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Characterization of phase coexistence in biologically relevant lipid mixtures is often carried out through con-
focal microscopy of giant unilamellar lipid vesicles (GUVs), loaded with fluorescent membrane probes. This
last analysis is generally limited to the vesicle hemisphere further away from the coverslip, in order to
avoid artifacts induced by the interaction with the solid surface, and immobilization of vesicles is in many
cases required in order to carry out intensity, lifetime or single‐molecule based microscopy. This is generally
achieved through the use of membrane tethers adhering to a coverslip surface. Here, we aimed to determine
whether GUV immobilization throughmembrane tethers induces changes in lipid domain distribution within
liposomes displaying coexistence of lipid lamellar phases. Confocal imaging and a Förster resonance energy
transfer (FRET) methodology showed that biotinylated phospholipids present significantly different mem-
brane phase partition behavior upon protein binding, depending on the presence or absence of a linker be-
tween the lipid headgroup and the biotinyl moiety. Membrane phases enriched in a membrane tether
displayed in some cases a dramatically increased affinity for the immobilization surface, effectively driving
sorting of lipid domains to the adherent membrane area, and in some cases complete sequestering of a
lipid phase to the interaction surface was observed. On the light of these results, we conclude that tethering
of lipid membranes to protein surfaces has the potential to drastically reorganize the distribution of lipid do-
mains, and this reorganization is solely dictated by the partition properties of the protein–tether complex.

© 2012 Elsevier B.V. All rights reserved.
1. Introduction

As a result of their cell-like size (10–100 μm), and spherical closed
bilayer geometry, giant unilamellar vesicles (GUVs) are one of the
best biomimetic membrane model in use. GUVs have been extensive-
ly used to determine phase coexistence for biologically relevant lipid
mixtures [1–3], through measurement of the areas occupied by each
coexisting membrane phase from intensity projections. These are
created from vesicle slices obtained through confocal/biphotonic
microscopy. Confocal imaging of a GUV typically requires acquisition of
20–100 confocal slices depending on the GUV size and slice z-separation,
with thewhole process taking from10 s to severalminutes. Acquisition of
high quality data (with larger pixel dwell times) is extremely challenging
in non-immobilized GUVs, since movements of the vesicle within the
duration of the imaging procedure, result in misalignment of slices both
in the xy and z directions. Although the former misalignments could
potentially be corrected through alignment algorithms, correction of
z-direction misalignment is extremely difficult. Immobilization of the
vesicles virtually eliminates the problem of vesicle movement during
image acquisition, and has been of great assistance in GUV imaging.
rights reserved.
Additionally, immobilization is also required for single‐molecule stud-
ies such as FCS [4], asfluorescence fluctuations during signal acquisition
must only be dictated by molecule diffusion and whole vesicle move-
ments should be completely absent.

Several immobilization procedures for lipid vesicles are described
in the literature. Generally they can be divided in two main groups:
non-specific methods, which are driven by van derWaals and electro-
static forces or by steric entrapment, and specific tethering methods
that make use of the affinity betweenmolecules [5,6] or their capacity
to form covalent bonds [7,8]. Non-specific interactions are frequently
accomplished by coating a solid surface with positively charged
proteins [6] or, e.g., functionalizing a polymer with an amphiphilic
peptide [9]. Using a completely different strategy, Schönherr and co-
workers [10] employed AFM to create patterned damages in supported
lipid bilayers to which vesicles tended to adsorb. More recently,
nanoparticles (NPs)were used for immobilization. ChargedNPs adsorbed
to the outer surface of the vesicles were observed to promote liposome
immobilization in surfaces with opposite charge [11], while magnetic
NPs encapsulated inside the vesicles forced the deposition through the-
interaction with external magnets [12]. Steric entrapment has been
achieved either inside hydrogels [13] and silicon matrices [14] or, in
more relaxed conditions, using microscopic picket fences [15]. To accom-
plish specific immobilization of the vesicles, several strategies have also
been followed, including hybridization of complementary ssDNA [16,17]
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and interaction between selectins and lipid-anchored sialylated saccha-
rides [18] or histidine/nickel and nitriloacetic acid [19,20]. Notwithstand-
ing, the most common strategy relies on the affinity between biotin and
avidin/streptavidin. Typically, vesicles are loaded with a trace amount of
a biotinylated lipid and the immobilization is performed over an avidin-
exposing surface [21–24].

Reorganization of lipid domain distribution upon vesicle immobi-
lization through lipid tethers is of particular interest for studies aimed
to thermodynamically characterize a lipid mixture exhibiting phase
coexistence [25]. Here, we aimed to investigate whether immobiliza-
tion of lipid vesicles through lipid tethers induces significant changes
in GUVs properties, focusing on lipid domain distribution. Our results
show that immobilization of lipid vesicles through lipid tethers induces
changes in domain distribution and, in some conditions, with dramatic
reorganization of lipid domains. Moreover, we observed that the extent
of these changes largely depends on membrane composition and the
partition behavior of the biotinylated lipid. Suggestions are made con-
cerning the use of particular membrane tethers to immobilize GUVs
presenting lipid phase coexistence.

2. Materials and methods

2.1. Materials

1-Palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC), 1,2-
dioleoyl-sn-glycero-3-phosphocholine (DOPC), 1,2-dipalmitoyl-sn-
glycero-3-phosphocholine (DPPC), N-palmitoyl-D-erythro-sphingosyl-
phosphorylcholine (PSM), 1,2-dioleoyl-sn-glycero-3-phosphoethanola-
mine-N-(cap biotinyl) (DOPE-Cap-biotin), 1,2-dipalmitoyl-sn-glycero-3-
phosphoethanolamine-N-(biotinyl) (DPPE-biotin), 1,2-dipalmitoyl-sn-
glycero-3-phosphoethanolamine-N-(cap biotinyl) (DPPE-Cap-biotin),
1,2-dioleoyl-sn-glycero-3-phosphoethanolamine-N-(lissamine rhoda-
mine B sulfonyl) (DOPE-Rho) and 1,2-dipalmitoyl-sn-glycero-3-pho-
sphoethanolamine-N-(7-nitro-2-1,3-benzoxa-diazol-4-yl) (DPPE-NBD)
were obtained from Avanti Polar Lipids (Alabaster, AL). Avidin from egg
white, extrAvidin-FITC conjugate and cholesterol (Chol) were from
Sigma Chemical Co. (St. Louis, MO). Trans-parinaric acid (t-PnA)
was from Invitrogen (Breda, The Netherlands). All organic solvents
were UVASOL grade from Merck (Darmstadt, Germany).

2.2. Liposome preparation

GUVs were obtained by electroformation in Pt wires as previously
described [26,27]. Briefly, lipid solutions were prepared in chloroform
(from lipid stock solutions) to a final lipid concentration of 1 mM
with the following compositions: DOPC:DPPC (1:1) and POPC:Chol:
PSM (1:1:1), both with DPPE-NBD and DOPE-Rho in a probe/lipid
ratio of 1:250 and 1:500, respectively, and with the desired amount
of biotinylated lipid. For imaging of vesicles with extrAvidin-FITC,
DPPE-NBD was not included in the mixture. After removal of the sol-
vent, electroformation was performed at 58 °C during 75 min, in 1 mL
of a 200 mM sucrose solution preheated at the same temperature.

Large unilamellar vesicles (LUVs) were prepared by extrusion of
multilamellar vesicles. POPC and POPC:Chol:PSM (1:1:1) mixtures
were prepared in chloroform to a final lipid concentration of 2 mM.
Biotinylated lipids were included at a molar ratio of 1:100. The lipid
solutions were dried under a N2 flux, left in vacuum overnight and
re-suspended in 1 mL of a 10 mM HEPES buffer (pH 7.4) containing
150 mM NaCl, and 3.4 mM EDTA, preheated at 50 °C. t-PnA was
added at a 1:200 probe/lipid ratio and freeze–thaw cycles were per-
formed to re-equilibrate and homogenize the samples. LUVs were
then obtained by extrusion of the solutions at 50 °C with an Avanti
Mini-Extruder (Alabaster, AL) using 100 nm pore size polycarbonate
membranes.

Probe concentrations were determined spectrophotometrically,
using ε(DOPE-Rho, 559 nm, chloroform)=95×103 M−1cm−1 [28],
ε(DPPE-NBD, 458 nm, chloroform)=21×103 M−1 cm−1 [28] and
ε(t-PnA, 299 nm, ethanol)=89×103 M−1cm−1 [29] and ε(extrA-
vidin-FITC, 494 nm)=84000 M−1cm−1 (Sigma).
2.3. Immobilization of GUVs using the avidin-biotin method

GUV solution (150 μL) was transferred to a μ-Slide from Ibidi
(Munich, Germany), with or without avidin coating. Glucose solu-
tion (250 μL of 200 mM) was then added to the vesicles in order to
create a density difference and stabilize a greater number of vesicles
in the bottom of the chamber. For avidin coating of the slides, 200 μL
of a 0.5 mg/mL avidin solution was added to each well and left over-
night at room temperature. Vesicles were added to the slides after
extensive washing with MilliQ water to remove excess avidin. Be-
fore measurements, slides were left immobile in the dark during
20 min, allowing time for GUVs to attach to the surface.

For the experiments with extrAvidin-FITC, no coating was
performed and the glucose was replaced by the same volume of
a pH 7.4 HEPES buffer (10 mM HEPES, 150 mM NaCl, 3.4 mM
EDTA).
2.4. Confocal fluorescence microscopy

All measurements were performed on a Leica TCS SP5 (Leica
Microsystems CMS Gmbh, Mannheim, Germany) inverted confocal
microscope (DMI6000). A 63x apochromatic water immersion objec-
tive with a NA of 1.2 (Zeiss, Jena Germany) was used for all experi-
ments, and an Argon laser was used for excitation. DPPE-NBD and
DOPE-Rho excitation were achieved with the 458 and 514 nm laser
lines, respectively. DPPE-NBD fluorescence was collected between
480 and 530 nm, while DOPE-Rho emission was acquired in the
530–650 nm range. For each GUV, two different sets of images were
acquired: (i) a xz slice, where it is possible to directly observe the in-
teraction of GUVs with the surface; (ii) xy slices separated by 0.4 μm
along the z-axis, that were compiled in two GUV hemisphere projec-
tions constructed using the maximum intensity projection (MIP)
method [30]. For the controls without biotinylated lipid, faster
image acquisition had to be used due to vesicle motion. Surface re-
flexion in meridional slices was obtained by exciting and collecting
emission at 458 nm.

When GUVs were incubated with extrAvidin-FITC, images were
acquired sequentially in two different channels, only from the top
hemisphere. Imaging of extrAvidin-FITC was performed through
excitation with the 476 nm Argon laser line and emission was col-
lected between 490 and 540 nm, while DOPE-Rho fluorescence
images were obtained as described above. All analysis of confocal
imaging data was carried out using ImageJ (Wayne Rasband, NIH,
USA), a FIJI (http://pacific.mpi-cbg.de) plugin and homemade soft-
ware developed in a Matlab environment (Mathworks, Natick,
MA).
2.5. Fluorescence spectroscopy

Fluorescence measurements were carried out with a SLM-
Aminco 8100 Series 2 spectrofluorimeter (Rochester, NY) with dou-
ble excitation and emission monochromators (MC-400), in a right-
angle geometry. The light source was a 450-W Xe arc lamp and the
reference a Rhodamine B quantum counter solution. Quartz cuvettes
(1×1 cm) from Hellma Analytics were used. Temperature was con-
trolled to 25 °C by a thermostat cuvette holder and magnetic stirring
was used.

t-PnA fluorescence intensities were obtained by excitation at
305 nm and fluorescence emission collection at 405 nm.

http://pacific.mpi-cbg.de


Fig. 1. Schematic representation of an immobilized GUV xz slice obtained from confocal
microscopy. The interaction length (Sint) corresponds to the length of adherent mem-
brane in the xz slice. δlo and δld are the liquid ordered and liquid disordered lengths, re-
spectively. Membrane domains are assigned on the basis of DOPE-Rho fluorescence
(red), a marker for liquid disordered phases and DPPE-NBD fluorescence (green),
marker of liquid ordered phases. This probe also partitions to some extent into the
lipid gel phase, allowing detection of gel domains. Inset: xz slice of an immobilized
GUV with a DOPC:DPPC 1:1 composition. DOPE-Cap-biotin was used at a ratio to
total lipid of 10−6. Surface reflexion in the image (blue) was obtained by exciting
and collecting emission at 458 nm. The adherent membrane is defined as the surface
of the vesicle which overlaps with the signal obtained from surface reflection.
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3. Theory

3.1. Determining membrane fractions of lipid phases

The presence of liquid ordered (lo) or liquid disordered (ld) lipid
domains in GUVs can be easily identified through the use of fluores-
cent membrane probes. DOPE-Rho in a mixture of lo and ld phases is
known to present a significant preference to disordered domains,
with a partition coefficient (Kp lo/ld)=0.28 [31]. On the other hand,
DPPE-NBD has a Kp lo/ld of 3.68 [31], demonstrating preference for
liquid ordered domains. In the case of gel(g)-ld lipid phase separation,
DOPE-Rho is excluded from the gel phase. Simultaneous detection of
both membrane probes on GUV's presenting lo/ld or g/ld phase coexis-
tence allows for discrimination of lipid phases with great accuracy
(for domains with sizes much larger than the confocal resolution).
From the intensity projections obtained with the two fluorescent
signals it is possible to calculate the fraction of membrane area in
each lipid phase. The different confocal slices present different de-
grees of overlap between membrane surface areas and the point
spread function (PSF). As such, in a 2D projection, pixels do not corre-
spond to identical area values. Recently, this issue was addressed
through measurement of areas directly on a 3D reconstruction of
the confocal data [25]. Given that a large number of vesicles were
used by us to characterize each population, this effect is not expected
to generate any deviation of the final average fractions of membrane
area in each lipid phase, and these were determined directly from
2D projections.

In order to evaluate the influence of GUV immobilization on the
lipid domain distribution, the composition of three different sections
in each immobilized vesicle was determined separately: (i) top hemi-
sphere, (ii) bottom hemisphere, and (iii) interaction surface. xy hemi-
sphere projections were used to calculate the fraction of liquid
ordered (or gel) phase in each hemisphere (Eq. (1)),

f lo topð Þ¼ Alo topð Þ
Alo topð ÞþAlo bottomð Þ ð1Þ

where A values represent the area of liquid ordered phase in the top
and bottom (in contact with the surface) hemispheres. We choose
to determine the fraction of a lipid phase located in the top hemi-
sphere instead of determining the fraction of the membrane area in
a particular lipid phase, since the latter quantity varies significantly
between GUVs, as electroformation results in a very heterogeneous
population of vesicles. In this way, by normalizing the membrane
area in the lo (or gel phase) on the top hemisphere for the total area
of the GUV membrane in the same lipid phase, it is possible to detect
changes in domain distribution in a heterogeneous mixture of
vesicles.

Immobilization of the GUVs is expected to induce a greater distur-
bance of the lipid bilayer closer to the immobilization surface. How-
ever, at this level, it is not possible to directly compare areas, since
curvatures are dramatically different. Making use of the acquired xz
slices, we calculated the lo (or gel) fraction in the interaction surface
through Eq. (2):

f lo Sintð Þ ¼ δlo
Sint

ð2Þ

where Sint and Slo are the lengths of the interaction surface and lo
phase in this surface, respectively, as shown in Fig. 1. The average
flo(Sint) was also determined through Eq. (3):

〈f lo Sintð Þ〉 ¼ ∑n
i f lo Sintð Þi

n
ð3Þ

Equivalent equations were used to calculate gel phase fractions on
GUVs with gel/ld coexistence.
3.2. Protein partition coefficient determination from confocal data

Molecular partition coefficients (Kp) between different lipid
phases can be recovered from confocal microscopy studies on GUVs,
given that the photophysical properties of the boundmolecule (quan-
tum yield, extinction coefficient and emission spectra) are constant in
both lipid phases, and that no photoselection effects are present. In
the latter case, the fluorescence of the boundmolecule is independent
of the orientation within each lipid phase of the GUV [32]. These re-
quirements are not usually met by lipidic membrane probes, as
their photophysical properties are normally influenced by the mem-
brane environment, and also as a consequence of limited mobility in
the membrane environment they frequently exhibit photoselectivity
[32]. However, in the case of membrane anchored proteins, these
criteria can be met in the cases where the fluorophore does not inter-
act directly with the membrane environment.

Partition coefficients are defined as [33]:

Kp ¼
N1
X2

N2
X2

ð4Þ

where Ni the number of molecules in lipid phase i, and Xi is the molar
fraction of lipid phase i. Fluorescence intensities (Ii) are directly pro-
portional to the number of fluorescent molecules (Ni) according to
Eq. (5):

Ii ¼ Y·Ni ð5Þ

where Y is a factor dependent on acquisition parameters and fluo-
rophore photophysical properties. In case Y is identical in the two dif-
ferent lipid phases, and specific molecular areas in the coexistent
phases are considered equal, Eq. (4) can be converted to:

Kp ¼
∑I1
A1

∑I2
A2

¼ 〈I1〉
〈I2〉

ð6Þ
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where Ai is the total area occupied by lipid phase i, and Ii is the fluo-
rescence intensity per pixel in the lipid phase i (after correction for
dark counts).

3.3. Partition coefficient determination from FRET data

FRET efficiency, E, was calculated from the ratio of intensity of
donor steady-state emission in the presence (IDA) and absence (ID)
of the acceptor:

E ¼ 1− IDA
ID

ð7Þ

Alternatively, E can also be calculated from the ratio of the inte-
grals of the time-resolved donor emission in the presence (iDA(t))
and absence (iD(t)) of the acceptor:

E ¼ 1−
∫∞
0 iDA tð Þ
∫∞
0 iD tð Þ

ð8Þ

For a nearly two dimensional system (at the FRET scale) such as a
membrane bilayer, where FRET donors and acceptors species are
found randomly distributed in well defined planes, the donor decay
law is described by [34],

iDA tð Þ ¼ iD tð ÞρFRET ð9Þ

ρFRET ¼ exp −2σΑπl
2∫1

0

1−exp −tb3α6
� �

α3 dα

8<
:

9=
; ð10Þ

b ¼ R2
0=l

� �2
τ

1
3
D ð11Þ

where σA is the acceptor density in each bilayer leaflet, l is the dis-
tance between the plane of donors and acceptors, R0 is the Förster dis-
tance for the donor/acceptor FRET pair, and τD is the donor lifetime. In
Eq. (10), it is assumed that no acceptor exclusion around the donor
exists. The value of R0 was calculated independently based on spec-
troscopic data according to:

R0 ¼ 0:2108 n−4ΦDK
2J

� � 1
6ð Þ ð12Þ

J ¼ ∫f D λð ÞεA λð Þ4dλ ð13Þ
Fig. 2. Structure of bi
whereΦD is the quantum yield in the absence of acceptors, κ2 the ori-
entation factor, n the refractive index of the medium where FRET
takes place, λ the wavelength, fD the normalized emission spectra of
the donor and εA is the molar absorption coefficient of the acceptor.
The numeric factor in Eq. (12) assumes nm units for the wavelength
and Å units for R0. Here, the κ2 value was considered to be 2/3,
corresponding to the isotropic dynamic regime. This is a reasonable
approximation given the long excited state lifetime of the donor
used in this study, the fluidity of both ld and lo phases, and the fact
that the acceptors are located in a mobile protein bound to the mem-
brane [35]. In this case, the acceptor experiences motion due to dy-
namics at both global protein and local levels. Additionally, the R0
dependence on (k2)1/6 strongly mitigates noncritical uncertainties in
the value of k2 [36].

When the distance between the plane of randomly distributed do-
nors and acceptors in the membrane is known, it is possible to theo-
retically determine FRET efficiencies from Eqs. (9)–(13). In the case of
lipid phase coexistence with formation of domains in the lipid bilayer,
and the two lipid phases presenting different acceptor concentra-
tions, then two populations of donor molecules with two different
quantum yields will coexist. Additionally, in case the donor quantum
yield is also different for each phase in the absence of acceptors, and
the average domain size is significantly larger than the R0 value (so
that FRET between species in different lipid phases is negligible),
the obtained donor decay can be described by:

iDA tð Þ ¼ ∑if ið ÞiiD tð Þ·ρi
FRET tð Þ ð14Þ

where f(i) is the fraction of donor molecules in lipid phase i, iDi (t) is
the donor decay in i, and ρFRETi is the FRET contribution to the decay
of donors in the lipid phase i. The latter parameter is determined
from Eqs. (10)–(13) taking into account the differences in concentra-
tion of acceptors (σA

i ), and the quantum yields of the donor (ΦD
i ). In

this way, when l, f(i) and ΦD
i values are know, it is possible to recover

the acceptor concentration (σA in Eq. (10)) in each lipid phase from
the experimentally obtained FRET efficiencies. This allows the deter-
mination of its phase partition coefficient, Kp, according to Eq. (4).

4. Results

4.1. Partition of biotinylated lipids to different lipid phases

4.1.1. From microscopy intensity data
In order to directly observe the binding of extrAvidin (a modified

form of avidin), to membrane-incorporated PE-biotin molecules, we
otinylated lipids.

image of Fig.�2


Fig. 3. Partition of complexes of biotinylated lipid and extrAvidin to different lipid
phases as seen from confocal data. Non-immobilized GUVs (composition POPC:Chol:
PSM 1:1:1) were labeled with DOPE-Rho at a ratio to total lipid of 1:500. Biotinylated
lipid was included at a ratio to total lipid of 1:100 and extrAvidin-FITC was added to
the vesicles at 0.4 μM. The fluorescence from extrAvidin-FITC (green) and DOPE-Rho
(red) was sequentially collected and projections for the top hemisphere of the vesicles
are shown for GUVs loaded with DOPE-Cap-biotin (A) and DPPE-Cap-biotin (B). The
ratio of average intensities at the equator for each lipid phase depends on the bio-
tinylated lipid, denoting distinct partition properties (C).
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prepared GUVs of POPC:Chol:PSM (1:1:1) composition, presenting lo/ld
phase coexistence. DOPE-Rho and each one of the studied biotinylated
lipids (Fig. 2) were included in a fluorescent probe:total lipid and PE-
biotin:total lipid ratios of 1:500 and 1:100 respectively. After incubat-
ing the vesicles with 0.4 μM of extrAvidin-FITC, confocal images from
both fluorophores were acquired as presented in Fig. 3. Fluorescence
intensity values of extrAvidin-FITC bound to PE-biotin molecules in
each lipid phase were determined using a digital filter mask obtained
from the DOPE-Rho channel, whose pixels correspond to the ld phase.
From the observation of the confocal projections, a higher FITC fluores-
cence intensity is observed in the ld phase and average Ild/Ilo ratio
values (intensities are determined after background correction) for
GUVs containing DOPE-Cap-biotin and DPPE-Cap-biotin are presented
in Fig. 3C. It is clear that both biotinylated lipids have preference for
the more disordered phase, and from this data, we estimated Kp ld/lo

values of 7.4±2.8 and 3.8±1.8 for DOPE-Cap-biotin and DPPE-Cap-
biotin respectively.

The error associated with these partition coefficients is likely to be
due to the presence of a heterogeneous population of vesicles, as this
is common for GUVs with complex compositions prepared by ele-
ctroformation. Nevertheless, given that the variation in Kp ld/lo values
was limited, we can assume that the degree of phase composition
heterogeneity was not high enough to change partition of extrA-
vidin-FITC to a significant extent. Also, since Kp ld/lo values recovered
from GUVs do not correlate with the fraction of ld phase in the vesi-
cles, the selection of GUVs displaying phase coexistence did not create
a significant bias in lipid phase composition in this lipid mixture.

GUVs incorporating DPPE-biotin resulted in significantly lower
amounts of extrAvidin binding, precluding the application of this
methodology for this lipid.
4.1.2. From FRET methodologies
Since it was not possible to recover a partition coefficient for

DPPE-biotin through microscopy, we employed the FRET methodolo-
gy described in the Theory section. t-PnA and extrAvidin-FITC were
used as the donor and as the acceptor species respectively (Fig. 4A
and B). t-PnA intercalates between lipid chains and its quantum
yield is very sensitive to the formation of more rigid phases [37].
Given that R0 is dependent on the donor quantum yield (Eq. (12)),
FRET efficiencies are slightly different depending on the environment
where the energy transfer takes place. We determined R0 values for
the t-PnA/FITC FRET pair of R0=24 Å in ld and R0=29 Å in the lo
phase. Since the partition coefficient of t-PnA in this lo/ld mixture is
close to 1 [31], the distribution of the donor species is assumed to
be random, and the fraction of donor in each phase is given by the
membrane fraction of that phase (which is known from the phase di-
agram). An important requirement for this type of analysis is that no
energy transfer occurs from donors in one lipid phase to acceptors in
the other, and this condition is only met if the average lipid domain
size is a few times larger than the Förster radius [38]. As can be ob-
served from the confocal data, the average domain size observed for
the 1:1:1 POPC:Chol:PSM far exceeds the t-PnA/FITC R0 of 24–29 Å,
and this analysis could be applied to this system.

The modeling used for the FRET analysis is described in Fig. 4A.
The acceptors are all considered to be located in the geometrical cen-
ter of the protein, while the distances between t-PnA (located on the
two membrane leaflets) and this acceptor plane (l1 and l2) were
determined on the basis of the known location of the donor in the
membrane [39] and geometrical considerations on the structure of
avidin [40]. Upon addition of extrAvidin-FITC to preformed lipo-
somes, the protein is exclusively bound to the outer leaflet of the bi-
layer. Since not all the acceptor bounds to the membrane, the
acceptor concentration was recovered from FRET experiments on
POPC liposomes with 1% biotinylated lipid, assuming a random distri-
bution of protein (Fig. 4C). In fact, acceptors are not strictly randomly
distributed as each protein is labeled at 3–5 positions, and as such, ac-
ceptor concentrations are slightly underestimated. Notwithstanding,
these clusters of 3–5 acceptors are themselves apparently randomly
distributed as seen from confocal data. As a control, we performed
the same analysis for the two biotinylated lipids for which partition
coefficients had already been recovered through confocal microscopy.
The partition coefficient values recovered from this FRET methodolo-
gy in 1:1:1 POPC:Chol:PSM, were similar to the values obtained from
the confocal data (Kp ld/lo=5.6 for DOPE-Cap-biotin and Kp ld/lo=4.8

image of Fig.�3


Fig. 4. Membrane phase partition of complexes of DPPE-Cap-biotin and extrAvidin measured from FRET methodology. (A) Modeling used for the FRET analysis. The acceptors are
considered to be located in the plane crossing the geometric center of the protein, and t-PnA is located deep in the membrane [39]. The position of the acceptor plane was deter-
mined on the basis of geometrical considerations of the structure of avidin [40]. Binding of acceptors only occurs in the outer layer of the membrane. (B) Fluorescence emission
spectra of t-PnA (−−-) and absorption spectra of FITC (—). Extensive spectral overlap is present, and the R0 for FRET was determined to be 24 Å in ld and 29 Å in the liquid ordered
phase. (C) Experimental FRET efficiencies for the t-PnA/FITC FRET pair in POPC liposomes with 1% biotinylated lipid. Since extrAvidin-FITC was not completely bound to the mem-
brane in the conditions of these experiments, acceptor concentrations were determined from FRET efficiencies (E) measured in POPC liposomes assuming a random distribution of
protein in the bilayer according to Eq. (10). FITC concentrations were then assumed to be identical for the PC:Chol:PSM lipid mixture. (•) DOPE-Cap-biotin; (Δ) DPPE-Cap-biotin;
(○) DPPE-biotin; (—) theoretical expectation for FRET efficiencies for a planar and random distribution of acceptors separated from two planes of donors by 30 and 50 Å respec-
tively, with R0=24 Å. (D) Experimental FRET efficiencies for the t-PnA/FITC FRET pair in PC:PSM:Chol 1:1:1 liposomes with lo/ld phase coexistence, loaded with DOPE-Cap-
biotin (•) or DPPE-Cap-biotin (Δ). Expected E values for Kp ld/lo=1 for the biotinylated lipid:extrAvidin complex (−−-), and the result of fitting Eq. (14) to the data obtained
with DOPE-Cap-biotin (—) are plotted. Kp ld/lo=5.6 was recovered for DOPE-Cap-biotin. (E) FRET efficiencies obtained in the same lipid mixture loaded with DPPE-biotin (○)
and the result of fitting Eq. (14) to the data (—). Kp ld/lo=0.93 was recovered for DPPE-biotin, denoting a slight preference for partition to liquid ordered domains.
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Fig. 5. Redistribution of lipid domains in GUVs upon immobilization with DOPE-Cap-biotin. Immobilized GUVs were labeled with DOPE-Rho (red) and DPPE-NBD (green) at a ratio
to total lipid of 1:500 and 1:250 respectively. DOPE-Cap-biotin was included at a ratio to total lipid of 10−6. After electroformation, GUVs were added to avidin‐coated slides to
achieve immobilization. xz slices are shown for POPC:Chol:PSM 1:1:1 (A) and DOPC:DPPC 1:1 (B) mixtures. Maximum intensity projections of hemispheres from GUVs composed
of POPC:Chol:PSM 1:1:1 (C) and DOPC:DPPC 1:1 (D) are also shown. A three dimensional representation of a GUV exhibiting lo/ld phase coexistence and showing high selectivity of
surface adherent area for the liquid disordered phase was obtained (E). Inset: Detail of membrane area adherent to the slide surface with full coverage by a ld domain.
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for DPPE-Cap-biotin, Fig. 4D), validating the methodology and the
geometric assumptions of the model.

The Kp ld/lo for DPPE-biotin obtained from the FRET data was 0.93
(Fig. 4E), reflecting a minor preference for the cholesterol enriched
phase. Apparently, the absence of a flexible spacer in the phospholip-
id structure results in a more effective packing of the phospholipid
inside the more ordered phase. It is clear that the presence of the
Cap biotinyl group in the phospholipid headgroup does not have a
strong effect on the partition behavior of unsaturated lipids (DOPE)
in this lipid mixture, as the partition coefficient of DOPE-Cap-biotin
is very similar to the value found for DOPC (Kp ld/lo~6.7) [41]. Howev-
er, the Cap biotinyl group dramatically decreases partition to the liq-
uid ordered phase of saturated lipids (DPPE). In fact, while saturated
lipids are commonly found enriched in the liquid ordered phase,
DPPE-Cap-biotin presents lower affinity for lo than the fluorescent
probe used in this study to label ld domains. Manley and co-workers
obtained Kp ld/lo=5.9 for this biotinylated lipid on a 50:30:20 DOPC:
Chol:SMmixture, suggesting that even higher DPPE-Cap-biotin segre-
gation should occur on the more fluid ld phase present in this mixture
[42].

4.2. Influence of PE-biotin/avidin immobilization on lipid phase distribu-
tion inside GUVs

In order to investigate the influence of the immobilization method
in the lipid phase distribution in GUVs, we performed confocal fluo-
rescence microscopy in vesicles with phase coexistence and now
selecting two different biotinylated lipids (DOPE-Cap-biotin and
DPPE-biotin). GUVs of 1:1 DOPC:DPPC (presenting gel/ld phase coex-
istence at 23 °C) and 1:1:1 POPC:Chol:PSM (presenting lo/ld phase co-
existence at 23 °C) were obtained. At this temperature, ~25% gel is
expected for 1:1 DOPC/DPPC and ~80% lo for 1:1:1 POPC:Chol:PSM
[43,44]. The electroformation technique is known for generating
very heterogeneous populations of vesicles, and for this reason, mea-
surements for each condition included data from different electro-
formations [45]. Moreover, we only acquired images of GUVs with
phase coexistence, inducing a minor bias for vesicles with higher
amounts of the less representative lipid phase. Only ratios of mem-
brane fraction in the lo phase (and gel phase) in each hemisphere to
total membrane fraction in the GUV (Eq. (1)) were compared, in
order to prevent observation of artifacts induced by a biased vesicle
population. In the absence of domain reorganization, a value of 50% is
expected for bflo(top)> (and bfg(top)>), while bflo(Sint)> and bfg(Sint)>
are expected to be ~80% and ~25%, respectively.

Upon directly monitoring the degree of vesicle movement and
stability under the microscope, we established that a PE-biotin:lipid
ratio of 1:106 would be enough to immobilize the GUVs to a signifi-
cant extent, while higher concentrations of biotinylated lipid led to
an excessive degree of adsorption and increased rates of vesicle
collapse. Moreover, we observed that at this low ratio, the immobili-
zation procedure did not significantly change the curvature of the
vesicles, with the exception of the adsorbed membrane area (results
not shown). Controls without any biotinylated lipid, in the presence
or absence of an avidin-coated surface, were also performed. DOPE-
Rho and DPPE-NBD were used as lipid phase reporters, and mem-
brane areas with DOPE-Rho fluorescence were considered to corre-
spond to liquid disordered phases, while brighter DPPE-NBD
membrane patches corresponded to the liquid ordered phase in our
analysis. Some examples of the obtained xz slices and hemisphere
projections are shown in Fig. 5. flo values for the adsorbed surface as
well as for the hemispheres were recovered as described in the Theo-
ry section and results are shown in Fig. 6.

The domain distribution was also dependent on the surface compo-
sition, even without immobilization. More specifically, interaction with
an avidin‐coated surface alone, induced enrichment of ld phase on the
membrane area in contact with the avidin‐coated surface (bflo(Sint)
>=49%), while in the absence of avidin, the fraction of lo phase in
the same area (98%) far exceeded the thermodynamic expectation
from the phase diagrams (~80%) [44], denoting a redistribution of
domains in the lipid vesicle upon surface adhesion. Possibly, since
interaction of membranes with solid surfaces is known to reduce bilay-
er dynamics [46], interaction of the vesicles with the surface may
promote segregation of the more ordered lo domain to the adherent
membrane area. Nevertheless, these changes in the distribution of
lipid domains were restricted to the interaction surface, as the recov-
ered bflo(top)> values were close to 50%.

When immobilization was performed with DOPE-Cap-biotin,
dramatic changes in domain distribution were observed (bflo(top)
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Fig. 6. Fractions of liquid ordered phase in immobilized POPC:Chol:PSM 1:1:1 GUV
hemispheres and adherent membrane section. (A) bflo> values are shown for the
top (filled) and bottom (open) hemispheres. Absence of lipid domain reorganization
upon immobilization is expected to result in a value of 0.5 on the GUV's ensemble
average. Control experiments performed in the absence of biotinylated lipid with
or without avidin have no effect in the average distribution of lipid domains within
each GUV. Vesicle immobilization with the unsaturated DOPE-Cap-biotin results in
a very significant enrichment of the bottom immobilized hemisphere in ld domains
(pb0.01). Immobilization with DPPE-biotin did not influence average domain distri-
bution. (B) Histogram for the distribution of flo(Sint) values in the absence of a mem-
brane tether, with (filled) and without (open) avidin in the interaction surface.
Interaction with the protein surface induces segregation of ld domains to the adher-
ent membrane area (bflo(Sint)>=49%), while in the absence of protein coating clear
preference for lo interaction was detected (bflo(Sint)>=98%). bflo(Sint)> values are
not shown in the figure. (C) Histogram for the distribution of flo(Sint) values in the
presence of a membrane tether. Results are shown for the unsaturated DOPE-
Cap-biotin (open) and the saturated DPPE-biotin (filled). Immobilization with
DOPE-Cap-biotin results in a drastic change in lipid composition of the surface ad-
herent membrane (bflo(Sint)>=8%), while GUVs immobilized with DPPE-biotin
presented abflo(Sint)> value close to the control without tether (56%). Analysis of
lipid domain reorganization upon surface interaction was performed for 9–12
GUVs in each condition, and only fully immobile vesicles were considered for GUVs
loaded with DOPE-Cap-biotin and DPPE-biotin.

Fig. 7. Fractions of liquid ordered phase in immobilized DOPC:DPPC 1:1 GUV hemi-
spheres and adherent membrane section. (A) bfg> values are shown for the top
(filled) and bottom (open) hemispheres. GUVs in the absence of biotinylated lipid,
with or without avidin surface coating have almost no difference in averaged lipid
composition in the 2 hemispheres. Vesicles immobilized with the unsaturated
DOPE-Cap-biotin also presented closer lipid composition in each hemisphere, while
for the saturated DPPE-biotin, the bottom hemisphere is slightly enriched in the
fluid phase (pb0.01). (B) Histogram for the distribution of fg(Sint) values in the ab-
sence of a membrane tether, with (filled) and without (open) avidin in the interac-
tion surface. Once again, interaction with the protein surface induced segregation
of ld domains to the adherent membrane area (bfg(Sint)>=6%), while in the absence
of protein coating no domain reorganization is observed (bfg(Sint)>=31%). bfg(Sint)
> values are not shown in the figure. (C) Histogram for the distribution of fg(Sint)
values in the presence of a membrane tether. Results are shown for the unsaturated
DOPE-Cap-biotin (open) and the saturated DPPE-biotin (filled). Immobilization with
DOPE-Cap-biotin results in sequestration of fluid domains to the interaction surface
(bfg(Sint)>=3%), while immobilization with the saturated lipid tether induced a
minor enrichment in the gel phase (bfg(Sint)>=34%). Analysis of lipid domain reor-
ganization upon surface interaction was performed for 9–11 GUVs in each condition,
and only fully immobile vesicles were considered for GUVs loaded with DOPE-Cap-
biotin and DPPE-biotin.
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>=66%), particularly in the membrane area adhering to the immo-
bilization surface, where the average fraction of lo (bflo(Sint)>) is 8%
(Fig. 6).
A three dimensional reconstruction of a representative vesicle
immobilized with DOPE-Cap-biotin and presenting domain reorgani-
zation is shown on Fig. 5. The selectivity of the avidin‐coated surface
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for liquid disordered domains was dependent on the concentration of
biotinylated lipid, since upon a 10 times increase in the concentration
of DOPE-Cap-biotin, bflo(Sint)> increased to 56%, reflecting signifi-
cantly less domain redistribution (results not shown). However, this
concentration of biotinylated lipid resulted in a much higher rate of
GUV collapse.

Immobilization of GUVs with DPPE-biotin resulted in a bflo(Sint)>
of 56% (Fig. 6), a minor increase in the affinity of the liquid ordered
phase for the coated surface when compared with the value recov-
ered for the surface coated with avidin in the absence of the bio-
tinylated lipid. Importantly, this low level of enrichment did not
change the average composition of the hemispheres (Fig. 6A).

From the data in Fig. 6, it is also clear that lipid domain boundaries
are almost never observed in the interaction surface of GUVs with lo/ld
domain coexistence, both for immobilized and non-immobilized vesi-
cles. In fact, either lo or ld domains often spanned the entire adhesion
surface, and the boundaries of these domains were in most cases
found in the edges of this area (Fig. 5A and E), reflecting the significant
differences in surface affinities of each phase.

The same methodology was applied to the DOPC/DPPC 1:1 lipid
mixture and results are shown in Fig. 7. Once again, DOPE-Rho was
used as a reporter of liquid disordered phase, while some extent of
DPPE-NBD partition into gel domains allowed their visualization. Frac-
tions of gel phase were determined as described for liquid ordered
phase in Eqs. (1) and (2). In the absence of any immobilization proce-
dure (non-coated surface), the composition of the interaction surface is
highly variant, with an average fraction of gel phase (bfg(Sint)>) of 31%
suggesting that the contact with the surface is not restricted or phase
dependent, as bfg(Sint)> is very similar to the expected value for a ran-
domized distribution of gel domains within the GUV (25%) [43]. When
the avidin-coated surface is used (without biotinylated lipid), GUVs in-
teract with the surface preferentially through the fluid phase with an
bfg(Sint)>=6%. Despite this, the average composition of the hemi-
spheres remained unaltered for both control populations (Fig. 7A).

When vesicles were immobilized with DOPE-Cap-biotin, interaction
with the surface also strongly favored the fluid phase (bfg(Sint)>=3%),
suggesting a preferential partition of the lipid to this membrane envi-
ronment (Fig. 7C). In this case, the extremely low density of bio-
tinylated lipids in the gel domains would dramatically decrease the
probability of an effective contact with the avidin surface through
DOPE-Cap-biotin molecules located in this phase. However, this effect
did not extend to the hemisphere composition (Fig. 7A), possibly as a
result of the smaller domain sizes observed in a gel/fluid lipid phase
coexistence. In this way, lipid domain reorganization in immobilized
GUVs presenting domain sizes comparable to the interaction surfaces,
is almost entirely restricted to the adherent membrane area. Addi-
tionally, since in this mixture, the Id phase comprises most of the bi-
layer (75%) [43], selectivity for surface interaction through this lipid
phase is much less likely to induce a significant reorganization of
lipid domains inside the GUVs.

On the other hand, immobilization resorting to DPPE-biotin
resulted in a bfg(Sint)>) value of 34%. Additionally, in all vesicles
studied for this case, a gel/fluid domain boundary was always
present in the interaction surface. It is possible that DPPE-biotin
upon binding to the avidin surface, presents preferential partition to
the gel/fluid interface, explaining the increased fraction of gel phase
in the adherent membrane area. A similar behavior is presented by
DPPE-NBD as can be seen from Fig. 5D, with a noticeable increased in-
tensity within gel/fluid domain boundaries. However, the average fg
in the hemisphere interacting with the coated surface (bottom hemi-
sphere) is slightly lower than the value obtained for the top hemi-
sphere (Fig. 7A). This could be rationalized on the basis of
accumulation of this biotinylated lipid in the domain boundaries, so
the local concentration of the membrane tether will increase several
fold, in this way increasing the rate of vesicle collapse. In this case,
GUVs with a higher percentage of gel domains in the bottom
hemisphere are less stable than vesicles with a higher percentage of
fluid phase in this area, and the distribution of GUVs would be some-
what biased towards lower gel fractions in the interacting hemisphere.

5. Discussion

The results from extrAvidin-FITC distribution on GUVs under
phase coexistence clearly demonstrate that the partition coefficient
of biotinylated phospholipids for the biologically relevant lo/ld phase
coexistence diverges significantly from unity, denoting in some
cases a dramatic preference for interaction with liquid disordered
phases. The Kp ld/lo recovered for DOPE-Cap-Biotin (Kp ld/lo=7.4±
2.8) is even larger than the partition coefficient of DOPE-Rho (Kp ld/lo=
3.6 [31]), while DPPE-Cap-biotin presents a Kp ld/lo=3.8±1.8.
On the other hand, using a FRET methodology, DPPE-biotin was
shown to have some preference for the liquid ordered phase, with
a Kp ld/lo=0.93.

Interestingly, when a linker was included in the biotinylated
lipids, partition to the liquid disordered phase was significantly in-
creased when compared with the biotinylated lipid without the link-
er. This is probably a result of increased dynamics in the protein-lipid
complex when a linker is present, possibly the same condition that
considerably increases protein:PE-biotin binding affinity. In these
conditions, incorporation in the more rigid liquid ordered environ-
ment is much less efficient, while the less flexible avidin:biotin-PE
complex in the absence of a linker, presents more efficient packing
in this phase. It should be noted that the partition coefficients deter-
mined here, correspond to the protein bound form of the lipid, and
this is likely to be different from the partition coefficient of the freely
diffusing phospholipid. In fact, it is known that upon binding to avidin
in a lipid membrane, biotin-PEs are vertically displaced out of the
membrane to some extent [47], and this new conformation of the
lipid in the membrane will induce different interactions with the sur-
rounding lipids. As a result of the bivalent character of avidin-biotin
interaction with membrane surfaces (only two monomers in the avi-
din tetramer face the same surface upon binding), a formation of 2:1
biotin-PEs:avidin complexes is expected as biotinylated lipids were
present in large excess of protein concentrations, and this is likely
to create additional lipid diffusion constraints after protein binding.
Many palmitoylated proteins are known to partition to lipid rafts
[48], and in the absence of a linker, the complex of avidin with
two biotinylated lipids such as DPPE, share some properties with
palmitoylated proteins, as the protein exhibits some preference for
liquid ordered membranes. The difference in behavior of the two
biotinylated lipids with palmitoylated acyl-chains is in agreement
with a report showing that liquid ordered partition of small
palmitoylated peptides was extremely dependent on the peptide
structure, with nearly identical peptides presenting 10 fold
difference in partition coefficients to the liquid ordered phase,
depending on the position of the lipid modification [49].

In order to prevent an excess of membrane adhesion to the surface
and consequently vesicle collapse, the immobilization of GUVs in av-
idin or streptavidin‐coated surfaces is normally performed with ex-
tremely low concentrations of biotinylated lipid (~10−6 ratio to
total lipid content). Such low concentrations are not expected to dis-
turb membrane phase properties in any way, and have been widely
used in studies of model membranes which require immobilization.
Nevertheless, since different biotinylated lipids present different
membrane partition properties as seen here, their use in immobiliza-
tion of membrane model systems has the potential to drive changes
in lipid domain distribution, as coexisting phases will present differ-
ent levels of enrichment for the lipid driving immobilization.

The effect of the different partition coefficients observed for these
membrane tethers on the distribution of membrane domains in GUVs
was studied here through confocal imaging for a biotinylated lipid
with high affinity for the ld phase (DOPE-Cap-biotin) and a biotinylated
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lipid with modest affinity for the lo phase (DPPE-biotin). We showed
that when using an immobilization driving lipid with a strong prefer-
ence for a lipid phase comprising a small fraction of the membrane,
there is a dramatic reorganization of the distribution of lipid domains
upon interaction with the immobilizing surface. DOPE-Cap-biotin
almost completely excluded liquid ordered domains from the interac-
tion surface in POPC:Chol:PSM 1:1:1 GUVs, even though this lipid
phase comprises around 80% of the total membrane fraction area.
Given the typically large sizes for domains observed in this lipid mix-
ture, this selectivity induced very significant changes in the lipid
phase composition of both GUVhemispheres.When a single large ld do-
main was present in the vesicle, immobilization with DOPE-Cap-biotin
entrapped this domain in the bottom hemisphere, virtually depriving
the top hemisphere of liquid disordered phase, even though ld cor-
responded still to a significant fraction of the membrane (Fig. 5E).
When the unsaturated lipid tether was included in the lipid mixture
at a ratio to total lipid of 10−5, 10 times higher than the concentration
used in the other studies, selectivity for specific membrane phases
was no longer observed, suggesting that themembrane tether is already
at a saturating concentration. However, this concentration increased
significantly the rate of GUV collapse in the avidin‐coated surface.

As a result of a Kp ld/lo close to unity, DPPE-biotin did not induce
very significant changes in lipid domain distribution on GUVs com-
posed of POPC:Chol:PSM 1:1:1 upon immobilization. The fraction of
lo phase in the interaction surface was only slightly increased relative
to the value obtained in the absence of the membrane tether,
reflecting the minor preference of the molecule for the liquid ordered
environment.

On another lipid system with gel and ld lipid domains, reorganiza-
tion of lipid domains within the vesicles is largely limited to the ad-
herent membrane area, probably as a consequence of the smaller
domain areas. DOPE-Cap-biotin promotes, as expected, immobiliza-
tion through the fluid phase, while DPPE-biotin apparently partitions
to the interfaces of gel/fluid domains, increasing slightly the fraction
of gel phase in the immobilized surface. Partition of this lipid to the
gel domains is unlikely, since molecules with bulky headgroups are
known to be segregated from the gel phase as a consequence of
tight lipid packing [50].

Surprisingly, considerable changes in the lipid composition of the
adherent membrane were observed in the absence of immobilization.
GUVs on uncoated surfaces interacted with the support almost entire-
ly through lo domains, while more ld than expected was present in the
case of coated surfaces. For lipid mixtures presenting gel/fluid coexis-
tence, gel was also largely excluded of the membrane adherent area.
These results reflect the energetic penalty associated with a more or-
dered phase interacting with the non-smooth protein surface.

Although this study focused on biotinylated phospholipids, results
presented here are presumably extensive to other type of immobiliza-
tions using lipid tethers, such as lipidated ssDNA. It is clear that differen-
tial partition of lipid tethers even at the extremely low ratio to total lipid
of 10−6, is able to modulate the organization of lipid domains within
lipid vesicles. Studies aimed to thermodynamically characterize a par-
ticular lipid mixture exhibiting phase coexistence through GUVmicros-
copy, often rely on sole characterization of the top hemisphere as a way
to avoid artifacts originating from the interactionwith the surface. Con-
sidering the results presented here, this selective analysis is not able to
fully characterize lipid phase coexistence, and is particularly prone to
artifacts when lipid domain sizes are comparable or larger than the
adhesion surface. In order to apply such methodology, it is necessary
to carefully characterize the membrane partition properties of the cho-
sen membrane tether, particularly for lipid mixtures exhibiting lipid
domains of significant area.

Reconstituted actin skeleton has been shown to determine the lo-
calization of membrane domains in GUVs through interaction with
PIP2-N-WASP, which act as a membrane tether [51]. Here, we showed
that the property of stabilizing membrane domains through specific
interactions with a membrane component is common to any protein
surface and to different lipid compositions, being dictated solely by
the partition properties of the protein–tether complex. Actin net-
works were also shown to serve as a membrane domain switch, as
they drove membrane domain formation in otherwise homogeneous
vesicles [51]. This behavior depends on the proximity to the critical
point as the membrane becomes very sensitive to external perturba-
tions [52]. It is possible that phase separation in homogeneous lipid
mixtures, driven by interaction of membrane tethers with protein
surfaces, is also a common occurrence in the vicinity of the critical
point. In this case, immobilization of GUVs might drive segregation
of membrane components even in the absence of phase coexistence.
These phenomena are likely to be of great relevance not only for cy-
toskeleton driven membrane compartmentalization in living cells,
but also for plasma membrane signalling mechanisms, which depend
on major localized spatial and temporal changes in membrane com-
position, with the creation of signalling platforms with a specific set
of components. The trigger to the formation of these platforms is typ-
ically the sequestration of specific membrane components upon a
stimulus, generally the recognition of a ligand. In this way, interaction
of a protein coated surface with segregated membrane tethers
mimics this process, as changes in the distribution of one membrane
component present at an extremely low density induces striking
changes in the lateral distribution of all membrane components.

6. Conclusions

The use of GUVs in confocal/single-molecule studies of membrane
phase coexistence is often performed through immobilization of the
vesicles on a solid support. We showed here that as a consequence of
differential partition to lipid phases, themembrane tethers used for im-
mobilization have the potential to drastically change the distribution of
lipid components within the vesicle, and in some conditions, a lipid
phase was completely entrapped in the adherent area. This effect was
particularly relevant for lipid mixtures presenting large domain areas,
while lipid mixtures with smaller domains exhibited a lower degree
of lipid domain reorganization.

On the light of these results, characterization of membrane phase
separation on a single hemisphere is not able to fully characterize
lipid phase coexistence, unless a membrane tether is used with no
preferential partition to the lipid domains present in the vesicles. As
a consequence of a partition coefficient close to unity, immobilization
of GUVs presenting liquid ordered/liquid disordered phase coexis-
tence with DPPE-biotin, did not result in significant reorganization
of lipid domains within the GUVs, and despite relatively lower avidin
binding affinity, this membrane tether should be preferentially used
for studies on GUVs presenting these two lipid phases.

In addition, we showed that the property of stabilizing membrane
domains through specific interactions with a membrane component
is common to any protein surface and to different lipid compositions,
being dictated solely by the partition properties of the protein–tether
complex.
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