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Nonrandom mixing of lipids and proteins in the plasma membrane plays an important role
in many cellular processes, including immune signaling, protein sorting, endocytosis, and virus
entry and exit, yet the mechanisms governing the coalescence of these small domains are still not
completely understood. Functional domains (“lipid rafts”) that arise from nonrandom mixing of
membrane components are believed to be important in governing the spatial organization of lipids
and proteins. Model systems comprising chemically simplified lipid mixtures have played a central
role in studies aimed at elucidating the mechanisms responsible for forming and regulating the size
and lifetime of membrane domains.
In this study we report the first solved phase diagram for the four-component mixture
DSPC/DOPC/POPC/Chol (distearoylphosphatidylcholine/
dioleoylphosphatidylcholine/1-palmitoyl,2-oleoylphosphatidylcholine/cholesterol),

which

exhibits a domain size transition from nanoscopic to macroscopic, including a regime of spatially
modulated domains within the region of coexisting liquid-disordered (Ld) and liquid-ordered (Lo)
phases. I also describe a novel FRET method used to determine boundaries. This phase diagram
clearly shows that all phase boundaries determined for the 3-component mixture containing DOPC
transition smoothly into the boundaries for the 3-component mixture containing POPC, which has
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nanoscopic phase domains of Ld + Lo. Together, our studies show that cells could control domain
size and morphology by merely changing lipid composition.
Phospholipids having a polyunsaturated acyl chain are abundant in biological membranes,
but their behavior in lipid mixtures is difficult to study. In this work we elucidate the nature of
such mixtures with this report of the first ternary phase diagram containing the polyunsaturated
lipid SDPC in mixtures of BSM/SDPC/Chol (brain sphingomyelin/1-stearoyl-2-docosahexaenoylsn-glycero-3phosphocholine/ cholesterol). These mixtures show macroscopic Ld + Lo phase
separation, with phase boundaries determined by FRET and by fluorescence microscopy imaging
of giant unilamellar vesicles (GUVs). Surprisingly, SDPC mixes with BSM/Chol similarly to how
DOPC and POPC mix with BSM/Chol. In addition, modulated phases are observed within the Ld
+ Lo liquid-liquid immiscibility region upon addition of fourth component POPC. We find
mixtures of BSM/SDPC/POPC/Chol to exhibit nanoscopic Ld + Lo domains over a very large
volume of composition space.
In this work we have successfully accomplished the following goals: 1) solved the first
ternary phase diagram containing a PUFA lipid; 2) solved the first phase diagram for a fourcomponent lipid bilayer mixture, including developing a new FRET method for accurate location
of boundaries; and 3) synthesized a novel phosphorescent lipid-probe analog.
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CHAPTER 1

1.1 Overview
Nonrandom mixing of lipids and proteins in the plasma membrane plays an important role
in many cellular processes, including immune signaling, protein sorting, endocytosis, and virus
entry and exit, yet the mechanisms governing the coalescence of these small domains are still not
completely understood. Functional domains (“lipid rafts”) that arise from nonrandom mixing of
membrane components are believed to be important in governing the spatial organization of lipids
and proteins. Model systems comprising chemically simplified lipid mixtures have played a central
role in studies aimed at elucidating the mechanisms responsible for forming and regulating the size
and lifetime of membrane domains.
In this study we report the first solved phase diagram for the four-component mixture
DSPC/DOPC/POPC/Chol

(distearoylphosphatidylcholine/

dioleoylphosphatidylcholine/1-

palmitoyl,2-oleoylphosphatidylcholine/cholesterol), which exhibits a domain size transition from
nanoscopic to macroscopic, including a regime of spatially modulated domains within the region
of coexisting liquid-disordered (Ld) and liquid-ordered (Lo) phases. I also describe a novel FRET
method used to determine boundaries. This phase diagram clearly shows that all phase boundaries
determined for the 3-component mixture containing DOPC transition smoothly into the boundaries
for the 3-component mixture containing POPC, which has nanoscopic phase domains of Ld + Lo.
Together, our studies show that cells could control domain size and morphology by merely
changing lipid composition.
Phospholipids having a polyunsaturated acyl chain are abundant in biological membranes,
but their behavior in lipid mixtures is difficult to study. In this work we elucidate the nature of
1

such mixtures with this report of the first ternary phase diagram containing the polyunsaturated
lipid SDPC in mixtures of BSM/SDPC/Chol (brain sphingomyelin/1-stearoyl-2-docosahexaenoyl-snglycero-3phosphocholine/cholesterol). These mixtures show macroscopic Ld + Lo phase separation,
with phase boundaries determined by FRET and by fluorescence microscopy imaging of giant
unilamellar vesicles (GUVs). Surprisingly, SDPC mixes with BSM/Chol similarly to how DOPC
and POPC mix with BSM/Chol. In addition, modulated phases are observed within the Ld + Lo
liquid-liquid immiscibility region upon addition of fourth component POPC. We find mixtures of
BSM/SDPC/POPC/Chol to exhibit nanoscopic Ld + Lo domains over a very large volume of
composition space.
In this work we have successfully accomplished the following goals: 1) solved the first
ternary phase diagram containing a PUFA lipid; 2) solved the first phase diagram for a fourcomponent lipid mixture, including developing a new FRET method for accurate location of
boundaries; and 3) synthesized a novel phosphorescent lipid-probe analog.

1.2 Lipids relevant to this work
The three relevant classes of lipids we highlight in this work include glycerophospholipids,
sterols, and sphingolipids. Lipids are amphiphilic molecules and they consist of a hydrophobic
acyl chains and hydrophilic headgroup. Lipids are classified according to chain lengths, degree
(and location) of unsaturation, and headgroup. The glycerophospholipids have a 3-carbon glycerol
backbone. The hydroxyl groups at the C1 and C2 positions form ester bonds to the fatty acid (acyl)
chains, and the C3 position is bonded to a phosphate group. The sphingolipids are derivatives of
the lipid sphingosine. Unsaturated lipids are defined by having one or more double bonds in acyl
chain. A fatty acid chain is monounsaturated if it contains one double bond, and polyunsaturated
2

if it contains more than two double bonds.
The plasma membrane (PM) contains 30-40 mole% of the sterol cholesterol [1]. Different
conceptual models have been proposed to explain the nonideal lipid–lipid interactions. Examples
include the condensed-complexes model [2, 3], the superlattice model [4] and the umbrella model
[5]. The condensed-complexes model explains the condensation effect by assuming that
cholesterol induces the reversible formation of a stoichiometric complex. The cholesterol molecule
consists of a tetracyclic ring structure with a hydroxyl group at one end and a short hydrocarbon
tail at the other. In membranes the hydroxyl group usually sits just below the surface while the
long molecular axis extends toward the interior, lining up approximately parallel to the lipid chains
[6].
The lipids used in this study have been chosen to represent lipids found in the outer leaflet
of mammalian plasma membranes. Low-melting (low-Tm) lipids in the outer leaflet are fluid at
ambient temperature, and commonly used low-Tm lipids for this work are DOPC, POPC, and
SDPC. High-Tm lipids, such as BSM and DSPC used in current study, undergo a transition from
gel to fluid phase around (or above) physiological temperatures. The two phospholipids used in
this study, DOPC and DSPC, each have two 18-carbon acyl chains and a choline headgroup. DSPC
has two completely saturated acyl chains. DOPC on the other hand has a double bond in each of
its acyl chains, and consequently has a much lower melting transition temperature. DOPC is not
naturally occurring in cell membranes, however it is often used in model systems for its stability
and for inducing macroscopic Lo+Ld phase separation.
Cholesterol is a naturally occurring lipid that has high abundance in biological membranes.
Sterols and sphingolipids have an important role in membrane structure and have been associated
with regulation of membrane trafficking. Cholesterol has been implicated as influencing
3

permeability and fluidity of membranes both in vivo [7] and in vitro [8].

1.3 PUFAs
In retinal rod outer segment disk membranes DHA comprises up to 50% of the total lipid,
with this high percentage required for optimal Rhodopsin function [9-11]. DHA is also found at
high concentrations in certain other membranes, including synaptosomes [12] and sperm [13]. The
importance of DHA and PUFAs for human health has been studied [14-16], as well as
spectroscopic studies [17-19], and studies of PUFA effects on membrane properties [20-29].
PUFAs seem to have a weaker interaction with cholesterol compared with saturated or
monounsaturated acyl chains [30]. A relatively low solubility of cholesterol in PUFA-containing
membranes was measured using both X-ray diffraction and solid-state 2H NMR [31-39]. It has
been proposed [32, 34] that DHA could be directly involved in inducing lateral phase separations
into DHA-rich/cholesterol-poor and DHA-poor/cholesterol-rich lipid domains.
Despite the clear importance of DHA-containing lipids such as SDPC, SDPE, PDPC, and
PDPE, only a very limited number of PUFA-containing compositions have been examined. The
vast majority of studies conducted on DHA-containing lipids have focused on only a few sample
compositions, with one common ratio being 1/1/1 = DHA-containing lipid/SM/Chol, with the
DHA-containing lipid being SDPC, SDPE, PDPC or PDPE [41-43]. Mixing behavior over all
possible compositions of these three-component mixtures, especially the regions of immiscibility,
can be described by use of a triangular phase diagram.

4

1.4 Lipid bilayer phases relevant to this work

Glycerophospholipids and sphingolipids form micelles or bilayer structures in the presence
of water. In bilayers, several different types of lipid phases can form, depending on the
conformational and positional orders of the lipids and the chemical structure of the headgroup and
the temperature and the presence of other species in a mixture. The 2D spatial correlation between
lipids within the lipid bilayer is described by positional order. Conformational order refers to the
ratio of trans to gauche conformers and describes the order of the hydrocarbon chains. Positional
and conformational orders are the fundamental parameters in determining the phase behavior of a
given lipid at a given temperature [44]. The three lamellar phases that will be discussed in this
work are differentiated by order. The thermotropic phases found in pure lipids are the liquid
crystalline (Lo and Ld) and the gel (solid or L) phase. Bilayers that have both high conformational
and positional orders are in the gel phase (L), or solid ordered. In the gel phase the acyl chains
pack regularly and tightly, with chains extended in all-trans conformations [45]. Fluid phases lack
positional order. Liquid–disordered phase (Ld) describes low positional and conformational
orders. Liquid-ordered phase (Lo) can exist when sterols (cholesterol for example) are
incorporated into the bilayer. In such a phase, the acyl chains of phospholipids are forced to
straighten out and assume more trans conformations, in order to allow the headgroups of
phospholipids to shield the cholesterol from the exposure to water outside the bilayer. Lipid
headgroups act as “umbrellas” to shield the hydrophobic cholesterol; the umbrella model was
proposed to describe this [5]. The Lo phase allows for a high rate of lipid translational diffusion
(similar to the Ld phase), and despite the high conformational order, end result is a liquid phase
high in acyl chain order. The addition of cholesterol is believed to decouple the packing and
5

conformational order in the gel state and in the gel-to-Ld chain melting phase transition [46].
Below the main chain-melting transitional temperature (or for saturated lipids in the gel state) it
disrupts lateral packing. Above the chain-melting transition (or for unsaturated lipids in the Ld
phase) it imposes an all-trans conformational order. The Lo phase is thought to be of biological
relevance and that is often correlated to detergent resistant membranes (DRM), although this
correlation between real cell membranes and model systems is disputed.

1.5 Functional heterogeneity in cell plasma membranes
The plasma membrane is a quasi-two dimensional barrier surrounding the cell, providing
a controlled environment for the function of its organelles. These membranes are both protective
barriers, separating life from death for the cell, and participate in a variety of cellular processes
such as intracellular trafficking [47, 48] viral assembly and exit [49] and lipid/protein sorting [50].
Understanding these mechanisms has motivated many researchers to investigate lipid–cholesterol
interactions in detail. Because a membrane can be seen as a 2D liquid, a first estimate of how the
area per molecule would change upon the addition of cholesterol would be to assume ideal mixing,
where the area per molecule is simply a weighted average of the pure-components areas. In 1925
Leathes showed that, instead of ideal mixing, one observes a striking nonideal behavior [51]. This
nonideal behavior is called the condensing effect [52] because the area per molecule is much lower
compared with ideal mixing. Because changes in the structure of the membrane may have
important consequences for the functioning of proteins [53], it is important to have a better
molecular understanding of the cholesterol-induced changes. The landmark fluid mosaic model
was proposed in 1972, and membrane lipids were depicted as a passive and fluid “sea” of
nondescript molecules, the uniform matrix in which the transmembrane and peripheral proteins
6

diffuse and reside [54]. Over the next 40 years, this notion underwent a substantial transformation
that still continues to evolve to this day. What is now believed is that nonrandom mixing of lipids
and proteins contributes to lateral heterogeneities in the PM that are important in many cellular
processes, though the exact mechanisms are still not completely understood.
Biological membranes are vastly complex structures, with hundreds of lipid components
and thousands of different proteins. The fluid mosaic model downplayed the importance of lipid
diversity in order to allow more spotlight for proteins residing within the plane of the membrane.
The appreciation that lipids can play a very important role in functional and organization of plasma
membrane came from many decades of studies. Simons and van Meer, reported on lipid sorting
into apical and basolateral areas of epithelial cell PM. Lateral inhomogeneities in the lipid
compositions of the plasma membrane were implicated in membrane organization [55]. Brown
and Rose found specific proteins localized with Chol and sphingolipids in detergent-resistant
membrane domains [56]. The sorting of the glycosphingolipids and cholesterol to the trans-Golgi
membranes and apical PM of epithelial cells led to inquiry regarding the sorting and preferential
association of specific lipid-anchored proteins with “raft” lipids. This question led to development
and use of a detergent-resistance assay, where cell membranes treated with cold detergent and
fractionated through a sucrose gradient. The properties of DRMs were also examined in model
systems, however, the reliability and accuracy of DRM studies has been questioned (discrepancies
of results based on detergent and temperature used and fundamental mixing of lipids and
detergents). It was shown that DRMs are not the same as lipid rafts in cell plasma membranes [57]
and the need for other methods for identification and characterization of functional domains in cell
PM continues.
More evidence of colocalization of proteins with certain lipids emerged [58-60]. The lipid
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raft hypothesis was proposed, suggesting that the functional domains within the PM (with
compositions that differ from the bulk “sea” of lipids) could influence the functions and
localization of proteins [61]. Lipid “rafts” [61] have been proposed to play a role in many cellular
processes, including immune cell signaling, the area of extensive research. When FcRI receptors
are crosslinked by IgE, they form a more stable patch on the PM outer leaflet, which recruits Lyn
kinases to initiate phosphorylation of the receptors on the inner leaflet, with phosphatases being
excluded from this patch. Cholesterol depletion disrupted the co-localization of crosslinked
receptors and Lyn, and as a result caused a loss of Lyn-mediated phosphorylation [62, 63]. This
indicated that specialized compartments (distinct in composition from the rest of the bilayer) are
formed in the PM based on preferred associations between particular lipids and proteins.
One challenge arises from the ambiguous definition for lipid “rafts”. Depending on the
system of study and technique used, definitions of “rafts” have varied extensively. Rafts are
sometimes considered to be a heterogeneous assembly of domains with varied temporal stability
and with diverse lipid and protein compositions. One definition of rafts introduced in 2006 became
widely used, “Lipid rafts are small (10-200 nm), heterogeneous, highly dynamic, sterol- and
sphingolipid-enriched domains that compartmentalize cellular processes. Small rafts can
sometimes be stabilized to form larger platform through protein-protein and protein-lipid
interactions” [64]. Rafts are considered by some researchers to be a heterogeneous assembly of
domains with varied temporal stability and with diverse lipid and protein compositions.
Nanoscopic domains are detected in vivo in plasma membranes by methods that are
sensitive to small length scales, such as FRET [65, 66], FRAP [67], electron spin resonance (ESR)
spectroscopy [68], and stimulated emission depletion (STED) far-field fluorescence nanoscopy
[69]. In particular, nanodomains that have Ld and Lo characteristics have been detected with FRET
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[65] and ESR [67] in live cells. Thus, lipid ‘raft’ domains, enriched in cholesterol and
sphingolipids, together with non-raft domains, seem to be significant types of lateral
heterogeneities in biological membranes [67, 70-73]. In cells, the range of size scales of any phase
domains, as well as domain shape and connectivity, are not known. Furthermore, it is quite possible
that membranes of living cells use spatial organization on multiple length scales, rather than one
special size.

1.6 Model membrane studies

Starting in the 1960s studies on such model systems established that “simple” lipid
mixtures can display an astonishingly rich set of behaviors, including phase coexistence driven by
the immiscibility of unlike lipid chains. So how do we study complex lipid phase behaviors?
Understanding the behavior of any material benefits from knowing which phases are present.
Experiments with membranes, both naturally complex membranes as well as chemically simplified
models, can be designed to detect information about phases, including cases where these phases
coexist. Phase diagrams for three-component lipid mixtures can show rich behavior, or they can
be featureless in composition space.
In this study, we focus on one specific subset of complex membrane behaviors: lateral
heterogeneity based on lipid–only interactions in multicomponent bilayer mixtures. The
motivation for examining such mixtures is the apparent connection between the coexistence of Ld
+ Lo phases observed in some model lipid-only bilayers, and the properties of lipid rafts observed
in some cellular membranes. This connection propelled the study of bilayer mixtures in the
previous two decades. The purpose of solving complete phase diagrams is to understand whether
9

the actual lipid mixtures found in cell membranes could yield bilayer phase coexistence, and
changes in which phases are stable. The minimal systems that maintain biological relevance, yet
are suitable for comprehensive study, contain both high-melting (high-Tm) and low-melting
temperature (low-Tm) lipids and cholesterol [89], because the outer leaflet of animal cell plasma
membranes contains these three classes of lipids. A rich phase behavior is found in these systems,
including a large region of coexisting ordered- and disordered-liquid phases at biologically
relevant cholesterol concentrations.
Simple lipid mixtures can reveal several different compositional regions of phase
coexistence. However, this doesn’t make such systems a priori good models for cell plasma
membranes. Often such mixtures are chosen for study not because the lipid components are the
best representative molecules from a biological perspective, but rather because they allow us to
easily detect some key phase regions and phase boundaries. Measuring accurate phase boundaries
is an important practical consideration, because it provides us with an opportunity to apply
equilibrium thermodynamics of mixing of components to understand other physical properties of
the system, such as exactly which phase compositions coexist, necessary for measuring phase
bending energies, and partition coefficient measurements of proteins or lipids between coexisting
phases. Solved phase diagrams also enable the analysis by small angle neutron scattering (SANS)
of the size of nanodomains. For example, line tension is an important parameter that we discuss
further in Section 1.11 and phase diagrams must be resolved. In order to measure bending energies
is a system, we must know the fractions of each phase present and we can only obtain this
information accurately (using Lever rule) by knowing the boundaries of the region. Well-resolved
phase boundaries are a must, since phase boundaries represent the link between the thermodynamic
data and a model that describes how the components are distributed.
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Taking the importance of phase diagrams yet a step further, simulations studies such as
Monte Carlo and molecular dynamics (MD) heavily rely on knowing the thermodynamics of a
lipid composition under investigation. And based on phase diagram data and on models of size
and morphology of coexisting domains, computer simulations may enable us to discover which
interactions between lipids and proteins govern membrane behavior. One use of Monte Carlo
simulations is to construct a model for any given mixture of lipids (and proteins), describing the
clustering, ordering, and phase separation as a function of composition. This is the very subject of
the thermodynamics of liquid mixtures, and we want to have a clear picture of the nonrandom
mixing on size scales from nanoscopic to macroscopic.
Below we discuss two useful methods of investigating phase separation in model systems:
FRET and imaging of GUVs.

1.6.1 FRET
A bilayer probe's signal is often very sensitive to its immediate (i.e., nearest-neighbor) lipid
environment. Differences in hydrocarbon chain order and packing can influence probe dynamics
and can result in significant differences in probe spectra in different bilayer phases. FRET is a
non-radiative process that takes place between an excited donor molecule (D) and the ground-state
acceptor molecule (A) over a range of distances, typically 10-100 Å [74-76]. The FRET efficiency
is strongly dependent on the (D)-(A) distance and is characterized by Ro (Förster critical radius),
which is a unique parameter for each (D)-(A) probe pair. This distribution is strongly affected by
partitioning of donor and acceptor between the coexisting phase domains [74, 75], as well as the
size and morphology of such domains [77, 78] As a general rule, FRET cannot reliably detect
phase domains smaller than the Förster distance (R0) of the donor/acceptor pair [77], which by
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definition is the distance at which energy transfer between a donor/acceptor pair is 50% efficient.
The FRET method allows unambiguous determination of phase boundaries by visual
examination. FRET can be used to construct a phase diagram with few artifacts and with a
compositional resolution of ~2%, but a large number of samples are required. FRET experiments
are cuvette-based, enabling sample preparation by use of rapid solvent exchange (RSE), which
minimizes the lipid demixing, especially of cholesterol [74]. RSE also allows the use of an inert
atmosphere at all stages of sample preparation, minimizing oxygen-induced artifacts that are a
significant problem in mixtures containing PUFA lipids (Chapter 4).

1.6.2 Fluorescence imaging of GUVs
Since 1999, giant (10-100 micron diameter) unilamellar vesicles (GUVs) have proven to
be useful tools for the visualization of bilayer phases and have been widely used to study phase
behavior in model membranes [79-86]. Fluorescence imaging of GUVs (using epifluorescence,
confocal, or two-photon microscopy) provides a decisive determination of phase coexistence, and
has been used extensively in model membrane studies of phase coexistence [84, 87-93].
Fluorescence imaging of GUVs mimicking the composition of mammalian plasma membrane,
revealed stable liquid phase domains resolvable by fluorescence microscopy and became one of
the main tools available to study model lipid systems. It allowed for precise and reproducible
detection of coexisting phases at a known composition of components. The groundbreaking work
to understand the fundamental mechanisms responsible for liquid immiscibility was undertaken
by Korlach et al. and Dietrich et al., which also promoted additional efforts to understand the phase
behavior of three-component lipid mixtures [84, 87], with the first reports on liquid-liquid
immiscibility in ternary model systems in 1996 [94].
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As with any experimental technique, there are limitations and potential artifacts involved
with fluorescence imaging of GUVs. Domains smaller than the optical resolution limit (~ 200 nm)
are not detected, and it is now known that many biologically important model systems have
domains below the optical resolution. Another limitation is the relatively low compositional
resolution of ~5% that can be achieved with this method. Other GUV limitations are the potential
for electrolysis-induced artifacts associated with the electroswelling method and indium tin oxide
electrodes, including oxygen- and free radical-induced artifacts [85, 86] (discussed in detail in
Chapter 4). These artifacts can be avoided by preparing GUVs by gentle hydration method
(discussed in detail in Chapter 4). The gentle hydration method for making GUVs was first
introduced by Reeves and Dowben [95], and significantly modified by Akashi et al. [96]. In
Feigenson’s research group, we have developed protocols for minimizing light-induced domain
artifacts, including (but not limited to) using very low probe concentrations and low intensity
excitation light, and searching for vesicles using brightfield illumination [97], and the possibility
of a compositional distribution within the GUV preparation was addressed [98, 99].

1.7 Phase diagrams of lipid mixtures
Throughout the early 2000s, great effort was placed into solving the phase diagrams of
three component mixtures mimicking the plasma membrane composition. It is convenient to
organize the discussion around the important observation that for mixtures consisting of a low-Tm
lipid, a high-Tm lipid, and cholesterol, either one or three phase coexistence regions are observed
in microscopy experiments. Feigenson has classified these systems as exhibiting Type I or II
behavior, to indicate the number of macroscopic coexistence regions [100]. For both Types I and
II, Ld + L coexistence is visible by microscopy at low cholesterol concentrations. Type I mixtures
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have only Ld + L coexistence region visible. Type II mixtures have Ld + L, Ld + Lo, and Ld +
Lo + L regions visible by fluorescence microscopy (macroscopic phase separations). Despite
these observable macroscopic differences, all such mixtures seem to have the same coexistence
regions when examined by techniques such as FRET and ESR, sensitive to nanoscopic phase
separations.

1.8 Type II ternary mixtures: macroscopic liquid domains
Type II mixtures are reported for low-Tm lipids that are not abundant in mammalian cell
membranes. Lipids such as DOPC or DPhPC have very low-Tm compared to the biologically
abundant low-Tm lipids such as POPC and SOPC. Type II phase diagrams are observed for
mixtures including: DPPC/DPhPC/Chol [82]; DPPC/DOPC/Chol [102, 75, 104, 93],
DSPC/DOPC/Chol

[79,

105];

SSM/DOPC/Chol

[107];

PSM/DOPC/Chol

[81,

106];

BSM/DOPC/Chol [108, 109] and ESM/DOPG/Chol [110].
The general characteristics of a Type II phase diagram are exemplified by the phase
diagram of DSPC/DOPC/Chol [79]. At low cholesterol concentrations (~0–10 mol%), a
macroscopic Ld+Lβ(β′) region is observed by GUV imaging. Phase domains exhibit irregular,
straight-line and edged features, consistent with a solid phase. At intermediate cholesterol
concentrations, GUV images of Lo + Ld + L coexistence transition to a mixed appearance of
rounded and linear features, including in some cases three distinct fluorescence intensities. At even
higher cholesterol concentrations, the irregularly shaped domains disappear in the GUV images,
yielding to the appearance of two coexisting fluid phases. A more recent variation of the FRET
experiment utilizing three probes indicates that the Ld + Lo region extends to lower concentrations
of DOPC (Chapter 3), indicating a narrow region of nanoscopic domains near the binary
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DSPC/Chol axis that are not observed with microscopy. Similar observations have been made in
SSM/DOPC/Chol. Chapter 3 describes a quaternary phase diagram for DSPC/DOPC/POPC/Chol,
which is composed of both type II and type I individual ternary mixtures, making up the faces of
the pyramid. Chapter 4 describes a newly solved BSM/SDPC/Chol phase diagram, which is a Type
II diagram.

1.9 Type I ternary mixtures: nanoscopic liquid domains
Type I mixtures have only one macroscopic phase coexistence region: Ld+ Lobservedat
low cholesterol. The phase behavior of Type II and Type I mixtures is qualitatively identical, i.e.
the phase regions are the same but the size of the domains observed is different. Among the small
differences was the observation that the upper boundary of Ld + Lo coexistence occurs at 30 mol%
cholesterol for SOPC- and POPC-containing mixtures, rather than at 40% cholesterol for DOPCcontaining mixtures.
Feigenson et al undertook the first extensive study of Type I system DPPC/DLPC/Chol,
using a combination of techniques sensitive to both macroscopic and nanoscopic phase separations
[83]. Heberle et al. used FRET and ESR to examine the mixing behavior of DSPC/POPC/Chol and
DSPC/SOPC/Chol [105], which were earlier identified as Type I systems [79]. The phase diagram
for BSM/POPC/Chol was solved by Petruzielo et al, which was shown to be a Type I mixture, and
as discussed in Chapter 4, is very similar to the BSM/SDPC/Chol phase diagram solved in this
work. Other solved Type I mixtures include: PSM/POPC/Chol [111-113]; BSM/POPC/Chol [109,
114]; DSPC/POPC/Chol and DSPC/SOPC/Chol [105]. Type I systems have nanoscopic liquidliquid immiscibility regions that might resemble phase separation in real cells, where domains
have been guessed to be in the nanoscopic range between 20-200 nm [73, 115].
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1.10 Modulated phases in 4-component mixtures

Both Type II and Type I phase diagrams have the same topology, a central three-phase
region joining three two phase regions. It is reasonable to assume that a continuous two-phase Ld
+ Lo volume should exist within the four component (tetrahedral) space, joining individual Type
I and Type II Ld + Lo regions. We asked the following questions: Is the nanoscopic-tomacroscopic transition abrupt, or rather a gradual change? What is the composition dependence of
the transition zone? Do lipids control the transition? Chapter 3 discusses our findings in detail.
The first experiments to address these questions examined a volume joining two ternary
faces in the Ld + Lo regions of DSPC/DOPC/Chol and DSPC/POPC/Chol and are discussed in
Chapter 2 and [116].

1.11. Toward a better raft model: transition from macroscopic to nanoscopic domains
Biological membrane phase behavior can be modeled well by mixtures of four lipids,
which enables study of Ld + Lo domain size from a few nanometers to many microns that is
controlled by composition. Why do we care about the switch of domain size from nano-to-macro?
The tens of nanometer scale seems to describe the phase-separated domains in animal cell plasma
membranes better than does the micron scale [117-120]. Silvius [121] proposed the presence of
nanodomains in a lipid bilayer with compositions mimicking the outer leaflet bilayer. Lipids such
as SOPC or POPC, having one saturated sn-1 chain and one monounsaturated sn-2 chain, naturally
occur as the most abundant phospholipid species in animal cell membranes. Optical microscopy
studies on such lipids in ternary mixtures with cholesterol and a high-melting lipid show uniform
membranes [79, 111], yet other methods indicate the presence of lateral heterogeneity [105, 111,
120, 121] invisible to optical microscopy imaging. We have previously reported the presence of
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intermediate states that have modulated phase morphology in the 4-component mixture
DSPC/DOPC/POPC/Chol [116, 122]. Modulated phase morphology occurs when two liquid
phases coexist, if the line tension that drives the minimization of domain perimeter is opposed by
a long-range interaction such as bending energy of a curved membrane that acts to break up
domains [123, 124].
The surprising complexity observed in the four component DSPC/DOPC/POPC/Chol
mixture may have significance for rafts in biological systems. The existence of distinct regimes of
nanoscopic and macroscopic, spatially modulated domains might be important organizing
principles in plasma membranes. The domain size transition is driven by lipid composition rather
than temperature, which may suggest a mechanism by which cells control domain properties
including size and morphology.

1.12 Key results
1.12.1 Modulated phases in 4-Component DSPC/DOPC/POPC/Chol
We have found modulated phase morphology in a particular region of composition within
the liquid-ordered + liquid-disordered coexistence region in the four-component lipid bilayer
mixture DSPC/DOPC/POPC/Chol. By controlling lipid composition, we could see distinct types
of modulated liquid-liquid phase morphologies, including linear, irregular, and angular features in
giant unilamellar vesicles. We used a combination of confocal, two-photon, wide-field
fluorescence, and differential interference contrast microscopies, and used stringent controls to
minimize light-induced artifacts. These studies establish that both the size and morphology of
membrane rafts can be controlled by the concentration and the type of low-melting lipid in
mixtures with cholesterol and a high-melting lipid.
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1.12.2 Phase Diagram of a 4-Component Lipid Mixture: DSPC/DOPC/POPC/Chol
We report the first 4-component phase diagram for the lipid bilayer mixture,
DSPC/DOPC/POPC/chol(distearoylphosphatidylcholine/dioleoylphosphatidylcholine/
1-palmitoyl, 2-oleoylphosphatidylcholine/cholesterol). All phase regions of the 3-component
mixture DSPC/DOPC/Chol can be determined unequivocally, with spectroscopic methods and
GUV imaging in agreement as to phase boundaries and phase identity. In contrast, the phase
diagram of the 3-component mixture DSPC/POPC/Chol shows no visible Ld + Lo domains by
optical imaging of GUVs. However, as DOPC is replaced by POPC, phase boundaries determined
spectroscopically shift smoothly to new values, with no significant change in the nature of the
phase behaviors. These observations are consistent with nanodomains of Ld + Lo in POPC-rich
mixtures being phase domains.
With two appropriate 3-component phase diagrams in hand, constructing the 4-component
phase diagram that joins them requires a relatively modest effort that can enable a clear definition
of the phase region where “modulated phase behavior” occurs.
Some phase boundaries do not show up clearly when examined by conventional
fluorescence spectroscopic methods, but can show up distinctly with a new “3-dye method” that
makes use of a second FRET acceptor.

1.12.3 Phase Diagram of a Polyunsaturated Lipid Mixture: BSM/SDPC/Chol
Phospholipids having a polyunsaturated acyl chain are abundant in biological membranes,
but their behavior in lipid mixtures is difficult to study. Here we elucidate the nature of such
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mixtures with this report of the first ternary phase diagram containing the polyunsaturated lipid
SDPC in mixtures of BSM/SDPC/Chol (brainsphingomyelin/1-stearoyl-2-docosahexaenoyl-snglycero-3-phosphocholine/ cholesterol). These mixtures show macroscopic Ld + Lo phase
separation, with phase boundaries determined by FRET and by fluorescence microscopy imaging
of giant unilamellar vesicles (GUVs). Surprisingly, SDPC mixes with BSM/Chol similarly to how
DOPC and POPC mix with BSM/Chol. In addition, modulated phases are observed within the Ld
+ Lo liquid-liquid immiscibility region upon addition of fourth component POPC. We find
mixtures of BSM/SDPC/POPC/Chol to exhibit nanoscopic Ld + Lo domains over a very large
volume of composition space.
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CHAPTER 2

Control of a Nanoscopic-to-Macroscopic Transition: Modulated Phases in 4-Component
DSPC/DOPC/POPC/Chol Giant Unilamellar Vesicles1

2.1 Abstract
We have found modulated phase morphology in a particular region of composition within
the liquid-ordered + liquid-disordered coexistence region in the four-component lipid bilayer
mixture DSPC/DOPC/POPC/Chol. By controlling lipid composition, we could see distinct types
of modulated liquid-liquid phase morphologies, including linear, irregular, and angular features in
giant unilamellar vesicles. We used a combination of confocal, two-photon, wide-field
fluorescence, and differential interference contrast microscopies, and used stringent controls to
minimize light-induced artifacts. These studies establish that both the size and morphology of
membrane rafts can be controlled by the concentration and the type of low-melting lipid in
mixtures with cholesterol and a high-melting lipid.

2.2 Materials and methods

Phospholipids were purchased from Avanti Polar Lipids (Alabaster, AL), and cholesterol
was from Nu Chek Prep (Elysian, MN). Fluorescent dyes C12:0-DiI (1,1′-didodecyl-3,3,3′,3′-

1

The following section is reproduced from: Konyakhina TM, Goh SL, Amazon J, Heberle FA,
Wu J, Feigenson GW. Control of a nanoscopic-to-macroscopic transition: modulated phases in 4Component DSPC/DOPC/POPC/chol Giant Unilamellar Vesicles. Biophys J
Letters. 2011;101(2):L8–L10. TMK and SLG contributed equally to GUV preparation and data
analysis. JA developed the mathematical model.
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tetramethylindocarbocyanine perchlorate) and BoDIPY-PC (2-(4,4-diﬂuoro-5,7-dimethyl-4-bora3a,4a-diaza-s-indacene-3-pentanoyl)-1-hexadecanoyl-sn-glycero-3-phosphocholine) were from
Invitrogen (Carlsbad, CA). Concentrations of phospholipid stocks were determined to <1% error
with inorganic phosphate assay, and purity checked with thin layer chromatography in 65:25:4=
chloroform/methanol/water solvent (1). Cholesterol at defined concentration was prepared by
standard gravimetric procedures. Fluorescent dye concentrations were determined using
absorption spectroscopy on an HP 8452A spectrophotometer (Hewlett-Packard, Palo Alto, CA).

2.2.1 Sample preparation and microscopy

Giant unilamellar vesicles (GUVs) were prepared using a modified electroformation
procedure as described in (2). GUVs were swelled at 55°C in 100 mM sucrose, and cooled to room
temperature (23°C) over 10 hours. For 2-photon, confocal, and most wide-field fluorescence
microscopy experiments, GUVs were diluted into 100 mM glucose before imaging. The difference
in solution density allows vesicles to settle more efficiently and also creates a sufficient refractive
index difference to enable locating and focusing on GUVs without intense illumination (1,3). For
DIC microscopy, the internal and external media were kept identical (100 mM sucrose) to avoid
mismatch in buffer refractive indices that might distort DIC imaging.
Wide-field microscopy was performed on the Nikon Diaphot-TMD and Nikon Ti-E Perfect
Focus (Micro Video Instruments Inc., Avon, MA and Rochester, NY) inverted microscopes at
23°C using 60X 1.4NA oil immersion objectives. GUVs were labeled with C12:0-DiI at 0.02
mol%; the dye partitions preferentially into the Ld-phase. Controls for light-induced artifacts
included samples with 0.014 and 0.01 mol % C12:0-DiI. To minimize light-induced artifacts, we
used a combination of methods including lowering exposure time (down to 10-20 ms), using
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neutral density filters, and in particular, locating GUVs with transmitted light or DIC prior to
exposure to the intense illumination needed for fluorescence imaging. Images were taken with a
Photometrics charge-coupled device camera CoolSNAPHQ2 (Tucson, Arizona) on the DiaphotTMD, and with a DR328G Andor Clara Interline Camera (MVI Inc., Avon, MA and Rochester,
NY) on the Ti-E. C12:0-DiI was imaged with 535-550 nm excitation and 565-610 nm emission on
the Diaphot-TMD; 528-553 nm excitation and 590-650 nm emission on the Ti-E. Images were
contrast-enhanced and analyzed with NIS Elements Basic Research Software (MVI, Inc.).
Confocal imaging was performed on an inverted Zeiss 710 confocal microscope at 23°C using a
63X 1.4NA oil immersion objective. Confocal laser excitation was 561 nm (10.0 % ) with pinhole
98 µm, and images collected at 564 – 684 nm. Confocal images were analyzed with Zeiss ZEN
software. Two-photon microscopy was performed on home-built apparatus based on an inverted
Zeiss Axiovert 35 microscope at 23°C using a 60X 1.2NA water immersion objective. Images
were collected using a Hamamatsu HC125-02 Bialkali photomultiplier tube (Hamamatsu Corp.,
Middlesex, NJ). GUVs were labeled with 0.02 mol% BoDIPY-PC, which partitions preferentially
into the Ld-phase. The excitation wavelength was 960 nm. Images were contrast-enhanced, and
Z-projection image stacks prepared in Image J.

2.3 Results
The size and shape of coexisting Lo+Ld domains in lipid mixtures might affect behaviors
of cell membranes (1). We have reported that GUVs of DSPC/DOPC/chol exhibit macroscopic
liquid/liquid Lo+Ld domains (2,3), whereas GUVs of DSPC/POPC/chol appear uniform, even
though FRET indicates liquid/liquid phase separation (3). We are interested in the transition from
nano- to macro-scale morphologies. When liquid phases coexist, line tension drives the phase
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domains toward minimum perimeter-- a single round domain within a matrix of the other phase.
This simple morphology can be modulated when a long-range repulsive interaction competes with
the free energy cost of forming excess domain interface (4). This occurs for small domains in
monolayers that do not coalesce due to long-range dipole-dipole repulsion (5). In other cases, the
repulsive interaction arises from contractile tension from adsorption on a substrate (6,7).
Interdomain repulsion can also be generated from curvature effects in phase-separated bilayers,
whereby fluid superstructures are maintained (8). Patterned phases can also arise from dynamic
behavior, such as critical fluctuations (9-11) or trapped domain growth (12). In all cases,
competing interactions are needed for structured morphologies. Here we report the existence of
modulated morphology at certain compositions within the Lo+Ld coexistence region in the 4component DSPC/DOPC/POPC/chol mixture. A key aspect of this study is simplicity: (i) only
lipid-lipid interactions are involved to yield both the line tension and any competing repulsive
interaction; and (ii) composition, the only variable, is under stringent experimental control. This
control might be useful in order to relate model membrane studies to the existence of nano-scale
rafts in cells (1).We used fluorescence and DIC microscopies to image domain morphologies of
GUVs prepared with fixed mole fractions () of both cholesterol and DSPC, while varying
[DOPC] and [POPC] (see Supporting Materials for details). We define a replacement ratio  as
follows:


[DOPC]/([DOPC+POPC]) (%)

Fixing chol = 0.25 and DSPC = 0.45, modulated phases are observed in a narrow
window of composition with  = 15-25% (Fig. 2.1). At  < 15%, GUVs look uniform, whereas at
 > 25%, they display macroscopic round Lo + Ld domains. We also varied  at chol = 0.22 and
DSPC = 0.39, and found similar morphological transitions. We catalog five types of
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morphologies (Figs. 2.1B and 2.2B-E; see Table 2.1 for statistics), including honeycomb
arrangements of Lo domains, irregular 2D bubbles, and stripes.

Figure 2.1 Modulated phases occur at  = 15 – 25% as POPC is replaced by DOPC along Lo+Ld
compositional trajectory (inset). GUV compositions DSPC/DOPC/POPC/chol at 23C: (A)
0.45/0.3/0/0.25 ( = 100%); (B) 0.45/0.06/0.24/0.25 ( = 20%); (C) 0.45/0/0.3/0.25 ( = 0%). Dye
C12:0-DiI (0.02 mol%, color-merged red) partitions into Ld. Scale bars 10 µm.
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Figure 2.2 GUV patterns as POPC is replaced by DOPC. (A) uniform; (B) continuous Lo with
asymmetric Ld domains; (C) honeycomb; (D) irregular patches of Lo; (E) regular striped pattern;
(F) round macro Lo+Ld domains.
Compositions of DSPC/DOPC/POPC/chol: (A)
0.45/0.03/0.27/0.25; (B,E) 0.45/0.05/0.25/0.25; (C) 0.39/0.06/0.33/0.22; (D) 0.39/0.10/0.29/0.22;
(F) 0.45/0.30/0/0.25. C12:0-DiI at 0.02 mol%. Scale bars 10 µm, temperature 23°C.
Table 2.1 Percentage of GUVs having the observed morphologies


10
15
20
25
30

N GUV
60
82
89
88
66

% macroscopic
2
15
22
23
80

% modulated
31
63
70
74
20

% uniform
67
22
8
3
0

Table 2.1 shows the count distribution of three main GUV morphologies (macroscopic round
domains; modulated domains; uniform) observed from = 10-30, at DSPC = 0.45 and chol = 0.25.
These morphologies are intriguing: though compositions are within the liquid-liquid
coexistence region, domains were not round, displaying linear features that come together at
angles. We also observed that individual GUVs at fixed composition could show different domain
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morphologies (Figs. 2.2 B,E, 2.4C and 2.8B). These intermediate states of the nano-to-macro
domain size transition might have distinct physical and chemical properties that would set them
apart from fully formed macroscopic or nanoscopic domains.
Artifactual light-induced domains can occur under commonly-used experimental
conditions (13). Here we have made substantial efforts to minimize light-induced artifacts. We
used C12:0-DiI probe concentrations as dilute as 0.010 mol %, neutral density filters up to OD =
1.0, and shutter open time during imaging as short as 10 ms. Most important, we found modulated
phase morphologies without intense illumination, obtaining images with DIC to locate GUVs prior
to fluorescence imaging.
Indeed, DIC experiments were decisive in proving that (a) modulated phases exist prior to
intense light exposure and (b) modulated phases exist and can be observed even in samples without
a probe (Fig. 2.6). GUVs with modulated phases have discernible DIC patterns (Fig. 2.7) that
correlate exactly with fluorescence images of the same GUV (Figs. 2.3 and 2.8). Furthermore, the
patterns are not dependent on details of the wavelength, intensity or duration of the delivery of
light energy to the samples, because 2-photon, confocal, and widefield microscopies all showed
modulated phases within the same composition range,  = 15-25% (Fig. 2.4). We also observed
patterned domains with both DIC and fluorescence on a free-floating GUV (data not shown),
confirming that the modulated domains in our system are not caused by adhesion to glass.
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Figure 2.3 DIC shows the same pattern as does fluorescence. DSPC/DOPC/POPC/chol =
0.45/0.05/0.25/0.25 at 23°C. (A) DIC; (B) fluorescence; (C) superimposition of DIC and
fluorescence. See Fig. S3 for additional images. Scale bars 10 µm

Figure 2.4 Different fluorescence microscopies show similar patterns at 23°C. (A) confocal image,
C12:0-DiI at 0.02 mol%; (B) 2-photon image Bodipy-PC at 0.02 mol%; (C) wide-field image,
C12:0-DiI at 0.02 mol%. DSPC/DOPC/POPC/chol = 0.45/0.05/0.25/0.25. Scale bars 10 µm.

Theoretical modeling shows that a competition between the interdomain line energy that
tends to reduce domain perimeter and a repulsive domain-domain interaction (perhaps domain
curvature, dipole moment or some other property of Lo domains) yields stable, modulated phase
patterns. Calculations by Liu et al. (14) suggest that such competing interactions can control
formation of nano-sized rafts in cells. To model the observed phase patterns we used a field theory
approach with competing interactions (see Supporting Materials for details). We considered line
tension, which favors large round domains, and a repulsive field, which tends to disperse domains.
We are currently studying the nature of the repulsive field that competes with line tension, so its
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form is not yet known. In order to perform preliminary calculations, here we model it as dipoledipole repulsion. We model the free energy phenomenologically as a Landau-Ginzburg energy
functional (4) with a long range field term as follows:

F = ∬[−Bϕ2 (r) +

B 4
K
ϕ (r) + |∇ϕ(r)|2
2
2

(1)

+Qμ(r)D[μ](r)] dA
where  is the order parameter at position r, B sets the free energy scale of the phase separation, K
is proportional to line tension, Q is the coupling coefficient for the field term is the area density
of dipoles, and D[] is the electric field normal to the membrane. This choice of dipole-dipole
interactions is an initial approach; other forms of the repulsive term, perhaps involving curvature,
might prove to better model the interactions. See Supporting Materials for more detailed
discussion.

Figure 2.5 Phase patterns change with Lo area fraction P, with B = 100, K = 10, Q = 2, µ=1in Ld
(dark) and 0 in Lo (bright). (A) P = 0.5, (B) P = 0.6, (C) P = 0.7.

We used Monte Carlo simulations to find equilibrium configurations that minimize Eq. 1.
Fig. 2.5 shows resulting patterns that could be obtained along a thermodynamic tieline, varying
only the phase fractions. The fraction of each phase varies along a tieline, whereas phase properties
(line tension, dipole density) are fixed, enabling a simple connection between model and
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experiments. For example, Fig. 5 shows a continuous transition from stripe to small isolated
domains as P deviates from 0.50, where P is the area fraction of Lo. The parameters B, K, and Q
were chosen to be in a region of non-trivial phase morphology.
Obtaining true linewidths of modulated phase patterns could aid theoretical investigations
into the nature of the competing interactions. Measured linewidths for the honeycomb and 2D
bubble patterns are in the range 0.4 - 0.7 m. Given small movements of the GUVs, these
measurements are consistent with true linewidths being diffraction limited. Further experiments
together with modeling might clarify the relationship between lipid concentrations and types of
patterns and linewidths of modulated phases in these 4-component mixtures. We benefit greatly
from studying a system with known thermodynamic tielines (2, 3).
In cells, both equilibrium and nonequilibrium processes can contribute to the formation
and stability of domains (9). Here we show that lipid composition alone can control the patterns
of phase-separated membrane domains. However, we have not yet indentified the long-range
interaction that competes with line tension to control domain morphology (Figs. 2.9 and 2.10).
Understanding the nature of this interaction might be important for understanding the nature of
bilayer phase domain size and shape in cells.
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Figure 2.6 DIC images of a GUV without probe C12:0-DiI show scalloped edges at ρ =20% (AC) compared to a probe-free, uniform GUV (D). (A-C) shows the same GUV at different planes
of a z-stack. Compositions DSPC/DOPC/POPC/chol: (A-C) 0.45/0.06/0.24/0.25; (D)
0.45/0.03/0.27/0.25. Scale bars 10 µm, temperature 23°C.
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Figure 2.7 GUV morphologies imaged with DIC. (A) uniform, featureless with smooth edges; (B)
scalloped edges pattern; (C) budding vesicle; (D) border of Lo + Ld macroscopic phases.
Compositions of DSPC/DOPC/POPC/chol: (A) 0.45/0.015/0.285/0.25; (B) 0.45/0.045/0.255/0.25;
(C) 0.45/0.09/0.21/0.25; (D) 0.45/0.30/0/0.25. Scale bars 10 µm, temperature 23°C.
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Figure 2.8 Complementarity of fluorescence and DIC images for a GUV with honeycomb pattern
at DSPC/DOPC/POPC/chol = 0.45/0.045/0.255/0.25. (A) DIC; (B) fluorescence image, C12:0DiI at 0.02 mol%; (C) superimposition of DIC and fluorescence images. Scale bars 10 µm,
temperature 23°C.
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Supplemental Materials
2.S.1 Theory
The Landau-Ginzburg energy functional is a widely applicable phenomenological
description of phase separation in field theory models (4). For our approach we modeled the local
phase as a scalar field (order parameter) on the 2D plane with toroidal boundary conditions. The
order parameter varies continuously on [−1,1], where (−1) represents Ld and (+1) represents Lo:

𝐹 = ∬[−𝐵𝜙 2 (𝑟) +

𝐵 4
𝐾
𝜙 (𝑟) + |∇𝜙(𝑟)|2 + 𝑄𝜇(𝑟)𝐷[𝜇](𝑟)] 𝑑𝐴
2
2

(S1)

where  is the order parameter at position r, B defines the free energy scale of the phase separation,
 is the local area density of molecular dipoles, D[](r) is the electric field normal to the
membrane, K is proportional to line tension, and Q is the coupling coefficient for the field.
Normally the quadratic and quartic couplings are independent; here they are fixed to ensure that
the energy minima always occur at ()1. The amount of each phase is fixed by constraining the
order parameter to be conserved. We specify the amount of each phase by P, defined as the area
fraction of Lo:
𝑃=

1
1
[∬ 𝜙(𝑟) 𝑑𝐴] +
2ATot
2

(S2)

where ATot is the total simulation area. The long range field term is computed as a convolution of
the dipole density with the point source field (which goes as 1/r³).

𝜇𝑜 − 𝜇𝑑
𝜇𝑜 + 𝜇𝑑
) 𝜙(𝑟) + (
)
2
2

𝜇(𝑟) = (

𝜇(𝑟 ′ )
𝐷[𝜇](𝑟) = ∫
𝑑𝐴′
|𝑟 − 𝑟 ′ |3
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(S3)

(S4)

where μo and μd are the field source densities in the Lo and Ld phases, respectively. The order
parameter is discretized and shuffled about the plane using a Monte Carlo/Metropolis algorithm to
arrive at a minimal energy configuration. Competition between line tension (K) and the repulsive
field term (Q) drives the system to reach equilibrium patterns approximating the experimental
observations. The field we studied here is modeled after electrostatic dipole-dipole interactions.
Using electrostatics as the dispersive term does not take into account the effects of salt screening
or the large dielectric mismatch from the interior/exterior of the membrane. To check the
physicality of long range dipole interactions in bilayer membranes we solved for the electrostatic
potential in and around a bilayer submerged in an ionic solution using the Poisson-Boltzmann
equation (5):
∇ ∙ [𝜖(𝑟)∇𝑉(𝑟)] = 𝜖(𝑟)𝜅 2 (𝑟)𝑉(𝑟) − 𝜌(𝑟)

(S5)

where (r) is the inverse Debye length, ε(r) is the local dielectric, V(r) is the electrostatic potential,
and ρ(r) is the charge density. Equation S5 was solved using an iterative relaxation method for a
cylindrically symmetric charge distribution of two thin discs located at the headgroup/water
interface and the headgroup/acyl chain interface to mimic an array of dipoles normal to the
membrane. The dielectric is varied smoothly from the low dielectric in the chain region to the high
dielectric of the water.  varied discontinuously from zero inside the bilayer to a finite value in
solution. The magnitude of the charge separation was tuned to match the experimental
transmembrane potential (300 mV). This gave a value of ~0.6 Debye per lipid normal to the bilayer
(Fig. 2.9). For a 16 nm diameter domain, we found that for various monovalent salt concentrations
the transverse potential in the headgroup region falls off exponentially upon moving radially
outward from the edge of the domain. Even for the case of no salt (which matches the experimental
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conditions) we found an exponential decay length of no more than 4 nm (Fig. 2.10). This analysis
shows that the use of a long range dipole-dipole term in the energy functional might be justified
only for very small nanodomains. We are currently studying other possible long range competing
interactions to explain the modulated phase shapes and sizes, such as domain curvature interacting
with bilayer fluctuations, or an intrinsic property of the Lo phase that is favorable for smaller
domains.

Figure 2.9 Cross section of the bilayer showing the electrostatic potential obtained by solving Eq.
S5 everywhere inside a 16 nm circular domain with a Debye length of 1 nm in solution.
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.
Figure 2.10 Log plot of the potential in the headgroup region moving radially outward from the
edge of the domain (red) for various salt concentrations. Decay lengths are shown next to each
curve.
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CHAPTER 3

Phase Diagram of a 4-Component Lipid Mixture: DSPC/DOPC/POPC/Chol2

3.1 Abstract
We report the first 4-component phase diagram for the lipid bilayer mixture,
DSPC/DOPC/POPC/chol(distearoylphosphatidylcholine/dioleoylphosphatidylcholine/1palmitoyl, 2-oleoylphosphatidylcholine/cholesterol). This phase diagram, which has macroscopic
Ld + Lo phase domains, clearly shows that all phase boundaries determined for the 3-component
mixture containing DOPC transition smoothly into the boundaries for the 3-component mixture
containing POPC, which has nanoscopic phase domains of Ld + Lo. Our studies start from two
published ternary phase diagrams, and show how these can be combined into a quaternary phase
diagram by study of a few hundred samples of intermediate compositions.

3.2 Introduction

Phase diagrams of chemically well-defined lipid mixtures help to clarify the behavior of
biological membranes. In particular, mixtures of a high-melting phosphatidylcholine or
sphingomyelin, a low-melting PC, and cholesterol have proven to be especially useful. These 32

The following section is reproduced from: Konyakhina TM, Wu J, Mastroianni JD, Heberle
FA, Feigenson GW. 2013. Phase diagram of a 4-component lipid mixture:
DSPC/DOPC/POPC/chol. Biochim Biophys Acta. 1828(9):2204-14. Konyakhina performed
FRET and GUV experiments, analyzed data and wrote the paper. F. Heberle performed
theoretical modeling and mathematical derivation of the 3-dye method. J. Wu collected some
FRET data and J. Mastroianni used software to create a final 3D phase diagram.
49

component mixtures show coexisting bilayer phases over much of the composition space. A
standard format for showing the phase behavior of all possible combinations of a 3-component
mixture is the triangular phase diagram, or “Gibbs Triangle”. The particular phase behavior where
liquid-disordered (Ld) and liquid-ordered (Lo) phases coexist has been termed “the raft region”,
and might provide a useful model for understanding behaviors of the outer leaflet of animal cell
plasma membranes. Lipid compositional phase diagrams describe the occurrence and location in
composition space of phase types (e.g., solid gel Lβ, liquid-ordered Lo, and liquid-disordered Ld)
and their coexistence regions at equilibrium. For 3-component lipid mixtures, many fluorescence
imaging-based studies have focused on either DOPC or else diphytanoyl-PC as the low-melting
lipid, because the region of coexisting Ld + Lo phases shows easily identifiable macroscopic phase
domains in giant unilamellar vesicles (GUVs), whether the high-melting lipid is a SM, DPPC, or
DSPC [1-3]. In contrast, Ld + Lo phase domains are not visible with standard light microscopy
when (i) the low-melting lipid component has one saturated acyl chain and one monounsaturated
chain, e.g., POPC [3, 4] or SOPC [5]; or (ii) the low-melting lipid is DLPC [6, M. Doktorova
unpublished results]. In this case, domains can be detected by some spectroscopic methods, for
example, by fluorescent or spin-label probes that partition between the domains [7, 8], or by
neutron scattering without probes [9]. In brief, methods sensitive to submicron length scales
consistently imply liquid phase heterogeneity in POPC- and SOPC-containing ternary mixtures [7,
10-12]. The size scale of phase domains found with POPC or SOPC is therefore below the optical
diffraction limit, or “nanoscopic”. Such small phase domains might be a good model for the outer
leaflet of animal cell plasma membrane, which also seems to have nanoscopic coexisting Ld + Lo
phase domains [13-15]: Liquid-liquid phase separation has been detected in vivo in cell membranes
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using techniques including FRET [16], FRAP [17], ESR [18], and super resolution optical methods
[19-21].
In cells, the range of size scales of any phase domains, as well as domain shape and
connectivity, are not known. Furthermore, it is quite possible that membranes of living cells use
spatial organization on multiple length scales, rather than one special size. We would benefit from
chemically simple model systems that also have phase coexistence that spans the range from
nanoscopic to macroscopic, thus enabling study of a range of domain sizes [22]. Here we explore
the complexity of such a lipid mixture. We find that four components are the minimum to exhibit
the range of size scales of coexisting phase domains from nanometers to microns as a function of
mixture lipid composition. Unexpectedly, we discovered that the transition from small to large Ld
+ Lo domains is not at all linear, but instead passes through a compositional range in which phases
show a variety of shapes and sizes [23, 24]. The compositional location of this range might be
significant, and by solving the entire quaternary mixture phase behavior, we are able to place this
region of “modulated phases” in composition space.
A challenge for constructing a phase diagram is to determine phase boundaries with
sufficient precision to establish (i) every phase region; (ii) whether any stoichiometric
compositions appear; (iii) whether any phase boundaries intersect the binary axes; and (iv)
comparisons of phase diagrams when, for example, lipid chain lengths differ. Such precision
requires examination of a large number of samples. For example, with 20 samples binary mixtures
can yield ~ +/- 5 mole% compositional resolution. This much uncertainty would be acceptable for
certain studies, but not in cases where the uncertainty is comparable to the compositional range of
interest. Ternary mixtures would require approximately 400 samples of different compositions to
achieve +/- 5 mole% resolution, and quaternary mixtures would require nearly 8000 samples to
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evenly cover the entire composition space. A second problem is that the location of phase
boundaries is not always well marked by changes in fluorescence or other phase-sensitive
measurements. In order to solve this problem, we introduce here a new method to locate phase
boundaries with higher accuracy. Our studies, at 2 mole% compositional resolution for most
boundaries, start from two published ternary phase diagrams [4, 7], and show how these can be
combined into a quaternary phase diagram by study of just a few hundred samples of intermediate
compositions.
We note that a different view of the DSPC/POPC/chol mixture is that no Ld + Lo
“nanodomain phase separation” occurs, and instead, fluctuations in the vicinity of a critical point
give rise to transient changes of bilayer physical properties [25-27]. As we make clear below, the
findings described here of continuous phase boundaries between DSPC/DOPC/chol and
DSPC/POPC/chol over the entire composition space, support the view that Ld + Lo phase
coexistence occurs whether phase domains are small or large, with all regions throughout the
tetrahedron in accord with the Gibbs Phase Rule.

3.3 Materials and Methods
3.3.1 Materials
Phospholipids were purchased from Avanti Polar Lipids (Alabaster, AL), and cholesterol
from Nu Chek Prep (Elysian, MN). Fluorescent dyes C20:0-DiI, C12:0-DiI, and BoDIPY-PC were
from Invitrogen (Carlsbad, CA), DHE was from Sigma-Aldrich (St. Louis, MO), and TOE
(tryptophan oleoyl ester) was a gift from Erwin London. Phospholipid stocks were quantitated by
phosphate assay, and purity verified to be > 99% by thin-layer chromatography (TLC) of ~ 20
micrograms of lipid on washed and activated Adsorbosil TLC plates (Alltech, Deerfield, IL),
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developed in a solvent system chloroform/methanol/water (65/25/4). Cholesterol stocks were
prepared analytically and purity checked with TLC in petroleum ether/diethyl ether/chloroform
(7/3/3). Fluorescent dyes were checked for purity with the following solvent systems: BoDIPYPC in chloroform/methanol/water (65/25/4); C12:0-DiI in chloroform/methanol (10/1); C20:0-DiI
in petroleum ether/diethyl ether/chloroform (7/3/3); and TOE in hexane/ethyl acetate (3/1).
Concentrations of fluorescent dyes were measured by absorption spectroscopy using an HP 8452A
spectrophotometer (Hewlett-Packard, Palo Alto, CA).

3.3.2 Terminology
Whereas at constant temperature the ternary mixture phase behavior is conveniently
represented in the plane of a Gibbs Triangle, quaternary mixture phase behavior is best shown in
the volume of a tetrahedron. Our construction of the quaternary phase diagram begins with the two
ternary mixtures DSPC/DOPC/chol [4] and DSPC/POPC/chol [7] that form two triangular faces
of the tetrahedron for DSPC/DOPC/POPC/chol. The tetrahedral phase diagram can be thought of
as the locus of all phase observations traveling through composition space from one ternary
mixture to the other, replacing POPC by DOPC. We find it convenient to refer to compositions
within the tetrahedron between DOPC-containing and POPC-containing triangular faces in terms
of the fractional replacement of POPC by DOPC,  ≡ [DOPC]/([DOPC] + [POPC]). Thus, the
POPC-containing face of the tetrahedron has ρ = 0, whereas the DOPC-containing face has  = 1.
We use the term “trajectory” to mean a series of samples along a specified path of
compositions. Trajectories are used to examine the compositional dependence of a measurement
such as fluorescence; in this study, trajectories were used to find the dependence of phase
boundaries on , that is, to connect the 3-component phase diagrams previously determined at  =
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0 and 1 [4, 7]. Concentrations of mixture components are specified as a mole fraction (e.g., DSPC).
We note that the mixtures studied here should be considered pseudo-quaternary because we neglect
all components of the aqueous buffer. Most important, we neglect water on the basis that its
chemical potential is constant at every lipid composition examined because of the presence of
excess water. Even so, the water composition of each phase varies over the phase diagram, and we
do not measure its fraction in any of the phases.
Fluorescent dyes can provide a unique signal of their local environment, for example, by a
change in wavelength or intensity in different phase environments. Here we make use of changes
in FRET as donor and acceptor dyes partition between coexisting phases. When dyes concentrate
within the same phase, their average separation distance decreases, resulting in a compositional
region of enhanced FRET efficiency (REE). When dyes prefer different phases, the increase in
average dye separation distance leads to a region of reduced FRET efficiency (RRE). We used the
donor/acceptor FRET dye pair DHE/BoDIPY-PC (which partition into Lo and Ld phase,
respectively) to generate RREs when Ld and Lo phases coexist. In a second type of experiment,
described below in more detail, we used the FRET pair TOE/BoDIPY-PC (both of which partition
strongly into the Ld phase) to generate REEs, but with an additional dye, C12:0-DiI, added to the
energy transfer chain. C12:0-DiI also partitions strongly into the Ld phase, and accepts energy
selectively from BoDIPY-PC. This “3-dye method” can be especially sensitive, in at least some
regions of the phase diagram, to the formation of a small fraction of Ld phase.
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3.4 FRET

We used FRET to find many of the phase boundaries in the quaternary phase diagram. All
samples for FRET measurement were prepared by use of rapid solvent exchange (RSE) to
minimize cholesterol de-mixing [28]. Lipids and dyes were dispensed into glass tubes with a 25
L Hamilton syringe attached to a repeating dispenser (Hamilton USA, Reno, NV). RSE buffer
(0.500 mL, 200 mM KCl, 5 mM PIPES, 1 mM EDTA, pH 7.0) was added to the chloroform
solution of lipids and dyes. Samples were vortexed while vacuum pumping for 1 min, sealed under
argon and placed in a water bath at 60 °C. Samples were cooled at 2 °C/h to 23 °C and equilibrated
at room temperature for 48 h before measurements. 1.90 mL of RSE buffer was added to 0.100
mL of sample to yield 25 M lipid vesicles in the cuvette. Data were collected on a Hitachi F-7000
FL spectrofluorimeter (Hitachi High Technologies America, Schaumburg, IL) at an ambient
temperature of 23C.
Samples contained 250 nmol of the lipid mixture. Dye concentrations were 0.5 mol% for
DHE and 0.05 mol% for BoDIPY-PC. Using 2.5 nm bandpass for excitation and emission slits
and 10 s integration time, intensity was measured in six channels (ex/em): DHE fluorescence
(327/393 nm), BoDIPY-PC sensitized emission (327/517 nm), BoDIPY-PC direct fluorescence
(500/517 nm), and light scattering (440/430 nm). For the 3-dye experiment, dye concentrations
were 0.7 mol% for TOE, 0.07 mol% for BoDIPY-PC, and 0.05 mol% for C12:0-DiI. Fluorescence
was measured in six ex/em channels using 2.5 nm bandpass slits and 10 s integration time. TOE
fluorescence was measured at (280/340 nm), BoDIPY-PC sensitized emission at (280/516 nm),
BoDIPY-PC direct fluorescence (509/516 nm), C12:0-DiI sensitized emission (509/575 nm),
C12:0-DiI direct fluorescence (549/575 nm), and vesicle light scattering (440/430 nm). Control
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samples were prepared to correct for non-FRET contributions as described previously [7, 28].
Briefly, corrections account for non-FRET contributions of direct fluorescence emission from
donor and acceptor, and scattering of excitation light by the vesicle suspension.

3.5 GUV imaging
3.5.1 GUVs preparation by electroswelling
GUVs were prepared by the method of “electroswelling” [29, 30]. Briefly, each sample
contained 250 nmol of a lipid mixture in 200 μL chloroform, with 0.02 mol% C12:0-DiI. A lipid
film was created by evenly dispersing the chloroform solution onto indium tin oxide (ITO)-coated
microscope slides (Delta Technologies, Stillwater, MN) on a hotplate set at 55 °C. After the
residual solvent was removed under vacuum, ITO slides were sealed with Buna-N O-rings to create
a chamber and filled with 100 mM sucrose solution. The films were incubated for 2 h at 55 °C
with an AC field of 5 Hz, ± 1 Vpp, using a Wavetek FG2C function generator (Meterman, Everett,
WA) and Digi-sense temperature controller R/S (Cole Palmer, Vernon Hills, IL) to produce GUVs,
followed by a 10 h cooling period. GUVs were harvested into 100 mM glucose solution and
allowed to settle for 1 h before microscopy observations at 23°C.

3.5.2 Fluorescence microscopy
A Nikon Diaphot-TMD microscope (Micro Video Instruments Inc., Avon, MA) was used
for wide-field fluorescence microscopy at 23°C, using a 60X 1.4 NA oil immersion objective.
BoDIPY-PC and C20:0-DiI (at 0.02 mol%) were chosen as a dye pair with different phase
partitioning: in DSPC-containing mixtures, BoDIPY-PC partitions into the Ld phase whereas
C20:0-DiI prefers DSPC-rich Lo and Lβ phases over disordered phases [4]. GUVs in the Ld + Lo
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region were imaged with BoDIPY-PC and naphthopyrene dyes at 0.02 and 0.033 mol%,
respectively. In this system, naphthopyrene partitions into the Lo phase over the Ld phase. GUVs
exhibiting spatially modulated Ld + Lo phase domains were also imaged with complementary
BoDIPY-PC and naphthopyrene dyes. For critical point investigation, GUVs were labeled with
with C12:0-DiI at 0.02 mol%. We used a combination of tactics to minimize light-induced artifacts
[5]: low exposure times (100-300 ms); neutral density filters at OD = 1.0; and minimizing sample
exposure to light by using dim halogen transmitted light to locate and focus on GUVs [30]. Images
were taken with a Photometrics charge-coupled device camera CoolSNAP HQ2 (Tucson,
Arizona). C12:0-DiI and C20:0-DiI dyes were imaged with ex/em 540-552 nm/565-605 nm;
BoDIPY-PC 460-500 nm/515-560 nm; naphthopyrene 426-446 nm/460-500 nm. Images from
GUVs containing multiple dyes were color-merged using NIS software: BoDIPY-PC green,
C20:0-DiI and C12:0-DiI red, and naphthopyrene blue. Image contrast was enhanced with NIS
Elements Basic Research Software (MVI, Inc.).

3.5.3 Critical point investigation and percolation map
The critical point at  = 1 was previously determined by Heberle et al. [7] to be at
DSPC/DOPC/chol = 0.26/0.34/0.40. Critical points for  = 0.50 and  = 0.70 were experimentally
determined in this study by determining the continuous (percolating) phase as a function of
composition to obtain a percolation map. The region of the Ld + Lo percolation map near the
critical point was constructed for  = 0.50 and  = 0.70, by analyzing on average ~100 GUVs at
each composition. The locus of compositions for which connectivity in GUVs changes from Ld to
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Lo was extrapolated to its intersection with the previously determined Ld + Lo upper phase
boundary, thereby marking the critical point at these  values.

3.6 Constructing 4-component phase diagrams
The 3-dimensional model of the 4-component phase diagram was developed using
Environmental Systems Research Institute's (ESRI) ArcGIS for Desktop Advanced software suite
version 10.1 (Redlands, California), a geographic information system designed to view and
manipulate spatial data. The primary modeling environment was the 3D visualization application
ArcScene. A spherical coordinate system was used to derive a relative frame of reference for each
component of the phase diagram. Data were imported into an undefined coordinate system in
ArcScene as XYZ point cloud data that were then manually edited into vector geometry,
specifically line and polygon feature classes. The resulting 3-dimensional 4-component model is
interactive and rotatable, with all phase volumes and the bounding tetrahedron independent of one
another including adjustment of chromaticity, illumination, and transparency. Individual 2D phase
diagrams, corresponding to faces of tetrahedron and slices at various values, were constructed
using Mathematica 7 (Wolfram Research, Champaign, IL).

3.7 Results
3.7.1 2-dye FRET: DHE  BoDIPY-PC
Trajectories T1 and T2 were used to locate the upper boundary of region 5 between  = 0
and 1. (See Fig. 3.1 legend for detailed description of trajectories and their endpoints). Within the
Ld + Lo coexistence region, the dyes separate from each other and the FRET signal decreases. In
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favorable cases, depending on the lipid mixture and location of the trajectories in composition
space, the change in slope of the FRET signal is significant and easily identified when the phase
boundary is crossed. Fig. 3.1 shows the locations of trajectories T1-T6 (panels A and B) and ρ
planes (panel C) within the composition space. Figs. 3.2 and 3.3 show 2-dye FRET data for
trajectories T1 and T2, respectively, used to find phase boundaries at different ρ values. Table 3.1
summarizes boundary compositions in terms of component mole fractions.

Figure 3.1 Compositional trajectories (dashed lines) T1-T6 are located in the 4-component phase
diagram. (A) 2-dye trajectories T1-T2; T1 is along 0.20 ≤ DSPC ≤ 0.40 between cholesterol
concentration 0.20 or 0.25 ≤ CHOL ≤ 0.50 or 0.60 at ρ values 0, 0.30, 0.50, 0.70, and 1.0; T2 is
along constant DSPC = 0.50 and cholesterol concentration 0 ≤ CHOL ≤ 0.45 at ρ values 0, 0.30,
0.50, 0.70. For convenience, T1 and T2 are only shown at  = 1.0 and boundaries for
DSPC/DOPC/chol are drawn (solid lines); (B) 3-dye trajectories T3-T6 (dashed lines). T3 is
0 ≤ χDSPC ≤ 0.732 and 0.054 ≤ χCHOL ≤ 0.268; T4 is 0 ≤ χDSPC ≤ 0.80 and 0.054 ≤ χCHOL ≤ 0.20; T5
is 0 ≤ χDSPC ≤ 0.90 and 0.054 ≤ χCHOL ≤ 0.10; T6 is 0 ≤ χDSPC ≤ 0.95 and 0.054 ≤ χCHOL ≤ 0.05. All
trajectories were prepared at ρ values 0, 0.20 or 0.30, 0.50, 0.70, and 1.0; (C) Placement of 
“slices” within the quaternary phase diagram. All  slices share common chol and DSPC
endpoints, with varying = [DOPC]/([DOPC] + [POPC]).
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Figure 3.2 Upper boundaries of the Ld + Lo region change smoothly from ρ = 0 to 1 along T1.
Panels show FRET along T1 using 2-dye pair DHE BoDIPY-PC to locate boundaries. FRET
changes abruptly at the onset of a phase transition, allowing precise boundary determination (solid
lines show fit for slope change). Arrows show location of the phase boundary where Ld + Lo phase
coexistence appears/disappears.
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Figure 3.3 Upper-RHS boundaries of the Ld + Lo region change smoothly with ρ along T2. Panels
show FRET along T2 using DHE BoDIPY-PC to locate boundaries at ρ = 0.70, 0.50 and 0.30.
Arrows show location of the boundary, which shifts smoothly between ρ = 0 to 1.
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Table 3.1 (a-f) Coordinates for boundaries for all ρ values along T1-T6, in terms of χDSPC, χDOPC,
χPOPC and χChol, and (g) locations for critical points at ρ = .70, ρ = 0.50, and ρ = 0, in terms of χDSPC,
χDOPC, χPOPC and χChol.
3.7.2 3-dye FRET: TOE  BoDIPY-PC  C12:0-DiI
The 2-dye FRET method mentioned in the previous section was developed to allow for
unambiguous determination of phase boundaries by visual inspection [31]. The method exploits
the highly nonlinear concentration variation, along a tieline, of dyes that partition strongly between
coexisting phases. In many cases, there is an abrupt change in sensitized acceptor emission (SAE)
at one or both phase boundaries‒this is especially true when SAE shows little variation within the
single phase regions. For many years our studies of phase behavior yielded imprecise results for
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some phase boundaries close to the binary axis of high-melting lipid/chol, primarily due to a steep
compositional dependence of SAE for Ld-preferring dyes in single-phase gel and Lo regions. This
steep dependence may be due in part to highly nonideal mixing of these probes in an unfavorable
ordered environment. In these cases, the change in slope at the phase boundary is often subtle, and
easily obscured by limited compositional resolution and experimental noise.
We have developed a new method that circumvents this problem by addition of a third dye
that (i) partitions strongly into Ld, and (ii) selectively accepts energy from the second dye (i.e., the
original FRET acceptor in the 2-dye experiment). SAE of the second dye is reduced by the
presence of the third dye, in direct proportion to the transfer efficiency 𝐸2→3 . Crucially, 𝐸2→3 is
highly nonlinear along a tieline, particularly near the ordered phase boundary, where the probes
are concentrated in the Ld phase. By varying the concentration of the third dye, the slope near the
Lo boundary can be “tuned” to contrast strongly with the adjacent single phase Lo or gel region.
A quantitative model for this behavior is developed in the Appendix, and a description of how a
two-dye SAE curve is systematically altered by addition of the third dye is provided in the
Supporting Information.
We measured sensitized emission of BoDIPY-PC upon selective illumination of TOE, with
C12:0-DiI added to quench BoDIPY-PC fluorescence via FRET. A series of different trajectories
was prepared, each with 50 samples along with additional appropriate controls, labeled as T3-T6.
(See Fig. 3.1 legend for a description of trajectories and their endpoints). Trajectories were
prepared at  = 0, 0.20 or 0.30, 0.50, 0.70, and 1 (Figs. 3.1B and 3.1C). At sufficiently high
concentration of C12:0-DiI (0.05 mol%), the ordered (Lo or gel) boundary is clearly observed as
a drop in BoDIPY-PC fluorescence upon crossing the phase boundary from the single phase (Lo
or gel) region.
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SAE data shown in Figs. 3.4 (trajectory T3) and S1-S3 (trajectories T4-T6) were fit to Eq.
3.A.9. Arrows indicate locations of the boundaries determined by visual inspection. Table 3.1
summarizes the boundary locations for all trajectories. We find that RHS boundaries shift to lower

DSPC as DOPC is replaced with POPC: A smooth monotonic shift is apparent for all trajectories
T3-T6, consistent with better mixing of DSPC in POPC than in DOPC. Fig. 3.5 summarizes the
phase boundary shift as DOPC is replaced with POPC, revealing the shape of the volume between
 = 0and
In addition to the thousands of samples covering the entire composition space needed
originally to solve the phase diagrams of DSPC/DOPC/chol [4] and DSPC/POPC/chol [7], targeted
linear sample trajectories were useful for precisely locating boundaries. The 3-dye method was
useful for determining the RHS boundaries. Based on the analysis of these data, we found that
relatively small adjustments should be made to our previously published 3-component phase
diagrams [4, 7].
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Figure 3.4 RHS boundaries along T3 are precisely detected by use of 3-dye FRET
TOEBoDIPY-PC C12:0-DiI data along T3 from ρ = 0 to 1. Arrows show location of the RHS
boundary of Ld + Lo coexistence for each ρ value. At low ρ values this boundary is much less
sharp. Data for T4-T6 are shown in Figs. 3.10-3.12. Solid lines represent fits to Eq. 3.A.9, as
described in Appendix and Supporting Materials.
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Figure 3.5 All RHS phase region boundaries shift smoothly as ρ changes from 0 to 1 along T3T6. Boundary locations are described by χDSPC. Filled squares, ρ = 1.0 for T3-T6; open triangles,
ρ = 0.70 for T3-T6; filled circles, ρ = 0.50 for T3-T6; diamonds with line, ρ = 0.30 for T4 and T5;
open diamonds, ρ = 0.20 for T3 and T6; filled triangles, ρ = 0 for T3-T6.
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3.8 Microscopy of GUVs
3.8.1 Phases observed by GUVs
We are especially interested in the transition through the region of modulated phases [23,
24] from macroscopic to nanoscopic size scales. Representative GUV images are shown in Fig.
3.6: (A) macroscopic Ld + Lo coexistence at ρ = 1; (B) nanoscopic Ld + Lo coexistence at ρ = 0,
and (C) modulated morphology at ρ = 0.2. Fig. 3.6D is a representative image for the Ld +
Lphase region.We have previously found that Ld + Ldomains are macroscopic at all values
[4].

Figure 3.6 GUV images identify phase regions at various compositions of
DSPC/DOPC/POPC/chol. (A) macroscopic Ld + Lo coexistence at 0.45/0.30/0/0.25; (B)
nanoscopic Ld + Lo coexistence at 0.45/0/0.30/0.25; (C) modulated phase morphology at
0.45/0.06/0.24/0.25; (D) Ld + Lphase coexistence at 0.45/0.50/0/0.05. Images are color-merged
using Nikon multichannel acquisition: C20:0-DiI (red), BoDIPY-PC (green), and naphthopyrene
(blue). Temperature 23 °C. Scale bar 10 microns.
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3.8.2 Percolation map and critical points
Critical points for  = 0.50 and 0.70 were determined as described in section 3.5.3. GUVs
near the critical point exhibited irregular domain boundaries, consistent with proximity to a critical
point. Critical points (stars) for  = 0.50 and 0.70 were found at DSPC/DOPC/POPC/chol =
0.22/0.22/0.22/0.34 and 0.24/0.12/0.27/0.37, respectively (Fig. 3.7). Locations of critical points
are summarized in Table 3.1. The  = 1 critical point was previously determined at
DSPC/DOPC/chol = 0.26/0.34/0.40 [7]. By extrapolating a line connecting these three
experimentally determined points, we estimate the critical point at = 0 to be at DSPC/POPC/chol
= 0.18/0.54/0.28.

Figure 3.7 Percolation maps enable finding critical points, marked by small stars for (A) ρ = 0.50
and (B) ρ = 0.70. Boundaries for the Ld + Lo region are shown for reference. Filled circles, GUVs
within Ld + Lo phase coexistence with Lo as the percolating phase; grey circles, Ld is the
percolating phase; open circles, GUVs are uniform within a one phase region; half black/white
circles, GUVs exhibiting both types of connectivity. Critical points, (A) 0.22/0.22/0.22/0.34; (B)
0.24/0.117/0.273/0.37. Locations of critical points are summarized in Table 3.1. The  = 1.0
critical point has been previously determined at DSPC/DOPC/chol = 0.26/0.34/0.40 [8]. By
extrapolating a line connecting these three experimentally determined points, we estimate the
critical point at = 0 to be at DSPC/POPC/chol = 0.18/0.54/0.28 (Fig. 3.9C and Table 3.1).
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3.9 Discussion
3.9.1 Tour of the quaternary phase diagram
Overview of DSPC/DOPC/POPC/chol phase diagram
Fig. 3.8 shows each individual face of the DSPC/DOPC/POPC/chol phase diagram, and
Fig. 3.14 shows planar sections through the phase diagram at  = 0.panel A) = 0.panel
B)and = 0.panel C) The quaternary phase diagram for DSPC/DOPC/POPC/chol from
three perspectives is shown in Fig. 3.9, and a stereoscopic 3D image is shown in Fig. 3.14. We
describe below the 7 phase volumes (Fig. 3.9A) of DSPC/DOPC/POPC/chol, starting with the 4
individual ternary faces of the tetrahedron.
Ternary phase diagrams for DSPC/DOPC/chol and DSPC/POPC/chol were described
previously [4, 6], but are shown here with some phase boundaries adjusted based on our new data.
The ternary faces DSPC/DOPC/POPC (Fig. 3.8C) and DOPC/POPC/chol (Fig. 8D) show rather
simple phase behavior. The boundary between Ld phase and coexisting Ld + Lβ is found atDSPC
= 0.10 for all ρ values (Fig. 3.8C). Fig. 3.8D (the ternary phase diagram for DOPC/POPC/chol)
illustrates the uniform transition from Ld to Lo in region 6, along with region 7 for CHOL > 0.67.
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Figure 3.8 The four faces of the DSPC/DOPC/POPC/chol tetrahedron are each 3-component phase

diagrams. (A) DSPC/DOPC/chol; (B) DSPC/POPC/chol; (C) DSPC/DOPC/POPC; (D)
DOPC/POPC/chol. Solid black lines are well-determined by experimental measurement, dashed
lines show estimated boundaries.
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Figure 3.9 Tetrahedral phase diagram of DSPC/DOPC/POPC/chol with all phase volumes labeled.
(A) region 1 (green), 2-phase Ld + Lβ coexistence; region 2 (purple) 1-phase Lβ (Lβ’); region 3
(yellow) 2-phase Lo + Lβ becomes a continuous phase transition along the binary axis; region 4
(blue) 3-phase Lo + Ld + Lβ; region 5 (red) 2-phase Ld + Lo; region 6 (white) 1-phase varying
continuously between Ld and Lo; region 7 (orange) 2-phase crystalline cholesterol monohydrate
+ cholesterol-saturated Lo phase; (B) clockwise rotation of (A) shows the smooth transition of the
upper Ld + Lo boundary from the mixture containing POPC to that containing DOPC. (C)
counterclockwise rotation and tilting of (B) shows the line of critical points (stars) along the upper
boundary of Ld + Lo. Compositions of the critical points are given in Table 3.1.

3.9.2 4-component regions
3.9.2.1 Liquid + gel coexistence, Ld + Lβ(β′), region 1
The upper boundary of region 1 is a plane that is also the lower boundary of the 3-phase
coexistence region 4. The LHS boundary of Fig. 3.9A indicates the maximum solubility of DSPC
at DSPC = 0.10, for both DOPC-rich and POPC-rich Ld phases. This boundary does not change as
cholesterol concentration increases. The RHS boundary of region 1 shows that DOPC is rather
insoluble in the DSPC-rich Lβ′ phase, with DOPC < 0.02 without cholesterol; POPC is more soluble
than DOPC in the DSPC-rich solid phase, withPOPC ~ 0.11 without cholesterol, as previously
determined by differential scanning calorimetry [32]. As cholesterol concentration increases, only
small changes occur in the RHS boundary, i.e. the solubility of POPC in the gel hardly changes,
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and the solubility of DOPC only changes from DOPC < 0.02 to about 0.03. The maximum solubility
of cholesterol in the DSPC-rich Lβ phase is nearly the same at CHOL = 0.16-0.18, whether the Lβ
phase contains DOPC at 0.03 or POPC at 0.11. We have found this same maximum solubility of
cholesterol of CHOL ~ 0.17 for these two Lβ phase mixtures, as well as for Lβ phases of
DPPC/DLPC [6], brain sphingomyelin (bSM)/DOPC [8] and bSM/POPC [8].

3.9.2.2 Gel [Lβ(Lβ′)], region 2
The pure hydrated lipid DSPC at 23 C is a solid with tilted chains, Lβ′. As found for
DPPC, addition of cholesterol causes the chain tilt to disappear but without the formation of a
coexisting phase, i.e. a continuous phase transition occurs in region 2, with Lβ forming from Lβ′
[6]. Region 2 is thus bounded at DOPC = 0.03, POPC = 0.11, and CHOL ~ 0.17.

3.9.2.3 Liquid-ordered + gel coexistence, Lo + Lβ, region 3
This wedge-shaped region has one edge along the DSPC/chol binary axis from CHOL ~
0.18-0.27. Along this axis, Lβ transitions to Lo with increasing cholesterol fraction, but without
evidence of coexisting phases (i.e., a continuous phase change). Away from this binary axis, as
low-melting PC increases in the mixture, coexisting phases appear. The upper and lower
boundaries of region 3 are not well defined by our data. Instead, these boundaries, which connect
to the lower and upper boundaries of region 4, were chosen to be in agreement with
Schreinemakers' Rules [33].
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3.9.2.4 3-phase coexistence, Ld + Lo+ Lβ, region 4
3-dye data for trajectories T3 and T4 (Figs. 3.4 and 3.10, respectively) were used to
determine the RHS boundaries of this volume at five values: 0, 0.20, 0.30, 0.50, 0.70, and 1.
Remarkably, the upper and lower planes that bound region 4 do not change from POPC-containing
mixtures to DOPC-containing mixtures, although the RHS boundaries do change with . For all
values of , the Lo phase that separates has CHOL ~ 0.25-0.27. The solubility of DSPC in both
POPC/chol and DOPC/chol mixtures is the same, and the solubility of chol in the Lβ phase that
contains either POPC or DOPC is also nearly the same. Together, these behaviors yield the
remarkable observation that the upper and lower boundaries of the three phase region are
essentially independent of . These boundary planes are immensely useful because they contain
thermodynamic tielines.

3.9.2.5 Liquid–liquid coexistence, Ld + Lo, region 5
The upper DSPC/DOPC/chol boundary terminates at a maximum CHOL ~ 0.40, whereas
that of DSPC/POPC/chol terminates at CHOL ~ 0.30. A smaller region of immiscibility indicates
better mixing of both DSPC and cholesterol with POPC. The upper boundary is established by
FRET trajectories (T1 and T2) using the donor/acceptor pair DHE/BoDIPY-PC (Figs. 3.2 and 3.3).
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Figure 3.10 Location of RHS boundaries along T4 by use of the 3-dye method; 5 panels represent
3-dye FRET TOEBoDIPY-PC C12:0-DiI data at ρ = 1.0, 0.70, 0.50, 0.30 and 0. Arrows show
location of the boundary. Solid lines correspond to fits to Eq. 3.A.9 as described Supporting
sections.
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Figure 3.11 Location of RHS boundaries along T5 by use of the 3-dye method; 5 panels represent
3-dye FRET TOEBoDIPY-PC C12:0-DiI data at ρ = 1.0, 0.70, 0.50, 0.30 and 0. Arrows show
location of the boundary. Solid lines correspond to fits to Eq. 3.A.9, as described in Supporting
sections.
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Figure 3.12 Location of RHS boundaries along T6 by use of the 3-dye method; 5 panels represent
3-dye FRET TOEBoDIPY-PC C12:0-DiI data at ρ = 1.0, 0.70, 0.50, 0.20 and 0. Arrows show
location of the boundary. Solid lines correspond to fits to Eq. 3.A.9, as described Supporting
sections.
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Figure 3.13 Gibbs Triangles at intermediate ρ slices; (A) ρ = 0.20; (B) ρ = 0.50; and (C) ρ = 0.70.
Phase boundaries are marked with solid black lines and dashed lines show estimated boundaries.
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Figure 3.14 Anaglyph image for DSPC/DOPC/POPC/chol phase diagram. Critical points for ρ =
1.0, 0.70, and 0.50 are shown as black dots.

The slopes of the bottom tieline in region 5 shows that the chemical potential of cholesterol
is ~ 3-fold greater in the Ld phase than in the Lo phase, consistent with cholesterol interacting
more favorably with saturated acyl chains than unsaturated ones. Yet, the Ld phase can
accommodate cholesterol up to mole fraction 0.67 without a first-order phase change, instead
gradually changing from Ld to Lo as cholesterol fraction increases [6]. In contrast, the Lβ phase
can accommodate cholesterol only up to CHOL ~ 0.17, above which the cholesterol-rich Lo phase
separates in a first-order transition. We note that for plasma membranes having compositions
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within region 5, as CHOL approaches typical values found in cells of ~ 0.3-0.4 [34], the CHOL in
each phase becomes similar.
We have previously reported existence of an intermediate morphology of “modulated
phases” within the Ld + Lo region in DSPC/DOPC/POPC/chol [23, 24]. Within the Ld + Lo
coexistence region, the phase domain size changes from the nanometer scale at ρ = 0 to the micron
scale at ρ = 1. This size scale transition is accompanied by a visible morphology transition over a
narrow range of compositions as DOPC is replaced with POPC, i.e. phase coexistence exhibits
patterns, with one example illustrated by the GUV image in Fig. 6C. In the compositional region
near DSPC = 0.39-0.45 and CHOL = 0.22-0.25, the region of modulated phase domain morphology
appears between  = 0.15-0.30 [23].

3.9.2.6 One phase varying continuously from Ld to Lo, region 6
This region is shown as its entire phase volume in Fig. 3.9A, and the intersection of that
volume with the DSPC = 0 face of the tetrahedron in Fig. 8D. This is a region of continuous phase
change, with no boundary marking a transition between Ld and Lo.

3.9.2.7 Coexisting cholesterol monohydrate crystals and a cholesterol-saturated Lo phase,
region 7
When cholesterol concentration exceeds CHOL ~ 0.67, cholesterol precipitates as crystals
of the monohydrate. This phase boundary was determined previously [35], and results are shown
here for completeness.
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3.9.3 Some phase transitions might not be first-order

Phase boundaries determined by FRET are based on the principle that dyes partition
between coexisting phases, a behavior that is characteristic of first-order phase transitions. In this
study, we do not attempt to investigate the nature of the phase transitions, but rather focus on
locating the phase boundaries. Clearly, some of the observed transitions cannot be first-order, such
as the nano-to-macro domain size transition in region 5 (Ld + Lo). In this regard, it might also be
the case that transitions along the DSPC/chol binary axis are not first-order [36], but we do not
pursue that issue here.

3.9.4 Maximum cholesterol solubility in L
We observe that the maximum solubility of cholesterol in the L phase is CHOL ~ 0.18
when DOPC constitutes a small fraction (~3 mol%) of the L phase [4, 7]. In the L phase that
has POPC ~ 0.12 the maximum solubility of cholesterol is CHOL ~ 0.16. These observations might
mean that the POPC-containing Lo phase forms somewhat more readily than the DOPC-containing
Lo phase. Or, perhaps cholesterol within the L phase at POPC ~ 0.12 has a higher chemical
potential than has cholesterol in the L phase at DOPC ~ 0.03. We cannot answer this in the present
study. As we have noted previously [6], this maximum cholesterol solubility of CHOL ~ 0.17 in
the L phase corresponds closely to each cholesterol being surrounded by one shell, i.e. ~ 6
nearest-neighbor PCs. Apparently, more cholesterol than this cannot be accommodated in L. In
contrast, Ld phases of either DOPC or POPC are stable up to CHOL ~ 0.67, where cholesterol
monohydrate crystals precipitate.
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3.9.5 Location of the region of modulated phase domains
One important aspect of this study is to place the observations of “nanodomains” within
the framework of equilibrium phase behavior: The compositional volume of Ld + Lo phase
coexistence extends from one face of the tetrahedron continuously through composition space to
another face of the tetrahedron. This finding enables us to frame the origin of the nanodomains
detected here at low concentration of DOPC as a “phase question”: Why should a liquid phase be
more stable as small domains, rather than as one round domain having minimum perimeter and
thus minimum unfavorable energy from line tension?
Although we do not attempt to answer this question directly here (but see Amazon et al.
[37]), the present study provides a firm basis to pose this question in terms of equilibrium
thermodynamics, rather than, for example, dynamic gain or loss of compositional regions as
membrane turns over, or proximity to a critical point—bilayer behaviors that describe some
systems well, but which are not universally applicable to all observations of small phase domains.
For example, the 4-component phase diagram can be used to understand whether a region of
nanodomains is indeed a 2-phase coexistence region, or instead is a structured 1-phase region. For
the mixture DSPC/DOPC/chol, a 3-phase region of Ld + Lβ + Lo exists just above the 2-phase Ld
+ Lβ region. This 3-phase region was identified by fluorescence microscopy imaging that directly
showed the shape and approximate area fractions of coexisting domains, and FRET data that
clearly revealed the linearity of two sides of the phase coexistence triangle [4, 7]. In our current
study of the 4-component mixture DSPC/DOPC/POPC/chol, we found this 3-phase region,
directly observable by microscopy for DOPC-rich mixtures, to merge “seamlessly” with the
smaller putative 3-phase region for DSPC/POPC/chol.
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DSPC/POPC/chol mixtures with compositions above the 2-phase Ld + Lβ region appear
uniform by fluorescence microscopy imaging of GUVs [5]. The possibility has been raised that
this region, which we identify as 3-phase, is actually a 1-phase microemulsion [38], or else a 1phase region of critical fluctuations [27]. If so, then according to the phase boundaries that we
report here for the 4-component mixture, a version of the Phase Rule sometimes termed the “Law
of Adjoining Phases” [39] would be violated: As a phase boundary is crossed, one and only one
phase can appear or disappear. If a 1-phase region were directly above the Ld + Lβ coexistence
region in POPC-rich mixtures, that 1-phase region would meet the 3-phase region Ld + Lβ + Lo
when the DOPC fraction becomes sufficiently great. At that boundary, the number of phases would
change by 2, in violation of the Law of Adjoining Phases. With this reasoning, Ld + Lo
nanodomains would seem to be well-described as coexisting phases.

3.10 Summary
1. All phase regions of the 3-component mixture DSPC/DOPC/chol can be determined
unequivocally, with spectroscopic methods and GUV imaging in agreement as to phase boundaries
and phase identity. In contrast, the phase diagram of the 3-component mixture DSPC/POPC/chol
shows no visible Ld + Lo domains by optical imaging of GUVs. However, as DOPC is replaced
by POPC, phase boundaries determined spectroscopically shift smoothly to new values, with no
significant change in the nature of the phase behaviors. These observations are consistent with
nanodomains of Ld + Lo in POPC-rich mixtures being phase domains.
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2. With two appropriate 3-component phase diagrams in hand, constructing the 4-component
phase diagram that joins them requires a relatively modest effort that can enable a clear definition
of the phase region where “modulated phase behavior” occurs.

3. Some phase boundaries do not show up clearly when examined by conventional fluorescence
spectroscopic methods, but can show up distinctly with a new “3-dye method” that makes use of
a second FRET acceptor.

4. Precise measurement of phase boundaries confirms some near-stoichiometric cholesterol
compositions CHOL: ~0.17 is the maximum solubility of cholesterol in the Lβ phase,
corresponding to one shell of PC around each cholesterol molecule; ~0.27 is the minimum
cholesterol concentration to form the Lo phase; 0.30 is the maximum cholesterol concentration for
Ld + Lo coexistence in DSPC/POPC/chol; 0.40 is the maximum cholesterol concentration for Ld
+ Lo coexistence in DSPC/DOPC/chol; and 0.67 is the maximum solubility of cholesterol in an
Lo phase, corresponding to the high energy of having more than 3 cholesterol molecules in contact
[40].
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Supplemental Materials
3.S.1 Derivation of 3-dye FRET3

The bilayer contains three different fluorescent dyes, with maximum excitation
wavelengths A < B < C. We seek an expression for the fluorescence intensity of dye B upon direct
excitation of dye A. The derivation follows [41]. We assume an illumination wavelength 𝜆0 (with
frequency 𝜐0 ) that selectively excites A. Furthermore, we assume that the emission spectrum of A
overlaps with the excitation spectrum of B but not that of C (i.e., A can transfer energy only to B),
and that B transfers energy to C. Ignoring dye self-quenching, we use the following kinetic model
for the relevant photophysical processes:
𝑘𝐴𝑒

𝑘𝐴𝑑

(ℎ𝜐0 +)𝐴0 → 𝐴∗ → 𝐴0 (+ ℎ𝜐1 )
𝑘𝐵𝑒

𝐴∗ + 𝐵 0 → 𝐵 ∗ + 𝐴0
𝑘𝐵𝑑

𝐵 ∗ → 𝐵 0 (+ ℎ𝜐2 )
𝑘𝐶𝑒

𝐵∗ + 𝐶 0 → 𝐶 ∗ + 𝐵0

where the superscripts * and 0 indicate excited and ground states; 𝑘𝐴𝑒 is the rate constant for direct
excitation of A; 𝑘𝐵𝑒 and 𝑘𝐶𝑒 are rate constants for spontaneous energy transfer to acceptor B (from
donor A) and acceptor C (from donor B); and 𝑘𝐴𝑑 and 𝑘𝐵𝑑 are rate constants for de-excitation of
A and B by modes other than energy transfer (including fluorescence at frequencies 𝜐1 and 𝜐2 ).

Derivations by Fred Heberle, reproduced from Supplemental materials for Konyakhina TM, Wu
J, Mastroianni JD, Heberle FA, Feigenson GW. 2013. Phase diagram of a 4-component lipid
mixture: DSPC/DOPC/POPC/chol. Biochim Biophys Acta. 1828(9):2204-14.
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The rate equation for the excited state concentration of A is:
𝑑𝜒𝐴∗
= 𝑘𝐴𝑒 𝜒𝐴0 [ℎ𝜐0 ] − 𝑘𝐴𝑑 𝜒𝐴∗ − 𝑘𝐵𝑒 𝜒𝐴∗ 𝜒𝐵0
𝑑𝑡

(𝐴. 1)

Assuming low illumination intensity, only a small fraction of fluorophores are in the excited state
(e.g., 𝜒𝐴∗ ≪ 𝜒𝐴 ), which enables the substitutions 𝜒𝐴 ≈ 𝜒𝐴0 , 𝜒𝐵 ≈ 𝜒𝐵0 , 𝜒𝐶 ≈ 𝜒𝐶 0 . The steadystate approximation leads to an equation for the excited state concentration of A:

𝜒𝐴∗ =

(𝑘′𝐴𝑒 /𝑘𝐴𝑑 )𝜒𝐴
1 + (𝑘𝐵𝑒 /𝑘𝐴𝑑 )𝜒𝐵

(𝐴. 2)

with the additional substitution 𝑘𝐴𝑒 [ℎ𝜐0 ] = 𝑘′𝐴𝑒 . Applying the same approach to B yields the rate
equation:
𝑑𝜒𝐵∗
= 𝑘𝐵𝑒 𝜒𝐵 𝜒𝐴∗ − 𝑘𝐵𝑑 𝜒𝐵∗ − 𝑘𝐶𝑒 𝜒𝐵∗ 𝜒𝐶
𝑑𝑡

(𝐴. 3)

A steady-state approximation combines Equations A.2 and A.3, which upon rearranging
yields an equation for the excited state concentration of B:

𝐹𝐵𝐴𝑒𝑥 ∝ 𝜒𝐵∗ =

(𝑘′𝐴𝑒 /𝑘𝐵𝑑 )(𝑘𝐵𝑒 /𝑘𝐴𝑑 )𝜒𝐴 𝜒𝐵
𝐶0 𝐶1 𝜒𝐴 𝜒𝐵
=
[1 + (𝑘𝐵𝑒 /𝑘𝐴𝑑 )𝜒𝐵 ][1 + (𝑘𝐶𝑒 /𝑘𝐵𝑑 )𝜒𝐶 ] [1 + 𝐶1 𝜒𝐵 ][1 + 𝐶2 𝜒𝐶 ]

(𝐴. 4)

where we have defined a FRET metric 𝐹𝐵𝐴𝑒𝑥 (sensitized B emission) that is proportional to 𝜒𝐵∗ .
The quenching constants 𝐶1 and 𝐶2 describe energy transfer between dye pairs 𝐴 → 𝐵 and 𝐵 → 𝐶,
respectively, and can be related to their respective Förster distances [39]:
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𝜀𝑅0,𝑖 2
𝐶𝑖 ≈
𝐴

(𝐴. 5)

where A is the molecular area of the membrane and 𝜀 = 𝜋Γ(2⁄3) ≈ 4.2541.

Equation A.4 shows the dependence of dye B sensitized emission on the concentrations of
the three dye species. In a phase-separated bilayer, non-uniform partitioning modulates the dye
concentrations within each phase in a manner that depends on the relative amounts of the phases
present. For a two-phase system with a total dye molar concentration 𝜒𝑃0 and a molar partition
coefficient 𝐾𝑃 , the concentration of dye in each phase is:
𝜒𝑃0
=
1 − 𝑆2 + 𝑆2 𝐾𝑃
𝐾𝑃 𝜒𝑃0
2
𝜒𝑃 =
1 − 𝑆2 + 𝑆2 𝐾𝑃
𝜒𝑃1

(𝐴. 6)
(𝐴. 7)

where superscripts refer to the phase (1 or 2), 𝑆2 is the mole fraction of phase 2, and 𝐾𝑃 > 1
indicates preference for phase 2. The observed fluorescence of dye B is a mole fraction-weighted
sum of its fluorescence in each phase:
𝐴𝑒𝑥
𝐴𝑒𝑥
𝐹𝐵𝐴𝑒𝑥 = (1 − 𝑆2 )𝐹𝐵,1
+ 𝑆2 𝐹𝐵,2

(𝐴. 8)

Using the definition 𝐾𝑃′ ≡ 1 − 𝑆2 + 𝑆2 𝐾𝑃 , combining equations A.4, A.6‒8 and
rearranging yields:

𝐹𝐵𝐴𝑒𝑥 =

𝛼𝜒𝐴0 𝜒𝐵0 𝐾𝐶′
(1 − 𝑆2 )𝐶11
𝑆2 𝐶00 𝐶12 𝐾𝐴 𝐾𝐵
(
+
)
𝐾𝐴′
[𝐾𝐵′ + 𝐶11 𝜒𝐵0 ][𝐾𝐶′ + 𝐶21 𝜒𝐶0 ] [𝐾𝐵′ + 𝐶12 𝜒𝐵0 𝐾𝐵 ][𝐾𝐶′ + 𝐶22 𝜒𝐶0 𝐾𝐶 ]
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(𝐴. 9)

where 𝛼 is a constant of proportionality that depends on experimental details (instrumentation and
sample concentration), and 𝐶00 ≡ 𝐶02 /𝐶01 .

3.S2. 3-dye FRET to determine phase boundaries in lipid mixtures
FRET between dilute fluorescent lipid dyes is in principle a powerful tool for determining
phase boundaries in lipid mixtures. The simplest form of the experiment is shown schematically
in Fig. 3.S6:

Figure 3.S6 Schematic representation of the three dye FRET experiment. The bilayer contains
three dyes with excitation wavelengths A < B < C. Dyes A and B form a FRET pair with efficiency
𝐸𝐴𝐵 , and B and C form a FRET pair with efficiency 𝐸𝐵𝐶 . Fluorescence emission of B is measured
using an illumination wavelength that selectively excites dye A. Dye C is added to quench B
fluorescence.

The sample is illuminated with monochromatic light of wavelength 𝜆𝑒𝑥 to generate a small
population of excited A fluorophores, which can either emit a lower energy photon, or donate
energy via the nonradiative Förster mechanism to an acceptor fluorophore B. The efficiency of
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energy transfer 𝐸𝐴𝐵 can be monitored by observing either A or B fluorescence. Sensitized acceptor
emission, whereby the illumination wavelength 𝜆𝑒𝑥 is chosen to selectively excite the donor A
with emission collected at wavelength 𝜆𝑒𝑚 specific to the acceptor B, is a convenient FRET metric
that provides good signal-to-noise even at dilute dye concentrations. In the following discussion,
we refer to sensitized B emission with the symbol 𝐹𝐵𝐴𝑒𝑥 , with the superscript serving as a reminder
that the illumination wavelength is selective for A. Fig. 3.S6 also shows a third fluorophore C,
which selectively accepts energy from B with efficiency 𝐸𝐵𝐶 . The presence of C reduces 𝐹𝐵𝐴𝑒𝑥 in
direct proportion to 𝐸𝐵𝐶 . We now describe how the addition of the quencher C can greatly facilitate
the determination of phase boundaries in lipid bilayer mixtures.
FRET efficiency between freely-diffusing dyes depends on acceptor concentration.1,2 In a
phase-separated bilayer, non-uniform partitioning of dilute dyes between phase domains strongly
modulates local acceptor concentrations, resulting in enhanced or reduced FRET efficiency (for
like or unlike donor and acceptor partitioning, respectively).3 In this case, 𝐹𝐵𝐴𝑒𝑥 depends on dye
partition coefficients and the relative amounts of the coexisting phases, as shown by Eq. 3.A.9 of
the main text. Figure 3.S7 (solid black curve) plots Eq. 3.A.9 for the case of strong partitioning of
A and B dyes, in the absence of quencher C (i.e., 𝜒𝐶0 = 0):
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Figure 3.S7 Reduction of sensitized dye B emission by addition of a quencher C. In the absence
of C, 𝐹𝐵𝐴𝑒𝑥 exhibits a characteristic “rise and fall” shape of enhanced FRET efficiency (solid black
curve) within the I+II coexistence region, due to strong partitioning of both A and B into phase I.
Increasing the concentration of C (dashed black curves) reduces 𝐹𝐵𝐴𝑒𝑥 non-uniformly across the
I+II region, with dramatic effects occurring near the phase II boundary. Crucially, at high
concentrations of C (lower three curves), the slope near the phase II boundary is reversed,
facilitating detection of the boundary.
The compositional trajectory begins in a single phase region I (e.g., Ld), follows a tieline
of phase coexistence (where 𝐹𝐵𝐴𝑒𝑥 is described by Eq. 3.A.9), and ends in a single phase region II
(e.g., Lo). Dyes that prefer phase I exhibit a convex increase in concentration (Eqs. 3.A.6 and
3.A.7) as phase II replaces phase I along the tieline (left-to-right movement in Fig. 3.S7), resulting
in greater transfer efficiency and enhanced 𝐹𝐵𝐴𝑒𝑥 . The increase in 𝐹𝐵𝐴𝑒𝑥 begins gradually at the
phase I boundary and accelerates near the phase II boundary, with 𝐹𝐵𝐴𝑒𝑥 finally falling as the
fraction of phase I decreases to zero. Along the tieline, the combined effects of (a) a convex
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increase in dye concentrations within phase I and (b) a linear decrease in the fraction of phase I,
result in a peak in 𝐹𝐵𝐴𝑒𝑥 near the phase II boundary. The peak position and intensity are further
influenced by differences in the intrinsic fluorescence of dye B in the two phases: Fig. S7
demonstrates the case where B has greater intrinsic fluorescence in phase II, mimicking the
observed behavior of BoDIPY-PC in the experiments presented in the main text.
As mentioned previously, the addition of dye C reduces B fluorescence in direct proportion
to the 𝐵 → 𝐶 transfer efficiency as shown by Eq. A.4, here modified to explicitly demonstrate the
dependence on 𝐸𝐵𝐶 :
𝐹𝐵𝐴𝑒𝑥 (𝜒𝐶 ) =

𝐶0 𝐶1 𝜒𝐴 𝜒𝐵
= (𝐹𝐵𝐴𝑒𝑥 |𝜒𝐶 =0 )[1 − 𝐸𝐵𝐶 (𝜒𝐶 )]
[1 + 𝐶1 𝜒𝐵 ][1 + 𝐶2 𝜒𝐶 ]

where
𝐸𝐵𝐶 (𝜒𝐶 ) = 1 − (1 + 𝐶2 𝜒𝐶 )−1
When dye C also prefers phase I, 𝐸𝐵𝐶 and 𝐸𝐴𝐵 have similar composition dependence, and
the reduction in 𝐹𝐵𝐴𝑒𝑥 caused by C is therefore non-uniform across the tieline. The effect of
increasing dye C concentration (𝜒𝐶 ) is shown by the dashed curves in Fig. S7. Dye B fluorescence
is strongly quenched near the phase II boundary, where the dyes are highly concentrated in the
small fraction of phase I. Increasing 𝜒𝐶 shifts the 𝐹𝐵𝐴𝑒𝑥 peak to the left and reduces its intensity.
At sufficiently high 𝜒𝐶 , the slope near the phase II boundary reverses sign (lower three curves).
To summarize, the behavior of Eq. 3.A.9 suggests that the slope of the 𝐹𝐵𝐴𝑒𝑥 curve can be
dramatically altered near the phase boundaries by manipulating the concentration of C.
Within a single phase region, the composition dependence of 𝐹𝐵𝐴𝑒𝑥 is influenced by
nonideal mixing of the dyes, and to a lesser extent by changes in dye photophysical properties
(quantum yield) and the physical properties of the phase itself (molecular area). For Ld-preferring
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dyes, mixing is nearly ideal within the Ld phase, and 𝐹𝐵𝐴𝑒𝑥 typically has little composition
dependence. Markedly different behavior is often observed for Ld-preferring dyes in single phase
Lo compositions, where steep changes occur with relatively small changes in mixture composition.
In Fig. 3.S7, 𝐹𝐵𝐴𝑒𝑥 within the single phase regions I and II was modeled with linear variation
consistent with experimental data (see Fig. 3.4 of the main text).
Figure S8 shows simulated noisy data corresponding to the 𝐹𝐵𝐴𝑒𝑥 trajectories of Fig. 3.S7,
with trajectories offset for clarity:

Figure 3.S8 Simulated 𝐹𝐵𝐴𝑒𝑥 trajectory data corresponding to model curves in Fig. 3.S7. Curves
were sampled at 2 mol% compositional resolution, and Gaussian noise was added. Arrows mark
the position of the phase II boundary determined by visual inspection of the trajectories (offset for
clarity).
In the absence of C (open circles), the small change in slope at the phase II boundary is
obscured by limited compositional resolution and experimental noise. Addition of C reverses the
slope of 𝐹𝐵𝐴𝑒𝑥 within the coexistence region near the phase II boundary, allowing for a clear
determination of the boundary by visual inspection (black arrows).
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CHAPTER 4
Phase Diagram of a Polyunsaturated Lipid Mixture: BSM/SDPC/Chol
4.1 Abstract
Phospholipids having a polyunsaturated acyl chain are abundant in biological membranes,
but their behavior in lipid mixtures is difficult to study. Here we elucidate the nature of such
mixtures with this report of the first ternary phase diagram containing the polyunsaturated lipid
SDPC in mixtures of BSM/SDPC/Chol (brain sphingomyelin/1-stearoyl-2-docosahexaenoyl-snglycero-3-phosphocholine/ cholesterol). These mixtures show macroscopic Ld + Lo phase
separation, with phase boundaries determined by FRET and by fluorescence microscopy imaging
of giant unilamellar vesicles (GUVs). Surprisingly, SDPC mixes with BSM/Chol similarly to how
DOPC and POPC mix with BSM/Chol. In addition, modulated phases are observed within the Ld
+ Lo liquid-liquid immiscibility region upon addition of fourth component POPC. We find
mixtures of BSM/SDPC/POPC/Chol to exhibit nanoscopic Ld + Lo domains over a very large
volume of composition space.

4.2 Introduction
Eukaryotic plasma membranes comprise a complex chemical mixture of proteins and lipids
[1]. These membranes are both protective barriers, separating life from death for the cell, and
participate in a variety of cellular processes that involve membranes, including immune signaling,
protein sorting, endocytosis, and virus entry and exit.
For phase diagrams determined at equilibrium, the thermodynamics of mixing provides a
powerful framework for establishing rules for understanding and interpreting the phase behavior.
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These well-defined phase rules describe the conditions under which the different phases (e.g. solid
gel Lβ, liquid-ordered Lo, and liquid-disordered Ld) can coexist at equilibrium. Ternary lipid
bilayer mixtures containing cholesterol and exhibiting phase separation can be grouped into two
categories [2]: Type II diagrams exhibit macroscopic regions of Ld + Lo and Ld + Lβ + Lo
immiscibility, with domains resolved under the light microscope. Type I mixtures have the same
phase coexistence regions, but with nanoscopic domains [3]. These systems have liquid-liquid
immiscibility regions that might resemble phase separation in real cells [4-9] where domains have
been guessed to be in the nanoscopic range between 20-200 nm [8, 9]. Nanoscopic domains are
detected in vivo in plasma membranes by methods that are sensitive to small length scales, such
as FRET [10, 11], FRAP [12], electron spin resonance (ESR) [13], and stimulated emission
depletion (STED) far-field fluorescence nanoscopy [14]. In particular, nanodomains that have Ld
and Lo characteristics have been detected with FRET [10] and ESR [12] in live cells Thus, lipid
‘raft’ domains, enriched in cholesterol and sphingolipids, together with non-raft domains, seem to
be significant types of lateral heterogeneities in biological membranes [12, 15-20].
To date, a number of lipid mixture phase diagrams have been solved [21-29], but none of
these lipid mixtures have included polyunsaturated lipids, in large part because of the experimental
difficulties in working with polyunsaturated fatty acids, PUFAs. In this study we solve the phase
diagram of a ternary mixture containing a PUFA lipid together with two other biologically
abundant species, BSM/SDPC/Chol. We also discuss overcoming experimental difficulties in with
working with PUFAs. The predominant high-Tm components of mammalian PM are
sphingomyelins (SM), and we chose to study the sphingomyelin derived from porcine brain, BSM.
Cholesterol, present at 35-45 mol% in mammalian plasma membranes [30], is an indispensable
component of any plasma membrane model mixture. SDPC contains a stearoyl chain and the
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omega-3 polyunsaturated fatty acyl chain DHA, with 22-carbons and 6 double bonds [31, 32].
In the inner leaflet of animal cell plasma membranes PUFAs comprise ~50% of sn-2 fatty
acyl chains [http://lipidlibrary.aocs.org/Lipids/complex.html [19]]. In retinal rod outer segment
disk membranes DHA comprises up to 50% of the total lipid, with this high percentage required
for optimal Rhodopsin function [33, 34]. DHA is also found at high concentrations in certain other
membranes, including synaptosomes [35] and sperm [36]. The importance of DHA and PUFAs
for human health has been studied [37-39], as well as spectroscopic studies [40-42], and studies of
PUFA effects on membrane properties [43-54]. PUFAs seem to have a weaker interaction with
cholesterol compared with saturated or monounsaturated acyl chains [55]. A relatively low
solubility of cholesterol in PUFA-containing membranes was measured using both X-ray
diffraction and solid-state 2H NMR [56-64]. It has been proposed [57, 59] that DHA could be
directly involved in inducing lateral phase separations into DHA-rich/cholesterol-poor and DHApoor/cholesterol-rich lipid domains.
Despite the clear importance of DHA-containing lipids such as SDPC, SDPE, PDPC, and
PDPE, only a very limited number of PUFA-containing compositions have been examined. The
vast majority of studies conducted on DHA-containing lipids have focused on only a few sample
compositions, with one common ratio being 1/1/1 = DHA-containing lipid/SM/Chol, with the
DHA-containing lipid being SDPC, SDPE, PDPC or PDPE [52, 53, 65]. Mixing behavior over all
possible compositions of these three-component mixtures, especially the regions of immiscibility,
can be described by use of a triangular phase diagram.
Since 1999, GUVs have proven to be useful tools for the visualization of bilayer phases
and have been widely used to study phase behavior in model membranes [21-25, 66-68]. However,
GUVs have their own characteristic limitations. One such limitation is the relatively low
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compositional resolution of ~5% that can be achieved with this method (but see [69] for higher
compositional precision). Also, GUVs are not useful for finding phase boundaries of mixtures with
coexisting domains that are much smaller than the wavelength of light, due to the limits of optical
resolution. Other GUV limitations are the potential for electrolysis-induced artifacts associated
with the electroswelling method, and oxygen- and free radical-induced artifacts [67, 68]. These
particular problems can be mitigated by forming GUVs by use of “gentle hydration”. Cuvettebased spectroscopic methods such as FRET can be used to construct a phase diagram with few
artifacts and with a higher compositional resolution of ~2%, but a large number of samples are
required. FRET experiments are cuvette-based, enabling sample preparation by use of rapid
solvent exchange (RSE), which minimizes the lipid demixing, especially of cholesterol that can
occur when lipid mixtures are dried [70]. RSE also has the benefit of convenient maintenance of
an inert atmosphere at all stages of sample preparation, minimizing oxygen-induced artifacts that
are a significant problem in mixtures containing PUFA lipids.
Biological membrane phase behavior can be modeled well by mixtures of four lipids,
which enables study of Ld + Lo domain size from a few nanometers to many microns that is
controlled by composition. Why do we care about the switch of domain size from nano to macro?
The tens of nanometer scale seems to describe the phase-separated domains in animal cell plasma
membranes better than does the micron scale [71-73]. Silvius [74] proposed the presence of
nanodomains in a lipid bilayer with compositions mimicking the outer leaflet bilayer. Lipids such
as SOPC or POPC, having one saturated sn-1 chain and one monounsaturated sn-2 chain, naturally
occur as the most abundant phospholipid species in animal cell membranes. Optical microscopy
studies on such lipids in ternary mixtures with cholesterol and a high-melting lipid show uniform
membranes [21, 75], yet other methods indicate the presence of lateral heterogeneity [27, 75-77]
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invisible to optical microscopy imaging. We have previously reported the presence of intermediate
states

that

have

modulated

phase

morphology

in

the

4-component

mixture

DSPC/DOPC/POPC/Chol [78, 79, 28]. Modulated phase morphology occurs when two liquid
phases coexist, if the line tension that drives the minimization of domain perimeter is opposed by
a long-range interaction such as bending energy of a curved membrane that acts to break up
domains [79, 80].
We report that the phase diagram of BSM/SDPC/Chol at constant temperature is
remarkably similar to phase diagrams having DOPC or POPC instead of SDPC. We also report
the existence of modulated phases upon the addition of POPC as a fourth component to
BSM/SDPC/Chol, finding that with SDPC-containing mixtures, only a small fraction of POPC
results in nanodomains, compared to the much larger fractions of POPC required for nanodomains
in DOPC-containing mixtures. Together, these findings indicate that a lipid with a single PUFA
chain can give rise to macroscopic Ld + Lo domains, but that a modest fraction of POPC in the
mixtures yields nanodomains.

4.3 Materials and Methods
4.3.1 Materials

Phospholipids were purchased from Avanti Polar Lipids (Alabaster, AL), and cholesterol
from Nu Chek Prep (Elysian, MN). Fluorescent dyes C12:0 DiI and BoDIPY-PC were from
Invitrogen (Carlsbad, CA), DHE was from Sigma-Aldrich (St. Louis, MO). Lipid stock solutions
were prepared in HPLC grade chloroform with concentration determined to < 1% by inorganic
phosphate assay. BSM stocks included 0.5% methanol by volume to prevent precipitation during
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humid weather. Phospholipid purity was verified to be > 99% by thin-layer chromatography (TLC)
of ~ 20 micrograms of lipid on washed and activated Adsorbosil TLC plates (Alltech, Deerfield,
IL), developed in solvent system chloroform/methanol/water = 65/25/4. SDPC stocks were
frequently checked for purity using a spectroscopic absorbance method (see section 2.2 for more
details). Cholesterol stocks were prepared analytically and purity checked with TLC in petroleum
ether/diethyl ether/chloroform = 7/3/3. Probe extinction coefficients were obtained from lot
certificates of analysis: 91800 M−1cm−1 at 504 nm for BoDIPY-PC and 12900 M−1cm−1 at 324 nm
for DHE. Fluorescent dyes were checked for purity with the following solvent systems: BoDIPYPC in chloroform/methanol/water = 65/25/4; C12:0 DiI in chloroform/methanol = 10/1.
Concentrations of fluorescent dyes were measured by absorption spectroscopy using an HP 8452A
spectrophotometer (Hewlett-Packard, Palo Alto, CA).

4.3.2 Control for PUFA lipid breakdown

PUFA breakdown is readily initiated by free-radical formation and subsequent propagation
of a chain-reaction that proceeds auto-catalytically [81-84]. Therefore, it is crucial to eliminate or
greatly minimize factors such as oxygen, multivalent cations especially iron, and light, that initiate
or propagate this breakdown pathway [81-85]. Our experimental protocol produces less than 2%
breakdown after all experimental steps, as measured by TLC and a UV spectroscopic assay for
lipid breakdown. All physical handling of lipids is performed in an inert atmosphere under low
light conditions. All solvents and buffers that come into contact with SDPC were deoxygenated
by bubbling with inert gas to displace dissolved oxygen. A low oxygen atmosphere was achieved
by handling SDPC inside a glove box with O2 levels reduced from the atmospheric reading of
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18.2% down to the glove box reading of ~0.02%, as measured by an oxygen sensor (OXY-sen
oxygen monitor, Alpha Omega Instruments). Minimization of iron ions was achieved by the
addition of 50 µm DTPA, efficient in chelating iron [85], to all aqueous solutions in contact with
SDPC. SDPC was purchased from Avanti packaged into small aliquots of 2.5 mg per vial, enabling
use of a fresh vial for every week of experimental work. Purity of lipid stocks was checked by
TLC and UV spectroscopic assay for lipid breakdown. Samples for UV spectroscopic assay were
prepared by extracting aqueous lipid suspensions from GUVs using Bligh-Dyer conditions [86].
A mixture of cyclohexane/EtOH = 10/1 was used to redissolve the dry film. Lipids without
conjugated double bonds have a single strong absorption peak at ~200 nm. Breakdown-induced
conjugation yields a strong peak at 235 nm. The ratio of peak heights at 235/200 was used to
monitor breakdown.

4.3.2.1 Control for photooxidation and light-induced phase separation

Oxidation and photooxidation, as well as free radical-induced polymerization, are
troublesome phenomena to researchers working with model lipid systems. The final stage of lightinduced oxidation and free radical-induced polymerization can look identical to real macroscopic
Ld + Lo phase separation and can mislead phase determination by fluorescent microscopy [67, 68,
87]. Light-induced artifacts can happen even in phase-separated mixtures that are inherently
nanoscopic. DSPC/POPC/Chol and BSM/POPC/Chol mixtures lack macroscopic Ld + Lo phase
separation, yet both mixtures undergo light-induced, artifactual, macroscopic domain separation
[67, 68]. Light-induced phase separation happens during illumination with an optical microscope,
and is strongly dependent on concentration of dye [68] or photosensitizer [88] and illumination
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intensity and time. The kinetics of light-induced domain formation vary from system to system,
but unlike real macroscopic phase separation, light-induced artifacts are observed to transition
through stages of ripening, growing, and final fusing and rounding to produce artifactual lightinduced phase separation. See Section 4.S.3. for additional details.

4.3.3 Terminology
We use the term “trajectory” to mean a series of samples along a specified path of
compositions. Trajectories are used to examine the compositional dependence of a measurement
such as FRET. We note that the mixtures studied here should be considered pseudo-ternary
because we neglect all components of the aqueous buffer. Most important, we neglect water on
the basis that its chemical potential is constant at every lipid composition examined because of the
presence of excess water. Even so, the water composition of each phase varies over the phase
diagram, and we do not measure its fraction in any of the phases. BSM is composed of various
species, but for our purposes we count it as a single high-Tm component. Gentle hydration requires
use of small fractions of charged lipid, and we used 2% DPPG or 2% POPG (% of total lipid).
These small fractions have been shown to have no effect on phase boundaries [89].
Within a tetrahedral phase diagram it is convenient to refer to compositions in terms of the
fractional replacement of nanoscopic-inducing lipid by macroscopic-inducing lipid, which we
term “”. Here we define as:
  ≡ [SDPC]/([SDPC]+[POPC])
We also define a “ window” to be bounded by two  values at which 50% of observed
morphologies, which can be modulated or macroscopic or uniform, are modulated at each ρ value
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4.3.4 FRET, DHE  BoDIPY-PC

A series of trajectories, each with ~70 samples, was prepared in order to locate the
boundaries of the Ld + Lo region. The precise location of boundaries was extracted from the
features of the DHE  BoDIPY-PC stimulated acceptor emission data, as described [90-92].
Samples for FRET measurement were prepared by use of rapid solvent exchange (RSE) to
minimize cholesterol de-mixing [90]. 250 nmol total lipid per sample along with dyes were
dispensed into 13 mm glass tubes with a 25 L Hamilton syringe attached to a repeating dispenser
(Hamilton USA, Reno, NV). Dye concentrations were 1 mol% for DHE and 0.066 mol% for
BoDIPY-PC. Deoxygenated RSE buffer (0.500 mL, 200 mM KCl, 5 mM PIPES, 50 M DTPA,
pH 7.0) was added to the chloroform solution of lipids and dyes. Samples were vortexed under
vacuum (~670 mTorr) for 1 min, sealed under argon and placed in a water bath at 48 °C. At each
sample preparation step, the temperature was chosen to ensure that all lipids were melted and thus
well-mixed during formation of vesicles. For BSM-containing mixtures, 48 °C is above the BSM
melting range of 35 - 45°C. Samples were cooled at 2 °C/h to 23 °C, then equilibrated at room
temperature for 24 h before measurements. 1.90 mL of deoxygenated RSE buffer was added to
0.100 mL of sample to yield 25 M lipid in the cuvette. Data were collected on a Hitachi F-7000
FL spectrofluorimeter (Hitachi High Technologies America, Schaumburg, IL) at ambient
temperature of 23C, under a gentle stream of argon above the cuvette. Using 2.5 nm bandpass for
excitation and emission slits and 10 s integration time, intensity was measured in 4 channels
(ex/em): DHE fluorescence (327/393 nm), BoDIPY-PC sensitized emission (327/517 nm),
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BoDIPY-PC direct fluorescence (500/517 nm), and light scattering (440/430 nm). Control samples
were prepared to correct for non-FRET contributions as described previously [27, 90] in order to
account for direct fluorescence emission from donor and acceptor, and scattering of excitation light
by the vesicle suspension.

4.3.5 GUV imaging
4.3.5.1 GUVs preparation by gentle hydration
The gentle hydration method for making GUVs was first introduced by Reeves and
Dowben [93], and significantly modified by Akashi et al. [94]. We describe below some
observations and changes made to this procedure that are specifically relevant for phase behavior
studies of lipid mixtures. Negatively-charged lipids provide electrostatic repulsion between
bilayers, which facilitates formation of GUVs from the layers of lipid film deposited on the walls
of a glass tube. Higher temperature and longer equilibration times were avoided to minimize
oxidation and free radical chain reactions that degrade PUFA lipids.

4.3.5.2 GUVs preparation by electroswelling
GUVs were also prepared by a modified electroswelling procedure as described [103-107].
Briefly, each sample contained 250 nmol of lipid mixture in 200 μL chloroform, dispensed in an
inert atmosphere glove box. Small fractions of fluorescent dyes C12:0 DiI (0.02 mol%) and
naphthopyrene (0.07 mol%) were added. A lipid film was created by evenly spreading the
chloroform solution onto indium tin oxide (ITO)-coated microscope slides (Delta Technologies,
Stillwater, MN) on a hotplate with surface temperature measured to be ~50 °C. After the residual
solvent had been removed under vacuum for 2 h at ~50 mTorr, ITO slides were sealed with Buna99

N O-rings to create a chamber, which was then filled with deoxygenated 100 mM sucrose
containing 50 M DTPA. The films were held for 2 h at 50 °C in an AC field of 5 Hz, ± 1 Vpp,
using a Wavetek FG2C function generator (Meterman, Everett, WA) followed by 10 h of cooling
to 23°C using a Digi-sense temperature controller R/S (Cole Palmer, Vernon Hills, IL). GUVs
were harvested into deoxygenated 100 mM glucose solution under inert atmosphere, then allowed
to settle for 1 h before microscopy observations at 23 °C.

4.3.6 Fluorescence microscopy
For all gentle hydration experiments, a Nikon Eclipse Ti microscope (Nikon Instruments,
Melville, NY) was used for wide-field fluorescence microscopy at 23 °C, using a 60X 1.2 NA
water immersion objective. GUVs prepared by electroswelling sometimes

contained

naphthopyrene at 0.07 mol% as a dye with preferential Lo phase partitioning. Napthopyrene was
not used in samples prepared by gentle hydration in order to minimize light-induced artifacts.
Images were taken with an Andor Zyla sCMOS camera (Oxford Instruments, South Windsor, CT).
Most GUVs prepared by electroswelling were imaged with a different microscope, a Nikon
Diaphot-TMD microscope (Micro Video Instruments Inc., Avon, MA) for wide-field fluorescence
microscopy at 23 °C, with a 60X 1.4 NA oil immersion objective. Images were recorded with a
Photometrics charge-coupled device camera CoolSNAP HQ2 (Tucson, Arizona). C12:0 DiI
fluorescence was imaged with ex/em 546/585 nm; naphthopyrene with 436/480 nm. Images from
GUVs containing multiple dyes were color-merged using NIS software, with BoDIPY-PC green,
C12:0 DiI red, and naphthopyrene blue. For GUVs shown in this study, very low dye levels
together with short exposure times required image contrast to be increased with NIS Elements
Basic Research Software (MVI, Inc.).
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4.3.7 Critical point investigation and percolation map
The critical point of the Ld + Lo region was found by determining the continuous,
“percolating” phase as a function of composition to obtain a “percolation map”. Percolation map
refers to the set of marked compositions within an area of the phase diagram to discover at which
compositions the changeover occurs from Lo being continuous to Ld being continuous (Fig. 4.4).
The Ld + Lo percolation map near the critical point was examined by analyzing ~50-100 GUVs at
each composition. The locus of compositions where connectivity in GUVs changes between Ld
and Lo was extrapolated to its intersection with the Ld + Lo upper phase boundary, thereby
marking the critical point [27]. We note that for compositions in the middle region of the tieline,
where the area fractions of Lo and Ld phases are close to equal, the majority of GUVs displayed a
single round Ld (or Lo) domain. This is an indication that the samples were well equilibrated,
without multiple small kinetically trapped domains. We found that the percolation changeover
point occurs where the area fraction of Ld is roughly equal to that of Lo.

4.4 Results
4.4.1 FRET, DHE  BoDIPY-PC
We make use of changes in FRET as donor and acceptor dyes partition between coexisting
phases. When dyes concentrate within the same phase, their average separation distance decreases,
resulting in a compositional region of enhanced FRET efficiency (REE). When dyes prefer
different phases, the increase in average dye separation leads to a region of reduced FRET
efficiency (RRE). Here we used the donor/acceptor FRET dye pair DHE/BoDIPY-PC, which
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partition into Lo and Ld phase, respectively, to generate RREs where Ld and Lo phases coexist.
Fig. 4.1 shows representative FRET trajectories prepared to locate boundaries. Trajectories T1 and
T2 were used to locate the boundaries of the coexistence region Ld + Lo (Fig. 4.1A-C). FRET
data for trajectory T1 (Fig. 4.1A and 2B) were used to determine the LHS and RHS boundaries of
this region. T1 shows the appearance of Lo at CHOL ~ 0.08, BSM ~ 0.22, and the appearance of
Ld at CHOL ~ 0.32, BSM ~ 0.62 for the RHS (Fig. 4.2B). Fig. 4.2C shows T2 with boundaries at
CHOL ~ 0.12, BSM ~ 0.18 for the LHS, and CHOL ~ 0.35, BSM ~ 0.55 for the RHS.
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Figure 4.1 FRET trajectories T1 and T2 determine Ld + Lo phase boundaries with high accuracy.
(A) T1 and T2 are shown as dashed lines. Phase boundaries are shown in grey for reference. T1
compositions 0.11 ≤ χBSM ≤ 0.65 and 0 ≤ χCHOL ≤ 0.35; T2 compositions 0 ≤ χBSM ≤ 0.6 and
0.03 ≤ χCHOL ≤ 0.4. DHE, Bodipy-PC and C12:0 DiI were 1 mol%, 0.066 mol% and 0.05 mol%
respectively. (B) FRET along T1 using 2-dye pair DHE→ BoDIPY-PC to locate boundaries. FRET
changes abruptly at the onset of a phase transition, allowing precise boundary determination
(vertical lines show fit for slope change and location of the phase boundary where Ld + Lo phase
coexistence appears/disappears.) (C) FRET along T2 using 2-dye pair DHE→ BoDIPY PC to
locate boundaries.
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Figure 4.2 Modulated phase patterns are observed. Phase diagram shows compositions examined
for BSM/(SDPC+POPC)/Chol: 0.39/0.39/0.22 (a); 0.44/0.30/0.26 (b); 0.50/0.20/0.30 (c);
0.41/0.26/0.33 (d); 0.35/0.35/0.30 (e). A progression of morphologies from uniform to modulated
to round macroscopic domains is observed (c.1-c.8) for composition (c) 0.41/0.26/0.33. Images
were contrast and brightness enhanced. GUVs appeared uniform before the onset of modulated
phases (ρ < 0.64), and showed macroscopic round domains at ρ > 0.90. Composite 3D images for
each GUV were obtained by combining slices along a z stack series. At each composition ρ slices
share common Chol and BSM endpoints, with varying ρ. DiI used at 0.011 mol% partitions into
Ld. Temperature 23 °C. Scale bar 10 microns.
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4.4.2 Microscopy imaging on GUVs
4.4.2.1 Phases observed on GUVs

BSM/SDPC/Chol shows macroscopic phase coexistence in three regions, Ld + Lo, Ld +
Lo + L and Ld + L. Fig. 4.5 shows upper Ld + Lo boundaries determined by the gentle hydration
method. Fig. 4.8 shows representative GUV images used to determine the LHS boundary of the
Ld + Lregion.

4.4.2.2 Upper boundary determination
The upper BSM/SDPC/Chol boundary terminates at a maximum CHOL ~ 0.37, as
determined by GUV imaging (Fig. 4.5) and FRET experiments using the donor/acceptor pair
DHE/BoDIPY-PC (data not shown). This maximum cholesterol fraction is slightly lower than the

CHOL ~ 0.40 found for POPC- or DOPC-containing mixtures at 25°C, and reflects the slight but
unexpectedly higher miscibility of cholesterol with SDPC.
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Figure 4.3 The  values for the modulated phase windows vary along two tielines. Panels (a-e)
correspond to compositions (a-e) examined. Compositions BSM/(SDPC+POPC)/Chol are (a-e):
0.39/0.39/0.22 (a); 0.44/0.30/0.26 (b); 0.50/0.20/0.30 (c); 0.41/0.26/0.33 (d); 0.35/0.35/0.30 (e). %
of GUVs showing modulated morphology at various ρ values are graphed. Solid area under each
plot corresponds to the width of ρ window. Here we define ρ window to be bounded by two ρ
values at which at least 50% of observed morphologies are modulated (from counting % of
modulated, macroscopic and uniform morphologies observed at each ρ value at a given
composition). Points (a-c) lay along lower Chol tieline and points (d-e) lay along higher Chol
tieline.
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Figure 4.4 Percolation threshold study at ρ = 1 (BSM/SDPC/Chol). Percolation maps enable
finding critical points, marked by star. Boundaries for the Ld + Lo region are shown for reference.
Filled circles, GUVs within Ld + Lo phase coexistence with Lo as the percolating phase; grey
circles, Ld is the percolating phase; open circles, GUVs are uniform within a one phase region;
half black/white circles, GUVs exhibiting both types of connectivity. Critical points
BSM/SDPC/Chol 0.28/0.39/0.33. Representative GUVs (a-g) are shown corresponding to each
composition (a-g). GUV compositions BSM/SDPC/Chol are: (a) 0.15/0.75/0.1; (b) 0.2/0.67/0.13;
(c) 0.25/0.60/0.15; (d) 0.3/0.5/0.2; (e) 0.37/0.40/0.23; (f) 0.43/0.30/0.27; (g) 0.48/0.20/0.31.
Temperature 23 °C. Scale bar 10 microns.
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Figure 4.5 Critical point investigation and boundaries determined by GUVs (prepared by gentle
hydration). Representative trajectories (a-e) are shown. Boundaries for the Ld + Lo region are
shown for reference. Filled circles, GUVs within Ld + Lo phase coexistence with Lo as the
percolating phase; grey circles, Ld is the percolating phase; open circles, GUVs are uniform within
a one phase region; half black/white circles, GUVs exhibiting both types of connectivity. The
critical point is at BSM/SDPC/Chol
= 0.28/0.39/0.33.
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4.4.2.3 Region of modulated phase domains

Fig. 4.2 and Table 4.1 show 5 compositions examined in this modulated  window study
of BSM/SDPC/POPC/Chol. Points (a-c) in Fig. 4.2 and Table 4.1) are on a tieline at lower CHOL
and points (e-d) are on a tieline at higher CHOL. We define the  window as bounded by two 
values at which 50% of observed morphologies are modulated. For a tieline located just above the
three-phase coexistence region, points a-c, modulated phases were observed over the range 0.75 <
ρ < 0.90 (point a: Fig. 4.3, top panel a); and over the range 0.64 < ρ < 0.90 (points b and c: Fig.
4.2, panels b and c). At a higher cholesterol tieline, where the compositions of the coexisting phases
are closer and phase properties likely to be more similar, a very similar modulated phase window
of 0.68 < ρ < 0.84 was observed (Fig, 4.4, panels d and e). Thin Ld stripes with Lo being the
percolating phase were prevalent in compositions towards higher Lo fractions, points (c) and (d),
consistent with the Lever Rule and previous observations in DSPC-containing mixtures [79].
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Composition
a

b

c

d

e

Composition


0.65
0.7
0.75
0.8
0.85
0.9
0.95
1
0.65
0.7
0.75
0.8
0.85
0.9
0.95
1
0.65
0.7
0.75
0.8
0.85
0.9
0.95
1
0.65
0.7
0.75
0.8
0.85
0.9
0.95
1
0.65
0.7
0.75
0.8
0.85
0.9
0.95
1


Uniform (%)
100
77
51
4
34
12
1

30
3
72
41
5
6
100
26
9
2
Uniform (%)

Modulated (%)
23
49
96
98
54
12
66
88
92
93
87
47
5
70
96
99
97
100
58
22
28
58
90
91
89
21
3
72
78
95
56
4
1
Modulated (%)

Macroscopic (%)
2
46
88
100
7
7
13
53
95
100
1
1
3
42
78
100
1
5
3
11
79
97
100
2
13
3
44
96
99
100
Macroscopic (%)

N
87
92
112
69
55
79
54
87
124
115
132
95
80
99
91
71
108
66
111
83
51
92
73
46
104
109
71
67
54
133
88
45
55
123
76
84
88
71
69
53
N

Table 4.1. Percentage of GUVs with main observed morphologies. GUVs were classified as
having 3 main regimes: uniform, modulated or macroscopic Ld +Lo coexistence. % of each
morphology was recorded and used to determine the ρ window for each composition.
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4.4.2.4 Critical point investigation and percolation map

The critical point was experimentally found by determining the continuous, percolating,
phase as a function of composition to obtain a percolation map (Figs. 4.5 and 4.6). The critical
point was determined to be at BSM/SDPC/Chol = 0.28/0.39/0.33 (Fig. 4.1). In the SDPC-rich Ld
phase that is in equilibrium with a BSM-rich Lo phase,
at a cholesterol concentration of about 37 mol% the phases become indistinguishable; this is the
critical point. Critical fluctuations were also observed for compositions near the critical point.

4.4.3 GUVs formed by electroswelling

We began studies of the BSM/SDPC/Chol mixture by preparing GUVs using the method
of electroswelling. However, we soon learned that this method produces artifacts. Fig. 4.7 shows
that for GUVs made by electroswelling, upper and LHS boundaries are artifactually expanded,
indicating wider immiscibility. GUVs made by electroswelling showed macroscopic phase
separation for Ld + Lo, Ld + Lo + L and Ld + L phase regions, consistent with GUVs made by
gentle hydration, but the boundaries are artifactually expanded. Furthermore, the RHS of the Ld +
Lo coexistence region cannot be determined accurately by GUVs due to the difficulty of preparing
GUVs with a high mole fraction of BSM, as shown in Fig. 4.7.
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4.5 Discussion
4.5.1 Description of ternary phase diagram
Fig. 4.6 shows the BSM/SDPC/Chol phase diagram, obtained by FRET and GUVs made
by gentle hydration. We describe below the individual phase regions.

Figure 4.6 Phase diagram of BSM/SDPC/Chol obtained by FRET and by microscopy imaging on
GUVs made by gentle hydration method, all at 23 °C. Solid lines show measured phase boundaries,
dashed lines boundaries that are putative or extrapolated.
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Figure 4.7 Electroswelling produces artifactual domains, yielding “expanded” boundaries for Ld
+ Lo in BSM/SDPC/Chol. Open circles show where uniform GUVs appear; green closed circles
are macroscopic Ld + Lo; blue triangles mark compositions within Ld + Lo + L; and purple
squares mark Ld + L compositions. Solid lines are real boundaries. Red stars indicate critical
fluctuations observed by electroswelling. Thick black line indicates boundaries obtained by
electroswelling. Boundaries obtained by FRET and gentle hydration (from Figure 4.6) are shown
for comparison.
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Figure 4.8 Locating the LHS boundary at zero cholesterol. Six representative compositions are
shown (a-f). Temperature 23 °C. Scale bar 10 microns. Gel domains become thicker as
χBSMincreases.

BSM/SDPC/Chol is a Type II diagram, with three regions of macroscopic phase separation:
Ld + Lo, Ld + Lo + L and Ld + L.

4.5.2 Phase regions
4.5.2.1 Liquid + gel coexistence, Ld + Lβ(β′)
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The upper boundary of the Ld + Lβ(β′) region is a line that is also the lower boundary of
the 3-phase coexistence region Ld + Lo + Lβ. The LHS boundary at CHOL = 0 of this region
indicates the maximum solubility of BSM in SDPC-rich Ld to be BSM = 0.12. The RHS boundary
of Ld + Lβ(β′) is approximated by extrapolating the measured RHS of the Ld + Lo + L region to

CHOL = 0, and shows that SDPC is rather insoluble in the BSM-rich Lβ′ phase, withSDPC ~ 0.05
without cholesterol, similar to the boundary reported by Petruzielo et for BSM/DOPC. The
maximum solubility of cholesterol in the BSM-rich Lβ phase is at CHOL ~ 0.16. This maximum
cholesterol solubility in Lβ is the same as found for the similar mixtures BSM/DOPC/Chol and
BSM/POPC/Chol [29], as well as for other mixtures of DSPC/DOPC/Chol, DSPC/POPC/Chol
[27], and DPPC/DLPC/Chol [95]. Note that CHOL ~ 0.16 corresponds closely to each cholesterol
being surrounded by a single shell of 6 phospholipid neighbors, with the clear implication that this
solid phase cannot accommodate any higher fraction of cholesterol.

4.5.2.2 Gel [Lβ(Lβ′)]
The pure hydrated lipid BSM at room temperature is a solid with tilted chains, Lβ′. As
found for DPPC [96]. Addition of cholesterol causes the chain tilt to disappear but without the
formation of a coexisting phase. This gel region Lβ(Lβ′) is bounded at SDPC = ~0.05, CHOL ~
0.17.
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4.5.2.3 Liquid-ordered + gel coexistence, Lo + Lβ
These boundaries were chosen to be in agreement with Schreinemakers' Rules [97], and so
are only estimates. This almost rectangular region has one edge along the BSM/Chol binary axis
from CHOL ~ 0.17 - 0.34. Along this axis, Lβ transitions to Lo with increasing cholesterol fraction
as a continuous phase change [96].

4.5.2.4 3-phase coexistence, Ld + Lo+ Lβ
GUV data and FRET data for trajectory T1 (Fig. 4.1A and 4.1B) were used to determine
the LHS and RHS boundaries of this region. In particular, we used the previously determined phase
diagram for BSM/DOPC/Chol to guide the choice of trajectory T1, which shows the appearance
of Lo at the point CHOL ~ 0.08, BSM ~ 0.22, and the appearance of Ld at CHOL ~ 0.32, BSM ~
0.62 for the RHS (Fig. 4.2B). The Lo phase that separates anywhere along this tieline has CHOL
~ 0.32. The solubility of BSM in Ld mixtures with SDPC/Chol, POPC/Chol and DOPC/Chol is
essentially the same, and that is also the case for the Lo mixtures: the upper and lower boundaries
of the three phase region are nearly independent of the type of low-Tm lipid. The upper and lower
boundaries of the Ld + Lo+ Lβ region are useful because they are thermodynamic tielines. The
BSM/DOPC/Chol tieline reported previously by Petruzielo et al agrees well with
SSM/DOPC/Chol measurements by Farkas and Webb, who used both polarization imaging of
GUVs and mass spectrometry on phase patches excised from GUVs [98].
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4.5.2.5 Liquid–liquid coexistence, Ld + Lo

Contrary to published reports, we find that SDPC mixes about as well with BSM and Chol
as do DOPC and POPC. This important observation stems from the comparison to other
macroscopic mixtures BSM/DOPC/Chol and DSPC/DOPC/Chol, and nanoscopic mixtures
BSM/POPC/Chol and DSPC/POPC/Chol. The upper BSM/SDPC/Chol boundary has a
maximum CHOL ~ 0.37, found from GUV imaging (Fig. 4.5) and from FRET experiments using
the donor/acceptor pair DHE/BoDIPY-PC (data not shown). Similarly, the upper Ld + Lo
boundary in BSM systems for both DOPC and POPC mixtures terminates at CHOL ~ 0.40 at 25
°C [29]. Thus we observe that SDPC has similar miscibility gaps in mixtures with cholesterol and
BSM, compared to mixtures with DOPC or POPC with BSM and cholesterol. As discussed in the
Introduction, many previous studies indicated poor solubility of DHA-containing lipids with Chol.
Thus, we expected to see a larger region of immisibility in the BSM/SDPC/Chol system. A recent
study [65] shows that the solubility of a DHA-containing lipid in mixtures with SM/Chol depended
on whether the glycerophospholipid was PC or PE. Solid state 2HNMR studies on PSM/PDPEd31/Chol = 1/1/1 mol) showed that PE with a DHA chain separates away from regions enriched
in PSM and cholesterol [65]. In contrast, 2HNMR spectra for PSM/PDPC-d31/Chol = 1/1/1 mol)
showed that PC with a DHA chain is more miscible in PSM-rich/sterol-rich domains.

4.5.3 Region of modulated phase domains
The size and the morphology of phase domains can be controlled by the composition and
type of low-Tm lipid used in mixtures with high-Tm lipids such as DSPC, SM or DPPC, and
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cholesterol. There are 3 regimes of different morphology within the Ld + Lo liquid-liquid
coexistence region of GUVs: uniform (nanoscopic), modulated, or macroscopic domains. The first
experiments to address morphology changes in Ld + Lo region examined a titration series joining
two ternary systems in the Ld + Lo regions of DSPC/DOPC/Chol and DSPC/POPC/Chol [78, 79].
Spatially modulated domain features were obtained for sample compositions in the range 0.15 < 
< 0.35, whereas for  > 0.35, large round, macroscopic domains were observed [78, 79]. When
line tension dominates any other interactions that depend on domain size, coexisting liquid phases
round up into large circular domains to minimize their perimeter. This simple morphology can be
modulated when interactions of sufficient magnitude compete with line tension, so that patterns
appear—a maze of stripes, tiny round domains, curved lines, and branched lines [80]
In BSM/SDPC/POPC/Chol we observed windows of 0.65 < ρ < 0.90 for the five
compositions examined (Fig. 4.3 and Section 4.S.4), which is a much higher fraction of SDPC
than the fraction of DOPC in the previously described systems [78, 79]. In other words, to create
modulated phases, a much higher fraction of the mixture needs to be the macroscopic-inducing
SDPC, compared with other macroscopic-inducing lipids such as DOPC or DiPhyt-PC. With
DSPC/DOPC/POPC/Chol, only ~15% replacement of POPC by DOPC is needed to detect
modulated morphology, and by 30% replacement DOPC macroscopic phases are predominant. In
this current study we find that it takes ~70% replacement of POPC by SDPC to induce modulated
phases, with macroscopic morphology becoming predominant at ~95% SDPC. These observations
have implications for cell membranes, pointing to the possible compositional regime where cells
could abruptly change the size and connectivity of membrane domains through slight changes in
local membrane composition.
118

4.5.4 Critical point investigation
Locating the critical point can be useful [99-101]. As previously discussed, both Type II
and Type I phase diagrams have the same form: a central three phase region joining three two
phase regions. For both types of phase diagrams, the Ld + Lo region terminates in a critical point.
In this study we show the location of the critical point to be at BSM/SDPC/Chol = 0.28/0.39/0.33,
quite similar to the critical point found in related mixtures [27-29, 98]. In other studies,
micropipette aspiration of GUVs was used to measure composition-dependent trends in line
tension within the Ld + Lo region of eSM/DOPC/Chol, showing a critical point near 0.26/0.34/0.40
[102]. One important reason to know the location of critical point is that line tension must approach
zero near a critical point. This has been demonstrated experimentally in ternary systems both by
varying temperature at a fixed composition toward an upper miscibility critical point [99], and by
varying composition at fixed temperature toward a consolute point [102].

4.5.5 Comparison of boundaries obtained by electroswelling and by gentle hydration
As described in Section. 4.S.1, electroswelling produced artifactually expanded boundaries
in the Ld + Lo and Ld + Lo + Lregions of the BSM/SDPC/Chol mixture. Fig. 4.7 illustrates
superposition of compositions examined by electroswelling over the phase boundaries obtained by
FRET and GUVs made by gentle hydration. Electroswelling significantly expands the miscibility
gap. Note that regions of liquid-liquid coexistence (Ld + Lo and Ld + Lo + Lare the most
susceptible to this artifactual expansion. In contrast, the Ld + Lboundaries are in agreement with
those from gentle hydration and FRET data.
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4.6 Summary

1. We determined the first phase diagram (BSM/SDPC/Chol) that models an animal cell plasma
membrane containing only naturally abundant lipids, including a PUFA-containing lipid, SDPC.

2. The phase diagram is a Type II mixtures, thus having macroscopic phase separation regions: Ld
+ Lo; Ld + Lo + L; and Ld + L.

3. Compared with phase diagrams of BSM/cholesterol with either DOPC or with POPC,
BSM/SDPC/Chol shows comparable regions of immiscibility. This was an unexpected result, as
it is often thought that PUFAs mix poorly with BSM-rich/Chol-rich domains.

 SDPC is a naturally abundant lipid that yields macroscopic domains in mixtures with BSM and
Chol. However, it requires only a small fraction of POPC, ~30 mole%, to yield nanoscopic Ld +
Lo domains.

5. Sample preparations with SDPC, using gentle hydration and RSE, were necessary to avoid
PUFA breakdown.
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Supplemental Materials

S. 1. Artifacts produced by electroswelling
S.1.1. Expanded boundaries

The two different GUV preparation methods each have their own advantages and
disadvantages: gentle hydration enables GUV formation with PUFA-containing mixtures with
minimal breakdown, but the yield of GUVs can be low, with many multilamellar vesicles and
smaller GUV diameters (~30-50 m). Electroformation on ITO-coated slides gives high yield of
GUVs and larger diameter of vesicles (up to 100 m), but some electrode-induced artifacts are
apparent. One of those observed artifacts is an expansion of Ld + Lo upper and LHS boundaries
produced by the electroswelling method. It was reported before [98, 67] that electroformation with
BSM-containing mixtures is prone to such artifacts. Farkas [98] observed expansion of the Ld +
Lo region in the SM/DOPC/Chol phase diagram, which was dependent on preparation procedure
and composition. For samples with SM >30%, the procedure made little difference to phase
boundaries. However, for high-DOPC compositions, the phase boundary contracted by shifting
toward the RHS for the samples prepared in inert atmosphere conditions on titanium slides, as
compared to the same compositions prepared on ITO slides in the presence of O2. In this study we
have made similar observations: SDPC-containing samples prepared on ITO slides in the absence
of O2 had expanded boundaries as compared to samples of the same composition prepared by
gentle hydration, also I the absence of oxygen (Fig. 4.7). Farkas et al [98] did not try to distinguish
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between ITO vs. titanium slides or aerobic vs. anaerobic contributions. In our case, all samples
made by both gentle hydration and electroswelling were prepared under inert atmosphere
conditions, thus the variable was the use of ITO slides in electroformation, versus no electrodes in
gentle hydration. Therefore we conclude that the artifactual expansion in phase boundaries is likely
due to the use of electrodes and ITO slides and not to presence or absence of oxygen. Since
electroswelling is a popular technique for GUV preparation, one must be aware of potential pitfalls
of this method and specifically for samples containing either BSM or PUFA lipids.

S.1.2. Artifacts produced by electroswelling: budding vesicles
Electroswelling produced numerous budding GUVs (Fig. 4.S1) within the Ld + Lo region.
This fission of phase domains from a GUV leads to a GUV that looks uniform with microscopy,
even though the GUV was phase-separated before the budding. GUVs prepared in the Ld + Lo
region are susceptible to budding due to their fluid nature; moreover, the presence of SDPC seems
to greatly increase the occurrence of fission. This could be due not only to the nature of the SDPC
lipid, but also to artifactual breakdown products resulting from the electroswelling method, i.e.
reactions occurring on ITO slides under applied voltage, further catalyzed by ROS and initiating a
cascade in formation of breakdown products. The budding might well occur during the long period
of slow cooling to the desired temperature (10 hours cooling). We note that GUVs in the Ld + Lo
region prepared by gentle hydration did not produce budding vesicles. By use of refractive index
difference to detect GUVs, together with fluorescence detection of complementary dyes (Fig.
4.S2), budded vesicles can be observed. One caveat when extensive budding occurs is the inability
to discern the true phase state of a given GUV. Especially in instances when only one dye is used,
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a typical scenario for GUV imaging studies, any pinched-off phase will be dark, i.e. invisible by
fluorescence. However, use of DIC or phase contrast enables observation of all vesicles present,
regardless of their composition (Fig. 4.S1). The importance of detecting these dark vesicles is
apparent: despite their uniform appearance; their presence indicates Ld + Lo phase separation at a
given composition. Caution must be taken not to confuse pinched-off vesicles for GUVs with
genuinely uniform, one phase composition.

Figure 4.S1 GUVs of BSM/SDPC/Chol within Ld + Lo phase coexistence region can lack
fluorescence and appear invisible, i.e. “dark” in fluorescence imaging.
Composition
0.375/0.375/0.25, 100 mm sucrose inside and 100 mm glucose outside. (A) phase contrast image
shows all GUVs present in the field of view. (B) C12:0 DiI fluorescence does not show all vesicles
(arrow). (C) naphthopyrene reveals the “dark” vesicle in B (arrow shows the same GUV that is
dark in (B). White arrows in indicate a budding site visible in GUV. Wide-field illumination,
temperature 23 c, scale bars 10 µm.
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Figure 4.S2 Complementarity of C12:0 DiI and naphthopyrene reveals a region of Ld + Lo + Lβ
phase coexistence (a-b) and Ld + Lo (c-d). (a) C12:0 DiI has a strong preference for Ld round
domains; (b) naphthopyrene partitions into round Lo domains and has weaker partitioning into
edged Lβdomains. The same GUV of 0.35/0.55/0.10 (BSM/SDPC/Chol) is shown; (c,d) C12:0 DiI
(red) and naphthopyrene (blue) have complementary partitioning within Ld + Lo coexistence
region. GUV of 0.29/0.38/0.33 (BSM/SDPC/Chol) composition. Wide-field illumination,
temperature 23 C, scale bars 10 µm.

S.2. Cooling rates
We found a cooling rate of 2.5 °C/h over a10 h cooling time to be sufficient to allow
samples to equilibrate. However, samples in the gel region had to be equilibrated for ~ 30 h cooling
time (0.83 °C/h) in order for phase-separated domains to be visible. Note that only samples with
XBSM > 0.5 had to be cooled for 30 h. Samples with XBSM < 0.5 exhibited visible gel domains with
10 h cooling time (Fig. 4.S3). This is consistent with previous observations [87, 98].
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Figure 4.S3 Slow cooling time needed to create macroscopic phase separation of Ld + Lβ.
Ld+Lβ coexistence at 0% chol is observed up to χBSM =0.5 with 10 hours cooling time. GUVs
with composition χBSM >0.5 χ appear uniform with 10 hr cooling time (a). GUV of 0.5/0.5/0
(BSM/SDPC/CHOL) appears uniform with 10 hr. cooling (a). However, Ld + Lβ is apparent
with 30 hr. cooling time (b). Both vesicles look uniform in the naphthopyrene channel. Widefield illumination, temperature 23 C, scale bars 10 µm.

S.3. Control for photooxidation and light-induced phase separation

Important work by Ayuyan and Cohen points to lipid peroxides and their breakdown
products as a source of light-induced domain artifacts [67]. The model starts with photo-excitation
of fluorescent probe, release of singlet oxygen and free radical formation, followed by an autocatalyzed chain reaction and lipid peroxide formation. However, peroxide formation is only one
of many possible culprits of light-induced artifacts and the exact molecular steps of light-induced
domain formation starting from the excitation of a fluorophore and proceeding to the actual
molecular phase separation are not well understood [68, Girotti]. Lipid polymerization or
oligomerization upon illumination may contribute to domain formation and macroscopic phase
separation, even in mixtures that otherwise appear uniform by fluorescence imaging (e.g. in
DSPC/POPC/Chol, SM/POPC/Chol) [68] and may promote artifactual domain growth in
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inherently

macroscopic

systems

(e.g.

DSPC/DOPC/Chol,

SM/DOPC/Chol,

and

DSPC/SDPC/Chol). Zhao et al [68] suggested that rapid light-induced domain separation might
arise from pre-existing lipid clusters. As the boundary of the Ld + Lo region is approached from
the high χchol direction, mixtures closer to the phase boundary (more non-randomly mixed) show
faster appearance of light induced domains.

From the experimental standpoint, the sensitivity of a model system to light-induced
artifacts depends of many parameters, including: (1) the chemical nature of dyes and lipids used,
dye concentration, and lipid composition, especially proximity to a phase boundary; (2)
experimental conditions for fluorescent imaging, especially exposure time and light intensity at
the sample [more details in 68, 87]. Any lipid can get photooxidized at any double bond, including
cholesterol molecules. Mixtures with unsaturated and polyunsaturated lipids should be vigilantly
controlled for light-induced artifacts, and some extra steps at the stage of sample preparation might
be necessary to eliminate peroxidation and breakdown possible even before the intense light
illumination. Both ROS and Fe are known catalysts and prerequisites for a lipid peroxidation
cascade, therefore deoxygenating all solvents and chelating Fe with DTPA may be required when
working with di- and poly- unsaturated lipids. The use of the free radical scavenger n-propyl gallate
was shown to reduce or eliminate light-induced artifacts from occurring [67]; however, it enters
the bilayer and changes the phase boundaries [68]. To minimize light-induced artifacts, we used
dye concentration as low as 0.011 mol%; DIC rather than fluorescence to locate GUVs, and
imaging with low exposure times of ~10 msec.
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S.4. Modulated phases and window
For samples with large fractions of Lo phase, nearly 100% of vesicles displayed modulated
phase patterns at some ρ value: point (a) had > 50% uniform morphology observed at  = 0.75;
96% and 98% modulated morphology at  = 0.80 and 0.85 with a rapid decrease to 54%
modulation at  = 0.90. Point (b) had 66% modulation at  = 0.65; 88% modulated phases at  =
0.7; >90% modulation at andand modulation at with a rapid
decrease in modulated phases towith macroscopic morphologiesat Point
(c) had 70% modulation at  = 0.65; ~ 100% modulated phases at 0.75 < < 0.85, with a rapid
decrease to 58% modulated phases (42% macroscopic morphologies) at  = 0.90. Point (d)
exhibited modulation at< 0.85; with a rapid decrease to 21% modulated
morphologies at  = 0.9. At  = 0.95 only 3% modulation was observed and 97% of GUVs
displayed macroscopic Lo + Ld coexistence. Point (e) had only one  value with > 90% modulated
phases,  = 0.8. At values  < 0.8 the vast majority of GUVs had uniform appearance and at
the vast majority of GUVs exhibited macroscopic phase separation As the fraction of
Lo phase was reduced (i.e., movement along the tieline toward the Ld phase boundary), the fraction
of vesicles showing modulated phases decreased (Fig. 4.3 and Table 4.1). Point (a) had the most
narrow  window out of all 5 compositions examined. Points (b-c) had window of 0.64 < ρ <
0.90; points (d-e) ρ window of 0.68 < ρ < 0.84 (Fig. 4.3).
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APPENDIX
Synthesis of a novel phosphorescent lipid-probe analog and measurement of its
phosphorescence signal in liposomes.

A.1 Introduction
How long do small lipid domains last? The lifetime of lipid ‘rafts’ has not been measured.
Phosphorescent probes might be useful for this purpose, but these have been mainly used to study
rotational motions of proteins in membranes [1, 2]. For liquid bilayer domains, given a
translational diffusion coefficient ~ 10-8cm2sec-1, a probe within a domain of diameter 100 nm
would be expected to reside in that environment for ~ 2 ms, and in a domain of 10 nm diameter
for ~ 20 µs. In addition to diffusion, the lifetime of the domain itself can influence the measured
probe signal. These timescales fall within the vast range of phosphorescent lifetimes. With a
model that accounts for measured probe lifetime in two distinct environments, measured
equilibrium partition between the environments, measured diffusion coefficients in the two
environments, and known area fractions of the two environments from a thermodynamic tieline,
we can recover information about domain lifetime and geometry. This would be a novel
application of phosphorescence to the study of membrane domain structure that involves a
synthesis of novel phosphorescent lipid-probe analog.
Eosin Y (tetra-bromo Fluorescein) and Erythrosin B (tetra-iodo Fluorescein) are
phosphorescent probes with lifetimes in the micro-to-millisecond range [3-9]. A recently published
super-resolution STED study on live cells [10] has shown that GPI-anchored proteins have a
lifetime of approximately 10-20 ms in small nanoscopic domains (<20 nm). It is a surprising and
interesting result, indicative that even nanoscopic domains may have lifetimes on a timescale
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relevant to biological reactions (micro-to milli-second range). There is a significant literature [11,
12] that describes how the long lifetime of the triplet state of eosin (tetrabromo fluorescein) or
erythrosin (tetraiodo fluorescein) enable determination of the molecular motions that occur on the
timescale of micro- to milli-seconds. A much smaller literature describes the use of these
phosphorescent probes to study fatty acid rotational motions in membranes [13], i.e. the effort
required for otherwise readily obtainable motional information caused this research direction to
wither. Phosphorescent lipid analogs are not commercially available, and there are no data
available on using phosphorescent probes for studying membrane domains. The outlined here set
of experiments, if successful, might allow to make a correlation between lifetimes of
phosphorescent probes and the sizes of the domains in model systems.
For measuring phosphorescence, we benefit from the expertise of others [12, 13]: for eosin
and erythrosin probes, delayed fluorescence is in the range 500 - 600 nm, with phosphorescence
distinguishable at 620 - 760 nm; erythrosin has an unusually high quantum yield QY for
phosphorescence together with low QY for fluorescence; dissolved oxygen is sufficiently depleted
by several minutes of argon bubbling. For oxygen removal we use both chemical reduction by
sodium sulfite, as well as argon bubbling. We have a phosphorescence lifetime instrument, and
learned to make lifetime measurements.
For the proposed studies, the key criterion is that we must have distinct lifetimes for our
probe in the two phases, Ld and Lo. The local probe environment is likely to have pronounced but
hard to predict influence on the lifetime and QY. For this reason, we anticipate synthesizing and
screening for suitable lifetimes a variety of headgroup-labeled probes. We have synthesized eosinPE (Fig A1), starting from eosin-5-isothiocyante and DOPE, based on our previous syntheses of
lissamine rhodamine-labeled PEs by this route [14]. Erythrosin B has a surprisingly strong signal
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(Fig A2).

A.2 Data analysis and connection to models4

A phophorescent probe can experience two distinct environments, coexisting Lo and Ld
phase domains. The probe has phosphorescence lifetimes τo and τd, and diffusion coefficients Do
and Dd in each pure phase, and relative concentration in the two phase given by partition
coefficient Kp.

We achieve crucial simplification of our analysis by working along a

thermodynamic tieline, because then we know the area fraction H occupied by each phase, Ho and
Hd. Our goal here is to relate the measured lifetime decay curve [15, 16] to these known
parameters and to the geometric description of the phase separation.

The experimental phosphorescence decay can be written,

where D[γ] is the probability of the diffusion path and τ(γ) is the local phosphorescence lifetime
τo or τd along the diffusion path. There are two extreme cases, slow diffusion resulting in the two
distinct lifetimes τo and τd, and fast diffusion that mixes the two lifetimes to give a single value
that we call τmix. More important for our studies is the intermediate case of three (overlapping)
lifetime distributions, because this case contains information about domain size and geometry. We
define the narrow areas of “mixing” on each side of the phase boundary as ho and hd, as shown in
the figure. These are related to the boundary perimeter C and the convexity/concavity of the
4

Data analysis and mathematical equations were derived by Jon Amazon, former graduate student at GWF lab.
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geometry, where B < 0 means Lo domains are convex, B > 0 means Ld domains are convex, as

In sum, given all the measureable parameters, mixing areas we fit only the geometric
parameters C and B. We expect three broad peaks, centered at τo and τd and τmix. Areas I under
each peak:

A.3 Material and Methods
100 mg of FITC (in dry box) was dissolved in 1ml of EtOH in an amber vial. 164 mg (106
L) of bromine was added drop by drop and the reaction mixture was stirred for 2 hr in dark dry
box. Initial reaction proceeds towards the formation of undesirable dibromo product (dibromofluorescein, also known as Eosin B, which is non-phosphorescent) and the reaction solution
appears clear. Upon the reaction proceeding further, the tetrabromo derivative (Eosin Y,
phosphorescent) appears, evident by precipitation of red crystals. The reaction was stirred for 2
hr at 23°C to allow the rxn to go to completion. The insoluble material, the compound of interest,
was collected by filtration using a Büchner Funnel with Whatman#1 filter paper and washed with
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10 ml of cold EtOH. Collected crystals were solubilized in 10mM Phosphate Buffer, pH 7.4 and
re-precipitated at 4°C with chilled 1N Phosphoric acid. Crystals were then centrifuged (centrifuge
at 4°C) and washed with ice cold distilled water 3X times. The final product (crystals) were
collected and dried on vacuum overnight.
Synthesis of phosphorescent lipid Eosin Y-PE analogs was achieved by reacting eosin or
erythrosine isothiocyanates with the PE amino groups. All reactions of PE lipids with
phosphorescent reagents were carried out at 23°C under dry conditions (dry box, RH ~0%) and
with exclusion of light. To a solution of DOPE (25 mg, 33.6 moles) in dry CHCl3 (2 mL, dried
over 3A sieves) was added triethylamine (0.05 mL, 35 mol). After the solution was stirred for 30
min, a solution of phosphorescent eosin Y isothiocyanate, synthesized during step 1 of the reaction
(1.2 molar equivalent, 28.5 mg, 40.3 mol) was added. The reaction mixture was stirred for 24 h
at room temperature in the dark and in the dry box. The product was dried on the vacuum to give
a residue, which was then purified using the combination of methods.
We have developed a purification method that produces modest separation of the
compound of interest. It is a two-fold process that utilizes 1) column chromatography (SiO2) and
2) preparative TLC plates. The best separation is achieved by first purifying a crude rxn mix on a
column, (column volume ~100 ml of ~30g of silica per ~10 mg of crude reaction mix, eluting
solvent 65/25 = chloroform/methanol). Column separation allows separating unreacted PE from
the product. Unfortunately, unreacted Eosin Y runs together with product EosinY-DOPE.
Therefore, we used a second method for purification, TLC preparative plates. This particular
mixture has a high tendency to ‘overload’ a silica column. The best separation results are achieved
with preparative plate TLC loading with ~0.5 mg per plate.
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A.4 Results
We have synthesized a novel phosphorescent lipid-analog probe and demonstrated its
effective phosphorescence sensitivity. The synthesis pathway is shown in Fig. A1.
The synthesis of Eosin Y from Fluorescein was described by [5]. The covalent addition of
lipid to Eosin Y was based on the method by [17, 18]. The purity of the final product was judged
to be >95% using TLC analysis and absorbance measurements (data not shown). This particular
molecule, Eosin Y-DOPE, has never been reported in the literature nor is it available
commercially. We have also verified that a tetraiodo-derivative of Fluorescein (Erythrosin B)
produces a strong phosphorescence signal which is a suitable candidate for the proposed lifetime
studies (Fig.A2). Both Eosin Y-DOPE and Erythrosin B exhibit delayed fluorescence peaks at
~550 nm, and phosphorescence peaks at ~685 nm [108]. Erythrosin B has stronger signal and
longer lifetime.

Samples were deoxygenated using Argon bubbling for 30 min prior to

measurements. Phosphorescence decay curves for Erythrosin B are shown in Fig. A2. The absence
of the phosphorescence emission in the presence of oxygen reinforces the conclusion that the
observed signal at 695 nm is in fact due to phosphorescence.

A.5 Discussion and future directions
Is it possible to relate the phosphorescence lifetimes of suitably labeled lipid probes to the
actual geometries and lifetimes of the lipid domains? Phosphorescent probes have been used to
study rotational motions of proteins [2, 3]. Eosin Y (tetra-bromo Fluorescein) and Erythrosin B
(tetra-iodo Fluorescein) are two phosphorescent probes known to have lifetimes in the micro-tomillisecond range [3- 9]. Currently, there is no consensus on the lifetime of lipid domains in model
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systems. There have been recent studies on live cells using a super-resolution STED method [10],
which have concluded that GPI-anchored proteins have lifetimes of nearly 10-20 ms in small (<
20 nm) nanoscopic domains. The result indicates that even nanoscopic domains may have lifetimes
on a timescale relevant to biological reactions, i.e. micro-to-milliseconds). Upon the successful
implementation of this technique, we will be able to reliably measure domain lifetimes and
possibly sizes through the application of phosphorescent probes.
We propose to synthesize a novel Erythrosin B-DOPE, which will be used for the bulk of
the lifetime experiments. We have already synthesized the phosphorescent probe Eosin Y-DOPE.
Eosin Y-DOPE has a strong phosphorescence signal; however, Erythrosin B (Fig. A2) has an even
stronger phosphorescence signal, a higher quantum yield for phosphorescence, and a longer
lifetime.
It is critical to have probes with significantly different lifetimes in pure Lo and Ld phases
to clearly distinguish lifetime observations in samples with coexisting phases. Measurements in
‘pure’ phases can be achieved by preparing Erythrosin B-DOPE in an all-Ld phase bilayer DOPC,
and also in an all-Lo phase bilayer of DOPC + chol (60%). Samples must be carefully
deoxygenated by bubbling with Argon and measured using the PTI instrument QuantaMaster™
30 spectrofluorimeter with a pulsed xenon flash lamp having a ~180 microsecond pulse width.
Erythrosin B-DOPE may exhibit minor lifetime variability in the Lo and Ld phases. To
accommodate such a situation we may have to use the following approach: 1) induce a range of
lifetimes in Erythrosin B-DOPE by externally adding salts containing heavy atoms (NaBr) or spinlabeled probes [19]; or 2)synthesize additional probes and screen their lifetimes until we find
probes with appropriate lifetime values. It should be noted that it is possible to induce
phosphorescence and intersystem crossing from an excited singlet to triplet state and in doing so
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increase the quantum yield of phosphorescence. This is accomplished at the expense of
fluorescence’s quantum yield which diminishes as heavy-atoms are introduced to the fluorescence
compound, a phenomenon commonly referred to as a ‘heavy’-atom effect.
Erythrosin B-DOPE can be used in the measurement of lifetimes for various-sized
domains. After successful measurements in the pure Ld and Lo phases, we could further evaluate
the system by measuring phosphorescence lifetimes in BSM/SDPC/SOPC/chol with a controllable
switch from macro-to-nano domains. A proper theoretical model for lifetime analysis is critical for
deriving correlations between probe lifetimes in given phases and domain sizes. A lifetime decay
curve in the presence of coexisting phases is directly dependent on the phase-specific probe
lifetimes τ{Ld} and τ{Lo}, diffusion coefficients D{Ld} and D{Lo}, probe partition coefficient
(Kp), and lifetime τdomain. We will develop analytical models for a representative sample of
potential domain sizes and geometries including those occurring from modulated phase behavior.
The desired end goal is to better develop and define the relationship between probe lifetimes and
sizes and the lifetimes of lipid domains.
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Figure A.1 Synthesis of a phosphorescent lipid probe. Panel (A) shows step 1,

bromination reaction. Conversion of Fluorescein Isothiocyanate to its tetrabromoderivative Eosin Y Isothiocyanate. Panel (B) shows step 2: covalent addition of
DOPE to Eosin Y Isothiocyanate.
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Figure A.2 (left) 10µM erythrosin em spectra, ex 500nm, blue is delayed fluorescence, red

695nm at 200µsec delay after ex is phosphorescence; (right) decay curves for 10µM erythrosin
in 5mM DOPC +1% CTAB liposomes (green) has lifetime 195µs with a small 50µs component;
black triangles are in the absence of liposomes, lifetime 50µs. pH = 7 for all.

Figure A.3, (left) circular domain showing lifetime ho and hd; (right) deconvolution of lifetime

distribution.
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