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Abstract
Lipids in eukaryotic cell membranes have been shown to cluster in ‘‘rafts’’ with diﬀerent lipid/protein compositions and molecular packing. Model membranes such as giant unilamellar vesicles (GUVs) provide a key system to elucidate the physical
mechanisms of raft assembly. Despite the large amount of work devoted to the detection and characterization of rafts, one of the
most important pieces of information still missing in the picture of the cell membrane is dynamics: how lipids organize and move in
rafts and how they modulate membrane ﬂuidity. This missing element is of crucial importance for the traﬃcking at and from the
periphery of the cell regulated by endo- and exocytosis and, in general, for the constant turnover which redistributes membrane
components. Here, we review studies of combined confocal ﬂuorescence microscopy and ﬂuorescence correlation spectroscopy on
lipid dynamics and organization in rafts assembled in GUVs prepared from various lipid mixtures which are relevant to the problem
of raft formation.
Ó 2003 Elsevier Inc. All rights reserved.
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A great number of cellular functions are associated
with biological membranes. Although each cellular
membrane has a unique set of proteins, which carry out
mass transport or signal transduction, the basic building
blocks are lipids. These amphipathic molecules provide
the mechanical stability and the low permeability to ions
or big molecules. Importantly, they are also able to actively manipulate the functionality of proteins embedded in the membrane matrix, directly via speciﬁc lipid–
protein interactions or indirectly via changes in collective properties such as ﬂexibility, surface tension, and
lateral pressure (Sprong et al., 2001). It is thus
straightforward that many types of lipids are needed to
tailor the physical properties of a given membrane bilayer. One important point that should be addressed
in membrane studies is the highly dynamic traﬃc to
and within cellular membranes (Edidin, 2003) and lipid
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lateral motions, which ensure enzymatic turnovers, recycling, and aggregation processes. Extensive research,
following the raft hypothesis for the membrane structure
formulated 15 years ago by Simons and colleagues (Simons and van Meer, 1988), has focused much interest
on the lipid spatial organization in the membrane matrix
and the functional mechanisms of lipid clustering. More
recently, along with a number of techniques employed to
address questions on rafts (Brown and Rose, 1992;
Fridriksson, 1999; Heerklotz, 2002), important contributions have also come from optical microscopy (Kenworthy et al., 2000; Sch€
utz et al., 2000). Direct
visualization of raft-like domains in model bilayer
membranes has provided a tangible proof for the coexistence of liquid-ordered and liquid-disordered phases
(Bagatolli et al., 2000; Dietrich et al., 2001a,b). However, in these studies the domain morphology is characterized only from a static point of view. On the
contrary, rafts are by no means static structures. If
their main function consists of forming platforms to
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concentrate certain proteins and exclude others, then a
detailed characterization of lipid and protein dynamics
in the diﬀerent phases is essential to understand mobility-dependent protein organization (Simons and Toomre, 2000). Single-particle tracking (SPT) has been
applied to follow raft-associated proteins in vivo (Sch€
utz
et al., 2000) and lipid mobility in cell membranes and in
vitro (Fujiwara et al., 2002). Additional contributions
have come from ﬂuorescence recovery after photobleaching (FRAP) (Dietrich et al., 2001a,b) and ﬂuorescence resonance energy transfer (FRET) (Kenworthy
et al., 2000). However, dynamics at the molecular level
in raft-exhibiting membranes is still poorly understood.
Fluorescence correlation spectroscopy (FCS) exploits
the temporal dimension of ﬂuorescence ﬂuctuations induced by changes in molecular ﬂuorescence properties in
a small open volume in the sample. A wide range of
dynamic parameters can be explored, such as translational and rotational diﬀusion coeﬃcients, association/
dissociation constants, and lifetimes of excited states
(e.g., triplets). Unlike FRAP, FCS works at the singlemolecule level (sensitivity down to nanomolar concentrations), which makes the technique less invasive and
more reliable because of the minimal disturbance of the
system under investigation. Furthermore, FCS data with
high statistical accuracy are achieved in much shorter
times than SPT studies. FCS has been successfully applied to diﬀusion studies in cells (Bacia et al., 2002;
Schwille et al., 1999) and artiﬁcial membranes (Fahey
et al., 1977; Korlach et al., 1999). In particular, when
applied to well-deﬁned bilayer systems such as giant unilamellar vesicles (GUVs), FCS has been proven to
characterize the molecular mobility in distinct lipid phases, providing information about the physico-chemical
properties as well as lipid composition within speciﬁc
domains (Kahya et al., 2003; Scherfeld et al., 2003).
In the present review, we ﬁrst describe the properties
of GUVs and illustrate the advantages of using GUVs
for confocal microscopy. After an introduction to the
principle and experimental setup of FCS, we describe
how to measure lateral diﬀusion coeﬃcients of lipids in
GUV membranes and then focus on lipid dynamic
properties in GUVs made from binary lipid mixtures
(phospholipid/cholesterol). When domains assemble in
GUVs, FCS allows for investigating how lipids organize
and diﬀuse within domains and the role played by
cholesterol in the regulation of lipid dynamics in various
ternary lipid mixtures, which are relevant to the raft
formation, as discussed in the last two sections.

Model membranes for light microscopy: giant unilamellar
vesicles
Biomolecular membrane research has a long tradition
of development and application of artiﬁcial membranes

as a model for complex biological membranes. To date,
several model membranes have been made available for
diﬀerent purposes (Sackmann, 1996). In principle, good
model membranes should consist of a closed, spherical
single bilayer whose curvature matches that of (intra)cellular membranes. The bilayer structure should be
regular and stable and have the appropriate properties
of conductance, dielectric constant, and ﬂuidity. It
would also be desirable to have integral or surface-associated peripheral membrane proteins inserted in the
bilayer, such that the correct folding, activity, aggregation state, and lateral dynamics are maintained. Depending on the purposes and technical limitations, all
the model membranes described thus far lack one or
more of these properties. Among artiﬁcial membrane
systems available for (single-molecule) optical microscopy (e.g., monolayers, black lipid membranes (BLMs),
supported planar bilayers), GUVs represent an excellent
choice.
Monolayers (Lipp et al., 1996) are easy to prepare
and provide a regular, ﬂuid, and stable structure.
However, their ability to mimic biomembranes can be
questioned, as they lack the second leaﬂet to form a
bilayer. On the other hand, BLMs (Jain, 1972) often do
not present a regular structure and unilamellarity, as
there are many technical limitations which prevent formation of an ideal BLM. As an alternative to BLMs,
planar-supported bilayers were developed in the early
1980s (von Tscharner and McConnell, 1981) and consist
of membranes assembled at the interface between a solid
substrate and an aqueous phase. However, lipid–substrate interactions and/or the rather low equilibrium
thickness of the intermediate water layer are sources of
potential artifacts, in particular when integral proteins
are inserted in the bilayer. Parts of the soluble residues
might (strongly) interact with the solid substrate, leading
to partial or complete loss of dynamics and functionality. Actually, many biological reactions in membranes
depend on the lateral mobility and spatial distribution
of the proteins. Therefore, to bear potential biological
relevance, a model membrane should provide an environment which ensures a close-to-native dynamics and
mobility of the protein. Potentially, the artifacts present
in supported membranes are totally absent in GUVs, a
rapidly emerging bilayer model in the membrane
research ﬁeld (Menger and Keiper, 1998). GUVs are
spherical closed bilayers, freely standing in aqueous
solution. They are suitable for single-molecule optical
microscopy and exhibit a cell-like curvature, as their size
ranges from 10 upto 100 lm in diameter.
In our hands, the most appropriate and convenient
procedure for preparing GUVs is a modiﬁcation of the
electroformation method (Angelova and Dimitrov,
1986; Angelova et al., 1992), which produces truly unilamellar vesicles with a high yield (Kahya et al., 2003;
Scherfeld et al., 2003). Brieﬂy, a thin lipid layer is dried
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on a conductive glass coverslip (indium tin oxide, ITO)
coated. The sample chamber, composed of two ITOcoated glass plates sealed by a Teﬂon spacer, is closed
and ﬁlled with the buﬀer medium. An AC voltage is then
applied between the glass plates, inducing a lipid swelling and, in the end, creating unilamellar giant liposomes.
GUVs can be prepared with a large variety of phospholipids and mixtures thereof, an important limitation
being only that high ionic strengths of the buﬀer decrease the eﬃciency of vesicle formation.
As a result of their advantages compared to other
model membranes, GUVs are becoming increasingly
important in several branches of membrane research. The
structure and variety of their shapes reﬂect the physical
nature of lipid molecules and their environment, allowing
for a description of several static (e.g., curvature energy,
surface tension, geometrical constraints for surface area
and volume, which result in a preferential vesicle shape)
and dynamic properties (e.g., thermal undulations)
(Seifert, 1997). Changes in morphology and composition
can be readily observed upon addition of surfactants
(Needham et al., 1997) and polysaccharides (Ueda et al.,
1998). Biochemical interactions can be dissected for
membrane-interacting enzymes (Wick et al., 1996; Holopainen et al., 2000), either on the single vesicle or at the
single-molecule level. Giant vesicle micromanipulation
allows for investigation of various time-dependent
(bio)chemical, mechanical, and thermal perturbations.
Finally, GUVs can be regarded as stripped-down biomembranes and thus provide an excellent model to study
cytomimetic phenomena (e.g., fusion, ﬁssion, budding,
exo- and endocytosis) under controllable conditions.

Fluorescence correlation spectroscopy: principles and
experimental setup
Fluorescence correlation spectroscopy (Eigen and
Rigler, 1994; Magde et al., 1972; Schwille, 2001) relies on
the possibility of detecting single molecules and investigating their dynamic properties, which are observed over
a wide temporal acquisition window (from submicroseconds up to seconds). The ﬂuorescence intensity ﬂuctuations occurring at equilibrium carry information
about the average number of molecules and characteristic
time scales of any dynamic events that determine the rise
and decay of the ﬂuorescence signal. Possible applications include the determination of local concentrations,
molecular weights, translational/rotational diﬀusion coeﬃcients, chemical rate constants, association/dissociation constants, inter/intramolecular interactions, and
photodynamics (e.g., triplet state relaxation).
The classical method to study mobility of particles in
two and three dimensions is FRAP (Axelrod et al., 1976),
which requires heavy-loaded labeling and high laser
powers, whereas FCS oﬀers a much less invasive alter-
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native method with limited photodamage and toxicity for
the sample. Compared to SPT (Saxton and Jacobson,
1997), which also provides information on dynamic parameters such as diﬀusion and aggregation constants,
FCS gives a good statistical accuracy in shorter times
(Koppel, 1974). An extension of FCS, dual-color crosscorrelation spectroscopy (Rarbach et al., 2001; Schwille
et al., 1997), accesses coincident molecular events of different species such as codiﬀusion of binding partners,
oﬀering a tool of great potential for studying molecular
interactions with minimal disturbance of the system. For
the same purpose, other more traditional optical techniques have been employed to detect protein association,
such as colocalization by confocal imaging and FRET.
While these techniques exploit the dimension of space,
correlation spectroscopy involves the dimension of time,
probing the concomitant movement of diﬀerently labeled
particles through the focus. This avoids artifacts that
could arise from a random colocalization of the particles
without mutual interaction and does not require the close
proximity of the labels, like FRET.
The normalized autocorrelation function GðsÞ of the
temporal ﬂuctuations of the ﬂuorescence F ðtÞ is given by
(Schwille, 2001)
GðsÞ ¼

hdF ðt þ sÞdF ðtÞi
hF ðtÞi2

¼

hdF ðsÞdF ð0Þi
hF i2

:

ð1Þ

In the simplest case, in which only one optical species is
present in the focal volume, the ﬂuorescence intensity
can be expressed as
Z
F ðtÞ ¼ jQ W ðrÞCðr; tÞ dX;
ð2Þ
where Cðr; tÞ is the number density at position r and
time t, Q is the product of the absorption coeﬃcient and
ﬂuorescence quantum eﬃciency of the ﬂuorescent molecules, W ðrÞ deﬁnes the detection area, and j is the
overall ﬂuorescence detection eﬃciency.
If we consider that the focal volume and its illumination is ﬁxed and stable, the temporal ﬂuorescence ﬂuctuations can be caused only by variations in concentration
at position r and time t from the average value hCi,
dCðr; tÞ ¼ Cðr; tÞ  hCi;

ð3Þ

and the ﬂuorescence ﬂuctuation at time t can be rewritten:
Z
dF ðtÞ ¼ jQ dCðr; tÞW ðrÞ dX:
ð4Þ
Generalizing to a system of multiple noninteracting
particles, the normalized autocorrelation function of the
ﬂuorescence ﬂuctuations is thus equal to
PR PR
GðsÞ ¼

i¼1

j¼1

RR

W ðrÞW ðr0 Þfij ðr; r0 ; sÞ dX dX0
;
2
R
i¼1 Qi hCi i W ðrÞ dX

Qi Qj
 PR

ð5Þ
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where the term
fij ðr; r0 ; sÞ ¼ hdCi ðr; t þ sÞdCj ðr0 ; tÞi
¼ hdCi ðr; sÞdCj ðr0 ; 0Þi;

ð6Þ

represents the correlation function of the concentration
ﬂuctuation in the ith chemical species at position r with
a concentration ﬂuctuation in the jth chemical species at
position r0 and a time s earlier. The value Gð0Þ depends
on the average particle number and relative quantum
yield of the ﬂuorescence species and on the shape of the
detection volume.
When FCS is performed on particles of one species
freely diﬀusing in 2D (on a membrane surface) with
diﬀusion coeﬃcient Di , the term fij ðr; r; sÞ reduces to
h
i
2
ð7Þ
fi ðr; r0 ; sÞ ¼ ð4pDi sÞ exp  jr  r0 j =ð4Di sÞ :
Assuming the focal volume as a Gaussian function
with 1=e2 dimension r0 , the autocorrelation function can
be written as (Magde et al., 1972)
P


1
i hCi i 1þs=sd;i
GðsÞ ¼
ð8Þ
P
2 ;
Aeff
i hCi i
where hCi i is the two-dimensional time average concentration of the species i in the detection area Aeff ¼ pr02
(0.1 lm2 ), and sd;i is the average residence time of the
species i. The diﬀusion coeﬃcient Di for the species i is
inversely proportional to sd;i with sd;i ¼ r02 =4Di .
A typical FCS scheme is shown in Fig. 1. A tight
spatial conﬁnement of the sample is needed for a resolution of small molecular ensembles. Therefore, the core
of a microscope setup for FCS is a high numerical aperture objective, through which a diﬀraction-limited illumination is achieved. The laser beam passes through a
spatial ﬁlter and is reﬂected by a dichroic mirror before
being focused by the objective. Fluorescence is collected
back through the same optical path and is transmitted
by the dichroic mirror. A lens focuses the signal into a
pinhole in front of the detector (a photomultiplier or an
avalanche photodiode) to limit out-of-focus detection.
In cases in which two optical species (with diﬀerent
emission properties) are followed at the same time, a

Fig. 1. Optical setup of confocal ﬂuorescence microscopy for FCS and
imaging. The laser excitation light is focused onto the sample via a
high-numerical aperture objective (parallel geometry), after being reﬂected by the dichroic mirror. The ﬂuorescence emission is recollected
by the same objective and transmitted by the dichroic. Fluorescence
can be spectrally separated by a beam splitter (i.e., for dual-color
confocal ﬂuorescence imaging) before being projected onto the detector(s). The confocal geometry (ensured by pinholes in front of the
detectors) reduces the background and increases the signal-to-noise
ratio.

second dichroic mirror splits the ﬂuorescence signal,
allowing for the simultaneous collection of the distinct
portions of the ﬂuorescence spectrum with two detectors. In some applications, such as the study of lipid and
protein dynamics in membranes, the position of the
focus with respect to the source of signal is critical for
the recording of correlation curves without artifacts and
the interpretation of the data (see the following section).
Therefore, it is always recommended to combine a FCS
setup with a laser scanning module, as provided in
commercial FCS solutions (e.g., Zeiss ConfoCor II used
for the below-reported applications). In general, a
compromise in the concentration range can be found
that supports both applications, i.e., an acceptable
contrast quality in confocal imaging and good amplitude of correlation function in FCS.

c
Fig. 3. Binary mixtures of DOPC/cholesterol and DLPC/cholesterol exhibit a continuous change in diﬀusion coeﬃcient as a function of cholesterol
concentration. Average diﬀusion coeﬃcients, as determined from the ﬁtting of the autocorrelation curves shown in insets A (DOPC/cholesterol, in
red for 0%, magenta for 20%, light gray for 33%, gray for 50%, and dark gray for 67% cholesterol) and B (DLPC/cholesterol, in red for 0%, magenta
for 20%, light gray for 33%, gray for 50%, and dark gray for 67% cholesterol), are reported as a function of cholesterol concentration (DOPC/
cholesterol in red, DLPC/cholesterol in black). Bars represent the standard deviation from the average values.
Fig. 5. (A) 3D projection reconstructed from confocal slices (0.4 lm thick) of GUVs composed of SM/DOPC/cholesterol 1/1/1. DiI-C18 (red)
strongly favored the DOPC-enriched, ﬂuid-disordered phase, whereas Alexa Fluor-labeled cholera toxin (AF-CTB, green) bound to GM1 in GUV
areas, from which DiI-C18 was excluded. (B) 3D projection reconstructed from confocal slices (0.4 lm thick) of GUVs composed of SM/DOPC 0.5/
0.5 and cholesterol 50%. Fluorescence from DiI-C18 (see inset, red) and GM1-bound AF-CTB (see inset, green) is homogeneously distributed on the
GUV surface. (C and D) 3D projection reconstructed from confocal slices (0.4 lm thick) of GUVs composed of DOPC/DPPC 0.5/0.5 and cholesterol 20% (C) and DOPC/DSPC 0.5/0.5 and cholesterol 20% (D).
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Fig. 2. (A) 3D projection of a GUV (DOPC with 0.1 mol% DiI-C18 ), obtained from confocal slices (0.4 lm thickness), which shows homogeneous
ﬂuorescence corresponding to a single ﬂuid phase. (B) Autocorrelation curve recorded from ﬂuorescence ﬂuctuations of DiI-C18 (0.001 mol%) in
DOPC GUVs, which can nicely be ﬁtted by a single diﬀusing species.

Lipid translational diﬀusion in giant unilamellar vesicles
FCS has been successfully applied to study diﬀusion
of lipids in membranes (Fahey et al., 1977; Korlach
et al., 1999; Schwille et al., 1999, 2001). In Fig. 2A, a 3D
projection obtained by confocal images at diﬀerent z
positions of a GUV composed of pure DOPC at room
temperature is shown. By focusing the laser light on the
top (bottom) side of GUVs, FCS curves are recorded,
which give information on the lateral diﬀusion of lipophilic probes incorporated in the membrane and moving
in and out of focus. Fig. 2B shows the FCS curve obtained from ﬂuorescence temporal ﬂuctuations from
DiI-C18 in DOPC GUVs (D ¼ 6:3  0:2  108 cm2 /s).
Lateral diﬀusion can be modeled as a two-dimensional
Brownian motion.
Owing to the ability of FCS to observe particles in
diluted solutions, diﬀusion of particles inserted in GUVs
can be studied at the single-molecule level. This is a great

advantage in studies on domain formation in membranes, as (i) lipid analogs can be introduced in minimal
amounts and (ii) at the single-molecule level, clustering
of the dye may be readily detected. Furthermore,
FCS has been shown to be sensitive to deviations from
single-phase behavior, e.g., caused by heterogeneities in
the sample (Korlach et al., 1999). For the sake of accuracy in the data analysis, the focal spot is positioned
at the top/bottom of a GUV, which is large enough to be
considered approximately planar (0.1 lm2 ) in the focus. Precautions need to be taken to rule out potential
severe artifacts arising from the inaccurate positioning
of the detection volume with respect to the bilayer. First
of all, the optimal x; y; z position of the top/bottom
side of GUVs is chosen by high-resolution confocal
scanning microscopy. Routine tests are usually performed to control the lipid diﬀusion times as a function
of the bilayer position with respect to the focus, as well
as a function of the count rate per particle (see for ex-

c
Fig. 6. (A) Average diﬀusion coeﬃcients, as determined from ﬁtting the autocorrelation curves as a function of cholesterol concentration (Kahya
et al., 2003). Values for the DOPC-enriched phase are shown in red, those for the SM-enriched phase and for mixtures that do not give rise to phase
separation (within the optical resolution) are indicated in black. The solid red line, which corresponds to the value of lipid diﬀusion coeﬃcient in
GUVs of DOPC, is shown as a reference. (B) Scheme of the ternary phase diagram for the SM/DOPC/cholesterol system at 25 °C, constructed on the
basis of confocal imaging and FCS data (Kahya et al., 2003). The highlighted region indicates the areas at which phase separation occurs. Circles
refer to the compositions analzed for the SM/DOPC/cholesterol system (ﬁlled circles indicate no phase separation visible in the confocal microscope;
, coexistence of liquid-disordered and liquid-ordered phases, hence, raft-like domains;
, pure gel phase;
, coexistence of gel phase and liquiddisordered phase;
coexistence of gel phase and liquid-ordered phase). Numbers next to the circles give the average lipid diﬀusion coeﬃcients
(108 cm2 /s). Insets report 3D projection reconstructed from confocal slices (0.4 lm thick) of GUVs composed of DOPC (bottom left), DOPC/
SM 0.5/0.5 and 50% cholesterol (upper left), DOPC/SM/cholesterol 1/1/1 (upper right), DOPC/SM 0.5/0.5 and 20% cholesterol (middle right), and
SM (bottom right). Red, ﬂuorescence from DiI-C18 ; green, ﬂuorescence from a GM1-bound ﬂuorescent conjugate of cholera toxin B subunit. Bars,
10 lm. See Kahya et al. (2003).
Fig. 7. Average diﬀusion coeﬃcients, as determined from ﬁtting the autocorrelation curves, as a function of cholesterol concentration, for (A) DOPC/
DPPC 0.5/0.5 and cholesterol and (B) DOPC/DSPC 0.5/0.5 and cholesterol mixtures (Scherfeld et al., 2003). Red symbols indicate the phase favored
by DiI-C18 , black symbols indicate domains from which the probe is excluded, and gray symbols indicate single-phase GUVs.
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ample Milon et al., 2003). During the acquisition of FCS
data, the ﬂuorescence count rate is monitored online,
ensuring that no ﬂuorescence ﬂuctuations originate from
movements of the whole membrane. Finally, we prepare
fresh vesicles for every FCS experiment. When freshly
prepared, GUVs stay nicely in tension for approximately 2–3 h, thereby providing a planar tense bilayer in
the focal spot. The consistency of the diﬀusion times and
the single-phase behavior of the FCS curves suﬃciently
prove that no artifacts compromise the data. Sometimes,
thermal undulations of the bilayer in focus induce an
additional component in the FCS curve, characterized
by long (with respect to the real lipid diﬀusion time) and
variable diﬀusion times. Data aﬀected by such artifacts
should be rejected.
In the following sections, a few applications of FCS
combined with confocal scanning microscopy are presented, to study lipid–lipid and lipid–sterol interactions
in binary mixtures and raft assembly and eﬀects of
cholesterol on lipid dynamic organization in ternary
mixtures.

Lipid dynamics in binary lipid/sterol mixtures
More than 30 years of research, using a variety of
thermodynamic and spectroscopic techniques, have
helped to clarify the nature of lipid/cholesterol interactions but left many gaps in the understanding of the
distinctive features of such very complex interactions
(for a review see McConnell and Vrljic, 2003; Silvius
et al., 1996; Silvius, 2003, see also Huang et al., 1999;
Feigenson and Buboltz, 2001). When cholesterol is added to phospho- and/or sphingolipids, it adopts complex
patterns of lateral organization, which greatly aﬀect the
molecular mobility in the plane of the bilayer
(McConnell and Radhakrishnan, 2003; McConnell and
Vrljic, 2003). As postulated by Ipsen et al. (1987), cholesterol and phospholipids form a liquid-ordered (lo )
phase characterized by a high level of molecular order in
the lipid packing and a high degree of diﬀusion mobility
(Sankaram and Thompson, 1991; Vist and Davis, 1990).
The lo phase could coexist with the liquid-disordered
phase (or liquid-crystalline, ld ), characterized by a high
degree of disorder and very high lipid mobility, and with
the gel phase, in which lipid molecules are virtually
immobile. The concept of the lo phase has provided a
possible tool to describe the nature of lipid rafts in biological membranes (Brown and London, 1998).
FCS has been used to probe how molecular interactions in membranes aﬀect lipid dynamic properties (Almeida et al., 1993; Kahya et al., 2003; Korlach et al.,
1999). In our laboratory, the eﬀect of cholesterol on the
dynamic properties of lipids with low phase-transition
temperatures (Tm ), such as DOPC (Tm ¼ 20 °C) and
DLPC (Tm ¼ 8 °C) has been recently investigated (Ka-

Fig. 4. Binary mixtures of SM/cholesterol, DPPC/cholesterol, and
DSPC/cholesterol exhibit an increase in diﬀusion coeﬃcient as a
function of cholesterol concentration. Average diﬀusion coeﬃcients, as
determined from the ﬁtting of the autocorrelation curves (Kahya et al.,
2003), are reported as a function of cholesterol concentration. Bars
represent the standard deviation from the average values. In the
absence of cholesterol, SM (DPPC, DSPC) was in the gel phase and
the lipid translational mobility was very limited (Kahya et al., 2003).
Also, the lipid mobility at 6 33 mol% cholesterol was too low to be
measured by FCS.

hya et al., 2003; unpublished results). When GUVs
composed of DOPC/cholesterol and DLPC/cholesterol
in various ratios are imaged confocally, by using the
ﬂuorescent probe DiI-C18 , no phase separation is
observed at room temperature. This implies a rather
homogeneous bilayer structure, and heterogeneities, if
present, are smaller than the optical resolution
(300 nm). Accordingly, molecular lateral diﬀusion appears homogeneous, as illustrated by single-phase FCS
curves ﬁtted to a 2D Brownian diﬀusion model (Fig. 3).
The gradual decrease in lipid mobility observed for both
DOPC and DLPC as a function of sterol amount is
consistent with the observations reported in literature
about the ‘‘condensing’’ eﬀects of cholesterol on low Tm
phospholipids (Demel and de Kruijﬀ, 1976). The absence
of steep changes in the diﬀusion coeﬃcient suggests that
the transition from a region of composition with high
lipid mobility (ld phase) to one with lower mobility (lo
phase) is continuous. Furthermore, the decrease in lipid
mobility is steeper for DLPC than for DOPC, implying
that cholesterol engages stronger interactions with the
saturated phospholipid that with the unsaturated one.
These conclusions are consistent with previous experimental observations (Brzustowicz et al., 2002; OhvoRekil€a et al., 2002). In an earlier FCS study (Korlach
et al., 1999), dynamics in giant vesicles composed of
DLPC/cholesterol mixtures were investigated, yielding a
consistent trend of D as a function of sterol amount.
Slightly diﬀerent values for the diﬀusion coeﬃcients were
found, most likely due to a diﬀerent membrane preparation procedure (yielding, e.g., multilamellar vesicles).
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We also investigated mixtures of cholesterol and high
Tm lipids, i.e., SM (Kahya et al., 2003), DPPC, and
DSPC (Scherfeld et al., 2003). Confocal ﬂuorescence
microscopy showed that for all of the lipid compositions
analyzed, ﬂuorescence from DiI-C18 is homogeneously
distributed on the GUV surface. Consistent with optical
imaging, FCS experiments revealed a homogeneous
Brownian-like lipid diﬀusion behavior (see Fig. 4). In
contrast to low Tm lipids, cholesterol increases lipid
mobility in SM, DPPC, and DSPC membranes, thereby
exerting a ‘‘ﬂuidizing’’ eﬀect on the membrane. Both the
absolute values and the trend of the lipid diﬀusion coeﬃcients for the saturated phospholipids DPPC and
DSPC are, within the experimental error, coincident,
implying that a change in the PC chain length by two
carbon atoms does not aﬀect the interaction energy with
cholesterol (Scherfeld et al., 2003). Most importantly,
the observed changes in diﬀusion coeﬃcients as a function of sterol content in PC/cholesterol membranes are
only qualitatively and not quantitatively similar to those
in SM/cholesterol bilayers (see Fig. 4; Kahya et al.,
2003). In the case of SM, the lipid mobility is lower than
that of PC with comparable saturated chain length, i.e.,
DPPC and DSPC (see Fig. 4). Overall, the FCS data
clearly indicate that cholesterol interacts more strongly
with SM than with saturated phospholipids with matched chain length. This interpretation supports a molecular model of lipid/sterol interactions, according to
which a strong network of hydrogen bonds created by
SM but not by PC is responsible for the higher stiﬀness
of SM membranes with respect to PC bilayers (OhvoRekil€
a et al., 2002). The lipid–lipid interactions are
disrupted when cholesterol inserts into the bilayer and,
as a consequence, the mobility of the headgroup is
enhanced (Yeagle et al., 1977). As the sphingolipid/
cholesterol interaction is stronger than the phospholipid/
cholesterol interaction, cholesterol intercalates more
tightly in SM bilayers than in phospholipid bilayers,
producing a smaller ‘‘ﬂuidizing’’ eﬀect in the former
system and, as a consequence, a lower lipid mobility.
Overall, we have shown that FCS combined with
confocal imaging provides a valuable tool to probe the
strength of lipid–sterol interactions and gives insight
into the energetics underlying the lipid spatial distribution in membrane bilayers.

Raft assembly visualized in giant unilamellar vesicles
Signiﬁcant evidence has been presented on the existence of lipid rafts in membranes enriched in sphingolipids and cholesterol in the liquid-ordered phase (Simons
and Ikonen, 1997; Simons and van Meer, 1988). Although
conventional techniques to ‘‘purify’’ rafts, e.g., detergent
extraction of cell membranes, were ﬁrst employed to study
raft lipid composition, they might be aﬀected by artifacts
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(Brown, 2001; Brown and London, 2000). Optical microscopy allows for a straightforward visualization of lipid domains in a noninvasive way (Bagatolli and Gratton,
1999, 2000). By detecting ﬂuorescence from lipid probes
expected to partition preferentially either into rafts or into
nonraft phase, raft-like domains could be visualized in
monolayers and supported bilayers (Dietrich et al.,
2001a,b; Yuan et al., 2002). Importantly, raft assembly
has been proven to occur also in free-standing, close-tonative model membranes, i.e., GUVs (Dietrich et al.,
2001a,b; Keller et al., 2002), ruling out artifacts that could
possibly arise in other model membranes. A systematic
investigation of the morphology of raft-like domains as a
function of cholesterol concentration has been recently
attempted in our laboratory (Kahya et al., 2003). We have
employed confocal ﬂuorescence microscopy to visualize
domain formation in GUVs and investigated the changes
in lipid spatial organization upon systematic variation of
sterol content in ternary SM/DOPC/cholesterol systems
at room temperature. In these experiments, a ﬂuorescent
marker, DiI-C18 , was used, which has been often used in
mixtures of saturated phospholipids and has been shown
to partition preferentially with saturated, long-tailed
phospholipids, e.g., in DPPC phases over coexisting ﬂuid
phases by a factor of 3 (Spink et al., 1990). We showed
that DiI-C18 is excluded from the sphingolipid-rich phase
and rather favors the DOPC-enriched phase. As shown in
Fig. 5A, the unambiguous phase assignment was carried
out by determining the partitioning of GM1, a ganglioside frequently used to identify sphingolipid-enriched
rafts (Harder et al., 1998). Upon incubation of GUVs with
a ﬂuorescent conjugate of cholera toxin B subunit (CTB),
for which GM1 is the natural receptor, the complex
GM1–CTB was detected only in areas from which DiIC18 was strongly excluded (SM-enriched). Inclusion of as
little as 10 mol% cholesterol in the SM/DOPC (0.5/0.5)
bilayer suﬃced to induce lipid segregation, as evidenced
by the preferential partitioning of DiI-C18 in one phase
(red areas in Fig. 5A) by a factor of 50. Alexa Fluorlabeled cholera toxin bound to areas in the GUVs from
which DiI-C18 was excluded and formed ﬂuorescent regions exactly complementary to the ones covered by DiIC18 (green areas in Fig. 5A). Phase separation was also
visualized at higher amounts of cholesterol (SM/DOPC
0.5/0.5), for 20 and 33 mol% cholesterol. The domain
morphology was the same as for 10 mol% cholesterol,
except that the total surface area of the SM-enriched
phase increased with the amount of cholesterol. At 50 and
65 mol% cholesterol, rafts were no longer observed within
the optical resolution (Fig. 5B).
Cholesterol is proven here to be the determining
factor in causing phase separation of sphingolipids and
unsaturated phospholipids. Unilamellarity of the vesicles allowed us to look for phase interlayer coupling and
it was found that, in all GUVs, the phase domains
comprised both apposing membrane leaﬂets. The long
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fatty acid chains of SM in opposite leaﬂets are likely
able to superimpose by interdigitation, demonstrating
that the lipid component alone can create strong coupling between inner and outer leaﬂet.
Consistent with previous studies reporting phase
separation in model membranes with similar lipid mixtures (Dietrich et al., 2001a,b; Keller et al., 2002), the
round shape of the domains suggests the coexistence of
ﬂuid phases, as the circular borders of the domains
minimize the line energy. Domains with analogous
patterns have been observed in mixtures that replace SM
with DPPC or DSPC (Scherfeld et al., 2003). An
amount of 20 mol% cholesterol needs to be added to
DPPC/DOPC mixtures in order to generate a pattern of
round-shaped domains, similar to that obtained for SM/
DOPC/cholesterol GUVs (see Fig. 5C). Domains vanish
at cholesterol concentrations of 33 mol% and higher.
Replacing DPPC with DSPC, extensive lipid segregation
takes place at 20 mol% (Fig. 5D) cholesterol and persists
at 33 mol% cholesterol (Scherfeld et al., 2003). Evidently, the tendency to form extensive domains is
weaker for DOPC/DPPC/cholesterol (only at 20% cholesterol) than for DOPC/DSPC/cholesterol (between 20
and 33% cholesterol). In both cases, this tendency is
much weaker than for the DOPC/SM/cholesterol mixture (between 10 and 33% cholesterol). This reﬂects
weaker DPPC(DSPC)/cholesterol with respect to SM/
cholesterol interactions, as explained under Sphingomyelin compared to saturated phospholipids.
Sizes of artiﬁcial rafts are consistently on the micrometer scale (1–50 lm), in striking contrast to the
putative raft size in cells (20–500 nm), in which rafts
are diﬃcult to visualize. This often raises the question
whether what we observe in GUVs actually corresponds
to a good model for rafts in vivo. However, in analogy
to what is observed for rafts in cells, depletion and
reconstitution of cholesterol in artiﬁcial membranes
composed of SM/DOPC/cholesterol (1/1/1) resulted in
disappearance and reappearance of lipid domains
(Dietrich et al., 2001a,b). Our FCS data (Kahya et al.,
2003) clearly show that domains in GUVs composed of
SM/DOPC/cholesterol exist in the liquid-ordered phase
(see the following section), thought to be the ﬂuid state
of rafts in living cells (Brown and London, 1998). This
and other experimental evidence indicate that domains,
as visualized in GUVs, represent an accurate model for
rafts and allow for investigation of raft-like properties
under controllable conditions.

Cholesterol strongly modulates lipid mobility in domainforming giant unilamellar vesicles
Cholesterol is present at high concentrations in the
plasma membrane and plays an important role in
membrane phase behavior. Its ability to intercalate with

sphingolipids and thereby strongly aﬀect the lipid
packing has been shown to lead to raft assembly. The
structural changes induced by lipid–sterol interactions
result in a diﬀerent lipid organization in the membrane
and also, importantly, in substantial changes in lipid
mobility. As lipid rafts are thought to be dynamic assemblies in membranes, the assessment of lipid dynamic
properties is an important step toward the understanding of how lipids modulate membrane ﬂuidity and
thereby possibly control the timing of cellular events,
such as sorting or signaling. Despite the enormous
amount of data available on lipid rafts and domain
physicochemical properties in model membranes, very
few studies have so far focused on the lipid dynamic
properties of membranes that exhibit domain formation.
In addition, most of these studies employ FRAP, which
requires high amounts of the ﬂuorescent probe, thereby
possibly altering the lipid organization (Schwille et al.,
1999; Yuan et al., 2002). In contrast, FCS provides
quantitative information on the average number of
particles in focus and their dynamic properties, e.g.,
diﬀusion coeﬃcients, with single-molecule sensitivity.
This is a great advantage in studies on domain formation in membranes, as (i) lipid analogs can be introduced
in minimal amounts and (ii) at the single molecule level,
clustering of the dye may be readily detected. Furthermore, FCS has been shown to be sensitive to deviations
from single-phase behavior, e.g., caused by heterogeneities in the sample (Korlach et al., 1999). Importantly,
previous studies on lipid dynamics mostly refer to model
membranes such as supported bilayers and/or multibilayer vesicles, which show artifacts in the diﬀusion
properties and/or report only on the properties of domains overlapping in the multilayer membrane. Truly
unilamellar vesicles, such as those prepared by electroformation, provide single free-standing bilayers in the
focal volume.
Recently, we have employed FCS to systematically
analyze the eﬀect of cholesterol on lipid mobility in raftexhibiting GUVs made from ternary mixtures of DOPC/
SM/cholesterol, by following the ﬂuorescence signal
from DiI-C18 (Kahya et al., 2003). The results point toward the important role of cholesterol in tuning the lipid
mobility in raft-containing membranes (see Fig. 6A). In
the case of phase separation, the corresponding diﬀusion
coeﬃcients of DiI-C18 are reported for the bright phase
(Fig. 6A, red), where DiI-C18 preferentially partitioned,
and the dark phase (Fig. 6A, black). The bright phase is
characterized by very high lipid mobility, close to that in
GUVs made from pure DOPC, and can be, therefore,
assigned as the liquid-disordered, DOPC-enriched phase.
On the other hand, DiI-C18 -depleted domains show very
low lipid mobility and are thus assigned as the liquidordered, SM-enriched domain. Consistent with previous
studies (Dietrich et al., 2001b), lipid diﬀusion in the liquid-disordered phase was found approximately two
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times faster than in cholesterol entirely devoid GUVs
(SM/DOPC 0.5/0.5). Most importantly, in contrast to
some previous FRAP measurements (Dietrich et al.,
2001a), we observed a remarkable change in lipid diﬀusion upon increase of sterol amount in the raft phases
(SM-enriched). Here, the mobility increased by a factor
of 8, as the cholesterol concentration increased from 10
up to 33%. This implies that cholesterol not only acts as
raft promoter in association with sphingomyelin, but is
also able to modulate lipid dynamics in domains (Kahya
et al., 2003).
Given the data reproducibility, the good statistical
accuracy of the results, and the excellent properties of
GUVs as model membranes, the diﬀusion coeﬃcients, as
measured by FCS in the context of a particular lipid
mixture, uniquely characterize a certain lipid phase
composition. On the basis of the FCS measurements
combined with the data from confocal imaging, we
constructed a rough lipid phase diagram for the ternary
mixture DOPC/SM/cholesterol (Fig. 6B). With the help
of such a phase diagram, one can compare membrane
ﬂuidity for diﬀerent lipid ratios and extract information
on the phase lipid composition.

Sphingomyelin compared to saturated phospholipids: raft
assembly and membrane ﬂuidity
In recent years, the eﬀects of cholesterol on the
packing of sphingo- and phospholipids have been the
main goal of intensive research (see for review OhvoRekil€
a et al., 2002; McConnell and Vrljic, 2003). Since
saturated phospholipids show properties similar to those
of sphingolipids, the question whether saturated phospholipids could intercalate with cholesterol and form
rafts in the plasma membrane is a very debated one
(Ohvo-Rekil€
a et al., 2002). Besides, if this is the case,
then what is the peculiar role of sphingolipid in regulating raft formation? The interfacial region of saturated
phospholipids signiﬁcantly diﬀers from that of SM,
mainly because the amide group present in SM can act
as hydrogen-bond acceptor, a feature absent from
phospholipids (Brown and London, 1998; Ramstedt and
Slotte, 1999, 2002). In the past, conventional techniques,
e.g., detergent insolubility, have been often used to reveal rafts in vitro and in vivo. However, they did not
show signiﬁcant diﬀerences between sphingomyelin-enriched and saturated phospholipid (i.e., DPPC)-enriched
phases (Ahmed et al., 1997; Nyholm and Slotte, 2001).
Furthermore, few data have been reported on lipid dynamics and membrane viscosity in ternary mixtures of
phospholipids and cholesterol. In our laboratory, domain formation was investigated in GUVs obtained
from DOPC/DPPC/cholesterol and DOPC/DSPC/cholesterol mixtures at various compositions, in order to
compare the eﬀect of sphingomyelin on lipid dynamics
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in raft-like domains with that of saturated phospholipids, i.e., DPPC and DSPC. Membrane ﬂuidity in GUVs
made of DOPC/DPPC/cholesterol and DOPC/DSPC/
cholesterol at various compositions has been recently
characterized by FCS following the ﬂuorescence from
DiI-C18 (Scherfeld et al., 2003). Lipid mobility for the
DOPC/DPPC/cholesterol system varies signiﬁcantly as a
function of the sterol content (Fig. 7A). In the presence
of lipid segregation (20% cholesterol), liquid-ordered,
DPPC/cholesterol-enriched domains, from which DiIC18 is largely excluded, are characterized by very slow
dynamics, whereas bright regions present a lipid mobility analogous to that of pure DOPC. In the case of
domain assembly for DOPC/DSPC/cholesterol, the
partitioning behavior of DiI-C18 is opposite that of the
DOPC/DPPC/cholesterol system, as it favors the DSPCenriched region (very slow lipid dynamics, see Fig. 7B,
red) over the DOPC-enriched region (Fig. 7B, black).
Addition of cholesterol to DOPC/DPPC or DOPC/
DSPC exerts the most signiﬁcant eﬀect on the lipid dynamics of DSPC- and DPPC-enriched domains rather
than on that of the DOPC-enriched phase. This indicates a preference for saturated phospholipids over
unsaturated ones. Extensive studies on phospholipid/
cholesterol interactions, in which cholesterol is shown to
interact more strongly with saturated than with unsaturated PCs, support our conclusions (Brzustowicz et al.,
2002; Ohvo-Rekil€a et al., 2002). FCS allows for a
quantitative comparison of lipid lateral diﬀusion between DPPC-enriched and DSPC-enriched domains,
showing that cholesterol ‘‘ﬂuidizes’’ the lipid bilayer
more in the case of DSPC than for DPPC. The same
behavior of cholesterol is also observed in the SM-enriched raft-like domains in SM/DOPC/cholesterol
GUVs, but the eﬀect on the lateral diﬀusion of SM-enriched regions is much stronger than for the saturated
PCs (Kahya et al., 2003).
Overall, it is evident from confocal imaging and FCS
measurements that, by replacing sphingomyelin with
saturated phospholipids (with matched chain length) in
ternary mixtures with DOPC and cholesterol, lipids
can still assemble into domains but more cholesterol is
required. Also, the molecular packing properties and
the diﬀusion dynamics reﬂect weaker PC/cholesterol
interactions compared to SM/cholesterol.

Conclusions and outlook
FCS has been shown to provide detailed information
on the lipid dynamic properties of lipid mixtures. Lateral
diﬀusion coeﬃcients in membranes serve as a parameter
to characterize molecular packing in membranes and ultimately lipid–lipid and/or lipid–sterol interactions. They
also give insight into the lipid composition of distinct
domains. In fact, even if phase separation is not evident on
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the confocal image because of the weak contrast created
by the partitioning of the lipid probe, FCS might provide
direct evidence for the existence of domain formation.
The ultimate goal is to study the lateral organization
and association/dissociation equilibrium of (raft-associated) membrane proteins and their interplay with the
lipid components. However, the GUVsÕ fragility and
preparation procedures have until recently precluded a
correct and controlled insertion of proteins in such bilayers. A reconstitution protocol was recently developed, based upon membrane fusion between GUV and
protein-reconstituted submicrometer vesicles, showing
that membrane proteins can be eﬀectively incorporated
into GUVs (Kahya et al., 2001, 2002). This and other
techniques, currently under development in our laboratory, should prove to be extremely useful in addressing fundamental questions regarding lipid–protein
interactions, protein function, and dynamics in a controlled, though close-to-native, membrane matrix.
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