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ABSTRACT 
 
The vast diversity of lipid species found in cells suggests that structural variation of 
lipids is essential for the normal function of the cell. One essential reason could be the 
formation of lateral heterogeneity in cell membranes, first associated with the 
polarized transport of membrane proteins in the intestinal epithelia. To learn more on 
the lipid-lipid interactions governing this lateral heterogeneity, different techniques 
have been utilized to study lipid interactions in both simple and more complex model 
membranes. Small structural nuances in the lipids can lead to very different lipid 
interactions. In the papers of this thesis, we have studied the connection between 
phospholipid (PL)-PL and cholesterol-PL interactions and how these interactions 
affect phase separation and likely also nanodomain formation in biological 
membranes.  

In paper I, we have studied how sphingolipids with different head groups induced 
lateral segregation and altered acyl chain order in unsaturated fluid 
phosphatidylcholine (PC) bilayers. This was achieved by using different phase-
selective probes. The size of the head group on the sphingolipid determined the 
miscibility of the sphingolipid. When temperature was raised so that the miscibility 
of the sphingolipids was higher, an increase in sphingolipid concentration increased 
acyl chain order in the fluid phase, as cholesterol did at all temperatures.  

In paper II, deuterated PLs and fluorescent lipid-analog probes were utilized to 
understand cholesterol interactions in complex bilayers containing N-palmitoyl-
sphingomyelin (PSM) and glycerophospholipids (GPLs) with different head groups. 
Cholesterol-induced ordering of PLs and the effect of cholesterol on ordered domain 
thermostability were examined. Cholesterol seemed to have more favorable 
interactions with PSM even in the presence of the other GPLs, while it did not favor 
any particular GPLs over the others, at least at the lipid compositions examined.  

In paper III, we investigated the effects of unsaturation in PCs and the difference 
between saturated PC and SMs on lateral segregation. It was found that the number 
of double bonds in the unsaturated PL had larger impact on lateral segregation in the 
presence of cholesterol. This was related to the sterol affinity for unsaturated PL. In 
addition, the different sterol affinities of saturated di-palmitoyl-PC (DPPC) and PSM 
resulted in strongly promoted phase separation with PSM but only slight promotion 
with DPPC, especially in bilayers containing polyunsaturated PC. This was explained 
by the relative sterol affinity difference between saturated and unsaturated PLs. The 
experimental setup with sterol partitioning experiments and lateral segregation 
measurements with fluorescence spectroscopy could possibly be used to estimate in 
which cells and organelles nanodomains are most likely to form.  
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1. INTRODUCTION 
 
Lipids, in the form of triglycerides and fatty acids, have an important role in metabolic 
functions as immediate or stored energy for the cells. In addition, lipids are essential 
building blocks of life, and as cell signaling molecules. Lipid membranes isolate the 
interior of the cells from the more hostile and chaotic exterior environment. This 
isolation enables the cells to fine tune biochemical reactions. The membrane is also 
selective, enabling important small molecules like oxygen to enter freely while larger, 
charged molecules require protein-mediated transport. The fluid nature of 
membranes and non-covalent interactions between lipids enable proteins to insert in 
the membrane. Proteins found in the membrane regulate several important functions 
of life, e.g. photosynthesis, nutrient transport, and cell-cell communication (1). In 
addition, the membrane is a two-dimensional surface, helping cytosolic and exterior 
proteins to bind and interact with each other in a more regulated fashion than in the 
three-dimensional cytosol.  
 
While only one lipid species is required to make a bilayer, even a single cell  
synthesizes thousands of different lipid species (2). The diversity of lipids have 
probably coincided with evolution of life. To enable a fluid bilayer in hot 
microenvironments, like close to undersea volcanoes, lipids have longer and 
saturated hydrocarbon chains (3). In contrast, in cold sea water, fish have evolved 
polyunsaturated PLs to enable fluid bilayers (4). Another way to regulate fluidity is 
methyl-branching of the acyl chains, which has similar fluidizing effect as 
unsaturation (5). While the cell membrane has several functions, different structural 
lipid variants are often used for the same function in different environments. These 
structural varieties of building blocks of life has enabled life in very diverse 
environments. 
 
 In eukaryotic organisms, there is a requirement to separate biochemical reactions to 
an even higher degree than in prokaryotes. This gave rise to membrane 
compartmentalization to several organelles and later to multicellular organisms (6). 
DNA analyses of mitochondria have indicated a prokaryotic origin, suggesting that 
eukaryotic cells engulfed  a simpler prokaryotic organism for endosymbiosis and later 
as an organelle (7). These new functions of the cells gave rise to lipid molecules with 
new functions, such as membrane anchors for proteins and as receptors, ligands and 
second messengers (8). Glycolipids in the exterior leaflet enabled easier 
communication between cells in multicellular organisms. These new functions led to 
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an even larger variety of lipids. Viruses started to use the glycolipids as receptors, to 
infect cells, while the immune systems started to use lipoproteins to target pathogens 
(9). Evolution of eukaryotes led to the synthesis of sterols (10). Cholesterol, the major 
mammalian sterol, is distributed unevenly between different organelles. In early 
research, correlations were found between SM, and cholesterol content in different 
organelles (11). It also became clear that lipids could laterally segregate from each 
other both in the presence and absence of cholesterol (12, 13). In addition, it was found 
out that the interactions of cholesterol with PLs are of great importance to understand 
lateral segregation. In this thesis, we have studied the relationship between PL-
cholesterol interactions and lateral segregation. By using several fluorescent probes 
and 2H nuclear magnetic resonance (NMR), new information was found about the 
intrinsic properties of common biological GPLs and sphingolipids to laterally 
segregate and how they are affected by cholesterol. 
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2. REVIEW OF THE LITERATURE  
 
2.1. Biological membranes 
 
In the 19th century, it was discovered that plants had an osmotic barrier called plasma 
membrane (14). Later, through usage of a Langmuir monolayer, Gorter and Grendel 
proposed that biological membranes were bilayers. They also proposed that the 
bilayer consisted of amphiphilic molecules with the hydrophilic head group oriented 
to the aqueous phase on both sides of the membrane, and the hydrophobic tails 
oriented to the interior of the membrane (15). The invention of the electron 
microscope led to proposals by Danielli, Dawson, and Robertson that proteins adhere 
to the membrane, forming a protein layer on top of both sides of the bilayer (16). In 
1972, Singer and Nicholson introduced “the fluid mosaic model” (17). In this model, 
the membrane is fluid and acts as a “solvent” for proteins that can diffuse laterally in 
the plane of the membrane. As shown in figure 1, the proteins can be embedded in 
the membrane as integral proteins, as peripheral proteins that bind to the membrane, 
only partially embedded in the membrane or attached to the membrane through a 
lipid molecule. Proteins can also function as transporters and channels for ions, 
sugars, metabolites and other molecules in the membranes, or membrane bound 
enzymes. In addition, proteins and lipids can be modified with carbohydrates, to 
glycol-lipids and -proteins. It was also discovered that lipids and proteins are 
asymmetrically distributed in the plasma membrane (18, 19).  

 

Figure 1. The fluid-mosaic model. Shows a fluid lipid bilayer with several different kinds of 
proteins and oligosaccharides. Taken from (1). 
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Later, Mouritsen and Bloom proposed in their “mattress model” that integral 
peptides and lipids are matched in their hydrophobic length, possibly leading to 
lateral heterogeneities (20). Simons and van Meer later refined the idea of lateral 
heterogeneities in the 1980s (21, 22). This led to the lipid raft hypothesis and numerous 
studies of the nanodomains or “rafts” in biological and model membranes (13, 23).  

 
2.1.1. Lipid rafts in cells 
 
The first indication of lipid rafts was observed in a study of lipid and protein sorting 
in epithelial cells (22). Those cells are polarized, meaning that they have an apical side 
oriented to the lumen of the intestine and a basolateral side that connects the rest of 
the cell to the body and circulation. In these cells, the membrane protein composition 
is different in the apical and basal membranes; some sorting mechanism must 
maintain this polarized membrane protein distribution (24). Polarized transport to the 
apical membrane was first shown with fluorescent (N-(7-Nitrobenz-2-Oxa-1,3-Diazol-
4-yl) (NBD)-ceramide that was metabolized into NBD-glucosylceramide and 
transported asymmetrically to the apical plasma membrane (22). The lipid raft 
hypothesis proposed that sphingolipids and apical proteins associate with each other 
to form transport carriers that will be systematically delivered to the apical membrane 
(21). A method utilizing detergent-resistant membranes was one of the methods used 
to understand the lipid raft phenomenon. Addition of the detergent Triton X-100 to 
membranes led to an insoluble and soluble fraction that could be separated by 
ultracentrifugation (25). SMs and glycosphingolipids were enriched in the insoluble 
fraction while the other lipids were found in the soluble fraction (25). The enrichment 
of glycosylphosphatidyl- inositol-anchored proteins (GPI-AP) together with 
sphingolipids was the base lead to the proposed glycolipid sorting from trans-Golgi 
network (TGN) to the plasma membrane (26). In addition, cholesterol or SM depletion 
by genetic manipulations led to higher solubility of proteins originally associated 
with the detergent-resistant membrane fractions (27). It was also found that proteins 
localized to immune-isolated apical vesicles (caveolin or caveolin-associated proteins) 
were in the detergent-resistant membrane fraction (28). However, with time it became 
clear that a direct correlation between lipid rafts and detergent-resistant membranes 
could not be made (29). Because solubilization of membranes is dependent on 
temperature, and low temperatures were used in the Triton X-100 experiments, the 
observed insolubility does not prove lipid rafts at physiological temperatures.  In 
addition, concerns were raised that some membrane solubilization experiments with 
Triton X-100 were not run to equilibrium, causing false interpretations (29). 
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Nevertheless, the study of detergent-resistant membranes lead to further research 
into lipid rafts (28, 30).  
 
Lipid raft formation was also studied by manipulating of cholesterol level using 
cyclodextrin (a cyclic glucose oligosaccharide that binds sterols) (31), lipidomics and 
toxin binding to lipid raft proteins or lipids (28). It was discovered that the transport 
of the influenza protein hemagglutinin to the apical membrane was disrupted by 
depletion of  the cellular cholesterol content by cyclodextrin (32). However, the use of 
cyclodextrin on cells poses problems due to possible disruption of the cytoskeleton, 
as well as PL and cholesterol distribution between internal membranes (33). Studies 
that used antibody and toxin binding to the ganglioside GM1 showed clustering of 
raft lipids (34, 35).  In addition, caveolae, small invaginations of the plasma membrane 
were linked to the existence of lipid rafts (36).  However, it was found that lipid raft 
markers segregate from non-lipid raft markers in a cholesterol-dependent manner 
even in caveolae-free membranes (37).  
 
In T-cell activation, many proteins cluster in a non-random way to form a 
supramolecular structure called the immunological synapse that transmits signals 
into the interior of the cell (38). Crosslinking of GPI-APs led to the suggestion that 
lipid rafts were involved in the activation of the immunological synapse in the T-cell 
(39). Lipid analysis showed enrichment of sphingolipids, saturated PLs and 
cholesterol in the immunological synapse, suggesting that the lipid raft formation was 
cholesterol-dependent (40, 41). 
 
2.1.2.  Giant plasma membrane vesicles for studying lipid rafts 
 
Cells are dynamic systems and the macroscopic phase separation observed in model 
membranes could not be directly observed in live cell membranes (42). A cell-like 
model membrane, the giant plasma membrane vesicles (GPMV), were prepared  in 
the 1970s but were used to understand lipid raft formation only later (43, 44). GPMVs 
are produced by adding dithiothreitol (DTT) and paraformaldehyde (PFA) to cells 
that leads to blebbing of plasma membrane to produce large vesicles (44). The vesicles 
are devoid of the cytoskeleton and have only partial lipid asymmetry but have similar 
lipid profile as the plasma membrane and contain the proteins found in the plasma 
membrane (45). Interestingly, they phase separate when studied with the fluorescence 
microscope, although they do so only below the physiological temperatures (44). The 
membrane order as measured by C-laurdan, reports a very small difference in order 
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between the coexisting phases, in contrast to artificial giant unilamellar vesicles 
(GUVs) (46, 47). This macroscopic phase separation made it possible to test lipid raft 
affinity of membrane proteins (48). It was found that palmitoylated proteins and GPI-
APs partition to the lipid-raft - phase while other proteins, especially the 
transmembrane proteins, partition to the non-lipid-raft - phase. Recently, it was 
proposed that the lipid raft affinity of proteins is based on the hydrophobic surface 
area and length of the hydrophobic transmembrane domains and palmitoylation of 
the protein (49, 50). However, GPMVs have their drawbacks. Addition of DTT 
removes protein palmitoylation (47), while PFA crosslinks lipids and proteins leading 
to phase separation up to 15 degrees higher than without crosslinking (51). The 
absence of the cytoskeleton in GPMVs helps studying lipid-lipid and lipid-protein 
interactions for lipid raft formation (44). However, the role of the cytoskeleton in the 
formation of lipid rafts could be important. The actin scaffold segregates the 
membranes into lateral compartments that limit lateral diffusion of both lipids and 
proteins (52). Actin could also affect phase separation in membranes. For example, if 
saturated PLs are coupled to actin, they will stabilize lipid raft-domains but prevent 
macroscopic phase separation (53, 54). It has been theorized that GPI-AP clustering in 
the outer leaflet in the plasma membrane could be orchestrated from the inner leaflet 
by nanoscopic contractible assemblies of actinomyosin termed asters (55).  
 
2.1.3.  Novel techniques and model organisms to study lipid rafts 
 
Recent research has used new technologies to study nanodomains in cells (30). Using 
stimulated emission depletion (STED) microscopy with fluorescence correlation 
spectroscopy in live cells, the diffusion of an SM probe displayed transient 
immobilization in contrast to other PL probes (56). Other super-resolution microscopy 
techniques have further been used to understand heterogeneities in cell membranes 
(57). However, there are some limitations to the probes used in the STED study, which 
call into question the interpretation i.e the trapped diffusion indicates the presence of 
lipid rafts in the traditional sense (58). New mass spectrometry techniques have 
provided even more controversial results, suggesting that SMs form domains but 
cholesterol is evenly distributed in the plasma membranes (59, 60). It was also found 
that cyclodextrin-induced cholesterol depletion decreased SM-rich domains but 
cytoskeleton disruption totally eliminated them, highlighting the  possible role of the 
cytoskeleton over cholesterol in lipid raft formation (59).  
 



7 
 

Different model organisms have also been used to study lipid raft phenomena. It was 
recently found that when yeast is stressed, macroscopic gel phases formed in the 
vacuole membrane (61). Even the bacterium Borrelia burgdorferi, can form lipid rafts 
by acquiring cholesterol and other lipid building blocks from mammalians cells (62). 
Altogether, while the results are often very difficult to interpret in biological 
membranes, evidence suggests that membrane heterogeneities and nanodomains 
probably exist in biological membranes. In addition to lipid raft studies in cells and 
GPMVs, lateral segregation has been investigated in model membranes (30). In my 
thesis, model membrane systems have been used throughout to understand the role 
of lipid-lipid interactions in lateral segregation.  
 

 
2.2.  Lipid structures 
 
Lipids are amphiphilic molecules with vastly diverse structural features. In cell 
membranes, there are more than a thousand different lipid species (63), even if only 
one is required to make a lipid bilayer. The major lipid classes in mammalian 
membranes are glycerophospholipids, sphingolipids and sterols. Examples of all the 
groups are shown in figure 2. Cells also contain e.g. triglycerides, diacylglycerides, 
and fatty acids. Triglycerides functions as storage of energy, diacylglycerol has an 
important role in cell signaling, and fatty acids acts mainly as metabolites (1). 
 
The head group, while varying in size, is polar and oriented towards the aqueous 
phase. The head group is attached with an ester-linkage to either a glycerol moiety in 
the GPLs or a long-chain base as in the sphingolipids. GPLs have two ester linked acyl 
chains or ether linked alkyl chains. Sphingolipids have a long-chain base and a N-
linked acyl chain. These acyl chains can either be saturated chains or contain 1-6 cis-
double bonds, and the chain length is often between 16-24 carbons (64, 65). In some 
organism acyl chains can be methyl-branched (66). Sterols are also a  lipid class found 
in eukaryotic cells (67). The distribution of the different lipids in the cell is shown 
schematically in figure 3. 
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Figure 2. Chemical structures of lipids from different lipid classes. From left to right, structure 
of 1-Palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (a GPL), cholesterol (a sterol), and N-
palmitoyl-D-erythro-sphingosyl-phosphoryl-choline (a sphingolipid). 
 

 

Figure 3. Distribution in an eukaryotic cell of lipids according to head group and backbone 
structure (63). Cer = ceramide, CHOL = cholesterol, DAG = diacylglycerol, ERG = ergosterol, 
GlcCer = glucosyl-ceramide, GSL = glycosphingolipids, ISL = yeast inositol sphingolipid, R = 
remaining lipids, S1P = sphingosine-1-phosphate, Sph = sphingomyelin, TG = triacylglycerol. 
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GPLs are the most abundant lipid class in mammalian membranes (63). GPLs share a 
common backbone of an L-glycerophosphate. The glycerol backbone in GPLs has 
three hydroxyl groups, which are denoted as sn-1, sn-2 and sn-3. The polar headgroup 
is coupled to the sn-3 position. Two acyl or alkyl chains are coupled to the sn-1 and 
sn-2 positions through an ester or an ether linkage (68). The sn-1 coupled acyl chain is 
often saturated while the sn-2 coupled acyl chain is often mono- or polyunsaturated; 
such PLs are commonly referred to as asymmetric or hybrid PLs (69). When the acyl 
chains are identical in the sn-1 and sn-2 positions, the PLs are commonly referred to 
as symmetrical PLs. 
 
The GPLs in biological membranes are classified by their head group. The most 
abundant ones are PC, phosphatidylserine (PS), phosphatidyl-ethanolamine (PE), 
phosphatidylglycerol (PG), phosphatic acid (PA), phosphatidylinositol (PI), and 
cardiolipins (CL). Different organelles have different compositions of the GPLs, some 
GPLs like CL are only found in the mitochondria (Fig. 3 and (63)). In the plasma 
membrane and the Golgi apparatus the GPLs are also asymmetrically distributed with 
PE and PS mainly in the inner leaflet (18). This asymmetry is strictly regulated by 
energy-dependent translocases that  translocate aminophospholipids from the outer 
leaflet to the inner leaflet (70). The different GPL classes may have different charge, with 
PC and PE being zwitter-ionic while PI, PS, PA, PG, and CL are negatively charged. The 
charge is of great biological importance because many proteins have cationic surfaces 
that can bind the negatively charged PLs (71). In the case of PI, the number of phosphate 
groups attached to the head group can be modified in vivo and this has great 
importance for cell signaling and vesicle transport in the cell (72).  
 
2.2.2.  Sphingolipids 
 Sphingolipids contain an amino alcohol long-chain base. The most abundant long 
chain base is ((2S,3R,4E)-2-amino-4-ocatdecane-1,3-diol), also called sphingosine, 
which has a trans double bond between C4 and C5. Another less abundant long chain 
base is ((2S,3R)-2-amino-1,3-ocatadecanediol), also called sphinganine, which lacks 
the trans double bond (73). While there can be further modifications of this long-chain 
base, sphingolipids are classified mainly by their head group structure. The SMs have 
a PC head group, ceramides have one hydroxyl group and neutral glycolipids have 
one or several sugar moieties attached to the long-chain base. The most complex 
sphingolipids are the gangliosides, which contain one or more sialic acid moieties 
linked to a sugar head group. These sphingolipids contain a saturated acyl chain and 

2.2.1.  Glycerophospholipids 
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if they contain double bonds these are often located further down in the acyl chain 
such as in 24:1Δ15-SM (74). Many sphingolipids have longer N-acyl chains than the 
long-chain base (74). This can lead to chains extending into the other leaflet, called 
interdigitation, and observed in both symmetric (75) and asymmetric bilayers (76, 77). 
The long-chain base is also positioned so that the effective chain length is 
approximately two methylene shorter than the N-acyl chain (78, 79).   
 
Ceramide is both a precursor for other sphingolipids and a metabolically active 
biomolecule (80). Because of the small hydroxyl  head group ceramides are very 
hydrophobic and pack very tightly (81). Ceramide is normally found in low 
concentrations in the cellular membranes but its concentration can be increased 
locally by sphingomyelinase that can be activated though several factors, like viral 
infections, heat, radiation, and cell signaling cascades (82, 83).  
 
SMs are mostly found in the outer leaflet of the plasma membrane where they, 
depending on animal species, can represent up to 50 mol% of  total PLs (84).  It has 
been reported that SMs exist in the nuclear envelope membrane (85) and chromatin 
(86) where they could participate in cell signaling (87). SMs are also found in the 
mitochondria and could be used for ceramide generation for induction of apoptosis  
(88, 89). SMs are known for their favorable interactions with cholesterol (90) and their 
propensity to contribute to lipid raft domains (23). The unique structure of 
sphingolipids compared to GPLs enables sphingolipids to act both as a hydrogen 
bond donors and acceptors, while PC can only act as a hydrogen bond acceptor (91). 
 
2.2.3.  Sterols 
 
Sterols are important lipids in eukaryotic cells. Sterol structure consists of a tetracyclic 
hydrocarbon ring, a 3β-hydroxyl group and an aliphatic side chain (92). The sterol 
rings are all-trans and rigid while the side chain is more flexible (92). In mammalian 
cells, cholesterol (structure shown in figure 2) is the predominant sterol. The 3β-
hydroxyl group is oriented towards the aqueous phase while the side chain is 
oriented to the bilayer interior. The sterol have a slight tilt vs the bilayer normal, , e.g. 
α0 = 16° reported for cholesterol in DMPC bilayers (93). Because of the small polar 
group, cholesterol cannot form bilayers on its own (94). However, if a synthetic 
cholesterol molecule is synthesized with a PC head group it can form bilayers (95).  
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2.2.3.1. Membrane properties of cholesterol 
 
Cholesterol is a modulator of membrane properties (92). Cholesterol has a condensing 
effect on acyl chains, i.e it reduces the total area of lipids to less than the sum of the area 
of the individual components as shown for monolayers (96). This has also been 
demonstrated in bilayers by 2H NMR (97). Even small change in the rings or the isooctyl 
side chain of cholesterol markedly weakens the condensation effect (98, 99). 
Interestingly, the side chain accounts for 40-60 % of the condensation effect (100, 101). 
Cholesterol orders the hydrocarbon chains of fluid PLs, resulting in more trans-isomers 
in the hydrocarbon chains and thereby leading to more  extended acyl chains (102).  
 
Because cholesterol is very important for lipid raft formation (23), the association of 
cholesterol with different PLs has been investigated (90, 103). The all-trans-
configuration of the cholesterol leads to favorable interactions of cholesterol’s ring 
system with saturated PLs (92). Cholesterol can more easily form van der Waals 
interactions with saturated PLs than with unsaturated PLs. This can be observed in 
sterol partitioning experiments between cyclodextrin and monolayers (91) or bilayers 
(103). For example spin-labeled cholesterol (3β-doxyl-5α-cholestane), reported only 
half the affinity for 1-palmiotyl-2-docosahexaenoic-PC (PDPC) bilayers compared to 
1-palmitoyl-2-oleoyl-PC (POPC) bilayers. This is likely due to the 6 double bonds in 
PDPC vs one in POPC (104). Sterols affinities for di-oleoyl-PC (DOPC) was similar to 
PDPC, even if DOPC has only 2 double bonds. This probably reflects the much thinner 
bilayer created by two unsaturated acyl chains compared to one polyunsaturated acyl 
chain (up to 6 double bonds). Preference of cholesterol for saturated PLs over 
unsaturated PLs has also been shown with differential scanning calorimetry (DSC) 
(105) and isothermal titration calorimetry (ITC) (106). Polyunsaturated acyl chains are 
especially abundant in PE lipids (107).  
 
The association of cholesterol with different PLs probably has an effect on 
cholesterol’s solubility in bilayers. Studies with different GPLs showed that the 
cholesterol solubility was different between PC (66 mol%) and PE (51%) bilayers (108). 
The hypothesis derived from the cholesterol solubility experiments in different 
bilayers, i.e ‘the umbrella hypothesis’, proposes that because the smaller head group 
of PE cannot shield cholesterol as efficiently from water as the larger head group of 
PC (94). Alternatively, the super lattice model proposes that other factors contribute, 
e.g. maximization of head group rotational entropy, minimization of steric strain, etc 
(109, 110). Increasing the amount of double bonds in hybrid PLs had a stronger effect 
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on the solubility of cholesterol in PE than in PC bilayers (111). Cholesterol solubility 
is even lower in both symmetric di-unsaturated PCs and PEs bilayers (112). 
 
There are also differences in sterol affinity between different saturated PLs. 
Cholesterol efflux to methyl-beta-cyclodextrin (MβCD) is slower from SM vs acyl 
chain-matched PC monolayers (113, 114). In addition, cholesterol is less exposed to 
cholesterol oxidase in SM than PC monolayers (115) or bilayers (116). Later, it was 
found that the affinity of the cholesterol analog cholestratrienol (CTL) for MβCD vs 
bilayer correlated well with acyl chain order of the PLs in the bilayers (117). SM has a 
higher acyl chain order than saturated PC at the same temperature (90, 118), even, 
when the acyl chain order was matched the sterol preferred SM (90). A higher acyl 
chain order of SMs is not the only reason for the high affinity of sterol for SM, but 
other factors must contribute. One obvious difference between SM and PC is that the 
SM backbone has both hydrogen bond acceptor and donor groups compared to PC, 
which only has acceptor groups (119). It was suggested that SM and cholesterol could 
form intermolecular hydrogen bonds (120). However, it now seems more likely that 
intra- and intermolecular hydrogen bonds between SMs facilitate the interaction with 
cholesterol (119). Other differences between PCs and SMs could be a different head 
group tilt (121), hydration (122), cholesterol  depth (123), and possible interdigitation 
of the acyl chains (76). 
 
In partitioning studies, the sterol affinity was always highest for SM and lowest for PE. 
Whether sterol has higher affinity for unsaturated PC vs PS varies between studies (91, 
103, 105, 124). If the differences between sterol affinity for GPLs are because of the 
chosen method or the membranes chosen is not clear. The reduction of the head group 
size of PSM to palmitoyl-ceramide-PE or of DPPC to dipalmitoyl-PE (DPPE) led to a 
lower sterol affinity, in agreement with the umbrella hypothesis (125). One factor 
possibly contributing to differences between the studies is the choice of sterol, as small 
changes in sterol structure can lead to dramatically different effects (99, 126, 127). We 
have chosen CTL for the papers included in this thesis, because its better usability vs 
radiolabeled cholesterol and its similar properties as cholesterol (128).  

 
2.3.  The hydrophobic effect  
 
The hydrophobic effect causes the lipids to form aggregates in water. The monomeric 
lipid molecules disrupt the tight hydrogen bond network between water molecules. 
In addition, the lipid molecules order the water molecules, decreasing the entropy of 
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the system, which is thermodynamically unfavorable. When lipids segregate into a 
different phase, the entropy is increased and more of the water molecules maintain 
their hydrogen bond network.  

 
2.3.1.  Different lipid aggregates 
 
The lipid aggregates that form in water depend on many factors, e.g. temperature, pH 
and ions, but most importantly is the  shape  of the lipid molecules (129). The packing 
parameter (PP) can be calculated to predict which aggregate is formed for differently 
shaped lipids, as described in equation 1 and shown in figure 4.  
 

                                                                                             (Eq 1)                                 

 

 

Figure 4. How the geometrical shape and packing parameter describe which type of lipid 
aggregate the lipids form. Structure of the phases are modified from (129). 
 
Where  stands for the hydrophobic volume,  for the cross sectional area of head group 
and l   stands for acyl chain length. Lipids with cylindrical shapes, e.g. SM and PC, have 
a PP of approximately 1, and thus form bilayers. Some lipids form non-lamellar 
aggregates. These lipids are cone-shaped, and form different lipid aggregates 
depending on if they are cones or inverted cones. Inverted cone shaped lipids have large 
head groups compared to their acyl chains, e.g. lysophospholipids and gangliosides. 
These have a packing parameter of less than one. They form micellar structures or 
hexagonal phase I, where the hexagonal tubular structures have the head group 
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oriented towards the outside and the lipid tails oriented towards the inside, as shown 
in figure 4. Cone-shaped lipids like PE, CL and ceramide have a packing parameter 
higher than one. These lipids are prone to form inverted micellar structures or the 
hexagonal II phase. Hexagonal II phase also forms tubular structures, where the head 
groups orient to form an inner water-filled cavity and the lipid tails point in the opposite 
direction, as in inverted micelles (130). If cone-shaped lipids are found in lower 
concentrations in a mixture of cylindrical lipids they induce negative or positive 
membrane curvature, which can e.g affect enzyme function and lipid fusion (129, 131). 
 
2.3.2.  Lamellar phases  
 
Some lipids can exist in many different kinds of lamellar phases. Many factors  
regulate transition between the different phases, such as temperature, pressure, 
hydration, and pH. The factor that has been studied the most is temperature. Phase 
transitions can be observed in thermograms of DPPC (Fig. 5). DSC heats up a sample 
cell and a solvent reference cell and detects the energy required to increase the 
temperature (132). With lipid bilayers that undergo a phase transition, extra energy is 
required for the phase transition compared to the reference cell. In this way, the phase 
transitions can be detected by DSC (132). Different phases affect the  properties of the 
lipids, e.g. hydration, rotational mobility, lateral diffusion, flip-flop and trans-gauche 
isomerization of the hydrocarbon chains (133). 
 
At low temperatures the lipids are in a crystalline phase (Lc) where all lipid acyl chains 
are in the all-trans configuration. In this phase state, lipid bilayers are so tightly 
packed that they are not separated by a water layer and there is very low rotational 
mobility of the lipids. As the temperature increases, a so called subtransition (Ts) is 
observed. This occurs when the crystalline phase is converted into a gel phase, also 
called the solid-ordered phase (So). In the gel phase, the bilayers are separated by 
water and slow rotational motion occurs about their long axis. Characteristics for the 
gel phase is slow lipid diffusion, and that most acyl chains are in the all trans-
configuration. Lipids are often also tilted in respect to the bilayer normal. As further 
increased temperatures, the gel phase is transformed to a ripple phase (pre-transition 
[Tp]), consisting of partially melted lipids. In the ripple phase, the lipids are much 
more free to rotate even although hydration does not change (133).  
 
At higher temperatures yet, the lipids undergo a transition to the liquid crystalline 
phase (Lα´), also called liquid-disordered phase (Ld). Upon this transition, the lipid 
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hydrocarbons increase their cross sectional area and reduce their effective chain 
length. This results in a thinner and more fluid bilayer. In the Ld phase  lateral 
diffusion is high, and more gauche orientations of the acyl chains are observed. An 
increase in hydration is also observed, probably because polar groups such as the 
carbonyl group are more exposed to the aqueous environment as compared to the gel 
phase. The gel-to-liquid crystalline phase transition temperature is (Tm),  indicates the 
mid-point in transition. In the case of DPPC, this transition  occurs over a very narrow 
temperature range, showing cooperative melting of the lipids (133). 
 

 

Figure 5. Phase transitions in a DSC thermogram of DPPC bilayers. Schematic pictures of 
different phases over the DSC thermogram. Ts = sub-transition and Tp = pre-transition, Tm = 
mid-point in transition. 
 
2.3.3.  Correlation of lipid structure with phase behavior 
 
The molecular shape of lipids determines which type of aggregates most likely forms. 
The structure of the lipids also affects the phase behavior and properties. There is a 
correlation between chain length in di-saturated PCs and Tm. Tm increases with acyl 
chain length, although the trend is not linear (134). For SMs, the Tm  also increases 
with acyl chain length, but the asymmetric nature of SM changes the slope of Tm 
increase (135). The long-chain base length is nearly constant; it has a greater effect on 
Tm than the N-acyl chain length, at least in ceramides (136). The consequences of chain 
asymmetry in di-saturated and hybrid PC and PE have been thoroughly reviewed in 
(137). The size of the head group also has a clear effect on Tm. A 16-carbon PC and SM 
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have a Tm of ~41 °C, while Tm of glycosphingolipids are ~85°C (138) and Tm of 
ceramides  are ~90 °C (139). Systematically decreasing the size of the head group, by 
taking away methyl groups in a PC towards a PE head group, exemplifies the increase 
in Tm (125). Decreasing head group size leads to tighter packing and increased ability 
for the acyl chains to form interlipid van der Waals forces, but can also lead to 
curvature stress and formation of non-lamellar phases (129).  
 
Biological membranes contain mainly PLs, with a saturated  sn-1 acyl chain and one 
mono- or polyunsaturated sn-2 chain (65). DSC studies have shown that the inclusion 
of one double bond dramatically decreases the Tm for both symmetrical and hybrid 
PCs (140, 141). In addition, the position of the double bond has a clear effect on Tm for 
PCs. A double bond between the 9 and 10th carbon has the strongest reduction in Tm 
(140, 142). Addition of a second double bond further decreases Tm (143). However, 
increasing number of double bonds (up to six) does not decrease the Tm further and 
can even increase Tm (143). The longer carbon chains of biological polyunsaturated 
PLs (20-22 vs 16-18 carbons) compared to common monounsaturated PLs can 
partially explain the effect on Tm. Still, the several double bonds in the 
polyunsaturated PLs leads to quicker C-C isomerization, because of the =CH–CH2–
CH= unit. This results in that polyunsaturated PLs can be more flexible with more 
torsional states than a monounsaturated PL (144-146). Therefore, the polyunsaturated 
PLs can probably mitigate the Tm decrease expected from an increased number of 
double bonds. Methyl-branches of the acyl chains, e.g. in diphytanoyl-PLs also leads 
to similar decreases of Tm (5). Unsaturated PLs may have very broad and less co-
operative transitions (143). Glycolipids display complex phase transitions, but the 
highest-temperature transition is thought to be the gel-Ld phase transition (138).  
 
2.4.  Lateral segregation and phase diagrams 
 
If two or more lipids are immiscible, they can segregate laterally in a bilayer. This is 
thought to be the reason why lipid rafts exist in cells, although the role of proteins 
and the cytoskeleton is unclear (30). Mixing of two lipids can be ideal or, as in most 
cases, non-ideal. Non-ideal mixing occurs e.g. when there is hydrophobic mismatch 
between PLs, e.g. between a shorter (di-lauroyl-PC) and a longer PC (di-stearoyl-PC; 
DSPC) (147). However, two or four carbons in chain length mismatch do not create 
lateral segregation although cooperativity of chain melting decreases (148). Inclusions 
of unsaturated PLs like DOPC or methyl-branched lipids like diphytanoyl-PC with 
saturated PCs or SMs also induce lateral segregation (148, 149). Both unsaturated and 
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methyl-branched PCs are low Tm lipids, which often induce lateral segregation when 
mixed with high Tm lipids. Phase separation can also occur for PLs with different head 
groups (12). In addition, cholesterol can induce lateral segregation (91). To 
understand these complex phenomena, biophysicists have constructed phase 
diagrams for model membranes by correlating the lipid composition with detecting 
phase transitions (150). 

 
2.4.1.  Phase diagrams for binary bilayers consisting of low- and high-Tm lipids 
 
Lateral segregation between two lipids can be described with a binary phase diagram. 
A binary phase diagram has temperature on the y-axis and the fraction of high-Tm 
lipid on the x-axis as shown in figure 6. The lines indicate a phase boundary. The 
simplest binary phase diagrams have a liquid phase (Ld) at high temperatures and 
low fractions of high-Tm lipid. When temperature is decreased or the high-Tm lipid 
fraction increased, phase separation can occur, leading to the coexistence of a liquid 
and a gel phase. At low temperatures and high concentration of high-Tm lipid, there 
is only a uniform gel phase. If an isothermal line is drawn from the onset of the phase 
coexistence to the offset of the phase coexistence, a tieline is obtained, as shown in 
figure 6. Along the tieline, the proportion of the different phases changes but the lipid 
composition in the phases is unchanged. The onset and the offset of the coexistence 
region gives the lipid composition in each phase. The onset of the gel phase gives the 
fraction of both low- and high-Tm lipid in the Ld phase. The offset of the gel phase 
gives the lipid fractions of low- and high-Tm lipids in the gel phase. It is also possible 
to calculate the concentrations of the different phases at different fractions of low- or 
high-Tm lipids with the Lever rule (Eq. 2). 
 

	     	                                (Eq 2)   

 
The different fractions can be abbreviated as  for fraction, X is the fraction of high-
Tm lipid at an arbitrary point on the tieline, is the  fraction of high-Tm lipid in the 
gel phase (offset) and  is the fraction of high-Tm lipid in the Ld phase (onset). The 
wider the coexistent region, the more non-ideally the lipids do mix. In addition, the 
partitioning coefficient of a lipid into a phase (Kp), can be calculated when the onset 
and offset are known. It can also be used to calculate probe partitioning into different 
phases (151).   
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Figure 6. Example binary phase diagram of POPC/PSM (low-/high-Tm lipid), including 
schematic pictures of phases present. The tieline is shown as a red line that starts with 1) the 
onset of Ld and gel2 phase coexistence and 2) offset of the same coexistence. The Lever rule can 
be applied at different points on the isothermal tieline. The two gel phases, indicate that the 
low- and high-Tm lipid can phase-separate into two different gel phases. Modified phase 
diagram taken from (117).  
 
2.4.2.  Impact of cholesterol on the phase behavior of mixed  bilayers 
 
Cholesterol can induce a liquid-ordered (Lo) phase (152, 153). It has been reported by 
DSC  that cholesterol broadens and eventually abolishes the gel-Ld phase transition 
of saturated PCs (154). While there are some conflicting results, the general feature is 
that there are two different components of the DSC endotherms in saturated 
PC/cholesterol bilayers, i.e. one sharp component and a broad component. The sharp 
component displays a slightly reduced cooperativity and Tm  as compared to the pure 
saturated PL. The enthalpy of the sharp component also decreases linearly with 
cholesterol concentration until it disappears at 20-25 mol% of cholesterol. The 
enthalpy and Tm of the broad component increases while the cooperativity decreases 
up to 20-25 mol% of cholesterol. Above 20-25 mol% cholesterol, the broad component 
decreases in enthalpy and its cooperativity continues to decrease. Eventually, at 50 
mol% of cholesterol, the enthalpy reaches zero (154). These results have been 
interpreted to indicate that the sharp component is derived from melting  of a 
cholesterol-poor phase, and the broad component from melting of the cholesterol-rich 
phase (133). When chain length homologs of di-saturated PCs were studied, it was 
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found that cholesterol affected the sharp component similarly independent of the 
chain length of the PCs. However, the change in Tm and cooperativity for the broad 
component varied upon addition of cholesterol. When the hydrocarbon chain length 
was 16 carbons or less, Tm of the broad component increased, while with ≥ 18 carbons 
the Tm of the broad component decreased. The shorter chain decreased the 
cooperativity of the broad component more than the longer chain PCs. Therefore it 
was concluded that the 17-carbon PC would optimally match the hydrophobic match 
to cholesterol (155). Cholesterol interaction with a SM may be different, but has not 
been studied to the same degree with DSC as saturated PCs (156, 157). 
 
Several methods e.g. DSC, fluorescence spectroscopy and 2H NMR have been used to 
construct binary phase diagrams to better understand the impact of cholesterol on 
lateral segregation (157). A binary cholesterol phase diagram has three phases: gel, 
Lo, and Ld phase (Fig. 7) Especially the liquid-liquid separation is of interest from the 
biological perspective. However, very few methods can directly show a liquid-liquid 
separation (157). 2H NMR of DPPC-d62/Chol bilayers showed Pake doublets from both 
the Lo and Ld phase in the spectra above the Tm of DPPC-d62, especially observable 
for the methyl groups (158). Electron-spin resonance (ESR) studies on spin-labeled 
lipids have also indicated liquid-liquid phase separation in DPPC/Chol and 
PSM/Chol bilayers (159, 160).  

 

 

Figure 7. Example of a binary cholesterol/saturated PL phase diagram. Modified from (157). 
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2.4.3.  Impact of cholesterol on phase behavior in more complex bilayers 
 
The interest in the impact of cholesterol on phase behavior of bilayers has resulted in 
several ternary phase diagrams (161). The binary cholesterol/PL bilayers omit the low- 
Tm lipids even if they are abundant in biological membranes (63). In binary 
cholesterol/PL bilayers, 2H NMR detected coexisting phases but fluorescence 
microscopy did not (162). In ternary bilayers, macroscopic phase separation is more 
common but is dependent on the lipid type (150). 
 
Ternary phase diagrams have been constructed based on phase boundaries from 
ternary bilayers. A ternary phase diagram is most commonly represented as a Gibbs 
triangle, as shown in figure 8. The ternary phase diagram is isothermal as opposed to 
the binary phase diagram discussed above. Most ternary phase diagrams include a 
low- Tm lipid, a high-Tm lipid and cholesterol. Here, the liquid-liquid phase separation 
(Ld-Lo phase coexistence) is relevant for biological systems. Some researchers have 
even constructed quaternary phase diagrams by including different low-Tm lipids in 
the bilayer (163, 164). A quaternary phase diagram is represented as a three-
dimensional pyramid (163).   
 

 

Figure 8. A ternary phase diagram for DOPC/DSPC/Chol bilayers. Modified phase diagram 
from (165). 
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Tielines can be very useful, since they allow one to calculate partitioning of lipids and 
proteins into different phases (166), and thereby to better understand cholesterol-PL 
interactions. However, it is more difficult to determine the tielines in ternary phase 
diagrams than for binary ones (161). To obtain the tielines, the end points of the 
tielines have to be determined. To determine the endpoints, a sample must include 
information about both the amount of phases and lipids in the coexisting phases (130). 
Although it is difficult, this has been achieved with several methods, e.g. with 2H 
NMR (167), Förster resonance energy transfer (FRET) (168) or ESR (169). The tielines 
obtained indicate that cholesterol prefers the Lo phase (170, 171), as indicated in other 
studies (23, 153). Similarly to reported binary phase diagrams, most low-Tm lipids 
mainly partition into the Ld phase (172), with some exceptions (173). The high-Tm 
lipids are mostly found in the Lo phase (168). Partitioning of cholesterol into the Lo 
phase also dependens on the saturated PL studied. For example, the tielines for brain-
SM/DOPC/Chol (168) and DOPC/SM/Chol (170) are much steeper than those for 
DOPC/DSPC/Chol (168), indicating that more cholesterol partitions into the Lo phase 
in bilayers containing SM vs saturated PCs. 
 

2.5.  Methods to detect lateral segregation 
 
While phase diagrams provide both qualitative and quantitative data, there are some 
discrepancies between different phase diagrams (161). Some phase diagrams lack 
some phase boundaries, e.g. the Lo-Ld  phase coexistence region in saturated PL/Chol 
diagrams (157). Some phase diagrams indicate that unsaturated PLs together with 
cholesterol form Lo-Ld phase co-existence region without requiring a saturated PL 
(174, 175). In addition, the exact mole fractions of lipids at phase boundaries differ 
between studies (157, 161). There should be many reasons for such discrepancies e.g. 
due to different methods being used. Methods can vary in their capacity to detect 
coexisting phases; they can also differ in their spatial and temporal resolution. In 
addition, different methods can utilize different types of model membranes, which 
can affect the phase behavior. Furthermore, some methods use probes while others 
do not (30). A summary of differences between the methods used to detect phase 
behavior is shown in table 1. 
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Table 1. Common outline of limitations and advantages of different methods for 
understanding phase behavior of lipid bilayers. 

Method Directly 
detects 
co-
existence 
of phases 

Detects 
order of 
co-
existing 
phases 

Spatial 
and 
temporal 
resolution 

Probe or 
probe-
free  

Model 
membrane 
system  
used 

DSC Yes/No No Medium Probe-
free 

MLV 

Fluorescence 
anisotropy 

No No** Very High Probes MLV 

Time-resolved 
fluorescence of 
tPA 

Yes/No Yes Very High Probes MLV 

FRET Yes/No No High Probes LUV/MLV 
Fluorescence 
microscopy 

Yes/No No* Low Probes GUV 

2H NMR Yes/No Yes Medium Probes MLV 
AFM Yes Yes Medium Probe-

free 
SBL 

ESR Yes Yes Very High Probes MLV 
SANS Yes Yes High Probes LUV 

 
AFM = atomic force microscopy, ESR = electron-spin resonance, FRET = Förster resonance 
energy transfer, LUV = large unilamellar vesicles, MLV = multilamellar vesicles, SANS = 
Small-Angle Neutron Scattering, tPA = trans-parinaric acid, * = possible with polarity-
sensitive probes e.g. C-laurdan or with two probes.  
 
 
 
Several methods  may directly detect coexistence of phases, e.g. 2H NMR can  show  a 
two-component spectra, and lipid order can be discerned from both Ld and Lo phase 
in liquid-liquid separation if the domains are large enough (176). ESR can also detect 
different phases and the order of the spin-labeled lipids in the different phases (130). 
AFM can detect coexisting phases based on different hydrophobic thicknesses of the 
phases (177). Fluorescence microscopy may also detect different phases, but is highly 
dependent on domain size. However, in fluorescence microscopy the order of the 
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phases can only be discerned by using special polarity-sensitive probes like laurdan 
(178). FRET that relies on probe separation may also detect phase coexistence but 
cannot indicate the lipid order in the different phases. DSC show the energies of phase 
transitions, indicating phase coexistence during the meltings (132). 
 
Indirect methods of detecting phase co-existence often rely on changes in lipid acyl 
chain order or bulk membrane order. This can be measured by different fluorescence 
methods, like anisotropy and time-resolved fluorescence. These methods can detect 
phase transitions, because acyl chain order is often dramatically changed upon phase 
transitions (135, 179). However, in some cases, e.g. liquid-liquid separation in 
unsaturated PLs, acyl chain order is increased, although not always linearly, 
suggesting a phase transition (117). However, other methods e.g. FRET (180) and 2H 
NMR (181) have not detected a phase transition (157). Some methods, like time-
resolved fluorescence of tPA, reveal different lifetimes, which may indicate 
coexistence of phases.  
 
Detection of a phase transition or phase coexistence depends on the method used 
(150). Such differences can occur because of the different spatial and temporal 
resolution of the method (130). In fluorescence spectroscopy, probes responds to 
nearest-neighbor interactions of the probe,  therefore they allow one to detect 
extremely small domains (130). Depending on the lipids used, fluorescence imaging 
can detect phase separation in DSPC/Chol bilayers containing DOPC but not POPC 
(150). However, in both POPC- and DOPC-containing bilayers, phase separation was 
detected with FRET and 2H NMR experiments (130). This is because different lipids 
form domains with different sizes (182). It has been proposed that phase diagrams 
with nanoscopic domains should be called type I phase diagrams and macroscopic 
phase diagrams are to be called type II (150). From a biological point of view, type I 
is more of interest, because lipid rafts are nanoscopic (30, 150). 
 
Most methods use a probe to discern the phase transitions (130). A rely on the external 
probe could affect how the lipid components mix. Therefore, probe effects on bilayer 
properties have been investigated, e.g. by measuring the Tm of the lipids in the 
presence and absence of probes. There is also a difference in potential disruptiveness 
between probes; some probes are less disruptive than other ones. Among the less 
perturbing probes are deuterated lipids used in 2H NMR and SANS. Perdeuterated 
acyl chains only cause a minor change in the Tm of the lipids (171). The change in Tm 
is dependent on the number of deuterium atoms, i.e site-specifically deuterated lipids 
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have a minimal effect on Tm compared to natural lipids. Fluorescent probes can have 
more perturbation (183); however, minimizing oxidation and using low probe/lipid 
ratios largely eliminates these artefacts (164). In addition, the phase-selectivity of the 
probes is also of importance, as shown in the result section.  
 
The choice of a model membrane is important as it can bias the results. MLVs display 
more cooperative gel-Ld phase transition than LUVs and GUVs, as observed by DSC 
(184). These results suggest that lipids in the MLVs melt more cooperatively because 
the different bilayers are in register and not because of their lesser curvature than 
LUVs (184). Some methods, like X-ray diffraction, even rely on the bilayer-bilayer 
interaction for detection of lipid order and phase transitions (130). 
 
Not all methods are equally suitable for detecting different phases and phase 
transitions. DSC can detect the decrease in cooperativity of a gel phase melting with 
addition of cholesterol, but fails to detect the low enthalpy in liquid-liquid phase 
transition (185). With 2H NMR it is difficult to detect gel phase and when detected it 
is difficult to discern the hydrocarbon chain order (176). While fluorescence lifetimes 
lengths of tPA have been used to indicate in which phase the probe is inserted. (149, 
175) Data interpretation becomes more difficult when comparing different lipid 
mixtures (179).  
 
While the large discrepancies in phase boundaries detected on  different methods can 
be discouraging at first, understanding of the advantages and limitations of the 
different methods can provide additional information on lipid-induced lateral 
segregation (182). However, the differences between methods could help to 
understand lateral segregation, especially in more complex systems, is still 
incomplete. The knowledge obtained from phase diagrams may help to plan new 
experiments. 
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3.  AIMS OF THE PRESENT STUDIES 
 
 
The aims were to understand how cholesterol-PL and PL-PL interactions affect lateral 
segregation. This was achieved by measuring the impact of addition of high-Tm lipids 
and/or cholesterol to fluid low-Tm lipid bilayers, and the resulting effects on lateral 
segregation and acyl chain order. Fluorescent phase- and lipid-analog probes and 
deuterated lipids were used. In addition, sterol affinity for different PLs was 
investigated. The studies utilized both simple and complex bilayers containing up to 
5 lipids. 
 
In paper I, the aim was to understand how the acyl chain order was affected in the 
fluid phase by different sphingolipids. With different phase-selective probes, 
fluorescence anisotropy was compared when sphingolipids were added to a POPC 
bilayer. Cholesterol was included to compare how it ordered the bilayer compared to 
sphingolipids.  
 
In paper II, the aim was to understand how different GPLs and SM interact with 
cholesterol in complex bilayers. 2H NMR for different deuterated PLs and 
fluorescence lifetime of lipid-analog probes were used to compare the thermostability 
of ordered domains. Cholesterol-induced ordering of the different PLs was also 
investigated with 2H NMR.  
 
In paper III, the aim was to understand how formation of ordered phases is affected 
by different unsaturated and saturated PLs. Especially, the effects of cholesterol on 
formation of ordered phases were investigated. Fluorescence lifetimes of tPA were 
employed to detect formation of ordered phases. 2H NMR was used to understand 
the properties of the coexisting phases. Sterol affinity experiments were performed to 
understand the influence of cholesterol-PL interaction on the formation of ordered 
phases. 
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4.  MATERIALS & METHODS 
 
Table 2. Methods used in the papers 

Technique Properties measured I II III 
2H Nuclear magnetic 
resonance 

Acyl chain-order, ordered domain 
thermostability    x x 

Fluorescence 
anisotropy 

Acyl chain-order, ordered domain 
formation, probe partitioning x     

Time-resolved 
fluorescence of tPa 
 

Acyl chain-order, ordered domain 
thermostability and formation 
 x x x 

Differential scanning 
calorimetry 

Ordered domain thermostability 
     x 

Sterol partitioning Sterol affinity for PLs     x 
Fluorescence 
quenching Probe partitioning x     

 
 
4.1.  Materials 
 
Lipid and lipid precursors were purchased from Avanti Polar Lipids (Alabaster, AL) 
or Sigma-Aldrich (St. Louis, MO). PSM was purified with high-performance liquid 
chromatography (HPLC) from egg-SM as described in (179). 9´,9´-d2-PSM, 9´,9´-d2-
DPPC and PSM-d31 were synthesized in-house according to (186). Diphenylhexatriene 
(DPH) was purchased from Molecular Probes (Leiden, Netherlands), TopFluor 
cholesterol (TF-Chol) and 1-palmitoyl-2-stearoyl-(7-doxyl)-PC (7SLPC) was 
purchased from Avanti Polar Lipids. The other fluorescent probes (CTL, 18:1-DPH-
PC, tPA, O-tPA-PC and tPA-SM) were synthesized in the house, as described in (113, 
186-190).  
 
 

4.2.  Vesicle preparation 
 
Lipid vesicles were prepared from mixing lipids and fluorescent probes (max 1 mol%) 
in organic solvents and followed by evaporating at 40 °C under nitrogen flow. In 
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addition, 2H NMR samples were  dissolved in chloroform for a homogenous mixing 
and evaporated again under a nitrogen flow, followed by overnight in vacuum. The 
stock solutions of polyunsaturated PLs and fluorophores contained (butylated 
hydroxytoluene) to inhibit oxidation. The lipids were hydrated 30-60 min at a 
temperature above the lipid with the highest Tm. In papers I and II, a 50 mM Tris 
buffer with 140 mM NaCl was used for the fluorescence experiments, and argon-
purged milli-Q H2O was used in paper III and for 2H NMR samples in paper II. 
Multilamellar vesicles (MLV) were produced for all studies except CTL and TF-Chol 
partitioning, which required large unilamellar vesicles (LUVs). The LUVs were 
extruded 11 times through either 100 or 200 nm polystyrene filters. To reduce light 
scattering in the fluorescence experiments, MLVs were bath sonicated 5 min at same 
temperature as hydration to reduce vesicle size.  2H NMR samples were freeze-
thawed three times after hydration followed by lyzophilization, rehydration to 50% 
(w/w) with deuterium-depleted H2O, and again freeze-thawed. The samples were 
then transferred to 5 mm glass tubes (Wilmad, Vineland, NJ, U.S.A.) and sealed using 
epoxy glue.  
 
 
4.3.  Fluorescence spectroscopy 
 
PTI QuantaMaster spectrophotometers (Photon Technology International, 
Lawrencwill, NJ, USA) operating in T-format were used for steady-state fluorescence 
experiments. A FluoTime200 spectrophotometer with a PicoHarp300E time-
correlated single photon-counting module (PicoQuant GmbH, Berlin, Germany) with 
a monochromator was used for time-resolved fluorescence decays in paper II. A 
FluoTime100 spectrophotometer from the same company with a 350 or 395 nm cutoff 
filter was used in paper I and III, respectively.  
 
4.3.1.  Fluorescence anisotropy and quenching 
 
MLVs were produced at 0.05 mM lipid concentration plus 1 mol% probe. The 
excitation and emission wavelengths for DPH and 18:1-DPH-PC were 360/430 nm, 
and 305/405 nm for trans-parinaric acid (tPA). A G-factor was measured before the 
emission intensity was measured as a function of temperature with a gradient of 2 
°C/min. Anisotropy was calculated with the PTI-Felix32 software according to 
Lakowicz (191).  
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4.3.2.  Time-resolved fluorescence of tPA 
 
MLVs were prepared at varying lipid concentrations depending on the lipids and 
probe used. A ~0.05 mM concentration was used in paper I, 0.1-0.2 mM in paper II 
and 0.1 mM in paper III. 1 mol% probe was used in all samples. The excitation and 
emission wavelengths for tPA and tPA-derived probes were 305/405 nm. The FluoFit 
Pro software provided by PicoQuant was used for analysis of lifetime decays. 
 
4.3.3.  Sterol partitioning 
 
Sterol partitioning was determined in two ways with two different cholesterol 
analogs, CTL or TF-Chol. The equilibrium partitioning of CTL (2 or 3 mol%) between 
pure PL LUVs (0.04 mM) and MβCD was measured at 50 °C. The reason for the high 
temperature was the requirement for fluid PL bilayers. By varying the concentration 
of MβCD (0-1 mM) and detecting the changing anisotropy of CTL (ex/em wavelength 
324/390 nm), the molar fraction partitioning coefficient (Kx) could be calculated (128). 
Equilibrium partitioning of TF-Chol was between donor and acceptor LUVs. The 
donor LUVs contained 0.5 mol% DPH-PC and TF-Chol. FRET efficiency after 
equilibrium was calculated to obtain the relative partitioning coefficient (KR). 
 
 

4.4.  Differential scanning calorimetry  
 
MLVs were produced at a lipid concentration at 1 mM. A high sensitivity Micro-Cal 
VPDSC-instrument (MicroCal, Northampton, MA, USA) was used to acquire the 
data. For analysis, ORIGIN software (Originlab, Northampton, MA, USA) was used. 
At least four consecutive heating and cooling scans with a temperature gradient of 1 
°C/min were performed.   
 
 

4.5.  2H NMR experiments 
 
Deuterium-labeled lipids were either 9’,9’-d2 –PSM (paper II and III) or 9’,9’-d2 –DPPC 
(paper III), or  perdeuterated in the N-palmitoyl chain (PSM-d31) and the unsaturated 
lipids had a perdeuterated palmitoyl chain in the sn-1 position (POPC-d31, POPE-d31, 
POPS-d31). 2H measurements were recorded on a 300-MHz CMX spectrometer 
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(Chemagnetics, Agilent, Palo Alto, CA, U.S.A.) using a quadrupole echo sequence 
and 5-mm 2H static probe (Otsuka Electronics, Osaka, Japan). The 90° pulse width 
was 2 µs, the repetition rate was 0.5 s and the interpulse delay was 30 µs. The number 
of scans was approximately 100 000 and sweep width was 200 kHz. The NMR data 
was analyzed with TopSpin software (Bruker) and ≥ 300 Hz of line broadening was 
used. The first spectral moment (M1) was calculated for each 2H spectrum using the 
following equation:  
 

    
| |

    (Eq 3)  

 
 
where  is the frequency with respect to the central Larmor frequency 0, and f( ) is 
the line shape (192). For some samples, the spectra were fast Fourier transform 
dePaked to enhance the resolution and give spectra similar to a planar membrane of 
single alignment (193). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



30 
 

5.  RESULTS 
 
5.1.  Acyl chain order in the fluid phase (paper I) 
 
There exists a wide variety of sphingolipids (194). They readily form gel phases with 
high thermostability (74, 195, 196). In addition, they could have an important role in 
affecting the bulk acyl chain order. In this paper, we studied how the acyl chain order 
of a POPC bilayer was affected by including different sphingolipids with varying 
head groups and compared the effect with that of cholesterol. Structures of the lipids 
that were used in the study are shown in figure 9. We used three phase-selective 
probes to acquire information about acyl chain order in both the fluid and gel phase. 
In addition, we compared how ceramide and cholesterol affected acyl chain order in 
a bilayer without phase separation. Because both ceramide and cholesterol lack a 
large head group, they could have similar effects on the acyl chain order in the fluid 
phase, as earlier reported (197).  

 

 

Figure 9. Lipids used in the study. POPC was the bulk lipid, and cholesterol or sphingolipids with 
varying head groups were added. The figure is adapted from paper I with the permission of ACS 
Publications. GalPCer = galactosylpalmitoyl-ceramide. GlcPCer = glucosyl-palmitoyl-ceramide.  
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5.1.1.  Anisotropy with different phase-selective probes 
 

 

Figure 10. Structures of the phase-selective probes used in the study. The figure is adapted 
from paper I with the permission of ACS Publications. 
 
The probes we used were diphenylhexatriene (DPH), 18:1-DPH-PC and tPA (Fig. 10). 
DPH partitions equally between Ld and Lo phase (198) and between Ld and gel phase 
in POPC/PSM bilayers (Fig S1 in paper I). However, it has been reported that DPH is 
excluded from ceramide gel phases (199). 18:1-DPH-PC has very low affinity for the 
gel phase in POPC/PSM bilayers (Kpgel/Ld ≈ 0.31) probably because of the unsaturated 
sn-1 acyl chain (Fig. S1 in paper I) and the DPH moiety. tPA, on the other hand, prefers 
the gel phase with Kpgel/Ld between 2 and 6.3 depending on the lipid composition (199-
201). 
 
 Anisotropy was measured in fluid POPC bilayers with increasing amounts of 
sphingolipid (PSM, PCer, PGalCer or PGlcCer) or cholesterol. If a sigmoidal or 
exponential shaped anisotropy curve is detected, it probably indicates that the probe 
is able to detect the newly formed phase. If a linear increase in anisotropy is found, it 
is difficult to interpret if a new phase has formed or if it merely reflects a general 
increase in acyl chain order. If the anisotropy is constant, a new phase is not detected 
or formed. Increasing cholesterol concentration led to an increase in anisotropy, as 
was reported by all three probes (Fig. 11). The initial and final anisotropies and the 
change in anisotropy were different for each probe.  
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Figure 11. Steady state anisotropy measurements with three phase-selective probes. The 
panels shows addition of A) cholesterol, B) PSM, C) PCer, D) GlcPCer or E) GalPCer to a 
fluid POPC bilayer. Each value is an average of n ≥ 3 ±SD. The figure is adapted from paper I 
with the permission of ACS Publications. 
 
DPH reported the largest change between initial and final anisotropies, probably 
because its more hydrophobic structure gives it more freedom to move than the other 
probes. Addition of PSM to fluid POPC bilayers led to a modest increase in the 
anisotropy, as reported by all probes. This probably occurred because the gel phase 
formation of PSM in POPC bilayer has been reported to occur at a higher PSM mol% 
than the measured concentration range (0-28 mol%) in this study (179). Addition of 
PCer to a fluid POPC bilayer led to sigmoidal tPA anisotropy vs PCer concentration 
curve. In contrast, PCer had almost no effect on 18:1-DPH-PC anisotropy in fluid 
POPC bilayers until going above 16 mol% PCer. A PCer gel phase is reported to form 
at very low concentrations of PCer (136, 199) and this agreed with the measured tPA 
anisotropy, where a clear discontinuity of the anisotropy was observed at low 
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concentrations of PCer, indicating phase separation. With DPH, the anisotropy 
increased linearly with PCer content, suggesting that DPH was partially incorporated 
in the gel phase, in contrast to earlier reports (202). For the glycosphingolipids, tPA 
reported gel phase formation at ~16 mol% glycosphingolipids, DPH reported a small 
increase in anisotropy while 18:1-DPH-PC anisotropy was mostly unaffected by the 
glycosphingolipids. Overall, tPA and to some degree DPH reported that lower 
concentrations of sphingolipids were required for gel phase formation if the head 
group size of the sphingolipid was smaller. tPA anisotropy  data agreed well with the 
measurements of tPA lifetimes (Fig. 1 in paper I). All probes reported higher acyl 
chain order with cholesterol addition to the bilayers (Fig. 11). 
 
5.1.2.  Determining the phase-selectivity of the probes 
 
To ensure that the probes reported from expected phases, fluorescence quenching 
experiments were performed (Fig. 12). If the probes partition into the gel phase, they 
are protected from the quencher 7SLPC that prefers the fluid phase (203). When 
temperature is increased in the quencher-containing sample (F), probe emission 
intensity will be lower compared to the quencher-free sample (F0) when the gel phase 
melts. This occurs because the gel phase lipids melt and encounter the quencher. If 
there is a large change in F/F0 with increasing temperature, it indicates that the probes 
have partitioned into the gel phase. We chose the sample POPC/PCer (10/4) because 
it is known to have a thermostable gel phase (199). In the tPA-quenching experiments, 
a large difference in F/F0 was observed at the temperature reported for the PCer 
melting (Fig. 12), indicating preferable partitioning into the gel phase. DPH displayed 
a very small difference in F/F0 with increasing temperature, especially compared to 
tPA, indicating predominantly a low partitioning into the gel phase. F/F0 was 
essentially unchanged for 18:1-DPH-PC, indicating that it did not partition into the 
gel phase. These results agreed with the partitioning data and confirmed the phase 
selectivity of the different probes (Fig. S1 in paper I).  
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Figure 12. Fluorescence quenching experiments to explore phase-selectivity of the fluorescent 
probes used. The composition was POPC/PCer 100/40 for the F0 sample and 
POPC/7SLPC/PCer 70/30/40 for the F sample. Each value is an average of n ≥ 3 ±SD. The 
figure is adapted from paper I with the permission of ACS Publications. 
 
 
5.1.3.  Acyl chain ordering by cholesterol and sphingolipids in a fluid bilayer 
 
At 23 °C, there was a coexistence of two-phases at some lipid compositions. To 
compare the acyl chain ordering of a fluid bilayer by cholesterol or PCer, a binary 
bilayer without phase separation was required. This was obtained by increasing the 
temperature to 50 °C. Increasing the concentration of either cholesterol or PCer in a 
POPC bilayer at 50 °C, both increased the bulk acyl chain order (Fig. 13). However, 
GlcPCer failed to do so at the concentration range tested. These results suggest that 
the lack of a large head group increased the ability of the lipids to increase the bulk 
acyl chain order. The difference between cholesterol and PCer is that PCer segregates 
laterally and therefore fails to increase the acyl chain order in the fluid phase at lower 
temperatures (Fig. 11). These results agree with the 2H NMR results that PCer 
increases acyl chain order for POPC-d31 in a fluid bilayer (197). In conclusion, the size 
of the head group affects the bulk acyl chain ordering in the fluid phase, as long as 
the lipid does not create an ordered phase. 
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Figure 13. Comparison of different sphingolipids and cholesterol, and how they affect the 
steady-state anisotropy of 18:1-DPH-PC in a fluid non-segregated bilayer. Measurements 
were carried out at 50 °C to ensure bilayer fluidity. Each value is an average of n ≥ 3 ±SD. The 
figure is adapted from paper I with the permission of ACS Publications. 
 
 

5.2.  Lipid interactions in complex bilayers (paper II) 
 
Cholesterol is known to affect the acyl chain order in fluid bilayers, as was also shown 
in paper I and elsewhere (204, 205). The preference of cholesterol for different PLs has 
been studied (103, 104, 117). However, the observed sterol affinity for GPLs with 
different head groups varies between studies.  In addition, the sterol affinity is often 
studied in a single-lipid bilayer, though sterol-PL interactions are likely affected by 
the several different PLs present in a complex bilayer. Favorable sterol-SM 
interactions have been demonstrated (74), but the competing interaction of other PLs 
with cholesterol could complicate the SM-cholesterol interaction. Therefore, we 
studied how cholesterol and temperature affected acyl chain order in complex 
bilayers consisting of perdeuterated palmitoyl chain in PSM (PSM-d31), POPC (POPC-
d31), POPE (POPE-d31), and POPS (POPSd31). We also examined how the acyl chain 
order of PSM was affected by inclusion of the different GPLs in ternary bilayers, and 
compared it to binary bilayers. In paper I, phase-selective probes were used while in 
this study we used lipid-analog probes for both 2H NMR and time-resolved 
fluorescence measurements. 
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5.2.1.  Fluorescence lifetimes of tPA with lipid-analog probes 
 
tPA partitions preferentially into the gel phase (199, 200). However, probe 
partitioning can be affected by attaching a fluorophore to a lipid, which has different 
affinity for a phase than the free probe (206). This was found out in paper I, where 
18:1-DPH-PC had much lower affinity for the gel phase than free DPH. In paper II, 
we used the same approach but attached tPA to lyso-18:1-PC or lyso-SM. The oleoyl-
tPA-PC (O-tPA-PC) has much lower affinity for the gel phase (Kpgel/Ld 0.35, Fig. S1 in 
paper II) than tPA-SM ((Kpgel/Ld ~1.7 (201)).  
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Figure 14. Lifetime components of tPA-PLs in POPC/PSM/Chol bilayers. One mol% O-tPA-
PC (partitions to Ld phase) or tPA-SM (partitions to Lo phase) was included in 
POPC/PSM/Chol (34.5/34.5/30 mol%) bilayers. Each value is an average of n ≥ 3 ±SD. The 
figure is adapted from paper II with the permission from Cell Press. 
 
The fluorescent decays of tPA are typically multiexponential (174). In 
POPC/PSM/Chol (34.5/34.5/30 mol%) bilayers, a clear difference was observed 
between O-tPA-PC and tPA-SM (Fig. 14). tPA-SM reported a third fluorescence 
lifetime component at low temperatures, while O-tPA-PC did not. The interpretation 
was that O-tPA-PC did not partition into the Lo-domains found in the bilayer while 
tPA-SM did. The other two lifetime components of O-tPA-PC had shorter lifetimes 
than tPA-SM, indicating that the probe preferred a more fluid environment.  
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5.2.2. 2H NMR data of of labeled PSM in binary and ternary lipid bilayers 
 

 

Figure 15. 2H NMR spectra and Δν for 9´,9´-d2-PSM, incorporated in monounsaturated 
GPLs and cholesterol bilayers. Panel A shows 2H NMR spectra of 9´,9´-d2-PSM in the absence 
of cholesterol and panel B in the presence of cholesterol. A vertical line was added to guide the 
eye. In panel B, the cholesterol induced ordering ΔΔν of 9´,9´-d2-PSM was calculated  taking 
Δν  of 9´,9´-d2-PSM in the presence minus the Δν in the absence of cholesterol. Panel C shows 
Δν of 9´,9´-d2-PSM at different temperatures in both binary and ternary bilayers. Composition 
were 9´,9´-d2-POPX/PSM  (2/1) and PSM/Chol (1/1) for the binary bilayers and 9´,9´-d2-
PSM/POPX/Chol (2/1/1) for the ternary bilayers.  The figure is adapted from paper II with 
the permission of Cell Press. 
 
PSM interacts favorably with cholesterol and readily forms cholesterol-rich domains 
with high thermostability in both binary and ternary bilayers (161). However, the 
effect of the unsaturated GPLs on the ability of PSM to form ordered domains, and on 
ordered domain thermostability, is less clear. Therefore, we studied how PSM acyl 
chain order and domain thermostability was affected by exchanging POPC for POPE 
or POPS. 9´,9´-d2-PSM was chosen, because the 9th acyl chain carbon seemed to be 
most affected by cholesterol in an earlier study (78). In the absence of cholesterol, the 
quadrupolar splittings of the Pake doublet of 9´,9´-d2-PSM was largest with POPE, 
followed by POPS and POPC as co-lipid (Fig. 15A). The addition of cholesterol 
increased Δν most with POPC as co-lipid followed by POPS and POPE (Fig. 15B).  
However, Δν of 9´,9´-d2-PSM in cholesterol-containing bilayers with different GPLs 
was very similar, especially at lower temperatures. Compared to binary PSM/Chol 
bilayers, Δν of 9´,9´-d2-PSM in ternary bilayers was clearly lower (Fig. 15C), in 
agreement with previous studies (207). Δν of 9´,9´-d2-PSM in binary bilayers was only 
slightly affected by temperature in contrast to the ternary bilayers. In conclusion, this 
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suggests that the cholesterol-PSM interaction was reduced by inclusion of GPLs 
independent of the head group in the GPLs, at least at low temperatures.  
 
5.2.3.  Cholesterol-induced ordering of different PLs in complex bilayers 
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Figure 16. Ordering of perdeuterated acyl chain of PLs by cholesterol concentrations in 
PSM/POPC/POPE/POPS (22/44/17/17) bilayers. The figure is adapted from paper II with 
the permission from Cell Press. 
 
We investigated how cholesterol concentrations affected different PLs in a bilayer 
consisting of (PSM/POPC/POPE/POPS, 22/44/17/17). This composition was chosen to 
mimic the plasma membrane lipid composition (63). 2H NMR spectra was measured 
for perdeuterated PSM-d31, POPC-d31, POPE-d31, and POPSd31. First, only a single 
Pake doublet was observed at each carbon (Fig. S4 in paper II), indicating that if 
coexisting phases existed, the lipid diffusion between the phases is so fast that only 



39 
 

an average-weighted spectrum from both phases could be observed (176). The first 
spectral moment (M1) was calculated for all spectra, because the parameter is 
proportional to the average acyl chain order (192). A linear increase in the acyl chain 
order with increasing cholesterol content was observed at 50 °C for all PLs. At 20-40 
°C, the M1 plateaued for PSM-d31 ≥ 18 mol% cholesterol (Fig. 16). For POPE-d31, and 
POPSd31 at lower temperatures, the M1 plateaued after 18 and 25 mol% cholesterol 
respectively, but not to the same degree as PSM-d31. For POPC-d31, no plateau in M1 
was observed with cholesterol addition at any temperature. At all temperatures, PSM-
d31 had a much larger M1 than the other perdeuterated PLs. This indicated that in this 
complex bilayer, cholesterol interacted more favorably with PSM than the GPLs, 
while cholesterol-induced ordering did not differ substantially between the different 
GPLs.  
 
5.2.4.  Effect of temperature on complex bilayers 
 
Next, we investigated how temperature (20-50 °C) affected  the M1 of the different PLs 
in complex bilayers at different cholesterol concentrations by replotting the data from 
figure 16 (Fig. 17). M1 decreased linearly for all perdeuterated PLs with increasing 
temperature. The slope of the line increased with cholesterol content. Interestingly, at 
10 mol% cholesterol, PSM has a much steeper line than the other PLs. This could 
indicate a stronger interaction of PSM at low cholesterol concentrations than other 
PLs have. It could also indicate formation of a cholesterol-rich domain, which then 
melts. Earlier, slope lines from 2H NMR were interpreted to indicate domain melting 
in POPC/PSM/Chol bilayers (207). Overall, PSM had a favorable cholesterol 
interaction than the GPLs. First, indicated by a higher acyl chain order in the presence 
of cholesterol. Second, by the acyl order of PSM reaching a plateau value at lower 
cholesterol concentration. Third, that PSM was more affected by cholesterol at lower 
cholesterol concentrations, than the other GPLs. . The data was inconclusive for 
determining which GPL cholesterol preferred. 
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Figure 17. Effect of temperature on the perdeuterated PLs in complex bilayers. Acyl chain 
ordering was measured from the first spectral moment (M1). The bilayer consisted of 
PSM/POPC/POPE/POPS (22/44/17/17) and cholesterol concentration varied from 0 to 31 
mol%. The figure is adapted from paper II with the permission of Cell Press. 
 

5.3. Cholesterol-PL affinity and lateral segregation (paper III) 
 
It has long been known that cholesterol has higher affinity for saturated PLs than 
mono- or poly-unsaturated PLs (103, 105). Polyunsaturated PLs are found in all cells 
but are enriched in certain cells and compartments, e.g. synaptic termini in neurons, 
sperm, and retinal rod outer membrane segments (208). In this study, we compared 
how different unsaturated PCs affected lateral domain formation both in the presence 
and absence of cholesterol. We varied the number of double bonds in the sn-2 chains 
(hybrid PLs) and in both chains (symmetrical PLs). We also varied the saturated PLs 
by including either PSM or DPPC. All structures are shown in figure 18.  

 
We used time-resolved fluorescence of tPA since it is known to have high spatial and 
temporal resolution to detect lateral segregation (209). When an unsaturated PL was 
replaced for a saturated PL, the fluorescence lifetime increased linearly but modestly. 
When lateral segregation occurs, tPA partitions into the ordered phase. In  
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Figure 18. Lipids used in the study.  The four lipids on the left are hybrid PLs with varying 
number of double bonds. The next two are di-unsaturated PCs. The last three lipids are the 
two saturated PLs and cholesterol. DLPC = 1,2-dilinoleoyl-PC, PAPC = 1-palmitoyl-2-
arachidonoyl-PC, PLPC = 1-palmitoyl-2-linoleoyl-PC.  
 
the ordered phase, tPA has higher quantum yield and longer lifetime and appeared 
as kink in the curve (149, 209). The discontinuity or kink in the increase in fluorescence 
lifetime of tPA vs composition indicates a phase boundary and the mol% of the 
saturated PL required for lateral segregation to occur. By taking an average of several 
individual measurements of the trend series, the amount of saturated PL required for 
formation of ordered domains can be determined for both the gel and Lo phase 
formation. An example can be seen in figure 19, where 20 mol% of PSM was required 
to form Lo phase in POPC/PSM/Chol bilayers. Cholesterol concentration was 20 
mol% because most phase diagrams indicate liquid-liquid separation at that 
cholesterol concentration at 23 °C (161, 168). 20 mol% PSM is significantly less than 
the ~30 mol% required to form ordered domains in the absence of cholesterol (179). 
The lower amount of PSM required to form an ordered domain in the presence of 
cholesterol suggests that cholesterol-PSM interactions are of importance for lateral 
segregation. 
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Figure 19. Detection of lateral segregation based on time-resolved fluorescence of tPA. 
Initially the bilayer consisted of a fluid POPC bilayer with 20 mol% cholesterol. When POPC 
was gradually replaced for PSM until a kink in the average lifetime was observed. This kink is 
assumed to be the onset of Ld-Lo phase coexistence. The figure is adapted from paper III with 
the permission of Cell Press. 

 
5.3.1. Effect of cholesterol and polyunsaturated PLs on the formation of ordered 

domains 
 
It has been suggested that polyunsaturated PLs could promote Lo phase formation 
(210). The  disordered acyl chains of polyunsaturated PLs make the cholesterol-PL 
interaction unfavorable (211). We tested this by replacing the POPC by PCs with an 
increasing number of double bonds. We observed that an increasing number of 
double bonds in hybrid PCs did not change the amount of PSM required to form a gel 
phase, in an earlier study, (179) and also shown in figure 20. Only di-unsaturated PCs 
with more than one double bond in each acyl chain lowered the amount of PSM 
required to form a gel phase (179). However, in cholesterol-containing samples, there 
was a large difference in the ability to promote lateral segregation between the 
different unsaturated PCs (Fig. 20). By increasing the number of double bonds from 
one (POPC) to six (PDPC), the amount of PSM required for lateral segregation 
decreased from ~20 to ~8 mol%. In conclusion, only in the presence of cholesterol did 
polyunsaturated hybrid PLs promote formation of ordered domains. This indicates 
that aversion of cholesterol for polyunsaturated PLs could be the driving force.  
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Figure 20. Mol% PSM required to form ordered domains with different unsaturated PCs in 
the presence or absence of 20 mol% cholesterol. The onset point was calculated from individual 
measurements (see Fig. 19). and an average was calculated from n ≥ 3 ±SD at 23 °C. Some 
values were taken from (179). The figure is adapted from paper III with the permission of Cell 
Press. 
 
5.3.2. Sterol affinity for PSM vs DPPC 
 
To investigate whether the aversion between cholesterol and polyunsaturated PLs 
was the only driving force to promote formation of ordered domains, we examined 
the impact of replacing SM with a saturated PC.  Sterol affinity of saturated PCs has 
systematically been lower than for SMs, even if the Tm of the lipids are similar (90, 
105). We chose DPPC because it has a similar Tm,  and therefore is unfortunately 
widely used a SM substitute (161). To confirm the different sterol affinities, two sterol 
partitioning assays were used: one where the cholesterol analog CTL will equilibrate 
between MβCD and LUVs (128), and one relying on partitioning of TF-Chol between 
donor and acceptor LUVs. When the donor LUVs composed of POPC and acceptor 
LUVs of POPC and increasing amount of DPPC, KR (relative partitioning value) 
increased from one to 1.5 for pure DPPC acceptor LUVs (Fig. 21). In contrast, 
exchange of POPC for PSM in the acceptor LUVs increased KR 4-fold. PSM had 
roughly 2.7 times higher KR than DPPC, in agreement with the CTL partitioning 
results (Fig. 21 insert).  
 



44 
 

 

Figure 21. Equilibrium partitioning of TF-Chol between donor and acceptor LUVs. The  
acceptor LUVs consisted of POPC and increasing amounts of PSM or DPPC (up to 100%). 
Donor LUVs contained the probes: DPH-PC (0.5 mol%) and TF-Chol (0.5 mol%). FRET 
efficiency was calculated to obtain the relative partitioning coefficient (KR). A partitioning 
coefficient (Kx), as shown in the insert, was calculated from CTL partitioning between MβCD 
and PSM or DPPC LUVs. To ensure bilayer fluidity, the experiments were performed at 50 
°C. The figure is adapted from paper III with the permission of Cell Press. 
 
If aversion between cholesterol and polyunsaturated PLs would be the only driver for 
Lo domain formation, replacement of PSM by DPPC should not substantially change 
the effect of cholesterol addition on ordered domain formation. While DPPC 
segregated at lower mol% in unsaturated PL bilayers than PSM (179), effect of 
cholesterol on lateral segregation was weaker with DPPC vs PSM (Fig. 22). Only when 
the unsaturated PC had four double bonds did DPPC laterally segregate at a lower 
concentration in the presence of cholesterol when compared to cholesterol-free 
bilayers. The data clearly indicates that the lower sterol affinity for DPPC than PSM 
reduced the impact of including polyunsaturated PLs on lateral segregation.  
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Figure 22. Mol% of DPPC required for ordered domain formation with different unsaturated 
PCs in the presence and absence of 20 mol% cholesterol. The onset point was obtained from as 
shown in figure 19. Some values were taken from (179) Data is of n ≥ 3 measurements ±SD at 
23 °C. The figure is adapted from paper III with the permission of Cell Press. 
 
5.3.3.  Impact of polyunsaturated PLs on the acyl chain order of PSM and DPPC as 

measured with 2H NMR 
 
To acquire information about the properties of the formed ordered domains, 2H NMR 
spectra of 9´,9´-d2-PSM and 9´,9´-d2-DPPC containing bilayers were recorded. If the 
spectrum shows two Pake doublets, the lipid order can be determined for both Ld/Lo 
phases (176). This approach has been applied before for both perdeuterated lipids 
(212, 213) and site-specifically deuterated lipids (167). For the 9´,9´-d2-PSM spectra, 
two Pake doublets were detected in ternary bilayers which included a different 
unsaturated PLs (POPC, PLPC, PAPC or DOPC)(Fig. S6 in paper III). In the case of 
9´,9´-d2-DPPC, two Pake doublets were only detected for PAPC and DOPC containing 
bilayers (Fig. S6 in paper III). However, the Δν for 9´,9´-d2-DPPC, was still relatively 
high in POPC and PLPC bilayers, suggesting that an average of Δν from two phases  
was observed (Fig. 23). Δν for 9´,9´-d2-PSM in the Lo phase increased with increasing 
number of double bonds in the PCs, especially at 28 °C. For 9´,9´-d2-PSM in the Ld 
phase there was a substantial decrease with increasing number of double bonds. 
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Overall, PSM had higher order in the Lo phase than DPPC. The unsaturated PLs 
mostly affected the order of labeled PSM and DPPC in the fluid phase.  
 

 

Figure 23. Δν for site-specifically deuterated saturated PLs in either the Ld or Lo phase at 23 
and 28 °C. The bilayers contained a saturated PL (9´,9´-d2-PSM or 9´,9´-d2-DPPC), an 
unsaturated PL (POPC, PLPC, PAPC or DOPC) and cholesterol (40/40/20). The figure is 
adapted from paper III with the permission of Cell Press. 
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6.  DISCUSSION 
 
In paper I, the focus was on the size of PL head group and how it affected the acyl 
chain order in the fluid phase of a bilayer. In paper II, the focus was on the interactions 
of cholesterol with different PLs and the lipid complexity. Finally, in paper III the 
effect of unsaturation of PC acyl chains was explored, with the effect of cholesterol 
interaction with PLs on phase separation.  

 
 
6.1.  PL-PL interactions as studied by different probes 
 
Probes are commonly used to study PL-PL interactions, especially for lateral 
segregation (206). In this thesis, several different fluorescent probes were used. In the 
2H NMR experiments, the probes were deuterium-labeled lipids. Understanding the 
phase-selectivity of the probes is of obviously important to understand the results. 
 
6.1.1.  Correlation between phase-selectivity and probes 
 
Probes partitioning between the lipid phases will affect which environment the 
probes will report from. It has been observed that the structure of the probes affects 
their phase-selectivity (206). Most partitioning experiments have investigated the 
probe partitioning between gel and Ld phases (214, 215). Probes that partition 
selectively into the Lo phase have been more difficult to find than gel and Ld phase 
partitioning probes (46). For sensitive detection of Lo-phase we have used the 
fluorescent probe tPA. While the reported KpLo/Ld values for tPA vary between studies 
(216, 217), we have successfully  used tPA to detect the formation of the Lo phase (Fig. 
19, 20 and 22 and (149)).    
 
Both the structure of the fluorophore and the molecule to which it is attached affect 
the phase-selectivity of the probe. In addition, the site of attachment of a fluorophore 
to a lipid also makes a difference, because polar or bulky fluorophores attached to the 
acyl chains (e.g. NBD or TopFluor) can disrupt acyl chain packing, and the probes 
may therefore not partition into the gel phase (206, 218). The probes that partition into 
the tightly packed gel phase often have their fluorophores attached closer to the 
terminal methyl groups, to the head group or further out in the  aqueous phase linked 
through a long spacer, where the disruption of interactions between neighboring  
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lipids by the fluorophores is less. Some fluorophores like DPH partitions equally into 
gel and Ld phases, at least in commonly used lipid systems like POPC/PSM bilayers 
(Figure S1 in paper I). The attachment of propionyl-DPH to a palmitoyl-lyso-PC 
diminished the probes affinity for the gel phase compared to DPH itself (Fig. S1 in 
paper I). Probably the smaller size and possible distribution in the center of the bilayer 
of the DPH is the cause for the higher gel phase partitioning of DPH. 
 
If the fluorophore is attached to a PL which contains an unsaturated acyl chain, the 
latter favors partitioning of the probe to the Ld phase, as was observed for both 18:1-
DPH-PC (Fig. S1 in paper I) and O-tPA-PC (Fig. S1 in paper II). When NBD 
fluorophores were attached to the head group of PEs, acyl chain structure determined 
the probe’s phase selectivity (219). Longer and saturated chains led to predominant 
partitioning into the gel phase, while shorter chains and a Δ9-cis unsaturated chains 
favored partitioning into Ld phase.  
 
Parinaric acid, a fatty acid, which has four conjugated double bonds, shows different 
partitioning into the gel phase depending on the double bond isomers present. The 
cis double bonds in cis-parinaric acid, e.g. (cis-trans-trans-cis) favor Ld phase 
partitioning (220). The cis double bonds results in Kpgel/Ld of 0.6 for in cis-parinaric acid 
in PDPC/DPPC bilayers. However, with mostly trans double bonds as in tPA, the 
Kpgel/Ld is 3 in the same bilayers, and even higher in other high-Tm lipid -containing 
bilayers (Fig S1 in paper 1) and (199). The trans double bonds make the hydrocarbon 
chain more extended and straight, similar to acyl chains in gel phase lipids. Attaching 
a tPA to an SM molecule led to only marginally lower affinity for the SM-rich gel 
phase than observed for free tPA (201). Overall, smaller probes with long 
hydrocarbon chains with bulky fluorescent groups closer to the membrane interior or 
in the aqueous phase seem to be the key for high gel phase partitioning (206). In 
contrast, an unsaturated chain or a short saturated chain in combination with bulky 
fluorophores often leads to high partitioning into Ld phase. 
 
6.1.2.  Experimental considerations with phase-selective probes 
 
Fluorescence anisotropy of a probe can be used to measure lateral segregation based 
on changes in acyl chain order (117, 199). When gradually replacing a low-Tm lipid 
with a high-Tm one, a gel phase may be formed. In paper I, there were quite small 
changes in the acyl chain order upon addition of different sphingolipids to fluid 
POPC bilayers at 23 °C (Fig. 11). However, a major increase in acyl chain order was 
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observed when a gel phase was formed. In this gel phase, the acyl chain order was 
dramatically different from the fluid phase (paper I). Therefore, if the probe partitions 
into the gel phase, changes in anisotropy are often clearly detected (221). This was for 
example indicated by fluorescence anisotropy of DPH in laterally segregated 
POPC/PSM bilayers but not with 18:1-DPH-PC (Fig. S1 in paper 1 and (201)). 18:1-
DPH-PC did not detect the onset of the PSM gel phase in POPC/PSM bilayers (Fig S1 
in paper I), because it shows very inefficient partitioning into the gel phase. However, 
at sufficiently high concentrations of PSM, sufficient fraction of 18:1-DPH-PC will 
partition into the gel phase and detect it. However, if 18:1-DPH-PC is used to detect 
gel phase onset it would become very difficult to determine the phase boundary. On 
the other hand, the gel-phase favoring probe tPA did not show a linear fluorescence 
anisotropy increase but a more sigmoidal one, suggesting formation of a gel phase 
(Fig. 11). This marked increase in fluorescence anisotropy of tPA upon gel or Lo phase 
formation, makes it a suitable for the detection of phase boundaries. In addition, using 
time-resolved fluorescence of tPA, similar change in acyl chain order can be observed 
(Fig. 19 and (179)). 
 
Probe partitioning is often measured isothermally (e.g. 23 °C) and with specific lipid 
components. At a different temperature, the phase-selectivity of the probes could  
change. This is probably one of the reasons why a clear melting was not indicated by 
the average fluorescence lifetime of tPA-SM in POPX/PSM/Chol bilayers (Fig. 1 in 
paper II). Anisotropies of tPA and 18:1-DPH-PC were measured as a function of 
temperature in phase-separated bilayers containing POPC and different 
sphingolipids (Fig. 4 in paper I). Here, tPA reported clear melting of the gel phase, 
while 18:1-DPH-PC did not, demonstrating that the probes maintained similar phase-
selectivity at higher temperature. Similar results were observed in the quenching 
experiments (Fig. 12). 
 
Changing the lipid components could also affect the probe partitioning into the gel 
phase, e.g. because of different packing of the lipids in the gel phase. Both DPH and 
tPA reported the gel phase formation in POPC/PSM bilayers (117, 175, 179). In 
contrast, while tPA reported a non-linear increase in fluorescence anisotropy in POPC 
bilayers with increasing GlcPCer or GalPCer concentrations, DPH had a linear 
increase in anisotropy (Fig. 11). A linear increase in fluorescence anisotropy could 
indicate that no gel phase is formed. The non-linear increase in anisotropy and 
lifetimes of tPA confirms a phase separation, in agreement with the higher gel phase 
partitioning that has been reported with tPA vs DPH (200). In paper III and (179), an 
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unsaturated PL was exchanged gradually for PSM or DPPC to detect the formation of 
Lo or gel phases. Varying the number of double bonds in unsaturated PCs led to 
distinct non-linear increases of fluorescent lifetimes at the phase boundary. This was 
probably because the difference in the acyl chain order between the gel/Lo and Ld 
phase changed depending on PCs, but also because tPA probably had different 
partitioning into the different gel and Lo phases present. Still, reasonable fluorescence 
lifetimes of tPA trend curves were acquired in paper III. 
 
Phase-selectivity of the probes can also be determined from FRET. When using 
fluorescent probes with different phase selectivity, they separate when new phases 
are formed, or the probes come in contact when phases melt. Both scenarios will affect 
the FRET efficiency, and therefore FRET can be used to detect phase boundaries (166). 
Several phase diagrams have been constructed with the FRET approach (168, 180). 
 
6.1.3.  Lipid-analogs as probes  
 
It has long been a goal to selectively mimic lipid behavior to examine individual lipid 
species instead of using phase-selective probes alone (46). However, because lipids 
are small molecules, small modifications can easily bias the lipid´s behavior (222). 
Examples include cholesterol analogs, e.g. NBD fluorophore attachment to the side 
chain of cholesterol. This NBD turns the OH-group of cholesterol to the interior of the 
bilayer, and the sidechain/fluorophore to the surface (223). NBD-Chol also show 
different phase partitioning than cholesterol, making it very unsuitable to mimic 
cholesterol behavior (224). Other fluorescent or spin-labeled sterol analogs have the 
correct orientation, but can differ in their polarity, phase partitioning, membrane-
water partitioning and ordering of PLs as compared to cholesterol (98). An example 
is TF-Chol which has similar relative partitioning coefficients between fluid DPPC 
and PSM (Fig. 21), as has CTL (98), TF-Chol also has similar Lo phase partitioning 
behavior as cholesterol (46), but does not induce cholesterol-like ordering of PLs (225). 
Thus, depending on the method used or parameter examined, a lipid-analog probe 
may or may not be suitable to measuring the parameter under investigation.  
 
Lipid-analog probes can also be phase-selective, e.g. low-Tm lipid-analog probes, 
probably also show low partitioning to the gel phase. POPC has Kpgel/Ld of 0.5 (117) 
while O-tPA-PC has Kpgel/Ld at ~0.35 in POPC/PSM bilayers. The lower Kpgel/Ld of O-
tPA-PC compared to POPC could be due to the four conjugated double bonds or that 
the oleoyl chain in O-tPA-PC is in the sn-1 instead of sn-2 chain. The different phase-
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selectivity of O-tPA-PC and tPA-SM was indicated by an additional fluorescence 
lifetime component found for tPA-SM in the ternary POPC/PSM/Chol bilayers (Fig. 
14). This probably has to do with tPA-SM partitioning into the Lo phase, while O-
tPA-PC favored the Ld phase. 
 
There also non-fluorescent lipid-analog probes, e.g. deuterated lipids. These are used 
for both 2H NMR and SANS (130). Exchange of hydrogen to deuterium in the acyl 
chain is minimally disruptive on lipid behavior compared to other lipid-analogue 
probes, because only the molecular weight is increased slightly. However, 
perdeuteration  decreases the Tm slightly, by around 2-3 °C (171). Site-specifically 
deuterated lipids are even less disruptive because only two hydrogens are exchanged 
for deuterium. In conclusion, lipids are best mimicked by deuterated lipids, but for 
certain practical purposes fluorescent lipid analogs can also be used. However, 
understanding probe’s possible effect on phase behavior is very important so that one 
can draw biological conclusions. 
 
 

6.2.  Cholesterol-PL interactions  
 
Cholesterol-PL interactions depend on several factors, e,g. PL structure, the phases 
present, complexity of the bilayer, and temperature. Sterol-PL interactions can be 
studied e.g by sterol partitioning, acyl chain ordering by cholesterol in both binary 
and more complex bilayers, and ordered domain thermostability. All of these 
approaches were used in the present study. 
 
6.2.1.  Effect of PL structure on cholesterol-PL interactions 
 
Cholesterol interacts differently with saturated vs unsaturated PLs. Addition of 
cholesterol to a bilayer of a saturated PL leads to the formation of an Lo phase. 
However, the exact Ld-Lo or gel-Lo phase coexistence boundaries are composition- 
and temperature-dependent, and can thus be difficult to define (157). The results with 
unsaturated PLs/cholesterol bilayers are even less clear (157). In an unsaturated PL 
bilayer, inclusion of cholesterol leads to substantially higher acyl chain order (Fig. 11). 
The higher acyl chain order is indicative of Lo-phase, and has therefore led to an 
interpretation of Ld-Lo phase coexistence (117, 175). Lipid diffusion is also slowed 
down slightly with the addition of cholesterol to unsaturated PL bilayers, as would 
be expected with Lo phase formation (181, 226). However, coexistence of two phases 
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cannot be detected with 2H NMR (181) or FRET (180, 227). Thus, a likely interpretation 
is that cholesterol slowly transforms the Ld phase into an Lo phase without any 
distinct phase transition. A pressure perturbation calorimetry study suggested that 
POPC and cholesterol form an intermediate state between random mixing and phase 
separation (228). Starting with a bilayer initially containing 20 mol% cholesterol and 
an unsaturated PXPC or DXPC and gradually replacing the unsaturated PC for DPPC 
or PSM led to a clear discontinuity in tPA fluorescence lifetime trend curves (paper 
III), indicative of a phase separation. If unsaturated PL/Chol bilayers would have two 
coexisting phases, the addition of a saturated PL would probably not lead to a marked 
separation at low SM concentrations (paper III). Therefore, we suggest that the Lo-Ld 
phase coexistence region forms after addition of sufficient amounts of a saturated PL. 
In agreement with published phase diagrams (149, 168, 229). 
 
Effects of cholesterol is also affected by the structure of the saturated PLs. Formation 
of Lo phase differs between saturated PCs and  SM (Fig. 20 and 22). The order 
parameter profiles of perdeuterated palmitoyl chains of DPPC or PSM  in fluid 
bilayers shows that the acyl chain carbons closer to the water interface are more 
affected by cholesterol more than the carbons further away (102). When cholesterol 
was added to fluid bilayers containing site-specifically deuterated PSPC or SSM the 
spectra showed that the order profile of carbons in the acyl chain were highest in the 
middle and lower in both the beginning and end of the acyl chain (123).  
 
In paper II, we found that unsaturated GPLs with different head groups in PSM–
containing bilayers affected acyl chain order of PSM more in the absence than in the 
presence of cholesterol (Fig. 15). Previous studies on cholesterol’s interaction with 
GPLs with different head groups showed varied results. In studies on sterol 
partitioning between bilayers and MβCD, cholesterol affinity decreased in the order 
of PS > PC > PE (103). In binary cholesterol-PL bilayers, cholesterol ordered the acyl 
chains of POPC more than that of POPE (230, 231). However, the final acyl chain order 
after addition of cholesterol was very similar between PE and PC bilayers. In ternary 
bilayers, ordered domain thermostability was highest when including POPE in 
POPX/PSM/Chol bilayers as measured with DPH quenching (231). One way to 
understand the sterol’s interactions with GPLs with different head groups is to 
compare results obtained with saturated GPLs. DSC studies have shown that 50 mol% 
cholesterol does not completely abolish the gel-Ld phase transition enthalpy in di-
steraoyl-PS and di-steraoyl-PE bilayers (232), contrary to what observed for saturated 
PCs and SMs (155, 233). CTL quenching has been used to detect if ordered domains 
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are enriched in CTL (234). When palmitoyl-ceramide-PS or di-palmitoyl-PS were 
included in POPC/XPS/Chol (6/3/1) bilayers, CTL-enriched domains were only found 
for palmitoyl-ceramide-PS (235). In another study, CTL-enriched domains were not 
found with palmitoyl-ceramide-PE or DPPE (236). In contrast to results with bilayers 
containing PSM or DPPC (125). These results suggested that the sphingosine 
backbone favored enrichment of CTL in the ordered domains but serine and amino 
phospholipid head group decreased the amount of CTL in the domains. Altogether, 
interactions of cholesterol with saturated PE and PS were much weaker as compared 
to saturated PCs or SMs. In paper II it was difficult to see clear differences between 
interactions of cholesterol with POPE vs POPS vs POPC. For example, the 
disappearance of a third long lifetime component of tPA-SM in POPC/XPX/Chol 
bilayers after 30 °C (Fig. 14), there was no difference in ordered domain 
thermostability between POPC, POPE and POPS. The high cholesterol concentration 
(~30 mol%) used in some experiments in paper II could make it more difficult to 
observe differences between the  GPLs, because of the low SM/sterol ratio. 
 
6.2.2.  Other factors affecting cholesterol-PL interactions 
 
Cholesterol-PL interactions have often been investigated by studying sterol 
partitioning between cyclodextrin and bilayers (106). However, interpretations of 
such studies is complicated upon the inclusion of higher amounts of sterol in the 
bilayer. With high concentrations of sterol in a saturated PL bilayer, phase separation 
could occur and sterol would not only partition between MβCD and bilayers, but also 
laterally between bilayer phases. If the sterol is present in the Ld or Lo phase it can 
dramatically alter the sterol affinity for the PL (237). Molecular dynamics (MD) 
simulations show that MβCD preferably extracts cholesterol from the Ld phase, 
because of the high energy cost of absorbing cholesterol from the Lo phase (238). 
However, in order to measure sterol affinity for pure PL bilayers in fluid non-
segregated state, the temperature has to be above the Tm of the saturated PLs. 
Therefore, CTL and TF-Chol partitioning was performed at 50 °C and with a low 
sterol concentration (Fig. 21).  
 
The number of lipid components in a bilayer and temperature will also affect 
cholesterol-PL interactions. In binary PL/Chol bilayers, cholesterol has no other choice 
but to interact with the PL present, even if the sterol affinity for that lipid would be 
low. Therefore, it is interesting to compare the acyl chain order in the binary 
PL/cholesterol bilayers to that of the Lo-phase in ternary bilayers with 2H NMR 
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measurements (167, 239). When the number of double bonds in the PCs were varied 

in XXPC/9´,9´-d2-PSM/Chol (4/4/2) bilayers, the largest changes in Δν were for the 
deuterated lipids in the fluid phase, not in the Lo-phase (Fig. 23A). This probably 
occurs because there is little of the unsaturated PLs in the Lo phase. In 
DOPC/SSM/Chol (1/1/1) bilayers, deuterated 10´,10´-d2-SSM reported similar Δν in 
the Lo phase as 10´,10´-d2-SSM in SSM/Chol (1/1) bilayers. In POPC/PSM/Chol (4/4/2) 
bilayers (Fig. 23), Δν of 9´,9´-d2-PSM was similar to the Δν of 9´,9´-d2-PSM in binary 
PSM/Chol (2:1) bilayers (Fig. 15C). In time-resolved fluorescence studies of different 
tPA-PLs, the Ld phase partitioning O-tPA-PC probe lacked a long third lifetime 
component, which was observed for the Lo phase partitioning tPA-SM probe (Fig. 
14). In addition, tPA-SM reported similar average fluorescent lifetimes in binary and 
ternary bilayers, especially at lower temperatures (Fig. 1 in paper II). Therefore, the 
results suggest that SM and cholesterol interactions in the Lo-phase, and not the 
cholesterol or SM interactions with the unsaturated PLs, mostly determine the acyl 
order in the Lo phase. However, when only a single Pake doublet was observed in 
the 2H NMR spectra, the 9´,9´-d2-PSM had lower Δν in ternary bilayers compared to 
binary bilayers (Fig. 15A and C). Similar results were found for M1 of perdeuterated 
PSM in another study (207). When no two-component spectrum was observed in 2H 
NMR, either an average order of the different phases were observed or the bilayers 
were devoid of phase separation (176). This could explain why there was a difference 
in lipid order in the binary PL/Chol vs ternary bilayers. The relatively high acyl chain 
order for 9´,9´-d2-PSM in POPX/Chol bilayers (Fig. 15C) suggests that phase 
separation occurred at the lower temperatures. With increased temperature 
difference in the acyl chain order between the binary and ternary bilayers increased 
(Fig. 15C), probably because the Lo-phase is less thermostable in ternary bilayers. In 
addition, the rigid cholesterol molecule is much less affected by temperature than 
unsaturated co-lipids (240).  
 
 

6.3.  Influence of sterol affinity of PLs on lateral segregation 
 
In paper III, we started with a bilayer containing an unsaturated PC and cholesterol 
and gradually replaced the unsaturated PC for PSM or DPPC. With PSM, a lower 
concentration was required to form ordered domains in the presence of 20 mol% 
cholesterol than in the absence of cholesterol (~20 vs ~30 mol% PSM). While the 
ordered domains in the cholesterol-containing membranes would likely be Lo phase 
as indicated by previous phase diagrams (161), and the domains formed in absence 
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of cholesterol should be gel phase, they are both ordered domains that form in Ld 
phase bilayers. Less PSM was required when the number of double bonds increased 
in either hybrid or symmetrical PCs. It has been suggested that aversion of cholesterol 
for polyunsaturated PLs could promote formation of Lo-phase (241, 242). Still, in 
DPPC-containing bilayers increasing the unsaturation of PCs promoted much less 
formation of domains than in the PSM-containing bilayers (Fig. 24). When comparing    
effect  how cholesterol promoted lateral segregation with the sterol-partitioning data 
in paper III, a clear correlation was observed (Fig 24A). The more cholesterol preferred 
the saturated PL to the unsaturated PLs, the more it promoted lateral domain 
formation. The difference amount of saturated PL required to form a gel vs Lo phase 
is the measure of how strongly cholesterol affected the lateral segregation, as shown 
on the y-axis (Fig. 24A). Preferences of cholesterol for  PLs is indicated the relative 
partitioning coefficient KR, which is the Kx of sterol analogs for high-Tm lipid bilayers, 
divided by the Kx for the low-Tm lipid bilayers. KR is shown on the x-axis (Fig. 24A). 
In paper III, the low-Tm   lipid was an unsaturated PC and the high-Tm lipid was PSM 
or DPPC. Based on this correlation, we developed a model to explain the phenomenon 
(Fig. 24B). In this model, a low sterol affinity of the unsaturated PL could lead to 
promoted formation of ordered domains, but only in the presence of saturated PL, for 
which the sterol has sufficiently high affinity (Fig. 24B). While sterol had low affinity 
for polyunsaturated PLs, its moderate affinity for DPPC, as compared to PSM, had 
only a slight effect on promoting formation of ordered domains. From a biological 
perspective, this is interesting, because cells have mostly saturated SMs and hardly 
any saturated PCs (243). Other studies have also found that cholesterol promotes 
formation of ordered domains (229, 244). However, no quantitative connection 
between KR has not been made previously. Some phase diagrams have not shown 
cholesterol to promote formation of ordered domains, but in these often have been 
using different lipids, either a saturated PC (161) or  a more complex SM mixture like 
brain-SM (168). In ternary bilayers the tielines are much steeper for SM than in 
saturated PC bilayers, indicating that KR has an effect on the composition of the Lo-
phase, and not only on promoting the formation of Lo-phase (168, 245). In conclusion, 
applying the model to different SMs and mixtures of SM would be an interesting aim 
for future studies. 
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Figure 24. The relative affinity of cholesterol between unsaturated and saturated PLs 
correlates with the cholesterol-promoted formation of ordered domains as measured by 
fluorescent tPA-lifetimes. Panel A shows the correlation and panel B shows a model of how 
the different parameters correlate. Some values were taken from (104). The figure is adapted 
from paper III with the permission of Cell Press. 
 
How sterol-PL affinity results in phase separation is still unclear, but it could be 
through clustering of fluid SMs, which could be facilitated by having cholesterol close 
by. Alternatively, the stability of the clusters could be increased by cholesterol. In a 
bilayer containing unsaturated PLs, cholesterol could be pushed closer to SMs, further 
promoting clustering and eventually domain formation. The “push/pull” effect of 
unsaturated PLs and saturated PLs has been calculated as ‘unlike nearest-neighbor 
interaction free energies’ (ωAB) between lipids, from various experiments  (237, 241, 
246, 247). Based on this parameter, the likelihood that sterol interacts with a certain 
PL can be compared. An example is provided by ultraviolet-crosslinking analogs for 
DPPC and cholesterol, whose interaction energy is ωAB = + 12 ± 19 cal/mol in the Ld 
phase, indicating a slight push of the sterol by DPPC. However, the sterol-DPPC 
interaction is more favorable than the interactions of a sterol and a polyunsaturated 
PL. This was observed when DPPC was added to DOPC/Chol or PAPC/Chol bilayers 
(Fig. 22). In addition, in the Lo phase, the same lipids have an interaction energy of 
ωAB =  −260 ± 6.3 cal/mol (247). In this case, the sterol was “pulled in” by DPPC in the 
Lo phase. The push/pull effect of sterol on unsaturated vs saturated PLs is even larger 
increase of SMs (237), in agreement with our model. The favorable interaction of SMs 
and cholesterol in the Lo-phase compared to the Ld phase could lead to promotion of 
the formation of Lo-phase. Possibly, ordering of nearby SMs by cholesterol could be 
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greater than the by saturated PCs. However, only a small difference was found in the 
cholesterol-induced ordering of fluid myristoyl-SM compared to DMPC bilayers (90). 
The hydrogen-bond network between SMs could affect SM clustering and how 
cholesterol affects this process (119). Hydrophobic mismatch between different PLs 
can lead to gel phase formation may also explain Lo phase formation and Lo phase 
thermostability (248, 249). The hydrophobic mismatch between domains create line 
tension. The thickening effect of cholesterol on bilayers can lead to line tension 
between the cholesterol-rich and -poor phase (213). In other studies, line tension had 
a larger effect on the domain size than phase boundaries (168, 182).Yet, others caution 
against drawing strong conclusions from single lipid composition samples (250). 
Hydrophobic mismatch does lead to lateral segregation but it is difficult to explain 
the difference of Lo phase formation between saturated PC and SM (paper III) only 
as the effect of hydrophobic mismatch. For example, the difference in Δν of 9´,9´-d2-
PSM between Ld and Lo-phase in PAPC/Chol bilayers were similar to difference of 
Δν 9´,9´-d2-DPPC in a similar PAPC/Chol bilayer (Fig 23A). However, the effect of 
cholesterol on lateral segregation was that cholesterol reduction the concentration of 
saturated PL required for Lo-phase formation ~22 mol% for PSM to ~7 mol% for DPPC 
by cholesterol. Therefore, a model that includes sterol affinity (Fig. 24) could explain 
the promotion of ordered domains better than hydrophobic mismatch of lipids.  

 
6.4.  Biological implications 
 
There are several parameters that need to be accounted for when extrapolating from 
model membranes to biological ones. Model membranes have been extensively 
utilized to understand the individual properties of lipid species. However, a diverse 
mixture of lipids is required in order to mimic biological membranes. In addition, 
biological membranes contain thousands of proteins as well as an attached 
cytoskeleton (63). However, simple model membranes have allowed one to 
understand how structural modifications modify the phase behavior. For example, 
PLs with longer and saturated acyl chains form more thermostable phases, and are 
more rigid compared to PLs with shorter and unsaturated acyl chains (137, 179). Most 
commonly, binary and ternary bilayers have been studied (157, 161), but also 
quaternary bilayers have been studied (163). In paper II we also included a five-
component bilayer to try to better mimic biological membranes. However, the 
difficulty in finding nanodomains in live cells (30) reflects the very different nature of 
model bilayers vs complex biological membranes.  
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Plasma membrane derived bilayers (GPMVs) have been studied to better study the 
effects lipid components on lateral segregation. The polarity-sensitive probe, C-
laurdan, reported that the calculated GP (indicating lipid order) difference between 
Lo and Ld phase in the GUVs was very large (46). However, in GPMVs GP between 
Ld and Lo phases was much smaller. Probably indicating that inclusion of more 
biologically relevant lipids and proteins leads to smaller differences in lipid order 
between Ld and Lo phase. From a biological point of view, large differences in acyl 
chain order are probably unfavorable because of the line tension between the 
interfaces and the macroscopic phase separation (182). When comparing phases 
between GUVs and GPMVs, it was observed that lipid-analog probes partitioned 
more favorably to the Lo phase in the GPMVs than in the GUVs (46). A limitation of 
light microscopy studies is the requirement of macroscopic phase separation (171), 
which often require including di-unsaturated low-Tm lipids. While some lipidomics 
studies suggest that biological membranes indeed contain di-unsaturated PLs (251), 
others show that most PLs have a saturated chain in the sn-1 position (243). It has also 
been shown that brain-SM forms smaller domains than PSM (168), suggesting that 
more complex mixtures of SMs could lead to more dynamic nanoscopic domains. 
Fluorescence spectroscopy methods, e.g. tPA fluorescence anisotropy and lifetime 
measurements are therefore suitable for detecting nanodomains in model 
membranes. However, because their excitation and emission wavelengths are in the 
ultraviolet range, they are not suitable for cell experiments because of low quantum 
yield and possible autofluorescence from the cells (252). Still, the results obtained with 
these methods and together with 2H NMR experiments performed included in this 
thesis, may allow one to estimate in which cells and organelles biological 
nanodomains are most likely to form.  
 
A major difference between the plasma membrane and most model membranes is the 
trans-bilayer PL asymmetry (253). In addition, cholesterol probably has an 
asymmetric distribution, but this is yet to be determined (254). The  enrichment of SM 
in the outer leaflet of the plasma membrane indicates the enrichment of cholesterol in 
this leaflet (255). Trans-bilayer PL asymmetry of plasma membrane is partially 
retained in GPMVs, but it is not clear to what degree (44). Recently, asymmetric model 
membranes have been created both in vesicles (256) and supported bilayers (257). 
Molecular dynamics simulations have also started to simulate asymmetric 
membranes (77, 258). Because asymmetric membranes have leaflets with different 
lipid compositions, interleaflet coupling could probably enhance lateral segregation. 
While most studies suggest this, it is probably dependent very much on which lipids 
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and in which leaflet they are included (256, 259-261). Interleaflet coupling could also 
affect properties other than lateral segregation. For instance, 24:1-SM was in one 
leaflet affected the lateral diffusion of lipids in the other leaflet (76, 77). Despite the 
potential of asymmetric bilayers, the difficulty in controlling the specific lipid 
asymmetry hampers their use (262).  
 
Results in paper III showed that cholesterol promotes ordered domain formation, so 
that lower concentrations of SMs are required for ordered domain formation. For 
example, less than 10 mol% SM was required for formation of ordered domains in 
PAPC/Chol bilayers at 23 °C (Fig. 20). The ability of SMs to form ordered domains 
even in bilayers containing POPS and POPE (paper II) suggests that it they are 
partially present in the inner leaflet, they could also form ordered domains. 
Polyunsaturated PLs may enhance the formation of ordered domains, at least in the 
presence of cholesterol. It seems that lateral segregation in PAPC/PSM/Chol bilayers 
is less affected by temperature than in POPC/PSM/Chol bilayers (Fig. 23). This would 
suggest that nanodomain formation is more likely at physiological temperatures if 
polyunsaturated PLs are present. In membranes of many neural cells, there is a high 
concentration of polyunsaturated PLs. Thus indicating that nanodomains could form 
therein (263).  
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7.  CONCLUSIONS 
 
Cholesterol plays an important role in many cellular membranes (92). One of its 
possible roles is to facilitate lipid raft formation (23). However, cholesterol does not 
form lipid rafts or nanodomains with all lipids, because its interaction differ 
dramatically depending on the PL. (103). Structurally different lipids often laterally 
segregate even in the absence of cholesterol (179). However, cholesterol changes the 
phase properties and promotes the formation of Lo-domains (97). The combination of 
cholesterol-PL interaction and PL-PL interactions and the effects on lateral 
segregation have been studied in the papers included in this thesis. Several major 
conclusions can be drawn from the results: 
 

i) Information about the acyl chain order from co-existing phases could be 
obtained with site-specifically deuterated PLs, and by both fluorescent 
phase-selective and lipid analog probes.  

ii) Acyl chain order in the Ld phase is affected by the miscibility of the high-
Tm lipid in the Ld phase, and also by the size of the head group. 

iii) Lateral segregation in cholesterol-containing membranes was affected 
more by the number of double bonds in the low-Tm lipid acyl chains than 
the structure of the head group of the low-Tm lipid.  

iv) Cholesterol promotes formation of ordered domains. The effect depends 
on its affinity of the low- vs high-Tm lipid. 

 
As demonstrated in this thesis, different structural features of lipids like head group 
size and number of double bonds in the acyl chain affect nanodomain formation. This 
knowledge of lipids could be used when synthesizing new phase-selective probes, as 
shown in paper I and II. Phase diagrams were used to plan more time effective studies 
where many different PLs could be compared systematically. The quantitative 
parameters like KR can be used to estimate which lipids most readily form sterol-rich 
domains, possibly reducing the need to make complete phase diagrams. Eventually, 
by combining these results with experiments in biological membranes, a more 
detailed picture of the function and structure of nanodomains in cells could likely be 
generated.  
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