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We devise a methodology to fixate and image dynamic fluid domain patterns of giant unilamellar vesicles (GUVs)
at sub-optical length scales. Individual GUVs are rapidly transferred to a solid support forming planar bilayer
patches. These are taken to represent a fixated state of the free standing membrane, where lateral domain struc-
tures are kinetically trapped. High-resolution images of domain patterns in the liquid-ordered (l,) and liquid-
disordered (l4) co-existence region in the phase-diagram of ternary lipid mixtures are revealed by atomic force
Keywords: microscopy (AFM) scans of the patches. Macroscopic phase separation as known from fluorescence images is
Membranes found, but with superimposed fluctuations in the form of nanoscale domains of the [, and I phases. The size of
Rafts the fluctuating domains increases as the composition approaches the critical point, but with the enhanced spatial
Giant unilamellar vesicles resolution, such fluctuations are detected even deep in the coexistence region. Agreement between the area-
Domains fraction of domains in GUVs and the patches respectively, supports the assumption that the thermodynamic
AFM state of the membrane remains stable. The approach is not limited to specific lipid compositions, but could poten-

tially help uncover lateral structures in highly complex membranes.

© 2014 Elsevier B.V. All rights reserved.

1. Introduction

The conundrum of cholesterol-rich membrane-domains as carriers
of biological activity is facing a number of challenges related to the
length and time-scale of such domains. The initially proposed raft-
hypothesis [1] based on static sphingolipid-cholesterol domains as plat-
forms for GPI-anchored proteins found a justification in membrane bio-
physics as a realization of thermodynamic phase separation between [,
and [, phases of cholesterol-containing bilayers and monolayers [2,3].
However, while large macroscopic domains are not observed in the
plasma membrane, the evidence for a crucial role of cholesterol and
sphingolipids in multiple membrane functions is mounting [4,5]. If
such lipid-mediated effects are associated with membrane domains,
their size must be small, well below the optical diffraction limit of
~200 nm. Here spectroscopic techniques like NMR and ESR [6] provide
the main source of information and thus indirect evidence about the
lateral membrane structure. Recent experimental studies of rafts,
using stimulated emission depletion (STED) far-field fluorescence
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microscopy, claim presence of 20 nm domains in the plasma membrane
where proteins reside for 10-20 ms [7]. Such small-scale structures are
local and short lived, which impose a challenge for their experimental
observation, and only few tools for their imaging are available. For ex-
ample, AFM and STED microscopy are promising techniques for imaging
of nanoscale membrane structures. These high-resolution imaging
methods require membrane fixation either by a solid support or by
a chemical cross-linking. However, it is well known that solid-
supported membranes are subject to perturbations from the substrate.
Concrete manifestations of such effects may be a reduction in the lipid
diffusion coefficient [8], an increased phase transition temperature [9],
different domain-size distributions and slower coarsening dynamics in
membranes with phase separation [10]. This may also influence the or-
ganization of membrane curvature active components [11] and protein
organization mediated by membrane conformational fluctuations [12].
Therefore, results on membrane domains obtained on a supported
membrane cannot implicitly be assumed to represent the equivalent
free standing membrane [3, 13-15]. In fact, the very purpose of
membrane fixation is to decrease membrane fluctuations, both in-
plane and out-of-plane. The dilemma has been that available high-
resolution imaging techniques are often only applicable to supported
membranes while information on the free-standing analog is wanted.
In this work we aim to resolve this dilemma by avoiding the solid sub-
strate during sample preparation and instead explore the support as a
tool to rapidly immobilize domain features in free-standing membranes
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of equilibrated GUVs. With this approach we characterize fluid domain
patterns in collapsed GUVs using high resolution imaging with AFM.

An additional challenge for membrane biophysics is to establish a
framework for explaining the prevalence of small-scale membrane do-
mains. It has been proposed that l,, I, critical point fluctuations may pro-
vide such a framework [16]. But true critical fluctuations require finely
tuned thermodynamic conditions, which are delicate to maintain in a
biomembrane. The results presented here point to the existence of a
previously undetected population of microscale and nanoscale domains
in ternary membranes. If such small domains are also present in a free-
standing membrane they may represent thermal fluctuations character-
ized by formation of small minority phase domains deep inside the co-
existence region and far from the critical point. The observations are
similar to the findings for the related main transition of one and two-
component PC-lipid bilayer systems [17-19], where lateral density
and compositional fluctuations give rise to dynamic membrane hetero-
geneity in a wide range of system conditions around the phase transi-
tion/coexistence. The presence of a nearby I,,l; co-existence is a much
less restrictive thermodynamic condition to fulfill than proximity to a
critical point.

2. Materials and methods

1,2-Dioleoyl-sn-glycero-3-phosphocholine (DOPC), cholesterol
and 1,2-dipalmitoyl-sn-glycero-3-phosphocholine (DPPC) were pur-
chased from Corden-Pharma. The fluorescence probes, N-Lissamine
rhodamine B 1,2-dihexadecanoyl-sn-glycero-3-phosphoethanolamine,
triethylammonium salt (RhPE) and Napthopyrene (NaP) were pur-
chased from Molecular Probes and Sigma respectively. Chloroform was
of HPLC grade quality purchased from Rathburn (Micro-lab, Aarhus,
Denmark). 1 mM stock solutions in chloroform of each lipid and each
dye are prepared separately. Phosphorous analysis of the lipid samples
was performed. Ternary mixtures with molar ratio of DOPC:DPPC:cho-
lesterol (3:5:2), (3.5:3.5:3) and (4:2:4), corresponding to the composi-
tions I, II, and III respectively, were prepared using the 1 mM stock
solutions. The dye solutions were added to the ternary mixtures such
that the dye/lipid molar fraction is 0.8%. We have tested for the possible
influence of the probe on domain patterns by using a separate control
with a probe concentration of 0.4%. No discernible differences were
found in this case. The lipid dyes RhPE and NaP prefer respectively the
Iy and [, phases, as checked by independent Laurdan GP experiments.
Glucose, sucrose and MgCl, were from Sigma. Ultra-pure MilliQ water
(18.3 M Ohm cm) was used in all steps involving water. A mica sheet
(Plano GmbH, Wetzlar, Germany) of size 1 cm x 1 cm was glued on a
round glass coverslip of diameter 24 mm using a biocompatible silicon
glue (NusSil Technology, Carpinteria CA, USA). These substrate samples
were used for membrane fixation and in AFM and epi-fluorescence im-
aging. The osmolarity of solutions was checked using an osmometer
(Osmomat 030, Gonotec GmbH, Berlin, Germany).

2.1. Preparation of giant unilamellar vesicles (GUVs)

Electroformation is a widely known method for the preparation of
GUVs [20]. We use a home-made electroformation chamber consisting
of two parallel Pt-wires, connected to an external AC power-supply.
We coat each of the two Pt-wires with 2 pl of the lipid solution
(1 mM, in chloroform) using a Hamilton syringe. The chamber is then
stored overnight in vacuum. To form vesicles by electroformation, the
chamber is filled with 200 mM sucrose (400 pl) and an AC-voltage is ap-
plied at 55 °C in the following sequence: 10 Hz (0.2 VPP (peak-to-peak
voltage) for 5 min, 0.5 VPP for 10 min, 1 VPP for 20 min, 1.5 VPP for
20 min, 2 VPP for 30 min), 4 Hz (2 VPP for 30 min). Finally, the temper-
ature of the chamber is decreased to 23 °C at a rate of 0.02 °C/min be-
fore experiments at room temperature.

2.2. Epi-fluorescence microscopy

A Nikon TE2000 inverted microscope with 40X long working dis-
tance objective (Nikon ELWD, Plan Fluor, NA = 0.6) was used for epi-
fluorescence observations. All experiments were done at room temper-
ature (22 °C). Fluorescence excitation of the RhPE probe was done at
540 nm using a Xenon lamp (Polychrome V, Till Photonics GmbH,
Grafeling, Germany) and a G-2A filter cube (Nikon) was used for imag-
ing. Fluorescence images were recorded with an em-CCD camera
(Sensicam em, 1004 x 1002 pixels, PCO-imaging, Kelheim, Germany)
operated with TILLvision software (Till Photonics GmbH). Epi-
fluorescence images were analyzed with Matlab (Mathworks, Natick
MA, USA) and Image] (National Institute of Health, Bethesda MD, USA).

2.3. AFM imaging

Atomic force microscopy was performed using a JPK Nanowizard
AFM (JPK Instruments, Berlin, Germany) operated in intermittent con-
tact mode in fluid. The AFM was mounted on the epi-fluorescence micro-
scope described above. Silicon cantilevers for soft-tapping were used
(PPP-NCST-50, Nanosensors, Neuchatel, Switzerland), having a spring
constant of 1.2-29 mN/m and a resonance frequency of 76-263 kHz.
During scanning, the sample was located in a fluid cell (BioCell, JPK In-
struments), with freshly cleaved mica on round coverslips as the sub-
strate. The same cell was also used for epi-fluorescence imaging. AFM
images were processed and analyzed using the programs SPIP (Image
Metrology, Horsholm, Denmark) and Matlab.

2.4. Confocal microscopy

For confocal microscopy, vesicles were transferred to an eight-well
microscopy chamber (Nunc Lab-Tek, Thermo Scientific, Waltham MA,
USA) and observed by a Zeiss LSM 510 Meta confocal laser scanning
fluorescence microscope (Carl Zeiss GmbH, Jena, Germany). Images
were obtained with a 40X, C-Apochromat, water immersion objective
with NA = 1.2. Two-channel image stacks were acquired using multi-
track mode, using Argon lasers of wavelengths 458 nm and 543 nm,
for NaP and RhPE excitation, respectively. The lasers were directed to
the sample using two dichroic mirrors (HFT 458/514, HFT 488/543/
633) for exciting NaP and RhPE respectively. Fluorescence emission
was collected with photo-multiplier-tube (PMT) detectors. A beam
splitter was used to eliminate remnant scattering from the laser sources
(NFT 545) in a two-channel configuration. Additional filters were incor-
porated in front of the PMT detectors in the two different channels to
measure the fluorescent intensity, i.e. a long-pass filter (>560 nm) for
RhPE and a band-pass filter (500 4 20 nm) for NaP. The acquired inten-
sity images were checked to avoid PMT saturation and loss of offsets by
adjusting the laser power, the detector gain and the detector offset. The
image stacks were acquired above the Nyquist frequency. The raw con-
focal fluorescence image stacks were used for analysis without
deconvolution. All confocal experiments were performed at room
temperature.

3. Results

We examine ternary DOPC/DPPC/cholesterol membranes in the I, I
coexistence region and characterize the domain patterns in free-
standing GUVs and in planar patches resulting from collapse of the indi-
vidual GUVs. We have opted for three different lipid compositions: Two
inside the liquid-liquid coexistence region (I and II) while the third
composition (III) is located close to the critical point [21], as shown
schematically, in the phase diagram of Fig. 1A. The area-fraction of the
two membrane phases is a sensitive indicator of the thermodynamic
state of the membrane. For this reason we are quantifying the domain
area-fraction to test for changes in the membrane state which could po-
tentially be induced by fusion of the membrane to the solid support.
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Fig. 1. Phase diagram (A) of the ternary system at two different temperatures (taken from
[21]) and with the location of the three selected compositions (I, II, Ill) indicated. Epi-
fluorescence micrographs of GUVs before rupture, prepared using (B) DOPC, (C) composi-
tion I, (D) composition I and (E) composition III. All membranes are labeled with RhPE.
Bright and dark regions represent the l; and I, phases respectively. Scale bar is 10 um.

3.1. Quantification of domain areas in GUVs

For confocal microscopy, the GUVs loaded with 200 mM sucrose so-
lution were transferred to a microscopy chamber containing an osmot-
ically matched glucose solution. Fig. 1B-E shows GUVs prepared using
DOPC and the compositions I, I and III, respectively, settled at the bot-
tom of the chamber, as observed in the epi-fluorescence mode. In
Fig. 1Cand D, round, micron sized, domain structures are visible. In con-
trast, the two lipid dyes are uniformly distributed in GUVs prepared
using composition Il and domains are not resolved, as shown in
Fig. 1E. The area of domains in GUVs is quantified by applying the meth-
od developed by Husen et al. [22]. Here, a 3D-analysis of confocal image
stacks of GUVs having lateral phase coexistence was developed. It was
also found that GUVs formed from simple two- and three-component
lipid mixtures by standard vesicle formation techniques, individually
have a lipid composition corresponding to the global composition in
the entire batch [22-24]. This gives us confidence in the application of
compositionally complex GUVs for quantitative characterization of
membrane phenomena.

The quantification of domain areas in phase separated GUV uses the
fluorescence signal in the RhPE and NaP channels which originate from
the I; and I, phases, respectively. For each point on a GUV, the RhPE and
NaP intensities are measured and this allows the construction of a 2D-
histogram indicating how much any combination of the two emission
intensities contributes to the area of the GUV. Fig. 2A-C shows typical
histograms of the RhPE versus NaP intensities in GUVs made with com-
positions I-III. For compositions I and II, it is clear that the two dyes pref-
erentially segregate into two environments (I; and ,), as indicated by
the formation of two separate regions in the histogram. For composition
III, the analysis shows no such separation of the histogram, indicating a
membrane without phase separation. When present, two well-
separated regions in the histogram provide an unambiguous way to de-
tect the domain areas since this can simply be found as the contribution
to the area from each separate region in the histogram [22-24]. The de-
termination of domain areas does not rely on the detection of individual
domains, but is inferred from the distribution of pixel intensities. For
compositions I and II, the I, phase occupies 59.3 + 3.3% (N = 7) and
55.7 4+ 1.6% (N = 22) of the vesicle surface, respectively. The error
bars (standard error of the mean = SEM) are similar to those found in
our earlier analysis for various lipid compositions used to construct
the ternary phase diagram [22]. The numbers for the area fractions are
consistent with recent measurements of tie-lines in the same system
[24].

3.2. Optimization of a protocol to capture fluid domains on mica

Fusion of single-phase GUVs to perforated supports in the presence
of millimolar Ca?* concentrations was previously reported by
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Fig. 2. Using confocal fluorescence images of GUVs to determine domain areas for the Iy
and [, phases. The 2D histograms in (A,B,C) show the contribution to the total GUV area
(area count) from any combination of RhPE and NaP emission intensity. The histograms
represent GUVs made from each of the compositions I (A), Il (B) and Il (C). In the case
of phase separated GUVs (A,B) the RhPE will mainly partition into the Iy phase and NaP
mainly into the I, phase. The domain areas are determined as the area contributed from
each of the two separate distributions in the histogram.



2506 T. Bhatia et al. / Biochimica et Biophysica Acta 1838 (2014) 2503-2510

Heinemann et al. [25] and by Buchholz et al. [26]. The spreading of an-
ionic multi-lamellar vesicles (MLVs) on glass, mediated by divalent cat-
ions, has been described by Orwar et al. [27] and other studies have
reported the fusion of small unilamellar vesicles (SUVs) of zwitterionic
DOPC on glass [28] or mica [29] as promoted by Ca?* ions. We have ex-
plored the effect of divalent Mg? " ions to optimize a procedure for cap-
turing membrane domains on mica, starting from the free-standing
GUVs. Below, the development of this procedure is outlined.

The required first step is to bring the GUVs in close contact with the
mica surface. This is done by transferring the GUVs prepared in 200 mM
sucrose solution into an AFM fluid chamber containing 1 ml of an iso-
osmolar glucose solution. Within a few minutes of transfer the GUVs
settle on the mica, as shown in Fig. 3A. The domain structures present
in free-floating GUVs are preserved after settling, with negligible
shape perturbations [30]. When contact between GUVs and mica is
established, the Mg?™ solution is introduced to promote rupture of
the vesicles on mica. A titration strategy was initially employed where
2 mM Mg? ™ solution, was titrated into the sample cell up to 500 pl
(~1000 nmol Mg? ™). The osmolarity in the chamber was decreased by
50 mM and as a result the vesicles became tense, but remained intact.
Another strategy consisted of adding low volumes of more concentrated
Mg? ™" to maintain a relatively constant osmotic pressure difference
across the membrane. Within ~2 days after adding 2 ul of 100 mM
Mg? ™" solution (~200 nmol Mg?*) the GUVs do not adhere to the
mica surface. Interestingly, if a Mg? ™ solution of a slightly higher con-
centration is introduced at the center of the chamber, but not the
edge, the adsorption followed by rupture of GUVs occurs. The mecha-
nism thus appears to be that the salt solution, when added at the center,
will efficiently sink to the vesicles settled on the mica. When compared
to the titration strategy it is clear that the important step for promoting
membrane adhesion and rupture is to locally deliver a sufficiently high
Mg?* concentration to the GUV/mica interface. This conforms with mi-
cropipette experiments by Orwar et al. which showed membrane bind-
ing induced by locally delivered divalent cations [27]. We note that
since the Mg? ™ solution is introduced from the top while the GUV ad-
heres to the substrate from below, the GUV will be immersed in Mg?*
ions during spreading and rupture. Taken together with the fast diffu-
sion of Mg? ™ ions in water (D ~ 0.7 - 10™° cm?/s [31]), the transport
of divalent ions will not be limiting the fusion of GUVs.

To summarize, a minimal concentration has been identified, where
planar membrane patches are formed from GUVs, while retaining
their area and round fluid domain shapes. In all experiments described
here, we have added 1 pl of a 274 mM Mg(l, stock solution, at the center
of the chamber. For reference we note that the typical physiological con-
centration of Ca®"-ions is on the order of 1 mM [32,33].

Upon addition of the Mg?* ions to the chamber, the vesicles which
were already settled on the mica immediately ruptured to form planar
membrane patches, as shown in Fig. 3B. Vesicles, which were not settled
on the mica, remained unaffected after adding Mg " ions. The dynamics
of the rupture process is illustrated in Supplementary material 1
(Moviel.avi).

3.2.1. Rupture mechanism and time-scale of rupture

During formation of a patch, the outer leaflet of the vesicle adsorbs to
the mica while the inner leaflet becomes exposed to the bulk solution
after rupture of the vesicle. As a confirmation of this, we found that
the outermost membrane of a multi-lamellar vesicle opens up to eject
the solvent and an internal vesicle, as shown in Fig. 4A-C. The internal
vesicle is now diffusing freely on top of the membrane patch formed
by the external vesicle implying that it is not adhered to the patch.
The internal vesicle ruptures only when it diffuses out of the patch
and comes into direct contact with mica, as shown in Fig. 4D.

The mechanism for formation of a planar membrane patch can be
summarized as follows: In the presence of Mg+ ions, the outer mem-
brane of a GUV, which is in contact with the support, becomes adhered,
thus making the vesicle tense due to the fixed enclosed volume. As a re-
sult, an increasing amount of fluctuating pores starts to form in the
membrane and eventually a single pore surpasses the critical size lead-
ing to rupture of the GUV. The dynamics of tension-induced rupture of
membranes is well established by e.g. E. Evans and coworkers [34,35].
This work employs a single-hole model which accurately reproduces
the experimental data. The time-scale for opening a hole as induced
by micropipette aspiration was experimentally found to have an
upper limit of 10 ms and theoretically estimated to be 30-100 ps [34].
The time scale for hole opening is fundamentally set by the tension
loading-rate and intrinsic membrane properties such as the edge energy
of holes. Likewise, single pore-opening and rupture of GUVs on a glass-
support were resolved by high-speed imaging by Hamai et al. reporting
a time scale for hole-opening of 10 ms [36]. These authors also reported
a close correlation between the patch shape and the position of the
expanding hole. We observe both circular and non-circular shaped
patches in our experiments, in agreement with this study. The frame-
rate in our experiments does not resolve the actual rupture process,
but based on the previously established features of hole-opening we as-
sume a time-scale of ~10 ms.

From the arguments given above, we find that the rupture event
followed by adsorption of GUVs, is so rapid that no lateral rearrange-
ment of the fluid domain patterns is possible. To support this claim, a
simple check can be made to examine the hypothetical possibility that
membrane domains are reorganized during the fusion process from in-
teractions with the solid support. With a lipid diffusion coefficient in the
fluid phase of D ~ 10~ 2 m?/s and a speed of the adhesion-front (for a
10 um vesicle say) of the order ofR~10~> m/s, the minimum domain
size which can be captured on the support becomes, DR~ 1 nm. This
number effectively provides an order-of-magnitude estimate of the
resolution of the domain size in the free standing membranes.

3.3. High-resolution imaging of membrane patches by AFM

The planar membrane patches have been investigated thoroughly
with AFM. For reference, Fig. 5A shows an epi-fluorescence image of
a membrane patch formed by rupture of vesicles prepared with compo-
sition I. The round shaped [,, I lateral domains present in GUVs have

Fig. 3. Illustration of the pre- and post-rupture state of GUVs. Epi-fluorescence image (A) of GUVs settled on mica without Mg?™* ions, (B) planar bilayer patches formed upon addition of
Mg?* ions. The numbers and arrows show matching pairs of vesicles and patches in (A) and (B) respectively. GUVs were prepared using the composition I. Scale bar is 10 pm.
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Fig. 4. Two-stage rupture of a multilamellar GUV with composition I. Fluorescence image (A) of a multilamellar GUV settled on mica without Mg?* ions. The outermost GUV has adsorbed
and ruptured on mica after addition of Mg?* (B) releasing an intact inner vesicle and forming a planar patch. The inner vesicle (C) diffuses on top of the bilayer patch (arrow). Rupture of
the inner vesicle (D) happens when it has traveled to a region with freely exposed mica substrate. Scale bar is 10 pm.

retained their shape, after the vesicles have ruptured on mica. The figure
shows patches from two vesicles that are joined at their edges. This pat-
tern may result from the fusion of an external vesicle followed by an in-
ternal vesicle, as discussed above in Fig. 3, or could be from two
originally separate vesicles. Fig. 5B shows an AFM scan of the same ves-
icle patch on mica. Fig. 5C shows the area distribution of the two liquid
phases, where green and red colors represent the I, l; phases respec-
tively. Fig. 5D shows the AFM height line scan for the profiles indicated
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Fig. 5. Co-localized AFM and fluorescence imaging of patches formed from ruptured GUVs
with composition I. Epi-fluorescence image (A) of a patch made from two adjoining rup-
tured GUVs. AFM topography image (B) of the same patch region. Binary segmentation
(C) of the AFM image into coexisting phases with green and red representing the I, and
l4 phases respectively. Height profiles (D) of the color-coded lines as indicated in
(B). Scale bar is 10 um.

in Fig. 5B, revealing that the patch is one bilayer thick, with a thickness
of 3.25 4 0.25 nm in the I; phase. A height difference of 1.0 4+ 0.2 nm is
observed between thick and thin regions within the membrane patch.
This agrees well with the height difference between the [, (thick) and
14 (thin) regions, as previously reported [10].

Fig. 6A shows a vesicle patch with composition Il corresponding to a
composition closer to the critical point than composition I. Nano- and
micro-scale domain structures belonging to the thinner phase are abun-
dant in the top part of the patch in Fig. 6B. AFM height profiles confirm
that these are [; phase domains embedded in a surrounding [, phase.
The lower part of the patch contains an equivalent, but inverted pattern
with small-scale domains of the I; phase surrounded by the [, phase.

Fig. 6C shows a segmentation of the AFM image where the green and
red colors represent the [, and Iy phases respectively. The height differ-
ence between the domains as given in Fig. 6D is around 0.6 £ 0.05 nm.
This is lower than that of composition I agreeing well with the fact that
composition has moved from deep in l,,l; co-existence region in the
ternary phase diagram towards a critical point, where both the [, ,l;
phases have similar thickness. The average bilayer thickness is found
to be 3.25 4 0.25 nm in the [, phase.

Fig. 7A shows a vesicle patch of composition III. This lipid composi-
tion is near the critical point in the ternary phase diagram [21]. The
AFM topography image in Fig. 7B does not reveal extended areas on
the bilayer patch corresponding to domain formation. This may be at-
tributed to a system being in a super-critical state (one phase) or
being in a near-critical state (two phases) where phases are indistin-
guishable by AFM and fluorescence. This bilayer thickness is found to
be around 3.25 4+ 0.25 nm.

Small [, domains within the I; phase and vice-versa, are consistently
observed in AFM images of patches with compositions I and II. These do-
main features have sizes ranging from the nanometer to the micrometer
scale and thus are more close to the presumed size of functional bio-
membrane domains in cellular systems. It is therefore of interest to ex-
amine these features more closely.

Fig. 8A and B shows epi-fluorescence images of two bilayer patches,
prepared using the composition I, and Fig. 8C and D shows correspond-
ing AFM images obtained at high pixel resolution. Small-scale domains
of elevated and depressed regions are abundant in the AFM images
but these are not resolvable in the epi-fluorescence images of the
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Fig. 6. Co-localized AFM and fluorescence imaging of patches formed from ruptured GUVs
with composition II. Epi-fluorescence image (A) of a planar patch and the corresponding
topographical AFM image (B) of the same patch. Binary segmentation (C) of the AFM
image into coexisting phases with green and red representing the I/, and I; phases respec-
tively. Topography profile (D) of the line (red) indicated in (B). Scale bar is 10 yum.

same patch. A step height difference of 0.9 + 0.1 nm confirms the I,,ly
phase character of these domains. Besides the macroscopic round do-
main structures observable with fluorescence microscopy we find that
both the I, and I; phases are decorated with small-scale domains of
the opposite phase. For the I; phase these domains are prevalent even
deep in the I,,l; coexistence region.

The general interpretation of our observations with compositions I
and Il is that the membrane patches, when viewed at optical resolution,
appear to display complete phase separation with two sharply defined
regions belonging to each fluid phase. However, when viewed in high-
resolution AFM, small domains below the optical resolution limit are
prominent within both of the two major phase regions.

Most of the observed patches have edges ending in the [; phase. This
gives us an indication that a pore leading to the rupture event must have
formed in this phase. It confirms well with the fact that formation of a
pore in the I; phase is energetically favorable due to a lower edge ener-
gy, as compared to that in the [, phase [37,38].

Another distinct observation is the presence of elongated domains
aligned perpendicular to the boundary of the patch, as present in
Figs. 6 and 8. The apparent elongation and orientation of domains are
a result of the fusion process. The spreading of a quasi-spherical GUV

Distance (um)

Fig. 8. Small-scale domain patterns coexisting with macroscopic lq,l, phase separation in
two patches with composition I. Epi-fluorescence images (A,B) and matching AFM topog-
raphy images (C,D,E). The regions of the AFM images are indicated with squares in panel
labels A and B. The topography profile in (F) corresponds to the line (red) in (E). Scale bar
is 10 pm.

on a solid support is associated with lateral shearing such that domains
appear stretched in the direction perpendicular to the spreading direc-
tion. The region most strongly influenced by such deformations will
be the region closest to the expanding hole which becomes the perime-
ter of the patch where the expanding hole was located.

We finally determine the area-fraction of the I, and I; phases in the
AFM images. We calculated the number of pixels covered by the I, and
l; phases to calculate the respective area-fraction. Figs. 5D and 6D
show the result of the quantification of the AFM image analysis, where
green color represents the [, phase and red color represents the I,
phase. The results found by the analysis of patches revealed that the
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Fig. 7. Fluorescence (A) and AFM (B) image of a membrane patch with composition IIl. Domains are not resolved for this composition. Topography profile (C) for the line (red) indicated in

(B). Scale bar is 10 pm.
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vesicles prepared with composition I have 58.2 4 2.5% (N = 10) of the
total patch area in the [, phase. For composition II the result is that the [,
phase constitutes 56.8 & 3.7% (N = 8) of the total patch area. We did
not observe any membrane reorganization in the patches over a time-
scale of hours.

4. Discussion and conclusions

The stability of multi-component lateral structures of lipid mem-
branes is often marginal and easy to modify by low-energy perturba-
tions from the environment like a solid support. Therefore, the
stabilization techniques required for high-resolution imaging of mem-
branes are prone to exert an influence on the lateral structure and
must be used with care. We have presented a methodology which al-
lows imaging of the lateral structure and lipid micro-domains of free-
standing vesicles by rapid transferal of individual GUVs to a solid sup-
port, where the membrane-support interactions are exploited different-
ly than in conventional supported membrane studies. The method can
be considered as a supplement to spectroscopic techniques like NMR,
ESR [6] and fluorescence spectroscopy [39,40], as well as single-
particle tracking experiments [41]. All these techniques only indirectly
provide structural information on free-standing membranes in a
model-dependent manner.

To validate our procedure, the well-investigated ternary model
membrane system consisting of DOPC, DPPC and cholesterol was cho-
sen. While macroscopic domains associated with phase separation in
free-standing membranes are well described for this system, small-
scale domains have not been imaged. GUVs were prepared with two
compositions in the I,,l; coexistence region at room temperature and
one composition close to the I,,l4 critical point.

The compositional dispersity among vesicles for a given overall lipid
composition was minimal as checked by measuring the area fractions of
l, and I; phases in each vesicle, using confocal fluorescence microscopy.
After transferal to the solid support, the area fractions of I, and I, regions
were again analyzed based on AFM images, revealing that it remained
unchanged with no lateral reorganization of the membrane being re-
solved over a time-scale of hours. This fact supports our hypothesis
that the adsorption event is fast compared to the in-plane diffusion of
membrane lipids and that there is no time for lateral re-distribution of
lipids on length scales above ~1 nm. The fact that we measure similar
area fractions in GUVs and patches indicates that the lipid composition
among vesicles remains stable throughout the different preparation
steps.

The agreement between domain area fractions for domains in GUVs
and patches together with the short time-scale for collapse suggests
that the membrane patch retains information about the domain pattern
in the original free-standing GUV. The sensitivity of the area fraction to
the thermodynamic state of the membrane serves as general control
that this state is not measurably shifted during patch formation. Specif-
ically, this speaks against small domains being induced by interactions
between the membrane and the solid support. The presence of de-
formed domains created during rupture of the GUV also supports that
the domain pattern in the free-standing membrane is maintained in
the patch.

Another mechanism by which the domain pattern could be speculat-
ed to change during rupture is via lateral tension. A change in mem-
brane tension can and will shift the equilibrium between the [, and Iy
phases [42]. However, lateral equilibration is slow compared to the fu-
sion time for the GUV and our check of the area fraction confirms that
this equilibration has not taken place prior to fixation. Moreover, ten-
sion will drive the system towards a lower proportion of the [, phase
which cannot explain our observations of small-scale [, domains. Final-
ly, the central part of patches will have adhered to the substrate first and
at low tension, but these regions also exhibit small-scale domains (see
e.g. Fig. 8D) which can therefore not have been induced by tension.

The patches were analyzed by the high-resolution microscopy tech-
nique AFM to reveal patterns of small domains. We found that the
height difference between domains of all sizes is consistent with previ-
ous AFM measurements of [,,l; coexistence using conventional support-
ed membranes. Small-size [, domains proliferated in the [; phase and
vice-versa were consistently observed for compositions I and II in the
co-existence region. The characteristic domain-size increases as the
composition approaches the critical point.

Since some lipid diffusion may be present in the patches, the small-
size domains could hypothetically have been nucleated after fusion to
the support. A strong argument against this hypothesis is that small do-
mains of both the [, and I; phases coexist for compositions I and II. The
existence of small domains of both phases is difficult to reconcile with
a thermodynamically driven nucleation process. If the small domains
were indeed a result of a change in phase state, we would expect one
of the phases to increase and the other phase to decrease. In fact, ther-
modynamic nucleation cannot produce small domains of the I; phase.
An increase in the Id phase is equivalent to melting which will happen
along the existing l,-1; phase boundary.

The small-scale domains can instead be considered as a manifesta-
tion of pseudo-critical fluctuations which are present in the ternary
lipid mixture over a wide range of compositions displaying l,,l; coexis-
tence. The interpretation of the small domains being fluctuations is in
agreement with measurements of domain line tension A obtained by
epi-fluorescence of GUVs of the same mixtures, where A ~ 0.1 pN over
a wide range of temperatures [43], suggesting spontaneous formation
of nano-domains up to*’~100 nm size. Time sequences of GUVs report-
ed by Veatch et al. indicate fluctuating domains below the critical point,
where two distinct phases are observable with fluorescence microsco-
py. However, for the compositions in the deep coexistence region
these fluctuations decrease in size and are not resolved optically [16].
A similar behavior is found in one-component saturated and mono-
unsaturated lipid bilayers near the main transition, where pseudo-
critical fluctuations resulting in micro-domains are found, despite the
fact that the nearness of a critical point is varying considerably [17,
44-46]. The fluctuation phenomena described above, even for a
single-component system, have major implications for membrane
properties, such as mechanics [47] and permeability [48]. Furthermore,
they provide a mechanism for lipid aggregation and stabilization of
lipid-protein complexes, away from coexistence [49]. The presented
technique opens the possibility to image such phenomena in free-
standing membranes at length and time scales that previously were
not accessible.

Supplementary data to this article can be found online at http://dx.
doi.org/10.1016/j.bbamem.2014.05.016.
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