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Lateral organization of the cellular plasma membrane promotes biological 

function by permitting regulation of cellular processes.  Evidence now supports the 

hypothesis that the coexistence of a variety of lipid molecules, with different melting 

temperatures and acyl chain lengths, contribute to this lateral organization by forming 

lipid rafts, nanoscale domains with distinct biophysical properties.   Phase separation 

into immiscible micron-sized domains is readily observed in model membranes, 

chemically simplified lipid mixtures that have been studied under equilibrium 

conditions to understand how composition and temperature affect domain properties.  

As lipid domains have yet to be imaged directly in live resting cells, the relevance of 

model membranes is uncertain.  

We have focused on characterizing the biologically relevant outer leaflet 

membrane model brain sphingomyelin (bSM)/1-palmitoyl-2-oleoyl-sn-glycero-3-

phosphocholine (POPC)/cholesterol (Chol) in which nanoscale domains challenge 

conventional imaging techniques. We have determined the temperature-dependent 

ternary phase diagrams for bSM/POPC/Chol and bSM/1,2-dioleoyl-sn-glycero-3-

phosphocholine (DOPC)/Chol using Förster resonance energy transfer (FRET) and 

differential scanning calorimetry, and we have confirmed the biologically relevant 

liquid-disordered (Ld) and liquid-ordered (Lo) coexistence region using electron spin 



 

resonance spectroscopy. We have determined that the size of coexisting Ld+Lo 

domains in bSM/POPC/Chol is 2-6 nm radius using FRET and small-angle neutron 

scattering. 

Ultimately, this careful characterization of model membrane will serve as a 

starting point for investigating the influence of peptides on domain size and other 

biophysical properties.  Rafts can be stabilized to form larger platforms through 

protein-protein and protein-lipid interactions.  Understanding how these domains 

form, grow, and stabilize in model systems is a first step toward elucidating their roles 

in important membrane-mediated processes. 
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Chapter 1: 

Introduction 

 
Portions of this chapter appear in the following review article which was invited for publication in 
Chemistry and Physics of Lipids: Jianjun Pan, Frederick A. Heberle, Robin S. Petruzielo, John Katsaras. 
The Usage of Small-Angle Neutron Scattering in Exploiting Nanoscopic Lipid Domains. In preparation 
(2013). 

 
1.1 OVERVIEW 

This work focuses on determining temperature-dependent phase behavior and 

domain sizes in the liquid coexistence region for the biologically relevant ternary lipid 

mixture brain sphingomyelin (bSM)/1-palmitoyl-2-oleoyl-sn-glycero-3-

phosphocholine (POPC)/cholesterol (Chol). This mixture models the outer leaflet of 

the mammalian plasma membrane (PM). 

The PM is a complex mixture comprising proteins, hydrophobic sterols, and 

amphiphilic lipids. The lipid raft hypothesis ascribes an active role for lipid 

heterogeneities in lateral organization that promotes functions in the mammalian PM. 

These heterogeneities include preferential sphingomyelin (SM) and Chol association 

that can compartmentalize the PM into ordered and disordered regions, separating 

proteins based on preferential interaction with certain lipids. Rafts continue to 

generate controversy, as reported sizes and lifetimes vary with experimental 

techniques, many of which affect the native membrane state. 

Chemically simplified model systems with well-defined lipid compositions are 

powerful tools for elucidating the thermodynamics governing lateral heterogeneity of 

membrane lipids. Model membranes exhibit lateral segregation of liquid-disordered 

(Ld) and liquid-ordered (Lo) phases at certain compositions and temperatures. 
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Determining the phase diagrams of model systems aids in understanding lipid-lipid 

interactions. 

As rafts are now considered to be nanoscale assemblies [1], the relevance of 

ternary lipid mixtures that exhibit nanoscopic domains is heightened. In this work, we 

tackle the most biologically relevant ternary mixture bSM/POPC/Chol, using a variety 

of techniques to confirm Ld+Lo heterogeneity, solve the temperature-dependent phase 

diagram, and measure the sizes of coexisting liquid domains. 

In this chapter, we provide background and motivation for the work presented 

in Chapters 2-4. We describe lipids, track development of the raft model, introduce 

lipid bilayer phase behavior, and survey studies on outer leaflet model membranes. 

This chapter ends by describing the historical evolution of work presented in this 

thesis. 

1.2 LIPIDS 

The three main classes of lipids relevant to this work include 

glycerophospholipids, sphingolipids, and sterols [2]. Lipids are amphiphilic molecules 

with a hydrophilic headgroup and hydrophobic fatty acid or acyl chains. They are 

classified according to headgroup, chain lengths, and degree/location of unsaturation. 

Glycerophospholipids have a three-carbon glycerol backbone, while sphingolipids 

have a sphingosine backbone that includes a long unsaturated hydrocarbon chain. 

Sphingosine was named in 1884 after the Sphinx, a Greek mythological creature, due 

to its enigmatic nature [3,4]. The most ubiquitous sphingolipid in mammalian cells, 

SM has a phosphocholine headgroup like POPC and other phosphatidylcholine (PC) 

lipids used in these studies. 
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Less polar than lipids, sterols have a planar hydrophobic structure of four rings 

and hydroxyl group (-OH). The PM contains 30-40 mole% of the sterol Chol [5]. Chol 

is oriented in the membrane with its hydroxyl group facing toward the aqueous 

boundaries and the planar ring structures in the hydrophobic region. 

1.2.1 Lyotropic Phases 

In aqueous solution, amphiphilic lipids spontaneously organize to orient the 

polar headgroups toward water and protect the hydrophobic hydrocarbon tails from 

water. The resulting structural configurations depend on the temperature and intrinsic 

lipid curvature (relative size of the headgroup and tails) [6]. The most biologically 

relevant structure is the bilayer, which comprises two lipid layers called leaflets. In the 

bilayer, the leaflets are arranged such that the acyl chain regions face each other, and 

the headgroups face the aqueous solution. Model lipid mixtures can be prepared in 

different structural models, including monolayers, planar bilayers, and freely 

suspended bilayers that consist of multilamellar, paucilamellar, and unilamellar 

vesicles of various sizes, ranging from giant unilamellar vesicles (10-50 µm diameter) 

to smaller 60 nm diameter vesicles. 

1.2.2 Plasma Membrane Lipid Composition 

The bilayer structure of the plasma membrane was first proposed in 1925 [7]. 

The distribution of lipids is asymmetric across the two leaflets of the mammalian 

plasma membrane [8–10]. Neutral species including SM and PC are found in the outer 

leaflet, while phosphatidylethanolamine and negatively charged lipids including 

phosphatidylserine and phosphatidylinsositol are found in the inner leaflet [11]. Chol 
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is approximately equally distributed between the two leaflets and comprises 10 to 40 

mol% of the mammalian plasma membrane [5,12]. 

 Lipids in the outer leaflet can be divided into three categories: Chol, and two 

lipid categories divided based on their fluidity at ambient temperature. High-melting 

(high-Tm) lipids including SM undergo a transition from gel to fluid phase around or 

above physiological temperatures. Low-Tm lipids in the outer leaflet are fluid at 

ambient temperature. Among the most abundant lipids in the plasma membrane, low-

Tm PC’s account for about 50% of the outer leaflet [13]. A ternary model for the cell 

membrane outer leaflet can be constructed using one component from each of these 

three categories.  

Sterols and sphingolipids play important structural roles in the membrane and 

have been implicated in the regulation of membrane trafficking [14]. Chol influences 

fluidity and permeability of membranes in vitro [15] and in vivo [16]. 

Aside from lipids, proteins are the other major component of the PM. The 

protein concentration in the bilayer varies from 18 to 76% by weight [12] and is often 

quoted to be 50% by weight. However, much of this weight is outside the membrane. 

Considering this, protein accounts for only 10 to 20% of the bilayer mass in the region 

between lipid headgroups [17]. Proteins interact with membrane in different ways: 

they can span the bilayer, insert into one leaflet, or interact peripherally via lipid 

headgroups or other proteins. Proteins in the membrane also serve as cytoskeletal 

anchors [18,19].  

1.3 HISTORY OF LIPID RAFTS 

1.3.1 Fluid Mosaic Model 
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In 1972, Singer and Nicholson proposed the fluid mosaic model in which they 

postulated that the lipid bilayer that makes up the PM is a homogenous, relatively inert 

fluid sea which provides a medium for protein diffusion and a substrate for protein 

interaction and protein-dominated processes [20]. Lipids were considered to be 

passive structural components, and proteins were thought to control membrane 

architecture and organization, possibly through interactions with the cytoskeleton.  

1.3.2 Ordered Lipid Clusters  

Soon after, clusters of lipids were proposed to exist in the membrane, based on 

the effects of temperature on membrane behavior [21]. The clusters were suggested to 

be an ordered fluid state [22] relative to surrounding disordered liquid crystalline 

lipids. Karnovsky and coworkers formalized the idea of membrane lipid domains in 

1982 [23] after observing heterogeneity in fluorescence lifetime decay. They proposed 

several lines of inquiry still being investigated today, including the forces behind the 

formation, maintenance, and fluctuation of lipid domains. 

 Interest in the roles of lipids and sterols in lateral organization and chemical 

functions of the PM followed these observations. Sphingolipids and Chol were found 

to be enriched in apical membranes of epithelial cells [24]. It was also observed that 

protein partitioning and function is affected by lipid composition in model systems 

[25,26]. Brown and Rose found certain proteins localized with Chol and sphingolipids 

in detergent-resistant membrane domains [27]. Liquid-liquid immiscibility in model 

mixtures from ternary lipid systems was first reported in 1996 [28]. 

1.3.3 Raft Hypothesis 
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These findings from both biological studies of the PM and physical chemistry 

studies of model membranes led to the lipid raft description of the PM [29,30]. The 

raft hypothesis postulated that the PM is organized into functional domains called 

rafts. Rafts were suggested to have different composition (due to preferential SM and 

Chol association) from the bulk lipids, and actively participate in protein organization 

and function by influencing protein diffusion and local concentration. Analysis of 

lipids by mass spectrometry has elucidated the lipid composition of rafts compared to 

the bulk PM: SM levels are elevated by 50% [31], Chol levels are double [32], and PC 

levels are similar in rafts and bulk PM. 

1.3.4 Raft Functions 

Many cellular functions have been associated with lateral heterogeneity of 

lipid composition in the PM, including cell signaling pathways [33,34], protein sorting 

[35], modulation of protein activity [36], and cytoskeletal connections [37]. 

1.3.5 Comparing Rafts with Model Membrane Heterogeneity 

When lipid rafts are described as coexisting liquid-disordered (Ld) and liquid-

ordered (Lo) domains, useful connections can be drawn with model studies to 

elucidate relevant intermolecular interactions. However, some discrepancies exist. 

Some transmembrane proteins that prefer raft phase in cells are excluded from the Lo 

phase in model studies [38]. Intermediate between live cell and model studies are 

membrane preparations from cellular PM’s in the form of giant plasma membrane 

vesicles [39] or plasma membrane spheres [40] that contain membrane proteins and 

lipids but no cytoskeleton attachment. These studies find macroscopic fluid phase 

separation, suggesting that nanoscale heterogeneity may exist in the native cellular 
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PM.  However, these results find less distinction between Ld and Lo phases in plasma 

membrane spheres than in model membranes [41]. The Lo phase is proposed to be 

different in model membranes compared to cell plasma membranes, as there may be a 

wider range of conformational and positional orders that are modulated by both lipids 

in proteins in cells than in model systems [42].  

Developing model systems which are more biologically relevant means finding 

those that have more similar Ld and Lo phases, perhaps more similar in composition 

or in relevant properties such as order. Our bSM/POPC/Chol studies are promising for 

relevance to the PM, given that we find the order is more similar between Ld and Lo 

phases (Chapter 3), and the sizes of coexisting domains are 2-6 nm (Chapter 2). 

1.3.6 Raft Definitions 

Physical definitions of rafts have varied, depending on the system observed 

and the measurement made. Rafts are now considered to be a heterogeneous collection 

of domains with diverse protein and lipid compositions, and varied temporal stability. 

According to the lipid raft definition from the 2006 Keystone Symposium on Lipid 

Rafts and Cell Function, ‘Lipid rafts are small (10-200 nm), heterogeneous, highly 

dynamic, sterol- and sphingolipid-enriched domains that compartmentalize cellular 

processes. Small rafts can sometimes be stabilized to form larger platforms through 

protein-protein and protein-lipid interactions’ [43]. To unify raft observations, it is 

important to understand how different preparation and measurement conditions affect 

the native membrane state, and there is more to learn from thermodynamics of lipid 

mixtures in bilayer membranes. 

1.3.7 Rafts as Transient, Nanoscale Assemblies 
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As native cells do not display macroscopic domains, rafts are now thought to 

be nanoscale ordered regions of the PM. Rafts are likely transient assemblies including 

sphingolipids, Chol, and some proteins that can coalesce to form more stable 

platforms that exclude certain proteins [1].  

Evidence for nanoscale heterogeneities in the cellular PM is accumulating. 

Sharma and coworkers used homo and hetero-FRET to detect < 5nm clusters of 

particular proteins in the PM [44]. FRET between fluorescent lipid analogs in the PM 

outer leaflet revealed nanoscale heterogeneity in cells [45]. Electron spin resonance 

studies in live cells evidenced order and rotational diffusion parameters consistent 

with distinct Lo and Ld phases [46].  

New tools are proving helpful [47]. Super resolution microscopy methods 

including fluorescence photoactivation localization microscopy (FPALM) detect 

nanoscale heterogeneities in cells [48]. Stimulated emission depletion (STED) far-

field nanoscopy inferred nanoscopic domains in live cells by detection of 

sphingolipids with hindered diffusion [49]. 

1.3.8 Need for Model Studies 

Progress has been made defining lipid and protein constituents of rafts, but it is 

still not well understood how these constituents work together to generate and 

maintain lipid domains in the PM. Model studies suggest that PM lipids have an 

underlying propensity to phase separate, but this behavior is likely modulated by 

proteins in the PM [50]. Indeed, the many protein-lipid interactions make it difficult to 

determine how the cellular PM achieves compartmentalization of components.  
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The PM could be close to a transition temperature for phase separation [51] or 

close to a critical point, with nanodomains as critical fluctuations (Veatch 2008, 

Honerkamp-Smith 2009). However, thermal regulation of rafts would not permit 

selective control of domain size for particular cell functions [52]. This points instead 

to modulation of local lipid composition. Model studies with well-defined, chemically 

simplified compositions provide a guide to possible mixing phenomena that may occur 

in the cellular PM. It is also possible that cytoskeletal attachments could regulate raft 

size [53,54]. In addition, transmembrane proteins could promote compartmentalization 

[1,19]. The sizes of detected heterogeneities often depend on the measurement 

technique used and the system studied. Better results are achieved by probing multiple 

temporal and spatial scales with minimally perturbative methods. 

1.4 LIPID PHASES 

1.4.1 Order Parameters 

In a given lyotropic phase, lipids exist in various thermotropic phases 

depending on temperature and composition. These phases are distinguished by several 

order parameters including positional order and chain order. Positional order describes 

the lateral mobility of lipids within a leaflet and is quantified with the translational 

diffusion coefficient, while chain order is described by the degree of conformational 

order experienced by the acyl chains [55]. Positional order also relates to the lateral 

packing density of lipids, as described by the molecular area (area per lipid) 

perpendicular to the bilayer normal. 

Conformation and chain orientational order can be segmental in referring to 

one C-C bond or spatially averaged to give the ratio of trans to gauche isomers in the 
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C-C bonds in the hydrocarbon chain. The measured chain order depends on the spatial 

and temporal resolution of the method employed. In the ESR studies described for Ld 

and Lo phase lipid bilayers (Chapter 3), the whole- chain order parameter S refers to 

the orientation of the lipid with respect to the bilayer normal [56]. The dynamic 

parameters R� and R|| describe the motion of the spin-label assuming axial symmetry 

where R|| describes the rotational rate around the long axis of the molecule and R� 

gives the rotational rate around an axis perpendicular to the long axis of the molecule 

[57]. 

1.4.2 Single-Lipid Phases 

Pure lipids may exist in gel or liquid-disordered (Ld) phases. The gel or solid-

ordered (Lβ) phase is characterized by tight, regular packing of acyl chains. At room 

temperature, lipids with long (16 or more carbons), fully saturated acyl chains are in 

the Lβ phase. The chains are elongated, so each lipid has a minimal area per lipid. 

Some lipids exhibit distinct gel phases with different degrees of order. For example, 

sphingomyelin can exhibit the Pβ’ phase which exists as a pretransition between the 

main chain transition from Lβ to Ld upon heating [58]. This phase is characterized by 

rippling of the bilayer and a net tilt of the molecular axis relative to the bilayer normal 

[59,60]. 

The melting or main chain transition temperature (Tm) characterizes the 

transition from Lβ phase to liquid-disordered phase (Lα or Ld). Unsaturated or short 

chain saturated lipids exhibit Ld phase at room temperature. This fluid phase is 

distinguished by lateral mobility of lipids and conformational freedom of chains, due 
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to low positional and conformational orders. 

The diffusion coefficient is about 10−11 to 10−10 cm2/s at 25°C in the Lβ phase 

and three orders of magnitude faster in the Ld phase [61].  The area per lipid for lipids 

in Ld phase is generally 1.2 to 1.4 times larger than in gel phase. For example, the area 

per lipid for bSM is 50 Å2 in gel phase and 60 Å2 in Ld phase [62].  

1.4.3 Liquid-Ordered Phase 

 The liquid-ordered (Lo) phase can be formed from Lβ or Ld phases upon 

addition of Chol. First named by Ipsen in 1987 [63], the Lo phase is characterized by 

the low positional order of the Ld phase and the high chain order of the Lβ phase. The 

diffusion coefficient for the Lo phase is about two to three times slower than for the 

Ld phase, approximately 10−9 cm2/s at 25°C [64]. Lo phase forms from Lβ phase 

when more than 10% Chol is added [65]. For several saturated chain lipids, this value 

seems to be around 15-17% Chol [66,67]. 

 The formation of Lo phase is consistent with lipid headgroups acting as 

umbrellas to shield hydrophobic Chol from water outside the bilayer [68]. This forces 

the acyl chains of lipids to straighten and assume all-trans conformations, leading to 

high conformational order (similar to the Lβ phase) while retaining fast translational 

diffusion (nearly comparable to the Ld phase). When Lo phase forms upon addition of 

Chol to saturated lipids in Lβ phase, Chol disrupts chain packing, thereby decoupling 

translational order from acyl chain order [63]. When Lo phase forms upon addition of 

Chol to unsaturated lipids in Ld phase, van der Waals interactions between Chol and 

the lipid acyl chains cause the chains to adopt all-trans conformational order. As a 

result, lipid chains are more ordered in the Lo than Ld phase, and the bilayer is thicker 
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[69]. The Lo phase is often correlated with rafts in the cellular PM, but the 

connections may not be direct [41]. 

1.5 PHASE SEPARATION IN LIPID MIXTURES 

1.5.1 Binary Systems 

 Phase diagrams for binary systems including Chol and gel phase lipids offer 

evidence for coexisting Lo and gel phases below optical resolution [65]. In contrast, 

no Ld+Lo phase separation is observed for Chol and PC lipids with an unsaturation in 

each chain such as DOPC (1,2-dioleoyl-sn-glycero-3-phosphocholine) [70]. Instead, a 

gradual increase in chain order occurs as Chol stiffens the Ld phase [71], resulting in a 

gradual change from Ld to Lo phase as Chol is added. Some controversy exists 

regarding possible Ld+Lo coexistence for binary systems of Chol and lipids with 

mixed acyl chains, such as POPC (1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine) 

and SOPC (1-stearoyl-2-oleoyl-sn-glycero-3-phosphocholine). Some evidence 

suggests Ld+Lo coexistence in SOPC/Chol [72] and POPC/Chol binary mixtures 

[73,74]; others, including our work in Chapter 2, suggest a gradual transition from Ld 

to Lo phase without Ld+Lo phase coexistence [75]. 

1.5.2 Ternary Systems  

Silvius and coworkers first detected Ld+Lo phase coexistence in ternary 

mixtures of Chol with high- and low-melting lipids [28]. In the Ld+Lo coexistence 

region, they found that the Lo phase is enriched in the high-melting lipid and Chol, 

consistent with detection of rafts in the PM. Using fluorescence microscopy imaging 

of fluorescent lipid analogs, Korlach and coworkers detected coexisting phases in 

giant unilamellar vesicles (GUVs) prepared from various ternary mixtures [76].  
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1.5.2.1 Macroscopic Phase Separation 

The first observations of micron-sized coexisting Ld+Lo phases were reported 

in bSM/DOPC/Chol [77] and egg-SM (eSM)/DOPC/Chol [78]. Subsequently, 

macroscopic coexistence of Ld+Lo phases was found in other ternary mixtures, often 

including lipids such as DOPC and DPhPC (1,2-diphytanoyl-sn-glycero-3-

phosphocholine) chosen for their poor mixing properties. Examples of ternary phase 

diagrams with macroscopic Ld+Lo phase coexistence include DPPC (1,2-dipalmitoyl-

sn-glycero-3-phosphocholine)/DOPC/Chol [79], PSM (N-palmitoyl-D-erythro-

sphingosylphosphorylcholine)/DOPC/Chol [80], DPPC/DPhPC/Chol [81], DSPC (1,2-

distearoyl-sn-glycero-3-phosphocholine)/DOPC/Chol [67,82] and SSM(N-stearoyl-D-

erythro-sphingosylphosphorylcholine)/DOPC/Chol [83]. 

1.5.2.2 Nanoscale Phase Separation 

Ld+Lo coexistence regions undetectable by fluorescence microscopy were 

inferred from FRET measurements in DPPC/DLPC (1,2-dilauroyl-sn-glycero-3-

phosphocholine)/Chol in the first report of nanoscopic Ld+Lo domains [66]. Further 

studies employed spectroscopic techniques with nanoscale resolution to investigate 

Ld+Lo phase coexistence in ternary systems replacing the low-melting lipid DOPC 

with the more biologically relevant POPC. Phase diagrams were reported for 

DSPC/POPC/Chol [82], PSM/POPC/Chol [73–75,80], and bSM/POPC/Chol [84]. 

BSM/POPC/Chol is considered to be the most biologically relevant ternary 

model system, due to the abundance of these lipids in the PM outer leaflet. Systems 

with nanoscopic heterogeneity better model the cellular PM, and studies in these 

systems are important for gaining clues about mechanisms responsible for the stability 
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of nanoscale domains [85]. Consistency of results from several studies suggests that 

nanoscopic assembles exist in cells, but their stability and lifetimes are not known. 

As with macroscopic phase separation in model membrane mixtures, it is 

useful to employ equilibrium thermodynamics while carefully controlling lipid 

composition and temperature to examine how phase behavior and domain size vary 

with composition and temperature in biologically relevant outer leaflet models. 

Proposed mechanisms for the formation and maintenance of nanoscopic heterogeneity 

can be refined by model and live cell studies as well as theoretical treatments. As a 

first step, the disparate measurements of intrinsic sizes of nanoscale Ld+Lo domains 

in model systems and rafts in cells must be reconciled through studies combining 

multiple, minimally disruptive techniques with different spatial sensitivities. 

1.6 DISSERTATION SUMMARY 

1.6.1 A Historical Perspective 

The overall motivation of this work is to conclusively establish and 

characterize Ld+Lo heterogeneity in the ternary model membrane mixture 

bSM/POPC/Chol as a function of temperature. Prior studies have investigated 

heterogeneity in SM/POPC/Chol and reported widely varying results regarding the 

compositions at which Ld+Lo heterogeneity exists in this most biologically relevant 

ternary mixture [73–75,80,84]. In addition, the reported sizes of coexisting domains in 

bSM/POPC/Chol vary from a few nanometers [86] to several hundred nanometers 

[87], likely due in part to the sensitivity of this mixture to perturbations that induce 

domain coalescence [88]. 
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Making comparisons between high-resolution FRET surface studies for 

bSM/POPC/Chol and the related system bSM/DOPC/Chol, we concluded that 

bSM/POPC/Chol exhibits Ld+Lo phase coexistence in the central region of the phase 

diagram (Chapter 2). However, with FRET results alone we could not rule out weak 

partitioning of fluorescent lipid analogs being responsible for little variation of FRET 

efficiency within the Ld+Lo phase coexistence region. We pursued several approaches 

for further confirmation of Ld+Lo heterogeneity in bSM/POPC/Chol. These 

approaches included employing a technique sensitive to smaller distance scales, 

establishing the ternary phase diagram, and measuring the sizes of coexisting domains. 

We used electron spin resonance (ESR), a technique in which a spin probe in 

the hydrocarbon region of the bilayer partitions equally between Ld and Lo phases, 

reporting on order and dynamics in both phases (Chapter 3). Comparisons between 

these parameters for bSM/POPC/Chol and DOPC-containing systems with well 

established Ld+Lo phase coexistence supported Ld+Lo heterogeneity for 

bSM/POPC/Chol. 

With this additional evidence for Ld+Lo phase coexistence in 

bSM/POPC/Chol, we determined the compositional extent of the Ld+Lo phase 

coexistence region by solving the ternary phase diagram (Chapter 2). Only one partial 

phase diagram had been reported for this system [84], and considerable discrepancy 

exists between phase diagrams for the related system PSM/POPC/Chol [73–75,80]. 

We employed differential scanning calorimetry (DSC) to determine phase boundaries 

at 0 and 10% Chol. Further examination of FRET surface results, including 

comparison of FRET efficiency at 15 and 25°C with results indicative of miscibility at 
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high temperature, supported establishing phase boundaries for the Ld+Lo phase 

coexistence region. The resulting phase diagrams were very similar for 

bSM/DOPC/Chol and bSM/POPC/Chol, highlighting the fact that phase diagrams do 

not contain information about the sizes of coexisting domains. 

 We then employed small-angle neutron scattering (SANS), using model-

independent analysis to investigate Ld+Lo phase coexistence for bSM/POPC/Chol and 

the closely related system PSM/POPC/Chol (Chapter 2). SANS revealed coexisting 

domains for PSM/POPC/Chol but not bSM/POPC/Chol. Using a limit of detection 

argument, we determined that coexisting Ld+Lo domains in bSM/POPC/Chol must be 

smaller than the 7 nm SANS detection limit, but larger than the 2 nm FRET detection 

limit. We then began developing experimental FRET methods for more accurately 

determining nanodomain sizes (Chapter 4). 

 These results conclusively establish phase behavior for bSM/POPC/Chol and 

narrow the range of possible domain radius to 2-6 nm in the Ld+Lo phase coexistence 

region. We also found that domain sizes vary with SM species, suggesting raft size 

may be varied by adjustment of local concentrations of various SM species in the 

mammalian PM (Chapter 5). 

1.6.2 Key Results 

 Determining the bSM/POPC/Chol phase diagram was the most challenging 

and most important aspect of this work. This phase diagram for this biologically 

relevant ternary lipid mixture will provide a starting point for investigating 

mechanisms influencing phase behavior and domain sizes in systems increasingly 

resembling the outer leaflet of the live cell membrane.  
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 In particular, we note several points of importance regarding the 

bSM/POPC/Chol phase diagram.  

1. The phase diagram enabled us to determine on which compositions to focus 

for investigating the sizes of coexisting domains.   

2. This phase diagram resolves considerable discrepancies in the literature 

regarding the phase behavior of SM-containing lipid mixtures.  

3. Determining this phase diagram reconfirms our ability to solve ternary phase 

diagrams despite the existence of small domains.  

4. We note similarities between the bSM/DOPC/Chol and bSM/POPC/Chol 

despite considerable differences in the sizes of coexisting liquid domains in 

these two mixtures. This is a significant and novel result.  

5. This phase diagram asserts the importance of using multiple techniques with 

different spatial resolution and different contrast mechanisms (fluorescent lipid 

analogs vs. deuterated lipid species) to determine phase behavior in systems 

exhibiting nanoscale heterogeneity. 

6.  This phase diagram was solved at several temperatures. The comparison of 

FRET data between different lipid mixtures at temperatures exhibiting 

coexisting liquid phase and random mixing strengthened conclusions regarding 

phase behavior in bSM/POPC/Chol. 

7. The phase diagram contains important information regarding the 

compositions of phases within the liquid coexistence region. These 

compositions are needed for studies investigating thickness differences 

between Ld and Lo phases via SANS [69] and quantitatively determining the 
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sizes of coexisting liquid domains via FRET (Chapter 2) and SANS [69,89]. 

Determining these physical properties of coexisting liquid phases is important 

for investigating the mechanisms responsible for the stability of nanoscale 

phase domains. 
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2.1 ABSTRACT 

Membrane raft size measurements are crucial to understanding the stability and 

functionality of rafts in cells. The challenge of accurately measuring raft size is 

evidenced by the disparate reports of domain sizes, which range from nanometers to 

microns for the ternary model membrane system sphingomyelin (SM)/1-palmitoyl-2-

oleoyl-sn-glycero-3-phosphocholine (POPC)/cholesterol (Chol). Using Förster 

resonance energy transfer (FRET) and differential scanning calorimetry (DSC), we 

established phase diagrams for porcine brain SM (bSM)/dioleoyl-sn-glycero-3-

phosphocholine (DOPC)/Chol and bSM/POPC/Chol at 15 and 25°C. By combining 

two techniques with different spatial sensitivities, namely FRET and small-angle 

neutron scattering (SANS), we have significantly narrowed the uncertainty in domain 

size estimates for bSM/POPC/Chol mixtures. Compositional trends in FRET data 

revealed coexisting domains at 15 and 25°C for both mixtures, while SANS 

measurements detected no domain formation for bSM/POPC/Chol. Together these 

results indicate that liquid domains in bSM/POPC/Chol are between 2 and 7 nm in 

radius at 25°C: that is, domains must be on the order of the 2−6 nm Förster distance of 

the FRET probes, but smaller than the ~7 nm minimum cluster size detectable with 

SANS. However, for palmitoyl SM (PSM)/POPC/Chol at a similar composition, 

SANS detected coexisting liquid domains. This increase in domain size upon 

replacing the natural SM component (which consists of a mixture of chain lengths) 
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with synthetic PSM, suggests a role for SM chain length in modulating raft size in 

vivo. 

2.2 INTRODUCTION 

 The membrane raft model posits that lipids in cell membranes self-organize 

into compositionally distinct domains, differentiated primarily by hydrocarbon chain 

order [1,2]. Rafts are thought to organize membrane-associated proteins through 

selective partitioning, thereby influencing diverse processes including protein 

transport and signaling. Raft-based explanations for cellular phenomena are often 

controversial, as rafts cannot be observed directly in resting cells using conventional 

fluorescence microscopy. Significant effort has gone toward developing techniques 

capable of detecting nanometer-scale rafts. As these techniques improve, the emerging 

consensus is that rafts are small, transient clusters of lipids and proteins that can 

coalesce upon external stimulus to spatially reorganize membrane components and 

produce functional consequences for the cell [3–6]. To further understand mechanisms 

responsible for raft stability and functionality in cells at the level of lipid-lipid and 

lipid-protein interactions, raft sizes must be measured.  

 Though biological membranes are complex mixtures, substantial progress has 

been made by studying chemically simplified models for the mammalian outer leaflet, 

where rafts are implicated in processes including virus entry and exit, and 

transmembrane signaling. Mixtures comprising three lipid components—a high 

melting (high-Tm) lipid (di-saturated phosphatidylcholine or SM), a low-Tm lipid 

(i.e., containing at least one chain unsaturation), and Chol—exhibit key properties 

associated with rafts [7]. These minimal systems mimic the composition of specific 

biological membranes and reproduce a variety of complex phenomena, including the 

coexistence of liquid-ordered (Lo) and liquid-disordered (Ld) domains, yet their 
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compositional simplicity makes them amenable to studies of composition- and 

temperature-dependent behavior. 

 Recent work has revealed an important role for the low-Tm lipid (e.g., DOPC 

or POPC) in the mesoscale control of membrane domain size [8–10]. DOPC is not 

typically found in cell membranes but has enjoyed popularity in model membrane 

experiments due to its propensity to induce micron-sized fluid domains in ternary 

mixtures [11]. In contrast, POPC is an abundant, low-Tm lipid in the outer leaflet of 

the plasma membrane[12] and has been studied in ternary mixtures using techniques 

sensitive to submicron length scales [8,13–23]. Ternary mixtures containing POPC 

together with a high-Tm lipid and Chol seem to exclusively exhibit nanoscale Ld+Lo 

heterogeneity [24], as opposed to the micron-sized domains observed in DOPC-

containing mixtures. 

 Di-saturated phosphatidylcholine lipids (e.g., DPPC and DSPC) are commonly 

chosen as high-Tm lipids for bilayer phase studies, despite their relative scarcity in 

mammalian plasma membrane. While much is now known about the phase behavior 

of these lipids in raft mixtures, the influence of SM, an abundant outer leaflet lipid, on 

raft properties remains poorly understood. Unlike glycerol-based lipids, SM is capable 

of forming both inter- and intra-molecular hydrogen bonds because it possesses both 

hydrogen bond donors and acceptors in its sphingosine backbone. The hydrogen-

bonding capability of SM might contribute to the intrinsically high order of this class 

of lipids. This, or other charge-pairing and hydrophobic effects, may play an important 

role in raft formation through SM-Chol interactions [25].  

 Macroscopic coexisting Ld+Lo domains have been observed in the mixture 

SM/DOPC/Chol using fluorescence microscopy of giant unilamellar vesicles (GUVs) 

[26–31]. A more biologically relevant model system would replace DOPC with 

POPC. Zhao et al. found that in mixtures with POPC and Chol, a variety of SM 
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species suffer from domain artifacts due to photo-induced lipid modification, 

including peroxidation or cross-linking, which are directly related to the presence of 

fluorophores [32]. By using dilute probe concentrations, limiting the illumination 

intensity and duration, and carefully observing the time dependence of domain 

formation, it was concluded that no macroscopic Ld+Lo phase coexistence occurs in 

SM/POPC/Chol [32]. This result implies that if rafts exist in these biologically 

important systems, they must be smaller than the ~200 nm resolution limit of light 

microscopy. 

 Using techniques with sensitivity to nanometer length scales, researchers have 

published phase diagrams for ternary mixtures of SM/POPC/Chol that include large 

regions of Ld+Lo phase coexistence [14,16,19,23,29], albeit with large discrepancies 

in the locations of phase boundaries and the topology of the phase diagrams. These 

discrepancies may be related, in part, to the widespread use of fluorescence techniques 

for establishing phase boundaries, in combination with excessive fluorophore 

concentration [32–35]. For these biologically important mixtures, we turn to 

alternative techniques including FRET with very low probe concentrations, and probe-

free approaches including SANS and DSC. We report on the phase behavior of 

bSM/DOPC/Chol and bSM/POPC/Chol from 15−35°C, including detection of Ld+Lo 

phase separation in bSM/POPC/Chol with FRET, but not with SANS. Taking into 

account the different spatial sensitivities of these techniques, we conclude that 

nanodomains are present in bSM/POPC/Chol, but not larger than ~ 7 nm radius. 

2.3 MATERIALS and METHODS 

2.3.1 Materials 

 Sphingolipids and glycerophospholipids were purchased from Avanti Polar 

Lipids (Alabaster, AL) as lyophilized powder (PSM, PSM-d31, POPC-d31) or stock 

solutions in chloroform (bSM, DOPC, POPC). Lipid stock solutions were prepared in 
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HPLC grade chloroform with concentration determined to < 1% by inorganic 

phosphate assay. SM stocks included 0.5% methanol by volume to prevent 

precipitation during humid weather. Chol was obtained from Nu Chek Prep (Elysian, 

MN) and prepared in chloroform with standard gravimetric methods to 0.2%. 

Ultrapure H2O from purification systems (EMD Millipore, Billerica, MA or 

Barnstead, Dubuque, IA) was used for all aqueous sample preparations. D2O of 99.8% 

purity was purchased from Alfa Aesar (Ward Hill, MA). 

 The fluorescent lipid analogs dehydrogerosterol (DHE, Sigma-Aldrich, St. 

Louis, MO), 16:0,BoDIPY-PC (BoDIPY-PC, Invitrogen, Carlsbad, CA), and 

lissamine rhodamine 18:1,18:1-PE (LR-DOPE, Avanti) were prepared in chloroform. 

Probe concentrations were determined in methanol by absorption spectroscopy using 

an HP 8452A spectrophotometer (Hewlett-Packard, Palo Alto, CA). Probe extinction 

coefficients were obtained from lot certificates of analysis: 91800 M-1cm-1 at 504 nm 

for BoDIPY-PC, 75000 M-1cm-1 at 560 nm for LR-DOPE, and 12900 M-1cm-1 at 324 

nm for DHE. Purity to > 99% was confirmed using thin-layer chromatography (TLC) 

on washed, activated Adsorbosil TLC plates (Alltech, Deerfield, IL) developed with: 

chloroform/methanol/water (65/24/4) for all sphingolipids and phospholipids 

including BoDIPY-PC; chloroform/methanol (9/2) for LR-DOPE; and petroleum 

ether/diethyl ether/chloroform (7/3/3) for DHE and Chol. 

 For all sample preparation described below, chloroform mixtures of lipids and 

probes were prepared in glass culture tubes using a glass syringe (Hamilton USA, 

Reno, NC). For FRET and DSC measurements, paucilamellar vesicles (PLVs) were 

prepared from these mixtures using rapid solvent exchange (RSE) [36]. For SANS 

measurements, PLVs were prepared by dry film hydration. For FRET samples, the 

aqueous buffer contained 200 mM KCl, 5 mM PIPES, and 1 mM EDTA at pH 7.0. 

DSC and SANS samples were prepared in water: H2O for DSC, and an appropriate 
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D2O/H2O mixture for SANS. TLC analysis of randomly selected samples exhibited no 

evidence of lipid breakdown after measurement. 

2.3.2 Forster Resonance Energy Transfer (FRET) 

Phase diagrams for bSM/DOPC/Chol and bSM/POPC/Chol were determined 

with FRET using the experimental methodology of preparing samples at regular 

increments over the composition space, as described previously [8,37]. Samples were 

prepared at 3.6 mol% compositional increments, up to 66 mol% Chol. Fluorescent 

probes were combined in a single chloroform stock to obtain a desired probe ratio, and 

all samples received a fixed volume of this stock. Samples contained three probes 

comprising two donor/acceptor FRET pairs: DHE/BoDIPY-PC and BoDIPY-PC/LR-

DOPE. Probe concentrations (expressed as probe/lipid ratio) were 1/100 for DHE, and 

1/1500 for BoDIPY-PC and LR-DOPE. In addition to FRET samples containing all 

dyes, three sets of controls containing a single dye were prepared at 10 mol% 

compositional increments, with concentrations 1/100 (DHE) and 1/1000 (BoDIPY-PC 

and LR-DOPE). Samples containing only lipid (i.e., no probe) were prepared at 

representative Lo, Ld, and gel phase compositions. Single-dye and lipid-only controls 

were used to correct raw FRET signals as described previously [38].  

 FRET measurements were performed with a Hitachi F-7000 spectrofluorimeter 

(Hitachi High Technologies America, Schaumburg, IL) equipped with a temperature-

controlled cuvette holder (Quantum Northwest, Inc.). Measurements were performed 

at 15, 25, 35, and 45°C for bSM/DOPC/Chol, and at 5, 15, 25, and 35°C for 

bSM/POPC/Chol. (Procedures for maintaining sample temperatures within 1°C 

throughout the measurement process are described in Appendix A.2.) Samples were 

diluted into buffer gently stirring in the cuvette for a final concentration of 32 µM 

(total lipid). Intensity measurements were made using 5 and 10 nm excitation and 

emission slits, respectively, and a 2.0 s integration time, at six pairs of excitation and 
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emission wavelengths (ex/em in nm). While only two channels are sensitized acceptor 

emission (SAE) FRET signals [39], the remaining channels are necessary to correct 

for donor and acceptor bleedthrough, and scattering of the excitation light [38]. The 

six channels include DHE fluorescence (327/393), BoDIPY-PC SAE (327/520), 

BoDIPY-PC fluorescence (500/520), LR-DOPE SAE (500/587), LR-

DOPE fluorescence (565/587), and vesicle scattering (440/428). A full measurement 

for each sample was acquired in ~ 1.5 min. 

2.3.3 Differential Scanning Calorimetry (DSC) 

 PLVs prepared by RSE were centrifuged for one hour at 9000 rpm (11726g) at 

10°C in a Sorvall RC 5B Plus using an SA-600 rotor. The supernatant was removed, 

and the remaining PLV samples had concentrations of 8 mg/mL (for 0 mol% Chol 

samples) or 15 mg/mL (for 10 mol% Chol compositions). Samples were stored at 4°C 

until measurement. Thermograms were acquired on a Nano Differential Scanning 

Calorimeter with active temperature control for both heating and cooling scans (TA 

Instruments, Waters LLC, New Castle, DE). Alternate fast heating and cooling scans 

at a scan rate of 2°C/min were performed twice (a total of 4 scans) to equilibrate 

samples before performing slow heating and cooling scans at a scan rate of 0.2 

°C/min.  Only the slow scans were used for data analysis. 

 Data analysis was performed using Mathematica v7. A baseline was 

subtracted, and the temperatures of phase coexistence onset and completion were 

determined using the model-free tangent construction method [40,41]. Additional 

analysis details are found in Appendix B. 

2.3.4 Small-Angle Neutron Scattering (SANS) 

 Chloroform mixtures of lipids were evaporated under a gentle N2 stream 

followed by drying in vacuo for > 12 h. PLVs were prepared by dry film hydration. 

Briefly, the dry films was hydrated with an appropriate D2O/H2O mixture preheated to 
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50°C, then mechanically agitated to disperse the lipid. In some cases, brief (< 5 s) 

sonication was necessary to remove all lipid from the tube walls. The PLV suspension 

was then incubated for 1 h at 50°C, followed by 5 freeze/thaw cycles between -80°C 

and 50°C. PLVs were stored at -80°C and extruded < 24 h prior to measurement. 

Unilamellar vesicles (ULVs) were prepared by passing the sample 41 times through a 

single 50 nm diameter pore size filter, using a hand-held mini extruder (Avanti Polar 

Lipids, Alabaster, AL). Final sample concentrations were 10–15 mg/mL, a 

concentration that ensures sufficient water between vesicles to eliminate the 

interparticle structure factor, thereby simplifying data analysis [42]. 

 SANS experiments were performed at Oak Ridge National Laboratory 

(ORNL) at both the High Flux Isotope Reactor (HFIR) on the CG-3 Bio-SANS 

instrument and the Spallation Neutron Source (SNS) on the BL-6 extended Q-range 

small-angle neutron scattering (EQ-SANS) instrument. ULV suspensions were loaded 

into 1 mm path length quartz banjo cells (Hellma USA, Plainview, NY) and mounted 

in a temperature controlled cell holder with 1°C accuracy. All samples were incubated 

at the desired temperature for > 30 min prior to measurement. Bio-SANS data were 

acquired using neutrons of wavelength (λ) 6 Å with a Δλ/λ of 15%. With sample-to-

detector distances (SDD) 1.7 and 14.5 m, the resulting scattering vector (q) range was 

0.005 < q < 0.3 Å-1. EQ-SANS data were acquired with a 6−10 Å wavelength band 

and SDD 4.0 m, resulting in a q range 0.005 < q < 0.2 Å-1.  A two-dimensional (1 m × 

1 m) 3He position-sensitive detector (ORDELA, Inc., Oak Ridge, TN) with 192 × 192 

pixels (Bio-SANS) or 256 × 192 pixels (EQ-SANS) was used to collect scattered 

neutrons.  

 Software provided by ORNL was used to reduce the 2D data, correcting for 

detector pixel sensitivity, dark current, and sample transmission. Background 

scattering due to water was subtracted. Radial averaging of the corrected 2D data 
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yielded the 1D scattering intensity I vs. q, where q is calculated as q = 4π sin (θ)/λ for 

neutron wavelength λ and scattering angle 2θ relative to the incident beam. Additional 

analysis details are found in Appendix C. 

2.4 RESULTS 

2.4.1 Steady-State Probe-Partitioning FRET (SP-FRET) 

 We used FRET between fluorescent lipids to examine the composition- and 

temperature-dependent phase behavior of bSM/DOPC/Chol and bSM/POPC/Chol. 

FRET is sensitive to changes in the distribution of donor/acceptor distances that 

accompany phase separation [43]. Briefly, when a single phase is present, probes are 

distributed in the plane of the bilayer such that FRET efficiency varies only gradually 

with composition. Relative to this baseline behavior, FRET efficiency changes 

dramatically upon crossing into regions of phase coexistence, depending on the 

relative partitioning behavior of the probes. FRET efficiency is enhanced in 

composition regions where both probes prefer the same phase, and reduced where 

probes prefer different phases. Compositional regions exhibiting these two classes of 

behavior are termed “regions of enhanced or reduced efficiency” (REE or RRE, 

respectively). To obtain reliable measurements at low probe concentrations where 

absolute FRET efficiencies are low, we measured SAE while exciting the donor [39]. 

We used two Ld-preferring probes, BoDIPY-PC and LR-DOPE, which exhibit REE 

behavior in coexistence regions containing Ld phase. In addition, samples contained 

the fluorescent cholesterol analog DHE, which partitions modestly into ordered phases 

[44], forming an RRE pair with BoDIPY-PC.  

2.4.1.1 bSM/DOPC/Chol  

 The upper panels of Fig. 2.1 show FRET from BoDIPY-PC to LR-DOPE at 

15, 25, and 35°C. The dominant feature in the 15 and 25°C data is a pair of peaks of 

enhanced FRET on the right side of the phase diagram (i.e., low DOPC concentration). 
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Close to the binary bSM/Chol axis, the REE corresponds to colocalization of probes in 

the Lo phase, likely in coexistence with Lβ gel [45]. In contrast, on the DOPC/Chol 

binary axis, modest FRET variation indicates complete miscibility and continuous 

changes with increasing Chol. The second FRET peak, located at ~ 60 mol% bSM and 

30 mol% Chol, marks the right-hand boundary of the Ld+Lo region. In the vicinity of 

this peak, the disorder-preferring probes are concentrated in the minority Ld phase due 

to strong partitioning, and the reduced average donor-acceptor separation distance 

results in enhanced FRET efficiency. The upper boundary of the Ld+Lo region at ~ 40 

mol% Chol is clearly observed as an abrupt change in FRET. Enhanced FRET in 

single-phase compositions just above the Ld+Lo region persists at 45°C (Fig. A.1), 

suggesting a critical point at bSM/DOPC/Chol ~ 0.30/0.33/0.37 [8]. 

 The lower panels of Fig. 2.1 show FRET from DHE to BoDIPY-PC at 15, 25, 

and 35°C. The most prominent feature in the 15 and 25°C data is a valley of reduced 

FRET efficiency in the Ld+Lo coexistence region due to segregation of DHE and 

BoDIPY-PC between the Lo and Ld phase, respectively. The deepest part of this 

valley seems to correspond to the tieline with the largest compositional separation 

between the Ld and Lo phases (i.e., the most compositionally distinct coexisting 

phases). Following this logic, the Ld+Lo FRET peak (Fig. 2.1, upper panels) 

corresponds to the same tieline. Connecting the FRET peak and valley therefore gives 

an estimate of the direction of Ld+Lo tielines. FRET along this tieline is shown in Fig. 

2.2. The positive tieline slope (33°) indicates greater Chol concentration in the Lo 

phase. 

 Focusing on the temperature dependence of the features described above, the 

RRE and REE decrease in magnitude, and the range of compositions over which these 

features persist contracts slightly upon increasing the temperature from 15 to 25°C. 

FRET is nearly homogeneous at 35°C, as bSM mixes to a greater extent with DOPC. 
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The absence of enhanced and reduced FRET regions at 35°C indicates lipid 

miscibility, despite the persistence of modest FRET trends. These trends are even less 

pronounced at 45°C (Fig. A.1), above the bSM melting temperature.   

 

 

 

 

 
 
 
Figure 2.1 FRET reveals phase coexistence regions in bSM/DOPC/Chol. Contour 
plots constructed from FRET measurements at 360 compositions for three 
temperatures, using the probe pairs BoDIPY-PC/LR-DOPE (upper panel) and 
DHE/BoDIPY-PC (lower panel). Regions of enhanced (upper panel) or reduced 
(lower panel) FRET efficiency result from non-uniform probe partitioning in phase 
coexistence regions. Data were smoothed with nearest-neighbor averaging. Open 
circles on 15°C plots show the compositional resolution of the data. 
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Figure 2.2 Tieline slices through the FRET surfaces of bSM/DOPC/Chol indicate 
the presence of phase boundaries. Slices along the tieline trajectory (inset) reveal 
enhanced FRET efficiency for BoDIPY-PC/LR-DOPE (A) and reduced FRET 
efficiency for DHE/BoDIPY-PC (B) at 15°C (squares), 25°C (circles), 35°C 
(diamonds), and 45°C (triangles). Phase boundaries and uncertainty at 15-25°C are 
indicated by gray vertical lines. A small change in FRET from 35-45°C indicates a 
miscibility transition between 35-45°C. Trajectories are offset for clarity. 
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2.4.1.2 bSM/POPC/Chol  

 Unlike bSM/DOPC/Chol, bSM/POPC/Chol does not exhibit macroscopic 

Ld+Lo phase coexistence in GUVs examined by fluorescence microscopy [32]. 

However, the sensitivity of FRET to nanometer distance scales could reveal 

heterogeneity in bSM/POPC/Chol, similar to the FRET peak and valley described 

above for bSM/DOPC/Chol. The upper panels of Fig. 2.3 show FRET from BoDIPY-

PC to LR-DOPE at 15, 25, and 35°C. In contrast to bSM/DOPC/Chol, only the FRET 

peak located on the binary bSM/Chol axis is observed. However, a ridge of enhanced 

FRET originates at this peak and extends across the ternary composition space at ~ 20 

mol% Chol, such that slices through the data  (Fig. 2.4A) exhibit characteristic REE 

behavior, albeit reduced in magnitude, relative to corresponding slices in 

bSM/DOPC/Chol (Fig. 2.2A). This behavior is consistent with coexisting Ld+Lo 

domains with average radii close to the ~ 6 nm R0 of this probe pair. With increasing 

POPC fraction, the height of this ridge decreases; along the POPC/Chol binary axis, 

only a gradual increase in FRET occurs with increasing Chol, indicating nearly 

uniform mixing. 

 The lower panels of Fig. 2.3 show FRET from DHE to BoDIPY-PC. In the 15 

and 25°C data, a region of reduced FRET efficiency consistent with Ld+Lo 

coexistence is seen in trajectory slices (Fig. 2.4B). Given that the R0 of the 

DHE/BoDIPY-PC pair is ~ 2 nm, it is reasonable to conclude that coexisting Ld+Lo 

domains have average radii between 2−6 nm at 15 and 25°C. For both probe pairs, 

nearly uniform mixing is observed at 35°C. 
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Figure 2.3 FRET reveals phase coexistence regions in bSM/POPC/Chol. Contour 
plots constructed from FRET measurements at 360 compositions for three 
temperatures, using the probe pairs BoDIPY-PC/LR-DOPE (upper panel) and 
DHE/BoDIPY-PC (lower panel). Regions of enhanced (upper panel) or reduced 
(lower panel) FRET efficiency result from non-uniform probe partitioning in phase 
coexistence regions. Data were smoothed with nearest-neighbor averaging. Open 
circles on 15°C plots show the compositional resolution of the data.  
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Figure 2.4 Tieline slices through the FRET surfaces of bSM/POPC/Chol weakly 
indicate the presence of phase boundaries. Slices along the tieline trajectory (inset) 
reveal enhanced FRET efficiency for BoDIPY-PC/LR-DOPE (A) and reduced FRET 
efficiency for DHE/BoDIPY-PC (B) at 15°C (squares), 25°C (circles), and 35°C 
(diamonds). Phase boundaries and uncertainty at 15-25°C are indicated by gray 
vertical lines. Trajectories are offset for clarity. 
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2.4.2 DSC 

 We used DSC to investigate bSM/DOPC and bSM/POPC phase behavior at 

low Chol concentration, where gel phases are present. Figure 2.5 shows a complete 

binary phase diagram for bSM/POPC, (Fig. 2.5, squares) and partial phase diagrams 

for both bSM/POPC+10 mol% Chol (Fig. 2.5, circles) and bSM/DOPC (Fig. 2.5, 

triangles), determined from baseline-corrected thermograms shown in Figs. B.1-B.3. 

At 15°C, the Ld+Lβ region ranges from 0.10<χbSM<0.80 for bSM/DOPC, 

0.11<χbSM<0.80 for bSM/POPC, and 0.10<χbSM<0.80 for bSM/POPC+10 mol% Chol. 

At 25°C, these ranges shift to 0.20<χbSM<0.97 for bSM/DOPC, 0.28<χbSM<0.97 for 

bSM/POPC, and 0.20<χbSM<0.90 for bSM/POPC+ 10 mol% Chol. We estimate that 

all boundaries are subject to an uncertainty in χbSM of ~ ±0.03. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



!

! 43!

 

 

 

 
 
Figure 2.5 DSC provides phase boundaries for binary bSM/PC/Chol mixutres. 
Onset and completion temperatures for bSM/DOPC (triangles), bSM/POPC (squares), 
and bSM/POPC with 10 mol% Chol (circles). Phase boundaries at 15 and 25°C were 
used in constructing the phase diagrams in Fig. 2.6. The transition temperature for 
DOPC is taken to be the literature value -18.3 +/- 3.5°C [46]. Dashed lines indicate 
interpolated phase boundaries.  Thermograms used to construct these phase diagrams 
appear in Figs. B.1-B.3. 
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2.4.3 Phase Diagrams 

 Figure 2.6 shows phase diagrams for bSM/DOPC/Chol (top) and 

bSM/POPC/Chol (bottom), constructed from FRET and DSC data. DSC data (Fig. 

2.5) were used to determine the Ld+Lβ boundaries on the binary bSM/DOPC and 

bSM/POPC axes, and FRET data (Figs. 2.1 and 2.3) were used to determine the 

boundary of the Ld+Lo coexistence region. Slices through the surface data, like those 

shown in Figs. 2.2 and 2.4, were taken, and additional DHE/BoDIPY-PC FRET 

trajectories at ~ 0.5 mol% compositional resolution were employed (data not shown). 

Phase boundaries were estimated where the FRET signal exhibits a change in slope as 

a function of composition along the slice [38], with typical uncertainties shown in 

Figs. 2.2 and 2.4 (gray vertical shading). Difference FRET surfaces (Figs. A.2-A.3) 

obtained by subtracting the highest temperature data from lower temperature data were 

also used to better detect temperature-dependent changes, as described in Appendix 

A.2. Similarities between the bSM/DOPC/Chol and bSM/POPC/Chol phase diagrams 

indicate that changing the low-Tm lipid from DOPC to POPC does not significantly 

alter the phase diagram. 
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Figure 2.6 Phase diagrams for bSM/DOPC/Chol and bSM/POPC/Chol 
determined by combination of FRET and DSC. Phase diagrams for 
bSM/DOPC/Chol (top) and bSM/POPC/Chol (bottom) at 15°C (solid) and 25°C 
(dotted). Phase boundaries and critical points for the Ld+Lo coexistence region were 
determined by taking slices (Figs. 2.2 and 2.4) though the high-resolution FRET 
surface data (Figs. 2.1 and 2.3), as discussed in the text. Phase boundaries for Ld+Lβ 
coexistence were determined from the DSC phase diagrams (Fig. 2.5). Points indicate 
compositions examined with SANS (Figs. 2.7-2.8), including: dPSM/DOPC/Chol = 
0.54/0.20/0.26 (upward-pointing triangle), dPSM/DOPC/Chol = 0.40/0.43/0.17 
(downward-pointing triangle), dPSM/DOPC/Chol= 0.39/0.39/0.22 (diamond), 
bSM/dPOPC/Chol = 0.54/0.20/0.26 (square), bSM/dPOPC/Chol = 0.375/0.375/0.25 
(circle), and PSM/POPC/Chol= 0.39/0.39/0.22 (diamond). 
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2.4.4 SANS 

 SANS measurements of ULVs were performed at several compositions in 

SM/DOPC/Chol and SM/POPC/Chol, under conditions designed to detect the 

formation of Ld+Lo domains. Figure C.1 shows a schematic diagram of the 

experiment. Briefly, SANS arises from three additive components [47]: (1) a mean 

component from scattering length density (SLD) contrast between the average bilayer 

composition and the solvent; (2) a radial component from SLD variation in the 

direction normal to the bilayer plane (we note that the radial SLD profile of a lipid 

bilayer can be approximated by two slabs corresponding to the headgroup and acyl 

chain regions); and (3) a lateral component from in-plane SLD variation. The total 

scattered intensity due to each component is proportional to the square of the 

corresponding SLD contrast. SLD of the solvent and acyl chains can be controlled 

experimentally, by adjusting the ratio of D2O/H2O in the aqueous medium, and the 

ratio of deuterated/protiated chains in the bilayer. We selectively deuterated only one 

component, either the high-Tm or low-Tm lipid. We matched the average SLD of the 

solvent and acyl chain region, such that random mixing of lipids within the plane of 

the bilayer resulted in a nearly contrast-free system with minimal scattering (additional 

details are found in Appendix C.1 and Table C.1). Upon domain formation, the lateral 

segregation of high- and low-Tm species generated in-plane contrast, resulting in 

increased scattering. Contrast matching conditions were verified experimentally, as 

described in Appendix C.2 and shown in Fig. C.2. Sample compositions, SLD values, 

and contrast match conditions for data in Figs. 2.7 and 2.8 are listed in Tables C.2 and 

C.3, respectively. 

2.4.4.1 PSM/DOPC/Chol and bSM/POPC/Chol 

 Figure 2.7 shows a comparison of SANS scattering curves for two 

compositions in PSM-d31 (dPSM)/DOPC/Chol, and two compositions in bSM/POPC-
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d31 (dPOPC)/Chol, at 25°C. The DOPC-containing compositions dPSM/DOPC/Chol 

= 0.40/0.43/0.17 (Fig. 2.7, downward-pointing triangles) and 0.54/0.20/0.26 (Fig. 2.7, 

upward-pointing triangles) were chosen to lie on an Ld+Lo tieline determined with 

FRET, and are marked with the same symbols on the phase diagram in Fig. 2.6. As 

expected, enhanced scattering at low q indicates lateral segregation of dPSM and 

DOPC, consistent with observations of phase separation at these compositions in 

FRET experiments. The total scattered intensity Q=∫Iq2dq (Appendix C.3) is larger for 

the composition dPSM/DOPC/Chol = 0.40/0.43/0.17 (Fig. 2.7, downward-pointing 

triangles) than 0.54/0.20/0.26 (Fig. 2.7, upward-pointing triangles), which is likely due 

to differences in domain area fraction for these samples. The in-plane contribution to 

Q scales with the product of the domain area fraction α and surround area fraction 

(α−1) [47], and therefore exhibits a maximum when phase fractions are equal. Using 

the proposed tieline endpoints and applying the Lever Rule, the expected domain area 

fractions for the compositions dPSM/DOPC/Chol = 0.54/0.20/0.26 and 0.40/0.43/0.17 

are ~ 0.19 Ld phase and ~0.45 Lo phase, respectively. Area fractions were calculated 

using area per lipid values of 60 Å2 for Ld phase (estimated from MD simulations 

found in [48]) and 45 Å2 for Lo phase (estimated from the value for pure stearoyl-SM 

(SSM) found in [49]).  

 Two compositions in bSM/dPOPC/Chol were chosen for SANS experiments, 

based on FRET results indicating Ld+Lo coexistence at 25°C. The composition 

bSM/dPOPC/Chol = 0.54/0.20/0.26 (Fig. 2.7, squares) directly corresponds to one of 

the DOPC-containing samples (Fig. 2.7, upward-pointing triangles). The composition 

bSM/dPOPC/Chol =0.375/0.375/0.25 (Fig. 2.7, circles) was chosen to facilitate a 

comparison with the literature (see Discussion). Both compositions are marked on the 

phase diagram in Fig. 2.6. In stark contrast to the DOPC-containing compositions, 

essentially no scattering is observed for these compositions at 25°C  (expanded in Fig. 
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2.7 inset). The spatial detection limit of domain detection for SANS depends on 

several factors, including the volume fractions of the coexisting phases and the 

contrast between domain and surround, which is in turn affected by partitioning of the 

deuterated lipid. Previous studies have detected in-plane scattering from domains with 

radii as small as ~ 7 nm [10,50]. We therefore conclude that domain radii at both 

compositions for bSM/dPOPC/Chol cannot be larger than ~ 7 nm. This negative 

SANS result is consistent with our FRET results indicating liquid domains on the 2−6 

nm size scale. 

 

 

 

 

 
Figure 2.7 SANS reveals membrane domains at 25°C for two compositions in 
SM/DOPC/Chol, but not in SM/POPC/Chol. Scattering curves for 
dPSM/DOPC/Chol = 0.54/0.20/0.26 (upward-pointing triangles) and 
dPSM/DOPC/Chol =0.40/0.43/0.17 (downward-pointing triangles), bSM/dPOPC/Chol 
= 0.54/0.20/0.26 (squares), and bSM/dPOPC/Chol = 0.375/0.375/0.25 (circles). 
Excess scattering from domains larger than ~ 7 nm radius (the SANS resolution limit) 
is seen for the DOPC-containing but not the POPC-containing compositions 
(expanded in inset). Compositions are shown on the phase diagrams in Fig. 2.6. 
Experimental contrast series are shown in Fig. C.2. Sample compositions, scattering 
length densities, and contrast match conditions are listed in Table C.2.  
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2.4.4.2 PSM/POPC/Chol 

 Brain SM contains a mixture of chain lengths, and exhibits a broad melting 

transition (Figs. B.1-B.2). We prepared additional SANS samples in SM/POPC/Chol 

using chemically pure PSM. For these samples, we had the choice of using either 

deuterated POPC or deuterated PSM to provide the lateral contrast. In the former case, 

dPOPC will partition into the POPC-rich Ld phase, while in the latter case, dPSM will 

partition into the SM-rich Lo phase. We prepared both types of sample at the 

composition PSM/POPC/Chol = 0.39/0.39/0.22, and for comparison, 

dPSM/DOPC/Chol at the same composition. 

 Figure 2.8 shows total scattered intensity as a function of temperature from 15 

to 55°C, for dPSM/POPC/Chol (Fig. 2.8, squares), PSM/dPOPC/Chol (Fig. 2.8, 

circles), and dPSM/DOPC/Chol (Fig. 2.8, triangles). Sample details appear in Table 

C.3, and corresponding scattering curves are shown in Fig. C.3. Enhanced scattering 

from all three samples indicates coexisting domains between 15 and 35°C. Residual 

scattering at 35 and 45°C is more significant for DOPC- than POPC-containing 

samples, indicative of incomplete miscibility in the DOPC mixture at high temperature 

(also seen in the FRET data). Together, the FRET and SANS data suggest a 

miscibility transition between 35 and 45°C for SM/POPC/Chol, and between 45°C and 

55°C for SM/DOPC/Chol. Switching the deuterated species in the mixture 

PSM/POPC/Chol from PSM (Fig. 2.8, squares) to POPC (Fig. 2.8, circles) results in a 

significant increase in scattering, consistent with the phase diagram, which indicates 

stronger partitioning of POPC into Ld phase, compared to the partitioning of PSM into 

Lo phase. For this reason, dPOPC should provide better contrast than dPSM for 

detecting domains in SM/POPC/Chol mixtures. 
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Figure 2.8 SANS reveals phase separation in PSM/POPC/Chol. The total scattered 
intensity Q vs. temperature for dPSM/POPC/Chol (squares), PSM/dPOPC/Chol 
(circles), and  dPSM/DOPC/Chol (triangles). All compositions have mole fractions 
0.39/0.39/0.22. Enhanced scattering in all three samples indicates coexisting domains 
between 15 and 35°C. Little change in Q from 45-55°C indicates a miscibility 
transition between 35-45°C for both POPC-containing samples. Residual scattering at 
35 and 45°C is more significant for DOPC- than POPC-containing samples. Both 
results are consistent with FRET. Switching from dPSM (squares) to dPOPC (circles) 
results in a significant increase in scattering, indicating that POPC partitions more 
strongly into Ld phase than PSM partitions into Lo phase. dPOPC should provide 
good contrast for detecting domains if they exist in bSM- or PSM-containing systems. 
Compositions are shown on the phase diagrams in Fig. 2.6 (diamonds). Scattering 
curves appear in Fig. C.3. Sample compositions, scattering length densities, and 
contrast match conditions are listed in Table C.3. 
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2.5 DISCUSSION 

 The outer leaflet of the mammalian plasma membrane contains a substantial 

fraction of SM. Therefore, knowledge of the phase behavior of SM-containing model 

membranes is of great interest. Accurate phase diagrams provide information about 

the composition of coexisting phases that is crucial for the design and interpretation of 

systematic studies of raft phenomena. There are now many published reports of 

complete or partial phase diagrams for ternary mixtures containing synthetic or natural 

SM, cholesterol, and a low-Tm lipid (either DOPC or POPC). A comparison of these 

studies reveals significant differences in the location of phase boundaries, especially 

for the region of coexisting liquid phases.  

 The identity of the low-Tm lipid has a profound impact on the size of liquid 

domains, and we have found that parallel studies on DOPC- and POPC-containing 

mixtures are especially useful for interpreting composition-dependent trends [8]. In 

this study, we used FRET and DSC to establish some phase boundaries in 

bSM/DOPC/Chol and bSM/POPC/Chol at 15 and 25°C. In the following discussion 

we compare these results to published phase diagrams for SM/DOPC/Chol and 

SM/POPC/Chol, and address potential sources of discrepancies in phase boundary 

locations. After accounting for different spatial sensitivities of the various techniques 

used to establish phase coexistence, broad composition-dependent trends in domain 

size are revealed, which may have important implications for biological membranes. 

2.5.1 Binary Phase Behavior: Comparison of bSM/DOPC and bSM/POPC  

 The binary phase diagrams determined with DSC (Fig. 2.5) proved useful in 

constructing the ternary phase diagrams for bSM/DOPC/Chol and bSM/POPC/Chol, 

by providing constraints on the Ld+Lβ phase boundaries. Binary phase diagrams have 

previously been determined for PSM/DOPC using DSC and fluorescence properties of 

trans-parinaric acid (tPA) (Nyholm 2011). DSC studies have been conducted on 
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bSM/POPC [16] and bSM/POPC/Chol [51]. The mixture egg SM (eSM)/POPC has 

been examined with DSC and small- and wide-angle X-ray diffraction [52], and 

mixtures of PSM/POPC have been studied by fluorescence anisotropy [14,19] and 

NMR [53]. These studies are in good overall agreement regarding the Ld+Lβ phase 

boundaries of SM/DOPC and SM/POPC mixtures. 

2.5.2 Ternary Phase Behavior of bSM/DOPC/Chol 

2.5.2.1 Ld+Lo Region 

 Ld+Lo phase boundaries are shown in Fig. 2.6. FRET between probes that 

partition strongly into the Ld phase is particularly useful for determining its onset (i.e., 

the right-hand boundary). This is clearly the case for BoDIPY-PC and LR-DOPE (Fig. 

2.1, upper panel), which show a sharp increase in FRET near the bSM/Chol binary 

axis, implying that only a small amount of DOPC (< 5 mol%) is required to induce 

formation of the Ld phase from SM/Chol mixtures. This finding agrees well with 

phase boundaries determined using fluorescence microscopy of GUVs [29–31]. Using 

fluorescence lifetime of tPA, Nyholm and coworkers found markedly different phase 

boundaries for PSM/DOPC/Chol at 23°C, reporting the formation of Ld phase at 15-

19 mol% DOPC [54]. However, as pointed out by the authors, the strong partitioning 

of tPA into ordered phases renders this probe less useful for determining the formation 

of small amounts of Ld phase. 

 The upper boundary of the Ld+Lo region at ~ 40 mol% Chol is marked by 

abrupt changes in FRET for both probe pairs (Fig. 2.1). This result is consistent with 

fluorescence microscopy results in SSM/DOPC/Chol [31], bSM/DOPC/Chol [30], and 

PSM/DOPC/Chol [29], as well as tPA lifetime in PSM/DOPC/Chol [54]. The phase 

boundary extends to above 40 mol% Chol in the three latter studies, which may 

indicate that these compositions are prone to light-induced phase separation [32].  

 As observed by others [29,31], we find that the Ld+Lo coexistence region for 
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SM/DOPC/Chol extends over a broad region of composition space at lower 

temperature, and narrows at higher temperatures. At the highest temperatures, Ld+Lo 

phase coexistence persists only at compositions near the REE peak (Fig 2.1.), 

consistent with the observations by Veatch and Keller [29]. 

2.5.2.2 Critical Point 

 We find a ridge of enhanced FRET in single-phase compositions just above the 

Ld+Lo boundary (Fig. 2.1, upper panel) that persists even to 45°C (Fig. A.1), 

suggesting a critical point for bSM/DOPC/Chol at ~ 0.30/0.33/0.37. Other studies 

have found similar critical compositions in SM-containing ternary mixtures. Farkas 

and Webb used fluorescence microscopy of GUVs and found a critical point at 

0.30/0.30/40 in SSM/DOPC/Chol [31]. Tian et al. used micropipette aspiration of 

GUVs to measure composition-dependent trends in line tension within the Ld+Lo 

region of eSM/DOPC/Chol that suggested a critical point near 0.26/0.34/0.40 [55]. 

Using 9.5 GHz ESR, Smith and Freed reported a critical point for bSM/DOPC/Chol at 

0.20/0.50/0.30, a substantially higher DOPC content than found in the present study 

[30]. This is perhaps due to the difficulties inherent in analyzing ESR spectra that are a 

superposition of Ld and Lo phase components near a critical point, where the 

coexisting phases have nearly identical physical properties. Moreover, ESR 

determinations of the critical point location in PSM/POPC/Chol are also shifted to 

higher fractions of low-Tm lipid [21,23].  

2.5.2.3 Tielines 

 The bSM/DOPC/Chol tieline reported here (33° slope) agrees well with 

SSM/DOPC/Chol measurements by Farkas and Webb, who used both polarization 

imaging of GUVs and mass spectrometry on phase patches excised from GUVs [31]. 

They report a tieline in the Ld+Lo coexistence region with a 37° slope, and suggested 

that tielines become less steep upon approaching the three-phase triangle where our 
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bSM/DOPC/Chol tieline is approximated. Our bSM/DOPC/Chol tieline is not as steep 

as the analogous tieline with slope 40° found by Smith and Freed, who used a novel 

tieline field method to fit fluorescence microscopy and ESR results for 

bSM/DOPC/Chol [30]. This discrepancy may be due to the methodology used, which 

relies heavily on the location of the critical point and Ld+Lo boundary for determining 

tieline slopes: as mentioned previously, the critical point determined by ESR occurs at 

lower SM and Chol fractions, requiring tielines with greater slopes. 

 Our bSM/DOPC/Chol tieline is steeper than the corresponding 

DSPC/DOPC/Chol tieline, which has a 22° slope (Frederick A. Heberle et al. 2010). 

The difference indicates stronger partitioning of cholesterol into the Lo phase in SM-

containing mixtures, in agreement with studies that find a more favorable interaction 

between Chol and SM, compared to DPPC or DSPC [56,57]. For SM and PC 

mixtures, the tieline Lo composition is similar, indicating that cholesterol solubility in 

the gel phase does not depend on the type of high-Tm lipid present. Other studies have 

found that the disappearance of gel phase at the upper corner of the three-phase 

triangle occurs at ~ 25-27 mol% Chol for several high-Tm lipids [58,59]. 

2.5.3 Ternary Phase Behavior of bSM/POPC/Chol 

2.5.3.1 Ld+Lo Region and Tielines 

 FRET experiments for bSM/POPC/Chol were performed under identical 

conditions to those for bSM/DOPC/Chol. The large FRET peak seen in the interior of 

the DOPC surface marking the Ld+Lo region (Fig. 2.1, upper panel) is dramatically 

attenuated in bSM/POPC/Chol (Fig. 2.3, upper panel), an observation consistent with 

a reduction in domain size upon substituting POPC for DOPC. Qualitatively, the size 

of domains must be close to the spatial detection limit for FRET, which is 

approximately the Förster distance for this probe pair (i.e., R0 ~ 6 nm). Weaker 



!

! 55!

partitioning of Ld-preferring probes in POPC mixtures is an alternative explanation for 

the reduced magnitude of FRET efficiency.  

 We report a single tieline for bSM/POPC/Chol. As for bSM/DOPC/Chol, this 

tieline was chosen along the trajectory through the FRET surface features of greatest 

magnitude (Figs. 2.3, A.3). The tieline endpoints reveal stronger partitioning between 

Ld and Lo domains for POPC (partition coefficient into Ld phase, Kp ~ 13) than for 

bSM (Kp ~ 1/3), consistent with our SANS result that a PSM/dPOPC/Chol sample 

exhibits increased scattering compared to a dPSM/POPC/Chol sample of otherwise 

identical composition (Fig. 2.8). Although the bSM/POPC/Chol tieline is slightly 

shorter than the bSM/DOPC/Chol tieline, it lies along the same compositional 

trajectory, consistent with the analogous tieline in DSPC/DOPC/Chol (Frederick A. 

Heberle et al. 2010). In that study, we observed that while the length of the tieline 

followed the trend DOPC > POPC > SOPC, the tieline slope remained constant [8]. 

Interestingly, the bSM/DOPC/Chol and bSM/POPC/Chol phase diagrams are similar, 

indicating that changing the low-Tm lipid from DOPC to POPC does not significantly 

alter the phase diagram. This result is consistent with recent work using a novel FRET 

technique, which reported similar phase diagrams for DSPC/DOPC/Chol and 

DSPC/POPC/Chol [60], despite domains being macroscopic in DSPC/DOPC/Chol 

and nanoscopic in DSPC/POPC/Chol [8,10,11]. 

2.5.3.2 SANS Detects Liquid Domains in PSM/POPC/Chol, but not 

bSM/POPC/Chol 

 Like FRET, SANS relies on the segregation of a "probe" molecule between 

phase domains. However for SANS, unlike for FRET, the probe is a chain-

perdeuterated variant of one of the lipid species. The scattering signal that arises from 

a non-random lateral distribution of the probe is therefore directly attributable to 

spatial segregation of the lipids themselves, rather than the inherently indirect 
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observations of lateral heterogeneity made with fluorescence probes. We observed an 

increase in scattering attributable to Ld+Lo domain formation in PSM/POPC/Chol 

(Fig. 2.8), but not bSM/POPC/Chol (Fig. 2.7). Monte Carlo simulations indicate that 

the minimum domain radius detectable by SANS is ~ 7 nm [10,50], which allows us to 

place an upper limit on domain size in bSM/POPC/Chol of ~ 7 nm radius. Combining 

our FRET and SANS results, we are able to place a range of 2–6 nm radius on Ld+Lo 

domains in bSM/POPC/Chol. 

2.5.4 Comparison of Published SM/POPC/Chol Phase Diagrams  

SM/POPC/Chol is generally recognized as one of the best three-component 

lipid mixtures for modeling the mammalian outer leaflet [24] and consequently it is 

among the most studied: at least five published phase diagrams exist for 

bSM/POPC/Chol [16] and PSM/POPC/Chol [14,19,23,29]. All of these reports find 

Ld+Lo phase coexistence in the central region of the phase diagram, and most agree 

on tieline slope just above the three phase region, including the present study and 

others [19,23,29]. Despite this general similarity, the precise locations of phase 

boundaries vary considerably, particularly with respect to the region of Ld+Lo 

coexistence, as demonstrated in Fig. 2.9B. Some discrepancies, such as the location of 

the upper boundary of the three-phase region, are likely due to subjectivity in 

distinguishing a minor component of a composite signal (i.e., a signal arising from the 

presence of probe in multiple environments). Aside from such differences, the main 

distinction between the phase diagrams occurs at low SM fractions, where some 

diagrams report Ld+Lo phase coexistence extending to the POPC/Chol binary axis 

[14,19] or very near the binary axis [16], while others (including the present  study) do 

not detect Ld+Lo phase coexistence below 20 mol% SM [23,29]. These discrepancies 

are significant and merit further consideration. 
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2.5.4.1 Spatial Sensitivity of Techniques 

 In studies of lipid phase behavior, an important distinction is often made 

between ESR and single-probe fluorescence spectroscopies (i.e., fluorescence lifetime, 

quenching, and quantum yield), which have “nearest neighbor” sensitivity to the 

immediate environment of the probe, and techniques that require larger-scale 

clustering of lipids for detection. While the boundaries are somewhat  imprecise, the 

latter category can be subdivided into “nanoscale” (FRET, SANS, delta-lysin induced 

dye efflux), “mesocale” (NMR), and “macroscale” (fluorescence microscopy) 

sensitivity (Fig. 2.9A). Nearest-neighbor techniques are in principle capable of 

detecting lipid clustering at all size scales, ranging from compositional fluctuations 

inherent in any complex mixture, to first-order phase separation with “infinite” sized 

domains; however, it is not clear that these extremes can be distinguished from each 

other. This is a significant caveat, since domains smaller than a few nanometers 

consist of only a few shells of lipid, and are unlikely to be subject to the constraints of 

first-order phase separation implied by phase boundaries and tielines. Furthermore, the 

size and lifetime of these clusters may be too small and short-lived to achieve the 

functions ascribed to lipid rafts in cells. For example, a single alpha-helical portion of 

a transmembrane peptide alone has twelve nearest-neighbor lipids [61–63] and would 

therefore require a raft comprising at least this many lipids to be considered as part of 

the phase comprising that lipid. 

 An additional issue with fluorescence-based techniques is that it is often 

challenging to distinguish between continuous variation in the fluorescence signal due 

to gradual changes in interfacial polarity and chain order that accompany changes in 

mixture composition, versus abrupt changes due to a first-order phase transition and 

the onset of a new chemical environment. This is particularly true if probe partitioning 

between the two environments is nearly uniform. For this reason, data at high 
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compositional resolution (such as our FRET surfaces) can be of great benefit. 

Furthermore, our temperature-dependent results for bSM/DOPC/Chol and 

bSM/POPC/Chol permit comparison of bSM/POPC/Chol FRET surfaces in question 

with FRET surfaces exhibiting well-established first order phase transitions 

(bSM/DOPC/Chol at 15 and 25°C, Fig. 2.1) and known small-scale heterogeneity 

(bSM/DOPC/Chol at 45°C, Fig. A.1).  Indeed, it is often more robust to interpret 

variation in a FRET signal, as we have done here, rather than absolute magnitude. We 

find that FRET detects heterogeneity in bSM/POPC/Chol at 15 and 25°C that 

disappears at 35°C. Comparing the FRET results for bSM/DOPC/Chol and 

bSM/POPC/Chol (Figs. 2.1-2.4, A.1-A.3), it is clear that no large-scale separation of 

phase domains is present for bSM/POPC/Chol. Instead, domains at the lower 

temperatures are evidently on the size scale of R0 for these probe pairs, or ~ 2–6 nm. 
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Figure 2.9 Spatial sensitivities of techniques used to determine Ld+Lo phase 
coexistence regions for SM/POPC/Chol at 23°C. A Techniques used to investigate 
Ld+Lo phase coexistence are sensitive to heterogeneity on different size scales. B 
Phase diagrams for SM/POPC/Chol at 23°C determined with techniques including 
FRET (bSM, solid, this publication), delta-lysin release kinetics (bSM, dotted) [16], 
electron spin resonance (PSM, dot dot dash) [23], confocal fluorescence microscopy 
(PSM, dash dash dot) [29], fluorescence anisotropy (PSM, dashed) [19], and 
fluorescence anisotropy and quenching (PSM, dot-dashed) [14].  
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2.5.4.2 Effect of Probes 

 Extrinsic probes may perturb the native phase behavior of a lipid mixture, to an 

extent that depends not only on the identity and concentration of the probe, but also on 

the properties of the mixture itself. For example, ternary mixtures containing POPC, 

Chol, and a variety of SM species have a strong tendency to form large domains in the 

presence of intensely illuminated fluorescent probes [32]. Veatch and coworkers 

reported that impurities can stabilize Ld+Lo phase coexistence at higher temperatures 

[34]. Hammond et al. found that cross-linking the minor impurity ganglioside GM1 (< 

2 mol%) with cholera toxin B subunit increased domain size in 

bSM/DOPC/dioleoylphosphatidylglycerol (DOPG)/Chol and expanded the Ld+Lo 

phase coexistence region [64]. In light of these findings, it is reasonable to believe  

that with 4 mol% quencher, domains smaller than the detection limit in the native lipid 

system (i.e., without quencher) could be sufficiently perturbed to form detectable 

domains in the presence of a quencher [14]. Similarly, a 0.25 mol% concentration of 

delta-lysin, while perhaps minimally perturbing in a randomly mixed bilayer, might 

become extremely perturbative upon partitioning, as described, 1000-fold into Ld 

phase [16]. 

 The question remains as to whether the native SM/POPC/Chol system exhibits 

true first-order phase separation. The studies with the smallest concentrations of 

extrinsic probes (i.e., our bSM/POPC/Chol study with Chol-analogue DHE and 0.05 

mol% Ld-preferring fluorescent probes, and Ionova et al. PSM/POPC/Chol with 0.5 

mol% spin label) are consistent with first-order phase separation [23]. Theoretical 

models and some methods for measuring domain size require or benefit from 

conducting analysis on a thermodynamic tieline, along which the compositions of the 

coexisting phases remain constant. However, it is important to note that these 

constraints do not strictly hold in quasi-ternary systems where the SM species is a 
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natural mixture, or the probe and peptide concentrations are present in significant 

amounts. In these systems, there may be a gradual change from small-scale 

heterogeneity or domains on the POPC/Chol binary axis, to larger domains in the 

Ld+Lo region of the ternary SM/POPC/Chol system. The boundaries detected by 

various methods reflect the compositions at which domains become large enough to be 

detected via the method employed. The variability in reported phase diagrams 

highlights not only differences in technique sensitivity, but also the natural tendency 

for SM/POPC/Chol mixtures to separate into larger domains upon perturbation.  

2.5.5 Nanodomain Size in SM/POPC/Chol 

 In addition to the thermodynamic information contained in the phase diagram, 

the size, morphology, and dynamics of membrane domains likely play a crucial role in 

the biological functions of rafts. An abundance of evidence points toward coexisting 

fluid domains in SM/POPC/Chol, with sizes much smaller than the wavelength of 

visible light. In particular, the absence of visible phase separation with light 

microscopy implies domains smaller than the optical resolution limit of ~ 200 nm. The 

physico-chemical properties of rafts, including their intrinsic stability, strongly depend 

on where their size falls within the “nanodomain regime” of ~2-200 nm: Are they 

small clusters of tens of lipids, with poorly-defined boundaries and only minor 

differences in properties compared to the surrounding sea? Or are they large 

aggregates of tens of thousands of lipids, with a well-defined interior environment that 

differs significantly from the surrounding bilayer?  

Several domain size measurements have been made at or near the “canonical” 

raft composition 1:1 SM:POPC with 20-35 mol% Chol. An early report of micron-

sized domains [29] was subsequently revealed to be an artifact of photo-induced lipid 

breakdown [32]. Using a FRET-based model, de Almeida et al. reported 75-100 nm 

domains (or ~10,000 lipids per leaflet) for compositions near the equimolar mixture 
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PSM/POPC/Chol= 0.33/0.33/0.33 at 23°C [15]. This result was supported by an 2H-

NMR study, which reported a minimum domain size of 45-70 nm for a similar 

composition at 37°C [20]. A solid state NMR study found no domains at this 

composition for bSM/POPC/Chol [65], and others have interpreted these results to 

suggest domains on the order of < 10 nm [16]. Bartels et al. detected domains in 

PSM/POPC/Chol = 0.40/0.40/0.20 with 2H-NMR, but did not detect domains at higher 

cholesterol concentrations, or at temperatures above 25°C [66]. A study employing 

delta-lysin release kinetics suggested domain sizes on the order of the peptide length 

of ~ 4 nm at several compositions, including bSM/POPC/Chol=0.40/0.30/0.30 [16]. 

More recently, Pathak and London recognized that the loss of a FRET signal as a 

function of increasing R0 could be used to infer domain size, using a limit-of-detection 

argument. They reported a decrease of domain size from 8–10 to < 4 nm between 25 

and 37°C in bSM/POPC/Chol=0.33/0.33/0.33 [22]. To summarize these studies, a 

range of domain sizes spanning two orders of magnitude has been reported for similar 

raft compositions at similar temperatures. 

 By combining data from FRET and SANS, two fundamentally different 

techniques with different minimum spatial sensitivities, we were able to constrain 

domain sizes in bSM/POPC/Chol to between 2 and 7 nm radius. Our FRET results 

alone do not strictly rule out larger phase domains. If probes do not partition strongly 

between phase domains, or if domains are smaller than the Förster distance in at least 

one spatial dimension, FRET efficiency will not vary significantly in a phase 

coexistence region. Compositional variation in FRET for bSM/POPC/Chol is much 

less than for bSM/DOPC/Chol, but it is decidedly present. Given the Förster distances 

of our FRET pairs, domains cannot be much smaller than 2 nm and still be detectable 

by FRET, while domains larger than 7 nm would be detected with SANS. Our 

combined results therefore limit the size scale of membrane domains in 
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bSM/POPC/Chol to a range of 2–7 nm, or ~ 25-300 lipids per leaflet. This is similar to 

the result from Pathak and London of 8–10 nm at 25°C, and markedly different from 

other estimates mentioned previously.  

An important finding is that SANS detected nanodomains in PSM/POPC/Chol, 

but not in bSM/POPC/Chol. This result is consistent with a number of studies, 

concluding that the structural details of SM may play an important role in membrane 

spatial organization. An NMR study of ternary mixtures consisting of a natural SM 

with DOPC and Chol found a broader compositional range of liquid phase coexistence 

for eSM than for bSM, and no liquid coexistence for milk-SM [67]. Farkas has 

reported significantly higher chain order in GUVs comprising SSM mixtures, 

compared to bSM mixtures [68]. Higher chain order could indicate that pure SM 

species (including PSM and SSM) mix more poorly with low-Tm lipids, giving rise to 

larger domains. While the origin of specific SM/Chol interactions is not yet known, 

hydrogen bonding, lipid packing, and hydrophobic mismatch are likely to play a role 

[25,69]. Understanding the significance of each factor will aid in interpreting studies 

that report compositional heterogeneity in ternary SM/POPC/Chol mixtures with some 

SM species, but not others.  

 Comparisons between bSM- and DSPC-containing ternary systems indicate 

other significant differences that depend on the nature of the high-Tm lipid. For 

example, lipid analogs with long saturated chains and headgroup labels such as 1,1-

dieicosanyl-3,3,3,3-tetramethylindocarbocyanine perchlorate (DiI-C20:0), prefer 

ordered phases in DSPC/DOPC/Chol but not in bSM/DOPC/Chol [70]. Though both 

systems exhibit macroscopic phase separation, their ordered phases may differ in other 

respects: while SM and DSPC share the same choline headgroup, it seems that the SM 

headgroup region is more ordered and unable to accommodate bulky probes in Lo 

phases with bSM, compared to DSPC [71]. Indeed, MD simulations indicate greater 
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Lo phase order in the interfacial region for SM than saturated PC species [72], though 

the origins of Chol preference for SM over saturated PC species remains ambiguous 

[69,73]. SM and PC species have the same headgroup, but they have different 

backbones linking the headgroup with the acyl chains. In particular, the SM link is 

capable of forming hydrogen bonds with Chol. When this link is replaced by the PC 

link, the interaction between SM and Chol decreases significantly, as detected by 

fluorescence spectroscopy [74]. 

2.5.6 Biological Relevance 

 Our studies conclusively demonstrate that Ld+Lo phase coexistence in 

bSM/POPC/Chol results in domains between 2–7 nm in radius. These domains contain 

fewer than 300 lipids per leaflet, a finding that could have important consequences for 

the ability of membrane-associated proteins to find their substrates: even if both 

molecules partition into the same phase, the phase domain may not be large enough 

for binding partners to interact with each other. If, however, phase domains grow 

larger upon an external stimulus, the molecules can then find each other. This is a very 

different picture than previous domain size measurements, which reported domains 

with ~10,000 lipids per leaflet [15]. As mentioned, SM/POPC/Chol mixtures are 

uncommonly prone to artifactual phase separation. We are not the first to speculate 

that the lipid composition of plasma membranes may be tuned to the brink of a 

transition, poised to separate into larger structures upon slight perturbation (here we 

refer to size transitions, not phase transitions). In this study, we provide evidence for 

the existence of such small domains in probe-free model membranes. Future combined 

FRET and SANS studies should prove useful for examining changes in domain size, 

such as those induced by lipid composition or external crosslinking. 
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2.6 CONCLUSIONS 

1. FRET establishes the presence of Ld+Lo and Lo+Lβ coexistence regions in 

bSM/DOPC/Chol bilayers at 35°C and lower. At 45°C, FRET reports miscibility over 

the entire composition space. 

2. For both donor/acceptor pairs used in this study, FRET does not detect 

Ld+Lβ phase coexistence at low Chol concentration. However, DSC confirms the 

existence of phase separation in this region. 

3. Our FRET results are consistent with Ld+Lo coexistence in 

bSM/POPC/Chol. Compositional trends in FRET data indicate domain formation on 

the order of the Förster distance R0 ~ 2–6 nm for these probe pairs, while SANS is 

consistent with complete lipid miscibility. Taking into account the different spatial 

sensitivities of these techniques, the data are consistent with the presence of domains 

no larger than ~ 7 nm in radius. 

4. Upon replacing the natural bSM mixture with synthetic PSM, SANS reports 

domain formation for the composition PSM/POPC/Chol = 0.39/0.39/0.22. We 

conclude that size of Ld+Lo nanodomains is exquisitely sensitive to details of the 

structure of the high melting temperature lipid. Researchers should be aware that the 

choice of SM—natural versus chemically pure—can have profound consequences for 

the detailed nature of any coexisting phase domains. 
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Chapter 3 
Electron Spin Resonance Results are Consistent with 

Ld+Lo Compositional Heterogeneity in bSM/POPC/Chol 
 
 
3.1 ABSTRACT 

We employed electron spin resonance (ESR) spectroscopy, a technique 

sensitive to local environment, to investigate heterogeneity in the liquid-disordered 

(Ld) + liquid-ordered (Lo) coexistence region of porcine brain sphingomyelin (bSM)/ 

dioleoyl-sn-glycero-3-phosphocholine (DOPC)/cholesterol (Chol) and bSM/1-

palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC)/Chol at room temperature. 

Compositional trends in order parameter (S0) and rotational diffusion parameter (R⊥) 

extracted from simulations of ESR spectra measured at 9.5 GHz were compared for 

three ternary systems including bSM/DOPC/Chol, bSM/POPC/Chol, and 1,2-

distearoyl-sn-glycero-3-phosphocholine (DSPC)/DOPC/Chol. Previous studies have 

established Ld+Lo phase coexistence in DSPC/DOPC/Chol [1,2] and 

bSM/DOPC/Chol [3–5]. A comparison of S0 and R⊥ trends between 

DSPC/DOPC/Chol, bSM/DOPC/Chol, and bSM/POPC/Chol provides support for 

Ld+Lo coexistence in bSM/POPC/Chol, in agreement with Förster resonance energy 

transfer (FRET) results (Chapter 2) and published studies [6].  Still, some mysteries 

remain in the interpretation of these ESR data. 

3.2 INTRODUCTION 

ESR has long been used to investigate motion and order of hydrocarbon chains 

in the bilayer [7] and to study lateral phase separation in model membranes [8]. ESR 

has also provided insight into the dynamic structure of Ld, Lo, and gel (Lβ) phases 
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[9]. Several studies have investigated coexisting phases in detergent resistant 

membranes isolated from cells [10], plasma membrane vesicles prepared from cells 

[11], and live cells [12]. High frequency continuous wave (CW)-ESR (eg. 94 and 250 

GHz) provides sensitivity to faster membrane dynamics, including internal acyl chain 

motions [13,14].  Multifrequency ESR exploits the sensitivities of multiple microwave 

frequencies to different lipid motions [15].  ESR at 9.5 GHz is sensitive to slow modes 

including overall lipid motion. 

We focus here on using ESR at 9.5 GHz to investigate three-component model 

membranes.  Composition-dependent ESR studies have been conducted for many 

years [16]. More recently, ESR has been used to verify phase coexistence regions and 

phase boundaries across composition space [17] and determine tielines [18] for the 

ternary lipid mixture 1,2-dipalmitoyl-sn-glycero-3-phosphocholine (DPPC) /1,2-

dilauroyl-sn-glycero-3-phosphocholine (DPLC)/Chol. In studies of ternary systems 

comprising lipids of increasing biological relevance, Heberle et al. employed ESR to 

verify Ld+Lo phase boundaries in three DSPC-containing model systems, including 

DSPC/DOPC/Chol [2]. ESR has been used to investigate sphingomyelin (SM)-

containing ternary systems including bSM/DOPC/Chol [5,19] and palmitoyl SM 

(PSM)/POPC/Chol [20,21]. These studies determined tielines in bSM/DOPC/Chol [5] 

and proposed phase diagrams for PSM/POPC/Chol [20,21]. 

ESR permits detection of heterogeneity through measurements of local order 

and dynamics. In these studies, we compared compositional trends in spectral 

parameters S0 and R⊥ obtained from simulations of ESR spectra collected at 9.5 GHz. 

Trends are consistent both between the three ternary systems we examined, and with 
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other studies examining these mixtures [2,19,21]. At 9.5 GHz ESR frequency, slow 

motions including bilayer undulations complicate a rigorous quantitative 

interpretation, especially for rotational diffusion. However, composition-dependent 

trends in the recovered parameters offer insight into lipid mixing, particularly when 

compared to trends in a system with well-established phase behavior such as 

DSPC/DOPC/Chol. We did not assign physical interpretation to actual S0 values or 

relative R⊥ values.  Instead, we found similar trends in the three lipid systems studied, 

consistent with Ld+Lo phase coexistence in bSM/POPC/Chol. 

3.3 MATERIALS AND METHODS 

3.3.1 ESR Background 

In ESR, a collision-protected unpaired electron serves as the probe that is 

manipulated in a magnetic field. The electron response to excitation is recorded, 

providing information about its local environment. Although many sophisticated ESR 

measurements are possible, we focused here on CW-ESR at 9.5 GHz as a high-

throughput method for investigating the spin probe local environment as a function of 

composition.  The experimental methods described below were designed to utilize 

ESR for investigating Ld+Lo phase coexistence in bSM/POPC/Chol. 

We used a spin probe called 16-doxyl-stearic acid (16-DSA) that comprises a 

nitroxide free radical attached to the 16-carbon position of an 18-carbon fatty acid 

chain (Fig 3.1). Perpendicular to the bilayer normal, the nitroxide ring includes an 

unpaired electron in the nitrogen p-orbital parallel to the bilayer normal. Being near 

the end of the hydrocarbon chain, this spin probe reports chain order and dynamics 

rather than order in the headgroup region. This probe partitions roughly equally into 
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Lo and Ld phases. While strong partitioning is preferred for fluorescent probes used in 

FRET studies, equal partitioning is preferred here because it allows us to detect 

appreciable ESR signals for the probe in both liquid environments. 

 

 

 

 

 

Figure 3.1 Structure of spin probe 16-DSA. The nitroxide spin label (left end) is 
located at the 16-carbon position of the 18-carbon fatty acid chain. 
 

 

 

3.3.2 Materials 

All sphingolipids and glycerophospholipids were purchased from Avanti Polar 

Lipids (Alabaster, AL) as stock solutions in chloroform (bSM, DSPC, DOPC, POPC). 

Lipid stock solutions were prepared in HPLC grade chloroform with concentration 

determined to < 1% by inorganic phosphate assay. SM stocks included 0.5% methanol 

by volume to prevent precipitation during humid weather. Chol was obtained from Nu 

Chek Prep (Elysian, MN) and prepared in chloroform with standard gravimetric 

methods to 0.2%. Ultrapure H2O from purification systems (EMD Millipore, 

Billerica, MA) was used for all aqueous sample preparations. 
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Purity to > 99% was confirmed using thin-layer chromatography (TLC) on 

washed, activated Adsorbosil TLC plates (Alltech, Deerfield, IL) developed with: 

chloroform/methanol/water (65/24/4) for all sphingolipids and phospholipids; 

hexane/ethyl ether/acetic acid (80/20/1) for 16-DSA; and petroleum ether/diethyl 

ether/chloroform (7/3/3) for Chol. 

3.3.3 Sample Preparation 

Chloroform mixtures of lipids and probes were prepared in glass culture tubes 

using a glass syringe (Hamilton USA, Reno, NC). Samples contained 1500 nmol lipid 

with 0.2 mol% 16-DSA spin probe. Rotary evaporation at 50°C was used to dry the 

chloroform mixture into a thin film. The sample tube was plunged into dry ice to 

freeze any condensed water and then placed under vacuum at room temperature for 24 

hours to remove residual solvent. The dry film was hydrated with 400 uL of buffer 

pre-warmed to 45°C, and immediately vortexed to disperse the lipid into paucilamellar 

vesicles (PLVs). The buffer contained 10 mM KCl, 5 mM PIPES, and 1 mM EDTA at 

pH 7.0.  The PLV suspension was subjected to five freeze/thaw cycles between liquid 

nitrogen and a 45°C water bath, sealed under argon, and placed in a water bath at 

45°C. Samples were cooled to room temperature at 2°C per hour and incubated for > 

24 h. Samples were pelleted and transferred to 1.5-1.8x100 mm glass capillaries for 

measurement. Each capillary was flame-sealed at one end and centrifuged to remove 

excess buffer that would otherwise reduce ESR signal.  

3.3.4 Measurements 

Samples were measured within three days of preparation, using a Bruker 

Instruments EMX spectrometer in CW mode at 9.5 GHz and ambient temperature. 
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Instrument settings were: 3320 G center field, 100 G sweep width, 2 mW microwave 

power, 1 G modulation frequency, and 1024 points resolution. For each sample, 

twenty scans were averaged in order to reduce noise and better resolve spectral 

features. 

3.3.5 Data Analysis 

 We modeled the experimental ESR spectra to recover dynamic parameters 

including the order parameter S0 and rotational diffusion coefficient R⊥ for the spin 

probe 16-DSA. We used the NLSL program, which implements the MOMD 

(Microscopic Order with Macroscopic Disorder) model to simulate measured spectra 

[22], and then uses nonlinear least-squares fitting [23] of the experimentally 

determined spectra to determine values for the dynamic parameters. The vesicle 

suspension comprises an isotropic distribution of locally ordered liquid environments 

for the nitroxide spin label, and is therefore well described by the MOMD model. This 

model assumes spectra arise from Brownian diffusion of the nitroxide spin probe in an 

ordered liquid. Spectra simulated using the stochastic Liouville equation were fit to 

our experimental spectra. These fits enabled determination of S0 and R⊥ for our 16-

DSA probe in the slow-motional regime (9.5 GHz).  

Diffusion rates R⊥ and R|| describe nitroxide spin probe diffusion parallel and 

perpendicular to the bilayer normal. In the anisotropic membrane environment, probe 

motion is also affected by nitroxide orientation relative to the bilayer normal. The 

restoring potential describes the tendency for the nitroxide to orient in the bilayer. In 

particular, the lowest order term of the restoring potential expressed by S0 describes 

preferential alignment of the nitroxide z-axis. S0 is therefore a chain order assessed by 
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the strength of the restoring force aligning the spin label in the magnetic field. 

 To fit our experimental ESR spectra, we followed Chiang et al. to obtain model 

parameters [17]. We chose starting parameters for samples on our high-melting lipid 

(high-Tm)/Chol binary identical to those used for the DSPC/Chol binary with the 

related spin probe 1-palmitoyl-2-(16-doxyl stearoyl) phosphatidylcholine (16-PC). We 

carried out the fitting procedure as described in Chiang et al. by varying six model 

parameters [17]. These include three pairs of closely related parameters including the 

first two coefficients of the restoring potential, the diffusion rates as described by the 

average rotational rate constant and rotational anisotropy, and two parameters 

describing Gaussian inhomogeneous spectral broadening. Strong correlations between 

these pairs suggested that fewer adjustable parameters should be used. A fixed 

rotational anisotropy of ten describing a ten-fold difference between R⊥ and R|| was 

chosen to be physically reasonable. The lower order terms for restoring potential and 

spectral broadening were set to zero. As a result, only three parameters were varied to 

obtain the best-fit simulated spectra. 

3.4 RESULTS 

We used ESR to further characterize heterogeneity in the Ld+Lo coexistence 

of bSM/DOPC/Chol and bSM/POPC/Chol at room temperature. To aid in the 

interpretation of observed trends, parallel samples were prepared using the mixture 

DSPC/DOPC/Chol, which has a well-characterized Ld+Lo region [1,2]. We prepared 

two compositional trajectories, shown in Fig. 3.2. Trajectory T2 crosses through the 

Ld+Lo region in all three systems, in the approximate direction of tielines just above 

the three-phase triangle of DSPC/DOPC/Chol. Based on the published phase diagram 
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for this mixture [2], this is the longest Ld+Lo tieline. The compositions of coexisting 

phases along this tieline are expected to be maximally dissimilar, thereby clarifying 

analysis. The trajectory T1 crosses the ternary composition space above the Ld+Lo 

region, providing a control trajectory for which all changes in physical properties can 

be attributed to a gradual, continuous transition between Ld and Lo phases. 

 

 

 

 

 

Figure 3.2 Compositional trajectories for ESR experiments. The one-phase control 
trajectory (T1, filled symbols) extends smoothly from Lo phase at 50% Chol on the 
high-Tm/Chol binary to Ld phase at 30% Chol on the low-Tm/Chol binary. The 
Ld+Lo trajectory (T2, open symbols) extends from 30% Chol on the high-Tm/Chol 
binary to 9% Chol on the low-Tm/Chol binary. Trajectory T2 crosses through the 
Ld+Lo coexistence region shown for DSPC/DOPC/Chol (gray), bSM/DOPC/Chol 
(black), and bSM/POPC/Chol (red).  Trajectory T2 follows the tieline at the base of 
the Ld+Lo coexistence region for DSPC/DOPC/Chol.  
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3.4.1 Order Parameter Results 

3.4.1.1 Order Parameter Trends  

Figure 3.3 plots the order parameter S0 reported by the spin probe 16-DSA 

versus composition. For each of the three mixtures, chain order increases with 

increasing amounts of high-Tm lipid (left-to-right on the plot), and with increasing 

cholesterol (T1 data, as compared to T2). Along T1 and T2, order is quantitatively 

similar for bSM/DOPC/Chol and DSPC/DOPC/Chol, but greater for 

bSM/POPC/Chol. This result is consistent with increased bilayer fluidity and 

decreased order in DOPC-containing mixtures, as expected due to the unsaturation in 

each DOPC hydrocarbon chain.  

Apart from these broad trends, two distinct categories of behavior are 

observed. For the T2 trajectory, a sharp decrease in S0 at high fractions of high-Tm 

lipid marks the formation of Ld phase and concomitant redistribution of 16-DSA 

between high- and low-order environments in the Ld+Lo coexistence region. The 

decrease coincides with the FRET peak reported by the BoDIPY/LR-DOPE probe pair 

in the region of enhanced efficiency for bSM/DOPC/Chol (Fig. 2.1). Since the spin 

probe partitions roughly equally between Ld and Lo phases, it experiences both low- 

and high-order environments. Consequently, the observed S0 value is an average of S0 

values in the two phases. A decrease in S0 is also apparent in the T2 trajectory of 

bSM/POPC/Chol, though the change is not as sharp as for bSM/DOPC/Chol and 

DSPC/DOPC/Chol. However, while the T2 trend for bSM/POPC/Chol is more 

consistent with the other T2 trajectories than with T1 trajectories, S0 values are 

consistently intermediate between those for the DOPC-containing T2 trajectories and 
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all T1 trajectories. Therefore, S0 results provide at best ambiguous support for Ld+Lo 

coexistence in bSM/POPC/Chol. 

 

 

 

 

 
 
Figure 3.3 ESR order parameter ambiguously supports Ld+Lo coexistence for 
bSM/POPC/Chol. ESR order parameter trends vs. composition along the one-phase 
control trajectory (T1, filled symbols) and Ld+Lo trajectory (T2, open symbols) for 
DSPC/DOPC/Chol (gray up triangles), bSM/DOPC/Chol (black down triangles), and 
bSM/POPC/Chol (red squares). Similar order parameter (S0) trends for 
DSPC/DOPC/Chol and bSM/DOPC/Chol confirm Ld+Lo coexistence in these 
systems. Trends in bSM/POPC/Chol through the expected Ld+Lo coexistence region 
(open red squares) are intermediate between known phase coexistence (open symbols) 
and one-phase compositions (filled symbols). 
 

 



! 83!

3.4.1.2 Endpoint Order Parameter Values  

Considering S0 values at the trajectory endpoints, order depends more on 

composition in Ld than Lo phase. We report similar S0 values in all three ternary 

systems for both T1 and T2 trajectory compositions near the high-Tm/Chol binary 

where little low-Tm lipid is present. We conclude that near the bilayer center, bSM 

and DSPC exhibit similarly ordered Lo phases at a given high-Tm/Chol ratio. Because 

the spin probe 16-DSA resides near the bilayer center, it only reports chain order in 

the hydrocarbon region. 

Order changes little within Lo phase between 30% and 50% Chol near the 

high-Tm/Chol binary. Although the T1 trajectories for bSM/DOPC/Chol and 

DSPC/DOPC/Chol nearly coincide, they differ near the high-Tm/Chol binary where 

order is greater for bSM/DOPC/Chol. This indicates that bSM/DOPC/Chol Lo phase 

accommodates more Chol, consistent with steeper tielines in the Ld+Lo coexistence 

region.  

Near the low-Tm /Chol binary, low-Tm lipid properties dominate since little 

high-Tm lipid is present at these compositions. For T1 and T2 compositions near this 

binary, Ld phase is similarly ordered for both bSM/DOPC/Chol and 

DSPC/DOPC/Chol but more ordered for bSM/POPC/Chol. T1 exhibits greater order 

for all systems near the low-Tm/Chol binary. This indicates that Ld phase on the low-

Tm/Chol binary becomes significantly more ordered as Chol is added. Indeed, adding 

Chol to Ld phase increases chain order by forcing unsaturated lipid chains into smaller 

cross-sectional area, effectively using the lipid headgroup to shield the large 

hydrophobic cross-section of Chol from water [24]. 
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3.4.2 Rotational Diffusion 

Spin probe rotational diffusion perpendicular to the acyl chains (R⊥) is shown 

in Fig. 3.4. As for S0, R⊥ decreases sharply from its Lo value on the high-Tm/Chol 

binary upon formation of Ld phase (along the T2 trajectory). However, R⊥ eventually 

increases and reaches a similar or slightly larger final value in pure Ld phase along the 

low-Tm/Chol binary. The initial decrease in R⊥ does not correspond to simple 

physical behavior: since diffusion is faster in Ld phase, we expect that crossing from 

Lo into the Ld+Lo coexistence region should result in an increase in R⊥. This issue 

highlights the limitations of the MOMD model for analyzing ESR spectra at 9.5 GHz, 

as discussed further in Section 3.5. 

Nevertheless, the trends in R⊥ for the two compositional trajectories in the 

three ternary systems may be compared. In particular, the trends in R⊥ for 

DSPC/DOPC/Chol show distinct regimes corresponding to phase-coexistence regions, 

and we therefore proceed in our comparison of these trends for the other mixtures. In 

particular, R⊥ for the T2 trajectory of bSM/POPC/Chol is strikingly similar to that of 

the other T2 trajectories. Since the T2 trajectories of bSM/DOPC/Chol and 

DSPC/DOPC/Chol cross a well-established Ld+Lo phase coexistence region, this 

result suggests heterogeneity in bSM/POPC/Chol.  
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Figure 3.4 ESR rotational diffusion parameter is consistent with Ld+Lo 
coexistence for bSM/POPC/Chol. ESR rotational diffusion rate trends vs. 
composition along the one-phase control trajectory (T1, filled symbols) and Ld+Lo 
trajectory (T2, open symbols) for DSPC/DOPC/Chol (gray up triangles), 
bSM/DOPC/Chol (black down triangles), and bSM/POPC/Chol (red squares). Similar 
rotational diffusion rate R⊥ (109 s-1) trends for all three systems are consistent with 
Ld+Lo heterogeneity in bSM/POPC/Chol (red open squares).  !
!

!

!

!
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3.4.3 Phase Diagram Features 

It is possible to distinguish abrupt changes in the compositional trends of S0 

and R⊥ that are consistent with features on the DSPC/DOPC/Chol, bSM/DOPC/Chol, 

bSM/POPC/Chol phase diagrams (Fig. 3.2).  Along the T2 trajectory, both S0 and R⊥ 

exhibit a distinct break point at high fractions of the high-Tm lipid, consistent with the 

boundary between the Ld+Lo and Lo regions. For DSPC/DOPC/Chol and 

bSM/DOPC/Chol, this break occurs at χhigh-Tm~0.65. For bSM/POPC/Chol the break is 

less distinct in S0 but occurs at χbSM~0.60 for R⊥. Along the T1 trajectory, R⊥ drops 

near the critical point at χbSM~0.38 for all three mixtures. 

3.5 DISCUSSION 

 This section compares the results presented above to published studies, discusses 

limitations of these ESR studies, and proposes future experiments. 

3.5.1 Comparison with Published Studies 

We compare our 16-DSA results for each of the ternary mixtures with previous 

studies conducted in these mixtures with 9.5 GHz ESR. Heberle et al. employed the 

spin probe 16-PC and used the MOMD model to perform one-component fits on 

spectra for DSPC/DOPC/Chol compositions exhibiting Ld+Lo phase coexistence [2]. 

Smith et al. use 16-PC and the MOMD model to perform one-component fits on 

spectra for bSM/DOPC/Chol compositions along the Ld+Lo phase boundary [19]. 

Livshits et al. and Ionova et al. interpreted compositional trends in features of 

measured absorption spectra to construct ternary phase diagrams for PSM/POPC/Chol 

[20,21].  
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3.5.1.1 DSPC/DOPC/Chol 

We compare our 16-DSA results for DSPC/DOPC/Chol with those Heberle et 

al. obtained for 16-PC ([2], Fig. 4A).  Here, the same compositional trajectory through 

the Ld+Lo region was examined, and spectra for samples exhibiting Ld+Lo coexisting 

phases were fit with one component to determine the average S0 value.  In both cases, 

a sharp drop in S0 accompanies Ld phase formation and marks the phase boundary 

between the Ld+Lo coexistence region and the one-phase Lo region. Our results for 

DSPC/DOPC/Chol along the tieline trajectory T2 are in agreement with those obtained 

by Heberle et al., confirming that compositional trends of both S0 and R⊥ for 16-DSA 

and 16-PC may be compared. 

3.5.1.2 bSM/DOPC/Chol 

We compare our bSM/DOPC/Chol results for trajectory T1 to those Smith et 

al. obtained for spectra along the upper boundary of the Ld+Lo region, from Lo phase 

at bSM/DOPC/Chol = 0.44/0.46/0.10 to Ld phase at 0.15/0.63/0.22 along a roughly 

linear compositional trajectory ([19], Samples 1-9, Figs. 3 and 5).  Our T2 trajectory 

results are compared to spectra obtained on the lower portion of the Ld+Lo region 

from Lo phase at 0.62/0.04/0.32 to Ld phase at 0.15/0.63/0.22 ([19], Samples 19-10, 

Figs. 3 and 5).  Compositional trends for both S0 and R⊥ are consistent between these 

two studies. 

Smith et al. observed nearly constant values of S0 reported by 16-PC for 

compositions with high bSM and Chol concentrations [19].  They also observed nearly 

constant S0 values within the Ld phase, independent of composition.  These results are 

qualitatively consistent with our findings for bSM/DOPC/Chol, that S0 varies little for 
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compositions in the Lo phase as well as the Ld phase with decreasing order from high 

Lo phase fraction to high Ld phase fraction (Fig. 3.3).   

Further comparison is made between comparable trajectories in the two 

studies. Along the T1 trajectory (Fig. 3.3) and Smith et al. Samples 1-9 ([19], Fig. 5), 

S0 decreases gradually and continuously from Lo to Ld phase.  Along the T2 trajectory 

and Smith et al. Samples 19-10 ([19], Fig. 5), S0 decreases dramatically from an 

initially high value in Lo phase upon Ld phase formation. 

Finally, Smith et al. found similar compositional trends both S0 and R⊥"for 16-

PC and the spin probe 1-palmitoyl-2-(14-doxyl stearoyl) phosphatidylcholine (14-PC), 

permitting comparison between our bSM/POPC/Chol results and those obtained by 

Livshits et al. Ionova et al. for spin probe 14-PC [19–21]. 

3.5.1.3 SM/POPC/Chol 

Livshits et al. and Ionova et al. calculated spectral features directly from the 

first-derivative of measured absorption spectra and interpreted compositional trends in 

these values to construct a ternary phase diagram for PSM/POPC/Chol [20,21]. 

Further, Ionova et al. found results for outer hyperfine splitting to be in qualitative 

agreement with trends in S0 determined by using the MOMD model to perform one-

component fits on spectra for PSM/POPC/Chol containing spin probe 14-PC [21]. 

This permits comparison between our results obtained for S0 in bSM/POPC/Chol and 

their results in PSM/POPC/Chol. As discussed in Chapter 2, differences between PSM 

and bSM domain sizes have been detected via small-angle neutron scattering (SANS), 

yet the ternary phase diagrams for both SM species with POPC and cholesterol are 

similar. We therefore make qualitative comparisons between compositional trends in 
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S0 with these studies. Ionova et al. found an increase in S0 ([21], Fig. S4) accompanied 

by small increases in rotational diffusion rate with increasing cholesterol content. This 

trend is consistent with our results for bSM/POPC/Chol, comparing trajectory T2 at 

low cholesterol and trajectory T1 at higher cholesterol fractions (Fig. 3.3). 

3.5.2 ESR Limitations at 9.5 GHz 

Quantitative physical interpretation of S0 and R⊥ values obtained from MOMD 

simulations is not possible with our ESR results at 9.5 GHz [15]. We discuss three 

reasons. First, correlations between simulation parameters are not fully removed by 

reducing the number of independent parameters, despite attempts discussed in Section 

3.3. Second, this model does not fully capture nitroxide probe dynamics, as indicated 

by systematic deviations between our experimental and simulated spectra (not shown). 

This discrepancy has arisen for both 16-DSA and the more commonly used 14-PC and 

16-PC [2,19]. Third, we could fit spectra in the phase coexistence regime to a 

superposition of ordered and disordered parameters since the spin probe exists in both 

Lo and Ld environments.  

It has been shown that the 9.5 GHz measurement frequency used here does not 

provide the necessary dynamic conditions for accurate physical interpretation of fitting 

parameters including S0 and R⊥ in terms of local acyl chain motions relative to the 

overall bilayer [15]. Indeed, the fast local (internal) motions of the nitroxide on the 

acyl chain we seek to isolate and measure independently are instead averaged with 

slower overall bilayer motions such as undulation and tumbling. Even though the 

overall bilayer motions are slower, they affect the spectra because they are not slow 

enough to be frozen into the rigid limit at this measurement frequency. In short, 
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spectra measured at this frequency are affected by both fast internal dynamics and 

slower overall bilayer motions [17]. 

In addition, S0 reflects a composite of fast methylene bond rotations and slow 

rotation of the entire acyl chain.  Further, the two components of rotational diffusion, 

R⊥ and R||, are coupled. Typically, R|| is typically fast for these acyl chains, so the 

fitting is insensitive to R||.  In these simulations, we used a fixed rotational anisotropy 

of ten to describe a ten-fold difference between R⊥"and R|| (Section 3.3), which may 

not be reasonable across the compositions examined. Others have chosen to interpret 

results simulated with separately varied R⊥"and R|| parameters [17,19] but point out 

the physical limitations.  Full physical interpretation of the spectra involves separate 

knowledge R⊥"and R||.  

Smith et al. used 9.5 GHz ESR to examine order and dynamics for 

bSM/DOPC/Chol by comparing spectra measured with the spin probe in various 

positions along the acyl chain, from 5-PC to 16-PC and various other spin labels [19].  

The results they obtained for !! with spin labels located further up the acyl chain 

exhibit more physically realistic trends. This is consistent with slower R⊥ values 

further up the acyl chain.  The R⊥ values at the 16-carbon position may simply be too 

fast to be accessible at 9.5 GHz. 

Since the T2 trajectories pass through the known Ld+Lo phase coexistence 

regime, spectra could be fit to two S0 values for the Lo and Ld spectral components in 

this region. For a tieline trajectory, it is possible to quantify the distribution of spin 

probe between the two phases by modeling each spectrum as a weighted superposition 

of Lo and Ld spectra. We have performed these two-component fits (results not 
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shown), but point out that the T2 compositional trajectory is a tieline for 

DSPC/DOPC/Chol but not bSM/DOPC/Chol or bSM/POPC/Chol. One-component 

fits provide reasonable results and have been employed in other studies that examine 

ESR spectra for compositions that do not lie along a tieline [19,21]. 

3.5.3 Future Directions 

We propose multifrequency ESR studies, augmenting our results with studies 

at higher frequencies (95, 170, or 240 GHz) to separate local from overall motions 

[15]. At higher frequency, slow bilayer undulations are frozen out, so quantitative 

interpretation of S0 and dynamic parameters is possible. These S0 values can be 

compared to those measured by other methods, including time-resolved fluorescence 

anisotropy described below. In addition, more physically meaningful interpretations of 

the compositional trends in order and dynamics can be made because R⊥ and R|| can 

be separated. 

3.6 CONCLUSIONS 

ESR permits detection of heterogeneity through measurements of local order 

and dynamics. In these studies, we have compared compositional trends in spectral 

parameters S0 and R⊥ obtained from MOMD simulations of ESR spectra collected at 

9.5 GHz. Results are consistent along each trajectory for the three ternary systems 

examined, and trends are consistent with those found in other studies examining these 

mixtures. At 9.5 GHz ESR frequency, slow motions including bilayer undulations 

complicate rigorous quantitative interpretation, especially for rotational diffusion. 

However, composition-dependent trends in the recovered parameters offer insight into 

lipid mixing, particularly when compared to trends in a system with well-established 
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phase behavior such as DSPC/DOPC/Chol. We do not assign physical interpretation 

to actual of S0 values or relative R⊥ values.  Instead, we simply note consistent trends 

in the three lipid systems studied, and more similarity between bSM/POPC/Chol 

compositional trends along T2 with other mixtures exhibiting Ld+Lo phase 

coexistence than mixtures exhibiting gradual changes within one phase.  These results 

are consistent with Ld+Lo phase coexistence in bSM/POPC/Chol. 
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Chapter 4 
Measuring Nanodomain Size by use of FRET: 

Experimental Methods for Testing the FP-FRET Model 
 
 
4.1 ABSTRACT 

The Finite Phase-separation FRET (FP-FRET) model has recently been 

developed by Heberle and Feigenson and tested on simulated data [1]. This model 

describes FRET efficiency (E) between freely-diffusing membrane probes in phase-

separated bilayers that exhibit finite-sized phase domains. The model can be used to 

determine the sizes of coexisting domains with diameters from 2 to ~120 nm, 

depending on the Förster distance (R0) of the probe pair employed. We conducted 

experiments designed to optimize the conditions for acquiring FP-FRET data. The 

experimental system was the ternary lipid mixture 1,2-distearoyl-sn-glycero-3-

phosphocholine (DSPC)/1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine 

(POPC)/cholesterol (Chol), which exhibits nanoscopic coexisting Ld+Lo phase 

domains [2,3]. We point out specific requirements and assumptions of the FP-FRET 

model and discuss methods currently being developed to obtain experimental data 

suitable for fitting with the model. Ultimately, the FP-FRET model will be used to 

determine the sizes of coexisting domains in DSPC/POPC/Chol and other systems 

exhibiting nanoscopic domains. 

4.2 INTRODUCTION 

Lipid mixtures including high- and low-melting lipids plus Chol exhibit 

complex phase behavior, including non-random mixing over a wide range of size 

scales. Evidence supports the presence of lateral heterogeneity (lipid rafts) in the 
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unstimulated plasma membrane [4–6], yet the thermodynamic nature of this lipid 

organization is not well understood. Further, raft functionality depends on careful 

control of membrane domain size [7]. The thermodynamic nature of coexisting 

domains can be investigated by determining the dependence of domain size on both 

lipid composition and temperature [1]. Nevertheless, measurements of the size- and 

time-scales on which coexisting domains exist are challenging. 

Few experimental techniques are capable of measuring the sizes of small 

membrane domains. These techniques include FRET [5,8], small-angle neutron 

scattering (SANS) [3,9,10], atomic force microscopy (AFM) [11], and super-

resolution techniques [6,12]. FRET and SANS are advantageous because they can be 

used to investigate free-standing (i.e., vesicular) bilayers without the strong 

interactions often induced by rigid bilayer support [13,14]. When measuring the sizes 

of nanodomains, small perturbations may result in significant artifacts that affect 

domain size. 

Förster resonance energy transfer (FRET) takes place when resonance occurs 

between electric dipoles in an excited-state donor molecule and a ground-state 

acceptor molecule, resulting in donor quenching and acceptor excitation without donor 

photon emission. FRET efficiency (E) depends on the separation distance between 

donor and acceptor, making the technique useful for investigating phenomena 

occurring on molecular length scales [15]. Freely diffusing fluorescent lipid analogues 

can be employed for donor and acceptor; in this case, FRET can be used to probe the 

mixing behavior of lipids in a bilayer. When fluorescent probes partition between 

coexisting phase domains, the distribution of donor-acceptor distances changes, 
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causing E to change as well. Quantitative descriptions of FRET for a random, planar 

array of fluorophores [16–18] have more recently been interpreted in the context of 

coexisting membrane phases [19,20], and FRET has been used as a molecular ruler for 

determining the sizes of phase domains [21,22]. FRET is sensitive to domain sizes in 

the important nanoscale regime of 2 to 20 nm, but an appropriate geometric model 

must be used to describe the spatial arrangement of donors and acceptors. 

Several modifications to the membrane FRET models have been developed to 

determine sizes of small domains [1,23,24]. Brown and coworkers developed and used 

a model to estimate domain sizes in the Ld+Lo coexistence region for 1,2-dipalmitoyl-

sn-glycero-3-phosphocholine (DPPC)/DOPC/Chol and DPPC/POPC/Chol [24,25]. 

However, this model is extremely limited, being applicable only near the tieline 

endpoints, and for probes that partition into opposite phases. In contrast, the FP-FRET 

model is valid for any tieline composition and can be used to perform a global analysis 

with several probe pairs that partition into the same or opposite phases [1]. Here we 

focus on designing experiments to conduct the first experimental tests of the FP-FRET 

model.  

4.3 MATERIALS and METHODS 

4.3.1 Materials 

All glycerophospholipids were purchased from Avanti Polar Lipids (Alabaster, 

AL) as stock solutions in chloroform. Lipid stock solutions were prepared in HPLC 

grade chloroform with concentration determined to < 1% by inorganic phosphate 

assay. Chol was obtained from Nu Chek Prep (Elysian, MN) and prepared in 

chloroform with standard gravimetric methods to 0.2%. Ultrapure H2O from 
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purification systems (EMD Millipore, Billerica, MA) was used for all aqueous sample 

preparations.  

The fluorescent Chol analog DHE (Ergosta-5,7,9(11),22-tetraen- 3β-ol; 

dehydrogerosterol) was obtained from Sigma-Aldrich (St. Louis, MO). The 

fluorescent lipid analogs Fast-DiO (3,3’-dilinoleyloxacarbocyanine perchlorate; DiO-

C18:2) and Fast-DiI (1,1’-dilinoleyl-3,3,3’,3’-tetramethylindocarbocyanine 

perchlorate; DiI-C18:2) were obtained from Invitrogen (Carlsbad, CA). All fluorescent 

probes were prepared in chloroform. Probe concentrations were determined in 

methanol by absorption spectroscopy using an HP 8452A spectrophotometer (Hewlett-

Packard, Palo Alto, CA). Probe extinction coefficients were obtained from lot 

certificates of analysis: 12900 M-1cm-1 at 324 nm for DHE, 148300 M-1cm-1 at 486 nm 

for Fast-DiO, and 142700 M-1cm-1 at 548 nm for Fast-DiI.  Purity to > 99% was 

confirmed using thin-layer chromatography (TLC) on washed, activated Adsorbosil 

TLC plates (Alltech, Deerfield, IL) developed with: chloroform/methanol/water 

(65/24/4) for all phospholipids; chloroform/methanol (9/1) for Fast-DiO and Fast-DiI 

probes; and petroleum ether/diethyl ether/chloroform (7/3/3) for DHE and Chol. 

 Chloroform mixtures of lipids and probes were prepared in glass culture tubes 

using a glass syringe (Hamilton USA, Reno, NC). Paucilamellar vesicles (PLVs) were 

prepared from these mixtures using rapid solvent exchange (RSE) [26]. The aqueous 

buffer contained 200 mM KCl, 5 mM PIPES, and 1 mM EDTA at pH 7.0. Unilamellar 

vesicles (ULVs) were prepared by passing the sample 11 times through a single 50 nm 

diameter pore size filter, using a hand-held mini extruder (Avanti Polar Lipids, 

Alabaster, AL). 
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4.3.2 Experimental Methods 

We employed the experimental methodology of preparing samples at regular 

increments along a compositional trajectory, as described previously [27,28]. In these 

experiments, samples were prepared at 1.2 mol% compositional increments along a 

tieline. Samples contained two probes comprising a single donor/acceptor FRET pair: 

DHE/FastDiO or Fast-DiO/Fast-DiI. Probe concentrations (expressed as probe/lipid 

ratio) were 1/100 for DHE, and 1/1500 or 1/3000 for Fast-DiO and Fast-DiI. In 

addition to FRET samples containing both dyes, samples containing a single dye were 

prepared at the same compositional increments with the same dye concentrations. 

Samples containing only lipid (i.e., no probe) were prepared at representative Ld and 

Lo phase compositions. Single-dye and lipid-only controls were used to correct raw 

FRET signals as described previously [27]. When sample replicates were measured, 

they were independently prepare samples at each composition. 

 Fluorescence spectroscopy measurements were performed with a Hitachi F-

7000 spectrofluorimeter (Hitachi High Technologies America, Schaumburg, IL) 

equipped with a temperature-controlled cuvette holder (Quantum Northwest, Inc.). 

Measurements were performed at 23°C. Samples were diluted into buffer gently 

stirring in the cuvette for a final concentration of 32 µM (total lipid). Intensity 

measurements were made using 2.5 and 5 nm excitation and emission slits 

(respectively) and a 2.0 s integration time, at four pairs of excitation and emission 

wavelengths. One pair (channel) measures sensitized acceptor emission (SAE) FRET 

signals [29], and a second channel measures donor fluorescence (DHE or Fast-DiO) 

for calculating energy transfer efficiency (E). The remaining channels are necessary to 
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correct for donor/acceptor bleedthrough and scattering of the excitation light [27]. The 

six channels (ex/em in nm) include DHE fluorescence (327/393), Fast-DiO SAE 

(327/503), Fast-DiO fluorescence (489/503), Fast-DiI SAE (489/563), Fast-DiI 

fluorescence (549/563), and vesicle scattering (370/360). A full measurement for each 

sample was acquired in ~ 1.5 min. 

4.3.3 Modeling FRET  

4.3.3.1 Original FRET Model 

The Fung and Stryer model [18] provides a starting point for describing FRET 

in membranes. According to this model, the transfer efficiency ! is given by  

! = 1− !! ! 4.1 

The donor quenching due to FRET (!!) is given by   

!! = !!!!/!!!!!!!(!)!"
!

!
! 4.2 

where !! is the concentration of energy acceptor in the membrane, a surface density 

given in number of acceptors per unit area. The energy transfer term !(!) is given by 

!(!) = 2!" 1− !! !/!! !!/! ! !"
!

!!

! 4.3 

These equations reveal that donor quenching depends on the surface density of 

acceptors !!, the Förster distance !!, and the distance of closest approach between a 

donor and acceptor !!. !! quantifies the spatial extent of the FRET interaction and 

depends on the particular donor and acceptor pair. 
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4.3.3.2 Requirements of the FP-FRET Model 

 To recover the sizes of ~2-20 nm lateral domains from measurements of FRET 

between freely diffusing membrane probes, a geometric model must be applied. The 

FP-FRET model has several geometric and thermodynamic requirements [1]. It is 

worthwhile to point these out here, because they are important to both experiment 

design and future experiment planning.  

1. Domains are due to first-order phase separation, such that the area fraction of 

domains at a given composition can be determined from the phase diagram 

(i.e., using a tieline and the lever rule) and molecular areas of the coexisting 

phases, which are determined from independent experiments. For the 

experiments described here, molecular areas were estimated from molecular 

dynamics (MD) simulations [30,31] and X-ray and neutron scattering data 

[32,33] in similar systems. The area fraction of membrane in the Lo phase 

(!!") can then be calculated from the phase diagrams as [1,23]:   

!!" !=
!!"!!"

!!"!!" + !!"(1− !!")
! 4.4 

where !!"is the molecular area (area per lipid) in the Lo phase, !!" is the area 

per lipid in the Ld phase, and !!" is the mole fraction of Lo phase. 

2. The !! of the probe pair does not vary with distance between the donor and 

acceptor. This is an assumption that cannot be checked. However, there may 

also exist some variation in !!  with composition. The compositional 

dependence can be determined by measuring the !! values for the probe pairs 

in the pure phases at the ends of the tieline. This measurement can be 
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performed several ways. First, separate donor- and acceptor-only samples 

maybe prepared for measuring the emission spectrum of the donor and 

excitation spectrum of the acceptor. From these spectra, the spectral overlap of 

the probe pair can be calculated. Second, an acceptor concentration series can 

be prepared. Finally, !! values may be recovered from fits to the FP-FRET 

model. The !! values for the probes employed here are 2.5 nm for DHE/Fast-

DiO and 5.7 nm for Fast-DiO/Fast-DiI [28]. 

3. The donor and acceptor probes are randomly distributed within phase domains. 

Therefore, the probes must be non-interacting, and the probe distribution 

between phases is described by a partition coefficient. For example, the donor 

partition coefficient !! depends on the fraction of total donor found in each 

phase and the mole fractions of those phases [34]. This partition coefficient is 

then: 

!! !=
!!"! !!"

(1− !!"! ) (1− !!")
! 4.5 

where the fraction of donor in Lo phase is !!"! , and the mole fraction of Lo 

phase is !!". The donor partition coefficient is defined such that !! ∈ (0,∞) 

and !! > 1 indicates donor preference for the Lo phase. The acceptor partition 

coefficient !!  is defined similarly. Ideally, partition coefficients should be 

determined with independent experiments, such as single-dye fluorescence 

curves [29], fluorescence lifetime, quenching [34], anisotropy, or quantum 

yield [35,36]. Partition coefficients may also be recovered in the FP-FRET 

model. When probe self-quenching occurs, the assumption of non-interacting 
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probes is not met. Self-quenching is a concentration-dependent effect that 

results in a nonlinear dependence of fluorescence intensity at high probe 

concentration. A large portion of fluorescence is lost when a small amount of 

phase appears and the dye preferentially partitions into this phase. Even at 

dilute probe concentrations, self-quenching cannot be avoided under conditions 

of strong probe partitioning, because the probe exhibits high concentration in 

the preferred phase when this phase is the extreme minority phase. The 

mechanisms for self-quenching vary for different probes and are influenced by 

the extent of nonrandom mixing of the probe within each phase and 

photophysical parameters of the probe, in addition to the partition coefficient 

[27]. Unfortunately, for the probes employed in these studies, the 

concentrations required to avoid self-quenching are prohibitively low [37].   

4. Domains of the non-percolating phase are circular, and they are dispersed in a 

continuous (percolating) phase. Circular domains provide the simplest 

assumption for coexisting liquid phases. Near the Ld-end of the tieline, small 

Lo domains are dispersed in a continuous Ld matrix, while the opposite is true 

near the Ld end of the tieline. The percolation threshold where the connectivity 

switches from Lo to Ld phase is assumed to be located halfway along the 

tieline. Strictly speaking, the percolating phase cannot be assigned a priori for 

compositions that do not exhibit macroscopic phase separation. However, the 

percolation threshold was observed to be located at the midpoint of the tielines 

in related systems [2], and in the absence of other information we use this 

assumption here. It is important to emphasize that for nanodomains, there is no 
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direct evidence indicating the domain morphology or percolation threshold. 

There is evidence of noncircular modulated phase morphology for systems that 

are compositionally intermediate between those exhibiting nanoscopic and 

macroscopic domains [38]. In these systems, no percolation threshold was 

observed because Ld remained the percolating phase all along the tieline [39]. 

In contrast, a FRET study found Lo nanodomains with continuous Ld phase 

along most of the tieline in palmitoyl SM (PSM)/POPC/Chol, with a 

percolation threshold at ~80% Lo phase fraction [22]. It should be possible to 

investigate the identity of the percolating phase as a function of composition 

for systems exhibiting coexisting nanodomains using techniques such as AFM, 

single-particle tracking, or techniques which measure diffusion such as 

fluorescence recovery after photobleaching (FRAP) [40], fluorescence 

correlation spectroscopy (FCS), or stimulated emission depletion microscopy 

(STED) [12]. 

5. Domains have a constant radius R along the tieline. Modifications to the model 

can accommodate variation in domain sizes, including a distribution of sizes at 

a particular composition, or systematic variation in domain size along a tieline. 

De Almeida et al. reported Lo domains growing from < 20 to 75-100 nm with 

increasing Lo phase fraction along a tieline in PSM/POPC/Chol [22]. Domain 

size polydispersity is another issue which has been investigated [23]. 

Theoretical work suggests a narrow size distribution for nanoscale domains 

[41], and stable, monodisperse arrays of domains have been observed 

experimentally [42]. 
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6. Domains do not interact, so they are randomly distributed within the 

percolating phase. 

7. Energy transfer occurs only between donors and acceptors in the same bilayer, 

but not between multilayers. This assumption can be met by selecting probes 

that reside in the hydrocarbon rather than the interfacial region of the lipid 

bilayer, choosing probe pairs with relatively small !!!values, and extruding 

PLVs to obtain ULVs. The requirement of small !! is met by the DHE/Fast-

DiO probe pair but not by the Fast-DiO/Fast-DiI probe pair. We proceeded 

with Fast-DiO/Fast-DiI because employing probe pairs with larger !! values 

both extends the spatial sensitivity of the FP-FRET model and provides better 

signal-to-noise due more efficient energy transfer.  

8. The chromophore for each probe has a stable transverse location in the bilayer 

for each phase. This condition can be met by selecting probes that exhibit 

relatively stable transverse locations in the bilayer. MD simulations have found 

a relatively narrow distribution for the transverse location of 1,1’-dioctadecyl-

3,3,3’,3’-tetramethylindocarbocyanine (DiI) chromophore in fluid DPPC 

bilayers [43,44]. This is likely due to the delocalized positive charge in the 

chromophore, which tends to anchor the chromophore near the polar interface. 

The DiO chromophore exhibits a similar positive charge, and is therefore 

likely to behave similarly. Cholesterol exhibits a predictable location in 

bilayers comprising the saturated and monounsaturated phosphatidylcholine 

(PC) lipids employed here, with long axis parallel to the bilayer normal [45]. 
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As a structural analog of Chol [46], DHE likely exhibits good transverse 

stability in the bilayer compositions we examined. 

4.3.3.3 Treatment for Large Domains 

 We first describe FRET for the case of infinite phase separation because it will 

motivate the need for special consideration of smaller domains. The description in the 

following two sections follows Heberle and Feigenson [1]. The infinite phase 

separation condition applies when the domain radius is ~20 times !!. In this case, the 

coexisting domains can be treated as though they are completely separate from the 

surrounding phase, such that donor quenching can be determined separately in each 

phase. FRET can be calculated separately for the domain phase and the surround 

phase and then scaled using the relative fraction of donor and acceptor in each phase. 

The fraction of total donor and acceptor in each phase depends on the probe partition 

coefficients, which can be measured independently. These fractions do not depend on 

absolute donor concentration: transfer efficiency is independent of absolute donor 

concentration when the concentration of excited state donors is low, such that donors 

do not compete for acceptors. However, the absolute acceptor concentration is 

required, as shown by Equation 4.3. 

4.3.3.4 Special Treatment for Small Domains 

As domains become smaller, domain perimeter increases, and a significant 

fraction of probes are located near the boundary between the domain and surround 

phases. This boundary population must be considered separately from probes located 

deep inside a large domain, which, within their “FRET-competent” zone, only sense 

the acceptor distribution from the same phase. In contrast, donors within small 
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domains see two distinct populations of acceptors with different average spatial 

densities: those located in the domain, and also those in the surrounding phase. For 

this boundary population of donors, the local acceptor concentration depends on 

distance from the donor: a donor very close to the boundary sees more acceptors in the 

surrounding phase (on average) than a donor a bit further into the domain. This is 

strictly true in the case of infinite phase separation as well, but the fraction of total 

donors that lie close to the boundary is much smaller and can be neglected. The FP-

FRET model treats the distance dependence of the local acceptor concentrations in the 

domain and surround phases [1]. 

4.4 RESULTS AND DISCUSSION 

4.4.1 Trajectory Selection 

We are interested in determining the sizes of coexisting Ld+Lo nanodomains 

along a tieline, where the compositions of the coexisting phases remain constant. 

Toward this end, all experiments were conducted along a tieline trajectory through the 

Ld+Lo coexistence region which lies directly above the three-phase region in 

DSPC/DOPC/Chol and DSPC/POPC/Chol, as shown in Figure 4.1 [2]. 
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Figure 4.1 Tieline trajectory for FP-FRET experiments. Partial phase diagrams 
indicate the regions of Ld+Lo phase coexistence for DSPC/DOPC/Chol (blue) and 
DSPC/POPC/Chol (red).  Compositional trajectories with 61 samples (black triangles) 
were prepared at 1.2 mol% compositional resolution along the tieline at the base of the 
Ld+Lo phase coexistence region. 
 
 
 
4.4.2 Measured FRET Metrics 

 We aim to measure composition-dependent changes in FRET efficiency E. 

Given by Equation 4.1, E is dependent on donor quenching !!. Also called relative 

donor fluorescence, donor quenching (DQ) can be determined by measuring donor 

fluorescence with (!!") and without (!!) acceptor: 

!! = !!"/!!! 4.6 

This is one FRET metric, which we refer to as DQ. We have generally used the 

alternative FRET metric called sensitized acceptor emission (SAE), which requires 

measurement of donor-excited acceptor fluorescence, !!"# ![28]. Changes in E can be 

observed in the fluorescence of the donor or the acceptor, so the magnitude of the 
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change in E measured for phase-separated vs. one-phase compositions should be 

similar for either FRET metric.  

The physical basis for this linear correspondence is that for every excited 

donor that is quenched by the FRET mechanism, a photon is lost from the donor 

emission channel and gained in the acceptor emission channel. More specifically, DQ 

quantifies loss of donor photon emission due to nonradiative energy transfer to the 

acceptor, which is then detected in the acceptor emission channel via SAE.  

Several distinctions between the DQ and SAE are discussed below. SAE presents 

several experimental advantages that are relevant in the context of experiments 

presented in this chapter:  

1. The change in FRET efficiency is detected against different fluorescence 

backgrounds for the two FRET metrics. In both cases, the donor is excited at 

the wavelength corresponding to its absorption maximum, so donor excitation 

is efficient. This donor excitation wavelength is generally inefficient for 

acceptor excitation. DQ measures donor emission, whereas SAE measures 

acceptor emission. Therefore, the DQ measurement has a much larger 

fluorescence background than the SAE measurement.  

2. Dilute probe concentrations are preferable for reducing probe self-quenching 

and possible probe-induced artifacts [47–50], which is important for 

equilibrium phase studies. However, at low probe concentrations, it can be 

difficult to obtain good signal-to-noise in DQ values. This occurs because the 

donor quenched fluorescence !!" represents a small change from the donor 

fluorescence without acceptor !!. In this way, DQ relies on detecting a small 
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change in a large signal, so the inherent noise in the measurement can be 

comparable to the expected change in E with composition. The result is that !! 

and !!"  are often similar, so the ratio !!"/!!  is often close to unity, and 

therefore E values are close to zero. This is especially true, for example, when 

donor and acceptor partition into the same phase, and a significant fraction of 

that phase is present. While !!"# !is!often!a!smaller!signal!than!!!, no ratio is 

required when measuring !!"#.  

3. Determining E via DQ requires two samples to measure both !! and !!", while 

SAE requires just a single sample at each composition. 

We have measured DQ and SAE, as DQ is required for the FP-FRET model but SAE 

measurements have lower noise. To address the large noise in DQ measurements, we 

are taking two parallel approaches. First, we are investigating experimental 

approaches for reducing noise in measurements of DQ.  Second, we are exploring the 

possibility of obtaining noise-reduced DQ by using an experimentally determined 

DQ/SAE conversion ratio. This ratio is used to calculate DQ from experimentally 

measured SAE (Section 4.4.4). As discussed above, there should exist a linear 

correspondence between SAE and DQ.   

4.4.3 Enhanced and Reduced FRET Efficiency  

 We used FRET between fluorescent lipid analogs to examine the composition-

dependent phase behavior of DSPC/DOPC/Chol and DSPC/POPC/Chol. FRET is 

sensitive to changes in the distribution of donor/acceptor distances that accompany 

phase separation [20]. When a single phase is present, probes are distributed 

essentially randomly in the plane of the bilayer, and FRET efficiency does not vary 
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appreciably with composition. Relative to this baseline behavior, FRET efficiency 

changes dramatically in regions of phase coexistence, depending on the relative 

partitioning behavior of the probes. FRET efficiency is enhanced in composition 

regions where both probes prefer the same phase, and reduced where probes prefer 

different phases. Compositional regions exhibiting these two classes of behavior are 

termed “regions of enhanced or reduced efficiency” (REE and RRE, respectively) 

[29].  

Figure 4.2 shows the influence of probe partitioning on observed FRET along 

a tieline calculated using the SAE FRET metric 

!!"# !!" ,!! ,!! = !!" + !!" !!"!!!! − !!"
1+ !! − 1 !!" 1+ !! − 1 !!"

! 4.7 

where !!"and !!"  are the !!"#  values in the pure Ld and Lo phases at the tieline 

endpoints, both set to unity for the plots in Fig. 4.2. The influence of probe 

partitioning on observed !!"# is shown for various !! values with !! = 0.33 (donor 

preferring Ld phase).  

An REE is observed when the acceptor also prefers the Ld phase (!! <1). 

FRET increases abruptly at the phase boundary (!!" =1.0) when the preferred Ld 

phase first appears. The peak is located on the right-hand side of the tieline because 

the probes both partition strongly into Ld phase and are therefore highly concentrated 

(with a concomitant small average separation distance) at compositions with little Ld 

phase. In contrast, an RRE is observed when the acceptor prefers the Lo phase 

(!! >1). FRET decreases abruptly at each phase boundary and is reduced at all 
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compositions along the tieline. For both REE and RRE, the magnitude of FRET is 

greater for stronger probe partitioning (!! ≪1 or !! ≫1). 

 

 
 

 
 
 
Figure 4.2 Compositional FRET trends depend on probe partitioning. SAE FRET 
metric plotted as a function of the Lo phase fraction (!!") in the Ld+Lo coexistence 
region. The donor partitions into the Ld phase (!! = 0.33). Curves for various 
acceptor partition coefficient (!! ) values are shown. Enhanced FRET (REE) is 
observed when probes colocalize (!! <1), and reduced FRET (RRE) is observed 
when probes separate (!! >1) in the Ld+Lo coexistence region. The magnitude of 
FRET is greater for stronger probe partitioning. 
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We used two Ld-preferring probes, Fast-DiO and Fast-DiI, which exhibit REE 

behavior in coexistence regions containing Ld phase. In separate experiments, samples 

contained Fast-DiO with the fluorescent cholesterol analog DHE, which modestly 

favors ordered phases. Together, DHE and Fast-DiO form an RRE pair. To measure 

DQ, two sets of samples were prepared at the same compositions: FRET samples 

contained donor and acceptor, and single-dye samples contained donor only. In 

DHE/Fast-DiO FRET experiments, the single-dye samples contained DHE. In Fast-

DiO/Fast-DiI FRET experiments, the single-dye samples contained Fast-DiO. The 

FRET samples were also used to measure sensitized acceptor emission (SAE).  

4.4.4 Determining Optimal Probe Concentrations for Domain Size Experiments 

Our first studies were aimed at determining the optimal probe concentrations 

for FP-FRET experiments. We measured both FRET metrics DQ and SAE along the 

tieline (Fig. 4.1) in DSPC/POPC/Chol using the probe pair Fast-DiO/Fast-DiI with 

probe/lipid ratio 1/3000. In this discussion, we make the distinction between SAE 

measured directly, E determined from measurements of DQ (termed !!"), and E 

calculated from comparing SAE and !!" measurements (termed !!"#). In this initial 

set of experiments, we anticipated that three factors would limit our signal-to-noise 

ratio, especially for compositions with significant fractions of Ld phase: dilute probe 

concentrations; the requirement of measuring E; and the preference to measure 

extruded samples. 

Anticipating these issues, we prepared four replicates at each composition, 

removed outliers, averaged the remaining replicates, and calculated error bars as the 

standard deviation of the averaged replicates. Results are shown in Fig. 4.3. A region 
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of enhanced efficiency (REE) is detected when Ld-preferring probes Fast-DiO and 

Fast-DiI co-localize in the minority Ld phase. Strong partitioning of both probes into 

Ld phase results in FRET increasing abruptly at the phase boundary (!!" =1.0, 

!!"#$~0.55) when the preferred Ld phase first appears (as shown in Fig. 4.2 for 

curves with !! ≪1). SAE values are only slightly noisier for extruded vs. non-

extruded samples.  However, DQ is noisy in both cases and unphysically negative for 

many extruded samples with significant fractions of Ld phase (where transfer 

efficiencies are low). We note also that error bars are larger where the signal is 

changing most rapidly, which occurs when Ld is the minority phase. For future 

experiments, we decided to increase the number of replicates at these compositions. 

 

 

 

 

 

 

 

 
 
 
 
 
 
 
 
 
 
 



!

! 116!

 

 
 
 
Figure 4.3 Experimental E values determined from DQ measurements can be 
negative for extruded samples. !!" (top) and SAE (bottom) were measured along 
the DSPC/POPC/Chol tieline using the probe pair Fast-DiO/Fast-DiI with probe/lipid 
ratio 1/3000. Data for both extruded (purple) and non-extruded (red) samples is 
shown. Error bars were calculated as the standard deviation of four replicates at each 
composition. SAE values are only slightly noisier for extruded vs. non-extruded 
samples. 
 
 
 

Given the negative !!" values measured at some compositions, the acceptor 

concentration was increased from 1/3000 (probe/lipid ratio) to 1/1500 for the next 

experiments to increase the baseline transfer efficiency. In these experiments, three 

replicates were prepared for Ld-rich samples, and four replicates were prepared for 

Lo-rich samples, based on the error bars determined for the previous experiment (Fig. 

4.3). Experimental !!" values were non-negative at all compositions, but the results 

were still noisy (Fig 4.4, bottom, white) despite the increase in probe concentration.  
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Figure 4.4 Noise-reduced !!"#  can be calculated from measured SAE. E 
determined from measured FRET metrics DQ (!!", white) and SAE (!!"#, black) 
along the DSPC/POPC/Chol tieline using the probe pair Fast-DiO/Fast-DiI with 
probe/lipid ratio 1/3000 (top) and 1/1500 (bottom) for non-extruded samples. Plots of 
experimental !!!  values vs. experimental SAE values (Fig. 4.5) were used to 
calculate noise-reduced !!"#  values that exhibit significantly less noise than 
experimental !!" values. 
 
 
 

We then explored whether E could be calculated from the measured SAE, 

given that SAE exhibits much less noise than experimental E values determined from 

measured DQ. We plotted !!" values vs. the corresponding normalized SAE values 

for both probe concentrations 1/3000 and 1/1500 (Fig. 4.5). As expected the 

relationship between !!" and SAE is linear. However, the y-intercept is not zero: 
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indeed, the y-intercept is −0.127 for the probe concentration 1/3000 and much closer 

to zero (−0.0128) for the probe concentration 1/1500.  This means that at zero E, a 

positive reading is still detected in the SAE measurement at the lower probe 

concentration. This indicates that there is some background being detected in the SAE 

channel that is not being accounted for in the corrections described above. We will 

investigate whether this nonzero background can be reduced, but it certainly varies 

with the probe pair and probe concentrations employed. Subsequent experiments 

described in Section 4.4.5 yielded a positive y-intercept of 0.018 for probe 

concentration 1/1500 when four sample replicates were prepared at each composition. 

Nevertheless, !!"# (Fig. 4.4, black) exhibits significantly less noise than !!" 

(Fig. 4.4, white), as expected. This method of using experimentally measured SAE to 

obtain noise-reduced !!"# is worth further consideration. The best way to obtain !!"# 

may be to measure !!" and SAE for each experiment, instead of using a previously 

determined relationship between !!" and SAE to calculate !!"#.  
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Figure 4.5 Plots of experimental E vs. SAE values reveal a linear relationship 
between these FRET metrics. The relationship between !!"  (E determined from 
DQ) and normalized SAE measured along the DSPC/POPC/Chol tieline using the 
probe pair Fast-DiO/Fast-DiI is linear for probe/lipid ratio 1/3000 (top) and 1/1500 
(bottom) for non-extruded samples.  
 
 
 

An alternative approach would be to explore experimental approaches for 

reducing noise in measurements of !!". This approach is attractive because efforts to 

reduce noise in measurements of single-dye fluorescence intensity used for 

determining probe partition coefficients are already underway [37]. 
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4.4.5 Exploring Global Analysis and Extremes of Experimental Conditions 

In order to ensure that the methods we develop for preparing experimental FP-

FRET data for analysis with the FP-FRET model are broadly applicable for the range 

of probe pairs and experimental conditions we anticipate exploring, we undertook 

additional experiments in DSPC/POPC/Chol in parallel with DSPC/DOPC/Chol. The 

latter system exhibits coexisting macroscopic Ld+Lo phases and serves as a good 

control, since domains in DSPC/DOPC/Chol are known to be describable within the 

regime of the infinite-phase limit FP-FRET sensitivity. In addition to larger domain 

sizes, partition coefficients for our Ld-preferring probes are greater for 

DSPC/DOPC/Chol, resulting in SAE and !!" signals of greater magnitude. If the 

methods that we pursue do not significantly improve signal-to-noise without distorting 

essential curve features for DSPC/DOPC/Chol, the methods will not be useful for 

DSPC/POPC/Chol. 

We plan to perform a global analysis with multiple probe pairs that exhibit 

different partitioning behavior. Results for fitting simulated FRET data to the FP-

FRET model have indicated that the accuracy of recovered domain sizes and probe 

partition coefficients is improved and the range of spatial sensitivity is extended when 

global analysis is performed [1]. This is true because both increasing domain size and 

probe partitioning strength have the same qualitative effect of increasing the REE and 

RRE FRET magnitude, so these parameters will exhibit strong correlations that can be 

separated with additional data that enable distinction of subtle differences in parameter 

effects. 
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Since we have measured REE FRET between probes that partition into the 

same phase, we next chose a probe pair that exhibits partitioning into different phases 

to produce an RRE. In this case, FRET decreases abruptly at each phase boundary and 

is reduced at all phase-separated compositions along the tieline (0.1 < !!"#$ <0.65). 

This is shown in Fig. 4.2 for !! >1. We chose the probe pair DHE/Fast-DiO because 

it shares the Fast-DiO probe with the Fast-DiO/Fast-DiI studies described above in 

Section 4.4.4. Since each probe partition coefficient is an additional fitting parameter 

in the FP-FRET model, using Fast-DiO as both acceptor in one experiment and donor 

in the other eliminates one fitting parameter.  

We measured !!" and SAE along the tieline trajectory for DSPC/DOPC/Chol 

and DSPC/POPC/Chol using the probe pairs DHE/Fast-DiO and Fast-DiO/Fast-DiI.  

Probe/lipid ratios were 1/100 for DHE and 1/1500 for Fast-DiO and Fast-DiI. Two-

three replicates were measured per composition for DSPC/DOPC/Chol, and four 

replicates were measured per composition for DSPC/POPC/Chol. Each error bar was 

calculated as the standard deviation in the value averaged from replicates. 

Figure 4.6 compares SAE for Fast-DiO/Fast-DiI in DSPC/DOPC/Chol (blue) 

and DSPC/POPC/Chol (red). As reported in Section 4.4.4, a region of enhanced 

efficiency (REE) is detected when Ld-preferring probes Fast-DiO and Fast-DiI co-

localize in the minority Ld phase. Strong partitioning of both probes into Ld phase 

results in FRET increasing abruptly at the phase boundary (!!" =1.0, !!"#$~0.70) 

when the preferred Ld phase first appears (as shown in Fig. 4.2 for curves with 

!! ≪1). Additional replicates reduced noise for DSPC/POPC/Chol.  
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Figure 4.6 REE is detected for DSPC/DOPC/Chol and DSPC/POPC/Chol via 
SAE with Fast-DiO/Fast-DiI. Weaker probe partitioning and/or smaller phase 
domains reduced the magnitude of the REE peak for DSPC/POPC/Chol (red) 
compared to DSPC/DOPC/Chol (blue). Additional replicates reduced noised for 
DSPC/POPC/Chol compared to DSPC/DOPC/Chol. 

 
 
 
Figure 4.7 compares SAE for DHE/Fast-DiO in DSPC/DOPC/Chol (blue) and 

DSPC/POPC/Chol (red). A region of reduced efficiency (RRE) is detected when Lo-

preferring probe DHE separates from Ld-preferring probe Fast-DiI. Despite additional 

replicates, noise is greater for DSPC/POPC/Chol than DSPC/DOPC/Chol. 

The magnitude of both enhanced and reduced SAE is greater for 

DSPC/DOPC/Chol than DSPC/POPC/Chol due to larger phase domains and greater 

partitioning of Fast-DiO and Fast-DiI into the DOPC-rich Ld phase. The reduced 

signal for DHE/Fast-DiO SAE in DSPC/POPC/Chol is cause for concern. The small 

!! for DHE results in less energy transfer for a given acceptor concentration. In 
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addition, the relatively low DHE extinction coefficient results in less donor 

fluorescence. 

 
 
 

 
 
 
Figure 4.7 RRE is detected for DSPC/DOPC/Chol and DSPC/POPC/Chol via 
SAE with DHE/Fast-DiO. Weaker Fast-DiO partitioning and/or smaller domains 
reduced the magnitude of the RRE for DSPC/POPC/Chol (red) compared to 
DSPC/DOPC/Chol (blue). Despite additional replicates, noise is greater for 
DSPC/POPC/Chol than DSPC/DOPC/Chol.  
  
 
 

Figure 4.8 plots !!"  for DSPC/DOPC/Chol (blue) and DSPC/POPC/Chol 

(red) with DHE/Fast-DiO. The signal is low and error bars are large such that there is 

very little distinguishable trend in !!" with composition. Error bars are calculated 

from the standard deviation of four !! and four !!" independently prepared replicates 

at each composition. The average !!"value for DSPC/DOPC/Chol is negative, and the 

average error is larger for DSPC/POPC/Chol than DSPC/DOPC/Chol (0.14 vs. 0.06).  
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Figure 4.8 No RRE is detected via !!"  with DHE/Fast-DiO. Very little 
distinguishable trend in !!" with composition can be observed for DSPC/DOPC/Chol 
(blue) or DSPC/POPC/Chol (red) due to low !!"  signal. Together with the SAE 
results (Fig. 4.7), these results suggest that efforts to determine !!"# from measured 
SAE should be pursued. 
 
 
 

Since we expect the !!" to vary smoothly with composition within the phase 

coexistence region and follow trends similar to those observed for SAE (Fig. 4.7), we 

could explore whether improvements to measured !!" can be obtained through noise 

reduction efforts and/or measurements with additional replicates. However, the huge 

error bars on these results suggest that efforts to reduce noise in measurements of !!" 

are not likely to produce E values for DHE/Fast-DiO that can be fit with the FP-FRET 

model.  

Approaches to determine !!"# from measured SAE may be more promising. 

We have shown that !!"# can be determined reliably from measured SAE when !!" 
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exhibits a discernable trend with composition (Fig. 4.4). However, additional 

exploration of the relationship between the SAE and DQ FRET metrics may permit 

recovery of !!"# when experimental determination of !!" is not possible. 

Further, we can take advantage of the parallel analysis we are conducting with 

two different probe pairs. The FP-FRET model should give similar domain sizes in 

both cases. Therefore, a comparison of recovered domain sizes for DHE/Fast-DiO and 

Fast-DiO/Fast-DiI will serve as an indication whether efforts to improve experimental 

determinations of !!" for DHE/FastDiO are sufficient. This line of analysis will prove 

more useful with additional comparisons. For example, probe pairs with other 

fluorescent lipid analogs that include the DiO and DiI chromophores are possible. We 

have conducted preliminary experiments in DSPC/POPC/Chol using the acceptor 

probes DiI-C18:0 (1,1’-dioctadecyl-3,3,3’,3’- tetramethylindocarbocyanine 

perchlorate) and DiI-C18:1 (1,1’-dioleoyl-3,3,3’,3’-tetramethylindocarbocyanine 

perchlorate) with donor FastDiO (data not shown). These probes do not partition into 

Ld phase as strongly as Fast-DiO and Fast-DiI [51].   

Additional future directions, including comparisons with SANS measurements 

of domain size, are proposed in Chapter 5. 

4.5 CONCLUSION 

 We have presented approaches for acquiring experimental FRET data to test 

the FP-FRET model and determine the sizes of coexisting nanoscopic domains in the 

Ld+Lo coexistence region for DSPC/POPC/Chol. The FP-FRET model describes 

energy transfer efficiency between freely diffusing membrane probes in bilayers 
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exhibiting Ld+Lo phase separation in the form of finite-sized phase domains. Future 

work aims to acquire high quality data suitable for fitting to the FP-FRET model.  

Several parallel approaches will be pursued to achieve high quality data. First, 

methods for correcting current data for probe self-quenching will be investigated. 

Second, connections between the !!" and SAE FRET metrics will be explored using 

experimental and analytical approaches. Finally, a global analysis of data acquired 

using multiple probe pairs, including those known to exhibit less self-quenching, will 

be undertaken. Once a reasonable experimental protocol has been developed and the 

sizes of nanoscopic domains have been measured in DSPC/POPC/Chol, we plan to 

examine the influence of temperature and vesicle diameter on domain size. We will 

extend these approaches to measure the sizes of nanoscopic domains in the more 

biologically relevant membrane model bSM/POPC/Chol, and compare size results to 

those obtained via SANS. 
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Chapter 5: 
Conclusions and Future Directions 

 
 
5.1 CONCLUSIONS 

5.1.1 Temperature-Dependent Phase Behavior in Sphingomyelin-Containing 

Ternary Lipid Mixtures 

Using high compositional resolution FRET along with DSC, we found similar 

phase diagrams for the ternary mixtures bSM/DOPC/Chol and bSM/POPC/Chol at 15 

and 25°C. The miscibility gap is slightly smaller in the POPC-containing system 

compared to the DOPC-containing system at comparable temperatures. FRET and 

SANS do not detect immiscibility for PSM/POPC/Chol between 35-45°C, and 

miscibility for PSM/DOPC/Chol between 45-55°C. The magnitude of the FRET is 

significantly reduced for bSM/POPC/Chol compared with bSM/DOPC/Chol, 

consistent with significantly smaller Ld+Lo phase domains for POPC than DOPC. 

5.1.2 Ld+Lo Phase Coexistence in bSM/POPC/Chol 

FRET and ESR show the presence of an Ld+Lo phase coexistence region for 

bSM/DOPC/Chol and bSM/POPC/Chol. Differences in ESR acyl chain order 

parameter were observed in the DOPC- and POPC-rich Ld phases, with greater order 

observed for POPC than DOPC. The more similar order in Ld and Lo phases for 

bSM/POPC/Chol is consistent with smaller phase domains in this system, compared to 

bSM/DOPC/Chol.  

5.1.3 Domain Sizes in bSM/POPC/Chol 

 FRET results indicated Ld+Lo heterogeneity in the form of coexisting domains 

with sizes on the order of the 2-6 nm detection resolution of the probe pairs employed. 
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SANS results did not detect coexisting Ld+Lo domains in bSM/POPC/Chol above the 

7 nm minimum detection limit for this technique. Together, these FRET and SANS 

results enabled us to constrain the sizes of coexisting Ld+Lo domains in 

bSM/POPC/Chol to a radius of 2-6 nm. Experimental techniques and analyses are 

being developed to further investigate the sizes of coexisting domains using FRET.  

5.2 FUTURE DIRECTIONS 

5.2.1 FRET Measurements for Sizes of Coexisting Ld+Lo Domains 

To test the FP-FRET model, we will first attempt to fit the data that we 

currently have to recover domain sizes for DSPC/POPC/Chol [1]. The 

DSPC/DOPC/Chol data will serve as a good control: since domains in this system are 

known to be macroscopic, they will fall within the infinite-phase limit of FP-FRET 

sensitivity. In addition, we plan to employ a wider range of fluorescent lipid analogs in 

the DSPC/POPC/Chol system. Global analysis can be performed using a series of DiI 

probes with different partitioning behavior. Additional probes that suffer less self-

quenching will also be used. Acquiring data for probe pairs with different R0 values 

enhances the sensitivity and reliability of the FP-FRET model. 

5.2.2 Domain Size Variation with Temperature 

Temperature is also expected to affect domain sizes. Domains should get 

smaller approaching the upper miscibility transition temperature, which was found to 

be 45-55°C in bSM/DOPC/Chol and 35-45°C in bSM/POPC/Chol via FRET and 

SANS. Our FRET results in bSM/DOPC/Chol and bSM/POPC/Chol indicate that the 

tieline and phase boundaries do not shift appreciably from 15-25°C, but further high-
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resolution FRET studies are needed to determine phase boundaries at higher 

temperatures.  

5.2.3 Domain Sizes in Four-Component Systems 

It is possible that the mammalian PM may have raft size that is regulated by 

adjusting the local concentrations of certain lipids. Given the existence of macroscopic 

fluid phase domains in bSM/DOPC/Chol and nanoscale phase domains in 

bSM/POPC/Chol, a transition between these size regimes occurs in the four-

component mixture bSM/DOPC/POPC/Chol. Recent work has explored this transition 

with fluorescence microscopy of GUV’s of mixtures bSM/DOPC/POPC/Chol [2,3] 

and DSPC/DOPC/POPC/Chol [4,5]. If we can estimate the tielines in the four-

component systems, it should be possible to recover domain sizes from FRET 

measurements. 

In particular, by varying the low-melting lipid composition between POPC and 

DOPC in the mixture DSPC/DOPC/POPC/Chol, we can acquire data with different 

domain sizes. As the fraction of DOPC is increased, the size of coexisting Ld+Lo 

domains increases. Fluorescence microscopy studies have qualitatively assessed 

macroscopic domain sizes [4,5], and SANS studies have determined that domain sizes 

vary linearly within the nanodomain regime for this four-component mixture [6].  

SANS is a complementary experimental technique for measuring domain sizes. 

Determining domain sizes in the four-component system bSM/DOPC/POPC/Chol 

should prove especially useful to corroborate domain size estimates in 

bSM/POPC/Chol, where domains are too small to be resolved with SANS. As domain 

sizes have been shown to decrease linearly as DOPC is replaced with POPC in the 
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nanodomain regime of DSPC-containing mixtures via SANS [6], similar replacement 

studies could be used to extrapolate domain sizes in bSM/POPC/Chol from SANS 

measurements. 

5.2.4 Domain Sizes for SM/POPC/Chol with Various SM Species 

Characterization of the size transitions that occur with variation of the low-

melting lipid is well underway. Less appreciated is the role of the high-melting lipid in 

controlling the sizes of fluid phase domains. For the same SM/POPC/Chol 

composition, our SANS results indicate that coexisting Ld+Lo domains are smaller for 

bSM than PSM, SSM, or egg SM.  

We will also measure the bilayer thicknesses for the pure phase Ld and Lo 

compositions in these mixtures. SANS studies in the four-component system 

DSPC/DOPC/POPC/Chol indicate that the Ld phase thickness decreases as domain 

sizes grow upon replacing POPC with DOPC [6]. When comparing different SM 

species, greater similarity of the Ld and Lo phase thicknesses should correlate with 

smaller domain sizes. We therefore expect the thicknesses of the Ld and Lo phases are 

more similar for bSM than PSM. 

Modeling data to determine the sizes of coexisting domains requires 

knowledge of a well-defined tieline [7] which we have now determined for 

bSM/POPC/Chol. Future high-resolution FRET trajectory experiments will determine 

phase boundaries along this tieline in SM/POPC/Chol with different SM species.  

5.2.5 Vesicle Curvature Effects on Domain Sizes 

Even macroscopic phase coexistence manifests as nanoscale domains on 

vesicles with 60-nm diameter [6]. Several techniques will provide complementary 
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approaches for measuring domain sizes in freely suspended) bilayer vesicles. SANS 

measurements can be conducted on 60 and 100 nm diameter vesicles, while FRET can 

be measured for vesicles of these sizes in addition to larger paucilamellar vesicles. 

Models used to recover domain sizes from these measurements must assume domain 

morphologies, with round domains as the simplest case. Domain morphologies for 

macroscopic domains are being investigated using fluorescence microscopy of GUVs 

[2,3]. 

Combining these techniques, we can investigate how domain size varies with 

vesicle size and curvature [8]. This work is important to inform theoretical treatments 

of nanodomains. Simulation studies indicate competing roles for line tension and 

curvature energies in regulating domain morphology on GUVs [9], and will be 

extended to investigate nanoscopic domains and smaller vesicles. 
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Appendix A 
FRET Surface Experiment Details 

 
 
 This Appendix accompanies Chapter 2. 

A.1 Temperature Controlled FRET Measurements 

 Temperature control measures were taken during sample preparation and 

measurement to ensure equilibrium phase behavior. All samples and controls were 

randomized during sample preparation and measurement to reduce any systematic 

disparities in environment or instrument conditions that would affect measurements 

over time. After rapid solvent exchange (RSE), samples were placed in a water bath at 

45°C (above the bSM melting temperature) and ramped at 2°C per hour to 15°C, the 

first measurement temperature. Samples were incubated at 15°C for three days before 

measurement. After measurement (which took ~ 12 h), the temperature was increased 

by 10°C, and samples were incubated for ~ 10 h before measurement at the new 

temperature. Measurement at all four temperatures was completed within four days. 

While different sample aliquots were used at each measurement temperature, all four 

aliquots came from the same culture tube in which the multilamellar vesicles (MLVs) 

were initially prepared.  

 Various measures were used to maintain a constant sample temperature at the 

time of measurement. The water bath holding the samples was maintained to within 

1°C. Buffer used to dilute the sample in the cuvette was stored in a glass container in 

the water bath, and pumped directly into the cuvette. The cuvette temperature was 

maintained within 1°C using a Quantum Northwest temperature controller with 

circulating water bath. A dry block heater and Stir Kool peltier, both with home-built 
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PID control, were used to maintain temperatures for pipette tips and samples 

immediately before and after measurement. Samples were gently stirred in the cuvette 

throughout measurement to prevent concentration and temperature gradients. After 

measurement, the sample was removed from the cuvette by aspiration, and new buffer 

was immediately added to maintain the cuvette temperature. 

 FRET measured using these temperature controls is shown at 15, 25, 35°C 

(Fig. 2.1), and 45°C (Fig. A.1) for bSM/DOPC/Chol, and at 15, 25, and 35°C (Fig. 

2.3) for bSM/POPC/Chol. Some compositional variation in FRET persisted at high 

temperature (Fig. A.1, Fig. 2.3), which was expected due to gradual changes in 

interfacial polarity and chain order that accompany changes in mixture composition. 

However, the large compositional variation in FRET observed at lower temperatures 

for bSM/DOPC/Chol is not present at 45°C (Fig. A.1), suggesting that the bilayer is 

well-mixed at this higher temperature. Given that the SANS results indicated a lower 

miscibility transition for SM/POPC/Chol compared to SM/DOPC/Chol (Fig. 2.8), the 

FRET surfaces for bSM/POPC/Chol at 35°C (Fig. 2.3) were presumed to exhibit 

complete miscibility.  
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Figure A.1 FRET for bSM/DOPC/Chol at 45°C. Contour plots constructed from 
FRET measurements at 360 compositions, using the probe pairs BoDIPY-PC/LR-
DOPE (left) and DHE/BoDIPY-PC (right). Regions of enhanced or reduced FRET 
efficiency that result from non-uniform probe partitioning in phase coexistence 
regions are not seen at 45°C, indicating nearly complete miscibility. Data were 
smoothed with nearest-neighbor averaging. FRET surfaces measured at 15°C, 25°C, 
and 35°C are shown in Fig. 2.1. 
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A.2 Difference FRET Surfaces 

To interpret variations in FRET signal, we subtracted the bSM/DOPC/Chol 

45°C surfaces (Fig. A.1) and bSM/POPC/Chol 35°C surfaces (Fig. 2.3) from the 

corresponding surfaces measured at 15, 25, 35°C for bSM/DOPC/Chol (Fig. 2.1) and 

15 and 25°C for bSM/POPC/Chol (Fig. 2.3).  The resulting difference FRET surfaces 

shown in Figs. A.2 and A.3 enabled us to distinguish trends in FRET due to 

compositional heterogeneity from those due to gradual changes that persist in well-

mixed bilayers. 
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Figure A.2 Difference FRET surfaces reveal phase coexistence regions in 
bSM/DOPC/Chol. FRET surfaces measured at 45°C (Fig. A.1) were subtracted from 
FRET surfaces measured at 15°C, 25°C, and 35°C (Fig. 2.1) to obtain difference 
FRET surfaces shown here for the probe pairs BoDIPY-PC/LR-DOPE (upper panel) 
and DHE/BoDIPY-PC (lower panel) at 15°C, 25°C, and 35°C. Regions of enhanced 
(upper panel) or reduced (lower panel) FRET efficiency result from non-uniform 
probe partitioning in phase coexistence regions. 
 
 
 
 

 
 
 
Figure A.3 Difference FRET surfaces reveal phase coexistence regions in 
bSM/POPC/Chol. FRET surfaces measured at 35°C (Fig. 2.3) were subtracted from 
FRET surfaces measured at 15°C and  25°C (Fig. 2.3) to obtain difference FRET 
surfaces shown here for the probe pairs BoDIPY-PC/LR-DOPE (upper panel) and 
DHE/BoDIPY-PC (lower panel) at 15°C and  25°C. Regions of enhanced (upper 
panel) or reduced (lower panel) FRET efficiency result from non-uniform probe 
partitioning in phase coexistence regions.  
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Appendix B 
Differential Scanning Calorimetry Analysis and Thermograms 

 
 

This Appendix accompanies Chapter 2. 

B.1 DSC Data Analysis 

 Baseline subtraction was performed with Mathematica v7. DSC scans were 

acquired over a wide temperature range in order to include baseline behavior on either 

end. The baseline ranges were selected and fit to a second order polynomial over the 

temperature range of the entire scan, which was then subtracted from the raw data. 

Onset and completion temperatures were determined using the model-free tangent 

construction method [1,2]. The maximum slope at the low- and high-temperature ends 

of the thermogram correspond to the onset and completion temperatures, respectively. 

Starting from baseline-subtracted data, the first derivative of the thermogram was 

evaluated numerically, and smoothing was performed using a Gaussian filter to 

average local points. The first peak on the low-temperature end and the last valley on 

the high-temperature end of the first derivative plot were identified. The tangent to 

each of these features was constructed, and the intersection of the tangent with the 

baseline (i.e., y=0 for baseline-subtracted data) was taken to be the onset (completion) 

of the transition.  

Analysis was performed separately for heating and cooling scans, and results 

were averaged. Heating scans for samples with unreliable low-temperature baselines 

were omitted, even though these scans produced completion temperature values 

comparable to those determined from the cooling scans. For samples on which the 

temperatures of interest were below 0°C, results are reported for cooling scans alone. 
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We note that cooling to -10°C was possible during slow cooling (scan rate 0.2°C/min) 

because the samples became supercooled [3].  Since the lipid dispersions were in 

excess water, full hydration was assured due a tightly bound population of ‘non-frozen 

water’ [4].  

 

B.2 DSC Thermograms 

 Thermograms for bSM/DOPC, bSM/POPC, and bSM/POPC with 10 mol% 

Chol are shown in Figs. B.1-B.3.  The resulting phase diagrams are shown in Fig. 2.5 

of the main text. 
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Figure B.1 DSC thermograms for bSM/DOPC. Onset and completion temperatures 
for each sample were determined from heating (red) and cooling (blue) scans. Scans 
include χbSM= 0.2, 0.3, 0.4, 0.5, 0.6, 0.7, 0.8, 0.9, 0.95, and 1.0 from top to bottom, 
offset for better viewing. These thermograms were used to construct the phase 
diagram shown in Fig. 2.5 (triangles). 
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Figure B.2 DSC thermograms for bSM/POPC. Onset and completion temperatures 
for each sample were determined from heating (red) and cooling (blue) scans. Scans 
include χbSM= 0, 0.07, 0.1, 0.2, 0.3, 0.4, 0.5, 0.6, 0.7, 0.8, 0.9, 0.95, and 1.0 from top to 
bottom, offset for better viewing. These thermograms were used to construct the phase 
diagram shown in Fig. 2.5 (squares). 
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Figure B.3 DSC thermograms for bSM/POPC with 10 mol% Chol. Onset and 
completion temperatures for each sample were determined from heating (red) and 
cooling (blue) scans. Scans include χbSM= 0, 0.1, 0.2, 0.3, 0.4, 0.5, 0.6, 0.7, 0.8, 0.85, 
and 0.9 from top to bottom, offset for better viewing. These thermograms were used to 
construct the phase diagram shown in Fig. 2.5 (circles). 
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Appendix C 
Small-Angle Neutron Scattering 

 
 
 This Appendix accompanies Chapter 2. 

C.1 SANS Experiment Methodology 

 SANS is a probe-free technique uniquely capable of characterizing nanometer-

scale lateral heterogeneity in freely suspended lipid vesicles. SANS was used to 

investigate liquid phase separation in SM/DOPC/Chol and SM/POPC/Chol using the 

methodology of Pencer et al. [1]. Briefly, lipid phase separation is driven by the 

immiscibility of saturated and unsaturated acyl chains. Domains are detected when a 

difference in scattering length density (SLD) exists between the coexisting phases. 

Since the SLDs of lipids and cholesterol are similar without deuteration, contrast is 

achieved by deuterating the saturated acyl chain of one component. In these 

experiments, the deuterated component was PSM-d31 (dPSM) or POPC-d31 

(dPOPC). 

 The ratio of deuterated to non-deuterated lipid, as well as the D2O/H2O ratio 

for the solvent, were adjusted such that the mean SLD of the average bilayer 

composition matched the solvent SLD at high temperature. Figure C.1 shows a 

schematic diagram of the experiment. In these experiments, the ratio of deuterated to 

total lipid was 94/100 for dPSM/DOPC/Chol = 0.40/0.43/0.17 (Fig. 2.7, downward-

pointing triangles) and 0.54/0.20/0.26 (Fig. 2.7, upward-pointing triangles) and 

100/100 in all other cases. At high temperature, the lipids in the bilayer are randomly 

mixed, resulting in zero contrast between the bilayer and solvent. No scattering is 

observed at these contrast matching conditions. As the temperature is lowered, phase 

separation due to segregation of saturated and unsaturated acyl chains into membrane 

domains results in a scattering signal from lateral SLD fluctuations. Aside from the 

contrast series described below, all measurements were performed under contrast 
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matching conditions. 

 

 

 

 

 

 
Figure C.1 Schematic of SANS contrast matching experiment. Lipid phase 
separation into coexisting domains results in segregation of lipids with saturated (e.g., 
palmitoyl) and unsaturated (e.g., oleoyl) acyl chains. A scattering length density 
(SLD) difference between the coexisting phases is required for domain detection via 
SANS. Contrast is achieved by perdeuterating the palmitoyl chain of PSM or POPC, 
resulting in a significantly higher SLD than protiated bSM, DOPC, or POPC. ULVs 
are used to depict differences in contrast observed as a function of temperature. Left, 
the SLD of the aqueous medium is matched to the average SLD of the bilayer such 
that no contrast is detected throughout the sample at high temperature, where the lipids 
are randomly mixed within the plane of the bilayer (ΔSLD = 0). Right, SLD 
fluctuations within the plane of the bilayer give rise to an SLD difference between the 
aqueous medium and the acyl chain region of the ULV such that scattering is detected 
at lower temperatures where phase separation of saturated and unsaturated chains 
occurs. 
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C.2 Contrast Matching Conditions: Experimental Series 

 Contrast matching calculations for lipid and aqueous solvent were performed 

as described previously [1]. The SLD of each lipid molecule was calculated using the 

neutron coherent scattering lengths for their constituent atoms [2] and lipid molecular 

volumes, and are shown in Table C.1:  
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Table C.1 Neutron scattering lengths (b), molecular volumes (V) at 45°C, and 
corresponding scattering length densities (SLD) of species relevant to this study.  

Molecule Chemical 
Formula b [fm] V [Å3] SLD [fm/ Å3] 

PC headgroup C10H18NO8P 60.1 331a 0.181 

SM headgroup C9H19N2O6P 47.4 331b 0.143 
bSM chains         
(18:0 SM) C32H64 -26.6 856c -0.031 

PSM chains        
(16:0 SM) C30H60 -24.96 856c -0.029 

PSMd31 chains C30 H29D31 297.75 856c 0.348 

DOPC chains C34H66 -20.8 988d -0.021 

POPC chains C32H64 -26.6 939e -0.028 

POPCd31 chains C32H33 D31 296.1 939e 0.315 

cholesterol C27H46O 13.3 629f 0.021 

water H2O -1.68 30.4 -0.055 

heavy water D2O 19.15 30.5 0.628 

33.9% heavy water H1.32D0.68O 5.38 30.4 0.177 

28.0% heavy water H1.44D0.56O 4.15 30.4 0.137 

27.6% heavy water H1.45D0.55O 4.07 30.4 0.134 

26.0% heavy water H1.48D0.52O 3.74 30.4 0.123 

18.8% heavy water H1.62D0.38O 2.24 30.4 0.074 
a[3] 
bAssumed SM headgroup volume similar to PC headgroup volume. 
cDetermined bSM molecular volume 1187 Å3 from [4]. 
d[5] 
e[6] 
f[4] 
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 In some cases, molecular volumes at 45°C were extrapolated from linear fits to 

lower temperature data. PSM-d31 and POPC-d31 molecular volumes were taken to be 

equivalent to their protiated analogues. As the calculated bilayer SLD was found to be 

relatively insensitive to SM molecular volumes between 1050 and 1200 Å3, a value of 

1187 Å3 was used for both bSM and PSM. 

 The solvent D2O/H2O contrast match conditions were confirmed 

experimentally, and found to be within 1.5% of calculated values. Replicates of the 

lipid mixture were prepared with different D2O/H2O solvent ratios. Scattering curves 

were then measured at high temperature (55°C), where the bilayer exists in a 

homogenous, randomly mixed fluid phase. The incoherent background was estimated 

from the region 0.05 < q < 0.10 Å-1. Plots of the incoherent background vs. D2O 

fraction yielded a roughly linearly decreasing curve. A line was fit to the three points 

centered at the calculated contrast match point to determine the incoherent background 

contributions to the scattering for all samples measured. This incoherent background 

was then subtracted from each scattering curve. The integrated intensity for each curve 

was then plotted as a function of D2O fraction and fit to a quadratic function, as shown 

in Figure C.2: 
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Figure C.2 SANS contrast match series performed at 55°C. Contrast match points 
were determined experimentally for dPSM/DOPC/Chol = 0.54/0.20/0.26 (triangles), 
bSM/dPOPC/Chol = 0.54/0.20/0.26 (squares), and bSM/dPOPC/Chol = 
0.375/0.375/0.25 (circles). Dashed lines indicate calculated contrast match points; 
solid lines were obtained by fitting the experimental data points to a parabola. Sample 
compositions, SLD values, and contrast match conditions are listed in Table C.2. 
Scattering curves for these contrast matched samples appear in Fig. 2.7.  

 

 

 The minimum value of the best-fit quadratic function was taken as the contrast 

match point (Table C.2). For each composition, the calculated and experimental 

contrast match D2O fractions are in good agreement. The solvent D2O fraction was 

adjusted to the experimental value for each sample before measurements investigating 

lateral heterogeneity at lower temperatures. 
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Table C.2 Sample compositions, scattering length densities (SLD), and contrast match 
conditions for samples from Fig. 2.8. Colors correspond to trace colors in Figs. 2.7 
and C.2. 

χPSM χbSM χDOPC χPOPC χChol SLDc fD20
d 

0.54a - 0.20 - 0.26 0.175 0.339 

0.40a - 0.43 - 0.17 0.137 0.28 

- 0.54 - 0.20b 0.26 0.081 0.188 

- 0.375 - 0.375b 0.25 0.134 0.261 
a The %PSMd31 is 94%. 
b The %POPCd31 is 100%.  
c Average bilayer scattering length density (SLD) in fm/A3 at 45°C.  
d Fraction of D20 in the D2O/H2O aqueous medium. 

 

 

C.3 Total Scattered Intensity 

 The total scattered intensity Q=∫Iq2dq provides a quantitative measure of 

lateral segregation [7]. For the type of contrast matched samples described here, Q 

takes on relatively low values at temperatures where the bilayer is randomly mixed, 

but increases at temperatures where the sample is phase separated. Plotting Q as a 

function of temperature therefore yields an estimate of the miscibility transition 

temperature. Since this method compares scattering at different temperatures, it is 

important to properly subtract the incoherent background at each temperature. Indeed, 

the incoherent background in many cases was observed to increase with temperature. 

As described above for the contrast series measurements, the incoherent background 

was estimated from the high-q region and subtracted from each sample measurement. 

The total scattered intensity was then determined by integrating over the same q range 

at each temperature. The calculated Q values for samples listed in Table C.3 are 

shown in Fig. 2.8 of the main text. The corresponding scattering curves are shown in 

Fig. C.3: 
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Figure C.3 SANS reveals phase separation in PSM/POPC/Chol. Scattering curves 
for PSM/dPOPC/Chol (A), dPSM/POPC/Chol (B), and dPSM/DOPC/Chol (C) at 15, 
25, 35, 45, and 55°C. All compositions have mole fractions 0.39/0.39/0.22. Enhanced 
scattering in all three samples indicates coexisting domains between 15 and 35°C. 
Minimal scattering at 45−55°C indicates a miscibility transition between 35−45°C for 
both POPC-containing samples (A and B). Residual scattering at 35 and 45°C is more 
significant for  DOPC-containing  (C) than for POPC-containing samples. This result 
is consistent with observations made with FRET. Switching the deuterated species in 
the mixture PSM/POPC/Chol from dPSM (B) to dPOPC (A) results in a significant 
increase in scattering, indicating stronger partitioning of POPC into the Ld phase, in 
contrast to the partitioning of PSM into Lo phase. Therefore, dPOPC should provide 
better contrast than dPSM for detecting domains in SM/POPC/Chol mixtures. Sample 
compositions, scattering length densities, and contrast match conditions are listed in 
Table C.3. 

 

 
Table C.3 Sample compositions, scattering length densities (SLD), and contrast match 
conditions for samples from Figs. 2.8 and C.3. Colors correspond to Figs. 2.8 and C.3. 
χPSM χPSM-d31 χDOPC χPOPC χPOPC-d31 χChol SLDc fD20

d 

 0.39a - 0.39 - 0.22 0.137 0.276 

0.39 - - - 0.39b 0.22 0.137 0.276 

- 0.39a 0.39 - - 0.22 0.081 0.276 
a The %PSMd31 is 100%. 
b The %POPCd31 is 100%. 
c Average bilayer scattering length density (SLD) in fm/A3 at 45°C. 
d Fraction of D20 in the D2O/H2O aqueous medium. 
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Appendix D 
Vesicle Structures and Solvent Conditions 

 
 
D.1 Introduction 

The four experimental techniques employed in this work (described in Chapter 

2, 3, and 4) require slightly different sample preparation, including solvent conditions. 

We discuss vesicle structures and solvent conditions employed in Förster resonance 

energy transfer (FRET), differential scanning calorimetry (DSC), and small-angle 

neutron scattering (SANS) in Chapter 2. The vesicle structures employed in electron 

spin resonance (ESR) are discussed in Chapter 3. Issues regarding extrusion of 

vesicles to obtain unilamellar vesicles (ULV) for FRET measurements requiring 

consistent sample concentrations are discussed in Chapter 4.4.4. More explicit 

discussion of and comparison between the vesicle structures and solvent conditions 

employed in all four techniques in this thesis are provided in this Appendix. We also 

discuss solvent equilibration across multilayers. 

D.2 Variants on the Bilayer Lyotropic Phase 

D.2.1 Vesicle Lamellarity 

Throughout the thesis, the term paucilamellar vesicle (PLV) has been 

substituted for the more common term multilamellar vesicle (MLV). This change was 

made since the average lamellarity of vesicles prepared via rapid solvent exchange 

(RSE) is 1.4 [1], and therefore these vesicles are more accurately described as PLV’s 

than MLV’s. In the abbreviations section of the front matter (page xvii), we define 

MLV’s as having lamellarity >2 and PLV’s as having lamellarity between 1 and 2. 
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This terminology is used consistently through the dissertation. MLV’s or PLV’s may 

be extruded to obtain ULV’s with well-defined vesicle diameter. 

The lamellarity of the vesicles is related to the sample preparation method. The 

lamellarity is relevant for several reasons including (1) possible FRET between 

different bilayers, (2) equilibration of ions across bilayers, and (3) proper hydration of 

vesicle structures via adequate water equilibration across bilayers.  

D.2.2 Probe Communication Across Bilayers 

 FRET data may be fit to the finite phase separation FRET (FP-FRET) model to 

determine the sizes of coexisting domains as described in Chapter 4. Since energy 

transfer via FRET is a distance-dependent effect, geometric constraints must be taken 

into account. In the simplest case, FRET occurs between probes in a single leaflet of 

the bilayer. The description can be expanded to include FRET between probes in 

opposite leaflets, and ultimately across different bilayers. For first efforts to produce 

experimental data that may be fit to the FP-FRET model, we simplified the geometry 

by extruding PLV’s prepared by RSE to obtain ULV’s. 

D.2.3 Vesicle Hydration 

 Proper vesicle hydration requires adequate water equilibration across bilayers. 

Many studies have investigated lipid phase behavior as a function of hydration (for 

example, [2]). Most studies now employ fully hydrated vesicles, since these conditions 

better model the cell membrane.  

It is possible to check for water equilibration via DSC. Without adequate 

hydration, the DSC signal exhibits additional peaks beyond those indicating familiar 

bilayer phase transitions [2]. This occurs because pockets of bilayer exist with 
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inadequate hydration; these exhibit different transition temperatures. We compared 

DSC scans for vesicles prepared via two methods at three compositions in the binary 

system DSPC (1,2-distearoyl-sn-glycero-3-phosphocholine)/SOPC (1-stearoyl-2-

oleoyl-sn-glycero-3-phosphocholine). These compositions included DSPC/SOPC 0/1, 

0.5/0.5, and 1/0 in order to span a range of phase transition temperatures. The two 

vesicle preparation methods included (1) RSE and (2) dry film hydration followed by 

five freeze/thaw cycles. Even on the first DSC scan, the only peaks present were those 

due to familiar bilayer phase transitions. This indicates that samples prepared by both 

methods were adequately hydrated and equilibrated prior to measurement. 

We were also able to check for sample heterogeneity due to inadequate 

hydration via ESR. In all ternary lipid systems examined via ESR (Chapter 3), we 

examined a control trajectory that passes through the one-phase region and exhibits a 

continuous, gradual change in phase properties between liquid-disordered (Ld) and 

liquid-ordered (Lo) phases. ESR spectra for samples along these trajectories were 

always fit by one order parameter, consistent with homogeneity and equilibration of 

water across the lipid multilayers. 

 In the studies described in this dissertation, we used RSE to prepare vesicles 

for FRET and DSC, and we used dry film hydration followed by freeze/thaw to 

prepare vesicles for ESR and SANS. Our DSC and ESR results indicate that all lipid 

samples exhibited adequate hydration. In future studies, it will be possible and 

preferable to prepare all PLV samples via RSE. 
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D.2.4 Vesicle Size 

 For the SANS studies described in Chapter 2, MLV’s prepared via dry film 

hydration and freeze/thaw were extruded to produce ULV’s with 60 nm diameter. For 

some of the FRET studies described in Chapter 4, PLV’s prepared by RSE were 

extruded to produce ULV’s with 100 nm diameter. For all other studies, vesicles were 

employed as PLV’s. For SANS, extrusion was necessary to avoid complication of the 

measured scattering intensity by the interparticle structure factor [3]. For FRET in 

Chapter 4, ULV’s were required to simplify geometry for the FP-FRET model (as 

discussed in Chapter 4 and Appendix D2.2). 

 Extruding vesicles to small diameter increases the bilayer curvature, which 

certainly has an effect on the sizes of detected coexisting phase domains and may also 

have additional effects on membrane phase behavior [4]. As discussed in Chapter 6.2, 

we plan to investigate the influence of vesicle size on membrane phase behavior using 

FRET and SANS. 

D.3 Solvent Conditions 

Where possible, bilayer samples were prepared under physiological buffer 

conditions (200 mM KCl, 5 mM PIPES, and 1 mM EDTA at pH 7.0). This was 

possible for FRET samples. Limitations for ESR, DSC, and SANS are discussed 

below. Discussion of the influence of solvent conditions on membrane phase behavior 

follows.  
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D.3.1 Solvent Condition Limitations 

D.3.1.1 Electron Spin Resonance (ESR) 

For ESR, excess water attenuates the measured ESR signal. Therefore, it was 

necessary to pellet lipid samples by centrifugation before measurement. For the 

mixtures examined, the samples most difficult to pellet included low-melting lipids 

with ~10 mol% cholesterol (Chol). These samples could be pelleted in buffer of 

reduced ionic strength (10 mM KCl, 5 mM PIPES, and 1 mM EDTA at pH 7.0). 

Lowering the ionic strength reduced the density of the solvent, enabling the sample to 

be pelleted by making the solvent density lower than the lipid density. 

D.3.1.2 Differential Scanning Calorimetry (DSC) 

For DSC, higher concentration samples yield peaks of greater intensity. It was 

especially important to maximize intensity for the compositions explored in these 

studies because the DSC signal is broad for lipid mixtures. In the DSC studies 

described in Chapter 2, the high-melting lipid bSM (brain-sphingolymelin) is itself a 

mixture exhibiting a broad transition. Further, coexisting Ld and gel (Lβ) phases 

broaden the DSC signal. Finally, addition of Chol further broadens the DSC signal. 

 DSC samples were prepared by RSE. This vesicle preparation technique has an 

empirically determined maximum concentration. Above this maximum lipid 

concentration, it is not possible to complete the solvent exchange process without loss 

of lipid sample due to foaming. This issue is avoided by performing RSE at lipid 

concentrations below 2 mg/mL. Therefore, the RSE process was carried out on dilute  

lipid mixtures. Samples were then pelleted by centrifugation, and the supernatant was 

removed to concentrate the PLV sample. For samples with significant fractions of 



! 163!

low-melting lipids, it was not possible to pellet the samples in physiological buffer 

conditions. The samples most difficult to pellet included low-melting lipids with 0% 

Chol. The ionic strength of the solvent had to be lowered to zero in order to pellet 

these samples. Zero ionic strength (water) was then used for all DSC samples. 

D.3.1.3 Small-Angle Neutron Scattering (SANS) 

The contrast-matching technique used to conduct the SANS experiments 

described in Chapter 2 requires a solvent mixture of H2O and D2O. It was important to 

match the scattering length density of the solvent to the mean bilayer scattering length 

density. It is difficult to do so if additional components were added to the solvent to 

achieve physiological buffer conditions. Therefore, zero ionic strength (water) was 

used for all SANS samples. 

D.3.2 Solvent Effects on Membrane Phase Behavior 

 To construct phase diagrams by compiling results from techniques requiring 

samples in solvents of different ionic strengths, it is important to understand the 

degree to which solvent conditions influence phase boundaries. Examples of studies 

conducted with mixtures of neutral lipids under different solvent conditions are 

discussed below. 

D.3.2.1 Phase Boundaries Agree for Neutral Lipid Mixtures in Various Solvent 

Conditions  

Several studies in our lab have confirmed that samples prepared at zero ionic 

strength exhibit the same phase boundaries as samples prepared in physiological 

buffer conditions for neutral lipids like those employed in this thesis.  
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1. Observations were made for DSPC (1,2-distearoyl-sn-glycero-3-

phosphocholine)/DOPC (1,2-dioleoyl-sn-glycero-3-phosphocholine)/Chol and 

DSPC/POPC (1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine)/Chol [5]. In these 

studies, over 500 giant unilamellar vesicles (GUV’s) were prepared at zero ionic 

strength, and an additional 500 GUV’s were prepared in physiological buffer 

conditions. Phase boundaries determined by examining these GUV’s with 

fluorescence microscopy were in agreement for both solvent conditions. In addition, 

the phase boundaries determined in these fluorescence microscopy studies agreed with 

phase boundaries determined via fluorescence spectroscopy measurements on PLV’s 

prepared in physiological buffer by RSE.  

2. Further observations were made for DSPC/DOPC/Chol, DSPC/POPC/Chol, 

and DSPC/SOPC/Chol using FRET and ESR. In experiments similar to those 

described in Chapters 2 and 3, physiological buffer was employed for FRET studies, 

and lower ionic strength was used for ESR studies. Phase boundaries determined using 

these two techniques are in excellent agreement [6]. 

3. Similar observations were made for DPPC (1,2-dipalmitoyl-sn-glycero-3-

phosphocholine)/DLPC (1,2-dilauroyl-sn-glycero-3-phosphocholine) /Chol: phase 

boundaries coincided for fluorescence microscopy of GUV’s from zero up to 100 mM 

ionic strength, and these phase boundaries were additionally in agreement with those 

determined via via fluorescence spectroscopy for vesicles with 200 mM ionic strength 

[7].  
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D.3.2.2 Phase Boundaries May Vary with Solvent Conditions in Some Cases 

 Solvent conditions may affect phase boundaries for mixtures containing 

negatively charged lipids and near the gel/fluid transition for neutral lipids. For 

mixtures containing negatively charged lipids, the change in the gel/fluid transition 

temperature is only a few degrees when monovalent cations are employed in the 

solvent [8,9]. For neutral lipids such as DPPC, the gel/fluid transition temperature may 

change by a degree or two (Celsius) in 1M salt compared to zero ionic strength [10].  
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Appendix E 
Experimental Detection of Nanoscale Heterogeneity and Critical Fluctuations  
 
 
E.1 Phase Separation Terminology 

In this thesis, we use the terminology of phase separation in describing liquid 

heterogeneity detected in lipid mixtures modeling the cell membrane. To avoid 

confusion, we point out that the classical definition of phase separation in statistical 

mechanics describes coexisting phases as macroscopic and separated by a well-

defined boundary [1]. In particular, ‘A phase is a part of a system, uniform throughout 

in chemical composition and physical properties, which is separated from other 

homogeneous parts of the system by boundary surfaces’ [2]. The properties that are 

uniform throughout the extent of the phase exhibit an infinite correlation length. For 

example, the density is constant throughout a fluid phase, the magnetization is 

constant in the Ising model, and concentration of the various lipid components is 

uniform throughout the liquid-ordered (Lo) phase. 

What terminology is useful for describing liquid heterogeneity on small size 

scales? The terminology of phase separation has proven especially useful in describing 

nanoscale heterogeneity, even though domains this small do not meet the classical 

definition of phase separation in statistical mechanics.  

Nevertheless, others have found that related mixtures exhibit continuous nano- 

to macroscopic domain size transitions [3]. In work directly following from this thesis, 

we have used small-angle neutron scattering (SANS) to confirm continuous domain 

size transitions between the ternary mixtures sphingomyelin (SM)/DOPC (1,2-

dioleoyl-sn-glycero-3-phosphocholine)/cholesterol (Chol) and SM/POPC (1-



! 168!

palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine)/Chol using an approach developed 

by Heberle and coworkers [4]. 

An important conclusion of this thesis is the confirmation of coexisting 

domains on the order of 2-7 nm (25-300 nm lipids per leaflet) in ternary lipid 

mixtures. The existence of these domains is confirmed by several techniques 

(Chapters 2-3). Experimental results from this thesis are important inputs for 

theoretical models that aim to explain why nanoscale domains are stable and do not 

coalesce into macroscopic phases. 

E.2 Overview 

We discuss experimental methods that have been used to detect critical 

fluctuations in lipid mixtures. We provide background on detection of critical 

fluctuations in systems exhibiting liquid-disordered (Ld) and liquid-ordered (Lo) 

phase coexistence. We elaborate on the use of techniques employed in this thesis for 

future evaluation of critical fluctuations in lipid mixtures. 

E.3 Experimental Detection of Critical Fluctuations 

 A review of experimental detection of critical fluctuations in two-dimensional 

systems reveals many instances in which these fluctuations are shown to be consistent 

with predictions of the Ising model in two-dimensions [5]. In these experiments, 

temperature-dependent measurements of order parameter, line tension, correlation 

length, or heat capacity are made in order to quantitatively determine critical 

exponents ν and β. Comparison is then made between critical exponents determined 

experimentally and those predicted by various theoretical models.  
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Experimental conditions needed for detecting critical fluctuations include 

extremely sensitive temperature control, with some estimates indicating temperature 

fluctuations greater than 0.05 K [5] or even 0.005 K [6] may not be tolerated. 

Therefore, strict evaluation of the data presented in thesis in terms of the Ising model 

is impossible because the experiments were not designed to be performed under 

temperature control conditions in which critical exponents may be determined.  

E.3.1 Systems Exhibiting Macroscopic Phase Coexistence 

Critical fluctuations have been detected directly in systems exhibiting 

macroscopic Ld+Lo phase coexistence. A region of two-phase coexistence must be 

bounded by a region of one- or three-phase coexistence unless the two-phase region 

extends to a binary axis on the phase diagram [7]. Many ternary phase diagrams for 

lipid mixtures modeling the outer leaflet of the cell membrane exhibit a region of 

Ld+Lo phase coexistence that connects to a one-phase region. In this case, the Ld+Lo 

coexistence region must terminate in a critical point. 

 The tielines in the Ld+Lo coexistence region become shorter as the 

compositions of the coexisting phases become more similar approaching the critical 

point. It is therefore possible to estimate the position of the critical point through 

accurate knowledge of the phase diagram at a given temperature [8]. For systems 

exhibiting macroscopic Ld+Lo phase coexistence, the connectivity of the coexisting 

phases is observed to switch at the percolation threshold (discussed in Chapter 

4.3.3.2). That is, Lo domains within surrounding Ld phase are observed for 

compositions closer to the Ld boundary, while Ld domains within surrounding Lo 

phase are observed on the opposite side of the Ld+Lo region. At the percolation 
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threshold, both phases are observed to be continuous. The percolation threshold can be 

determined experimentally as a function of lipid composition at constant temperature 

within the phase coexistence region. The percolation threshold terminates in the 

critical point at the upper boundary of the Ld+Lo phase coexistence region. 

 For example, fluorescence microscopy of GUV’s has been used to determine 

the percolation threshold and critical point at room temperature in the ternary lipid 

mixture DSPC (1,2-distearoyl-sn-glycero-3-phosphocholine)/DOPC/ Chol [9]. 

Further, micropipette aspiration was used to determine the line tension at the domain 

boundaries between coexisting Ld+Lo phases along the percolation threshold 

approaching the critical point in eSM (egg sphingomyelin)/DOPC/Chol [8]. 

 Critical phenomena in bilayer lipid mixtures is characterized by low line 

tension and composition fluctuations. In ternary lipid mixtures exhibiting macroscopic 

phase coexistence, it is possible to directly measure line tension via techniques 

including micropipette aspiration [8] or calculate line tension from analysis of domain 

boundary fluctuations [5] via fluorescence microscopy of giant unilamellar vesicles 

(GUV). Extrapolation from these experiments suggests that line tension decreases to 

zero as a critical point is approached in composition space at constant temperature. 

 Domain boundary fluctuations also provide evidence of fluctuations about the 

average lipid composition. As discussed by Honerkamp-Smith and coworkers, these 

compositional fluctuations are quantified by the two-point correlation function, which 

is used to obtain the structure factor. They rescaled the experimental structure factor 

by the correlation length over which the fluctuations persist in order to fit predictions 
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of the two-dimensional Ising model [5]. Scattering data may be analyzed to determine 

correlation lengths using this approach, as discussed below in Appendix E.3.3.2. 

Spectroscopic techniques including NMR [10] and electron spin resonance 

(ESR) [7,11] have also been used to infer critical fluctuations. These methods are 

useful for detecting heterogeneity on length scales below optical resolution.  

E.3.2 Systems Exhibiting Nanoscale Heterogeneity 

 There is considerable interest in understanding the mechanisms responsible for 

nanoscale heterogeneity. Line tension favors minimization of the interface between 

coexisting liquid domains. Perimeter decreases as domains grow in size. However, 

more biologically relevant lipid mixtures as well as the cellular plasma membrane 

exhibit nanoscale heterogeneity on the order of 2 to 200 nm (as discussed in Chapter 

1). Several lines of inquiry are being pursued to determine the mechanisms responsible 

for the maintenance of nanoscale heterogeneity. Experimental observations and 

methods are described below and in Appendix E.3.3. 

 Phase diagrams for ternary lipid mixtures exhibiting coexisting nanoscale 

phase domains have been reported, and critical points have been inferred using 

spectroscopic techniques with nanoscale resolution (as discussed in Chapter 1.5.2). 

Considerable disagreement has existed regarding the phase boundaries and the sizes of 

coexisting domains in some of these mixtures, suggesting difficulty in distinguishing 

between heterogeneity within a single phase and coexisting phases (Chapter 2.5.4).  

Our results indicate that careful consideration of the spatial resolution of the 

techniques employed (Chapter 2.5.4, Fig. 2.9A) and attention to the effects of 

impurities enable these disparate results to be interpreted within the context of the 
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bSM (porcine brain sphingomyelin)/POPC/Chol phase diagram we have constructed 

via Förster resonance energy transfer (FRET) and differential scanning calorimetry 

(DSC) measurements (Fig. 2.6).  

Further, our use of complementary techniques with different spatial detection 

limits have enabled us to provide a model-independent estimate of the size of 

coexisting liquid domains between 2 and 7 nm radius (25 to 300 lipids per leaflet). 

Some disagreement exists as to whether domains of this size constitute phase domains 

or are better termed as clusters or fluctuations. Interpreting these heterogeneities as 

phase domains permits the use of phase rules in determining the compositions of 

coexisting phases, which in turn provides more experimental inputs for theoretical 

models being developed to explain the mechanisms responsible for nanoscale 

heterogeneity. 

Our future studies are aimed at determining the sizes of coexisting domains as 

a function of composition and temperature via FRET (Chapter 4) and SANS (Chapter 

5.2). With sufficiently precise temperature control, SANS may be employed to explore 

critical fluctuations (Appendix E.3.3.2). 

E.3.3 Systems Examined and Methods Employed in This Dissertation 

Our FRET and DSC studies enabled us to construct phase diagrams for two 

ternary lipid systems including bSM/DOPC/Chol and bSM/POPC/Chol (Fig. 2.6). The 

critical point for bSM/DOPC/Chol was inferred from enhanced FRET in single-phase 

compositions just above the Ld+Lo region that persists at 45°C (Fig. A.1). The 

location of the critical point determined via FRET is consistent with the critical point 

inferred from geometric considerations including reasonable extrapolation of tielines 
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from the upper face of the three-phase triangle and the shape of the upper boundary of 

the Ld+Lo phase coexistence region (Appendix E.3.1). These results were used to 

infer the critical point composition for bSM/POPC/Chol, which exhibits similar phase 

boundaries to bSM/DOPC/Chol (Fig. 2.6). 

In addition, ESR and SANS are two techniques used in this thesis which have 

been employed by others to investigate critical fluctuations in lipid mixtures [7,11–

14]. For this reason, we comment here as to how critical fluctuations could be detected 

using the ESR and SANS methods presented in Chapters 2 and 3. 

E.3.3.1 Electron Spin Resonance (ESR) 

ESR studies consistently report critical point compositions with greater low-

melting lipid fractions than other methods [7,11]. As discussed in Chapter 2.5.2.2, this 

discrepancy is thought to be due to the difficulty in discerning distinct ESR spectral 

components from coexisting phases that have nearly identical physical properties near 

a critical point. 

Our ESR studies (Chapter 3) included compositions above the Ld+Lo 

coexistence region. ESR spectra collected at these compositions are well described by 

single-component fits, indicating a single order parameter. 

E.3.3.2 Small-Angle Neutron Scattering (SANS) 

Use of SANS to investigate critical fluctuations dates back three decades to the 

detection of a critical point terminating a region of solid-solid coexistence within the 

fluid-solid coexistence region of a binary lipid mixture with equal mole fractions of 

DSPC and DMPC (1,2-dimyristoyl-sn-glycero-3-phosphocholine) [12]. The analysis 

of Knoll and coworkers included testing the Ornstein�Zernike law using measured 
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data for scattering intensity I as a function of scattering vector q (Chapter 2). If this 

law holds and a correlation length is extracted, the existence of composition 

fluctuations on this length scale is inferred. 

The Ornstein-Zernicke model describes the scattering intensity at small angles 

(small q values)  

!(!) !=∝ !!
1+ !!!! 

where ! is the correlation length. Plotting the inverse scattering intensity ! ! !!! vs. 

the squared scattering vector !! tests the Ornstein-Zernicke law. Extrapolating the 

experimental curve to ! ! !!! = 0 on the −!! axis yields the correlation length !. A 

negative value for this x-intercept indicates critical-like composition fluctuations. A 

positive value for this x-intercept is interpreted to indicate that critical-like 

composition fluctuations are not present [13]. 

More recently, this analysis has been applied to investigate possible critical 

fluctuations in sphingomyelin-containing ternary mixtures prepared at the canonical 

raft composition with equal mole fractions bSM/low-melting lipid/Chol [13]. In both 

bSM/DOPC/Chol and bSM/POPC/Chol, no evidence of critical fluctuations was 

found. 

We have applied this analysis to the SANS data presented in Chapter 2. For 

mixtures of PSM (palmitoyl sphingomyelin)/DOPC/Chol, we obtained a positive x-

intercept indicating no critical fluctuations at the compositions examined. This result 

was expected since these compositions are not close to a critical point (Fig 2.6).  For 

mixtures of bSM/POPC/Chol and PSM/POPC/Chol, we obtained correlation lengths 
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on the order of the sizes of coexisting domains determined via model-dependent 

analysis of SANS data fit to a partitioning model for coexisting phase domains [15].  

In performing these analyses, we noticed several limitations. First, 

experimental detection of critical fluctuations via SANS may not be possible with 

either of the instruments we used, since the temperature control is not more precise 

than 1 K. Second, the correlation length obtained from a fit to the Ornstein-Zernicke 

model depends strongly on the range of q values over which the model is applied. 

Both previous studies [12,13] measured minimum q values a factor of 10 lower in 

magnitude than the q values accessible in our experiments. Our detection geometry 

was selected to maximize the neutron flux on our sample and thereby sacrificed 

detection at lower q values. Future studies aimed at testing the Ornstein-Zernicke 

model should employ more precise temperature control and extend the detection range 

to lower q values. In contrast, sufficient data was acquired for performing domain size 

analysis assuming coexisting liquid domains. 
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