measurement is shown in Fig 3.4. 

 

Arc Lamp 

Sample Compartment 

Excitation 
monochromator 

Emission 
monochromator 

Emission 
monochromator 

Figure 3.3: PTI Spectrofluorometer with two photomultipliers 
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Figure 3.4: Schematic diagram for measurement of anisotropy. 

 First, the sample is excited by a vertically polarize light. The electric vector of the 

excitation light is oriented parallel to the vertical or z-axis. The intensities of the parallel 

and the perpendicular components of the emission is through a polarizer. The intensity of 

the parallel component of the emission is called 𝐼∥, and the perpendicular component is 

called 𝐼⊥. We can then use these values to calculate the anisotropy 

 𝑟 =  
𝐼∥ − 𝐼⊥

𝐼∥  +  2𝐼⊥
 (3.127) 

 We can derive the theory of fluorescence anisotropy by considering a single 

molecule. Imagine a single fluorescent molecule oriented with angles 𝜃 and 𝜙 relative to 

the z-axis and y-axis respectively as shown in Fig. 3.5. Now, emitting fluorescent molecule 

behaves like a radiating dipole [55]. So the far-field radiation can be entirely defined by 

classical electrodynamics.  
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Figure 3.5: Intensity of a fluorescent molecule in a coordinate system. 

 The electric field of a fluorescent molecule is 

 𝐸(𝜃, 𝜙) =  𝑘
sin 𝜃

𝑟
 𝜃 (3.2) 

where k is a constant, r is the distance from the molecule, and 𝜃 is a unit vector in 𝜃 

direction. The intensity is square of the electric field and is 

 𝐼(𝜃, 𝜙) =  𝑘2
sin2 𝜃

𝑟2
 �̂� (3.3) 

where �̂� is the unit vector in the direction of the propagation [54]. The projection of the 

electric field of the fluorescent molecule in Fig 3.5 onto the z-axis is proportional to cos 𝜃 

and consequently the intensity is proportional to cos2 𝜃. And the projection onto x-axis is 

proportional to sin2 𝜃 sin2 𝜙. Therefore, the parallel and perpendicular intensities are 
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 𝐼∥(𝜃, 𝜙) = cos2 𝜃  (3.4) 

 𝐼⊥(𝜃, 𝜙) =  sin2 𝜃 sin2 𝜙  (3.5) 

We can eliminate the 𝜙-dependence in Eq 3.5, because the population of excited molecules 

is symmetrically distributed around the z-axis. Also, the same population is oriented with 

values of 𝜙 ranging from 0 to 2𝜋. Thus, the average value of sin2 𝜙 is 

 
〈sin2 𝜙〉 =  

∫ sin2 𝜙 𝑑𝜙
2𝜋

0

∫ 𝑑𝜙
2𝜋

0

=
1

2
 

(3.6) 

and hence 

 𝐼∥(𝜃, 𝜙) = cos2 𝜃  (3.7) 

 
𝐼⊥(𝜃) =

1

2
sin2 𝜃 

(3.8) 

Now, assuming that a collection of fluorescent molecules with a probability 𝑓(𝜃) to be 

oriented relative to the z-axis, the total parallel and perpendicular intensities are 

 𝐼∥ = ∫ 𝑓(𝜃)
𝜋/2

0

cos2 𝜃 𝑑𝜃 = 𝑘〈cos2 𝜃〉  (3.9) 

 
𝐼⊥ =

1

2
∫ 𝑓(𝜃)

𝜋/2

0

sin2 𝜃 𝑑𝜃 =
𝑘

2
〈sin2 𝜃〉 

(3.10) 

where k is an instrumental constant. Plugging Eq. 3.9 and 3.10 into Eq. 3.1 we get 
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𝑟 =  

3〈cos2 𝜃〉 − 1

2
 

(3.10) 

Thus, the anisotropy is dependent on the average value of cos2 𝜃. But this Eq. 3.10 is only 

true for perfectly oriented excited-state population with colinear transitions. The effects of 

photoselection are ignored for the purpose of a simple solution. 

 When polarized light illuminates a sample, fluorescent molecules with energy 

transitions aligned parallel to the electric component of the polarized light have the highest 

probability of excitation [54]. Hence, a fluorescent molecule does not have to be 

completely parallel to the electric vector of the excitation beam to become excited. This 

results in a population of excited fluorescent molecules that are partially oriented along the 

z-axis. This phenomenon is called photoselection [54]. Now, the number of excited 

molecules is proportional to sin 𝜃 𝑑𝜃. Thus, the distribution of excited molecules is given 

by 

 𝑓(𝜃) 𝑑𝜃 =  cos2 𝜃 sin 𝜃 𝑑𝜃 (3.11) 

According to Eq. 3.10, anisotropy is a function of 〈cos2 𝜃〉. Therefore 

 

〈cos2 𝜃〉 =  
∫ cos2 𝜃  𝑓(𝜃)

𝜋/2

0
𝑑𝜃

∫ 𝑓(𝜃)
𝜋/2

0
𝑑𝜃

 

(3.12) 

Substituting Eq. 3.11 into 3.12 gives us the maximum value of fluorescence anisotropy of 

0.4. Hence, the anisotropy is given by 

 
𝑟0 =

2

5
(

3 cos2 𝛽 − 1

2
) 

(3.10) 
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where 𝛽 is the angle between the absorption and emission transition. Table 3.1 shows 

various angles and their relative anisotropies [54]. 

Table 3.1: Relationship between various angles and anisotropies 

𝜷 (deg) 𝒓𝟎 

0 0.40 

45 0.10 

54.7 0.00 

90 -0.20 
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CHAPTER IV 

4. EFFECT OF ANESTHESIA ON CELL MEMBRANE FLUIDITY 

4.1 Abstract 

There is an on-going debate whether anesthetic drugs, such as isoflurane, can cause 

meaningful structural changes in cell membranes at clinical concentrations. In this study, 

the effects of isoflurane on lipid membrane fluidity were investigated using fluorescence 

anisotropy and spectroscopy. In order to get a complete picture, four very different 

membrane systems (erythrocyte ghosts, a 5-lipid mixture that mimics brain endothelial cell 

membrane, POPC/Chol, and pure DPPC) were selected for the study. In all four systems, 

we found that fluorescence anisotropies of DPH-PC, nile-red, and TMA-DPH decrease 

significantly at the isoflurane concentrations of 1 mM and 5 mM. Furthermore, the 

excimer/monomer (E/M) ratio of dipyrene-PC jumps immediately after the addition of 

isoflurane. We found that isoflurane is quite effective to loosen up highly ordered lipid 

domains with saturated lipids. Interestingly, 1 mM isoflurane causes a larger decrease of 

nile-red fluorescence anisotropy in erythrocyte ghosts than 52.2 mM of ethanol, which is 

three times the legal limit of blood alcohol level. Our results paint a consistent picture that 

isoflurane at clinical concentrations causes significant and immediate increase of 

membrane fluidity in a wide range of membrane systems. 

4.2 Introduction 

General anesthetics have been in clinical use for over 150 years. Despite over a 

century of studies, their molecular mechanisms remain unknown. There have been several 

hypotheses over the past century that try to explain the mechanism of action. The earliest 

hypothesis was based on the Meyer-Overton correlation discovered during the turn of the 

twentieth century. According to the correlation, the potency of general anesthetic 

molecules is linearly proportional to their olive oil/gas partition coefficient  [56]. This led 

to the classical lipid hypothesis that once sufficient quantities of anesthetic agents have 
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dissolved in a lipid membrane; they disrupt the normal functioning of the membrane by an 

unknown mechanism and induce anesthesia  [57]. This was further supported by the critical 

volume hypothesis developed by Miller and Smith in 1973. According to their hypothesis, 

the bigger the volume occupied by an anesthetic molecule inside the bilayer, the more it 

distorts the membrane and its various functions and therefore the greater the effect  [58]. 

The critical volume hypothesis also explained the pressure reversal of anesthesia in which 

an increase of hydrostatic pressure will either reverse or decrease the effects of general 

anesthesia  [59]. 

In the 1980s, Franks and Lieb proposed a protein hypothesis that anesthetic agents 

bind to the amphiphilic pockets of sensitive proteins in the central nervous system  [60]. 

Their hypothesis was based on the fact that luciferase and cytochrome P450 are completely 

inhibited by various anesthetics at clinical concentration in the absence of lipids  [61,62]. 

Since then, several other proteins have been identified that are similarly inhibited in the 

absence of lipids  [63,64]. Nevertheless, luciferase does not exhibit the pressure reversal of 

anesthesia due to increased pressure and it remains to be seen whether other proteins can 

exhibit the pressure reversal of anesthesia in the absence of lipids  [65]. Also, the specific 

interaction or the active site between proteins and anesthetic agents that leads to the 

inhibition of the aforementioned proteins remains ambiguous  [66]. Further, given the 

literal thousands of membrane proteins each with different binding sites and the wide 

chemical variety of anesthetic agents, protein theories would have to account for 

exponential number of interactions  [67]. 

In mid to late 1990s, Cantor provided a modern version of the lipid hypothesis using 

lattice statistical thermodynamics. This is the first hypothesis that provided a truly 

mechanistic and thermodynamic description of anesthetic actions instead of a correlation 

of potency with structural or thermodynamic properties. He showed that the addition of 

amphiphile solutes in a membrane increases the lateral pressure at the aqueous interface 

while decreasing the lateral pressure in the hydrophobic core  [68]. His hypothesis 

predicted both the alkanol cutoff, which is the reduction of anesthetic potency with an 
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increase in the chain length of n-alkanol, and the anomalously low anesthetic potencies of 

strongly hydrophobic molecules such as perfluorocarbons  [69,70]. This hypothesis is 

further supported by the myriad of proteins such as voltage-dependent K+ channel, that are 

regulated by the mechanical state of the membrane  [71]. The biggest challenge to the 

modern lipid hypothesis is to measure the changes in lateral pressure profiles due to the 

injection of anesthetic molecules in lipid bilayers. There have been several molecular 

dynamics simulations that have measured pressure profiles for various lipid systems, but 

no direct experimental measurement exists  [72]. 

To precisely understand the mechanism of action of anesthetics, we should analyze 

how different properties of the lipid bilayer such as phase transition temperature and 

fluidity are affected by the addition of anesthetic agents. Trudell et al. has shown the 

decrease in the phase transition temperature of pure and mixed DPPC and DMPC bilayers 

at clinical concentration of anesthetics  [73]. But debate continues on whether anesthetic 

agents have any effects on membrane fluidity at clinically relevant concentrations. Norman 

et al. have shown the increase in the fluidity of erythrocyte ghosts at clinical concentration 

of several anesthetic agents  [74]. Recently, Herold et al. on the other hand, showed no 

changes in the membrane fluidity after adding various general anesthetics in model lipid 

systems at clinically relevant concentration. They concluded that clinical concentration of 

general anesthetics does not alter bilayer properties sufficiently to produce meaningful 

changes in ion channel function  [75]. This and many other discrepancies in the literature 

regarding the changes in membrane fluidity due to anesthetic agents has been a challenging 

roadblock for developing a proper action mechanism of anesthetics. 

Another pharmacological effect caused by volatile anesthetic agents has received 

attention in recent years: Work by several groups suggested that the blood-brain barrier 

(BBB) may be compromised under anesthesia with isoflurane or similar volatile agents, 

resulting in enhanced permeability  [76–78], and possibly adverse clinical effects like 

postoperative delirium  [79]. The BBB is formed by an endothelial monolayer in brain 

microvessels and plays a crucial role in maintaining the homeostasis of brain tissue  [80]. 
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It is characterized by very high trans endothelial electrical resistance (TEER)  [81], creating 

a diffusion barrier for hydrophilic molecules and macromolecules. The endothelial cells 

are connected by complex tight junctions. Therefore, structurally the BBB may be viewed 

as two lipid bilayers in series, consisting of the luminal and abluminal plasma membranes 

of endothelial cells, which are separated by about 0.3 µm of endothelial cytosol. If 

anesthetic gases at clinical concentrations change the fluidity of lipid bilayers, it is 

conceivable that this will also have consequences on membrane permeability. 

In most studies, a common shortcoming is that the concentrations of anesthetic 

drugs used were far above the clinical level, and the results may not be clinically relevant. 

In this study, we measured the changes of membrane fluidity at clinical concentration of 

isoflurane in four very different membrane systems (erythrocyte ghosts, a 5-lipid mixture 

that mimics brain endothelial cell membrane, POPC/Chol, and pure DPPC). We found that 

fluorescence anisotropies of DPH-PC, TMA-PC, and nile-red decrease and the 

excimer/monomer (E/M) ratio of dipyrene-PC increases after the addition of isoflurane. 

Our data clearly indicate an increase of membrane fluidity at clinical concentration of 

isoflurane in a wide range of lipid membranes. In addition, it appears that isoflurane is 

quite effective to loosen up highly ordered lipid domains with saturated lipids. More 

significantly, we found that the increase of membrane fluidity in erythrocyte ghosts by 1 

mM of isoflurane is greater than the increase caused by 52.2 mM of ethanol, which 

corresponds to three times the legal limit of blood alcohol concentration of 0.08 

percent  [82]. This systematic study clearly demonstrates the effect of clinical 

concentration of isoflurane on membrane fluidity and helps us to resolve the discrepancies 

mentioned earlier. 

4.3 Materials and Methods 

4.3.1 Materials 

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

glycero-3-phosphocholine (POPC), 1-palmitoyl-2-oleoyl-sn-glycero-3-
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phosphoethanolamine (POPE), 1-palmitoyl-2-oleoyl-sn-glycero-3-phospho-L-serine 

(POPS), and brain sphingomyelin (BSM) were purchased from Avanti Polar Lipids 

(Alabaster, AL) and cholesterol form Nu Chek Prep (Elysian, MN). 2-(3-

(diphenylhexatrienyl) propanoyl)-1-hexadecanoyl-sn-glycero-3-phosphocholine (DPH-

PC) and 1,2-bis-(1-pyrenedecanoyl)-sn-glycero-3-phosphocholine (dipyrene-PC) were 

obtained from Molecular Probes (Eugene, OR). N, N, N-trimethyl-4-(6-phenyl-1,3,5-

hexatrien-1-yl)-benzenaminium, 4-methylbenzenesulfonae (TMA-DPH) was purchased 

from Cayman Chemical (Ann Arbor, MI). 9-diethylamino-5H-benzo[alpha]phenoxazine-

5-one (nile-red) was purchased from Thermo Fisher Scientific. The molarity of various 

phospholipid stocks was determined by phosphate assays  [83]. Packed human red blood 

cells (RBC) were obtained from Oklahoma Blood Institute. Isoflurane was purchased from 

Henry Schein Animal Health (Fort Worth, TX, USA). Phosphate buffered saline (PBS) of 

pH 7.4 was prepared by dissolving PBS tablets purchased from Sigma Life Science (St. 

Louis, MO) in deionized water (~18 MΩ). 

4.3.2 Preparation of Liposomes by Rapid Solvent Exchange method 

We prepared 3 model membrane systems, each with three different fluorescence 

probes, DPH-PC, nile-red and dipyrene-PC. The membrane systems are pure DPPC, 

POPC/Chol = 65/35, and a 5-lipid mixture (5-lipid) composed of 

BSM/POPC/POPS/POPE/Chol = 14.5/31/7.4/24.6/22.5. The 5-lipid mixture mimics the 

lipid composition of brain capillary endothelial cell membranes  [84]. The total 

concentration of various lipids in the nine samples was kept at 100 μM and the fluorescent-

probe:lipid ratio was kept at 1:500. Samples with fluorescent probes were prepared using 

the Rapid Solvent Exchange (RSE) method  [52]. First, lipids and the fluorescent probes 

were dissolved in 80-90 μL of chloroform. The solution was then heated to 50 °C for 1 min 

in a glass tube and then 1.3 mL of PBS at 50 °C was added. The mixture was then 

vigorously vortexed in the glass tube and the bulk solvent was removed by gradually 

reducing the pressure to ~3 cm of Hg using a home-built vacuum attachment. The 
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remaining trace chloroform was removed by vortexing for an additional 1 min at the same 

pressure. The liposomes were then sealed under argon. 

4.3.3 Preparation and Labeling of Erythrocyte Ghosts 

Packed RBC were used to prepare erythrocyte ghosts after minor modifications on 

a previously reported method  [85]. Briefly, 5 ml of packed RBCs were diluted 40 folds in 

PBS-EDTA (150 mM NaCl, 7.5 mM, NaPO4, 1 mM EDTA, pH 7.5) and centrifuged at 

800g for 5 minutes at 4 ⁰C. After centrifugation, the supernatant was carefully aspirated 

without disturbing the red blood cells in the bottom. The procedure was repeated 3 times 

until a clear supernatant was obtained. The red blood cells were then rapidly lysed by 40 

times dilution with ice cold hypotonic buffer solution (5 mM NaPO4, pH 7.5) and 

incubation in ice for 10 minutes. The mixture was then centrifuged using a JA14 rotor in a 

Beckman Avanti J-25 I Centrifuge at 22000g for 17 minutes with slow acceleration and 

deceleration at a temperature of 4 ⁰C. The supernatant was then aspirated until 

approximately 10-20 ml remained. The loose white erythrocyte ghost pellet was then 

separated from the darker pellet of underlying, unlysed cells containing contaminating 

enzymes by rotating the tube about its axis keeping the side containing the pellet on the 

top. The loose white ghosts easily slide down from the hard pellet. The hard pellet was then 

aspirated without disturbing the ghosts. The procedure was repeated 4-5 times until a clear 

supernatant was obtained with cream colored ghost pellets. The ghosts were then 

resuspended in 10 ml of hypotonic buffer solution with 0.02% sodium azide and stored at 

4 ⁰C until further use. 

For labeling erythrocyte ghost, 1/10th of 10X PBS buffer by volume was added to 

make the solution isotonic. Afterwards, the solution was resuspended vigorously and 

vortexed to mix and segregate clumps. Then, the solution was incubated for 1 hour at 37 

°C. The solution was then transferred to a quartz cuvette and PBS buffer was added to 

reach the final volume of either 2.88 mL or 2.25 mL in the cuvette. Erythrocyte ghosts 

were then labeled using a previously reported method  [86]. Appropriate amount of TMA-
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DPH or nile-red was added with a microliter syringe and the solution was incubated for 20 

min at 37 °C in the dark. 

4.3.4 Fluorescence Anisotropy 

Steady state fluorescence anisotropy (r) of DPH-PC, TMA-DPH and nile-red was 

measured with a Photon Technology International (PTI) C61/2000 spectrofluorimeter 

(Lawrenceville, NJ) using a T-mode single photon counting configuration. The excitation 

monochromator was set at 360 nm, 525 nm and 360 nm for DPH-PC, nile-red and TMA-

DPH respectively with 8-nm slit width. The emission fluorescence intensities were 

collected at 440 nm, 620 nm and 450 nm for DPH-PC, nile-red and TMA-DPH respectively 

with 8-nm slit width. The anisotropy r is defined as: 

 𝑟 =  
𝐼∥ − 𝐼⊥

𝐼∥ + 2𝑔𝐼⊥
 (4.28) 

where 𝐼∥ and 𝐼⊥ are emission intensities of parallel and perpendicular polarization, and 𝑔 is 

the 𝑔-factor associated with the relative sensitivity of the two emission channels and can 

be determined when the excitation polarization is set to perpendicular direction. Each 

anisotropy measurement took two minutes to complete. All the measurements were done 

in quartz cuvettes with a micro-magnetic stir bar at 37 °C. The final volume of the 

liposomes, PBS and aqueous isoflurane in the cuvette was kept at 3 mL. 

4.3.5 Excimer/Monomer ratio 

The excimer/monomer (E/M) ratio of dipyrene-PC was measured with a PTI 

C61/2000 spectrofluorimeter (Lawrenceville, NJ) using a T-mode single photon counting 

configuration. The excitation monochromator was set at 333 nm with 4-nm slit width. The 

emission intensities of pyrene monomer and excimer were collected simultaneously at 376 

nm and 470 nm with 8-nm slit width. The E/M ratio is defined as E/M = Ie/Im, where 𝐼𝑒 and 
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𝐼𝑚 are the fluorescent intensities of the excimer peak (470 nm) and the monomer peak (376 

nm) respectively. 

4.3.6 Measurement Protocol 

To prepare the saturated aqueous isoflurane solution, we first added 4 mL of PBS 

in a glass bottle with a micro-magnetic stir bar. Then 20-25 μL of 99.9% isoflurane was 

added and the bottle was sealed with a cap and parafilm. The solution was then stirred for 

12-18 hours at 21 °C to reach the maximum concentration of 25 mM isoflurane in PBS. 

About a half hour before the measurement, the sealed bottle was then heated to 37 °C while 

being stirred. The bottle was unsealed right before the proper amount of the solution was 

added to the cuvette. 

Liposome samples in cuvette were allowed to reach 37 °C before measurements. In 

order to establish stable initial values, we measured the anisotropy of DPH-PC, TMA-DPH, 

and nile-red five times and measured the excimer and monomer intensity of dipyrene-PC 

for 10 minutes. Then we added isoflurane to the samples at t=0. Each anisotropy 

measurement takes 2 minutes to complete. We measured the anisotropy five times during 

the first 10 minutes immediately after adding isoflurane and then 3 more measurements 

were done every 15 min, up to 1 hour. For the E/M ratio, we measured the fluorescence 

intensities continuously for 60 min immediately after adding isoflurane. Therapeutic 

concentration of 1 mM isoflurane which corresponds to 1.5 MAC of isoflurane in human 

was achieved by adding 0.12 mL of 25 mM aqueous isoflurane solution described 

earlier  [87]. Supratherapeutic (toxic) concentration of 5 mM was achieved by adding 0.75 

mL of 25 mM aqueous isoflurane. Again, the final volume in the cuvette was kept at 3 ml 

for all measurements and the cuvettes were sealed with a cap and parafilm for the duration 

of the measurements. Despite our effort to make the transfer of isoflurane solution to 

cuvettes as quickly as possible, small amount of isoflurane may escape as gas during the 

process. However, it should not affect our main conclusion that clinical concentrations of 
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isoflurane increase membrane fluidity, since the actual concentration of isoflurane in our 

samples may be even slightly lower than we claimed. 

4.4 Results and Discussion 

4.4.1 DPH-PC Anisotropy 

As shown in Fig. 4.1, there was a significant drop of the anisotropy of DPH-PC in 

the various lipid systems immediately after adding 1 mM or 5 mM isoflurane. This shows 

that the effects of isoflurane on various membranes are instantaneous when using aqueous 

isoflurane. Our procedure allows us to add isoflurane to the samples quickly and 

reproducibly. Fluorescence anisotropy of DPH-PC is often used to monitor changes in 

membrane order and fluidity  [88,89]. When a fluorescent molecule is excited by polarized 

light, its electric dipole is usually aligned with the direction of polarization.  During the 

fluorescence lifetime, typically in the order of a few nanoseconds, if the molecule rotates, 

the emission light would have a different polarization direction. Thus, a drop in fluorescent 

anisotropy indicates that the rotations of the molecules become faster, the membrane is 

more disordered, and membrane fluidity increases. The initial anisotropy values in all 

systems before adding isoflurane were quite stable with small standard deviations.  Fig. 4.1 

shows a recurring trend that after the initial sharp drop, the anisotropy slowly increases 

over the next 60 min. This could be due to several environmental factors. First, isoflurane 

could pass through the lipid bilayers and enter the interior of the liposomes thus reducing 

the isoflurane concentration. Second, some isoflurane could also evaporate out of the 

solution or bind to quartz cuvette surface thereby reducing the effects as well. Due to these 

factors, we only compare the initial anisotropy value to the average anisotropy for the first 

20 min after adding isoflurane. The results are summarized in Table 4.1. 
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Table 4.1: r0 is the anisotropy value before adding isoflurane, r20 is the average anisotropy for the first 20 

min after adding isoflurane. 

DPH-PC Anisotropy 

 r0 r20 % change 

DPPC 
1 mM 0.3118±0.0003 0.3078±0.0003 -1.3% 

5 mM 0.3084±0.0003 0.2521±0.0014 -18.3% 

POPC/ 
Chol 

1 mM 0.2280±0.0002 0.2262±0.0002 -0.8% 

5 mM 0.2275±0.0003 0.2201±0.0005 -3.3% 

5-lipid 
mixture 

1 mM 0.2372±0.0004 0.2337±0.0005 -1.5% 

5mM 0.2370±0.0008 0.2270±0.0005 -4.2% 

Another recurring trend evident in Fig. 4.1 is that DPPC bilayers show the greatest 

percentage change in anisotropy value due to isoflurane. While POPC/Chol and 5-lipid 

systems are similarly affected due to the presence of isoflurane, but to a lesser degree. The 

gel-fluid phase transition temperature for DPPC bilayer is 42 °C. At 37 °C, DPPC bilayers 

are in the tightly packed gel-phase. This indicates that isoflurane is very effective to loosen 

up highly ordered lipid domains with saturated lipids. A final recurring trend is similar 

changes in the anisotropies of POPC/Chol and 5-lipid systems. This indicates that both 

systems have similar properties, such as lipid order, membrane fluidity, etc. 
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Figure 4.1: DPH-PC fluorescence anisotropy in DPPC (A), POPC/Chol (B), and 5-lipid bilayers (C) with 1 

mM (red) and 5 mM (green) isoflurane. For some of the points, the standard deviation is actually smaller 

than the width of the line. 
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4.4.2 Nile-red Anisotropy 

Nile-red has been widely used to visualize cell membranes in fluorescence 

microscopy  [90]. The fluorescent properties of nile-red (anisotropy, emission spectrum, 

lifetime, etc.) are sensitive to the state of host membrane.  Therefore, it has been used to 

determine thermodynamic tie-lines in the liquid-ordered (Lo) and liquid-disordered (Ld) 

coexisting region of membrane phase diagrams  [91]. As shown in Fig. 4.2, there was also 

a significant drop of nile-red anisotropy in the three lipid systems due to 1 mM or 5 mM 

isoflurane. Nile-red anisotropy also exhibits similar trends displayed by DPH-PC 

anisotropy discussed earlier: After the initial sharp drop, anisotropy slowly increases over 

time. Therefore, we only compared the initial anisotropy to the average anisotropy for the 

first 20 min after adding isoflurane. These results are summarized in Table 4.2. 

Table 4.2: r0 is the anisotropy before adding isoflurane, r20 is the average anisotropy for the first 20 min 

after adding isoflurane. 

Nile-red Anisotropy 

 r0 r20 % change 

DPPC 
1 mM 0.2132±0.0014 0.2025±0.0012 -5.0% 

5 mM 0.2146±0.0015 0.1573±0.0048 -26.7% 

POPC/ 
Chol 

1 mM 0.1640±0.0004 0.1630±0.0002 -0.6% 

5 mM 0.1618±0.0006 0.1568±0.0005 -3.1% 

5-lipid 
mixture 

1 mM N/A N/A N/A 

5mM 0.1639±0.0006 0.1584±0.0003 -3.4% 

Again, as evident in Fig. 4.2, DPPC bilayer has the greatest percentage changes in 

anisotropy by isoflurane, and POPC/Chol and 5-lipid systems are similarly affected but to 

a lesser degree. This supports the assertion that isoflurane has a greater influence on the 

order of saturated lipid bilayers than on unsaturated lipid:cholesterol systems. The final 

trend can also be illustrated by comparing similar changes in the anisotropies of 

POPC/Chol and 5-lipid systems due to isoflurane. We found that nile-red is not sensitive 

enough to detect the change of fluorescence anisotropy in the 5-lipid system due to 1 mM 

isoflurane. However, as we saw in the previous section and will see in the next, anisotropy 
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of DPH-PC and the E/M ratio of dipyrene-PC do show that 1 mM isoflurane increases 

membrane fluidity in the 5-lipid system. 

 

Figure 4.2: Nile-red anisotropy in DPPC (A), POPC/Chol (B), and 5-lipid bilayer (C) with 1 mM (red) and 

5 mM (green) isoflurane. 
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4.4.3 Dipyrene-PC E/M Ratio 

Dipyrene-PC measurements are instrumental in verifying the assertions and trends 

discussed prior. Dipyrene-PC is an interesting fluorescence probe: It has a PC headgroup, 

and one pyrene group on each of its two acyl chains. Figure 3.3 shows the emission spectra 

of dipyrene-PC in DPPC bilayer before and after adding 5 mM isoflurane. If each pyrene 

group emits fluorescence independently (i.e., in the monomer formation), the emission 

spectrum has sharp peaks at 376 and 395 nm (two left sharp peaks in Fig. 4.3). However, 

if two pyrene groups form an excimer complex, its emission spectrum has a very broad 

peak centered at 470 nm (the right broad peak in Fig. 4.3).  As shown in Fig. 4.3, after 

adding isoflurane, the monomer peak intensities decreased significantly, but the excimer 

peak intensity increased. The E/M ratio is defined as the ratio of excimer emission intensity 

at 470 nm to monomer emission intensity at 376 nm. The E/M ratio of dipyrene-PC is 

sensitive to local molecular motion, membrane order and fluidity.  Dipyrene-PC has been 

used to detect cholesterol superlattice formation in lipid bilayers and to map out the ternary 

phase diagram of DPPC/DLPC/Cholesterol  [30,92,93]. When a membrane becomes more 

fluid or disordered, it facilitates the formation of pyrene excimers.  Thus, an increase in 

E/M ratio corresponds to an increase in membrane fluidity. Therefore, if there was a 

decrease of the fluorescence anisotropies of DPH-PC and nile-red, there should be a 

corresponding increase of the E/M ratio of dipyrene-PC. As shown in Fig. 4.4, there was a 

sharp jump of the E/M ratio for the various lipid systems directly after the addition of 1 

mM and 5 mM isoflurane. One important advantage of using dipyrene-PC is that it allows 

us to monitor fast changes of membrane fluidity. It takes two minutes for each anisotropy 

measurement, while E/M ratio of dipyrene-PC can be measured within a second. As shown 

in Fig. 4.4, the E/M ratio jumps instantaneously after adding isoflurane. Thus, it shows that 

isoflurane produces rapid changes (within seconds) in membrane fluidity even at clinical 

concentrations. As observed earlier with fluorescence anisotropy, the E/M ratio gradually 

declines over the time, after the initial jump. Because of this, we only compared the initial 

E/M ratio to the average of the E/M ratio for the 20 min after the addition of isoflurane. 

These results are summarized in Table 4.3. 
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Table 4.3: E/M0 is the average intensity ratio before adding isoflurane, E/M20 is the average ratio for the 

first 20 min after adding isoflurane. 

Dipyrene-PC E/M ratio 

 E/M0 E/M20 % change 

DPPC 
1 mM 0.6196±0.0013 0.7721±0.0025 +24.6% 

5 mM 0.6372±0.0025 1.3484±0.0282 +111.6% 

POPC/ 
Chol 

1 mM 1.1224±0.0033 1.1892±0.0033 +5.9% 

5 mM 1.1195±0.0038 1.3900±0.0067 +24.2% 

5-lipid 
mixture 

1 mM 1.5254±0.0043 1.6065±0.0052 +5.3% 

5mM 1.5409±0.0046 1.9600±0.0150 +27.2% 

 

 

Figure 4.3: The fluorescence emission spectrum of dipyrene-PC in DPPC bilayer before and after adding 5 

mM isoflurane. 
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Figure 4.4: The dipyrene-PC excimer/monomer (E/M) ratio jumps in DPPC (A), POPC/Chol (B), and  5-

lipid (C) bilayers after adding 1 mM (red) and 5 mM (green) isoflurane. Isoflurane was added at t = 0. 
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Again, the greatest effect due to isoflurane is seen in DPPC bilayers. 1 mM 

isoflurane increased the E/M ratio by almost 25% and 5-mM isoflurane increased the ratio 

by over 111% in DPPC bilayer. Therefore, isoflurane strongly affects lipid bilayers with 

saturated lipids.  Our result supports the previous findings that anesthetic drugs target 

"lipid-raft" domains containing high cholesterol and saturated lipids  [68,94] and that 

isoflurane alters brain vascular endothelial cells and increases blood-brain barrier (BBB) 

permeability  [79]. The comparable changes in the E/M ratio for POPC/Chol and 5-lipid 

system due to 1 mM and 5 mM isoflurane are indicative of their similar bulk properties 

such as lipid order, membrane fluidity, etc. Thus, instead of using a more complicated 

system, POPC/Chol lipid bilayer could be used to mimic the lipid bilayer responses to 

isoflurane. This can drastically reduce the complexities in molecular dynamics simulations, 

experiments and various other studies of the lipid bilayer. The data from all three 

fluorescence probes, DPH-PC, nile-red, and dipyrene-PC, show a consistent result that 

isoflurane increased membrane fluidity at clinical concentrations. Comparing Tables 4.1-

4.3, among the three fluorescence probes, the E/M ratio of dipyrene-PC has the highest 

signal/noise (S/N) ratio, and it also shows the largest percentage changes due to isoflurane. 

4.4.4 Erythrocyte Ghost 

In addition to the three model membrane systems, we also measured the effect of 

isoflurane on erythrocyte ghosts. Figure 4.5 shows the anisotropy changes of TMA-DPH 

and nile-red in erythrocyte ghost due to 1 mM and 5 mM isoflurane. It is not possible to 

label erythrocyte ghost with DPH-PC or dipyrene-PC, because these probes are essentially 

insoluble in water or DMSO.  As a control, we compared TMA-DPH and DPH-PC on 

DPPC membranes and found that these two probes show similar anisotropy changes in 

DPPC bilayer by isoflurane (data not shown). In order to judge how much membrane 

fluidity is changed by isoflurane at clinical concentrations, we measured the nile-red 

anisotropy change in erythrocyte ghost caused by 52.2 mM of ethanol, which corresponds 

to three times the legal limit of blood alcohol content (0.24 %)  [82]. Again, we compared 

the initial anisotropy to the average anisotropy for the first 20 min after the addition of 
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isoflurane or ethanol. The results are summarized in Table 4.4. Figure 4.5 and Table 4.4 

clearly demonstrate that isoflurane not only increases membrane fluidity in relatively 

simple model membranes, but also produces the same decreases in compositionally more 

complex cell membranes. Comparing Tables 4.1, 4.2 and 4.4, the initial anisotropy values 

and percentages of decrease caused by isoflurane in erythrocyte ghost are more similar to 

that in the POPC/Chol and 5-lipid membranes than that in DPPC membrane. More 

interestingly, Fig. 4.5 also shows that 1mM isoflurane causes a larger decrease of nile-red 

anisotropy in erythrocyte ghosts than 52.2 mM ethanol. The pharmacological actions of 

ethanol are complex, with profound effects on the central nervous system being mediated 

by specific receptor interactions, most prominently on GABAA receptors  [95]. However, 

there is also longstanding evidence for the effects of alcohol on lipid membranes  [96]. In 

this respect, our present results are consistent with earlier reports that the concentration of 

ethanol required to shift the phase transition of lipids is much higher than the 

concentrations of general anesthetics like halothane  [97]. Further, Chin and Goldstein have 

shown that low concentration (20 - 40 mM) of ethanol reduces the order parameter of spin-

labels in erythrocytes and brain membranes  [98]. This effect is stronger in the hydrophobic 

core of the bilayer than near the surface  [99]. Like isoflurane, the exact mechanism by 

which ethanol fluidizes biomembranes is still unknown. On the other hand, Akers et al. 

showed that ethanol reduces fluorescence lifetimes of many fluorescence probes, which 

has an effect of increasing the observed anisotropy values  [100]. Furthermore, ethanol also 

shifts the excitation and emission spectra of nile-red  [101]. Although we do not have 

enough information to conclude that 1 mM isoflurane is more effective than 52.2 mM 

ethanol in increasing membrane fluidity, our data do show that the membrane fluidity 

increases caused by clinical concentrations of isoflurane in biomembranes are meaningful 

and significant. 
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Table 4.4: r0 is the anisotropy value before adding isoflurane or ethanol, r20 is the average anisotropy for 

the first 20 min after adding isoflurane or ethanol. The final ethanol concentration in the sample was 52.2 

mM (0.24 %). 

Erythrocyte Ghost 

 r0 r20 % change 

TMA- 
DPH 

1 mM 0.2678±0.0006 0.2632±0.0004 -1.7% 

5 mM 0.2765±0.0011 0.2693±0.0008 -2.6% 

Nile- 
red 

1 mM 0.2054±0.0008 0.1986±0.0004 -3.3% 

5 mM 0.2000±0.0008 0.1884±0.0007 -5.8% 

Ethanol 0.1997±0.0005 0.1957±0.0001 -2.0% 

 

Figure 4.5: TMA-DPH anisotropy (A), and the normalized anisotropy of nile-red (B) drops in erythrocyte 

ghost after adding 1 mM (red), 5 mM (green) isoflurane, and 52.2 mM ethanol (blue). 
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4.4.5 Effect of Fluorescence Lifetime 

Fluorescence anisotropy of a membrane probe is not only affected by the rotation 

and lateral diffusion of the probe, but also by the fluorescence lifetimes of the probe.  The 

relationship between observed anisotropy, intrinsic anisotropy, rotational time constant, 

and fluorescence lifetime is given by the Perrin equation  [102]. The relationship can be 

understood qualitatively as following: if the average fluorescence lifetime becomes longer, 

the fluorescence molecules would have more time to rotate before the emission, which 

would result in a lower fluorescence anisotropy even if the rotational motions of the 

molecules remain the same. An interesting question is that what causes the fluorescence 

anisotropy decreases in our measurements? Akers et al found that the in vivo fluorescence 

lifetimes of many fluorescence probes at the presence of isoflurane are similar to the 

corresponding lifetimes in aqueous albumin solutions without isoflurane  [100].  Their data 

seems to suggest that the lifetimes of probes are far more sensitive to the local biophysical 

environment (i.e., the types of mouse tissues or solvents used) than the presence of 

isoflurane.  Interestingly, membrane fluidity does have measurable effect on the lifetime 

of fluorescence probes. Kalb et al. found that the lifetime of DPH in POPC bilayer becomes 

longer as cholesterol is added to the bilayer, which is known to decrease membrane 

fluidity  [103]. Barrow and Lentz reported that the lifetime of DPH probes in DPPC lipid 

bilayer becomes shorter as DPPC going through a phase transition from the gel phase to 

the fluid phase  [104]. On the other hand, fluorescence anisotropy of DPH is significantly 

lower in DPPC fluid phase  [89].  Thus, as membrane fluidity increases, the decrease of 

DPH anisotropy is caused by the faster rotational motion of DPH probes, which overcomes 

the opposite effect of shorter fluorescence lifetime.  Likewise, the decreases of 

fluorescence anisotropies of DPH-PC and nile-red in our experiments are caused by the 

increase of probe rotation rates after the addition of isoflurane. 

The fluorescence lifetimes of DPH-PC and nile-red are quite typical, less than 9 

ns. However, pyrene probe has an unusually long fluorescence lifetime (>100 ns).  Due to 

such long lifetime, the E/M ratio of dipyrene-PC mainly reflects the fluidity of the host 
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membrane  [105].  The large increases of E/M ratio after the addition of isoflurane (Fig. 

4.4) also support our assertion that the decreases of DPH-PC and nile-red anisotropies in 

our measurements are due to the increase of membrane fluidity. 

4.4.6 Effect of Bilayer Phase Transition 

Previously, it has been found that high concentration of isoflurane (8 mM - 25 mM) 

can reduce the free energy needed for a gel-fluid phase transition, thereby reducing the 

phase transition temperature of DPPC bilayer, which would then increase the membrane 

fluidity at lower temperatures  [89]. But 1 mM isoflurane has no significant impact on the 

phase transition temperature of DPPC as shown by Nelson et al.  [89]. Consequently, the 

significant increases in the fluidity of DPPC bilayer as shown in Figs. 4.1-4.4 and Tables 

4.1-4.3 are not related to the phase transition of the system. The POPC/Chol and 5-lipid 

systems do not have a gel-fluid phase transition due to their high POPC and cholesterol 

mole fractions. Also, the low initial anisotropy values of the two systems (Table 4.1-4.3) 

confirm that both systems are in the fluid phase at 37 °C. Thus, the changes of fluorescence 

anisotropy we observed are indeed due to membrane fluidity increase caused by isoflurane. 

These results elucidate a fact that isoflurane increases membrane fluidity by a hereto 

unknown mechanism and not by simply reducing the phase transition temperature. 

4.4.7 Location of Structure Change within Lipid Membrane 

The location of the various fluorescence probes within lipid bilayers and how they 

are affected by isoflurane can give us insights regarding the effects of isoflurane on the 

bilayers. Using MD simulation, Arcario et al. found that the potential mean force of 

isoflurane has an energy minimum at the level of the glycerol backbone in POPC 

bilayer  [106]. Dipyrene-PC probe is located deep in the hydrophobic core of bilayers. Nile-

red, due to its high solubility in water, could be located closer to bilayer-aqueous interface. 

From Figures 4.2 and 4.3, it is apparent that systems with dipyrene-PC are more affected 

by the addition of isoflurane than the systems with nile-red. The data suggests that 
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isoflurane not only affects bilayer-aqueous interfacial region, but also significantly alter 

the structure of hydrophobic core of lipid bilayers. 

4.5 Conclusion 

In this study, four fluorescent probes are used to measure the effects of isoflurane 

on membrane fluidity in some very different membrane systems, from simple one-

component DPPC model membrane to erythrocyte ghost. Our results have definitively 

shown that isoflurane at clinical concentrations is indeed capable of significantly increasing 

membrane fluidity. Isoflurane is shown to be particularly effective to loosen up highly 

ordered lipid domains with saturated lipids. It is likely that isoflurane is also effective to 

increase the permeability of blood-brain barrier. Furthermore, we have shown that 1 mM 

of isoflurane causes a larger decrease of nile-red fluorescence anisotropy in erythrocyte 

ghost membrane than 52.2 mM of ethanol, which is three times the legal limit of blood 

alcohol content. This is a surprising result and more investigation is needed to properly 

interpret the data. Also, we have a consistent methodology for adding isoflurane to the lipid 

bilayers, which yielded high S/N ratio in our measurements. Our results show that the 

effects of isoflurane at clinical concentrations on various membranes are meaningful and 

significant. This study would stimulate further experiments into physicochemical 

consequences of altered membranes, such as changes in membrane permeability to various 

solutes. Collectively, these studies will help us in unearthing the true mechanism of action 

of general anesthesia. 
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CHAPTER V 

5. SUPERSATURATION OF STEROLS 

5.1 Abstract 

In this study, we use light scattering to determine the solubility of ergosterol and 

stigmasterol in pure DOPC and DPPC lipid bilayers. We find that the solubility limit of 

ergosterol is ~15% and ~55% in pure DOPC and DPPC bilayers respectively. And, the 

solubility limit of stigmasterol is ~22% and ~42% in pure DOPC and DPPC bilayers 

respectively. As opposed to cholesterol where acyl chain variations have no impact on the 

cholesterol solubility limit, the low solubilities of ergosterol and stigmasterol show that 

minor differences in the alkyl tails can have a significant impact on the solubility limits. 

During our work, we discovered that ergosterol and stigmasterol can become 

supersaturated within the lipid bilayer in the absence of primary nucleation sites. We also 

investigated the effect the presence of cholesterol in the lipid bilayer has on the solubility 

limit of ergosterol and cholesterol. We found that 5-10% cholesterol has no significant 

impact on ergosterol solubility in DOPC bilayer. But 10% cholesterol in DOPC bilayer and 

15% cholesterol in DPPC bilayers significantly reduced the stigmasterol solubilities in 

these bilayers. This shows that the interactions between ergosterol and cholesterol are much 

more favorable than those between stigmasterol and cholesterol. 

5.2 Introduction 

Sterols are a major component in the cell membrane of eukaryotic cells. Cell 

membranes in animals contain cholesterol, plants have stigmasterol and fungi and 

protozoans have ergosterol. The solubility limit of sterol determines the maximum mole 

fraction of sterols that can be incorporated in a lipid bilayer before the precipitation of 

sterol crystals. Recently, it has been reported that ergosterol and stigmasterol have a much 

lower solubility than cholesterol in lipid bilayers. 
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Throughout the course of this study, we used Rapid Solvent Exchange for vesicle 

formation and determined the solubility limits by light scattering. We first show that 

maximum solubility limit of cholesterol obtained from light-scattering is virtually the same 

as the one obtained by X-ray diffraction of vesicles formed by rapid solvent exchange [26]. 

Thus, validating our technique and forthcoming results. Second, we provide conclusive 

evidence of supersaturation of ergosterol and stigmasterol in pure DOPC and DPPC lipid 

bilayers. We then present a new protocol for minimizing supersaturation of sterols and its 

effect on solubility limits. This new protocol used in conjecture with light-scattering of 

vesicles formed by rapid solvent exchange allowed us to determine the maximum 

solubilities of ergosterol and stigmasterol in DOPC and DPPC bilayer to within 2mol%. 

Finally, we examined the relation between cholesterol and aforementioned sterols and 

found that the interactions of ergosterol and cholesterol are much more favorable than those 

of stigmasterol and cholesterol. 

5.3 Materials and Methods 

5.3.1 Materials 

1,2-dipalmitoyl-sn-glycero-3-phosphocholine (DPPC), 1, 2-dioleoyl-sn-glycero-3-

phosphocholine (DOPC), cholesterol, ergosterol, and stigmasterol were purchased from 

Avanti Polar Lipids (Alabaster, AL). The molarity of various phospholipid stocks was 

determined by phosphate assays [83]. Aqueous RSE buffer (5 mM PIPES, 50 mM KCl, 1 

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

filtered through a 0.1 µm filter before use. 

5.3.2 Liposome Preparation by Rapid Solvent Exchange 

The total concentration of various lipids and sterols in all samples was kept at 100 

μM. Each sets of samples were prepared containing one type of lipid and one type of sterol 

with gradually increasing the sterol concentration in each sample. Liposomes samples were 

prepared using the Rapid Solvent Exchange (RSE) method  [52]. First, lipids and sterols 
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were dissolved in 80-90 μL of chloroform. The solution was then heated to 50 °C for 1 min 

in a glass tube and then 1.3 mL of PBS at 50 °C was added. The mixture was then 

vigorously vortexed in the glass tube and the bulk solvent was removed by gradually 

reducing the pressure to ~3 cm of Hg using a home-built vacuum attachment. The 

remaining trace chloroform was removed by vortexing for an additional 1 min at the same 

pressure. The liposomes were sealed under argon. Then, the samples were incubated on a 

shaker for 7 days before being used. 

5.3.3 Light Scattering 

Ninety-degree light scattering was measured using a PTI spectrofluorometer. The 

incident beam was set at 550 nm with a 2-nm slit width. To avoid detector saturation, the 

90° scattering light was collected with the detection monochromators set at 6 nm higher 

than the incident wavelength. The diameter of the illumination beam in the cuvette was 

narrowed down to ~2 mm by adjusting the focus lens. Two milliliters of 100 µM sterol/lipid 

suspension was added to the cuvette with a Teflon coated magnetic stir bar. Determination 

of X* sterol by light scattering exploits the differences in size, structure, and refractive 

index between sterol crystals and bilayer vesicles. As sterol crystals enter or leave the 

narrow illumination beam due to stirring, fluctuations were introduced in the scattering 

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

mode at a rate of 10 data points per second for a total of 120 s. 

5.3.4 Crystals Protocol 

Sterol crystals were prepared by using 100 µM of ergosterol or stigmasterol in RSE 

procedure mentioned above. The solution was incubated for at least a day before being 

used. After the incubation, the crystal solution was vigorously vortexed by hand for 5-10 

sec and then sonicated in a water bath for 2-3 sec. Then 20 µL or 1 mol% of the appropriate 

crystal solution was added to each sample of a set. 
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5.4 Results and Discussion 

5.4.1 Anti-Correlation 

Huang et al. has shown that the maximum solubility limit of cholesterol in saturated 

and unsaturated PC lipid bilayers, 𝛸𝑐ℎ𝑜𝑙
∗ = 0.66  [26]. Recently, it was reported that the 

maximum solubilities of ergosterol and stigmasterol in DOPC:DPPC:sterol bilayers is 

much lower than that of cholesterol [6]. These low solubilities are a result of subtle 

differences in the molecular structure of ergosterol and stigmasterol as shown in Fig. 5.1. 

 

Figure 5.1: Structures of cholesterol, stigmasterol and ergosterol with structural differences highlighted in 

grey 

In this study, we investigate the maximum solubilities of ergosterol and stigmasterol in 

pure DOPC and DPPC bilayers. This data will help to clarify the effects of acyl chain 

interactions of sterols and lipids on the chemical potential of ergosterol and stigmasterol. 

The samples are prepared with varying concentrations of lipids and sterols using 

RSE [51]. Beyond the maximum solubility, sterol molecules precipitates out of the lipid 

bilayer and form crystals to minimize the free energy [27]. The presence of sterol crystals 

is detected by using 90° light-scattering. The differences in size, structure and refractive 

index of sterol crystal and liposomes are utilized to determine the maximum solubility, 

𝛸𝑠𝑡𝑒𝑟𝑜𝑙
∗ . The average intensity of the light scattered by liposomes with sterol concentration 

below 𝛸𝑠𝑡𝑒𝑟𝑜𝑙
∗  is very similar throughout the measurement as shown in Fig 5.2. But beyond 

the 𝛸𝑠𝑡𝑒𝑟𝑜𝑙
∗ , presence of crystals creates fluctuations in the scattering intensities as shown 

in Fig. 5.3. 
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Now, we introduce a function to measure the anti-correlation (A.C.) of the scattered 

intensities between the two detectors 

 𝐴. 𝐶. =  ∑ [(𝐼1(𝑡) ∗
𝐼2𝐴𝑉

𝐼1𝐴𝑉
) − 𝐼2(𝑡)]

2

 (5.29) 

where 𝐼1(𝑡) and 𝐼2(𝑡) are the intensities from the two detectors. And, 𝐼1𝐴𝑉 and 𝐼2𝐴𝑉 are the 

average intensities over 120 seconds from the two detectors. 

The anti-correlation of samples will be low for sterol concentration below the 

solubility limit. But as the sterol concentration increases past the solubility limit, the 

presence of sterol crystal will produce deviations in the scattered intensities. These 

deviations will then increase the anti-correlation. Thus, we can determine the maximum 

solubility limit by pinpointing the sudden increase in the anti-correlation. This method was 

verified by measuring the maximum solubility of cholesterol in DOPC bilayer. As we can 

see in Fig 5.4, 𝛸𝑐ℎ𝑜𝑙
∗ = 0.66 is obtained which is in agreement with the previously reported 

value [26]. Therefore, light scattering is a valid method for detecting solubility limits. 
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Figure 5.2: Light scattering intensity of DPPC:Ergosterol lipid bilayer with 50% ergosterol. 

 

Figure 5.3: Light scattering intensity of DPPC:Ergosterol lipid bilayer with 62% ergosterol. 
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Figure 5.4: Anti-correlation of DOPC:Cholesterol lipid bilayer. The black arrow indicates the maximum 

solubility.  

5.4.2 Supersaturation 

The maximum solubility of ergosterol and stigmasterol in DOPC and DPPC 

bilayers were determined by using light scattering. Light Scattering was performed on 3 

sets of samples for each mixture of sterol and lipid. Each set started with a low 

concentration of sterol and the concentration was gradually increased by 2 mol% to beyond 

the maximum solubility. The total concentration of lipids and sterol was kept at 100 μM 

for each sample.  

We first performed light scattering on DOPC-ergosterol lipid bilayers. But, the 

solubility measurement for ergosterol is not as straight forward as it was for cholesterol. 

Fig. 5.5 shows multiple points where there are dramatic shifts in the anti-correlation which 

makes it harder to determine the solubility limit. E.g., point 1 in Fig 5.5 shows a significant 

rise in the anti-correlation indicative of presence of crystals. But immediately afterwards, 

the anti-correlation drops near to earlier levels which shows an absence of crystals. Then, 

once again there is a dramatic increase in the anti-correlation after point 2. From this, it is 
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very hard to conclude whether the solubility is at point 1 or at point 2. A second 

measurement on a different set also has a similar outcome. Point 3 & 4 in Fig 5.5 belong 

to a different set of samples. But, once again there are dramatic ups and downs in anti-

correlation values at these points which makes it difficult to obtain the solubility limit. 

 

Figure 5.5: Ergosterol solubility in DOPC bilayer. 

 The same measurement was also done for DOPC-stigmasterol (Fig 5.6), DPPC-

ergosterol (Fig 5.7) and DPPC-stigmasterol (Fig 5.8). We found the same phenomenon 

mentioned earlier occurring throughout the measurements. Figures 5.6-5.8 shows various 

point where there are dramatic shifts in the anti-correlation values. A jump in the 

anticorrelation value indicates the presence of sterol crystals. On the other hand, a low anti-

correlation value suggests the absence of crystals.  Point 1 of Fig. 5.6 shows the presence 

of stigmasterol crystals. This implies that 𝛸𝑠𝑡𝑖𝑔
∗ = 0.23 for DPPC bilayers. However, the 

very next point shows that there are no crystals. The anti-correlation value then jumps again 

as shown by point 2 of Fig. 5.6 indicating that 𝛸𝑠𝑡𝑖𝑔
∗ = 0.27. But, once stigmasterol has 

reached maximum solubility at point 1, there is a sudden disappearance of sterol crystals 
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which then reappear at point 2. How can this be possible? This phenomenon is present in 

all measurements at various points shown in figures 5.5-5.8. 

 

Figure 5.6: Stigmasterol solubility in DOPC bilayer. 

 

Figure 5.7: Ergosterol solubility in DPPC bilayer. 
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Figure 5.8: Stigmasterol solubility in DPPC bilayer. 

 The disappearance or absence of sterol crystals can be explained by considering the 

absence of primary nucleation sites. Nucleation is a start of a new thermodynamic phase 

such as a solid, e.g. sterol or ice crystal. It has been shown that pure water will not freeze 

at 0° C, unless there are ice crystals already present [107]. Experiments have also shown 

that pure water can be supercooled to almost -48.3° C without it becoming solid [108]. 

Therefore, in a pure sample, it is possible that the absence of nucleation sites prevents 

ergosterol and stigmasterol from crystallizing and instead becomes supersaturated within 

the lipid bilayer. To test this, we added secondary nucleation sites in the form of 1 mol% 

ergosterol or stigmasterol crystals to each sample in accordance with the Crystals Protocol 

mentioned above. The results are displayed in Figures 5.9-5.12. 

As we can see form Fig. 5.9-5.12, after the addition of secondary nucleation sites 

the dramatic increase and decrease in the anti-correlation values disappear. This proves 
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sterols when using the dry-film method for vesicle formation. Therefore, supersaturation 

along with demixing of sterols can have a drastic impact on the measurements of solubility 

limit. 

 

Figure 5.9: Ergosterol solubility in DOPC bilayers with 1 mol% ergosterol crystals. The red arrow indicates 

maximum solubility of ergosterol, 𝛸𝑒𝑟𝑔𝑜
∗  
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Figure 5.10: Stigmasterol solubility in DOPC bilayers with 1 mol% stigmasterol crystals. The red arrow 

indicates maximum solubility of stigmasterol, 𝛸𝑠𝑡𝑖𝑔
∗  

 

Figure 5.11: Ergosterol solubility in DPPC bilayers with 1 mol% ergosterol crystals. The red arrow indicates 

maximum solubility of ergosterol, 𝛸𝑒𝑟𝑔𝑜
∗  
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Figure 5.12: Stigmasterol solubility in DPPC bilayers with 1 mol% stigmasterol crystals. The red arrow 

indicates maximum solubility of stigmasterol, 𝛸𝑠𝑡𝑖𝑔
∗  

5.4.3 Chemical Potential 

Maximum solubility limits for ergosterol and stigmasterol in pure DOPC and DPPC 

bilayer are summarized below in Table 5.1.  

Table 5.1: Solubility limits of various sterols in DOPC and DPPC bilayers. 

Maximum Solubilities, 𝜲𝒔𝒕𝒆𝒓𝒐𝒍
∗  

 Ergosterol Stigmasterol Cholesterol 

DOPC 0.15 ± 0.01 0.22 ± 0.01 0.66 ± 0.01 

DPPC 0.55 ± 0.01 0.41 ± 0.01 0.66 ± 0.01 

Comparing the various solubility limits of ergosterol and stigmasterol with that of 

cholesterol gives us an interesting picture on the how varied the interactions are between 

different sterols and lipid. Huang et al. has shown that the impact of acyl chains on the 

chemical potential of cholesterol, 𝜇𝑐ℎ𝑜𝑙, is negligible [26,27]. The same is not true for 

ergosterol and stigmasterol. The solubility limit of ergosterol in DOPC bilayer, 𝛸𝑒𝑟𝑔𝑜
∗ =

0.15. But it is 𝛸𝑒𝑟𝑔𝑜
∗ = 0.55 in DPPC bilayer. We can safely assume that the head groups 

had a negligible impact on the solubility limit as DOPC and DPPC have the same head 
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group. The only difference is in their degree of saturation of acyl chains. DPPC is a 

saturated lipid while DOPC is a poly-unsaturated lipid with a carbon double bond on both 

acyl chains. According to the umbrella model, unsaturated acyl chains of PC will occupy 

more space than saturated acyl chains due to their cis double bonds. Due to this decrease 

in available space, solubility limit of sterols will be lower in DOPC bilayer. The solubility 

limits in Table 5.1 also show that ergosterol has a higher solubility limit than stigmasterol 

in DPPC bilayers while the reverse is true for DOPC bilayers. This suggests that subtle 

differences in sterol structure has a significant impact on sterol-PC interaction. 

Addition of cholesterol to DOPC and DPPC bilayer has different impact on the 

solubility limits depending on the species of sterol. For ergosterol, addition of 5% and 10% 

cholesterol had virtually no impact on the solubility limit of ergosterol in DOPC bilayers 

as shown in Fig. 5.13. On the other hand, addition of 10% cholesterol to DOPC bilayer and 

15% cholesterol to DPPC bilayer significantly reduced the solubility limit of stigmasterol 

as shown in Fig. 5.14 and 5.15. This shows that the condensing effect of cholesterol on the 

lipid bilayer significantly increases the free energy cost of stigmasterol in lipid bilayer and 

thereby reducing the solubility limit. 
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Figure 5.13: Effect of 5% and 10% cholesterol on the solubility limit of ergosterol in DOPC bilayer. 

 

Figure 5.14: Effect of 10% cholesterol on the solubility limit of stigmasterol in DOPC bilayer. 
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Figure 5.15: Effect of 15% cholesterol on the solubility limit of stigmasterol in DPPC bilayer. 

5.5 Conclusion 

The results of this study reveal several peculiar solubility behaviors of ergosterol and 

stigmasterol in lipid bilayers. Ergosterol has a higher solubility limit in DPPC lipid bilayer 

while stigmasterol has a higher solubility in DOPC lipid bilayer. Therefore, minor 

conformational changes in the structure of sterol can have a huge impact on sterol-PC 

interactions. The lower solubility also indicates that ergosterol and stigmasterol do not pack 

the lipid bilayers as well as cholesterol. This can be tested by using fluorescence anisotropy 

and measuring the anisotropy values of PC:ergosterol, PC:stigmasterol and PC:cholesterol. 

The anisotropy values are directly correlated to the order parameter of the lipid bilayer.   

The measurements also revealed the unique phenomenon of supersaturation of sterols that 

is present for ergosterol and stigmasterol. Work from this study also sheds light on the 

favorability of interactions between cholesterol and ergosterol and stigmasterol. 
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CHAPTER VI 

6. CONCLUSION 

Throughout the course of the work presented in this dissertation, we have used 

many biophysical methods and various physical concepts to shed light on the physiological 

functions of the cell membrane. We have shown that anesthesia significantly increases cell 

membrane fluidity at clinical concentration. We have also provided evidence for a novel 

phenomenon of supersaturation of sterol that has thus far eluded notice. The conclusion 

drawn from all the data collected has enriched the field on membrane physics. Yet, there 

is more work to be done and more questions to be answered. 
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