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Abstract 

We employed deuterium nuclear magnetic resonance spectroscopy (2H-NMR) to 

investigate the effect of sterol structure on lipid membrane organization. Cholesterol is 

the major sterol component of mammalian cell plasma membranes. It strongly affects 

the properties of phospholipid membranes. For example, incorporating cholesterol in 

liquid crystalline membranes increases lipid acyl chain order, and induces the liquid 

ordered phase which is considered to have biological importance. We first measured the 

chain ordering in pure bilayers of 1-cholesterylhemisuccinoyl-2-palmitoyl(d31)-sn-

glycero-3-phosphocholine (CholPC), a sterol-modified phospholipid with a cholesterol 

moiety covalently attached to the phospholipid glycerol backbone in place of one of the 

lipid acyl chains. We then compared CholPC’s chain ordering with that of 1-palmitoyl-2-

palmitoyl-d31-sn-glycero-3-phosphocholine (DPPC-d31)/cholesterol and found that 

constrainded cholesterol’s ability to order adjacent acyl chains is greatly reduced.  

Several sterols, broadly similar in structure to cholesterol but with specific chemical 

modifications, are prevalent in plant or fungal cell plasma membranes. We used 2H-NMR 

to study the influence of sterol structure on its effectiveness in modifying the acyl chain 

order of a 1-palmitoyl(d31)-2-oleoyl-sn-glycero-3-phosphocholine (POPC-d31) 

membrane. Spectra of POPC-d31 multilamellar vesicles containing campesterol, β-

sitosterol, brassicasterol or stigmasterol were taken at 25oC for sterol concentrations up 

to 45 mol% and compared to previous observations obtained using cholesterol, 7-

dehydrocholesterol (7-DHC) or ergosterol. Among the sterol structural modifications we 

compared, the C22 double bond reduced the sterol’s ordering ability the most, followed 

by a C24 ethyl or methyl substituent. 

Finally we used 2H-NMR to study the effect of sterol structure on the propensity of 

sterols to induce phase separation in equimolar DPPC/POPC/sterol membranes 

containing 7-DHC, brassicasterol or stigmasterol. The results were compared to 

previous observations obtained for membranes containing cholesterol or ergosterol, 

which highlighted the significance of sterol structure on phase separation promoting 

properties. Such comparative studies are prerequisites to establishing the underlying 

principles of sterol/phospholipid interactions.    
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Chapter 1. Introduction 

1.1. Introduction 

Sterols are ubiquitous in the plasma membranes of eukaryotic cells and have 

important effects on both their structure and function. They serve as regulators of 

membrane fluidity and permeability and in certain situations, they affect membrane 

protein function [1]. It is therefore important to understand the nature of lipid-sterol 

interactions as they pertain to biological membranes.  

In this context, the principal effect of sterols on the organization of liquid 

crystalline membranes is that they can restrict the conformational freedom of the fatty 

acyl chains while maintaining translational freedom. These effects are due to sterols rigid 

structure and the manner in which they incorporate into the membrane. This implies that 

they are able to modulate the physical properties and the phase behavior of lipid 

bilayers.  

The physical state of biological membranes has been linked to various biological 

functions such as membrane signaling, sorting the membrane component, viral budding, 

biosynthetic and endocytotic trafficking [2], [3], [4] & [5]. 

The findings from a large number of studies have resulted in the gradual 

replacement of the initial notion of the cell membrane as a homogenous membrane 

matrix structure (the fluid mosaic model [6]) by the raft hypothesis. The raft hypothesis 

proposes that the distribution of lipid molecules in the membrane is not homogeneous 

resulting in lateral segregation of lipid domains having different phases [2] & [7]. The 

heterogeneity in the plane of the membrane confines the area in which membrane 

proteins can move and diffuse, thereby increasing their effective concentrations. In this 
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picture the functioning membrane proteins are confined to rafts instead of being 

distributed over the entire membrane.  

In the context of lipid phases, the identification of the liquid-ordered phase [8] has 

helped to explain the dynamics of raft formation. The liquid-ordered phase is a well-

packed and ordered arrangement of lipid molecules in the membrane with relatively fast 

lateral diffusion. Micro-domains in this phase can ‘float’ in the surrounding, usually liquid-

disordered, phase of the membrane. Such microdomains have been considered to be 

models for lipid rafts in the cell membrane. 

Sterols, in particular cholesterol, are molecules which can induce the above 

mentioned liquid-ordered phase. When incorporated into the lipid membrane, sterols 

affect various physical properties of the membrane such as permeability, lateral 

diffusion, the ordering/packing of lipids and formation or stabilization of the lipid domains. 

Although it is known that lipids and sterols interact in membranes mainly via van der 

Waals forces and hydrogen bonding, little is known about how these interactions affect 

the lipid phase state in bilayers.  

In this work we directly probe the relationship between sterol molecular structure 

and its effect on the ordering/packing of the membrane lipids. Investigating the 

biophysical properties, particularly the molecular interaction between phospholipids and 

sterol molecules in bilayer membranes, is of great importance not only for applications 

such as drug delivery but also for a fundamental understanding of the nature of 

biological membranes. The results of this work and the extensions which we have 

proposed could well be useful in determining which sterols would be most efficient in 

reducing the nefarious effects associated with certain lipid structures containing 

cholesterol, like low density lipoproteins (LDLs) in humans. 

1.2. Chapter Outline 

This chapter is devoted to the introduction to phospholipid-sterol interactions. We 

begin by reviewing membrane structure as well as lipid and sterol structure. We then 

briefly review the effect of sterols on membrane properties. The chapter finishes with a 
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literature review of research involving sterol-membrane mixtures that include the sterols 

considered in this thesis. 

1.3. Lipids and Model Membranes  

Cell membranes are quasi two-dimensional viscous liquids that play an important 

role in cell physiology. They regulate communication between cells and their 

surroundings by providing a selective barrier between the cell interior and the 

environment. They provide a permeable barrier which allows the cell to maintain 

chemical and electrical gradients between the cell interior and its surroundings. 

Biological membranes are composed of different lipid types (e.g. phospholipids, 

glycolipids, sterols), proteins, and other organic molecules (e.g. antioxidants like vitamin 

E) which affect various membrane properties like fluidity and thickness [9]. Lipids are the 

main constituents of biological membranes, on a molar basis. 

 

Figure 1-1:  Chemical structure of 1-palmitoyl-2-oleoyl-sn-glycero-3-
phosphatidylcholine (POPC) 

Lipids are a group of naturally occurring amphiphilic molecules, i.e. they have 

both a polar part and a hydrophobic part. In this work we study a subgroup of lipids 

called phospholipids. Phospholipids are a major component of all cell membranes as 

they can form lipid bilayers. The chemical structure of a phospholipid can be described 

in terms of a polar head-group with two non-polar hydrocarbon chains attached to a 

glycerol backbone. The hydrophilic head-group contains a negatively charged phosphate 

group and typically a polar group, while the hydrophobic tail usually consists of two long 

fatty acid hydrocarbon chains. For example the chemical structure of the phospholipid 

POPC is shown in Figure  1-1. 
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1.3.1. Membranes: aggregate formation and phase transition 

Because of their amphiphilic nature, lipid molecules in an aqueous environment 

self-assemble into various molecular aggregates such that their free energy is reduced. 

The driving force in this case is entropic and the aggregated structures include micelles, 

vesicles (liposomes), monolayers and bilayers (Figure  1-2). These aggregates have in 

general a hydrophobic core shielded by the polar head-groups in order to avoid 

unfavorable contacts between polar and hydrophobic groups. The size and shape of the 

aggregates depend on the characteristics of the molecules which form them. These 

characteristics include the optimal head-group area, chain volume, and chain length.  

The lipid bilayer is the most important structure in relation to biological 

membranes. Intermolecular interactions in this bilayer include the van der Waals 

attraction of the tails of the lipid molecule, and electrostatic and hydrogen bond attraction 

between the lipid polar head groups and the solvent water. The cooperative action of 

lipid molecules with long tails to reach a minimum energy configuration leads to the 

formation and maintenance of the bilayer structure. 

The bilayer structure primarily depends on the physiochemical properties of the 

lipid constituents, their differential interactions and, accordingly, the miscibility of the 

components. Additional molecules incorporated into the lipid bilayer, such as various 

membrane active sterols and proteins, can affect those interactions and therefore modify 

the membrane structure [7]. 

Single component lipid bilayer membranes undergo a phase transition known as 

the main phase transition. This is a transition between a gel or solid-ordered phase and 

a liquid crystalline or liquid-disordered phase. The solid-ordered phase is a quasi 2D 

solid phase in which the lipid acyl chains are rigid, with only (~1.5) gauche bonds. The 

liquid-disordered phase is a liquid phase in which the lipid molecules can diffuse laterally 

in the plane of the bilayers. The area per lipid acyl chain in the liquid-disordered phase is 

about 50% greater than in the solid-ordered phase resulting in a reduction of acyl chain 

length and therefore bilayer thickness. This is due to the induction of additional gauche 

bonds in the lipid acyl chain; this phenomenon is known as chain melting. 
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The main phase transition temperature, Tm, depends on the length and degree of 

unsaturation of the fatty acid chains [10]. Low energy bonds, in particular van der Waals 

interactions between the lipid acyl chains and hydrogen bonds that occur between the 

polar heads, are the contributors to lipid bilayer cohesion. Therefore the Tm of lipid 

bilayers increases with the length of the lipid acyl chains and decreases with the number 

of double bonds on the chain. 

Various forms of lipid aggregates are employed in biophysical studies. The 

simplest model for biomembranes is a one component vesicle. Vesicles are 

supramolecular assemblies of lipid molecules which enclose an aqueous medium. 

MultiLamellar Vesicles (MLVs) are onion-like structures in which lipid bilayers, separated 

by a layer of water, are stacked together. This form of lipid aggregate is the one which is 

mainly used in 2H-NMR studies.  

Other forms of lipid aggregate, such as suspensions of Large Unilamellar 

Vesicles (LUVs) or Giant Unilamellar Vesicles (GUVs), are prepared and used in other 

techniques for studying the characteristics and properties of lipid membranes [11]. LUVs 

typically have diameters of 100-200 nm or larger. GUVs are large enough (several tens 

of micrometres) to study with traditional fluorescence microscopy. Many of the studies of 

lipid rafts in artificial lipid membranes have been performed with GUVs for this reason 

[12]. 

Studying single component lipid membranes is useful for primary investigations 

such as examining the effect of chain length and the number of double bonds on the 

chain melting temperature, Tm. A more realistic model for biomembranes would involve 

multicomponent lipid membranes. For example two component lipid membranes are 

studied to investigate the effect of the mixing and the conformational conflicts between 

the lipid acyl chains of various lengths and unsaturation on the phase behavior of the 

mixture. Adding cholesterol enhances such conformational conflicts and makes the 

model membrane closer to natural membranes. A next step could be adding proteins 

and consider their effect on more complicated membranes. In this context, various 

phospholipid/sterol binary membranes as well as ternary lipid mixtures of 

phospholipid/phospholipid’/sterols have been studied in this thesis. 
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Figure 1-2:  Structure of some lipid aggregates in the presence of water 
(Illustration: "Phospholipids aqueous solution structures" By Mariana Ruiz Villarreal ,LadyofHats 
(Own work) [Public domain], via Wikimedia Commons) 

1.3.2. POPC and DPPC 

In the work presented in this thesis we have used two particular phospholipids, 

POPC and DPPC. Both these lipids share the same PhosphatidylCholine (PC) head-

groups. Di-Palmitoyl-PhosphatidylCholine (DPPC) has two palmitoyl (16 carbon) chains 

attached to the head-group. Palmitoyl-Oleoyl-PhosphatidylCholine (POPC) has one 

palmitoyl and one oleoyl group which anchoring the head-group in the membrane 

(Figure  1-1). An oleoyl group has 18 carbons with a cis double bond in the middle.   

In this thesis, we occasionally use a notation which numerically indicates the 

lengths and the number of the double bonds on the lipid acyl chains. In this notation two 

sets of numbers separated by a slash (/) are used to characterize the lipid acyl chains 

and an abbreviation is appended to describe the head-group; in each set of numbers the 

first number is the chain length and the second (separated from the first by a colon) 
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specifies the number of double bonds on that chain. For example DPPC would be 

referred to as 16:0/16:0 PC, and POPC as 16:0/18:1 PC. 

DPPC is a phospholipid which is present in lung surfactant. While not abundant 

in cell membranes, DPPC has been used in the study of the lipid model membranes 

representing a zwitterionic saturated lipid. It has been found that in terms of lipid/sterol 

organization DPPC behaves very similar to sphingomyelin [13]. Sphingomyelin is found 

in animal cell membranes, especially in the membranous myelin sheath that surrounds 

axons in the peripheral nervous system. 

POPC, which has one saturated and one mono-unsaturated chain (see 

Figure  1-1), is an important component of the plasma membranes of vertebrate cells 

[14]. From a biophysical point of view, POPC chain structure makes it one of the 

simplest unsaturated lipids in which to investigate the effect of unsaturation in model 

membranes. Furthermore POPC/sterol bilayers have been studied by many research 

groups [14], [15], [16], [17] & [18]. 

 

Figure 1-3:  Space filling molecular structures of POPC and DPPC 
Note that in a liquid crystalline bilayer the kink induced by the cis double-bond of the oleoyl chain 
is compensated for by a gauche conformer further down the chain. Thus the overall chain 
configuration does not have the extreme change in direction indicated in this model. Structures 
were made with Jmol: an open-source Java viewer for chemical structures in 3D. 
http://www.jmol.org. 

We employed POPC in our studies for several reasons. First, POPC bilayers are in the 

liquid crystalline phase over a wide range of temperatures above 0 oC. Second, it was 

chosen for our experiments since plant plasma membranes contain a high proportion of 

http://www.jmol.org/
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phospholipids with unsaturated acyl chains. Finally, compared to DPPC, POPC only 

differs in structure in one of its acyl chains, which has a cis double-bond. The use of 

these two phospholipids allows a comparison between the effects of saturated and 

unsaturated chains on lipid bilayer properties.  

1.3.3. Cholesterol: structure and importance 

Sterols play an essential role in the biophysics of lipids. They are complex 

molecules resulting from millions years of biochemical evolution [19] & [20]. They are 

also amphiphilic molecules with small hydroxyl polar heads, which intercalate between 

the acyl chains of the lipids within plasma membranes.  

The most extensively studied sterol is cholesterol, which is an essential 

component of mammalian cell membranes. Cholesterol’s role is to establish proper 

fluidity and permeability for the cell membrane. It also modulates bilayer lipid 

organization. Its differential affinity for lipids can promote domain formation [21]. 

Cholesterol is also a precursor for the biosynthesis of steroid hormones, bile acids and 

vitamin D [22]. Cholesterol is not present in prokaryotes (i.e. bacteria), although there 

are some exceptions, like mycoplasma, which need cholesterol to grow [23]. Cholesterol 

is the principal sterol synthesized by animals and was first identified in solid form in 

gallstones in 1769. It was named "cholesterine" in 1815 [24]. 

1.3.3.1 Chemical structure  

Cholesterol appears to the naked eye as a white crystalline powder. Its chemical 

structure is depicted in Figure  1-4 and its molecular structure has three main parts: a 

small polar OH head, a rigid core which is known as the fused ring structure, and a 

flexible alkyl tail.  
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Figure 1-4:  Chemical structure of cholesterol 

1.3.4. Cholesterol in lipids: ordering and orientation 

When incorporated into a lipid membrane, cholesterol affects membrane physical 

properties such as permeability, lateral diffusion, the ordering (packing) of lipids and 

formation or stabilization of lipid domains. In a lipid bilayer, the polar hydroxyl group of 

the molecule lies just below the hydrophobic/hydrophilic bilayer interface in the vicinity of 

the lipid head groups (the hydrophilic region of the bilayer). The long molecular axis of 

cholesterol, including the rigid ring structure, extends towards the membrane interior, 

lining up approximately parallel to the lipid acyl chains [25] as shown in Figure  1-5. The 

positioning of cholesterol in the membrane has been determined independently by 

neutron diffraction using deuterium labeled cholesterol, as well as by molecular 

dynamics in the DMPC/Cholesterol membranes [26] & [27]. 

In such positioning, cholesterol restrains the conformational freedom of the lipid 

acyl chains and limits their spatial fluctuations. For lipids with saturated acyl chains this 

can result in the formation of a new liquid lipid phase in which the lipid acyl chains are 

ordered. This tightly packed phase is still a liquid and the lipids are free to diffuse 

laterally. The new phase causes a lateral heterogeneity in the membrane in contrast with 

the liquid crystalline phase where the lipids chains are disordered. This liquid-ordered  

phase is therefore thought to constitute the physical state of rafts [7], which are assumed 

to be lipid microdomains that serve as platforms for various signaling proteins on the cell 

surface. By collocating in this microdomain ‘floating’ in the cellular plasma membrane, 

proteins and other active components on the cell membrane can have a higher density 

and efficiency in performing their tasks. 
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Figure 1-5:  Relative positioning of the lipid and cholesterol in membranes 
Structures of POPC and cholesterol were made with Jmol: an open-source Java viewer for 
chemical structures in 3D. http://www.jmol.org. 

1.3.5. Studying the effect of sterols on the membrane properties 

Cholesterol is the main sterol in mammalian plasma membranes. Aside from 

cholesterol, however, there are a number of other sterols in the biomembranes of other 

organisms. The chemical structures of several sterols are shown in Figure  1-6. In 

general sterols have a similar structure to cholesterol but with small variations in the 

sterol ring structure (A,B,C & D in Figure  1-8) or the alkyl side chain (attached to carbon 

#17 in Figure  1-8) which can affect their flexibility or bulkiness. Furthermore each of 

those structural differences can affect the sterol’s ability to modify membrane properties. 

 A particularly effective method of investigating the effect of sterols on plasma 

membrane properties is to make a comparative study of different lipid-sterol interactions 

in a two-component lipid bilayer membrane. By selecting a well-defined lipid membrane 

while the sterol component is changed in a systematic way, we will gain insight into the 

structural and functional roles of sterols and, at a lower level, into the importance of each 

of their structural components.  

1.3.5.1 Cholesterol 

The interaction of cholesterol with a vast array of lipid species has been 

extensively studied. A wide range of physical techniques, such as differential scanning 

http://www.jmol.org/
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calorimetry, fluorescence depolarization of suitable probes, electron spin spectroscopy 

and 2H-NMR, has been used to investigate phase behavior of lipid mixtures. In our work 

we employed 2H-NMR spectroscopy techniques to investigate several 

phospholipid/sterol membranes as will be discussed in  Chapter 4 and  Chapter 5. 

 

Figure 1-6: Chemical structure details of main sterols used in this thesis 

The effect of cholesterol on DPPC phase behavior was extensively analyzed by 

Vist and Davis [28]. They used 2H-NMR together with DSC data to determine a partial 

DPPC/cholesterol phase diagram. A typical partial phase diagram is shown in terms of 

temperature vs. cholesterol concentration, indicating the phases present in the 

membrane and the location of boundaries separating different areas (see for example 

the partial phase diagram of DPPC-d31/cholesterol in Figure  1-7). The phase diagram 
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shows the gel phase of the pure phospholipid at low cholesterol concentration and 

temperatures below the melting temperature, Tm, the liquid-disordered phase at high 

temperatures, the liquid-ordered phase at cholesterol concentrations above 30 mol%, 

and three two-phase regions in areas between those limits where the two phases 

coexist. 

 

Figure 1-7:  The partial phase diagram of DPPC-d31/cholesterol 
The partial phase diagram of sn-2 chain labeled DPPC-d31/cholesterol is taken from Keyvanloo 
[13]. 

Later Thewalt and Bloom [14] showed that a phase diagram with the same 

characteristics of DPPC/cholesterol described in [28] could be used to describe the 

phase coexistence of cholesterol and lipid mixtures with different chain structure, such 

as POPC/Cholesterol membranes. 

The phase behavior of sphingomyelin/cholesterol binary membranes was 

investigated by Keyvanloo [13]. Its phase diagram shows similar characteristics to those  

DPPC/cholesterol membranes. 

We explored the nature of the interaction between DPPC and cholesterol by 

studying of the phase behavior of bilayers containing only CholPC, a hybrid molecule 
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(see  Chapter 3), which consists of a cholesterol moiety covalently attached to the DPPC 

backbone, replacing one acyl chain. In particular we examined the ordering of adjacent 

acyl chains by a tethered cholesterol moiety in CholPC. 

 

Figure 1-8:  Basic structure of a sterol with standard carbon numbering 
according to the 1989 IUPAC-IUB recommendations [29].  

To refer to various phases of the lipid membranes we follow the nomenclature 

introduced in  Ipsen et al. [8] to characterize phases. The gel phase of pure phospholipid 

bilayers is referred to as the solid-ordered (so) phase, the liquid crystalline phase of the 

pure lipid  bilayers is referred to as the liquid-disordered (ld) phase, and the liquid 

crystalline phase found at higher cholesterol concentrations is referred to as the liquid-

ordered (lo) phase. The terms solid (s) and liquid (l) are used to characterize the nature 

of the phases, where as the words ordered (o) and disordered (d) refer to the 

conformational nature of the lipid acyl chains. 

1.3.5.2 Ergosterol: studiesandbeing“special” 

Ergosterol is the major sterol found in fungal cells. It is also found in the 

membranes of some protozoans and Drosophila [19].  Ergosterol structure differs from 

cholesterol in three places: ergosterol has a double bond at C7 in the fused ring 

structure, and on its alkyl tail, a double bond at C22 and a methyl group at C24 

(Figure  1-6). 

The role of ergosterol in various membrane functions has been the subject of 

several studies. Bagnat et al. [30] studied the lipid raft function in delivery of proteins to 

the cell surface in the yeast, S. cerevisiae. They showed that the major sterol component 
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of rafts in the plasma membrane of S. cerevisiae (a unicellular eukaryote) is ergosterol. 

To what extent do ergosterol’s properties mimic those of cholesterol, a major component 

of rafts in mammalian cells? Similarities are observed between ergosterol and 

cholesterol, as well as plant sterols. In vitro studies by Xu et al. [31] using ternary lipid 

mixtures showed that ergosterol, as well as plant sterols, brings about domain-promoting 

effects on model membranes in the same way as cholesterol does.  

Unlike plant sterols, the effect of ergosterol on the membrane properties was 

more pronounced than cholesterol. In the study just mentioned, Xu et al. [31] found that 

ergosterol promotes the formation of raft-like domains more strongly than cholesterol. 

Urbina et al. [16] also showed using 2H- and 13C-NMR analysis that ergosterol at 30 

mol% orders the acyl chains of DMPC more strongly than cholesterol. Endress et al. [32] 

compared the effect of cholesterol and ergosterol on the mechanical properties of  

DPPC bilayers. They reported that at 10 oC and 40 mol% sterol, DPPC bilayers 

containing ergosterol have a higher area compressibility modulus1 than those containing 

cholesterol. This fits well with the 2H-NMR results of Urbina et al. [16] for DMPC/sterol 

bilayers.  

In the same context, Hsueh et al. [33] compared the effect of ergosterol and 

cholesterol on the chain ordering of DPPC by measuring the terminal CD3 (C#16) 

splitting of DPPC/ergosterol and DPPC/cholesterol. They found that at sterol 

concentrations greater than 13 mol%, the C#16 deuterium quadrupolar splitting for the 

membranes with ergosterol is greater than that of cholesterol. This indicates that 

ergosterol structure inhibits DPPC chain conformational freedom even more than 

cholesterol. This result is also consistent with the findings of Urbina et al. [16] using 

70:30 DMPC/sterol. 

The phase diagram of DPPC/ergosterol [33] has been determined by 2H-NMR 

combined with calorimetric studies. It is similar to the DPPC/cholesterol phase diagram 

[28] except that the so+lo and ld+lo phase coexistence regions are considerably 

broader, extending to higher sterol concentrations. 
 
1
 Note that the terms “area compressibility modulus” and “area expansion modulus” are 
equivalent. 
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Using 2H-NMR methods to study POPC/ergosterol bilayers, Urbina et al. [16] 

were the first to notice the complex effect of ergosterol on POPC chain order at 

concentrations above 20 mol%. Later Henriksen et al. [34] studied the mechanical 

properties of giant unilamellar vesicles of POPC/cholesterol and POPC/ergosterol by 

micropipette aspiration at 25 oC. They found that the apparent area expansion modulus 

and the bending rigidity initially increases with sterol concentration. However, in 

POPC/ergosterol both these parameters saturate at ~20 mol% ergosterol and remain 

unchanged between 20-30 mol%. Their comparative results also implied that the 

reduction in the chain cross sectional area is associated with increased chain order, and 

the hydrophobic thickness correlates with increased membrane rigidity. 

Further studies by Hsueh et al. [17] on POPC/ergosterol using 2H-NMR and 

vesicle extrusion showed that POPC chain order and its lysis tension increase with sterol 

concentration up to ~25 mol% ergosterol and then saturate. This behavior is in sharp 

contrast to the behavior of POPC/cholesterol membranes in the fluid phase, which 

shows a linear dependence of chain order on sterol concentration to at least 40 mol%. 

It appears that the saturation of the chain order parameter and other related 

properties in POPC/ergosterol membranes are in some sense anomalous, noting the 

slight structural differences between ergosterol and cholesterol.  

1.3.5.3 Plant sterols: structure and function 

Phytosterols are the sterols present in plant cells. Unlike mammalian and fungal 

cell membranes which contain only one major sterol (cholesterol and ergosterol 

respectively) plasma membranes of plant cells have a characteristically complex sterol 

mixture. Plants synthesize cholesterol in very small amounts [35], but they synthesize 

phytosterols in greater quantities. The prevalent phytosterols in plants are campesterol, 

β-sitosterol and stigmasterol [36], [37] & [38].  

Plant sterols are structurally similar to cholesterol; a hydroxyl group, fused rings, 

and an alkyl tail. Phytosterols share the same backbone structure (head and rigid core) 

with cholesterol in their chemical structures, but they are different in the alkyl tail part. 

Plant sterol’s alkyl chains are more rigid and bulkier due to the presence of a double 
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bond and/or extra ethyl or methyl groups lower on the alkyl chain (at carbon#24 in 

Figure  1-8). These differences can affect phytosterols’ shape, flatness and molecular 

cross sectional area which in turn contribute to their biophysical effect on the lipid 

membranes’ properties. 

A high proportion of dietary sterol intake of humans is plant sterols [38], and 

traces of them are found in mammalian tissues [39]. From a health point of view 

phytosterols are important for humans since they compete with digestion of cholesterol 

and potentially reduce the cholesterol dietary uptake in the intestinal tract [40]. Studies 

have shown that plant sterols could cut the risk for prostate cancer by reducing the 

levels of testosterone and its more active forms [41]. Some plant sterols, which have a 

similar structure to β-sitosterol, were also reported to inhibit cancer cell growth [42]. 

Studies have shown that phytosterols control plant growth. Schaller [43] studied 

the sterol content of some Arabidopsis thaliana mutants. By considering the plant sterol 

ratios in those mutants he suggested that sterols are important in hormone signaling, 

organized divisions and embryo patterning which occur on the cellular level. 

In another study Goad [44] reported the effect of the inhibition of stigmasterol 

production on celery cell growth. Cholesterol restored growth to 40–50% of that of the 

control, but full growth was only achieved in the presence of stigmasterol. It was also 

found that while low concentrations of stigmasterol were unable to restore growth, a 

combination of a low concentration of stigmasterol together with a high concentration of 

cholesterol was as effective as stigmasterol alone. In other words stigmasterol has 

positive cooperativity with cholesterol. 

Beck et al. [45] used 2H-NMR to study the main phase transition of membranes 

containing phytosterols. They found that sitosterol and stigmasterol abolish the so-ld 

phase transition of DPPC over a wide temperature range. Similar behavior was 

observed with cholesterol but in a much narrower temperature range. This suggests that 

cell membrane components like phytosterols in plants are produced to extend the 

temperature range over which membrane related biological processes can take effect. 

They also noted that this is in accordance with the evolutionary fact that plants endure 

higher environmental temperature variations than animals as they cannot relocate. 
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1.3.6. Plant plasma membrane phospholipid composition 

As stated above, the sterol content of plant plasma membranes is a mixture of 

phytosterols, with campesterol, β-sitosterol and stigmasterol being the most prevalent 

sterols. The phospholipid composition of plant plasma membranes is generally 

characterized by a higher proportion of unsaturated lipid acyl chains than those from 

animals. It was found that after cold acclimation of plants, the proportion of the 

unsaturated vs. saturated lipids in plants’ plasma membrane increases [46]. One 

evolutionary reason for such behavior could be that unlike animals, plants have to face 

higher temperature variation, as they can neither regulate their temperature nor relocate 

to avoid hot or cold weather. Unsaturated lipids have a lower main transition temperature 

which makes them favorable for plants. Therefore it is of considerable importance to 

investigate the behavior of plant sterols in membranes composed of lipids with 

unsaturated chains. In our study of plant sterols, we used POPC, which has one 

unsaturated chain and one saturated chain as the membrane lipid.  

1.3.7. Sterol solubility in phospholipids 

Cholesterol is known to have a solubility limit in phospholipids that depends the 

lipid acyl chain unsaturation level [47], [48] & [49]. There have been several studies on 

lipid/cholesterol mixtures with high cholesterol content which found that above its 

solubility limit, excess cholesterol is excluded from the bilayers and forms monohydrate 

crystals [50], [51], [52] & [53]. 

Using X-ray diffraction Huang et al. [47] reported solubility limits of 66 mol% 

cholesterol in PC and 51 mol% in PE bilayers. Bach & Wachtel [51] and Epand et al. [54]  

used the same method as well as DSC measurements to study the cholesterol solubility 

and lipid polymorphism. In another study Parker et al. [55] measured the solubility of 

cholesterol in DOPC by light scattering and optical microscopy. 

Unlike cholesterol, the solubility limits of other sterols in membranes have not 

been studied to a great extent. In the case of ergosterol, predictions can be made about 

its solubility limit from the results of Hsueh et al. [17], Urbina et al. [16] and Mannock et 

al. [56]. In the first two studies 2H-NMR and extrusion of LUVs were employed while in 
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the third, DSC and FTIR spectroscopy techniques were used. Their results all show that 

bilayer properties, however, do not change above 30 mol% ergosterol. Stigmasterol’s 

solubility limit in soybean PC has been reported to be 15 mol% [57]. 

Stevens et al. [58] measured the solubility limits of several sterols in lipid 

vesicles. They investigated the solubility limits of cholesterol, lanosterol, ergosterol, 

stigmasterol and β-sitosterol in DOPC/DPPC/sterol (1:1:X) giant unilamellar vesicles 

(GUVs). They used a multi-step procedure involving electroformation and extrusion to 

separate out undissolved sterol, and finally NMR analysis of the lipid compositions of the 

extruded vesicles to measure the sterol concentration in the initial mixture, and in the 

GUVs. They found that above a certain limiting concentration for each sterol, the sterol 

content in the DOPC/DPPC/sterol GUVs does not increase. They used optical 

microscopy to detect sterol crystals. This gives an upper limit for sterol solubility, since 

such crystals may be difficult to detect at lower concentrations. They found that the 

solubility limits decreased in the following order: cholesterol > β-sitosterol > lanosterol > 

ergosterol > stigmasterol.  

1.3.8. Sterol-phospholipid interaction in model membranes: a 
literature review 

There are a wide variety of sterols in biological membranes. Cholesterol is the 

main sterol in mammalian cells, but other unesterified sterols like 7-DHC have also been 

detected in appreciable amounts in various tissues like human skin. Ergosterol is the 

main sterol in fungal cell membranes, whereas various phytosterols make up the sterol 

content of plant membranes. 

 Many studies have been conducted to characterize sterol-phospholipid 

interactions. At the molecular level the general picture of their interactions is as follows. 

The hydrophobic effect drives the formation of the lipid bilayers, while for stabilization of 

cholesterol-phospholipid interactions, the van der Waals interactions between the lipid 

acyl chain and the sterol ring structure, as well as its branched alkyl side chain appear to 

have the most important contributions. When placed in lipid bilayers, the rigid ring 

structure of the sterol limits the conformational cis-trans freedom of the lipid acyl chains 

in their liquid crystalline phase. This can bring about the ordering (condensing) effect of 
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the sterol on the lipid acyl chains. Below the chain-melting transition temperature, i.e. in 

the gel state of the lipid bilayers, the same sterol structure can cause a lattice-breaking 

effect on neighboring lipid acyl chains. The extent of these effects, however, depends on 

the detailed molecular structure of the lipid as well as the sterol molecule [59] & [60]. 

The structural details of the sterol determine the strength of lipid-sterol 

interactions. The more tightly a sterol can pack the lipid component, the more strongly it 

affects the biophysical properties of the lipid bilayers. In this regard, a detailed and 

systematic study of sterols differing in their molecular structure is desirable. 

To compare the effects of various sterols in similar model membranes, 

researchers have measured various biophysical parameters in several model 

membranes. In this section we review those works which studied the sterols considered 

in this thesis; i.e. cholesterol, campesterol, β-sitosterol, brassicasterol, stigmasterol, 7-

DHC and ergosterol. 

In the early 1970’s, Demel et al. [61] studied the force vs. area characteristics of 

monolayers of  3β and 3α-hydroxysterols containing cholesterol, 7-DHC, ergosterol or 

stigmasterol as well as other sterols which are not considered here. From the study of 

the force-area curves and the condensation effect, they found that the interaction of 

SOPC (18:0/18:1PC) with sterols depends on: (a) the planar ring system, (b) the 3β-

hydroxyl group, and (c) the alkyl chain of the sterol. They concluded that the interaction 

of the phospholipid and sterol in monolayers is governed by factors such as the van der 

Waals interaction, as well as the hydrogen bonding between the 3β-hydroxyl group and 

the aqueous medium.  

McKersie et al. [62] investigated the effects of stigmasterol, sitosterol, 

campesterol and cholesterol on the phase properties of DPPC using differential 

scanning calorimetry (DSC) and x-ray diffraction. They reported that the DPPC main 

phase transition is eliminated at the sterol concentration of 33 mol%. They also report 

that all of those sterols - except cholesterol - are not completely soluble at higher 

concentrations while stigmasterol is the least soluble one. They relate this observation to 

previous reports [63] that state that the C17 chains of plant sterols make them less 

soluble in phospholipids than is cholesterol. In short they concluded that those sterols 
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are not as effective as cholesterol in reducing lipid bilayer permeability due to their lower 

solubility in the membrane. 

Rujanavech et al. [64] examined the partitioning of sterols between DPPC and 

eggPC SUVs (small unilamellar liposomes). They reported that cholesterol and 

stigmasterol show a preference for the DPPC gel phase over eggPC fluid phase at 37oC, 

with the sterol concentration in DPPC relative to that in eggPC ranging from 1.5 to 2.0 

depending on the transfer time. According to their observations, campesterol and β-

sitosterol distribute almost equally between the two types of phospholipids.  

Dufourc et al. [65] studied the role of hydroxyl orientation in cholesterol 

effectiveness in phospholipids. They used 2H-NMR to compare the effect of the 3α-

hydroxyl isomer of cholesterol with the native 3β-hydroxyl cholesterol. Using specifically 

deuterated sterols (with some deuterium labeling in the rings A and B, and the rest 

located on the alkyl side chain) and DMPC (14:0/14:0 PC) (chain perdeuterated) they 

measured the average orientation of the molecules and the angular fluctuation of the 

deuterated sterol segments and hence determined the orientation of the sterols in 

DMPC/sterol (70:30) bilayers. It was found that the 3α-isomer was unable to interact well 

with the phospholipid due to its tilted position within the bilayer membrane. This tilt 

strongly perturbed the parallel packing of the lipid acyl chains. 

In a further study of the structural requirement of the sterols in enhancing sterol-

phospholipid interactions, Ranadive and Lala [66] studied the role of the C5 double bond 

in cholesterol by comparing the interactions of different double-bond isomers of 

cholesterol with eggPC. Their studies on these cholesterol analogues, including glucose 

permeability, ESR (electron spin resonance) and fluorescence polarization 

spectroscopy, indicate that the second most effective isomer is Δ14-cholesten-3β-ol, 

which is still not as effective as cholesterol. They found that the double bond on rings C 

and D in sterols makes the sterols much less effective in ordering lipid chains than the 

C5 double bond in cholesterol. 

Schuler et al. [67] investigated the effect of plant sterol structure on the water 

permeability and on the acyl chain ordering of soybeanPC. For the water permeability in 

soybean LUVs they found that β-sitosterol had the strongest effect in reducing the 
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permeability, followed by campesterol, while stigmasterol appeared to have no 

significant effect. In 2H-NMR experiments on samples with 16 mol% sterols, which is the 

solubility limit of stigmasterol in soybeanPC, they compared the effectiveness of the 

plant sterols on increasing PC acyl chain order. They found that the sterols’ ordering 

ability is correlated with their ability to reduce membrane water permeability. They 

concluded that the double bond in the sterol alkyl chain - which is the only difference 

between stigmasterol and β-sitosterol - probably plays an important role in regulating 

plant-membrane properties. 

The sterol ordering efficiency on the soybeanPC lipid acyl chains was further 

investigated by 2H-NMR spectroscopy in the study by Krajewski-Bertrand et al. [68]. 

They compared the ordering efficiency of various sterols on the mixture of DMPC2-

d27/soybeanPC (10:90) in presence of 16 mol% of the sterols. They found an excellent 

correlation between the sterol effects on the acyl chain ordering and a previous study of 

their effect on the water membrane permeability of the lipid membranes [67]. The 

relative ordering efficiency of the sterols found to be as follows: cholesterol > β-sitosterol 

> campesterol > stigmasterol > ergosterol > brassicasterol. 

In another study of sterol effects on lipid monolayer and bilayer properties, 

Yamauchi et al. [69] investigated the molecular interaction between DPPC and 

cholesterol, β-sitosterol, and stigmasterol in terms of surface pressure, permeability, 

polarity and fluidity of the mixture. They studied the sterols’ effect on the surface 

pressure-area isotherms of a monolayer on water, and on the permeability, fluidity, and 

polarity of a bilayer membrane (liposomes). They found consistently that the order of the 

stability of the DPPC/sterol bilayer membranes is cholesterol > β-sitosterol > 

stigmasterol.  

Urbina et al. [16] compared the effect of cholesterol and ergosterol on DMPC 

(14:0/14:0 PC) chain ordering using NMR spectroscopy. They found that the overall 

ordering effect of the sterols at a fixed sterol concentration of 30 mol% is greater for 

ergosterol than cholesterol. When they performed a similar experiment on a 

 
2
 DMPC (14:0/14:0 PC) & soybeanPC (18:2/18:2 PC) 
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phospholipid with a mono-unsaturated lipid, POPC (16:0/18:1 PC) at the same sterol 

concentration of 30 mol%, the effect of those sterols, was in reverse order, i.e. 

cholesterol was found to be more effective than ergosterol in ordering the saturated lipid 

acyl chain. They reasoned that the rigid and bulky ergosterol molecule is unable to 

interact effectively with the phospholipid molecule when an unsaturated acyl chain is 

present. They commented that both the presence of two double bonds in ring B of the 

sterol, and the C24 methylated alkyl chain of ergosterol are responsible for this limited 

capacity to order the lipid molecule with an unsaturated acyl chain. They also noticed 

that ergosterol only increases the lipid acyl chain order up to a sterol concentration of 25 

mol%, while at concentrations above 30 mol%, appearance of new peaks in the 13C-

NMR spectra reveal the presence of a second form3 of the sterol. 

Using the fluorescence quenching and detergent insolubility studies, Xu et al. 

[31] investigated the effect of several natural sterols on the lipid domain formation. Their 

model membranes were composed of DPPC4/DOPC5 (1:1) or DPPC/PSPC6 (1:1). They 

found that the domain-promoting ability of the sterols in these membranes is the 

strongest for ergosterol, followed by 7-DHC, stigmasterol and finally cholesterol. β-

sitosterol’s domain-promoting ability was lower than that of cholesterol in the first model 

membrane, while at the same strength for DPPC/PSPC (1:1) mixture. This is one of the 

earliest reports to show that like cholesterol, natural fungal and plant sterols are able to 

promote lipid domain formation, at even higher levels than those of cholesterol. 

Bernsdorff and Winter [70] used steady-state fluorescence anisotropy 

measurements to study the effect of cholesterol, ergosterol, β-sitosterol, 7-DHC and 

stigmasterol on the DPPC bilayer order. They confirmed that the introduction of a double 

bond in the sterol ring structure has a drastic effect in the ordering power of the sterol on 

the lipid acyl chain. We, however, believe that the comparative results for sterols which 

they reported are skewed due to the presence of the fluorescent dye (see  Chapter 5 for 

 
3
 The authors [16] did not comment on the nature of the second form, but it appears to be due to 
the formation of sterol monohydrate crystals. 

4
 DPPC (16:0/16:0 PC) 

5
 DOPC (18:1/18:1 PC) 

6
 PSPC (16:0/18:0 PC) 
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details). The fluorescence molecule that was used to probe bilayer properties is a large 

molecule and we suspect that it can have significant effects on the phase properties of 

the lipid mixture. We will discuss a similar case in  Chapter 5. 

In another comparative study on sterols, Halling and Slotte [71] compared the 

effects of the incorporation of cholesterol, campesterol, β-sitosterol and stigmasterol in 

DPPC and N-palmitoyl-D-sphingomyelin (16:0 SM) (PSM), on lipid melting temperatures 

(using differential scanning calorimetry (DSC) and fluorescence resonance energy 

transfer (FRET) techniques), and in POPC on the onset of solubilization (using Triton X-

100 –induced solubilization). For DPPC and PSM the sterol effect was in the following 

order cholesterol > campesterol > stigmasterol > β-sitosterol, while in POPC the order is 

given by cholesterol > campesterol > β-sitosterol > stigmasterol.  

Hsueh et al. [33] studied the effect of ergosterol on DPPC bilayers using 2H-NMR 

and calorimetric studies. They constructed a partial phase diagram for DPPC/ergosterol 

membranes which exhibits both so+lo and ld+lo phase coexistence regions and a clear 

three-phase line. Their work demonstrated the presence of the lo phase in lipid model 

membranes containing ergosterol. They also found that ergosterol increases DPPC 

chain ordering more than cholesterol. 

Further studies by Hsueh et al. [17] comparing POPC/cholesterol and 

POPC/ergosterol membranes using 2H-NMR and vesicle extrusion showed that upon 

increasing sterol concentration, both POPC chain order and membrane lysis tension 

increase. However for ergosterol this increase occured only up to ~25 mol% ergosterol 

and then it saturates. This behavior is in sharp contrast to the behavior of 

POPC/cholesterol membranes in which the increase continues almost linearly up to ~50 

mol% cholesterol. They also showed that the lipid acyl chain ordering and lysis tension 

are linearly related by a universal relation in all the sterols used in their study, i.e. 

cholesterol, lanosterol and ergosterol. 

Wu et al. [72] studied the phase behavior of DPPC/stigmasterol multilayers by X-

ray diffraction (XRD), DSC, and freeze-fracture electron micrsocopy (FFEM) techniques, 

and constructed a partial phase diagram of the binary lipid/sterol mixtures. Comparing 

their phase diagram with those previously obtained for DPPC/cholesterol [28] and 
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DPPC/ergosterol [33], they concluded that cholesterol has a higher efficiency than 

stigmasterol or ergosterol in forming liquid-ordered phase. The temperatures of the 

three-phase lines were not found to be significantly different. 

In a 2H-NMR study of plant sterols, Beck et al. [45] studied the thermal behavior 

of cholesterol, β-sitosterol, stigmasterol or ergosterol in DPPC-d62. They investigated 

2H-NMR powder spectra of DPPC/sterol (70:30) samples over a 5-55 oC temperature 

range. They found that in general the spectral width of all the samples decreases with 

temperature which is a manifestation of the well-known temperature-driven disordering 

effect. However, in this temperature range the samples maintain a maximum spectral 

width for a range of temperatures, and then gradually their spectral width decreases. 

This effect was observed for cholesterol between 15 oC to 35 oC, ergosterol between 20-

30 oC, β-sitosterol between 15-25 oC and stigmasterol between 20-25 oC. Thus 

according to this criterion, when subjected to temperature variations, plant sterols are 

less capable of maintaining constant high ordering in binary model membranes. Next 

they compared the temperature sensitivity of the spectra of ternary samples of 

DPPC/glucosylcerebroside/(erg, stig or β-sit) and DPPC/sphingomyelin/chol all with a 

(40:40:20) ratio. While they observed that the cholesterol containing sample showed a 

marked decrease in the spectral width above 40 oC, plant sterol-containing samples 

maintained an elevated width even at 55 oC, whereas ergosterol-containing membranes 

showed an in-between behavior. The authors relate these observations to the added van 

der Waals interaction in the samples having additional groups in the sterol chain, which 

in turn can lead to more membrane cohesion and less temperature sensitivity in the 

bilayers with plant and fungal sterols. They ranked the adaptability of the sterols to 

thermal shocks in the following order: β-sitosterol/glucosylcerebroside > stigmasterol/ 

glucosylcerebroside ≈ ergosterol/glucosylcerebroside > cholesterol/sphingomyelin. 

Hodzic et al. [73] studied membrane thickness and elasticity using small-angle x-

ray scattering (SAXS), dilatometry and ultrasound velocimetry of model lipid/sterol 

bilayers composed of DMPC or POPC with cholesterol, β-sitosterol or stigmasterol for 

several concentrations at 35 oC. They infered that all these sterols have a condensing 

effect on the lipid acyl chains in the following order: cholesterol > β-sitosterol > 

stigmasterol. They were able to fit the SAXS patterns for different sterol concentrations 



 

25 

to global fits, which shows that the lipid/sterol mixtures studied appear to be in a uniform 

phase at the length scales for the diffraction experiments. The overall condensing effect 

of those sterols was found to be weaker in POPC than in DMPC. Interestingly they also 

reported formation of stigmasterol crystallite at 40 mol% in POPC which means 

stigmasterol cannot fully dissolve at that concentration within POPC. 

In another work Hac-Wydro et al. [74] studied the interaction between β-sitosterol 

or stigmasterol and a variety of phospholipids with either phosphatidylethanolamine (PE) 

or phosophatidylcholine (PC) headgroups in mixed Langmuir monolayers7. They 

prepared a binary mixture of each of the plant sterols with DSPC, DPPC, DPPE, or 

DOPC at various concentrations. The effect of the sterols on the molecular organization 

of the phospholipids was then compared based on the compression modulus values. It 

was found that the incorporation of the sterols into the monolayers increased their 

condensation (chain ordering) and the effect was larger in the PC lipids as compared to 

the PE lipids. They also found that the plant sterols show higher affinity towards the 

phospholipids with longer and saturated chains. Furthermore they found that the 

structure of the sterols affect the stability of the complexes formed with the particular 

phospholipids, specifically the strongest interaction is cholesterol, followed by β-

sitosterol and finally stigmasterol. 

In summary we can see that lipid-sterol interactions depend on both the sterol 

structure and the saturation of the lipid acyl chains. For example sterols more strongly 

modify DPPC membrane properties than those of POPC. In addition the structural 

differences between sterols affect their ability to change phospholipid membrane 

properties, such as POPC/sterol membranes in which cholesterol and stigmasterol have 

the greatest and the least effects, respectively. Furthermore the ability of a sterol to 

promote chain ordering depends also on the lipid headgroup.  

 
7
 A Langmuir monolayer is a monomolecular film formed at the air-water interface, and composed 
of amphiphilic molecules. It serves as an ideal two-dimensional system and a model of 
biomembranes. 
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1.4. Structure of the Thesis 

The remainder of this thesis is structured as follows. In  Chapter 2, we give an 

introduction to the NMR spectroscopy techniques used in the experiments described in 

this thesis. Details of the materials and methods are also given in this chapter.  

In  Chapter 3, we present the result of our study on 1-cholesterylhemisuccinoyl-2-

palmitoyl-sn-glycero-3-phosphocholine (CholPC) membrane properties. CholPC is a lipid 

molecule modified so that it contains covalently bound cholesterol. The results are then 

compared with similar values from 1,2-dipalmitoyl-sn-glycero-3-phosphocholine 

(DPPC)/Cholesterol membranes and the similarities and differences between the 

properties of the two membranes are discussed.  

In  Chapter 4, we study the effect of a series of sterols on the lipid acyl chain 

ordering of POPC. POPC is a phospholipid with one saturated and one unsaturated lipid 

acyl chain. The chain ordering of this lipid is correlated with different lipid membrane 

properties. A better understanding of the ordering effect of different sterols on this lipid is 

useful for clarifying the effect of lipid acyl chain unsaturation on lipid/sterol interactions. 

 Chapter 5 is devoted to our study on the effect of different sterols on the phase 

behavior of an equimolar POPC/DPPC mixture. DPPC is a phospholipid in which both 

chains are saturated. An explanation of the mechanism of the observed phase 

separation is suggested in this chapter. This explanation is based on our comparative 

results concerning the sterol ordering effects on POPC in chapter 4. 

Finally we provide an overview of our work in chapter 6 and conclude the thesis 

with some suggestions for further work. 

1.5. Motivation 

We carried out the work reported in this thesis to answer the following questions: 

In  Chapter 3 we present the result of an experimental investigation involving 

CholPC which is a synthesized sterol-modified lipid with promising applications in 
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liposomal drug delivery. By covalently attaching the cholesterol to the lipid backbone the 

circulation time of the related liposomes is significantly enhanced. We, however, were 

more interested in the fundamental nature of bilayers composed of CholPC. How does 

the confined cholesterol moiety affect the ordering and phase behavior of the attached 

lipid in these membranes? 

Huesh et.al [17] showed that ergosterol affects the physical properties of POPC 

membranes significantly differently from cholesterol, even though their chemical 

structures are quite similar. Huesh et.al  [17] found that the additional double bond in the 

fused rings of ergosterol was not the cause of the saturation of the chain ordering in 

POPC/ergosterol membranes. In  Chapter 4 we investigate whether small changes in the 

chemical structure of the alkyl chains of phytosterols relative to cholesterol also affect 

the chain ordering of POPC membranes in a similar manner?  

Huesh et.al [75] recently showed that POPC/DPPC/ergosterol membranes 

exhibited ld+lo phase separation at room temperature whereas POPC/DPPC/cholesterol 

membranes do not. To what extent is this observation is applicable to POPC/DPPC 

membranes containing other sterols? This question is the main motivation for the 

experimental investigation presented in  Chapter 5  
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Chapter 2. Materials and Methods 

2.1. Introduction 

Several experimental techniques have been used to study the properties of lipid 

membranes. These involve mostly physical and chemical methods such as differential 

scanning calorimetry (DSC), X-ray diffraction (XRD), fluorescent microscopy, atomic 

force microscopy (AFM) studies, ESR (electron spin resonance) and NMR spectroscopy, 

each of which probe a membrane property at a specific scale. These methods provide 

complementary information about membrane properties. 

Among these techniques deuterium (2H) NMR spectroscopy is an excellent 

technique for studying the phase properties of lipid membranes, since the acquired 

spectra directly reflect the membrane’s phase state. Figure  2-1 shows how different 

membrane phases appear in NMR spectra. 2H-NMR spectroscopy requires an 

investigation of the dynamics of the deuterium (2H) atoms on a labeled molecule in a 

strong magnetic field. However, the natural abundance of deuterium in molecules is low, 

and interpretable results from this technique require molecules that are properly labeled 

with deuterium atoms at certain given positions. In our case the molecules are labeled 

by isotopic substitution of 2H for 1H at specific molecular locations. These substitutions 

constitute a minimal perturbation of lipid properties, while the intra-molecular nature of 

the deuteron’s interactions with the electric field gradient makes interpretation of the 

spectra relatively straightforward.   
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Figure 2-1:  2H-NMR spectra of various phases 
a: liquid-disordered (disordered chains), b:  liquid-ordered (highly ordered chains) and c: solid-
ordered (gel) phase 

2.2. Chapter Outline 

This chapter begins with a brief introduction to 2H-NMR, followed by the methods 

used in the analysis of data. Details of the purchased materials and the sample 

preparation procedure are also mentioned. For more detailed descriptions of 2H-NMR 

pertaining to lipid membranes the reader is referred to [59], [76] & [77]. In this chapter 

the description presented by Keyvanloo [13] is closely followed. 
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2.3. Principles of NMR 

In the presence of a magnetic field, atoms with non-zero spin interact directly 

with the magnetic field and occupy different energy states, depending on their quantum 

angular momentum. In such case states of a particle with spin I, which are degenerate in 

the absence of a magnetic field, split into 2I+1 (m=-I,-I+1,…, I-1) different states. This is 

known as the Zeeman effect. The energy of a spin depends on the quantum number, m, 

which is the component of the angular momentum in the direction of the magnetic field, 

and is given by:  

𝐸𝑚 = −𝛾ℏ𝑚𝐵0                                                                (1)      

where B0 is the strength of the magnetic field, 𝛾 is the gyromagnetic ratio of the nucleus, 

and ℏ is Planck’s constant divided by 2π. Note that the energy difference between the 

adjacent levels is a constant 𝛥𝐸 = ℏ𝛾𝐵0 = ℎ𝜔0 where 𝜔0 = 𝛾𝐵0 is known as the angular 

Larmor frequency. 

In an ensemble of such spins at equilibrium the population of each quantum state 

is governed by the Boltzmann distribution, for which the ratio of the populations of two 

states with an energy difference of 𝛥𝐸 is 

𝑁𝑚

𝑁𝑚′
= 𝑒−𝛥𝐸/𝑘𝑇 ,                                                                  (2)   

where k is Boltzmann’s constant, and T is temperature. The above formula shows that 

the higher energy levels are less populated, as only levels with energies of the order of 

kT or less are significantly populated. 

A population of spins in equilibrium (and having 𝛾 > 0 ) is characterized by a 

magnetization parallel to the external field. A radiofrequency pulse at the Larmor 

frequency can cause the spins to make a transition to an adjacent level and thus change 

the population distribution. In general this results in a non-zero magnetization in the 

plane transverse to the external magnetic field. When the radiofrequency pulse is 

switched off the precessing spins will relax back to equilibrium. The transient transverse 



 

31 

magnetization of the spins can be detected by means of Faraday’s law and analyzed. 

This is the basis of NMR spectroscopy.  

2.4. 2H-NMR Spectroscopy 

Deuterons have spin I=1 which its energy state is three fold degenerate with m=-

1,0,1. In a magnetic field the energy levels split due to the Zeeman effect and the 

transitions between the |+1>|0> and |0>|-1> states are both equal to ℏω0.  

For nuclei with spin greater than 1/2, the nuclear charge distribution is non-

spherical and therefore they possess an electric quadrupolar moment, Q. The interaction 

of the deuteron quadrupolar moment, Q, with the CD bond’s electric field gradient (efg, 

∇�⃗� ( at their position gives rise to the quadrupolar interaction. The Zeeman effect and the 

quadrupolar interaction both contribute to the Hamiltonian of the deuterons: 

𝐻 = 𝐻𝑀 + 𝐻𝑄  .                                                                       (3) 

Here 𝐻𝑀 is associated with the Zeeman effect describes the interaction of the spin 

moment 𝝁 = 𝛾ℏ𝑰 with the external magnetic field 𝑩𝟎 . It is given by 

𝐻𝑀 = −𝝁 ∙ 𝑩𝟎 = −𝛾ℏ𝐼𝑧𝐵0                                                            (4) 

leading to the energy levels given in Eq. (1). 

The quadrupolar moment is a tensor and is defined as 

𝑄𝑖𝑗 = ∫(3𝑟𝑖𝑟𝑗 − 𝛿𝑖𝑗𝑟
2)𝜌(𝑟′)𝑑𝜏′                                                        (5) 

where i,j are x,y,z positions, 𝜌(𝑟′) is the electric charge density and 𝑑𝜏′ is the volume 

differential of the nucleus. The quadrupolar coupling sonstant, 𝑄,  is equal to 𝑄𝑍𝑍 and 

Q=2.875☓10-27 cm2 for deuterons [76]. 

The quadrupolar Hamiltonian in its full form can be written as 
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𝐻𝑄 =
𝑒𝑄

4𝐼(2𝐼 − 1)
[𝑉0(3𝐼𝑧

2 − 𝐼2) + 𝑉±1(𝐼∓𝐼𝑧 + 𝐼𝑧𝐼∓ ) + 𝑉±2𝐼∓
2] .                     (6) 

Here e is the elementary electric charge, 𝐼± = 𝐼𝑥 ± 𝑖𝐼𝑦 are the spin raising and lowering 

operators and the following abbreviations are used 

                                                         

𝑉0 = 𝑉𝑧𝑧                                                                          (7)  

                                                       𝑉±1 = 𝑉𝑥𝑧 ± 𝑖𝑉𝑦𝑧                                                                  (8)                                                      

𝑉±2 =
1

2
(𝑉𝑥𝑥 − 𝑉𝑦𝑦 ± 2𝑖𝑉𝑥𝑦)                                                        (9)                                                 

in which the double subscripts indicate the second derivative of the electrostatic potential 

𝑉 with respect to the molecular x, y, z axes. 

The electrostatic field gradient is a symmetric and traceless tensor. It can be 

transformed into the principal axis coordinate system in which all off-diagonal terms are 

zero, and 𝑉𝑥𝑥 + 𝑉𝑦𝑦 + 𝑉𝑧𝑧 = 0. Choosing x, y, z such that |𝑉𝑧𝑧| ≥ |𝑉𝑥𝑥| ≥ |𝑉𝑦𝑦|. The largest 

field gradient and the efg asymmetry parameter are defined as 𝑉𝑧𝑧 = 𝑒𝑞, and  𝜂 =
𝑉𝑥𝑥−𝑉𝑦𝑦

𝑉𝑧𝑧
 

respectively, where 0 ≤ 𝜂 ≤ 1.  

In the principal axis coordinate system of the efg the quadrupolar Hamiltonian of 

Eq. (6) reduces to 

𝐻𝑄 =
𝑒𝑄

4𝐼(2𝐼 − 1)
𝑉𝑧𝑧 [(3𝐼𝑧

2 − 𝐼2) +
1

2
𝜂(𝐼+

2 + 𝐼−
2)] .                               (10) 

For deuterium, the Zeeman interaction at 7.1 T (46.8 MHz in our case where we 

are using frequency scale for energy) is much stronger than the quadrupolar interaction 

(≤ 200 kHz). Therefore in the total Hamiltonian the quadrupolar interaction, 𝐻𝑄, can be 

treated as a perturbation to the Zeeman term, HM . Furthermore, in our case the efg 

asymmetry parameter is small (𝜂 ≤ 0.05 for CD bonds) and can therefore be neglected. 

In this case, the CD bond electric field is approximately axially symmetric and 𝑉𝑧𝑧 is the 
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component of the electric field gradient parallel to the CD bond axis.  Using first order 

perturbation theory, the energy levels of the total Hamiltonian of Eq. (3) are given by 

𝐸𝑚 = −𝛾ℏ𝑚𝐵0 +
𝑒𝑄

4𝐼(2𝐼 − 1)
𝑉𝑧𝑧[3𝑚2 − 𝐼(𝐼 + 1)] .                                 (11) 

In the case of deuterium, 𝐼 = 1, and the three shifted energy levels for 𝑚 = +1, 0,−1 are 

given by   

𝐸+1 = −𝛾ℏ𝐵0 +
1

4
𝑒𝑄𝑉𝑧𝑧,                                                          (12) 

𝐸0 = −
1

2
𝑒𝑄𝑉𝑧𝑧,                                                                           (13) 

𝐸−1 = 𝛾ℏ𝐵0 +
1

4
𝑒𝑄𝑉𝑧𝑧 .                                                            (14) 

2.4.1. 2H-NMR spectrum 

Transitions between the adjacent levels can take place when deuterium is 

excited by a radio frequency magnetic field (the selection rule restricts ∆𝑚 = ±1). The 

resonance energies are calculated from Eqs (12-14) and are given by: 

ℎ𝜈+ = 𝐸−1 − 𝐸0 = 𝛾ℏ𝐵0 +
3

4
𝑒𝑄𝑉𝑧𝑧                                              (15) 

ℎ𝜈− = 𝐸0 − 𝐸+1 = 𝛾ℏ𝐵0 −
3

4
𝑒𝑄𝑉𝑧𝑧                                              (16) 

where 𝜈± are the frequencies of the lines arising from the quadrupolar interaction in a 

2H-NMR spectrum. 

 The 2H-NMR spectrum is usually plotted with the Larmor frequency shifted to 

zero. The two lines resulting from the two transitions thus appear symmetric on either 

side of the origin (Figure  2-2) with a frequency separation (quadrupolar splitting) of  

∆𝜈𝑄 = 𝜈+ − 𝜈− =  

3

2

𝑒𝑄

ℎ
𝑉𝑧𝑧 = 

3

2

𝑒2𝑞𝑄

ℎ  
 .                                          (17) 
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The term 𝑒2𝑞𝑄 ℎ⁄  is known as the “static quadrupolar coupling constant” and is equal to 

168 kHz for CD bonds [76].  

 

Figure 2-2:  The energy level diagram for a spin-1 nucleus perturbed by the 
quadrupolar interaction at the nucleus 

Here we use frequency as a measure of energy (not to scale). 

In the derivation of Eq. (17) the electric field gradient was taken to be along the z 

axis of the laboratory frame, in which the spin operators 𝐼𝑥, 𝐼𝑦 and 𝐼𝑧 are quantized. 

However, in practice the efg tensor is defined in terms of the CD bond axes. Therefore it 

is necessary to rotate the electric field gradient, 𝑉𝑖𝑘, to the laboratory coordinate system. 

This is done by making successive rotations through Euler angles 𝜑, 𝜃, 𝜉 [78]. 

A natural choice of basis for the electric field gradient would be to express the efg 

tensor in terms of its irreducible tensor components 𝑉𝑝
(2,𝑛)

, (𝑛 = 0,±1,±2) where 

𝑉𝑃
(2,0)

= 𝑉𝑧𝑧,                                                                (18)  

𝑉𝑃
(2,±1)

= 0,                                                                 (19)  

𝑉𝑃
(2,±2)

= √
1

6
(𝑉𝑥𝑥 − 𝑉𝑦𝑦) .                                                 (20) 
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The transformation from one frame to another then involves applying the Wigner rotation 

matrices 𝐷
𝑚 𝑚′
(2)

(𝜑, 𝜃, 𝜉) [78], 

𝑉(2,𝑛′) = ∑ 𝐷
𝑛 𝑛′
(2)

(𝜑, 𝜃, 𝜉)

2

𝑛=−2

𝑉𝑃
(2,𝑛)

 .                                             (21) 

In the case of axial symmetry (the asymmetry parameter 𝜂 = 0) transforming 𝑉𝑃
(2,0)

 from 

the molecular frame to the lab frame results in the following expression: 

𝑉(2,0) = ∑ 𝐷𝑛 0
(2)

(𝜑, 𝜃, 0)

2

𝑛=−2

𝑉𝑃
(2,𝑛)

= 𝑉𝑧𝑧 [
1

2
(3 cos2𝜃 −1 )] .                        (22) 

Substituting Eq. (22) into Eq. (17) for ∆𝜈𝑄 shows that the quadrupolar splitting varies 

with θ as follows: 

∆𝜈𝑄(𝜃) =
3

2

𝑒2𝑞𝑄

ℎ
[
1

2
(3 cos2𝜃 −1 )] .                                 (23) 

When the asymmetry parameter cannot be neglected, the general form of the 

quadrupolar splitting in the lab frame has one more term:  

∆𝜈𝑄(𝜑, 𝜃) =
3

2

𝑒2𝑞𝑄

ℎ
[
1

2
(3 cos2𝜃 −1 ) +

1

2
𝜂sin2𝜃 cos 2𝜑],                 (24) 

where θ is the polar angle and 𝜑 is the azimuthal angle between the CD bond frame and 

the static magnetic field. In other words θ is the angle between the external magnetic 

field and the CD bond (Figure  2-3). 
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Figure 2-3:  Orientational dependence: the angle between the external magnetic 
field and the CD bond in the absence of motion. 

We do not usually deal with individual CD bonds in oriented samples. In our case 

where we study multilamellar vesicles (MLVs), CD bond orientations are randomly 

distributed. Assuming a uniform distribution of N CD bonds over the surface of a sphere 

of radius r, the surface area density of nuclei is 𝑁 4𝜋𝑟2⁄ . The number of nuclei oriented 

between θ and 𝜃 + 𝑑𝜃 with respect to the 𝒛 direction is 

𝑑𝑁 =
𝑁

4𝜋𝑟2
2𝜋𝑟2 𝑠𝑖𝑛 𝜃 𝑑𝜃 =

𝑁

2
𝑠𝑖𝑛 𝜃 𝑑𝜃 .                                        (25) 

The probability density of the angular distribution is therefore 

𝑝(𝜃) =
𝑠𝑖𝑛 𝜃

2
 .                                                                 (26) 

It follows that 𝜃 = 90° is the angle at which the largest contribution to 𝑝(𝜃) occurs and 

the CD bonds with the angle 𝜃 = 0 contribute the least to the spectra. 

The 2H-NMR “powder spectrum” which results from a superposition of the 

doublet separated by ∆𝜈𝑄(𝜑, 𝜃) and weighted by 𝑝(𝜃) has a characteristic line shape 

called the Pake doublet, an example of which is shown in Figure  2-4. The frequency 

separation of the most intense peaks on the Pake doublet spectrum, which is due to the 
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90o orientation of the CD bonds, is called the quadrupolar splitting. It is given by 

∆𝜈𝑄 =
3

4

𝑒2𝑞𝑄

ℎ
, and equals 126 kHz for a CD bond [76].  

The 2H-NMR Pake doublet spectrum can be deconvoluted in order to remove the 

𝜃 dependence of the line intensity and to construct the spectrum showing the 

quadrupolar peaks at a certain angle by using a mathematical procedure called de-

Pake-ing [79]. This procedure is especially fruitful when the powder spectrum contains 

signals from spins in different environments.  We will discuss de-Pake-ing later in this 

chapter. 

 

Figure 2-4:  Pake doublet: 2H-NMR spectrum of a sample showing all 
orientations of CD bond in the magnetic field.  

The most intense peaks correspond to 90
o
 orientation of the CD bond with respect to the 

magnetic field direction. 

2.4.2. Effect of motion on the 2H-NMR splitting 

The above derivation of the ∆𝜈𝑄 formula for 2H-NMR splitting is based on a static 

picture of CD bonds in an external magnetic field. In general the molecules are dynamic 

and, depending on the timescale of the motion, the dynamics can affect the quadrupolar 

splitting. For example, rotations of lipid molecules about their director axis (the symmetry 

axis of the lipid motion) have a period of about 10−9s, which means that they can rotate 

about a ten thousand times during the NMR time scale which is of order ≈ 10−5s 

(1/quadrupolar splitting). For molecular motions that are fast on the NMR timescale, only 

the average orientation of the CD bond can be determined.  
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A convenient measure of the degree of the orientational fluctuations of the CD 

bond is the ‘order parameter’, 𝑆CD: 

𝑆CD
𝑖 =

〈3cos2𝜃CD
𝑖 − 1〉

2
                                                       (27) 

where 𝜃CD
𝑖  is the angle between the CD bond on the i-th carbon position and the director 

axis of the lipid molecule, and the angular brackets denote a time average. The order 

parameter is a measure of the angular excursion of the CD bond with respect to the axis 

of symmetry of molecular motion. For example the order parameter of a fast rotation of 

an all-trans lipid acyl chain is -1/2.  

The motionally averaged powder spectrum is similar to the static one, but the 

powder splitting is narrowed by a factor of 𝑆CD. For example rotation of an all-trans chain 

will narrow the spectrum by a factor of 2. The quadrupolar splitting (Eq. (23)) in the 

presence of motion can be written as 

∆𝜈𝑄
𝑖 (𝜃n) =

3

2

𝑒2𝑞𝑄

ℎ
|𝑆𝐶𝐷

𝑖 | [
1

2
(3 cos2𝜃n

 
−1 )]                              (28) 

where 𝜃n is the polar angle of the magnetic field direction in terms of the principal axis 

coordinate system of the time-averaged efg experienced by the nuclear spins. In other 

words, 𝜃n is the angle between the external magnetic field and the director axis of the 

lipid assembly. Note that it is important to distinguish between the two angles, 𝜃CD 

and 𝜃n, as depicted in Figure  2-5. 
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Figure 2-5:  Orientational dependence in the presence of axially symmetric 
motion.  

θn represents the angle between the external magnetic field and the axis of symmetry of motion 
(the director axis of the lipid) while θCD is the angle between the CD bond and the director axis. 

2.5. Materials  

The synthetic deuterated phospholipids (with the deuterium labelling at the sn-1 

chain) used in this work were purchased from Avanti Polar Lipids (Alabaster, AL) and 

used without further purification.  Cholesterol (98% pure) was obtained from Avanti Polar 

Lipids (Alabaster, AL). Ergosterol (97% pure) was obtained from Fluka (Buchs, 

Switzerland). Plant sterols were obtained from Sigma-Aldrich (purities: campesterol ≥ 

95%, stigmasterol ≥ 95%, β-sitosterol ≥ 98%, brassicasterol was made from 

semisynthetic 24ξ-methylcholesterol ~98% which was a mixture of 65% 24R (i.e., 

campesterol) and 35% 24S (i.e., 22-dihydrobrassicasterol) epimers). 

We previously found that the ergosterol purchased from Sigma-Aldrich was not of 

a quality to give reproducible results. The ergosterol from Fluka however produced 

consistent and reliable data. 
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The purity of most sterols was checked using 1H-NMR by dissolving a small 

amount of the material in fresh deuterated chloroform (CDCl3) or methanol (CD3OD) in 

ampoules. Benzene and methanol were used for lyophilization.  

2.6. Methods 

2.6.1. Multilamellar vesicle preparation 

Multilamellar vesicles (MLVs) have an onion-like structure in which each 

phospholipid bilayer is separated by a water layer. MLVs are prepared following 

standard techniques. Due to difficulties in weighing out small masses, stock solutions 

were used to add an appropriate amount of sterols to phospholipids. Each 

phospholipid/sterol MLV was made separately, using a fresh batch of the phospholipid. 

The protocol for making phospholipid/sterol samples (MLVs) is as follows: 

1   Appropriate amounts of each sterol and the deuterated 

phospholipid for each sample were mixed in a solution of 

benzene/methanol 80:20 (v/v). The phospholipid mass was between 

40 and 50 mg for each sample. 

2  The mixture in solvent was lyophilized until dry. Benzene:MeOH 

80:20 is used to thoroughly mix the phospholipid and cholesterol. The 

mixture was then freeze-dried (lyophilized) for at least 8 hours to 

remove the solvent by sublimation, preventing demixing that can 

occur during evaporation. 

3  The sample was hydrated in deuterium depleted water (DDW) so 

that phospholipid and sterol molecules self-assemble into a bilayer 

structure. An excess amount of deuterium-depleted water was used to 

ensure that all lipids were hydrated and there were no undissolved 

lipids. Typically 550 μL of DDW was used to ensure enough hydration 

while just filling up the space in the NMR tube that was directly 

covered by the coil. 

4   The sample was subjected to a freeze-thaw-vortex process five 

times between -196 oC (liquid nitrogen) and ~ 60 oC (hot water bath). 

We note that the temperature for thawing must be sufficiently above 

the main phase transition temperature of the phospholipid and below 

the boiling point of DDW so that all phospholipids in the sample 

become hydrated in the fluid phase. In practice, this is achieved by 

dipping the sample in liquid nitrogen until it freezes, taking it out and 
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keeping it at room temperature for few minutes, followed by leaving it 

in the water bath for ~10-15 minutes, and finally mixing it thoroughly 

with a vortex mixer for ~1 minute.    

2.6.2. 1H-NMR to check sample composition 

Due to difficulties in weighing small quantities of samples, the actual 

concentration of the prepared samples could deviate slightly from the nominal values. To 

find the exact concentration of sterols in the sample we employed 1H-NMR 

spectroscopy. An aliquot of each phospholipid/sterol mixture from the benzene/methanol 

80:20 (v/v) solution was lyophilized. The resulting powder was dissolved in chloroform-d 

from disposable ampoules (to ensure the dryness of the chloroform). 1H-solution NMR 

(at 300 K) was used to quantify the phospholipid/sterol ratio by integrating non-

composite peaks arising from the two components. In most cases 1H solution NMR was 

also used for the pure phospholipids in order to test their purity and also for identifying 

the isolated peaks.  Specifically, within 1H-NMR spectra of pure POPC or DPPC, several 

peaks between 1.7 ppm and 5.5 ppm were identified. In practice we used mainly the 

glycerol-C2 peaks at 3.8 and 4.0 ppm and the γ-(CH3)3 peak at 3.4 ppm for POPC. The 

sterol spectrum also provides several distinct peaks. However some of them overlap 

with signals from the phospholipid spectra. We therefore limited our calculation mainly to 

these peaks, i.e. the methyl peak at 0.7 ppm and the H-6 peak at 1.8 ppm for the sterols.  

To calculate the concentration of the sterol in the sample we first normalized the 

area of each peak by dividing by the number of protons that contribute to it. The molar 

phospholipid/sterol ratio of the sample is equal to the ratio of the normalized areas of the 

peaks associated with each component.  Figure  2-6 shows a typical 1H-NMR spectrum 

of the binary phospholipid/sterol mixture with the peaks used to calculate the ratio of the 

mixtures highlighted.  
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Figure 2-6:  A sample 1H-NMR spectrum of a phospholipid/sterol mixture (POPC-
d31/brassicasterol)  

The pink/+ peaks are due to the sterol while the blue/* ones arise from the hydrogens of the 
phospholipids. 

All chemical shifts were measured with respect to the chloroform-d peak at 7.26 

ppm. Assignments of cholesterol and DPPC peaks are from [80] and [81] respectively. 

The actual concentrations of the prepared samples deviate only slightly from the nominal 

values. To check the consistency of the results, the procedures were in some cases 

repeated and the accuracy was found to be better than 0.5%. 

For the ternary phospholipid/phospholipid’/sterol samples we did not use 1H-

solution NMR because of an insufficient number of non-overlapping 1H peaks to quantify 

the phospholipids ratios. All 1H-solution NMR data were processed using MestReNova 

software (http://mestrelab.com). 

2.7. 2H-NMR Experimental Details 

2H-NMR experiments are performed immediately after a sample is hydrated 

(“fresh sample”). In the experiments which involve changes in temperature the data is 

collected from low to high temperatures and at each temperature the sample is allowed 

http://mestrelab.com/
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to equilibrate for at least 20 minutes before data are collected. At the end of data 

acquisition (last temperature) the reproducibility of the data is checked by repeating the 

experiment at room temperature (25 oC). Hysteresis was not observed in the 

phospholipid/sterol samples studied in this thesis, which demonstrates that the results 

are independent of the thermal history of the sample. Hysteresis has been, however, 

observed in the study of other lipid mixtures [82]. 

 2H-NMR experiments were performed using a 7.1 T (300 MHz for 1H) Oxford 

Magnet with a locally built spectrometer operating at 46.8 MHz. The powder pattern 

spectra were produced using a quadrupolar echo pulse sequence [83]. The typical 

spectrum results from n repetitions of this two-pulse sequence with 90o pulse lengths of 

3.95 µs duration, 40.0 µs apart (Figure  2-7). The delay between acquisitions is 300 ms. 

The free induction decays were collected in quadrature with 8-CYCLOPS phase cycling, 

collecting 4096 points with a dwell time of 2 µs. Signal averaging was performed over n 

= 20,000 scans for perdeuterated phospholipids and 200,000 scans for CholPC-d31.  

 

Figure 2-7:  Schematic of the pulse sequence and data acquisition 
(Time not to scale) 

2.7.1. Quadrupolar echo 

The free induction decay (FID) following a 90o pulse attenuates fairly rapidly due 

to dephasing of the spins.  Furthermore the receiver’s electronics have an unavoidable 

dead-time following the tipping pulse during which the receiver cannot detect the FID 

and thus much of the intensity of the decaying signal is lost resulting in a distorted 
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spectrum. The quadrupolar echo sequence is used to refocus the dephasing spins such 

that the full FID, neglecting relaxation effects, is reproduced as an “echo” long after the 

receiver has recovered. The Fourier transform of the echo signal starting from the echo 

maximum then gives the spectrum. The quadrupolar echo is generated using a two 

pulse sequence of ‘90y – τ – 90x – τ – echo’. Here, we present a summary of the physics 

of quadrupolar echo formation, which follows the density matrix treatment by Solomon 

[84].  

The calculations presented here are made in a frame rotating at the Larmor 

frequency 𝜔0 = 𝛾𝐵0 with the z-axis along the magnetic field 𝐵0 . The quadrupolar 

interaction for a given nucleus is, to first order, 

𝐻Q = −𝑎ℏ𝐼z
2,                                                            (29) 

where 𝑎 =
3

4

𝑒2𝑞𝑄

ℏ
  is the coupling constant of the quadrupolar perturbation. Applying a B1 

pulse along the y axis of the rotating frame for a short time Δ𝑡 such that 𝜑 = 𝛾𝐵1∆𝑡  (′𝜑′ 

pulse) is formally equivalent to the application of an operator 𝑅𝑦 on the spin wave 

function which transforms any spin operator 𝐴 into 𝑅𝑦𝐴𝑅𝑦
−1. If B1 is large enough (i.e. 

𝛾𝐵1 ≫ 𝑎) then 𝑅𝑦 is simply a rotation and has the explicit form 𝑅𝑦 = exp(−𝑖𝜑𝐼y). 

  The density matrix, 𝜌, can be used to describe the state of the spin system 

immediately after the application of a pulse and the time evolution of the system after the 

pulse. If the spin system is described by a density matrix 𝜌(𝑡) at a time t, the amplitude 

of the signal induced in the sample coil is proportional to  

𝑆(𝑡) = Tr[𝜌(𝑡) 𝐼+],                                                            (30) 

where 𝐼+ = 𝐼x + 𝑖𝐼y. Before we apply an rf pulse, the spin system will be in thermal 

equilibrium and the application of an rf pulse takes the system out of equilibrium. 

First, we find the state of the spin system, 𝜌(0), after the application of a 90y 

pulse with large rf amplitude (𝛾𝐵1 ≫ 𝑎). The density matrix of the spin system in thermal 

equilibrium is  
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𝜌𝑒𝑞 = exp(−𝛾ℏ𝐵0𝐼z 𝑘𝑇⁄ )                                                     (31) 

≅ 𝟏 − (𝛾ℏ𝐵0𝐼𝑧 𝑘𝑇⁄ ) .                                                (32) 

In substituting  𝜌𝑒𝑞 in Eq. (30) the first term can be neglected since it gives a signal 𝑆 =

Tr[ 𝐼+] = 0. The second term in the density matrix 𝜌𝑒𝑞 (Eq. (32)) before we apply an rf 

amplitude is then proportional to 𝐼z: 

𝜌𝑒𝑞 ∝ 𝐼z .                                                             (33)  

Immediately after the 90y pulse, the density matrix at 𝑡 = 0 is therefore 

𝜌(𝑡 = 0) = 𝑅y𝜌𝑒𝑞𝑅y
−1                                                                               

= 𝐶 exp (−𝑖
𝜋

2
𝐼y)  𝐼z exp (𝑖

𝜋

2
𝐼y)                                (34) 

∴ 𝜌(0) = 𝐶𝐼x ,                                                                                    (35) 

where C is just a scalar constant.  

The evolution of the density matrix in an external magnetic field, after the 

application of the first pulse, is then given by 

𝜌(𝑡) = 𝐶exp(−𝑖𝑎𝐼z
2𝑡) 𝐼x exp(𝑖𝑎𝐼z

2𝑡)                             (36) 

and the corresponding signal amplitude (free precession signal) is 

S(t) = Tr[𝐶exp(−𝑖𝑎𝐼z
2𝑡) 𝐼x exp(𝑖𝑎𝐼z

2𝑡)I+]                            (37) 

Expanding Eq. (37) one obtains  

𝑆(𝑡) = 𝐶 ∑⟨𝑚|𝐼x|𝑚 + 1⟩

𝑚

× [𝐼(𝐼 + 1) − 𝑚(𝑚 + 1)]1/2𝑒𝑖𝑎(2𝑚+1)𝑡         (38)  
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The application of the second rf pulse (90x) at time 𝑡 = 𝜏 is just, to zeroth order, a 

rotation of the density matrix, 𝜌(𝜏), by the unitary operator 𝑅x = 𝑒−𝑖𝜑𝐼x. Thus, right after 

the second pulse we have     

                                                  𝜌′(𝜏) = 𝑅x 𝜌(𝜏) 𝑅x
−1

 

                                                            = 𝐶𝑅x exp(−𝑖𝑎𝐼z
2𝜏) 𝐼x exp(𝑖𝑎𝐼z

2𝜏) 𝑅x
−1 .                                ( 39) 

The density matrix will then evolve in the external magnetic field and the signal detected 

after the 90x pulse for 𝑡 > 𝜏 becomes 

  𝑆(𝑡) = Tr{exp[−𝑖𝑎𝐼z
2(𝑡 − 𝜏)] 𝜌′(𝜏) exp[𝑖𝑎𝐼z

2(𝑡 − 𝜏)] 𝐼+}                                                                                                   

           = 𝐶Tr{exp[−𝑖𝑎𝐼z
2(𝑡 − 𝜏)] 𝑅x exp(−𝑖𝑎𝐼z

2𝜏) 𝐼x exp(𝑖𝑎𝐼z
2𝜏) 𝑅x

−1 exp[𝑖𝑎𝐼z
2(𝑡 − 𝜏)] 𝐼+} . (40)    

Expansion of the right hand side of Eq. (40) gives 

𝑆(𝑡) = 𝐶 ∑ ⟨𝑚|𝑅x|𝑚
″⟩⟨𝑚″|𝐼x|𝑚

′⟩⟨𝑚′| 𝑅x
−1|𝑚 + 1⟩

𝑚,𝑚′,𝑚″

 

                                              × [𝐼(𝐼 + 1) − 𝑚(𝑚 + 1)]1/2𝑒
𝑖𝑎[(2𝑚+1)(𝑡−𝜏)−(𝑚″2

−𝑚′2)𝜏]
 .    (41) 

If for particular values of t, 𝑆(𝑡) is independent of 𝑎, then the signals from all the nuclei 

are “in phase” and we observe an echo. This occurs in Eq. (41) when (2𝑚 + 1)(𝑡 − 𝜏) −

(𝑚″2
− 𝑚′2)𝜏 = 0 or 

𝑡 − 𝜏

𝜏
=

𝑚″2
− 𝑚′2

2𝑚 + 1
= 𝑘 .                                                    (42) 

For deuterium nuclei  𝐼 = 1. For 𝑚 = 𝐼 = 1 the value of 𝑆(𝑡) is zero and 

consequently there is no signal for 𝑚 = 1. Therefore the allowed values for 𝑚 are 

 𝑚 = 0,−1. The only non-vanishing matrix elements of 𝐼x in Eq. (41) for 𝑆(𝑡) are 

obtained for 𝑚″ − 𝑚′ = ±1. Therefore, the allowed values of (𝑚,𝑚′,𝑚″) are (0,0,±1) 

and (−1,±1,0), which give the value 𝑘 = 1 in Eq. (42), indicating the echo occurs at 

𝑡 = 2𝜏. 
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2.7.2. Repetition time (TR)  

The repetition time is defined as the time between successive scans. For faster 

data acquisition it is advantageous to use as short a TR as possible and thereby collect 

more data in a given amount of time and have an improved signal to noise ratio (SNR). 

However, TR should be long enough to allow for the spins to fully relax before the next 

pulse is scanned. If TR is shorter than the spin-lattice relaxation time (T1) the bulk 

magnetization does not fully return to equilibrium (z-axis) at the time of the next scan 

and some of the signal is lost in the following scans. In general spins in liquid crystalline 

phases have relatively short T1 relaxation times, whereas spins with more motional 

restriction, such as those in crystalline solids, have longer T1s and therefore require a 

longer time to relax [77] & [85]. 

      In the experiments presented in this thesis, the crystalline solid phase was 

not observed and thus a TR of 300 ms found to be sufficiently long. In one case the data 

acquired with this repetition time was compared with those obtained using TRs of 2 s 

and 5 s to characterize possible signal loss due to a shorter TR. Experiments carried out 

on the POPC-d31/sterol systems show that the signal amplitudes (echo-height) for data 

acquisition using long TR (5 s) and short TR (300 ms) differ by 3% or less. 

2.7.3. Number of scans  

In each of the perdeuterated samples we typically used ~50 mg of deuterated 

phospholipid. However, in the case of CholPC-d31, we only had ~20 mg of the 

perdeuterated phospholipid available for our experiments. Increasing the number of 

scans can compensate for a decreased amount of deuterated phospholipid, since ‘signal 

to noise ratio’ (SNR) is proportional to √Number of Scans. Therefore, in order to obtain a 

similar SNR as in the samples with more perdeuterated phospholipid, the number of 

scans has to be increased. A typical number of scans for a sample with ~50 mg 

perdeuterated phospholipid is 20,000 scans, which takes 100 minutes of data 

acquisition. For practical reasons for CholPC-d31 we limited our number of scans to 

maximum 200,000 scans. This was achieved by adding together 5 separate data 

collections, each consisting of 40,000 scans.  
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2.7.4. Quadrature detection 

During data acquisition, the signal is downshifted by subtracting off a reference 

frequency (typically the Larmor frequency) so that an offset is detected. Quadrature 

detection provides a means to distinguish between positive and negative offset 

frequencies and permits the phasing of the spectrum to obtain pure absorption mode 

lineshapes.  

In 2H-NMR experiments quadrature detection is attained by routing the signal 

from the receiver through two different phase sensitive detectors (PSDs), 90o out of 

phase, to produce a cos(𝜔𝑡) modulated signal, commonly called the real signal, and a 

sin(𝜔𝑡) modulated signal, which is commonly called the imaginary signal. Linear 

combination of these two signals produces a complex signal, the Fourier transformation 

of which produces a resonance line at a single frequency that can be phased to give a 

pure absorption mode lineshape.    

2.7.5. Phase cycling 

8-CYCLOPS (CYCLically Ordered Phase Sequence) phase cycling removes 

spectral artifacts created by non-ideal conditions in the NMR electronics. These artifacts 

are caused by imperfections in the 90o pulse lengths and various phase errors in the 

receiver amplifiers. Phase cycling is used to average out the effects of these 

imperfections and phase-insensitive noise over the course of a set of signal acquisitions. 

This involves modifying the phases of the pulses used in the quadrupolar echo pulse 

sequence in the order (x,y), (y,-x), (-x,-y), (-y,x), (x,-y), (-y,-x), (-x,y), (y,x). Note that 

these are the eight possible permutations of two 90o pulses in quadrature with one 

another. The computer combines the real and imaginary spectra from each channel for 

each step of the sequence to generate the final phase cycled spectrum. In this process 

the signals add, but the artifacts cancel. Since the averaging is performed in the data 

collection, use of this 8 step phase cycling dictates that only multiples of 8 scans can be 

used. 
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2.8. Analysis of the Spectra 

The 2H-NMR spectrum of the labeled phospholipid molecules in a model 

membrane reflects the environment that the phospholipid molecules experience. In this 

section we discuss several factors that contribute to the spectra of a phospholipid having 

one fully deuterated chain and describe the various qualitative and quantitative types of 

analysis that can be performed on the spectra.  

2.8.1. Spectral shape 

The 2H-NMR spectrum of a deuterated lipid results from the superposition of the 

subspectra arising from deuterium nuclei at each position on the labeled molecules. 

These subspectra arise from CD bonds which are dynamically inequivalent and which 

may also have a different equilibrium orientation with respect to the director axis. Each 

doublet subspectrum represents the quadrupole splitting of a deuteron atom in the 

labeled molecule. For phospholipids in a liquid crystalline membrane (e.g. spectrum a in 

Figure  2-1), broad splittings are caused by more ordered chain segments, and narrow 

splittings are caused by more disordered segments. The resultant spectrum shows an 

intense pake doublet due to the collective signal of the methylene groups in the upper 

portion of the deuterated chain, and individual peaks that come from less ordered 

methylene groups in the lower portion of the chain. Finally the highly disordered terminal 

methyl groups at the end of the chains produce the central pair of peaks.   

Furthermore we should note that the MLV sample consists of many bilayers, 

which are randomly oriented in an aqueous medium. This makes the 2H-NMR spectrum 

a “powder pattern” made up of a superposition of signals from bilayers at all orientations.  

(see section  2.4.2). The spectra of non-oriented samples, e.g. MLV mixtures, are 

therefore relatively complex. 
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2.8.2. Qualitative aspects of spectral analysis 

From Figure  2-1 it is clear that 2H-NMR spectral shapes depend on the 

phospholipid phase. Here we discuss two other characteristics that can be analysed by 

inspection of the spectra alone. 

2.8.2.1 Peak resolution in spectra 

The phospholipid molecules in a membrane can aggregate in different domains 

with distinct morphologies. Lipid exchange between different environments has an effect 

on the resolution of the peaks; the individual peaks in the spectra can be sharp or 

indistinct depending on the lipid exchange rate. 

In order that the spectra of lipids in two different environments can be easily 

distinguishable, the exchange due to diffusion of labeled lipid between two kinds of 

domains must be slow on the NMR time scale. Slow lipid exchange between the 

domains, at a rate of k <<  𝜋𝛿 where 𝛿 = Δ𝜐𝑄1 − Δ𝜐𝑄2 is the difference in quadrupole 

splittings between domains, results in the superposition of spectra from both domains. 

On the other hand, if the lipid exchange rate between the two domains is very fast ( k >> 

π𝛿), a well-resolved spectrum that shows an average state of the lipid molecules in the 

two domains is expected. Slowing down the lipid exchange to a rate of k ≈ π𝛿  leads to 

spectra with broad and unresolved peaks.  

Another factor affecting lipid exchange is the domain size. Observation of the 

above mentioned change in peak resolution due to lipid exchange requires that the 

domains should be sufficiently small so that the signal from the non-exchanging lipid 

inside a domain does not exceed the signal from the lipids on the boundary. In this 

regard small domains with long boundaries relative to the total domain surface would 

give a clearer indication of lipid exchange between the domains. (Note that in general 

the area is proportional to r2 and the boundary is proportional to r approximately). 



 

51 

2.8.2.2 Spectral behavior at different temperatures 

With respect to spectral shape, axially symmetric fast rotational dynamics of the 

labeled molecule around its long axis which is aligned with the bilayer normal result in a 

spectrum consisting of a superposition of Pake doublets. At lower temperatures the 

spectrum usually no longer has a Pake doublet character. This is characteristic of solid-

ordered (so) phases (see Figure  2-1). Deuterons in so membranes do not undergo 

axially symmetric motion on the NMR time scale since the acyl chains are closely 

packed. When the temperature is above the chain melting temperature, Tm, molecules in 

the model membrane acquire an axially symmetric motion while the maximum spectral 

width decreases due to the temperature-driven disordering effect. 

Adding sterol to a lipid bilayer greatly increases the acyl chain ordering of the 

lipids. It is worth noting that the spectral width of the lipid/sterol model membrane at 

temperatures above the chain melting temperature is much larger than that of the pure 

lipid at these temperatures. This is a sign of increased lipid acyl chain order and is a 

well-documented signature of the liquid-ordered (lo) phase as in the case of 

DPPC/cholesterol [28]. In general adding sterol affects the lipid membrane in both the so 

and ld phases. Adding sterol to lipid membranes increases the average chain order in 

the liquid crystalline phase and interferes with the membrane’s ability to form the gel (so) 

phase below the chain melting temperatures. 

At temperatures above Tm, spectra with low sterol content display pure ld phase 

behavior. With increasing sterol concentration the average spectral width increases and 

the individual peaks broaden. At higher sterol concentrations, the individual peaks 

become sharper and remain sharp upon further addition of sterol up to a maximum 

solubility for sterol in the membrane. The spectrum has then a typical lo phase 

character: a superposition of Pake doublets having an average spectral width nearly 

twice that of the ld phase, due to the highly ordered lipid acyl chains. At intermediate 

sterol concentrations, the broadening of the individual doublets in the spectrum suggests 

two phase coexistence. 

At fixed sterol concentrations, the spectral resolution depends on temperature in 

a manner that suggests a transition, on warming, from one phase region to the next 
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within the phase diagram (for example see Figure. 1 of [33]). The phase boundary (for 

example see Figure  1-7) can be determined by examining the temperature-dependence 

of the width of individual Pake doublets. As mentioned above, the line width of the peaks 

depends on the rate of lipid exchange between the two domains. Lipids which diffuse 

between the domains with a rate faster than the NMR timescale result in a spectrum 

having broadened individual peaks. At higher temperatures, the individual peaks 

become narrow again and the membrane no longer displays phase coexistence.  

The observation of broadening of the peaks in the phase coexistence region of 

the lipid/sterol membrane shows that the diffusing labeled lipids experience a 

heterogeneous membrane structure on the 2H-NMR timescale (τ≈10 µs). The root mean 

square displacement of the lipid can then be calculated from the 2D diffusion equation  

(〈∆𝑥2〉)1/2 = (4𝐷𝜏)1/2                                                          (43) 

where D is the lateral diffusion coefficient of the lipids. Eq. (43) can be used to infer that 

observation of unresolved or broadened peaks, combined with a typical 𝐷 ≈ 10−11 𝑚2/𝑠  

[86] a rough estimate of the separation between the two regions. 

2.8.3. Quantitative aspects of spectral analysis 

The fact that the functional form of the Pake doublet is precisely defined allows 

us to measure several spectral parameters quantitatively. 

2.8.3.1 Average spectral width, M1 

A quantitative description of the state of the lipid/sterol membrane can be 

obtained by calculating the first spectral moment [85]  

𝑀1 =
∫ |𝜔 − 𝜔0|𝑓(

+∞

−∞
𝜔 − 𝜔0)𝑑𝜔

∫ 𝑓(𝜔 − 𝜔0)
+∞

−∞
𝑑𝜔

                                           (44) 

where ω0 is the central (Larmor) frequency and  f(ω) is the spectral intensity.  
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For powder spectra from membranes with local axially symmetric motion (the lo 

and ld phases) as we will show M1 can be directly related to the average order 

parameter of the lipid acyl chain. Since 𝑓(|𝜔 − 𝜔0|) = 𝑓(−|𝜔 − 𝜔0|) 

𝑀1 = ∫ 𝑓(

+∞

0

𝑥)𝑥𝑑𝑥/∫ 𝑓(𝑥)

+∞

0

𝑑𝑥                                               (45) 

where 𝑥 = 𝜔 − 𝜔0 is the frequency shift from the Larmor frequency.  

For the Pake doublet spectrum of a single CD bond and neglecting broadening, 

(i.e. when the individual linewidth does not affect the spectral shape) the first moment of 

the spectrum is a function of the quadrupolar splitting since 𝛿𝜔 = 2𝜋∆𝜐𝑄  

𝑀1 =
4𝜋

3√3
∆𝜐𝑄 .                                                           (46) 

For lipid acyl chains which are either labeled at more than one position or labeled at just 

one position and experience more than one environment, the first spectral moment can 

be used as a measure of the distribution of the quadrupolar splittings 

𝑀1 =
4𝜋

3√3
〈∆𝜐𝑄〉 .                                                       (47) 

This can be related to the average order parameter of the lipid acyl chain. The 

magnitude of the order parameter for each CD bond is determined by measuring its 

quadrupolar splitting, Eq. (28), at 𝜃=90o. We therefore have 〈∆𝜐𝑄〉 =
3

4

𝑒2𝑞𝑄

ℎ
〈|𝑆𝐶𝐷|〉. and 

Eq. (47) becomes: 

𝑀1 =
𝜋

√3

𝑒2𝑞𝑄

ℎ
〈|𝑆𝐶𝐷|〉 .                                               (48) 

When lipid motions are axially symmetric (i.e. in the lo or ld phases) the 

expression for M1 can be used to directly estimate the average order parameter of the 

labeled chain of Eq. (48), i.e.  
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〈|𝑆𝐶𝐷|〉𝑐ℎ𝑎𝑖𝑛 =
√3

𝜋(
𝑒2𝑞𝑄

ℎ
)
𝑀1                                            (49) 

where the angular brackets indicate the average over all labeled positions. 

The average order parameter of the lipid acyl chain in turn can be used to 

estimate the hydrophobic thickness 〈𝐿〉 of the membrane [87], as follows 

〈𝐿〉 = 𝐿0 (
1

2
+ 〈|𝑆𝐶𝐷|〉)                                                  (50) 

in which 𝐿0 is the length of the fully extended acyl chain. 

2.8.4. Using M1 to identify phase transitions 

The first moment of the spectra, 𝑀1, measures the average spectral width. Each 

phase has a distinct 2H-NMR spectrum and thus a distinct M1 value. A large variation of 

M1 with temperature can be used to pinpoint phase transitions in the membrane. For 

example Figure  2-8  shows the temperature dependence of M1 for DPPC-d31 which 

indicates a melting temperature of ~40oC for the pure DPPC-d31 membrane. 

  

Figure 2-8:  The temperature dependence of M1 for DPPC-d31, implying a phase 
transition at 40 oC 
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2.8.5. DePaked spectra 

A higher level of analysis of the spectra can be achieved by deconvoluting the 

“powder spectrum” of a MLV to obtain the “oriented spectrum” of a sample of bilayers 

with a single orientation.  In this “de-Pake-ing” technique ([79] & [88]) each Pake doublet 

in the spectrum is deconvolved to its quadrupolar splitting spectrum at a particular 

bilayer normal direction (usually 𝜃=0o). The resulting spectrum is known as the dePaked 

spectrum. This deconvolved spectrum can be thought of as the spectrum of the sample 

in ideally oriented bilayers.  By removing the angular dependence from the random 

orientation of the lipids in MLVs, quantitative information about the quadrupolar splittings 

of deuterons at each carbon position can then be obtained from the dePaked spectrum. 

2.8.6. Depakeing 2H-NMR spectra 

For an unoriented sample such as an MLV in an external magnetic field, B0, the 

quadrupolar interaction depends on the bilayers normal orientations with respect to B0. 

As described in deriving the quadrupolar splitting ∆𝜈𝑄, Eq. (23), the angular dependence 

involves the term 
1

2
(3cos2𝜃 − 1) where θ is the angle between the magnetic field and the 

bilayer normal orientation (director axis of the lipid assembly). This scales the 

quadrupolar interaction by a factor between 1 and −0.5 (zero at the “magic angle”). A 

superposition of contributions from all possible orientations present in the sample given 

by: 

𝐺(𝜔) = ∫ 𝐹𝜃(𝜔)𝑝(𝜃)𝑑𝜃
2𝜋

0

                                            (51) 

 where 𝐹𝜃(𝜔)is the lineshape function for a particular bilayer orientation. The angular 

dependency in 𝐹𝜃(𝜔) has the form of 𝜔(𝜃) = 𝑥(3 cos2 𝜃 − 1)/2  with 𝑥 = 𝜔(0)quadr [79].  

In some cases the angular distribution of the bilayer normal orientations forming 

the powder spectrum can be found. An example is the case where all bilayer normal 

orientations are equally probable, i.e. the random orientational distribution 

function 𝑝(𝜃) ∝ sin𝜃. In those cases, the depakeing technique can be used to depake 
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(deconvolute) a powder spectrum into its 0o oriented counterpart and thus to extract the 

order parameter profile.  

The expression for the powder spectrum, 𝐺(𝜔), is obtained by eliminating the 

angular dependence of 𝐹𝜃(𝜔)  by integration while depakeing the spectrum can be 

considered as the numerical procedure of re-estimating the spectrum of overlapping 

quadrupolar peaks, 𝐹𝜃(𝜔) , from the powder spectrum 𝐺(𝜔) using certain assumptions 

about 𝑝(𝜃). Constructing the orientation dependant spectrum from a powder spectrum 

𝐺(𝜔) is what is done in depakeing. 

The numerical approximation for obtaining dePaked spectra from powder spectra 

was first carried out successfully by Bloom et al. [88] using an iterative algorithm. This 

procedure is applicable to axially symmetric motion (i.e. ld or lo spectra). In this thesis 

we used the depakeing algorithm based developed by Sternin et al. [79] to construct the 

dePaked spectra from our powder spectra. 

From a dePaked spectrum (see Figure  2-9), one can in principle assign individual 

peaks to deuterons attached to all positions along the lipid acyl chains. The first few 

peaks, i.e. those having small quadrupolar splittings, are well resolved and non-

overlapping and assignment of these peaks is usually straightforward for CD positions 

near the terminal methyl. The position of the other peaks can be deduced by the 

procedure described by Lafleur et al. [89]. In this method the quadrupolar splittings are 

determined by dividing the area of the overlapping part of the depaked spectrum (e.g. 

the broad peak near 25 kHz in Figure  2-9) by the remaining number of labeled carbons 

on the lipid acyl chain. The center of each areal slice then represents the quadrupolar 

splitting of the deuteron attached to each labeled carbon.  
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Figure 2-9:  A typical half of a dePaked spectrum. The blue lines indicate the 
positions of the assigned CD2 splittings. 

To specify the carbons on the lipid acyl chain we follow a numbering convention 

in which the numbering starts from the carbon attached to the glycerol backbone, being 

carbon #1. The terminal carbon, with a methyl group attached, is assigned the largest 

index.  

One can then attribute order parameters, which are obtained from dePaked 

spectra, to the chain positions of corresponding CD bonds on the labeled lipid. As we 

discuss shortly the smoothed orientational order profiles of the deuterated molecule can 

also be constructed from the measured quadrupolar splittings. 

2.8.7. Order parameter 

In oriented bilayers the quadrupolar splitting, ∆𝜈𝑄
𝑖 (𝜃) for each doublet is related to 

the i-th CD bond’s order parameter 𝑆𝐶𝐷
𝑖

 by: 

∆𝜈𝑄
𝑖 (𝜃) =

3

2
(
𝑒2𝑞𝑄

ℎ
) |𝑆𝐶𝐷

𝑖 | [
1

2
(3 cos2𝜃 −1 )],                            (52) 

where 𝜃 indicates the angle between the normal to the bilayer and the magnetic field. 

The magnitude of the order parameter is determined by measuring the quadrupolar 

splitting at 𝜃=90o  
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∆𝜈𝑄
𝑖 =

3

4
(
𝑒2𝑞𝑄

ℎ
) |𝑆𝐶𝐷

𝑖 |,                                                    (53) 

in which the constant (3𝑒2𝑞𝑄 4ℎ)⁄  is 126 kHz for the CD bond. Therefore, by measuring 

the frequencies (quadrupolar splittings) of the peaks in the dePaked spectrum, one can 

calculate the order parameters of the CD bonds along the chain.  

Along the deuterated chain of a lipid, the two CD bonds attached to the same 

carbon often experience the same chemical environment and have equal quadrupolar 

splitting. They thus contribute equally to the area of the same peak. If the deuterons are 

inequivalent, they appear in the dePaked spectrum as two separate peaks each with half 

the area of the peak of the equivalent deuterons. 

2.8.8. Order parameter profile 

The smoothed order parameter profiles are extracted from the dePaked spectra 

using a procedure described by Lafleur et al. [89], which assumes that the local order 

parameter decreases monotonically with carbon position. This assumption, while not 

completely correct, since it slightly over- and under-estimates individual CD bond order 

parameters along the chain, describes the general trend accurately. By constructing 

order parameter profiles at different temperatures, changes in order parameter at 

different positions along the deuterated chains can be tracked. 

Different factors can alter the acyl chain order profile. In fact the structure of the 

acyl chain itself is a primary determinant of the orientation of the CD bonds on the chain, 

and therefore the order parameters. For example the presence of an unsaturated C=C 

bond dramatically affects the order along a lipid acyl chain [90]. The acyl chain order 

profile can also be influenced by the presence of other molecules in the bilayer. A well 

studied case is the effect of cholesterol which reduces the conformational freedom of the 

acyl chains and thus causes them to straighten, thereby increasing the chain order along 

the acyl chain [65]. 
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The CD order parameters can also be used to estimate the length of the lipid acyl 

chains [91] through the following relation 

〈𝐿〉 = 1.25 {
𝑁

2
+ ∑|𝑆𝐶𝐷

𝑖 |

𝑖

}  Å                                                   (54) 

where N is the number of carbon-carbon bonds in the lipid acyl chain and the sum is 

over all carbon atoms (except the one in carbonyl group) with CD bond order parameters 

𝑆CD
𝑖 . In the all-trans configuration, each CD bond order parameter is equal to 0.5 and 

thus the chain length is L = 1.25N (Å) .  This equation does not require an independent 

measure of 𝐿0 as does Eq. (50). 
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Chapter 3.  Comparison between CholPC and 
DPPC/Cholesterol; Ordering Ability of Constrained 
Cholesterol 

3.1. Introduction 

As discussed in Chapter 1, cholesterol plays an essential role in the cell 

membrane by contributing to its stability, permeability and fluidity. Furthermore, 

cholesterol strongly affects the main phase transition of pure phosphatidylcholine 

bilayers. In particular, cholesterol perturbs the translational order in the lipid gel (so) 

phase, while inducing conformational order in lipid acyl chains in the liquid (ld) phase  

[8]. Furthermore cholesterol can promote the formation of a new phase in 

lipid/cholesterol membranes. In this new phase, which is called the liquid ordered (lo) 

phase, the lipid acyl chains are highly ordered, while the lipid molecules are still free to 

diffuse. 

In a lipid/cholesterol mixture, cholesterol molecules can transfer between the 

monolayers of the same bilayer membrane (flip-flop) or exchange between neighbouring 

bilayers. The rates of such  inter- and intramembrane cholesterol transfers are reported 

in the literature, with the associated correlation  times ranging from less than a second 

[92] to a few seconds [93] to several minutes [94] or even hours [95]. For example the 

half-life of cholesterol transfer in POPC Small Unilamellar Vesicles (SUVs) at 50 oC is 

found to be 200±13 min for flipping and 88±2 min for exchange [96].  

In general cholesterol’s ordering effect on lipid acyl chains increases with 

increasing cholesterol concentration as will be discussed in more detail in  Chapter 4. 

However in some PC/cholesterol membranes containing more than 66 mol% of 

cholesterol, cholesterol molecules separate from the membrane in the form of 

cholesterol monohydrate crystals [47], [55] & [97]. 
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Liposomes are artificially prepared vesicles, each composed of a single lipid 

bilayer. They can be used as vehicles for drug delivery [98] and are often prepared from 

phospholipids [99]. In the absence of cholesterol, the liposomes are not very stable and 

are prone to releasing their contents before reaching their target. Adding cholesterol 

greatly enhances liposome stability; in particular liposomes containing a high 

concentration of cholesterol are more stable and less leaky compared to those 

containing less or no cholesterol [100]. Such liposomes are widely used in the delivery of 

chemotherapeutic drugs [101]. When delivering such drugs to the affected tissue it is 

important to deliver the substance exclusively to the intended target sites and not to 

allow the drug to circulate in the body. In drug delivery research it is important to design 

liposomes as carriers which disassemble and deliver their content at a specific 

temperature [102], affinity [103] or pH [104]; in this way the delivery site can be 

controlled. 

Even though liposomes containing cholesterol show enhanced stability as drug 

delivery vehicles, cholesterol molecules in the liposome can rapidly migrate/transfer from 

the liposome to other biomembranes when liposomes are placed in biological fluids and 

in contact with biomembranes and proteins [105]. This loss of cholesterol can 

subsequently decrease the liposome’s stability and result in the loss of its encapsulated 

content.  

To keep the cholesterol in the membrane one can envision modifying lipid 

structure by directly attaching the cholesterol to the phospholipid via covalent bonds. In 

such a case, cholesterol molecular transfer (flip-flop) between membrane layers and 

cholesterol crystallization at high concentration cannot occur. Such lipids have indeed 

been designed and synthesized. This class of sterol-modified phospholipids (SMLs) are 

composed of a cholesteryl moiety and a hydrocarbon chain, each covalently linked to the 

glycerol backbone of the phosphatidylcholine. The chemical structure of one such SML 

is shown in Figure  3-1.  

 In nature similarly conjugated sterol structures (called Esterified Steryl 

Glucosides) are found in plants [106], although their biological functions are still unclear 
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[107]. In humans chronic exposure to dietary steryl glucosides is found to be neurotoxic 

[108]. 

 

Figure 3-1:  The structure of a sterol-modified phospholipid, CholPC.  
Note the cholesterol moiety replacing the sn-1 lipid acyl chain.  

3.1.1. Sterol-modified phospholipids as liposome components 

In order to be useful in liposomal drug delivery, the attachment of the cholesterol 

moiety to the designed SML molecules must be done in such a way that the amphiphilic 

character of the compound remains intact. Furthermore, when such SML molecules mix 

with water, i.e. in the liposome form, it is required that the cholesterol moiety in these 

molecules occupy a similar location to where cholesterol molecules reside in the 

lipid/cholesterol membranes. 

In liposomes composed of SML molecules, there exist two sterol molecules for 

every two lipid acyl chains of the phospholipids as illustrated in Figure  3-2. When viewed 

in bulk as in vesicles, such sterol-modified phospholipids have the same stoichiometry 

as 66 mol% cholesterol in phospholipid/cholesterol membranes. 

This means that liposomes that are composed of SMLs alone have cholesterol 

content equal to the maximum attainable cholesterol concentration in liposomes 

prepared by mixing free cholesterol with diacyl chain phospholipid. However in the 

former case the cholesterol moieties are not free to diffuse among the lipid molecules or 

transfer out of the liposomes.  
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Figure 3-2:  Drawings of lipid/cholesterol bilayers (left) and SML bilayers (right)  

SML liposomes have prolonged retention of their contents. Indeed it has been 

demonstrated that when cholesterol is covalently attached to the phospholipid glycerol 

backbone the cholesterol exchange rate is greatly (more than 100-fold) reduced [109]. It 

is therefore of considerable interest is to characterize the biophysical properties of 

vesicles formed from SMLs and compare the results with membranes made of mixtures 

of phospholipids and cholesterol. 

3.2. Chapter Outline 

In this chapter, we present our results for the phase behavior and the chain 

ordering of a sterol-modified phospholipid, 1-cholesterylhemisuccinoyl-2-palmitoyl(d31)-

sn-glycero-3-phosphocholine (hereafter referred to as CholPC-d31). We then compare 

these results with the cholesterol ordering ability in DPPC/cholesterol. 

In our investigations we have used 2H-NMR spectroscopy to characterize the 

conformational order of the hydrocarbon chain of CholPC in CholPC bilayers. 

Deuterated CholPC has the sterol modification at the sn-1 position of the glycerol 

backbone, and the deuterated acyl chain is at the sn-2 position. We compared the data 

with the conformational order induced by cholesterol at various concentrations in DPPC-

d31/cholesterol membranes where the DPPC-d31’s sn-2 chain is perdeuterated.  
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3.3. Materials and Methods  

The CholPC-d31 (1-cholesterylhemisuccinoyl-2-palmitoyl(d31)-sn-glycero-3-

phosphocholine) used in this work was a generous gift from Dr. Frank Szoka. To 

synthesize such sterol-modified phospholipids, the Szoka group adopted synthetic 

strategies that are usually applied to the synthesis of glycerophospholipids [110]. Details 

of their method are described in [109]. 

Since the hydrocarbon chain of our sterol-modified phospholipid is already 

deuterium labeled, it does not require any further “tracer” molecule to report its 

conformational order in 2H-NMR spectroscopy. MLV’s made by mixing CholPC-d31 and 

deuterium-depleted water (DDW) were therefore prepared without any further additives. 

3.3.1. Procedure 

20 mg of CholPC-d31 was mixed with 550 µL of DDW. Next the mixture was 

heated to ~50 oC and vortexed for several minutes. As this was a single component 

membrane no freeze-thaw was performed. A milky-looking MLV suspension was 

observed. 

The experiments were performed using the 7.1 T NMR spectrometer described in 

section  2.7 and the spectra were obtained by averaging over 200,000 repetitions of the 

two-pulse quadrupolar echo sequence with 90o pulse lengths of 3.95 µs, and a dwell 

time of 2 µs.  The delay between acquisitions was 300 ms and the data were acquired in 

quadrature with 8-CYCLOPS phase cycling.  

Since the amount of deuterated lipid in the sample was lower than usual, spectral 

artifacts caused by mechanical ringing were more significant. In order to reduce these 

artifacts which appeared at ±60 kHz, the interpulse spacing was set to 50 µs instead of 

the usual 40 µs, since the ringing tends to die out with time [111]. Spectra were collected 

at 25, 30, 35, 37, 39, 41, 46 and 50 oC. Each spectrum was acquired over an 8 hour. 
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3.4. Results  

Figure  3-3 shows the spectral behavior of CholPC-d31 upon heating between 25-

50 oC. The spectral shape of all spectra is typical of the lo phase, and in this 

temperature range the membrane shows no phase transition. 

Figure  3-4 summarizes the results of depaking the CholPC-d31 spectra. Half of 

each symmetrical dePaked spectrum is shown at each temperature. It can be seen that 

as the sample is heated the quadrupolar splittings become slightly smaller, reflecting 

increased thermal motion of the CholPC deuterated chain.  

To construct the orientational order profiles of the deuterated chain, the position 

of the individual CD peaks in the dePaked spectra was determined as follows. After 

identifying the first methyl peak, the position of the rest of the peaks was deduced by 

dividing the area of the overlapping peaks by the number of the remaining labeled 

carbons on the lipid acyl chain, as described by Lafleur et al. [89]. In Figure  3-5 a typical 

result of this procedure for finding the position of individual CD peaks is shown. The lines 

placed at the center of each area slice represent the quadrupolar splitting of the labeled 

carbons. The smoothed orientational order profiles of the deuterated chain were then 

calculated from the measured quadrupolar splittings on the dePaked spectrum. Note that 

since the CholPC spectrum in Figure  3-8 is significantly different from the DPPC-

d31/cholesterol spectra, it is possible that the order parameters do not vary 

monotonically along the chain. We attempted to determine the temperature 

dependences of the assigned quadrupolar splittings (see Figure A in the Appendix) but 

no clear pattern could be discerned. 

In Figure  3-6 order parameters -SCD- of the CD bonds on the deuterated chain of 

CholPC-d31 are graphed versus the CD bond’s carbon number at different 

temperatures. The resulting figure shows the order parameter profile of the deuterated 

chain of CholPC-d31 at different temperatures. It shows that in general CholPC-d31 acyl 

chains are quite ordered compared to, for example DMPC-d54 chains [112]. 

Furthermore by increasing the temperature the conformational ordering of individual CD 

bonds decreases, causing a reduction in the order parameter profile of the deuterated 

chain. This indicates increased thermal motion of CholPC chains. 
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Figure 3-3:  The“powderspectrum” of CholPC-d31 as a function of temperature. 
Due to the small amount of the deuterated material which we used, we were close to the practical 
detection limit for our spectrometer. Thus there are some “features” in the baseline that are not 
related to the sample but are due to mechanical resonances of the spectrometer, in particular 
bumps near ±60 kHz which are due to acoustic ringing effects [111] can be observed. 
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Figure 3-4:  DePaked spectra of CholPC-d31 as a function of temperature 
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Figure 3-5:  Location of CD peaks on CholPC-d31 dePaked spectrum at 25 oC. 
The individual peaks are assigned by dividing the total area of the overlapping peaks to the 
number of CD bonds. From left to right first line shows the terminal methyl peaks, 2

nd
 and 5

th
 lines 

are inequivalent CD bonds attached to carbon #2. 3
rd

 and 4
th
 lines are due to carbon #15 CD 

bonds. The rest of lines from the left to right are due to the CD bonds pairs each attached to 
carbon #14 to #3. Note that these lines can be assigned in pairs to the carbon positions. 

We compared the order parameter profile data of CholPC membranes with that 

of DPPC-d31/cholesterol membranes at 47 oC. The order parameter profile data of 

DPPC-d31 (sn-2 chain perdeuterated) for several cholesterol concentrations at 47 oC 

was taken from the work of the former PhD student in our research group, Amir 

Keyvanloo [13] (Fig.5-14 and data therein). Figure  3-7 shows the order parameter profile 

of the deuterated chain of the lipids together with the order parameter of the pure 

deuterated CholPC multilamellar vesicles at 46 oC.  The order parameter profiles of two 

different concentrations of Cholesterol in DPPC-d31 are also shown: for DPPC-

d31/cholesterol (79.5:20.5) and DPPC-d31/cholesterol (75:25). From the order 

parameter profiles we observe that, when compared with DPPC-d31/cholesterol data, 

the CholPC-d31 order parameters lie between those of 20 and 25 mol% of cholesterol in 

the DPPC-d31/cholesterol lipid bilayer. We therefore conclude that the order parameter 

profile of CholPC-d31 is similar to DPPC-d31/cholesterol (77:23). For comparison the 

2H-NMR spectra of all three mixtures is also shown in Figure  3-8. The peak resolution of 

CholPC-d31 is similar to DPPC-d31/cholesterol (75:25), while DPPC-d31/cholesterol 

(79.5:20.5) has a more smooth spectrum. The noisiness of the CholPC-d31 spectrum is 

due to the smaller amount of deuterated lipid used.  
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Figure 3-6:  2H-NMR order parameter profile of deuterated CholPC as a function 
of temperature 

Lower values of the order parameter for deuterons attached to carbon #2 are 

often observed [113] and are also evident in the CholPC-d31 order parameter profile. 

The part of the acyl chain near the glycerol backbone “kinks” and therefore the CD 

bonds on carbon #2 have different tilts with respect to the membrane normal compared 

to other CD bonds on the acyl chain. This ‘geometric effect’ results in reduced 

quadrupolar splittings for the CD bonds on carbon #2 and also makes them inequivalent. 

Such an effect is also observed in the order parameter profile of a lipid like DPPC-d31 

(sn-2 chain perdeuterated). In the case of CholPC, however, there is a cholesteryl 

hemisuccinate moiety attached to the neighbouring sn-1 glycerol carbon, which has a 

more pronounced effect than a palmitoyl chain on the configuration of the CD bonds of 

carbon #2. 

In CholPC-d31 the difference between the values of the order parameters of the 

two CD bonds of carbon #2 is almost twice that for DPPC-d31/cholesterol membranes. 

This pronounced inequivalence of the CD bonds indicates that the carbon#2 
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configuration is more perturbed, compared to the rest of the chain, than in the case of 

DPPC-d31.  

 

Figure 3-7:  2H-NMR order parameter comparison between CholPC-d31 and 
DPPC-d31/cholesterol  

Furthermore there is a slight decrease of the order parameter profile of CholPC-

d31 for carbon # 10-13, when compared to that of DPPC-d31/cholesterol. This “sagging” 

could imply that the positioning of the cholesterol moiety with regard to the neighbouring 

palmitoyl chain in the CholPC molecule differs from how free cholesterol positions itself 

between the acyl chains of DPPC-d31/cholesterol membranes. 

Many factors can modulate the lipid acyl chain order profile. Indeed the structure 

of the acyl chain itself is a primary determinant of the orientation of the CD bonds of the 

acyl chain, and its order parameter. For example it has been shown that the presence of 

an unsaturated bond dramatically affects the order along the lipid acyl chain [90]. In our 

case however we are comparing the order parameters of perdeuterated palmitoyl chain, 

in CholPC-d31 and DPPC-d31. 
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 The lipid acyl chain order can also be influenced by the presence of other 

molecules in the bilayer. For example, the presence of cholesterol inside the bilayers 

stiffens the lipid acyl chains thereby increasing the chain order. Cholesterol has a rigid 

ring structure which confines conformational freedom of the lipid acyl chains and causes 

them to stiffen [65]. Lafleur et al. [18] have shown that for different cholesterol content, 

the order parameter along the entire POPC palmitoyl chain similarly increases and the 

stiffening effect of cholesterol occurs throughout the bilayers. In other words, different 

bilayers exhibit similar order profile shapes regardless of the sterol content. 

Holte et al. [114] studied the order parameter profile of several PCs containing 

polyunsaturated acyl chains. In their study they used a series of PCs with a 

perdeuterated palmitoyl (16:0) chain on the sn-1 position and a polyunsaturated fatty 

acid on the sn-2 position.  They found that the plateau region in the order parameter 

profile of palmitoyl is shorter in the case of polyunsaturated PCs compared to that of a 

saturated PC such as DPPC. Furthermore, depending on the level of unsaturation of the 

neighbouring acyl chain of the PC, a reduction of the order parameter at various carbon 

position was observed. In their observations they found that at 37 oC, increasing sn-2 

chain unsaturation from one to six double bonds resulted in a 1.6 kHz decrease in the 

quadrupolar splittings of the sn-1 chain in the upper half of the chain, the ‘plateau 

region’, and maximum splitting difference of 4.4 kHz at methylene carbon 14. They 

attributed this behavior to the increase in motional freedom of the polyunsaturated acyl 

chain due to the cis double-bonds. This in turn would reduce the conformational freedom 

of the perdeuterated palmitoyl chain. They suggested that polyunsaturation causes lipid 

acyl chains to become "fatter" at the bilayer center, which generally leads to looser 

packing. 

Considering the abovementioned studies, we can attribute the ‘sagging’ in the 

order profile of CholPC-d31 to the non-ideal positioning of the cholesterol moiety in the 

molecule. Ideally cholesterol positions itself in the lipid bilayer such that its long 

molecular axis lines up approximately parallel to the lipid acyl chains [25] and its OH 

group can hydrogen bond in a manner similar to the glycerol backbone. In CholPC 

bilayers, however, the positioning of the cholesterol moiety at an angle to the direction of 

the palmitoyl chain does not limit the motional freedom of the CD bonds and their 
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angular excursion as does free cholesterol. This in turn would increase the 

conformational freedom of the chain in the carbon #10-13 region since the cholesterol 

moiety interacts even less with this part of the chain.  

If we compare the order parameter profiles of CholPC and DPPC/cholesterol 

(55:45), the limiting effect of the neighbouring cholesterol moiety on the conformational 

packing of the palmitoyl chain of CholPC is obvious. Considering that CholPC is in a 

sense equivalent to DPPC-d31/cholesterol (33:67), its conformational order is far lower 

than expected for similar molecular packing. We therefore propose that the cholesterol 

moiety position in CholPC is different from that in which the long molecular axis of 

cholesterol lines up approximately parallel to the lipid acyl chains. 
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Figure 3-8:  Spectrum of CholPC at 46 oC compared to DPPC/Cholesterol spectra 
at 47 oC. 

(This 1 
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3.5. Discussion 

In the presence of water, CholPC-d31 molecules self-assemble into lamellar 

structures. This is the same structure which other well studied mixtures like DPPC-d31/ 

cholesterol form in an aqueous environment. It has been shown that the cholesterol in 

DPPC/cholesterol bilayers causes the lipid acyl chains to order along the bilayer normal 

[13]. Comparing our data on sterol-induced ordering effects in these two membranes 

gives us a quantitative measure of the effectiveness of the constrained cholesterol in the 

CholPc-d31 relative to the free cholesterol molecules in DPPC-d31/cholesterol.   

CholPC and DPPC/cholesterol membranes are similar in the sense that they 

both have the same molecular components in the mixture. However in the case of 

CholPC the cholesterol moiety is linked to the acyl chain and its motion is restricted 

compared to the cholesterol molecules in DPPC/cholesterol membranes.   

In DPPC/cholesterol membranes, cholesterol molecules can diffuse laterally and 

relocate among the acyl chains of DPPC molecules. In this membrane the 

conformational ordering of the acyl chains is due to the adjacent cholesterol molecules, 

as well as the other intramolecular acyl chain. In other words in DPPC/cholesterol 

membranes both the cholesterol molecule and the adjacent acyl chain moiety of the 

same lipid molecule restrain the conformational freedom of the labeled acyl chain and 

contribute to increasing its order. In the CholPC membranes however, the 

conformational ordering of the labeled chain is mainly due to the effect of the 

constrained cholesterol moiety in the same molecule. In both cases there are transient 

intramolecular ordering effects due to neighbouring acyl chains and cholesterol. 

In CholPC the cholesterol moiety is attached to the sn-1 position of the glycerol 

backbone via a hemisuccinate linker. The flexibility of the linker, as well as its length, is 

another factor which affects the mobility and localization of the cholesterol moiety in the 

CholPC and therefore its ordering ability. 

In this respect if we wish to compare the ordering ability of cholesterol on acyl 

chains in the unattached form versus the constrained case, a more exact comparison 

with CholPC would be with LysoPC/cholesterol (1:1). Note that lysoPC is a PC that has 
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had its sn-1 chain "lysed" (chemically or enzymatically removed) and the cholesterol 

molecules are free to diffuse laterally. 

Fogila et al. [115] compared the characteristics of CholPC and DPPC/cholesterol 

membranes in monolayer and bilayer forms. In their study of Langmuir isotherms, 

neutron reflectivity and small angle neutron scattering, they showed that CholPC and 

DPPC/cholesterol (60:40) membranes have a similar monolayer structure (thickness of 

~26 Å). In the lamellar form also, both membranes have a bilayer thickness of ~50 Å, 

and exhibit a repeat spacing of ~65 Å. However the interfacial area of CholPC was found 

to be about 10 Å2 greater than that of the DPPC/cholesterol (60:40) combined unit area 

in the mixed lipid monolayer. They attributed the larger area of CholPC to the linkage 

which joins the cholesterol moiety to the glycerol moiety. Huang and Szoka [109] also 

showed that osmotic-induced content leakage from SML liposomes is in general similar 

to that observed in DPPC/cholesterol liposomes at the 60:40 molar ratio. 

In our 2H-NMR study we expected to find a similar ordering profile of CholPC-

d31to to that of a mixture of DPPC-d31 with 40 mol% unconstrained cholesterol. We 

therefore compared the ordering effect of the SML’s sterol moiety constrained in the 

modified phospholipid structure with the effect of unconstrained sterol in a phospholipid 

bilayer. We then showed that unconstrained sterol has stronger ordering effects on the 

neighbouring acyl chains than the constrained sterol moiety in the SMLs. 

The 2H-NMR spectra of CholPC-d31 depicted in Figure  3-3 are lo phase spectra. 

An examination of the effect of temperature on the spectra shows that as with DPPC-

d31/cholesterol (at high cholesterol concentrations), CholPC does not show any 

evidence of a gel to liquid crystalline phase transition between 25-50oC. This suggests 

that the presence of the cholesterol moiety abolishes the main phase transition. This 

observation is in agreement with the differential scanning calorimetric (DSC) studies of 

SML liposomes by Huang and Szoka [109] in which the main phase transition was not 

observed. This indicates that when the cholesterol moiety and the hydrocarbon chains 

are positioned next to each other as in SMLs, homogeneous lo bilayers are achievable 

over a wide range of temperature. 
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The comparison between the ordering ability of the constrained cholesterol 

moiety in CholPC-d31 versus unconstrained cholesterol in DPPC-d31/cholesterol can be 

made quantitative by using the order parameter profiles of the deuterated hydrocarbon 

chain in these membranes as shown in Figure  3-7 Comparing the CholPC-d31 order 

parameter profile with the data from DPPC-d31/cholesterol shows that the ordering 

ability of the constrained cholesterol in CholPC-d31 is close to that of unconstrained 

cholesterol in DPPC-d31/cholesterol at a 77:23 ratio. This is somewhat surprising given 

that: 1) the ratio of 33:67 is expected from bulk stoichiometry estimates, and 2) the 

structural studies by Fogila et.al [115] as mentioned above showed correspondence 

between CholPC and a 60:40 ratio of DPPC/cholesterol. 

It is important to list the ratios which were found from different comparisons 

between CholPC and DPPC/cholesterol membranes. Ignoring the restrictions on 

cholesterol mobility in CholPC, it is expected from chains stoichiometry that CholPC 

would show a behavior similar to that of DPPC/cholesterol at the ratio of 1:2. The 

structural studies by Fogila et.al [115] on the morphological properties of CholPC in the 

liquid crystalline phase (either in the monolayer or bilayer form) showed similar structural 

measurements in both CholPC and DPPC/cholesterol (3:2). Our 2H-NMR ordering ability 

data which compares the two membranes at molecular length scales however indicates 

a similarity between CholPC and DPPC/cholesterol (7:2).  

By examining the order parameter, we can comment on the conformational 

freedom of the CD bonds on the lipid acyl chain. The conformational freedom of the acyl 

chains is a parameter affected by the proximity of the cholesterol ring structure to the 

acyl chain. One can measure this quantity, averaged over all deuterated chains, by 2H-

NMR techniques. In CholPC both the “depth” of the constrained cholesterol moiety in the 

bilayers as well as the flexibility of its linker to the rest of the molecule, contribute to the 

conformational freedom of the CholPC acyl chain. The ordering of the palmitoyl chain in 

CholPC, however, cannot be directly correlated with liquid crystalline structural 

properties of CholPC, such as its interfacial area and bilayer thickness. This is because 

other factors like the positioning of the cholesterol moiety in the molecule as well as the 

PC headgroup tilt - which do not necessarily correspond to those of DPPC/cholesterol 

bilayers - also contribute to the molecular arrangement in the bilayer. Note that using 2H-
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NMR techniques we only examine the ordering behaviour of the palmitoyl chain in 

CholPC. 

The order parameter profile can be, however, correlated with the hydrophobic 

thickness of the bilayer, but not its total thickness, and given the modification made on 

CholPC molecule, assumptions are needed to relate those values. Here we calculate the 

acyl chain length of the CholPC-d31 based on our order parameter data. Using the 

method proposed by Schindler and Seelig [116] the average length of a chain composed 

of n segments is given by 

< 𝑙 > = 1.25 [
𝑛

2
− ∑𝑆𝐶𝐷

𝑖

𝑛

𝑖=1

] Å .                                                      (I) 

We used this expression, and the data presented in Figure  3-6 for the CholPC order 

parameter at 46 oC to find that the average length of the deuterated chain of CholPC is 

15.1 Å. 

Equation (I) is based on a model which was derived by Marcelja [117], [118] and 

the calculation was performed for the sn-1 chain. Note that we have the order parameter 

data of the sn-2 chains in our sample. In deriving Eq. (I)  Schindler and Seelig [116] also 

assumed the contribution of the intermolecular motions to be negligible. Based on the 

same expression the corresponding length for the DPPC sn-2 chain at 41 oC is 13.4 Å 

(data from [119]). For DPPC/cholesterol (75:25) we calculated the average length of the 

sn-2 chain at 47oC to be 15.3 Å (data from our Figure  3-7). 

A less exact approach by Ipsen et al. [87] relates the chain length to the average 

chain order parameter, as 

< 𝐿 >= 𝐿0 (
1

2
+< |𝑆𝐶𝐷| >) .                                             (𝐼𝐼) 

As mentioned in section  2.8.3.1 the average chain order can in turn be determined 

directly from the first moment M1 by < |𝑆𝐶𝐷| >=
√3

𝜋(
𝑒2𝑞𝑄

ℎ
)
𝑀1 , where 

𝑒2𝑄𝑞

ℎ
 =168 kHz for a CD 
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bond ([76] Table 1). In Eq. (II)  𝐿0 is the chain length in the fully extended state, which 

for DPPC sn-2 is 19.7 Å [118].  

In our study the first moment of the spectrum of CholPC-d31 at 46 oC is 

76350 𝑟𝑎𝑑/𝑠, leading to an average chain ordering of  < |𝑆𝐶𝐷| > = 0.25  and a chain 

length of  < 𝐿 >= 14.8 Å. These calculated chain lengths from our CholPC-d31 data are 

all ~15Å which is still much smaller than those obtained from the monolayer and bilayers 

thickness measurements on CholPC, reported in [115] (~26 Å and ~50 Å respectively).  

We note that the monolayer and bilayer thickness measurements from CholPC 

as reported in [115] include the PC headgroup. However one should compare our 

calculated average chain length values with hydrophobic thickness measurements. 

Furthermore, we also note that in our CholPC-d31 case, the average chain length 

calculation for the deuterated acyl chains does not relate directly to the bilayer thickness. 

This is because in calculating the bilayer thickness of CholPC bilayer, the orientation and 

contribution of the PC headgroup and the cholesterol moiety to the bilayers’ thickness 

should also be taken into account. Unfortunately those parameters cannot be estimated 

from 2H-NMR calculations, which only explore the properties of the deuterated lipid acyl 

chains. 

3.6. Chapter Summary 

Our data shows that the ordering ability of cholesterol in CholPC is greatly 

reduced compared to free cholesterol in DPPC. It also emphasizes that cholesterol 

molecules must be free to move in the bilayers in order to reach their maximum ordering 

ability. In other words, when compared to unconstrained cholesterol, the constrained 

cholesterol moiety in CholPC causes a non-optimal chain packing. 

3.7. Future Work 

Synthesized sterol-modified phospholipid (SML)’s have given us a new kind of 

lipid to explore. As discussed above, CholPC, like other SMLs studied in [109] do not 
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show any phase change between 25-50oC and are in the lo phase over this temperature 

range.  

It is possible to use SMLs for preparing binary mixtures with lipids to study the 

phase behavior of the mixture. Such binary mixtures can hypothetically behave like a 

ternary mixture of DPPC+cholesterol+the added lipid. The question of interest then 

would be if there is evidence of lo+ld domain coexistence, and also if a three-phase line 

would be observable when SML/lipid membranes make a transition from gel to liquid 

crystalline phase. 

2H-NMR studies require deuterated (labeled) lipids, but deuterated SMLs are not 

yet commercially available. However one could still study a mixture of commercially 

available non-labeled SMLs with deuterated lipids. The phase diagram of the binary 

mixture of SML/lipid then can be determined in a straightforward manner under 

appropriate concentrations.   

An interesting example would be SML/DPPC-d31 binary membranes. Once its 

phase diagram is determined it can be compared with that of DPPC-d31/cholesterol 

which is a well-studied case. The phase diagram of the membranes can be then studied 

for evidence of lo+ld domain coexistence and the existence of a three-phase line.  
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Chapter 4. Role of Sterol Structure in Ordering 
Behavior of POPC/Sterol Binary Membranes 

4.1. Introduction 

As described in  Chapter 1, POPC is a lipid molecule commonly found in the 

plasma membranes of eukaryotic cells. It has one saturated fatty acid chain, and the 

other lipid acyl chain is monounsaturated. This makes it a suitable candidate to study in 

comparison with DPPC for which both fatty acid chains are saturated in order to examine 

the effect of the unsaturated lipid acyl chain on lipid/sterol behavior. POPC was chosen 

for our experiments since plant cell plasma membranes contain a high proportion of 

phospholipids with unsaturated acyl chains.   

Even though POPC is abundant in mammalian cell membranes, there are 

relatively few investigations of POPC/sterol interactions. Most of these studies were 

reviewed in Chapter 1 of this thesis. A detailed study of POPC interactions with sterols 

differing in their molecular structures is therefore pertinent.   

In this chapter we report on the effect of plant sterols (phytosterols) on POPC 

acyl chain order. Unlike mammalian and fungal cell membranes which only contain one 

major sterol (cholesterol and ergosterol respectively), plasma membranes of plant cells 

have a characteristically complex sterol mixture. The prevalent phytosterols in plants are 

campesterol, β-sitosterol and stigmasterol as well as small amounts of cholesterol in 

some cases [36], [37] & [38]. Phytosterols have the same fused ring structure as 

cholesterol in their chemical structures, but their alkyl chains are bulkier due to the 

presence of a double bond and/or extra ethyl or methyl groups lower on the chain. The 

chemical structure of the sterols which we used in our experiments is shown in 

Figure  4-1.  
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4.2. Chapter Outline 

In the current study we used 2H-NMR spectroscopy to determine the sterol 

concentration dependence of POPC-d31 acyl chain ordering in the POPC/phytosterol 

MLVs for a series of phytosterols differing from the previously studied sterols by a small 

structural change. In particular we investigated campesterol, brassicasterol, stigmasterol 

and β-sitosterol in order to examine the sensitivity of lipid acyl chain ordering in 

POPC/sterol membranes to sterol alkyl tail structure. Campesterol and β-sitosterol differ 

from cholesterol in their C24 substituents, which are methyl and ethyl groups, 

respectively (see Figure  4-1). Brassicasterol differs from campesterol in that it has a 

trans double bond at C22. Stigmasterol differs from β-sitosterol in the same way. The 

effects of these structural differences on POPC chain ordering are presented in the 

results section and are systematically analyzed in the discussion section.  

4.3. Previous Studies 

The effects of ergosterol, cholesterol and 7-dehydrocholesterol (7-DHC) on the 

properties of POPC-d31 multi-bilayer vesicles (MLVs)  were investigated by Hsueh et al. 

[17] using 2H-NMR. In this study, the authors measured the values of the average 

spectral width, M1, which is proportional to the average lipid acyl chain order [28], of the 

2H-NMR spectrum of POPC-d31 MLVs containing cholesterol, 7-DHC or ergosterol.  

They found that the spectral width of POPC-d31/ergosterol behaved differently from 

those of the other sterols in that its value for POPC-d31 membranes increased with 

ergosterol concentration up to 25 mol% at 25 oC but did not increase further with 

increasing concentration up to 35 mol%.  Further work by Hsueh confirmed that the 

POPC-d31/ergosterol spectral width remains constant up to at least 50 mol% (see 

Figure  4-2).  In contrast the average spectral width for POPC-d31/cholesterol 

membranes increases almost linearly up to 60 mol% and that of POPC-d31/7-DHC also 

increases linearly with sterol concentration.  
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Figure 4-1:  Chemical structure details for cholesterol, campesterol,β-sitosterol, 
brassicasterol, stigmasterol, 7-DHC, and ergosterol  

The observed saturation in the ordering ability of ergosterol at high mol% has 

been interpreted in terms of a limiting sterol concentration above which excess 

ergosterol forms crystallites of ergosterol monohydrate in a similar manner to the known 

formation of cholesterol monohydrate [49], [52], [73] & Hsueh (private communication). 

The structural difference between cholesterol and ergosterol is that ergosterol 

has an additional double bond in its fused ring at C7 and a trans double bond at C22 

plus a methyl substituent at C24 in its alkyl chain (see Figure  4-1). In this context it is 

important to note that 7-DHC has the fused ring of ergosterol linked to the alkyl chain of 

cholesterol (Figure  1-4). The study by Hsueh et al. [17] therefore ruled out the fused ring 

modification as a cause for the observed saturation of acyl chain order in 

POPC/ergosterol bilayers.  
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One purpose of the current investigation is to find out which of the moieties in the 

alkyl chain is responsible for the reduction of the sterol’s ability to order lipid acyl chains. 

Since the the average acyl chain order of POPC/7-DHC membranes exhibited no such 

effect, our next step was to look for a sterol with the fused ring of cholesterol linked to 

the alkyl chain of ergosterol. This turned out to be a phytosterol, brassicasterol, which 

led us to the investigation of POPC/phytosterol MLVs in the context of acyl chain order 

at 25 oC. 

4.4. Materials and Methods 

POPC-d31 was obtained from Avanti Polar Lipids (Alabaster, AL) and used 

without further purification.  Cholesterol (98% pure) was obtained from Avanti Polar 

Lipids (Alabaster, AL). Ergosterol (97% pure) and 7-dehydrocholesterol (7-DHC) (97% 

pure) were obtained from Fluka (Buchs, Switzerland), and 7-DHC was protected from 

oxidation by being kept in the dark under nitrogen. Plant sterols were obtained from 

Sigma-Aldrich (purities: campesterol ≥ 95%, stigmasterol ≥ 95%, β-sitosterol ≥ 98%, 

brassicasterol was synthesized from semisynthetic 24ξ-methylcholesterol ~98% [the 

mixture of 65% 24R (i.e., campesterol) and 24S (i.e., 22-dihydrobrassicasterol) epimers 

for the rest]). POPC-d31/sterol multilamellar vesicles (MLVs) were prepared by the 

procedure described in section  2.6.1, page 40. 

2H-NMR experiments were performed immediately after the sample was 

hydrated. The sample was heated to 25 oC for at least 20 min in order to equilibrate the 

sample before data were collected. The experiments were performed using a 7.1 T  

Oxford magnet, with a locally built spectrometer at 46.8 MHz using the quadrupolar echo 

technique [10].  The quadrupolar sequence consists of two 90o pulses, with the second 

pulse phase shifted by 90o with respect to the first. The pulses were 3.95 μs in length 

and were separated by an echo delay of 40 μs and a dwell time of 2 μs for all 

acquisitions. Typically 20,000-50,000 repetitions of the pulse sequence were acquired 

for each spectrum using a recycle delay of 300 ms and the data were collected in 

quadrature with CYCLOPS 8-cycle phase cycling.  
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In order to study the ordering effect of different sterols on the deuterated chain of 

POPC-d31 we analyzed the dePaked spectra. The greatest assigned quadrupolar 

splitting was used to measure the “maximum quadrupolar splitting”, Q
max, of the 

POPC-d31 sample. 

The maximum quadrupolar splitting was used to compare the ordering effect of 

different sterols on the deuterated chain of POPC-d31. We did not use our data for M1 

versus sterol concentration in this work because we encountered an anomalous central 

peak which greatly affects the value of M1 in the spectra of some of our samples, in 

particular POPC-d31 containing 9, 20.5, and 27 mol% (Figure  4-5). The maximum 

quadrupolar splitting of the spectra, Q
max, as measured from the dePaked spectra, 

however, remained unaffected. The graphs of maximum quadrupolar splitting versus 

sterol concentration were also compared to similar data for M1 versus sterol 

concentration for several previously studied sterols and it was found that the maximum 

quadrupolar splitting consistently reflected the same sterol structure dependent behavior 

at various sterol concentrations. We therefore avoided the misleading effect of the 

anomalous central peak and the resultant inconsistencies in M1 by using the maximum 

quadrupolar splitting, Q
max, instead of M1 in the current study. 

4.5. 2H-NMR Study of Lipid Acyl Chain Ordering 

We first review the results for the maximum quadrupolar splitting, Q
max

, as a 

function of sterol concentration obtained by Hsueh et al. [17] for POPC-d31/sterol MLVs 

in the context of our assay of lipid acyl chain order. These results are presented in 

Figure  4-2 which shows the dependence of Q
max on sterol concentration for POPC-d31 

binary mixtures with ergosterol, cholesterol or 7-DHC. This figure is based on data from 

Fig. 7 of [17] plus later results for POPC-d31 MLVs containing higher concentrations of 

cholesterol and ergosterol.  

For POPC-d31/cholesterol, Q
max increases linearly with sterol concentration 

from 0 to 40 mol% while the rate of increase in splitting slows slightly at 45 and 50 mol% 

cholesterol. Note that the maximum possible quadrupolar splitting for a methylene CD 
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bond in the presence of axially symmetric motion is about 63 kHz (Table 1 of [76]) and 

the maximum observed splitting for equimolar POPC-d31/cholesterol is over 80% of this 

value. The maximum quadrupolar splitting of POPC-d31/ergosterol has a different 

dependence on sterol concentration than either POPC-d31/cholesterol or POPC-d31/7-

DHC in that the splitting and therefore the acyl chain ordering of the POPC-d31 

membrane only increases with ergosterol concentration up to 25 mol% but does not 

increase further for higher sterol concentrations. 

 

Figure 4-2:  The sterol concentration dependence of maximum splitting for 
POPC-d31 MLVs containing sterols at 25 oC.  

Data from Hsueh et al. [17] and [Hsueh, private communication]. 

4.5.1. 2H-NMR study of palmitoyl chain ordering in 
POPC/phytosterol MLVs 

We extended the work of Hsueh et al. by examining the effect of several plant 

sterols. In particular we used 2H-NMR spectroscopy to study the chain ordering of 

deuterated POPC/sterol binary mixtures. The sterols used in our investigation were 

campesterol, β-sitosterol, brassicasterol, stigmasterol and ergosterol and the 2H-NMR 

spectra of POPC-d31/sterol MLVs were obtained as a function of phytosterol 

concentration at 25 oC.  
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Figure  4-3 shows the POPC-d31 spectra of these MLVs as a function of 

campesterol and brassicasterol concentration, respectively. Both of these sterols have a 

C24 methyl substituent. In addition brassicasterol has a double bond at C22. As more 

campesterol is added to POPC-d31, the width of the spectrum increases dramatically. 

Furthermore the resolution of the individual Pake doublets varies with campesterol 

concentration. At intermediate campesterol concentrations (e.g. 20.5 and 25 mol%), the 

peaks are nearly unresolved while they are quite sharp at low and high campesterol 

concentrations. Similar variations in spectral resolution were previously observed in 

studies of DPPC/cholesterol (Fig. 6 of [28]), DPPC/ergosterol (Fig. 5 of [120] and Fig. 2 

of [33]) and POPC/ergosterol (Fig. 3 of [17]) and they are an indication of variations in 

membrane homogeneity.  

 

Figure 4-3:   2H-NMR spectra as a function of sterol concentration 
POPC-d31 MLVs at 25 

o
C containing campesterol (A) and brassicasterol (B).  
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Sharp peaks imply that the labeled lipid is in a homogeneous environment while 

poorly-resolved peaks imply that the labeled lipid samples physically distinct regions of 

the membrane during NMR data acquisition. Thus one possible inference is that the 

POPC-d31/campesterol membrane undergoes a phase transition from the liquid 

disordered (ld) phase first to coexistence of the ld phase and the liquid ordered (lo) 

phase below 20 mol% campesterol and then to the pure lo phase at ~30 mol%.  

In contrast, the spectra of the POPC-d31/brassicasterol MLVs show only 

moderate increases in width with increasing sterol concentration.  Furthermore the three 

most concentrated POPC-d31/brassicasterol samples yield nearly identical spectra.  We 

hesitate to attribute the unresolved nature of these spectra to ld + lo phase coexistence. 

A more likely explanation is that the broadening reflects membrane heterogeneity due to 

the presence of sterol micro-crystallites. 

The concentration dependence of the maximum quadrupolar splitting for POPC-

d31 binary mixtures containing brassicasterol or campesterol is displayed in Figure  4-4. 

This figure shows that up to ~17 mol% both the sterols exhibit similar behavior in their 

ability to order POPC-d31 whereas the ordering effects differ dramatically above 17 

mol% sterol. In particular for campesterol, the maximum quadrupolar splitting, Q
max, 

continues to increase linearly, while in the case of brassicasterol the rate of increase 

slows and Q
max levels out above 25 mol%. In summary, POPC chain ordering exhibits 

a continuous increase with increasing campesterol concentration up to at least 50 mol%, 

while additional brassicasterol is ineffective in ordering POPC above 25 mol%.  

Next we investigate whether the nature of the C24 substituent changes the 

tendency for sterols with a double bond at C22 to display saturation in the concentration 

dependence of its ordering effect on POPC. To do this we compared the effect of β-

sitosterol, with a C24 methyl substituent, and of stigmasterol, with a C24 ethyl 

substituent, on POPC-d31. Similar to the case of campesterol and brassicasterol (see 

Figure  4-1) these two sterols differ in the absence and presence of the C22 double bond, 

respectively. Figure  4-5 shows the POPC-d31 spectra as a function of the concentration 

of both sterols at 25 oC. The spectra of POPC-d31 with β-sitosterol are generally very 

similar to those of POPC-d31/campesterol.  
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Following the discussion of the results of Figure  4-3, a possible inference 

concerning the sterol concentration-dependent variations in spectral resolution is again 

that the POPC-d31/β-sitosterol membrane undergoes a phase transition from the ld 

phase to ld+lo phase coexistence close to 9 mol% sterol and then to the pure lo phase 

between 27 and 37 mol%. In contrast, the spectra for POPC-d31/stigmasterol do not 

show any observable change for concentrations greater than 10 mol%. The width 

remains constant and the spectral resolution does not vary even at the highest 

concentration of 42 mol%.  

 

Figure 4-4:  The effect of the C22 trans double bond with a methyl substituent on 
C24 

The sterol concentration dependence of maximum splitting for POPC-d31 MLVs at 25 
o
C 

containing campesterol (open diamonds) or brassicasterol (filled diamonds) .The lines are guides 
to the eye.  

We next compare the concentration dependence of Q
max for POPC-d31 binary 

mixtures with stigmasterol and β-sitosterol in Figure  4-6.  Note that both the sterols show 

similar behavior up to ~10 mol%. As the concentration of β-sitosterol increases above 10 

mol%, however, the value of Q
max increases more than it does for the stigmasterol 
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case. On adding more β-sitosterol to POPC-d31, Q
max increases continuously up to at 

least 46 mol%. However for POPC-d31/stigmasterol, Q
max increases only slightly 

above its observed value at 10 mol%. No further increases in Q
max occur for 

concentrations above 20 mol% stigmasterol. 

 

Figure 4-5:  2H-NMR spectra as a function of sterol concentration 
POPC-d31 MLVs at 25 

o
C, containing β-sitosterol (A) or stigmasterol (B). 
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Figure 4-6:  The effect of the C22 trans double bond with an ethyl substituent on 
C24.  

The sterol concentration dependence of maximum splitting for POPC-d31 MLVs at 25 
o
C 

containing β-sitosterol (open squares), and stigmasterol (filled squares). The lines are guides to 
the eye. 

4.6. Discussion and Conclusion 

In a review article Wenz [121] conducted a systematic study of the relationship 

between the sterol molecular structure and the effects of sterols on membrane physical 

properties. Multivariate analysis of the literature on sterol membrane activity led to the 

conclusion that a 8–10 carbon atom chain at C17 is the most important structural 

feature, followed by a OH group at C3 and a double bond between C5-C6. In lipid 

mixtures containing sterols with these features, increased membrane rigidity, molecular 

ordering, improved packing, and raft formation or stabilization are expected. On the 

other hand a keto group, RC(=O)R',  at C3, a double bond between C4-5, and short alkyl 

chains (3 to 7 atoms) or polar groups attached to C17 were all found to give the ‘sterols 

membrane disrupting’ properties, which means decreasing the aforementioned physical 

properties. 
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Wenz’s review article addresses the importance of the alkyl chain in the effect of 

sterols on the membrane properties compared to the other structural modifications of the 

sterol structure. In our investigations the focus was primarily on the sterol tail structure. 

We therefore studied sterols with different alkyl chains at C17 to compare their effects on 

lipid acyl chain ordering in POPC membranes.   

In our study, we identified two structural features of the phytosterols under 

investigation that affect their ability to order POPC acyl chains. The first of these is the 

C22 trans double bond and the second is the C24 substituent. We first interpret our 

results in the light of sterol structure as related to acyl chain ordering and sterol solubility 

in the bilayer. This is followed by a comparison of our results with previous literature and 

some suggestions for future studies. 

4.6.1. Acyl chain ordering and solubility of sterols in POPC 
bilayers  

Figure  4-7 shows the concentration dependence of the maximum quadrupolar 

splitting, Q
max, for all the POPC-d31/sterol binary mixtures studied here.  All these 

sterols give rise to an increase in POPC-d31 acyl chain ordering. Here cholesterol is 

most effective in increasing the value of Q of POPC-d31 whereas stigmasterol is the 

least effective.  The ability of the sterols to order the acyl chains of POPC at higher 

concentrations can be ranked as follows: cholesterol > 7-DHC > campesterol > β-

sitosterol > ergosterol > brassicasterol > stigmasterol.  

For concentrations below ~10 mol% Figure  4-7 shows that all the sterols used in 

this study have almost the same effect on Q
max for POPC-d31/sterol binary mixtures. 

This implies that, at such low concentrations all these sterols have same ordering ability 

on POPC acyl chains. Above ~10 mol% cholesterol, 7-DHC and campesterol continue to 

increase POPC-d31 chain ordering linearly with concentration whereas the other sterols 

show a marked reduction in slope. 

 This saturation behavior is seen most dramatically for stigmasterol which 

reaches its maximum ability to order POPC-d31 acyl chains between 10 and 20 mol%. 

This could be related to several factors: the limited intrinsic ordering ability of the sterol, 
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imperfect packing of the sterol and the lipid molecules, and the possibility that the sterol 

reaches its solubility limit in POPC-d31. In the latter case additional sterol is not 

dissolved in the bilayer and the lipid acyl chain-sterol interaction remains unchanged. 

These explanations could either be independent of each other or not, since our 

experimental method does not distinguish the one from the other. 

 

Figure 4-7:  The sterol concentration dependence of maximum splitting for 
POPC-d31 at 25 oC containing different sterols.  

The lines are guides to the eye.  

It is important to emphasize that stigmasterol has both a C22 double bond and 

an ethyl substituent on C24. Furthermore stigmasterol has been reported to have a low 

solubility limit of 15 mol% in soybean PC [57]. The excess sterol forms stigmasterol 

monohydrate microcrystals in POPC above its solubility limit, as directly observed by 

small angle x-ray scattering [73]. We therefore hypothesize that the saturation in Q
max 

is correlated with the formation of such stigmasterol crystallites. Adding more 

stigmasterol would simply increase the number of microcrystals rather than affecting 
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POPC chain order as measured by 2H-NMR. We postulate that such crystallite formation 

is also responsible for the saturation behavior observed in brassicasterol and, to a lesser 

extent, in β-sitosterol.  

Next we link the reduced ordering ability of the sterols to two aspects of sterol 

structure; the nature of the C24 substituent and the presence or absence of the C22 

double bond.  We note that brassicasterol is identical to stigmasterol except that it has a 

methyl instead of an ethyl substituent at C24.  In POPC-d31/brassicasterol MLVs, the 

sharp decrease in the slope of Q
max vs. sterol concentration occurs at ~20 mol%, 

somewhat higher than observed for stigmasterol. The reduction in substituent volume 

increases the solubility of the sterol in POPC-d31 and accordingly its ability to intercalate 

amongst the POPC-d31 acyl chains and to order them. Also we note that β-sitosterol 

has the same structure as stigmasterol except that it lacks the C22 double bond. 

Furthermore it exhibits the greatest ordering ability compared to the previously 

mentioned phytosterols. In fact this sterol causes an increase in POPC-d31 chain order 

up to a concentration of ~30 mol%, above which there is a significant decrease in slope 

(see Figure  4-7). These results indicate that the presence of a double bond at C22 

stiffens the sterol alkyl tail in such a way that its ability to intercalate between POPC acyl 

chains is reduced.  

The only phytosterol studied here which does not give rise to saturation in 

POPC-d31 chain order (at least up to 46 mol%) is campesterol. When compared with 

stigmasterol, campesterol lacks the C22 double bond but has the smaller C24 

substituent.  Therefore the only difference between campesterol and cholesterol is the 

presence of a C24 methyl group. Hence it is not surprising that these two sterols have a 

similar effect on POPC-d31 acyl chain order. The data of Figure  4-7 indicate that the 

C24 methyl group only slightly reduces the ordering ability of campesterol as compared 

to cholesterol.  

Ergosterol causes no further increase in the POPC acyl chain order above 

almost the same concentration found here for brassicasterol [17], indicating that the 

solubility of these two sterols are comparable. Note also that these sterols have an 

identical effect on the maximum splitting of POPC-d31 up to 20 mol%. The ordering 
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effect found at higher concentrations is, however, larger for ergosterol than for 

brassicasterol. In this context we note that the only difference in structure between these 

two sterols is the cis conjugated double bond at C7 in the fused ring of ergosterol. Since 

the presence of the conjugated double bond increases the polarity of ergosterol, it most 

likely causes a reduction in its equilibrium depth in the bilayer. The extra double bond 

may also make the fused rings of ergosterol more compact than those of brassicasterol. 

We propose that these two structural modifications together are responsible for the 

difference in the measured ordering ability of the sterols 

 Additional insight can be provided by a structural comparison between pairs of 

sterols. The difference between the structure of 7-DHC and ergosterol is the same as 

that of cholesterol and brassicasterol. We propose that the presence of the C24 methyl 

group and the C22 double bond gives rise to the saturation of the maximum splitting of 

POPC-d31 above ~25 mol% (Figure  4-7). This effect is stronger for the cholesterol-

brassicasterol pair as compared to the 7-DHC-ergosterol pair at 30 mol% sterol.  

The campesterol-brassicasterol pair and the β-sitosterol-stigmasterol pair are 

also similar in that the second sterol in each pair has an extra C22 double bond 

compared to the first sterol. In both cases the effect of the double bond is to decrease 

the maximum splitting due to the sterol by 25 ± 2% (Figure  4-4 and Figure  4-6).  

The campesterol-β-sitosterol pair and the brassicasterol-stigmasterol pair are 

similar in the following way; in each pair the second sterol has a C24 ethyl group in the 

place that the first sterol has a methyl group. The effect of having an ethyl substituent on 

the sterol alkyl chain instead of the methyl group in each pair is to cause an extra 

reduction of the rate of increase in the maximum quadrupolar splitting of POPC-d31. 

Note that in the second pair, i.e. brassicasterol-stigmasterol, the presence of the C22 

double bond has already restricted the effectiveness of the sterols on the chain ordering 

of POPC-d31. In both sterol pairs, due to the bulkier C24 ethyl group, the maximum 

measured splitting decreases by 12 ± 2%. (Figure  4-7). 



 

95 

4.6.2. Role of sterol structure in ordering POPC acyl chains  

4.6.2.1 Comparison of the ordering ability of the sterols 

We summarize our results by describing how certain structural features of 

different sterols modify their ability to increase the chain order of POPC bilayers in 

comparison with cholesterol. 

 Our results indicate that the most dramatic effect on limiting the sterol ordering 

ability in POPC is caused by the presence of the C22 double bond. This is the case for 

ergosterol, brassicasterol and stigmasterol. Additionally the substituents on the sterol 

alkyl chain increase its bulkiness and cause imperfect packing with POPC which in turn 

may interfere with solubility and close packing in the lipid membrane.  

In the absence of the C22 double bond, increasing the size of the C24 

substituent reduces the sterol’s ordering ability at high concentration. This is the trend 

that we observe when the related results for cholesterol, campesterol and β-sitosterol 

are compared.  

In the presence of the C22 double bond, which causes the alkyl chain to become 

less flexible, increasing the size of the C24 substituent further reduces the sterol’s 

packing and ordering ability as for stigmasterol when compared with brassicasterol. 

Increased sterol alkyl tail rigidity and volume most likely limit the interaction of the sterol 

with the POPC acyl chains and may concomitantly limit the sterol solubility in the bilayer. 

Excess sterol would then form sterol monohydrate crystallites.  

In summary the sterols’ ability to increase the lipid acyl chain order -and also 

possibly their solubility- in POPC bilayers can be placed in the following order: 

cholesterol > 7-DHC > campesterol > β-sitosterol> ergosterol > brassicasterol > 

stigmasterol as stated in subsection  4.6.1. 
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4.6.2.2 Comparison with previous investigations 

Next we compare our results with the work of Stevens et al. [58] on the solubility 

limits of cholesterol, lanosterol, ergosterol,  stigmasterol and β-sitosterol in 

DOPC/DPPC/sterol (1:1:X) giant unilamellar vesicles (GUVs). These authors obtained 

the solubility limit of each sterol in the mixture by directly measuring the fraction of each 

sterol in the GUVs. This was achieved by performing a multi-step procedure involving 

electroformation, extrusion to separate out undesolved sterol, and finally NMR analysis 

of the lipid compositions of the extruded vesicles. They found that after reaching a 

certain concentration for each sterol, the sterol content in the DOPC/DPPC/sterol GUVs 

does not increase. They also used optical microscopy to detect the sterol crystals. 

Optical microscopy gives an upper limit for sterol solubility, since the sterol crystals may 

be difficult to detect at lower concentrations. They found that the solubility limits 

decreased in the following order: cholesterol > β-sitosterol > lanosterol > ergosterol >  

stigmasterol which is in agreement with our analysis.  

Note that the DOPC/DPPC/sterol mixture has the same stoichiometric ratio of 

saturated and unsaturated acyl chains to sterols as for our POPC/sterol mixture. In our 

membranes the ordering ability of sterols (i.e. the ability to induce order in the 

neighbouring lipid acyl chains of POPC) at higher concentration is as follows: cholesterol 

> 7-DHC > campesterol > β-sitosterol > ergosterol > brassicasterol > stigmasterol as 

shown in Figure  4-8.This correlates nicely with the sequence observed by Stevens et al. 

[58]. 
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Figure 4-8:  Maximum quadrupolar splitting of sterols in POPC-d31 MLVs in 2H-
NMR spectra in the range of concentrations we studied.  

4.6.2.3 Solubility of sterols in PC MLVs 

Stevens et al. [58] attempted to explain the differences in sterol behavior using 

two  descriptions of lipid/sterol interaction and solubility: 1) the Umbrella Model [122] and 

2) tight packing of the sterol molecules with the lipids which could enhance the effects 

suggested in the Umbrella Model, the Condensed Complexes Model [123] or the 

Superlattice Model [124]. The Umbrella Model proposes that the membrane lipids assist 

the sterol, which has a small head-group, to shield its hydrophobic ring system from 

water molecules, by providing additional shielding due to the larger head-groups of the 

lipids. This model seems not to be of much help in explaining the different solubility of 

the sterols since it only pays attention to the sterol hydrophobic area, and thus only 

distinguishes lanosterol from the other sterols. Therefore this model is not sufficient to 

explain the differences in the solubility limit for the studied sterols. The tight packing 
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between the sterols and the lipids could also be the driving force in increasing their 

mutual interaction.  

Our results for the ability of the sterols to order POPC lipid acyl chains can be 

correlated with Stevens et al.’s measurements on the solubility limits of the sterols in 

DOPC/DPPC (1:1). As mentioned above, both these mixtures have the same 

stoichiometric ratio of fatty acids to sterols. In our membranes, however, the only 

relevant variable is the sterol chemical structure and we can relate the differences in the 

behavior of the sterols in the membranes to their structural difference.  

We also found that each structural modification on the sterol alkyl chain alters the 

sterol’s maximum effect on the average lipid acyl chain conformation of POPC. In 

lipid/sterol membranes while the hydrophobic effect drives bilayer formation, van der 

Waals forces constitute the main interaction between phospholipid acyl chains and 

sterols, though hydrogen bonding between the hydroxyl groups of the sterols and the 

interfacial groups of the phospholipid backbone could well add an extra effect. As stated 

above we found that structural modification of the sterols can affect the lipid acyl chain 

conformation. This modifies the van der Waals interactions between the lipid acyl chains 

and the sterols and consequently affects the lipid-sterols’ packing ability. As a result 

different sterols would have different solubility limits in the lipid membrane as well as 

different ordering abilities on the lipid acyl chains. 

Our results thus suggest that the tight packing model is a better model for 

explaining the differences in the solubility limits, as well as the induction of order in the 

neighbouring lipid acyl chains.  

4.6.3. Sterol-lipid interaction 

Here we explain qualitatively how the additional groups (i.e. ethyl or methyl 

groups), as well as the C22 double bond in the alkyl chain of a sterol, influence the 

biophysical properties of lipid bilayers. We begin by reviewing the studies on the 

solubility of cholesterol in various phospholipids. 
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The solubility of cholesterol in lipid bilayers composed of phospholipids with 

saturated and/or unsaturated acyl chains has been studied in several articles [47], [48] & 

[49]. It was shown that cholesterol solubility limit in phospholipids depends on the lipid 

acyl chain unsaturation level. This implies that variations in the degree of unsaturation 

affect the affinity of cholesterol for lipid acyl chains. For example, cholesterol is oriented 

parallel to the membrane normal (the “upright” orientation) in MLVs composed of 

saturated or mono-unsaturated phospholipids such as DPPC or POPC, respectively. In 

this orientation, the effect of cholesterol is to order the acyl chains in the fluid phase with 

increasing sterol concentration until saturation is reached at about 50mol%.  

In contrast, the effect of cholesterol in bilayers composed of lipid with 

polyunsaturated acyl chains is very weak [125]. Polyunsaturated acyl chains are highly 

disordered, and their large number of rapidly changing conformations does not allow 

favourable interaction with the rigid structure of cholesterols. This displaces the sterol 

from the membrane interior, so that lipids with polyunsaturated acyl chains have poor 

affinity for cholesterol.  For example the solubility limit of cholesterol in DAPC (20:4-20:4 

PC) is only 15 mol% [49]. It is therefore difficult for highly disordered acyl chains to be in 

close proximity to cholesterol [49] & [27]. For membranes composed of polyunsaturated 

lipids such as DAPC, neutron scattering data reveals that the remaining cholesterol is 

forced to reside in the central space between the two monolayers [27] & [126].  Thus 

cholesterol's aversion to polyunsaturated fatty acids [127] makes it ineffective in 

increasing the order in the lipids with polyunsaturated fatty acid chains. At the other 

extreme, cholesterol and most of its precursors are very effective in ordering the acyl 

chains of saturated lipids such as DPPC. Ergosterol, cholesterol, brassicasterol and 

stigmasterol increase DPPC lipid acyl chain ordering linearly and they are highly soluble 

in the bilayer ([16], [33], [28] & unpublished data presented in Figure  5-23)  

The low solubility of cholesterol in bilayers composed of lipids with two 

polyunsaturated fatty acid chains can be explained by considering two counteracting 

factors: the increased motional freedom of the polyunsaturated lipid acyl chain due to the 

double-bonds, and the limiting effect of cholesterol due to its rigid ring structure. The 

conformational conflict between the lipid acyl chains and cholesterol reduces the overall 
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lipid’s affinity for sterol and in turn contributes to the low solubility of cholesterol in 

polyunsaturated fatty acids. 

This picture can be extended to include the interaction of the sterols studied here 

with POPC. As mentioned above unlike POPC, DPPC has a high affinity for ergosterol, 

cholesterol, brassicasterol and stigmasterol. Therefore it seems that the cis-unsaturated 

oleoyl chain in POPC has reduced conformational freedom, making POPC exhibit 

different affinities for different sterols.  

To explore the conformational conflict between POPC and the sterols in bilayers 

we next discuss the effect of these modifications of the alkyl side chain of the sterol 

which are located deep toward the centre of the bilayers, as well as the interaction 

between the ring structures of the sterol with the upper acyl chain region of the 

phospholipids. 

Stigmasterol, brassicasterol and ergosterol each have a double bond in the alkyl 

chain. A double bond’s π-orbitals extend the electron cloud along the bond as compared 

to σ-orbitals. Moreover the double bond is a rigid segment of the molecule and 

decreases the overall flexibility of the alkyl chain. These two effects can result in an 

increase in the repulsion of neighbouring lipid hydrocarbon chains compared to sterols 

with single bonds and thus, in turn, to a less effective ordering property of the sterol. 

This same factor contributes to the reduced ordering effect of the sterols on 

unsaturated lipids as compared to saturated lipids. As mentioned above, sterols 

generally have stronger ordering effects on saturated versus unsaturated lipid acyl 

chains in PC membranes. For example comparison of Figure  5-22 and Figure  5-23 

shows that the ordering effect of stigmasterol in DPPC is almost four times larger than its 

effect in POPC. In general, as was shown in molecular dynamics simulations, the 

presence of the sterol in the bilayer decreases the number of gauche conformations 

along the lipid acyl chains [128]. It was found that the ordering effect is stronger for 

saturated than unsaturated chains, in which the presence of cis double bonds reduces 

conformational freedom and thus limits the reduction in gauche conformers (Figure  4-9). 

In other words the mismatch between the trans-double bond on the alkyl chain of the 
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sterol molecule and the cis-double bond of the lipid hydrocarbon chain limits POPCs 

affinity for the sterols due to their stereochemical packing incompatibility. 

 

 

Figure 4-9:  Structure of DPPC. Both chains are saturated but the left chain has 
several gauche conformers. 

Structure was made with Jmol: an open-source Java viewer for chemical structures in 3D. 
http://www.jmol.org. 

In summary the reduced solubility of the sterols, as well as their ordering ability in 

lipid bilayers can be explained by considering the conformational conflicts between the 

lipid molecules and the sterols. In this description we needed to consider the lipid acyl 

chains’ structure as well as the structural modifications on the sterol which make it less 

flexible or more bulky compared with cholesterol. It is remarkable that just one additional 

double bond can lead to different ordering properties in a lipid/sterol mixture.  

4.7. Chapter Summary 

Sterols have different effects on the properties of the lipid bilayer membranes, 

depending on the lipid structure. For example lipids with polyunsaturated acyl chains do 

not allow favourable interaction with sterols, while saturated lipids have high affinity for 

sterols in general. Here we investigated an intermediate case lipid. POPC is a lipid 

molecule with one saturated acyl chain and one mono-unsaturated acyl chain. As shown 

above, sterol interactions with the acyl chains of POPC do indeed show a dependence 

http://www.jmol.org/
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on sterol structure. We were in addition able to correlate this dependence with sterol 

solubility by comparison with previous experiments.  In this context one of our most 

important observations that the presence or absence of a double bond at the C22 

position of the hydrocarbon tail of the sterol has a dramatic effect on the physical 

properties of the bilayer. 

4.8. Future Work 

Other contributions to the observed ordering ability of sterols can be 

distinguished by doing further experiments. A direct measurement of the solubility of the 

sterols in POPC similar to the work done by Stevens et al. in [58] could relate the 

solubility limit of a given sterol to the concentration at which it reaches its maximum 

ordering ability. Our experiments were performed at 25 oC, and further insights can be 

gained by repeating the experiments at higher temperatures since solubility limits are 

generally temperature dependant [49]. This would allow us to distinguish the solubility 

limit from the concentration at which the intrinsic ordering ability of the sterol saturates. 

Hsueh et al. [17] used extrusion techniques to study the lysis tension of vesicles 

composed of POPC and POPC/ergosterol mixtures, and found that the lysis tension did 

not change above a certain sterol concentration. Similar experiments could be 

performed together with solubility and water permeability measurements to investigate 

the packing ability of the sterols. In particular calorimetric studies and scattering 

experiments are possible techniques for investigating sterol crystal formation in aqueous 

lipid/sterol membranes. 

Our results give information concerning the interaction between POPC, which is 

an abundant component of mammalian plasma membranes (MPMs) and phytosterols 

which are the sterols found in plant plasma membranes (PPMs). This is of importance 

since phytosterols are conjectured to substitute for cholesterol in MPMs thereby 

decreasing the occurrence of ailments such as hypercholesterolemia and cardiovascular 

disease (see for example [129], [130] and references there in).  

One possible extension of our work would be to examine the interaction between 

polyunsaturated lipids such as 18:0-20:4 PC, which is one of the major phospholipid 
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species in low density lipoproteins (LDLs), and phytosterols. Oxidation of phospholipids 

in LDLs generates pro-inflammatory and pro-thrombotic mediators that may play a 

crucial role in cardiovascular and inflammatory diseases [131] & [132]. It would be of 

interest to find out if substitution of cholesterol by phytosterols would alleviate these 

syndromes.  

A second and obvious extension would be to examine the interaction between 

phytosterols and lipids which are prevalent in PPMs. Examples are 16:0-18:2 PC and 

16:0-18:3PC. These two lipids species account for ~30% and ~20% respectively of the 

PC content of the leaves of Arabidopsis Thaliana [46]. We predict that the effect of a 

C22 double bond in the sterol structure on the ordering ability of these sterols will be 

more pronounced for these lipids than for POPC. 
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Chapter 5. Role of sterol structure in the phase 
behavior of Ternary mixtures of DPPC/POPC/sterol 

  

5.1. Introduction 

Lipid driven lateral separation of liquid phases has been extensively studied 

using fluorescence microscopy on GUV membranes containing a ternary mixture of 

saturated lipids, unsaturated lipids, and cholesterol as well as a small concentration of a 

fluorescent dye [12], [133], [134] & [135]. With this method, it is possible to directly 

observe coexisting ld+lo phases and to measure the miscibility temperatures. In these 

experiments, the cholesterol content of the mixture is varied for several fixed ratios of 

saturated to unsaturated phospholipids. The GUVs are examined at different 

temperatures for the occurrence of phase coexistence. A phase diagram can be 

established by relating the phase information to the lipid compositions at various lipid 

ratios. Figure  5-1 shows a sketch of such a phase diagram. 

In all such investigations the purpose of these studies is to find the lipid 

compositions at which coexisting ld+lo phases are observed. In studies of ternary 

mixtures, cholesterol was the most common sterol used together with various lipids in 

the ternary mixtures. Table  5-1 below presents results of such studies. 
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Table 5-1: Examples of miscibility phase behavior of various ternary lipid mixtures 

Table modified and reproduced from [135]

 

In a recent study, Hsueh et al. [75], examined the phase behavior of 

POPC/DPPC/ergosterol and POPC/DPPC/cholesterol (all of 1:1:1 ratio) MLVs using 2H-

NMR techniques. In particular they observed ld+lo phase coexistence in 

POPC/DPPC/ergosterol membranes, in contrast to POPC/DPPC/cholesterol MLVs 

where no phase coexistence is observed.  This implies that unlike cholesterol, ergosterol 

induces a non-uniform distribution of DPPC and POPC molecules. Later, Hsueh et al. 

confirmed this NMR observation through fluorescence microscopy [Hsueh, 2012 private 

communication]. 

As mentioned in the previous chapter, the structure of cholesterol and ergosterol 

differ slightly: ergosterol has a cis conjugated double bond at C7 in the fused ring and a 

double bond at C22 as well as a methyl moiety at C24 on the alkyl chain. Here we study 

the effect of these modifications in the sterol structure in relation to the sterol’s effect on 

the phase behavior of equimolar POPC/DPPC membranes. 
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Figure 5-1:  Sketch of miscibility phase boundary for ternary membranes of 
DOPC, DPPC, and cholesterol at 25 oC. 

Bottom: Fluorescence micrographs of GUVs. Vesicles are imaged at 25 
o
C and compositions are 

30% cholesterol mixed with (from left to right) 2:1 DOPC/DPPC, 1:1 DOPC/DPPC, and 1:2 
DOPC/DPPC. Scale bars are 20 µm. Image reproduced from [136]. 

5.2. Chapter Outline 

In this chapter, we present the results of our study on the phase behavior and 

properties of model membranes composed of POPC, DPPC and either stigmasterol, 

brassicasterol or 7-DHC at equal mole% using 2H-NMR techniques. In one case the 

membrane was labelled with a fluorescent dye (TR-DPPE). This series of sterols were 

chosen with the goal of locating the specific components of sterol structure responsible 

for the induction of ld+lo phase separation in POPC/DPPC/sterol (1:1:1) as is observed 

with ergosterol. In this series each sterol differs by a small structural change, as shown 

in Figure  4-1 on page 82. Table  5-2 lists the differences in the sterol structures in 

comparison with cholesterol.  
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Table 5-2: Differences between structures of sterols and cholesterol 

Sterol Structural difference compared with cholesterol 

Brassicasterol One extra double bond C22, and one extra methyl moiety at C24 of 
the alkyl chain 

Stigmasterol One extra double bond C22, and one extra ethyl moiety at C24 of the 
alkyl chain 

7-DHC One extra double bond C7 in the B ring 

Ergosterol One extra double bond C7 in the B ring 

One extra double bond C22, and one extra methyl moiety at C24 of 
the alkyl chain 

5.3. Materials and Methods 

DPPC-d31, POPC-d31 (with the deuterium labelling on the sn-1 chain) and 

stigmasterol were purchased from Avanti Polar Lipids Inc. (Alabaster, AL). DPPC and 

POPC were purchased from Northern Lipids Inc (Burnaby, BC). Brassicasterol and 7-

DHC were purchased from Santa Cruz Biotechnology, Inc (Dallas, TX). TR-DPPE was 

purchased from Molecular Probes (Eugene, OR). The lipids were dissolved and mixed in 

solvent (Bz:MeOH 80:20) in appropriate amounts and were then freeze-dried. 

Multilamellar vesicles (MLVs) were obtained after hydrating the dried lipids with 

deuterium depleted water (DDW). 

Special treatment is required when working with 7-DHC and the fluorescent dye. 

7-DHC, which is naturally present in human skin, is a precursor of vitamin D3 and 

photochemically converts to vitamin D3 by solar UV irradiation. To prevent or to 

slowdown the auto oxidation process the purchased dried sterol powder was dissolved 

in methanol and kept in amber vial in a refrigrator as recommended in [137] . The 

fluorescent dye used in the experiments, TR-DPPE, is also light sensitive. Therefore all 

preparations were performed in a red light environment with minimal exposure to light 

and air. Finally the NMR tubes containing the sample were filled with N2 vapor and 

sealed with Parafilm. 

Two sets of POPC/DPPC/sterol (1:1:1) samples were prepared for each sterol. In 

each set the labeled POPC or DPPC was used in turn such that information related to 
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each lipid component could be obtained separately. NMR spectra were taken as a 

function of temperature between 5-48 oC. No significance change in the spectra was 

observed upon subsequently lowering the temperature to 25 oC. 

Phase coexistence was induced in POPC-d31/DPPC/brassicasterol by the 

addition of TR-DPPE. The concentration of TR-DPPE in the brassicasterol ternary 

sample was 0.02 mol%. The molar ratio of the investigated 

POPC/DPPC/brassicasterol/TR-DPPE mixture is 1:1:1:6☓10-6. For analysis of the 

proportion of the coexisting ld+lo phases in POPC-d31/DPPC/brassicasterol + TR-

DPPE we used spectral subtraction which consisted of subtracting the POPC-

d31/DPPC/brassicasterol spectra from that of POPC/DPPC/brassicasterol + TR-DPPE 

at similar temperatures. For the lo spectrum the no-dye POPC/DPPC/brassicasterol 

spectrum which is in the pure lo phase was selected at a temperature at which its 

spectral width matched that of the superposed lo+ld POPC/DPPC/brassicasterol + TR-

DPPE spectrum. The intensity of the selected POPC/DPPC/brassicasterol lo spectrum 

was then adjusted to match the intensity of the overlapping lo+ld spectrum at frequency 

ranges where there are no contributions from the ld phase. Note that the ld phase 

spectrum is narrower than the lo spectrum and extends only between ±30 kHz.   

Since there was a non-negligible intensity from the lipids in the so phase this 

procedure was not used for POPC/DPPC-d31/brassicasterol + TR-DPPE spectra. Instead 

we measured the lo and ld phase contributions to the overlapping spectra by using the 

four terminal methyl peaks due to each phase in the dePaked spectra. The areas under 

the peaks were then calculated by fitting to Lorentzian functions. 

5.4. 2H-NMR Study of Lipid Phase Coexistence 

5.4.1. Previous studies 

2H-NMR has been used to study the coexistence of ld+lo phases in membranes 

composed of three lipids such as DPPC/DOPC/cholesterol [136] and 

DPPC/POPC/ergosterol [75]. When compared to fluorescence microscopy experiments 

which probe micron length scales, 2H-NMR techniques can probe significantly smaller 
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submicron length scales. NMR spectroscopy has been utilized to study lipid immiscibility, 

after such inhomogeneities were observed in lipid mixtures via microscopy techniques 

[138], [139], [136] & [140]. 

  In this study we examine the effect of a series of sterols on the phase behavior 

of the multilamellar dispersions of POPC/DPPC (1:1). Our goal is to find which sterols 

can induce ld+lo phase separation in POPC/DPPC mixtures at equal molar ratio. In 

general, the presence of ld+lo phase separation in plasma membranes is conjectured to 

result from the interplay between the cholesterol and the two types of lipid, one of which 

has a high melting temperature and the other of which has a low melting temperature 

[141]. This makes the DPPC/POPC/sterol mixtures good models to study phase 

behavior in a comparative way. In this picture the sterol effectively increases the acyl 

chain order of the high melting lipid. The tightly packed lipid and sterol molecules might 

then aggregate and form liquid ordered (lo) domains that could phase separate from the 

background sea composed mainly of the low melting lipid in the liquid disordered (ld) 

phase. 

In the absence of sterols, an equimolar POPC/DPPC membrane exhibits a clear 

solid-ordered (so) to liquid-disordered (ld) transition between 5 oC up to 33 oC as 

observed for each lipid by a fairly steep reduction in the average spectral width as is 

shown in Figure  5-2. When the sterol is introduced into this mixture the changes in the 

average spectral width of the spectra with temperature become gradual. In all the 

POPC/DPPC mixtures studied the deuterated palmitoyl chains of DPPC exhibit greater 

order than those of POPC, which has a single unsaturated acyl chain. 

We first review the results for DPPC/POPC/cholesterol and DPPC/POPC/ergosterol 

mixtures obtained by Hsueh et al. [75]. For each mixture, the results are from two 

samples with the same composition but the palmitoyl sn-1 chain of DPPC or POPC 

labeled in turn to trace the phase environment of the lipid at various temperatures. By 

labelling the sn-1 palmitoyl chain of the lipids one at a time, the physicochemical 

environment for each lipid can be examined separately. This makes it possible to 

observe the phase behavior of the lipids in parallel in the same mixture. Next by 
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comparing the spectra due to each labeled lipid it is then possible to find out whether the 

two lipids experience similar or different environments. 

 

Figure 5-2:  The average spectral width, M1, versus temperature for POPC/DPPC 
(1:1) MLVs. 

Data from [75]. 

Figure  5-3 presents the spectra of the DPPC/POPC/ergosterol mixture at 13 oC. 

The lower/ blue coloured spectrum portrays the POPC-d31 signal and clearly exhibits 

the superposition of ld+lo spectra. In this spectrum the narrow shoulder is due to the 

spectrum typical of liquid-disordered (ld) phase, which is superposed on top of the wide 

liquid-ordered (lo) phase spectrum. Observing such a spectrum in a sample clearly 

indicates the presence of ld+lo phase coexistence in the sample. The upper/red 

coloured spectrum which is due to the labeled DPPC-d31 lipids shows the presence of 

the lo phase. The comparison of the two spectra in Figure  5-3 shows that the lipid 

organization of the mixture is non-uniform with DPPC primarily located in the lo phase 

domains and POPC distributed between lo and ld phase domains.  

Figure  5-4 shows the spectra for the same lipid mixture at a higher temperature 

of 33 oC.  The upper and lower spectra (for DPPC-d31 and POPC-d31, respectively) 

each report a different environment. Therefore we conclude that the lipid organization of 
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the sample at this temperature, as reflected by the lipid spectra, is still non-uniform. Both 

the lipids experience a more disordered environment as is evident from the narrower 

overall width of the spectra. 

These observations clearly show that ergosterol induces a non-uniform 

distribution of DPPC and POPC in the POPC/DPPC/ergosterol (1:1:1) ternary mixture. 

This behavior is in sharp contrast with what was observed for POPC/DPPC/cholesterol 

(1:1:1) ternary mixtures. As illustrated in Figure  5-5  both of the labeled lipids at either 13 

oC (left) or 33 oC (right) report quite similar environments. In this figure all four spectra 

show characteristics of a homogeneous lo phase at both temperatures. 

 

 

Figure 5-3:  POPC/DPPC/ergosterol spectra at 13 oC.  
Data from [75]. Upper: labeled DPPC, lower: labeled POPC.  
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Figure 5-4:  POPC/DPPC/ergosterol spectra at 33 oC. 
Data from [75]. Upper: labeled DPPC, lower: labeled POPC. Note that the labeled POPC 
spectrum contains both ld and lo components. 

 

 

Figure 5-5:  POPC/DPPC/cholesterol spectra at 13 oC (left) and 33 oC (right).  
Data from [75]. In the upper row spectra the sample contained labeled DPPC, the lower row 
spectra are from the sample containing labeled POPC.  
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5.5. 2H-NMR Study of the Phase Coexistence in 
POPC/DPPC/Phytosterol 

In our experiments, we continued the work of Hsueh et al. [75] by extending our 

study to include the effect of several other sterols on the phase behavior of POPC/DPPC 

(1:1). Specifically we were interested in determining the structural components of the 

sterols that are responsible for inducing ld+lo phase separation in POPC/DPPC 

mixtures. 

We began our experimental investigation by studying the effect of stigmasterol 

on POPC/DPPC phase behavior. Stigmasterol has a similar bulky chain structure to 

ergosterol, except that it has an ethyl substituent at C24 instead of a methyl substituent. 

This makes the stigmasterol chain slightly more bulky when compared to ergosterol. 

Because of this bulkier alkyl chain POPC shows less affinity for stigmasterol than for 

ergosterol as previously discussed in  Chapter 4. 

Figure  5-6 shows the POPC/DPPC/stigmasterol spectra at 13 and 33 oC. These 

spectra all exhibit a uniform lipid organization for both labeled lipid at either temperature.  

 

 

Figure 5-6:  POPC/DPPC/stigmasterol spectra at 13 oC (left) and 33 oC (right). 
In the upper row spectra the sample contained labeled DPPC, the lower row spectra are from the 
sample containing labeled POPC. 
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Next we considered the effect of brassicasterol on the phase behavior of 

POPC/DPPC equimolar mixtures. Brassicasterol has the same alkyl tail as ergosterol 

and only differs from ergosterol in the fused ring structure. This makes brassicasterol an 

appropriate candidate to investigate which alkyl tail component of ergosterol is 

responsible for inducing ld+lo phase separation in POPC/DPPC membranes. The 

spectra of POPC/DPPC/brassicasterol (1:1:1) at 13 and 33 oC is shown in Figure  5-7. 

These spectra have the typical form of the lo phase and they also exhibit uniform lipid 

organization for each labeled lipid at either temperatures, similar to the stigmasterol 

case. 

 

Figure 5-7:  POPC/DPPC/brassicasterol spectra at 13 oC (left) and 33 oC (right). 
In the upper row spectra the sample contained labeled DPPC, the lower row spectra are from the 
sample containing labeled POPC. 

Thirdly we studied the effect of 7-DHC on the phase behavior of POPC/DPPC 

(1:1) mixtures. Comparing the effect of 7-DHC on the phase behavior of POPC/DPPC 

with that of brassicasterol, we were able to evaluate the importance of the ring structure 

of ergosterol on the phase behavior of this system. Both brassicasterol and 7-DHC share 

structural components with cholesterol and ergosterol. Brassicasterol has the ring 

structure of cholesterol with the alkyl tail structure (C22 double bond and C24 methyl 

group) of ergosterol, whereas the 7-DHC alkyl tail is the same as that of cholesterol, but 

7-DHC has the same fused ring structure as ergosterol (extra C7 double bond). Recall 

that cholesterol, unlike ergosterol, does not induce ld+lo phase coexistence in 

POPC/DPPC (1:1). 



 

115 

Our investigation of POPC/DPPC/7-DHC (1:1:1) ternary mixtures at different 

temperatures shows no evidence of ld+lo phase coexistence. Figure  5-8 shows the 

spectra of this ternary mixture at 13 and 33 oC. Similar to the previous cases of 

stigmasterol and brassicasterol, only one liquid phase, the lo phase, was observed for 

POPC/DPPC/7-DHC ternary mixtures. Hence 7-DHC also does not induce phase 

separation in POPC/DPPC membranes at this lipid composition. 

Ergosterol is therefore the only sterol among cholesterol, 7-DHC, ergosterol, 

brassicasterol and stigmasterol that can induce micron size ld+lo phase coexistence in 

POPC/DPPC equimolar mixtures.  

 

Figure 5-8:  POPC/DPPC/7-DHC spectra at 13 oC (left) and 33 oC (right)  
In the upper row spectra the sample contained labeled DPPC, the lower row spectra are from the 
sample containing labeled POPC. 

Our experiments on the effect of 7-DHC and brassicasterol on POPC/DPPC 

phase show that neither of these sterols causes the ld+lo phase separation in 

POPC/DPPC (1:1) membranes. Since 7-DHC and brassicasterol each share a structural 

component with ergosterol, we suggest that both the specific ring and alkyl tail structures 

of ergosterol, i.e. the C7 conjugated double bond in the fused ring and the alkyl tail with 

the double bond at C22 as well as the methyl substituent at C24, are required for the 

sterol to induce a ld+lo phase separation in POPC/DPPC equimolar membranes. 
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5.6. Effect of a Fluorescent Dye on the Phase Behavior of 
Brassicasterol Ternary Membranes 

The Hsueh group conducted a series of fluorescence microscopy experiments on 

POPC/DPPC/sterols [private communication] using TR-DPPE fluorescent dye as the 

probe. In their work on POPC/DPPC/brassicasterol (1:1:1) mixtures, they observed non-

uniform domains at temperatures between 15- ~25 oC. (Figure  5-9) 

Figure  5-9 presents the morphology of GUVs of POPC/DPPC/brassicasterol/TR-

DPPE mixture which clearly display macroscopic domains. Most of these GUVs display 

a non-uniform fluorescence distribution (bright and dark phases). The probe used in the 

study, TR-DPPE, prefers to reside in the ld phase [135], while not discriminating 

between the tightly packed lipid acyk chains in the lo and the so phases. Therefore both 

the lo and the so phases appear dark in florescent microscopy using TR-DPPE. 

 

Figure 5-9:  POPC/DPPC/brassicasterol/TR-DPPE (1:1:1:6×10-6) GUVs 
Observe the morphology of GUVs which clearly display macroscopic domains. The bright arcs 
are indicative of micron-scale domains containing the fluorophore. Image by [Hsueh, private 
communication]. The temperature is 15 

o
C and the scale bar is 20 µm. 
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The discrepancy between the fluorescent microscopy results for 

POPC/DPPC/brassicasterol GUVs and our 2H-NMR study on MLVs of the same mixture 

led us to study the effect of the fluorescent dye in inducing the ld+lo phase separation in 

the POPC/DPPC/brassicasterol (1:1:1) mixtures. 

Therefore, we used 2H-NMR to study equimolar POPC/DPPC/brassicasterol with 

0.02 mol% (of the total moles) added TR-DPPE, which is the same composition that was 

used in the fluorescent microscopy. The chemical structure of the dye is shown in 

Figure  5-24 on page 138. DPPC/POPC/brassicasterol membranes exhibited spectra 

characteristic of ld+lo phase coexistence after addition of this small concentration of the 

fluorescent dye. The observed spectra are shown in Figure  5-10 and Figure  5-11 below. 

These spectra are very similar to those of POPC/DPPC/ergosterol mixtures at the same 

temperatures (Figure  5-3 and Figure  5-4) and some of the same inferences about the 

environments of each lipid in both the ld and the lo phases can be therefore made. Here 

evidence of the ld phase is observed in the labeled DPPC spectrum in contrast to the 

POPC/DPPC/ergosterol mixture at the same temperature. 

 

Figure 5-10:  POPC/DPPC/brassicasterol+ 0.02mol% TR-DPPE spectra at 13 oC. 
The upper spectrum comes from a sample containing labeled DPPC. The lower spectrum comes 
from a sample containing labeled POPC. 
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Figure 5-11:  POPC/DPPC/brassicasterol+ 0.02mol% TR-DPPE spectra at 33 oC. 
The upper spectrum comes from a sample containing labeled DPPC. The lower spectrum comes 
from a sample containing labeled POPC. 

Inspection of the spectra shown in Figure  5-10 & Figure  5-11 indicates that most 

of the DPPC is in the lo domains and that the POPC is distributed between the lo and 

the ld domains. This behavior is similar to the observation of Hsueh et al. [75] in their 2H-

NMR study of POPC/DPPC/ergosterol ternary mixtures with no added dye (Figure  5-3 & 

Figure  5-3). Combined with our previous study of POPC/DPPC/brassicasterol (no added 

dye) we therefore conclude that TR-DPPE induces a non-uniform distribution of DPPC 

and POPC molecules even at a low molar ratio of 0.02%. 

The spectra of the POPC/DPPC/brassicasterol+ 0.02 mol% TR-DPPE 

membranes at several temperatures are presented in Figure  5-12, Figure  5-13, 

Figure  5-14 and Figure  5-15 for each labeled lipid. Close inspection of the central peaks, 

which are due to the terminal methyl groups on the lipid acyl chains, gives us the range 

of temperature over which ld and lo phases coexist. Observation of the two sets of 

methyl peaks suggests that two types of liquid crystalline environment are present, with 

differing conformational freedom of the terminal CD3 bond. The broader splitting is due to 

lipid acyl chains in the more ordered lo phase environment. 
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Inspection of the two sets of CD3 group peaks in the 

POPC/DPPC/brassicasterol+TR-DPPE (1:1:1:6☓10-6) spectra indicates a non-uniform 

lipid organization; coexisting lo and ld domains occur over a wide  temperature  range  

(5 oC<T<34 oC). The low temperature limit is the lowest temperature considered in our 

experiment; the highest temperature was found by inspection, by observing coalescence 

of  the central methyl peaks into a single pair.  

The first moment of the spectra, M1, measures the average spectral width and 

overall order of the lipid acyl chains. Examination of the average spectral width, M1, of 

the spectra for POPC/DPPC/brassicasterol+TR-DPPE (1:1:1:6☓10-6) membranes as a 

function of temperature also provides evidence for the boundary of the lo+ld phase 

coexistence region and enables us to calculate the miscibility transition temperature.  
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Figure 5-12:  POPC-d31/DPPC/brassicasterol+ 0.02 mol% TR-DPPE spectra 
between 5 oC and 24 oC.  

The spectra are in 1 degree increments. 
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Figure 5-13:  POPC-d31/DPPC/brassicasterol+ 0.02 mol% TR-DPPE spectra 
between 25 oC and 48 oC 

The spectra are in 1 degree increments. 
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Figure 5-14:  POPC/DPPC-d31/brassicasterol+ 0.02 mol% TR-DPPE spectra 
between 5 oC and 24 oC 

The spectra are in 1 degree increments. 
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Figure 5-15:  POPC/DPPC-d31/brassicasterol+ 0.02 mol% TR-DPPE spectra 
between 25 oC and 48 oC 

The spectra are in 1 degree increments. 
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Figure  5-16 shows M1 as a function of temperature for this mixture. At the highest 

temperature, M1 has its lowest value indicating that the lipid acyl chains are fairly 

disordered. As the temperature decreases, M1, or equivalently the average chain order 

of the lipids increases. This is expected for lipids in the liquid crystalline phase.  Note 

that between 42-36 oC the value of the first moment, M1, shows a plateau.  

As temperature is decreased, M1 starts to increase at close to the same 

temperature at which multiple methyl peaks first appear in the sample spectra. In 

general such an abrupt increase in M1 indicates either a change in the domain sizes or a 

significant change in the lipid ordering, i.e. a phase transition. Below this temperature the 

first moment keeps increasing as the temperature is lowered. This behavior is generally 

observed for lipid acyl chains.  

 

Figure 5-16:  POPC/DPPC/brassicasterol+ 0.02 mol% TR-DPPE first spectral 
moment, M1, versus temperature 
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5.6.1. Lipid domain compositions  

Further quantitative information regarding coexisting liquid domains can be 

acquired by inspecting the proportion of the phases that each labeled lipid reports. In 

principle this can be done by decomposing the overlapping spectrum into its constituents 

and calculating their contributions. 

In practice, decomposing the overlapping spectra into ld and lo components was 

possible only for POPC-d31/DPPC/brassicasterol+ TR-DPPE, using the POPC-

d31/DPPC/brassicasterol spectra (no dye) as the pure lo component. This is because 

the added TR-DPPE both induces and partitions into the ld phase. Furthermore in the 

POPC-d31/DPPC/brassicasterol spectra (with and without the dye) the maximum 

spectral width, which is due to the lipid molecules sampling the lo phase environment, is 

insensitive to temperature changes. This is why spectral subtraction works. We did not a 

priori expect the lo spectral component in the POPC-d31/DPPC/brassicasterol+ TR-

DPPE spectrum to be similar to the POPC-d31/DPPC/brassicasterol (1:1:1) spectra.  

Such similarity was more evident at lower temperatures as we could directly 

subtract the spectra of the probe-free mixture from the spectra showing the coexisting 

ld+lo phases at the same temperature. At higher temperatures, however, the probe-

induced compositions of each phase change with temperature. Therefore in order for the 

subtraction procedure to work, an adjustment in temperature for the subtracted lo 

spectrum was required. This was done by selecting the POPC-d31/DPPC/ brassicasterol 

spectrum whose maximum spectral width matches that of the spectrum for the 

coexisting phases. The temperature differences between the subtracted lo phases are 

shown in table below.  

Table  5-3: Temperature shift needed for the lo spectrum 

POPC/DPPC/brassicasterol+dye Temperature (oC) 5 10 15 20 25 30 

POPC/DPPC/brassicasterol temperature (oC) 5 10 14 18 21 25 

Adjustment required due to the dye (oC) 0 0 1 2 4 5 

Table  5-3 also shows that no adjustment in temperature for the spectra taken in 

the absence of dye is necessary at low temperature. At higher temperatures, the lo part 

of the overlapping spectra in the presence of dye was found to be broader than the 
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POPC-d31/DPPC/brassicasterol spectrum at the same temperature. This can be 

explained as follows: the occurrence of ld+lo phase separation suggests that the 

ordering agent (i.e. the sterol), is now distributed between the two coexisting phases and 

this distribution changes with temperature. As temperature increases, the ld domains 

expand and the sterol is expelled from the vicinity of the disordered lipids and 

concentrated within the lo domains. At the same time the increase in the sterol 

concentration results in a more ordered lo phase. In consequence we observe that the 

lo part of the overlapping spectra is broader than that of the membranes in the absence 

of dye at the same temperature.  

We therefore used the spectrum of the membranes in the absence of dye at a 

lower temperature in the spectral subtraction. This adjustment in temperature can be 

justified since for this temperature range the spectral form of the POPC-d31/DPPC/ 

brassicasterol mixture is fairly insensitive to changes in temperature. Figure  5-17 shows 

the case for the resultant spectrum at 27 oC with and without such adjustment in the 

subtracted spectrum.  

 

Figure 5-17:  Resultant spectra after spectral subtraction: the effect of 
temperature shift  

Spectral subtraction done on POPC-d31/DPPC/brassicasterol+ 0.02mol% TR-DPPE spectrum at 
27 

o
C; Left: no temperature adjustment made to the subtracted spectrum (at 27 

o
C) in the 

absence of dye results in a distorted spectrum; Right: the subtracted lo phase is the mixture 
containing no dye at 23 

o
C; the resultant is a relatively undistorted ld phase spectrum. 

In this procedure, we used a portion of the lo spectrum subtracted in 1% 

increments from the overlapping ld+lo spectrum. Over- or under-subtraction of the 

probe-free spectrum from the spectrum showing phase coexistence results in anomalies 

(dips or bumps). The maximum extent of the spectral “shoulder” in the ld phase is ±30 

kHz.  The sensitivity of the resultant ld spectrum to errors near ±30 kHz makes the 
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inspection of the resultant phase trouble-free and the subtraction errors small. 

Figure  5-18 depicts such bumps and dips in the ld spectrum’s “shoulders”. 

 

Figure 5-18:  Resultant spectra after spectral subtraction: the effect of over- and 
under-subtraction  

Spectral subtraction done on POPC-d31/DPPC/brassicasterol+ 0.02mol% TR-DPPE spectrum at 
21 

o
C; Left: under-subtraction by 10%, right: over-subtraction by 10%, the arrows indicate the 

position of the anomalies. 

A typical case is as follows: for POPC-d31/DPPC/ brassicasterol+TR-DPPE at 21 

oC the range of acceptable subtraction was about 5% (This is on subtraction of a fraction 

of the lo spectrum between 0.92-0.97). This uncertainty in the amount of the spectrum 

that is subtracted results in a difference in the area of the ld spectrum of less than 3% 

(values between 572-589 in arbitrary units). To calculate the proportion of the spectrum 

in the ld phase, the area of the ld phase is divided by the total area of the overlapping 

ld+lo phase (1531 in the same arbitrary unit). The lo fraction of the POPC-d31/DPPC/ 

brassicasterol+TR-DPPE spectrum at 21 oC is therefore 0.621 ± 0.011 

Figure  5-19 shows an example of the overlapping spectrum at 13 oC, with its lo 

and ld components, constructed using the described subtraction method. The resultant 

ld spectrum component is directly constructed by subtracting the POPC-d31/DPPC/ 

brassicasterol spectrum from the POPC-d31/DPPC/brassicasterol+ TR-DPPE spectrum, 

both spectra were measured at 13 oC. 
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Figure 5-19: The overlapping ld+lo spectrum and the result of spectral 
subtraction at 13 oC 

The spectral subtraction procedure was not used for POPC/DPPC-d31/ 

brassicasterol+TR-DPPE samples, since there were non-negligible contributions from 

the so phase in the overlapping spectra which caused anomalies. We therefore 

calculated and then compared the area under the terminal methyl peaks of the dePaked 

spectra. This was done by fitting Lorentzian functions to the peaks. Our calculation was 

limited to the temperature range 20-31 oC, as, at lower or higher temperatures, the 

peaks were very noisy or not easily distinguishable. 

The proportion of each phase as reported by the labeled lipid is shown in 

Figure  5-20. For each labeled lipid, the proportion of the lipid in the lo phase decreases 

with increasing temperature. This is not surprising given the presumably expanding ld 

phase with temperature. Furthermore the environment which DPPC reports has a higher 

proportion of the lo phase than that reported by POPC. This means that the lo phase is 

enriched in DPPC. This in turn can be explained by the higher affinity of DPPC for 

sterols as both its acyl chains are saturated.   
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Figure 5-20:  Fraction of each lipid in the lo phase. 
Analysis utilized spectra of POPC/DPPC/brassicasterol + 0.02 mol% TR-DPPE. Squares: POPC-
d31, diamonds: DPPC-d31 

Knowing the phase proportions for each phospholipid sample allows us to 

calculate the amount of each labeled lipid in each phase. This is not complicated in the 

present case since our samples contain only two kinds of lipids with an equal number of 

molecules. To calculate the fraction of a given lipid in a given phase, we proceed as 

follows.   

Consider two components [X] and [O] mixed in two phases E1 and E2. 

Additionally, let us assume that the Xs are distributed in the two phases with fraction of P 

and (1-P) respectively, and the Os are distributed in the phases with Q and (1-Q) 

fractions. Defining the total number of Xs as NX and the total number of Os as NO, the 

total number of Xs and Os in each phase is: 

P × NX= the number of Xs in E1 

Q × NO= the number of Os in E1 

Therefore the fraction of Xs in phase E1 is equal to the number of Xs in E1 

divided by the total number of components in E1, that is PNX/(PNX+QNO). As we have an 

equal number of each component, i.e. NX=NO, the fraction of Xs in the phase E1 

simplifies to P/(P+Q). Similarly the fraction of Xs in E2 is equal to (1-P)/(2-(P+Q)) 
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Figure  5-21 presents the calculated lipid compositions in each of the coexisting 

phases. The ld phase is rich in POPC while the lo phase is rich in DPPC. The 

composition of the lo domain is quite stable in the 20-30 oC range, while the DPPC 

content of the ld domains increases slowly with temperature. Extrapolation of the points 

to higher temperatures, hints at a homogeneous mixture at around the miscibility 

temperature. 

 

Figure 5-21:  Lipid composition of coexisting domains 
Analysis utilized spectra of both POPC-d31 and DPPC-d31 in POPC/DPPC/brassicasterol + 0.02 
mol% TR-DPPE 

5.7. Discussion 

5.7.1. Possible mode of action of ergosterol in inducing phase 
separation 

We are particularly interested in the question of why some of the sterols induce 

ld+lo phase separation in phospholipid membranes while others do not, i.e. given the 

similarity of the sterols’ structure, which structural components are required for a sterol 

to affect lipid miscibility in POPC/DPPC equimolar membranes? To answer this question 

we look into the structural attributes which exclusively single out ergosterol among the 

sterols which we have studied in inducing the phase separation in POPC/DPPC 

membranes. 
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We consider several structural components in our examination of the sterol’s 

ability to promote phase separation in POPC/DPPC membranes. Among structural 

modifications, we consider the following attributes:  

1  A flat, rigid fused ring system.  

2  The modification on the sterol alkyl chain by an added methyl or 
ethyl group. 

3  The modification on the sterol alkyl chain with the extra double 
bond. 

For criterion 1, all of our sterols except ergosterol and 7-DHC have the same 

rigid fused ring structure. These two sterols have an extra double bond (C7) in the ring 

structure that is separated by one carbon bond from the usual double bond (C5) in the 

sterols’ fused ring. This conjugated double bond makes it possible for the single and 

double bonds to alternate, so the ring has a resonance structure which is more compact 

than the other sterol ring structure. However this modification, which is shared by both 

ergosterol and 7-DHC cannot be responsible for promoting phase separation in 

POPC/DPPC as 7-DHC does not induce phase separation in that mixture at this lipid 

composition.  

The second criterion, i.e. having a methyl or ethyl group attached to the sterol 

alkyl chain, makes the sterol tail more bulky, as is the case for ergosterol, brassicasterol 

and stigmasterol. Here the sterol with the bulkiest alkyl chain is stigmasterol which was 

not found to induce phase separation in equimolar POPC/DPPC. Therefore the second 

criterion alone cannot be considered as the cause for ergosterol to induce phase 

separation in POPC/DPPC (1:1) membranes. 

The third criterion is the double bond modification on the sterol alkyl chain, which 

makes it less flexible. This is the case for ergosterol, brassicasterol and stigmasterol and 

does not single out ergosterol among the other sterols. Note that both brassicasterol and 

ergosterol satisfy the second and third criteria. 

We now postulate a mechanism that results in inducing ld+lo phase separation 

in POPC/DPPC equimolar membranes by ergosterol. In this we follow the picture 
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discussed in the phenomenological model presented by Putzel and Schick [141] for the 

phase behavior of a ternary mixture of cholesterol and saturated and unsaturated lipids.  

In this model, the ternary mixture exhibits phase separation when chains of the 

high-melting temperature lipids are sufficiently well ordered. The phase separation is 

then believed to be a result of the packing constraints among the lipids. In the ld phase 

and in the absence of cholesterol the difference in chain order between the high- and the 

low-melting lipids is not sufficient to induce phase separation. However, the addition of 

cholesterol can increase the chain order of the high-melting lipids. When the difference 

between the chain ordering of the two lipids is large enough it can then lead to phase 

separation.  

In this picture phase separation in ternary mixtures of lipid/lipid’/cholesterol is due 

to two interactions: the repulsion between the two different lipids (which in turn is due to 

their chain conformational conflicts), and the interaction that enables cholesterol to order 

the saturated chains. As a result of this attractive interaction between cholesterol and the 

saturated lipids in the liquid phase, one expects a higher concentration of the sterol in 

one of the liquid phases (lo) in contrast to the other liquid phase (ld). The same 

argument can be applied to our case, since we know that other sterols which are similar 

to cholesterol can strongly affect lipid acyl chain order and thereby induce phase 

separation. 

 Such ld+lo phase separation was in fact observed in POPC/DPPC/ergosterol 

[75] as well as in DOPC/DPPC/cholesterol [142]. The ld+lo phase separation in 

POPC/DPPC/ergosterol observed by Hsueh’s group [75] is of particular interest as such 

a phase separation is not present in POPC/DPPC/cholesterol. As mentioned earlier this 

result led us to study the effect of the structural differences of cholesterol and ergosterol 

on the phase behavior of POPC/DPPC. Our ternary model membrane is therefore 

composed of saturated DPPC (16:0-16:0 PC), mono-unsaturated POPC (16:0-18:1 PC) 

and a sterol at equal concentrations (33 mol% each).  In our case POPC with the melting 

temperature of -2 oC is the low melting temperature lipid, while DPPC  is the high melting 

temperature lipid, with Tm= 41 oC [135]. 
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As discussed in  Chapter 4, we are equipped with a comparative knowledge of 

the sterols’ ordering abilities on POPC as well as their ordering abilities on DPPC. 

Therefore we can now proceed to investigate in more detail what makes ergosterol a 

promoter of ld+lo phase separation. 

Figure  5-22 (modified from Figure  4-7) shows the studied sterols’ abilities to 

induce chain ordering in POPC at different sterol concentrations. Note that the chain 

ordering ability of cholesterol and 7-DHC is higher than that of ergosterol, whereas 

stigmasterol and brassicasterol are less able to increase POPC acyl chain ordering. 

Therefore, the ordering effect of ergosterol in POPC is average compared to the other 

sterols studied. 

 

Figure 5-22:  Sterol ordering effect in POPC MLVs 
Cholesterol, 7-DHC and ergosterol data are from [17] and [Hsueh, unpublished], brassicasterol 
and stigmasterol data are personal data. 

Figure  5-23 shows that ergosterol, cholesterol, brassicasterol and stigmasterol 

initially increase DPPC lipid acyl chain order linearly and they are soluble in the bilayers. 
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It is worthwhile comparing this figure with a similar one for the average chain ordering, 

M1, versus sterol concentration in DPPC/sterol membranes.  For DPPC/ brassicasterol 

and DPPC/stigmasterol we only have few data points [Hsueh, unpublished and personal 

data]. However the overall ordering behavior of the sterols can be deduced from these 

data: Ergosterol is the most effective sterol in ordering DPPC acyl chains, followed by 

cholesterol, brassicasterol and finally stigmasterol. At concentrations between 20 and 30 

mol%, the interpolation of data points shows that the ordering ability of cholesterol, 

brassicasterol and stigmasterol is of the same order, though less than that of ergosterol. 

This indicates that DPPC has a higher affinity for ergosterol when compared to other 

sterols such as cholesterol, brassicasterol and stigmasterol (no data for 7-DHC). This is 

in contrast to the ergosterol’s behavior in POPC. 

 

Figure 5-23:  Sterol ordering effect in DPPC MLVs 
Cholesterol and ergosterol data are from [Hsueh, unpublished], brassicasterol and stigmasterol 
data are personal data. 

The phenomenological picture of Putzel and Schick [141] for the phase behavior 

of ternary lipid mixtures can be used to explain ergosterol’s ability to induce phase 

separation in POPC/DPPC membranes. In this picture the high affinity of DPPC for 

ergosterol keeps ergosterol molecules mostly in the vicinity of DPPC molecules. 

Furthermore DPPC molecules with highly ordered lipid acyl chains have spatial conflicts 

with POPC molecules which have less ordered lipid acyl chains. Note that the POPC 
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chains are less ordered since there are fewer ergosterol molecules in their vicinity to 

increase their conformational order. Also the POPC oleoyl chain has a central cis 

double-bond leading to a looser packing of the lipid acyl chains. Hence, the introduction 

of ergosterol into POPC/DPPC membranes increases the acyl chain conformational 

conflicts and ld+lo phase separation occurs as a result of these packing. Therefore, we 

expect the lo phase to be rich in DPPC and ergosterol, while the ld phase is rich in 

POPC and poor in ergosterol and DPPC. 

Next we note that we have not observed phase separation induced by the other 

sterols used here in POPC/DPPC membranes. This can be explained by considering the 

affinity of DPPC and POPC for these sterols. Either POPC or DPPC could both have a 

high affinity for the sterol (as is the case for cholesterol and perhaps 7-DHC), or they 

could both have a low affinity for the sterol (such as stigmasterol). Therefore in such 

POPC/DPPC/sterol membranes the affinity of each lipid for the sterol is of the same 

order and the membranes are relatively homogeneous. This implies that all ternary 

lipid/sterol membranes at 13 oC exhibit an lo phase environment. However the 

environment for POPC in POPC/DPPC/ergosterol is different. In this case the spectrum 

reports that POPC can be found in both the ld phase and the lo phase. The presence of 

POPC molecules in the ld phase indicates that there is not enough sterol in their 

environment due to the high affinity of DPPC for ergosterol. 

A similar argument can be used to explain the observed ld+lo phase separation 

in the case of POPC/DPPC/brassicasterol+ TR-DPPE. Here the added fluorescent dye, 

TR-DPPE, is known to partition away from both the so and the lo phases [135] implying 

that the dye molecules have a preference for the ld phase. As a result the sterol 

molecules are not the preferred neighbours of the dye molecules. We also know that 

DPPC has a stronger affinity for brassicasterol than POPC. Therefore depending on the 

free energy cost of breaking the homogeneity of the mixture, adding the dye can induce 

phase separation. The result then will be two types of domains: ld phase domains rich in 

the dye and POPC molecules, and lo phase domains containing the sterol, DPPC and 

POPC. 
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Such a situation does not occur for POPC/DPPC/cholesterol (1:1:1) with added 

TR-DPPE [Hsueh, private communication]. This is likely to be due to the high affinity of 

cholesterol for POPC as for DPPC. As a result extracting the cholesterol molecules from 

the vicinity of POPC becomes more demanding in free energy for DPPC and therefore 

does not happen. In ths case both POPC and DPPC compete equally for cholesterol and 

the dye molecules distribute evenly in the mixture. 

5.7.2. Role of ergosterol structure in promoting ld+lo phase 
separation  

The ergosterol molecule has two structural components that distinguish it from 

the other sterols that we studied in ternary POPC/DPPC/sterol membranes. The first 

structural difference is the double bond as well as the methyl moiety on the alkyl chain 

which causes the ergosterol alkyl chain to become both less flexible and more bulky 

when compared to the alkyl chain of cholesterol. Such differences may make it harder 

for ergosterol molecules to diffuse amongst the lipid acyl chains, in comparison to 

cholesterol. 

The second structural difference is the additional double bond at C7 in the sterol 

ring structure. This double bond is only separated by one carbon bond from the double 

bond at C5 in the sterol’s ring structure. This makes the two double bonds conjugated, 

that is the single and double bonds alternate and cause the electrons to become 

delocalised. As a result of having this conjugated double bond (diene), ergosterol has an 

increased polarity when compared with the other sterols. Therefore ergosterol can be 

pushed further into the interfacial regions near the glycerol backbones that bridge the 

non-polar hydrocarbon regions and the polar headgroup region. Thus ergosterol’s fused 

ring structure is situated closer to the lipid headgroups. These differences in ergosterol’s 

location may also result in a reduced diffusion rate of ergosterol. Additionally the 

transbilayer transfer (flip-flop) rate of ergosterol might be much lower than that of 

cholesterol. In this situation the diffusion rate of the sterol would be lowered, as it would 

mostly diffuse in one leaflet. This could make the phase behavior of 

POPC/DPPC/ergosterol bilayers similar to that of DOPC/DPPC/cholesterol monolayers 

[143]. Phase coexistence has also been observed in monolayers composed of binary 
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mixtures of phospholipid and cholesterol [144] & [123], while such phase behavior is 

absent in the bilayer form.  

We speculate that such structural limitations on ergosterol diffusion in 

POPC/DPPC bilayers, makes the phase behavior of POPC/DPPC/ergosterol unlike that 

of ternary mixtures such as POPC/DPPC/cholesterol. In the latter case, cholesterol is 

free to diffuse relatively easily among the lipids in both leaflets. In this mixture packing 

constraints among the POPC and DPPC lipid acyl chains can occur, but cholesterol 

mobility makes them transient and avoidable. Hence, in such cases the high mobility of 

cholesterol does not permit large domains to form. This is one example of how 

contributions from a subtle difference in structure have a large effect on overall 

membrane phase behavior. 

7-DHC has the identical ring structure to ergosterol, but possesses the tail 

structure of cholesterol. We found that contrary to the ergosterol case, POPC/DPPC/7-

DHC membranes do not show phase separation. An explanation based on sterol 

structure involves the extra double bond and the methyl moiety on the tail structure of 

ergosterol. These moieties contribute to the rigidity and bulkiness of the ergosterol alkyl 

chain. This in turn may cause the sterol molecule to become localized between DPPC 

acyl chains, thus contributing to a lower flip-flop rate of ergosterol in DPPC bilayers.  

Verification of the picture described above requires measurement of the lateral 

diffusion coefficient and the flip-flop rate of ergosterol in DPPC bilayers and comparison 

with that of cholesterol. 

5.7.3. Effect of the fluorescent probe on the phase behavior of 
POPC/DPPC/brassicasterol 

The structure of many fluorescent probes used in lipid phase studies can 

generally be described as a relatively large fluorophore group linked to the headgroup of 

a double chain phospholipid (e.g. NBD-DOPE), or linked to two hydrocarbon chains 

which serves as anchors in lipid bilayers (e.g. DilC18). Some fluorescent probe 

structures are shown in Figure  5-24.  
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We studied the effect of adding the TR-DPPE fluorescent probe to the 

POPC/DPPC/brassicasterol ternary membranes. The TR-DPPE molecule has a large 

ring structure as the fluorophore group linked to the headgroup of DPPE, which is a 

phospholipid with two palmitoyl (16:0) chains. 

 

Figure 5-24: Molecular structures of some fluorescent probes 
Image reproduced from [145]. 
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Our results show that the presence of a fluorophore can induce phase separation 

in lipid membranes. This could be due to the fluorophore helping small domains to 

coalesce. Indeed the report of Simon-Plas et al. [106] on the size of the domains in 

detergent insoluble membranes (DIMs) implies such an effect. They found that the 

analysis of the DIM domain sizes using immunogold labeling showed microdomains of 

about 70nm diameter. However, using fluorescent techniques and confocal microscopy, 

the presence of larger domains of about 10 to 30 µm is observed.  

Similar observations were reported in the work of Veatch et al. [136]. They used 

2H-NMR spectroscopy, together with fluorescence microscopy to detect immiscibility in 

DOPC/DPPC/cholesterol. Below the miscibility temperature, they observed micrometer-

scale domains in fluorescence microscopy of GUVs, where as in contrast the NMR 

spectra of MLVs gave evidence for smaller (~80 nm) domains. Only at lower 

temperatures was large-scale demixing evident in the NMR spectra of MLVs.  

In a follow up work, Veatch et al. [146] studied the effect of adding 0.5 mol% of 

the fluorescent probes on the miscibility transition of DOPC/DPPC-d62 (1:1) + 30% 

cholesterol using 2H-NMR. They found that trace quantities of commonly used 

fluorescent probes such as DilC12 and DiOC18, dramatically increases the miscibility 

transition temperature. They also reported that probes vary the fraction and physical 

properties of the coexisting phases, depending on the concentration and the type of 

probe used. 

Furthermore in this context, fluorescent studies on the ld+lo phase coexistence 

in POPC/cholesterol membranes at temperatures well above Tm have been 

controversial. For example de Almeida et al. [147] observed two-phase coexistences 

using absorption and fluorescence techniques in a wide temperature range –from 15 oC 

to ~40 oC. Similarly, by observing the emission from the fluorescent bilayer-probe trans-

parinaric acid, Maeto et al. [148] found ld+lo  phase coexistence between 10 and ~40 

oC. On the other hand however, fluorescence microscopy experiments performed by 

Veatch and Keller [149] using TR-DPPE on POPC/cholesterol GUVs containing 20 

mol% or 30 mol% cholesterol showed that only one liquid phase is present between 10 

and 60 oC. These observations are not consistent with those of de Almeida et al. [147] 
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and Maeto et al. [148]. Filippov et al. [86] using pulsed field gradient NMR, measured the 

lipid lateral diffusion coefficient for POPC/cholesterol membranes and showed that for 

cholesterol concentrations up to 48.8 mol%, the membranes were in the ld phase from 

25 oC to 60 oC, consistent with the observations of Veatch and Keller [149].  

Previously Aussenac et al. [138] suggested that fluorescent probes affect 

transition temperatures, Tmix. The effect of fluorescent probes on transition temperatures 

was further investigated in the recent work of Juhasz et al. [150] who demonstrated that 

different fluorescent probes result in different miscibility transition temperature, Tmix. In 

their experiment on DOPC/DPPC/cholesterol (35:35:30) GUVs they observed the onset 

of phase separation as temperature is lowered, using different fluorescent probes. Their 

report shows that a probe can induce a change in Tmix as large as 5 oC. Such a change 

clearly can affect the phase behavior of the host lipid bilayers.  

In short it appears that to avoid possible inconsistencies when fluorescent probes 

are used for interpreting the phase behavior of lipid membranes a sufficiently thorough 

characterization of the fluorescent probes used in such studies is required.  

5.8. Chapter Summary 

In this chapter we investigated the effect of a series of sterol on the phase 

behavior of POPC/DPPC membranes. We found that cholesterol, brassicasterol, 

stigmasterol and 7-DHC, unlike ergosterol, are not able to induce phase separation in 

the POPC/DPPC/sterol (1:1:1) membranes. We explained this difference by considering 

the similarities and differences between the sterol chemical structures.  

According to our explanation the specific structure of ergosterol affects its 

diffusion rate and equilibrium depth in the bilayer. In this picture ergosterol resides closer 

to the lipid headgroup and its bulky and nonflexible tail causes the sterol to be transiently 

trapped between the DPPC acyl chains. The high affinity of DPPC for ergosterol, relative 

to its affinity for other sterols, makes the DPPC acyl chains highly ordered. The 

conformational conflicts between the relatively disordered acyl chains of POPC with the 

highly ordered acyl chains of DPPC results in phase separation. 
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We also found out that adding a negligible amount of TR-DPPE (a fluorescent 

dye) to the equimolar POPC/DPPC/brassicasterol mixture results in a ld+lo phase 

separation. This indicates that fluorescent dyes can induce phase separation in lipid 

membranes, even at low concentrations. 

5.9. Future Work  

In this work we studied the effect of sterol structure on the phase behavior of 

POPC/DPPC (1:1) membranes. In the study of the phase behavior of ternary lipids 

various aspects of the system can be studied while we only considered one. For 

example one can investigate the phase behavior of other lipid ratios in the 

POPC/DPPC/sterol membranes, and construct the phase diagram.  

Another interesting direction would be to study the cooperativity of sterols in 

inducing phase separation in POPC/DPPC (1:1) membranes. We know that ergosterol is 

able to induce phase separation in these membranes. An investigation of the effect of 

adding ergosterol in inducing phase separation in ternary POPC/DPPC/sterol (1:1:1) 

mixtures for various sterols could be an example. We already found that adding TR-

DPPE induces phase separation in POPC/DPPC/brassicasterol (1:1:1). Such effects 

could also be examined for other sterols. 

In explaining the phase separation mechanism in POPC/DPPC/sterol 

membranes we used a phenomenological model [141] relating the phase separation to 

the conformation conflicts between the constituent lipid acyl chains. This model could be 

further explored by studying the phase behavior of the ternary sample containing lipids 

analogous to POPC but having a different degree of unsaturation. For example it would 

be interesting to study the phase behavior of ternary samples containing 18:0-20:4PC 

mixed with either POPC or DPPC and sterols.   

And finally as suggested in the discussion, measuring the lateral diffusion rate 

and transmembrane transport rate of ergosterol in comparison with those of cholesterol 

would help us to better understand the mechanism of phase separation at the molecular 

level. 
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Chapter 6. Conclusion and Future Directions 

We have presented the results of our experimental investigations into the effect 

of a series of sterols with small structural differences on the physical properties of POPC 

bilayers, and on the occurrence of phase separation in POPC/DPPC MLVs. To 

accomplish this we used 2H-NMR spectroscopy, and analyzed various attributes of the 

spectra, like the chain ordering of the deuterated chain of the phospholipid as discussed 

in section  2.8.  We have also examined the properties of a sterol-modified phospholipid, 

CholPC. 

We discussed three different sets of experiments investigating the effect of 

sterols on membranes. The spectra of CholPC MLVs at different temperatures were 

collected and the order parameter profile of the deuterated chain was calculated, which 

reflects the effect of the nearby cholesterol moieties. Comparison of the CholPC order 

parameter profile with that of DPPC/cholesterol shows that the ordering effect of 

cholesterol is significantly reduced in the sterically constrained case of CholPC. The 

shape of the order parameter profile also implied that the positioning of the cholesterol 

moiety in CholPC MLVs is different from the ideal cholesterol position in lipid bilayers 

which is such that its long molecular axis lines up approximately parallel to the lipid acyl 

chains. Therefore, free cholesterol is more effective in inducing chain conformational 

order in DPPC membranes than is a sterol-modified phospholipid such as in CholPC. 

In the second experimental investigation we conducted a comparative study in 

which different sterols were incorporated into POPC membranes. By analyzing the 

ordering behavior of the sterols we showed that the presence of a double bond at C22 

on the sterols’ alkyl chain has the strongest effect in limiting the order of POPC acyl 

chains. The next most effective structural feature of the sterols is the presence of an 

ethyl group at C24, followed by a methyl group at C24. These results are consistent with 
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previous studies on sterols’ effects on POPC membrane properties as reviewed in the 

introduction [16], [71] & [73]. 

To gain a deeper understanding of the importance of the structural features of 

the sterols in inducing phase separation, we studied the phase behavior of ternary 

membranes composed of POPC/DPPC/sterol. While ergosterol induces ld+lo phase 

separation in this membrane, other sterols including cholesterol, stigmasterol and 

brassicasterol did not bring about such phase separation. It is interesting to note that 

brassicasterol and ergosterol differ structurally only in a double bond in their fused rings. 

This implies that the phase behavior of lipid membranes can be strongly influenced by 

lipid/sterol interactions. 

We found that the sensitivity of lipid membrane phase behavior is not only due to 

its sterol content. Adding a negligible amount of a fluorescent dye (Texas Red) to the 

POPC/DPPC/brassicasterol MLVs resulted in a ld+lo phase separation similar to what 

was found for POPC/DPPC/ergosterol MLVs. Our observation of such phase separation 

in POPC/DPPC/brassicasterol MLVs containing dye, shows on one hand that the 

equimolar POPC/DPPC/brassicasterol membrane is close to the phase boundary for 

immiscible ld+lo phases, and on the other hand provides evidence that fluorescent dyes 

can induce phase separation in lipid membranes, even at low concentrations.  

In this thesis we used DPPC with both chains saturated, and POPC which has 

one mono-unsaturated chain. To elaborate on the effects we observed in our set of 

experiments, it is highly desirable to extend the current investigations to other lipid 

membranes with different degrees of acyl chain unsaturation. In particular membranes 

composed of lipids with one saturated and one unsaturated chain can be used. A 

possible extension of our work would then be to examine the interaction between 

polyunsaturated lipids such as 18:0-20:4PC and different sterols in both binary and 

ternary membranes. 

Phase diagrams of the ternary lipid membranes have been constructed partially 

for only a few ternary lipid-cholesterol membranes. However the role of sterol structure 

in inducing the phase separation is still not completely understood. One possible study 

would be to investigate whether gradually replacing cholesterol by another sterol would 



 

144 

change the shape of ld+lo coexistence regions in the phase diagram. Another question 

to investigate would be to examine how such a change would affect the lipid exchange 

between lo and ld domains. 

More specific possible extensions of each set of experiments are discussed at 

the end of  Chapter 3, 4 and 5. 

While this thesis has focused on the ordering effects and phase separation 

promotion of different sterols in phosphatidylcholine membranes, an understanding of 

the underlying principles of the same molecular interactions is a prerequisite to 

establishing the rules of miscibility in more complex lipid and sterol membranes. The 

ultimate goal in these kinds of biophysical studies is to model and to understand lipid 

phase behavior in multicomponent complex natural membranes and biologically relevant 

lipid aggregates. 
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Appendix  
 

This graph is related to section 3.4 

 

Figure A-1:  CholPC individual CD bonds peak positions versus temperature 
 

The data in Figure A-1 were acquired to confirm our assignments of the C2 

deuterons in CholPC (see section  3.4 and Figure  3-4 ). Our expectation was that the C2 

deuteron splittings have a weaker dependence on temperature than other deuterons. C3 
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may have inequivalent deuterons as well, so the assignments are somewhat arbitrary. 

There are some unexplained anomalies in the temperature dependence of the splittings 

assigned to, for example C11. Further experiments are needed to understand this 

unusual pattern. 
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This graph is related to section 5.6 

For completeness here we show all the M1 vs temperature data for POPC/DPPC 

MLVs studied. 

 

Figure A-2:  M1 vs. temperature for several lipid membranes. 
The values for POPC/DPPC and POPC/DPPC/ergosterol data are taken from [75], the rest were 
acquired in connection with the thesis. 
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