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The phase behavior of membrane lipids is known to influence the organization and function of many integral pro-
teins. Giant unilamellar vesicles (GUVs) provide a very useful model system in which to examine the details of lipid
phase separation using fluorescence imaging. The visualization of domains in GUVs of binary and ternary lipid mix-
tures requires fluorescent probes with partitioning preference for one of the phases present. To avoid possible pit-
falls when interpreting the phase behavior of these lipid mixtures, sufficiently thorough characterization of the
fluorescent probes used in these studies is needed. It is now evident that fluorescent probes display different parti-
tioning preferences between lipid phases, depending on the specific lipid host system. Here, we demonstrate the
benefit of using a panel of fluorescent probes and confocal fluorescence microscopy to examine phase separation
in GUVs of binary mixtures of 1,2-dioleoyl-sn-glycero-3-phosphocholine (DOPC)/1,2-dipalmitoyl-sn-glycero-3-
phosphocholine (DPPC). Patch and fibril gel phase domains were found to co-exist with liquid disordered (14) do-
mains on the surface of GUVs composed of 40:60 mol% DOPC/DPPC, over a wide range of temperatures (14-25 °C).
The fluorescent lipid, 1,2-dipalmitoyl-sn-glycero-3-phosphoethanolamine-N-(7-nitro-2-1,3-benzoxadiazol-4-yl
(NBD-DPPE), proved to be the most effective probe for visualization of fibril domains. In the presence of Lissamine™
rhodamine B 1,2-dihexadecanoyl-sn-glycero-3-phosphoethanolamine (Rh-DPPE) we were unable to detect fibril
domains. This fluorophore also affected the partitioning behavior of other fluorescent probes. Overall, we show
that the selection of different fluorescent probes as lipid phase reporters can result in very different interpretation
of the phase behavior of DOPC/DPPC mixtures.
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1. Introduction and, more recently, ternary mixtures of lipids have served as models

for biomembranes, and intensive research has focused on elucidating

The organization, behavior and function of integral proteins in cellu-
lar membranes are believed to be regulated by the phase behavior of
the surrounding lipid bilayer. For more than 30 years, binary mixtures
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phase equilibria in these lipid mixtures. Results emerging from model
membrane studies have led to important new concepts in the field
of biomembranes, such as the “lipid raft” hypothesis [1-3]. A relatively
novel model membrane system, giant unilamellar vesicles (GUVs), al-
lows the examination of physical processes such as lipid phase separa-
tion at the microscopic level using fluorescence imaging. Thus, the
different physical forms of lipid phases can be visualized directly by
the use of fluorescent probes with known phase partitioning preference.
However, a thorough examination of the behavior of these probes is es-
sential in drawing firm conclusions about the phase state of a membrane
system, especially since it is now apparent that the phase preference of a
fluorescent probe depends on the local physicochemical environment
within the lipid domains [4]. Reports of fluorescent probe partitioning
inconsistencies are increasing, and fluorescent probes have been found
to display different partitioning preference in different lipid systems, or
even in the same lipid system when used with other fluorescent probes
in dual or triple labeling approaches [5]. Sample preparation differences
may also lead to the observation of very different phase behavior in the
same lipid system.
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We recently characterized the behavior of a panel of commonly
used fluorescent probes in GUVs of “lipid raft” mixtures containing
1,2-dioleoyl-sn-glycero-3-phosphocholine (DOPC), 1,2-dipalmitoyl-
sn-glycero-3-phosphocholine (DPPC), and cholesterol [5]. Here we
present results from single, dual and triple labeling experiments in
GUVs of a binary mixture of DOPC/DPPC. Our goals were to character-
ize the partitioning behavior of a panel of fluorescent probes in co-
existing liquid disordered (lg) and gel phases, and examine the
phase behavior of this lipid mixture in more detail. Li and Cheng pre-
viously reported the presence of two novel gel phases in GUVs of
DOPC/DPPC mixtures using confocal fluorescence microscopy (CFM)
[6]. Patch and fibril (stripe) domains were observed on the surface
of the GUVs, depending on the mole fraction of DPPC and the temper-
ature. Because fibril domains appear to be present only at higher DPPC
mole fractions at room temperature, we examined the partitioning pref-
erence of the panel of fluorescent probes in 40:60 mol% DOPC/DPPC. The
present study represents the first time that the behavior of several of
these probes (e.g. NBD-DPPE) has been characterized in this binary
lipid mixture. Novel approaches were employed using single, dual
(pairs of probes), and triple (three probes used simultaneously) fluores-
cence labeling. We report that the presence of one particular probe
makes it impossible to detect fibril domains, not only when used by it-
self, but also when combined with other probes in dual and triple label-
ing experiments. We believe that bringing to light these important
effects of fluorescent probes on phase separation in binary lipid mixtures
will serve as a guide in interpreting the phase behavior of more complex
membrane systems.

2. Materials and methods
2.1. Materials

DOPC, DPPC, and DPPC-dg, were obtained from Avanti Polar
Lipids (Alabaster, AL). Texas Red 1,2-dihexadecanoyl-sn-glycero-3-
phosphoethanolamine (TR-DPPE), 1,1’-dioctadecyl-3,3,3’,3'-tetra-
methylindocarbocyanine perchlorate (DilCyg), 1,1’-dioctadecyl-3,3,3',3'-
tetramethylindodicarbocyanine 4-chlorobenzenesulfonate salt
(DiD), Lissamine™ rhodamine B 1,2-dihexadecanoyl-sn-glycero-3-
phosphoethanolamine (Rh-DPPE), and 2-(4,4-difluoro-5,7-dimethyl-
4-bora-3a,4a-diaza-s-indacene-3-pentanoyl)-1-hexadecanoyl-sn-gly-
cero-3 phosphocholine (Bodipy-PC) were all from Invitrogen, while
1,2-dipalmitoyl-sn-glycero-3-phosphoethanolamine-N-(7-nitro-2-1,3-
benzoxadiazol-4-yl) (NDB-DPPE) was supplied by Avanti Polar Lipids.
The molecular structures of these fluorescent lipid probes are shown
in Supplementary Fig. S1.

2.2. Sample preparation

GUVs were prepared by electroformation on a pair of platinum
(Pt) wires by a method first developed by Angelova and Dimitrov
[7,8], modified as previously described [5,9]. Lipid stock solutions
were prepared in chloroform/methanol 2:1 (v/v) at a concentration
of 0.27 mg/mL, and appropriate volumes of each were mixed. Label-
ing was carried out by pre-mixing the desired fluorescent probes
with the lipids in organic solvent. The concentration of individual
fluorescent probes in each sample was 0.1+ 0.01 mol%, except for
the triple labeling experiment with Bodipy-PC/Rh-DPPE/DiD, where
the concentration of each probe in the sample was 0.05+0.01 mol%.
Drops of ~2 L of lipids and fluorescent labels in organic solvent
were deposited on Pt wires under a stream of N, gas. The Pt wires
were placed in a vacuum for ~1 h to completely remove the organic
solvent. One side of the chamber was then sealed with a coverslip
using a small amount of silicone grease. Heated (~60 °C) high purity
water (Millipore SuperQ) was added to the chamber until it covered
the Pt wires, and then the other side of the chamber was sealed
with another coverslip. The chamber was placed in an oven (Isotemp

500 series, Fisher Scientific, Mississauga, ON, Canada), and the Pt
wires were connected to a function generator (HP 3310A or BK Preci-
sion 4011A). A sinusoidal wave function of amplitude 3V and fre-
quency 10 Hz was applied for about 90 min, after which the electric
field was turned off and the chamber was placed on the microscope
stage. Typically an equilibration time of at least 10 min was allowed
before proceeding with the temperature scans, which usually started
at 42 °C and involved progressive cooling to lower temperatures. Be-
cause we observed different phase behavior than Li and Cheng [6]
when using Rh-DPPE as one of the fluorescent probes, we highlight
below the sample preparation differences. Li and Cheng employed in-
dium tin oxide (ITO) coated glass slides for electroformation instead
of Pt wires, and the Rh-DPPE label was used at 0.4 mol%. The same
frequency for the sinusoidal wave function, and comparable voltages,
were used as the present study. They employed a temperature during
electroformation of 50 °C and a sample cooling rate of 0.13 °C/min.
We used sample cooling rates in the range 0.2-2.0 °C/min.

2.3. Confocal fluorescence microscopy

A custom-made imaging chamber described previously [5,9] was
employed for imaging the GUVs by CFM. The sample temperature
was controlled (40.1 °C) above room temperature by applying an
electric current to the imaging chamber (TC-324B, Warner Instruments,
Hamden, CT) and below room temperature by circulating water from a
temperature-controlled bath (Isotemp 3016, Fisher Scientific) under-
neath the sample compartment. Two thermistors were used to monitor
the temperature, one connected to the imaging chamber and the other
placed in the sample compartment (cable assembly for series 20 cham-
bers, CC-28, Warner Instruments). The temperature values stated in the
text are the readings from the thermistor situated in the sample com-
partment between the two Pt wires, which were separated by 3 mm.
The cooling rate from a set-point temperature was 1-2 °C per min; this
rate slowed as the temperature approached the new set-point tempera-
ture. Occasionally, the temperature controller was turned off and the
sample was allowed to equilibrate to room temperature at an average
cooling rate of 0.2-0.5 °C/min. Typically, different sections of the Pt
wires were checked for consistency of the onset of the phase co-existence
and detection of the different patch and fibril domains. The onset of 14-gel
phase co-existence were determined from observations of at least 50
separate GUVs generated from at least two different lipid droplets on
the Pt wires, by lowering the temperature through the miscibility transi-
tion temperature. Images were acquired on commercial Leica confocal
microscopes (Leica, Heidelberg, Germany), either on a CLSM-U (an up-
right Leica DM RE microscope connected to a Leica TCS SP2 system), or
on a CLSM-MP (an upright Leica DM 6000B microscope connected to a
Leica TCS SP5). The following objectives were used to image the samples:
a 20x air objective (not touching the sample) with numerical aperture
(NA) of 0.5, a 40x water immersion objective of NA 0.8, and a 60x
water immersion objective of NA 0.9. The excitation wavelength used
for NBD-DPPE and Bodipy-PC was 488 nm, while 543 nm was used for
TR-DPPE, DilC;g, and Rh-DPPE. DiD was excited at 633 nm. The confocal
pinhole settings were in the range 1-2 Airy, 1 Airy being the default
value used for a given objective. The intensity of the lasers was kept at
~60%. All images were routinely checked for under- and over-exposure
using the QLut function in the Leica confocal software. We typically
used 1024 pixel x 1024 pixel resolution with a 400 Hz or 800 Hz scan
speed, and a line average of typically 2 or 4, but occasionally 8. When
using combinations of fluorescent probes in CFM, care was taken to
rule out artifacts relating to “bleed-through” of one probe's fluorescence
emission signal in the detection channel of another probe. This was nec-
essary when using NBD-DPPE together with DilC;g, because of the large
overlap of their emission signals. Typically, the excitation and/or detec-
tion in one channel were turned off, and the acquired image in the
other channel was compared with the image acquired with both chan-
nels active.
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3. Results and discussion

3.1. Visualization of the gel-liquid disordered phase transition in GUVs by
CEM

Our goal was to first compare the onset temperature of the l4-gel
phase transition observed in mixtures of DOPC/DPPC using CEM with
the values obtained by deuterium nuclear resonance (?H NMR) spec-
troscopy, and then characterize the partitioning preference of the vari-
ous fluorescent lipid probes. The direct visualization of the onset of the
l4-gel phase co-existence in GUVs of binary mixtures of DOPC/DPPC is
somewhat different from that of the 13-, phase co-existence in ternary
mixtures of DOPC/DPPC/cholesterol [5]. Domain equilibration takes
place at a much slower rate in binary compared to ternary mixtures.
We attribute this to the reduced molecular motions in the gel phase.
Therefore, accurate detection of the onset of phase separation requires
a longer waiting time after setting the new temperature. Similarly, re-
versing the phase separation took somewhat longer in binary mixtures
than in ternary mixtures. In addition, as observed in our earlier studies
on ternary mixtures of GUVs, not all the GUVs in the field of view phase-
separated at the same temperature. The temperature range in which all
GUVs (both in the field of view and in other regions on the Pt wires)
phase-separated was ~4 °C at most, as opposed to a range of ~1°C
recorded for ternary mixtures.

To determine the l4-gel phase miscibility temperature we used TR-
DPPE as the phase transition reporter, since it had proved to be a re-
liable fluorescent probe in ternary mixtures [5,9]. To examine the
phase transition temperature, we prepared three different concentra-
tions of DOPC/DPPC: 70:30, 60:40, and 40:60 mol%. We specifically
monitored the onset of the I4-gel phase separation, and in agreement
with earlier studies, TR-DPPE was found to partition into the 14 phase
in GUVs of DOPC/DPPC [10]. The recorded temperature values of the
onset of the lsg-gel phase co-existence were higher than expected,
based on the recently published phase diagram for this lipid system
[11]; they were 32 °C, 36 °C, and 38 °C for DOPC/DPPC mixtures of
70:30, 60:40, and 40:60 mol%, respectively. All GUVs in the imaging
chamber (typically, 70-100 GUVs were examined) phase-separated at
the temperature stated above + 2 °C at most. These temperature values
are 4-8 °C higher than expected from 2H NMR measurements on multi-
lamellar vesicles (MLVs) [11], considering the fact that undeuterated
samples are expected to phase-separate ~3.5 °C higher at most, depend-
ing on the DOPC:DPPC ratio. The higher the amount of DPPC in GUVs, the
more significant was the observed effect of perdeuteration on the phase
boundaries when undeuterated and deuterated samples were compared.

Using GUVs of DOPC/DPPC, other groups have measured higher
transition temperatures than those suggested by the proposed phase di-
agrams for this lipid mixture. In particular, Beattie et al. [12] reported a
phase transition temperature ~8 °C higher than expected from the
phase diagrams [11,13], when using 0.8 mol% TR-DPPE as the reporter
probe. Using supported bilayers of DOPC/DPPC and 0.5 mol% DilCyg,
Bernchou and co-workers [14] measured a transition temperature
~3 °C higher when compared to the temperature value suggested by
the phase diagram [11,13]. When Bouvrais et al. used Rh-DPPE at 0.5
and 2 mol% in GUVs of 1-palmitoyl-2-oleoly-sn-glycerophosphocholine
(POPC), and either an epifluorescence or phase contrast imaging sys-
tem, they found that GUVs exposed to light exhibited facets, whereas
GUVs protected from light did not [15]. They attributed this effect to
possible peroxide formation arising from photo-oxidation effects, rath-
er than to electroformation of GUVs on Pt wires. It should be noted that
we did not observe any spontaneous facet formation in our samples.
Morales-Penningston et al. attributed the phase boundary shift towards
higher temperatures in DOPC/18:0-sphingomyelin/cholesterol mix-
tures to lipid oxidation effects [16]. In the present study, great care
was taken to minimize possible oxidation effects, and we believe that
oxidation effects play a minor role in the transition temperature in-
crease in our samples, if at all.

For a more direct comparison with the ?H NMR data, we prepared
GUVs of 40:60 mol% DOPC/DPPC-dg, labeled with TR-DPPE. Confocal
fluorescence images of the phase transition in these GUVs are presented
in Fig. 1. No change in fluorescence intensity was observed in the 42.3-
34 °C temperature range (Fig. 1A and B). Small dark spots, or quasi-
circular patch domains, corresponding to the gel phase were detectable
starting at ~32.3 °C (Fig. 1C), particularly in larger GUVs. On increasing
the temperature to 33.6 °C and equilibrating the sample at this temper-
ature for ~5 min, patch domains completely vanished from the surface
of the GUVs. When the temperature was lowered to 31 °C once more,
patch domains became visible again at 32.1 °C (not shown), demonstrat-
ing the reversibility of their formation. At 31 °C the proportion of patch
domains increased, and additional smaller patch domains appeared on
the surface of the GUVs (Fig. 1D). The domains moved across the surface
of the GUVs considerably more slowly than the 1, domains observed in
GUVs of ternary lipid mixtures [5,9]. We observed patch domains at con-
tact areas between GUVs, where they remained during the duration of
the experiment (arrows in Fig. 1D). Some GUVs underwent phase sepa-
ration such that one small patch domain appeared first at the contact re-
gion and then remained stationary, so that only the domain size
increased as the temperature decreased. We also observed this effect in
GUVs labeled with other fluorescent probes. This so-called “pinning” of
solid domains in GUVs has previously been reported for other binary
lipid mixtures [17].

After lowering the set temperature further, an image was acquired
at 27.2 °C before the temperature reached the equilibrium value
(shown in Fig. 1E). The edges of the patch domains were clearly seen
to begin dispersing into short fibrils, and TR-DPPE started to partition
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Fig. 1. Phase separation in GUVs of DOPC/DPPC-dg,. CFM images of 40:60 mol% DOPC/
DPPC-dg, GUVs labeled with TR-DPPE. Homogeneous 14 phase is detected in (A) at
38.1 °C and (B) at 34 °C. l4-gel phase co-existence starts in (C) at 32.3 °C when patch
domains become visible on the surface of the GUVs. The proportion of gel phase in-
creases at 31 °Cin (D). The emergence of fibril domains from patch domains is detected
starting at 27.2 °C in (E). Evidence for the expansion of fibril domains over the surface
of a GUV is seen at 25 °C in (F). The arrows in (D) indicate stationary patch domains
located at the contact regions between GUVs.
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away from these fibril domains. After equilibrating the sample at
27.1 °C, the fibril domains began to extend over the vesicle surface
(not shown). The image in Fig. 1F at 25 °C was acquired after an equili-
bration time of more than 10 min, and clearly shows that, on cooling,
the fibril domains had extended even further over the GUV surface.
However, the fibril domains did not form an interconnected network
on the surface of vesicles maintained at room temperature (22 °C).
We did not explore lower temperature ranges for this sample.

The onset of the 14-gel phase co-existence for this lipid mixture was
between 33.0 and 30.5 °C. All GUVs in the sample phase-separated (i.e.
the presence of patch domains could be confirmed) within a tempera-
ture range of ~2.5 °C. We routinely checked GUVs in different regions
of the Pt wires, and the phase separation was consistent for all. These
values are in agreement with the recently published DOPC/DPPC-dg,
phase diagram [11], which indicates that this sample enters the l4-gel
two phase co-existence region at ~30 °C on cooling. However, inspec-
tion of the 2H NMR spectra suggests an upper limit for phase boundaries
of 30-32 °C at 40:60 mol% composition. A better method for comparing
results from the CFM and 2H NMR techniques would be to measure gel
domain area fractions in GUVs, and compare them to the proportions of
gel phase calculated from the ?H NMR phase diagram in a similar man-
ner as presented for GUVs exhibiting l4-1, phase co-existence [9]. How-
ever, it is challenging to estimate gel domain area fractions from CFM
images of GUVs, since the domains are not circular. Nevertheless,
Fidorra et al. recently presented a feasible way to assess fibril-like gel
phase area fractions in binary mixtures of phospholipids [18]. Because
our major focus was on the partitioning preference of commonly used
fluorescent probes, we have not attempted to resolve the observed dif-
ferences in miscibility temperature of DOPC/DPPC and DOPC/DPPC-dg;
mixtures.

According to Li and Cheng [6], fibril domains in GUVs of DOPC/DPPC
mixtures are in the Ly’ (regular gel) phase, whereas patch domains are
in the Py’ (rippled gel) phase. In contrast, Schmidt et al. reported that *H
NMR spectra of MLVs of DOPC/DPPC showed no evidence for the pres-
ence of Py’ phase [11]. The temperature values at which patch domains
appeared in our CFM images of 40:60 mol% DOPC/DPPC GUVs (on cool-
ing the sample) correlate well with the onset of lg-Lp’ phase co-
existence as determined by 2H NMR. Since our fluorescence labeling
experiments indicated different domain partitioning behavior for
Rh-DPPE and DilC;g compared to that reported by Li and Cheng [6]
(see Sections 3.2.1, 3.2.3 and 3.2.4), we will regard both the patch and
fibril domains as gel phases without commenting on the molecular or-
ganization of the lipids within these domains. A systematic study vali-
dating the lever rule on GUVs of DOPC/DPPC mixtures, similar to that
presented by Fidorra et al. [18] for GUVs of 1,2-dilauroyl-sn-glycero-3-
phosphocholine (DLPC)/DPPC, could represent a useful starting point
in resolving these discrepancies.

3.2. Fluorescent probe partitioning in GUVs of 40:60 mol% DOPC/DPPC

We selected six fluorescent lipid analogs commonly used in phase
separation studies of model membranes (see supplementary Fig. S1),
and determined their partitioning preference in the DOPC/DPPC mix-
ture qualitatively, by visual inspection of the fluorescence intensity
signal in separate detection channels. Fluorescence cross-talk was
ruled out as described in Section 2.3; this was especially important
when NBD-DPPE and DilC, g were used together as fluorescent probes.

3.2.1. Triple labeling with NBD-DPPE/DilC;¢/DiD

We first used a triple labeling approach with NBD-DPPE, DilC;g,
and DiD as fluorescent probes (each at 0.1 mol%). We selected these
probes because of their observed partitioning preference in GUVs of
ternary lipid mixtures [5]. NBD-DPPE was found to prefer the liquid-
ordered (l,) phase in DOPC/DPPC/cholesterol ternary mixtures, thus
we expected gel phase partitioning for this probe. We previously
assigned no partitioning preference for DilC;g when it was used

together with NBD-DPPE and DiD in triple labeling experiments,
and DiD proved to have a strong preference for l4 phase, with the ad-
vantage of high excitation/emission wavelength.

The highest temperature examined for this sample was 35.4 °C, at
which we observed quasi-circular patch domains on the surface of the
GUVs, from which all three fluorescent probes were excluded. On
gradually decreasing the temperature, fibril domains started to form
on the vesicle surface at 24.7 °C; this was readily observable in larger
GUVs with a diameter>~10 um. The fibril domains were observed to
be more extended on the surface of GUVs when compared with the
deuterated sample in Fig. 1F (not shown). On further cooling, the
number of fibril domains increased considerably, and the fibrils

NBD-DPPE B
14.3°C

DD 'DANBD-DPPE/DIIC;g/DiD
14.3°C \.\ 14.3°C

4
/J ‘

- 5 pm

NBD-DPPE/DID
\14.4°C

Fig. 2. Triple labeling in GUVs of DOPC/DPPC: NBD-DPPE/DilC;g/DiD. CFM images of
40:60 mol% DOPC/DPPC GUVs at 14.3 °C (A-D) and at 14.4 °C (F) labeled with three
probes simultaneously. (A) NBD-DPPE (green) partitions very strongly into the fibril
domains; (B) DilCyg (red) and (C) DiD (blue) are excluded from both patch and fibril
domains. (D) is an overlay of the three fluorescence images. (E) is an overlay image
of the acquired images in the NBD-DPPE (green) and DiD (blue) detection channels.
Arrows indicate that fibril domains are wrapped around patch domains. Images in
(A-D) were recorded after ~90 min and in (E) after ~160 min of temperature equili-
bration. No other domains in addition to patch and fibril were evident.
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Fig. 3. Dual labeling in GUVs of DOPC/DPPC: DilC,g/DiD. CFM images of 40:60 mol% DOPC/DPPC GUVs co-labeled with DilC;g (red) and DiD (green). Detection and evolution of
fibril domains is seen in the overlay images from the two separate detection channels in (A) at 25.7 °C, (B) at 25.1 °C, and (C) at 24.2 °C. Arepresentative GUV at 24.2 °Cis shown
in (D) DilC;g (red), (E) DiD (green), and (F) an overlay of the two. Both probes are localized in the l4 phase.

became somewhat wider. We identified the presence of fibril do-
mains in virtually every GUV regardless of size, and in all regions of
the Pt wires where lipid droplets were originally deposited. The parti-
tioning preference of the three fluorescent probes when used simulta-
neously at 14.3 °C is presented in Fig. 2. NBD-DPPE (in green, Fig. 2A)
was found exclusively in fibril domains, whereas DilC;g (in red,
Fig. 2B) and DiD (in blue, Fig. 2C) were excluded from both fibril and
patch domains. In the overlay image in Fig. 2D, patch domains on the
surface of the GUVs remained dark, reflecting the exclusion of all
three fluorescent probes from these domains. A closer examination of
the overlay image revealed an increased amount of NBD-DPPE green
fluorescence intensity around the edges of patch domains (indicated
by the arrow in Fig. 2D). The fluorescence intensity images of NBD-
DPPE represent a clear visualization of the interconnected, network-
forming structure of fibril domains. In this CFM image, it is also readily
observed that the fibril domains enclose the edges of the patch domains.
This effect is not visible in either of the DilC;g or DiD fluorescence inten-
sity images, where both the fibril and the patch domains remained dark
on a bright background. More convincing evidence of this effect is pre-
sented in Fig. 2E. This image is an overlay of only NBD-DPPE (green) and
DiD (blue) intensity images, while the excitation and emission of DilC;g
was turned off. DiD is obviously excluded from the fibril domains la-
beled by the NBD-DPPE, and the localization of fibril domains around
the edges of the patch domains is clearly visible. As a result, NBD-
DPPE proved to be a very effective fluorescent probe in visualizing fibril
domains in GUVs of DOPC/DPPC (Table 1). The relatively low tempera-
ture of ~14 °Cwas probed for this sample only, in order to check wheth-
er any other gel phases, such as the sub-gel phase (L.’), become visible.

H NMR measurements suggest that, in principle, in samples of
40:60 mol% undeuterated DOPC/DPPC, the lq phase is in equilibrium
with the sub-gel phase. In other model membranes, the conversion
from gel to sub-gel phase has proved to be very slow, from several
hours to many days [11]. However, we did not detect any additional do-
mains compared to those present at room temperature during a 4.5 h

observation period. The images in Fig. 2A-D were acquired ~90 min
after the temperature reached equilibrium at 14.5 °C, whereas the
image in Fig. 2E was acquired after ~160 min.

Interestingly, DilCyg preferred the I phase in this binary lipid mix-
ture (Table 1), as opposed to having no partitioning preference when
used with the same fluorescent probes in ternary DOPC/DPPC/choles-
terol mixtures. DilC;g was excluded from the fibril domains, in con-
trast to the previously reported preference of this probe for fibril
domains in GUVs of DOPC/DPPC [6]. In other studies on GUVs of bina-
ry lipid mixtures, DilC;g was found to partition into either the fibril or
lq domains depending on the lipid host system [4,17,19]. The incon-
sistencies in the observed partitioning behavior of DilC;g between
our study and that of Li and Cheng [6] reinforce the importance of

Table 1
Lipid domain partitioning preferences of various fluorescent probes in GUVs of DOPC/
DPPC.

Fluorescent
probe

Domain partitioning preference

Single labeling Dual labeling Triple labeling

TR-DPPE ly la la

DilCyg - la la

DiD - la la

Bodipy-PC - lq lq

Rh-DPPE lq + ?fibril 1q + ?fibril 1q + ?fibril
NBD-DPPE - Fibril Fibril

Notes:

1. All fluorescent probes were excluded from patch domains.

2. When Rh-DPPE was used in combination with other fluorescent probes, no fibril
domains were detected in the temperature range examined.

3. ? Indicates that either the probe partitions equally between l4 and fibril domains, or
no fibril domains exist, or if they do exist they are smaller than the resolution of the
confocal microscope.
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subtle differences in the technical details of sample preparation and
imaging protocols, such as generating GUVs on Pt wires vs. using
ITO coverslips, and imaging the vesicles attached to the Pt wires vs.
manipulating them after vesicle generation. For example, preparing
GUVs on Pt wires and imaging the sample without any further vesicle
manipulation might lead to a different surface tension than the ITO
method.

3.2.2. Dual labeling with DilC;g/DiD

The temperature-dependent experiments started at 39.7 °C, where
very small patch domains were observed on the surface of most GUVs.
Both fluorescent probes partitioned away from these domains. At
31.4 °C, the temperature controller was turned off, and the temperature
of the sample was allowed to gradually equilibrate to room temperature
(24.2 °C). During this time period several images were acquired. Images
of DilC;g (red) and DiD (green) acquired in separate detection channels
are presented in Fig. 3A-C, as overlays. At 25.7 °C, the formation of a
small number of fibril domains on the surface of some GUVs was ob-
served (lower left corner in Fig. 3A). However, on further cooling to
25.1 °C, the number of these domains increased considerably (Fig. 3B),
and it can be seen that both fluorescent probes are excluded from
patch and fibril domains. Over the course of 10 min (from the acquisition
of the image in Fig. 3B) the temperature reached 24.2 °C, and the forma-
tion of additional fibril domains became obvious during this time
(Fig. 3C-F). Although the temperature change was <1 °C, the number
of fibril domains increased considerably, which we attribute not only
to the temperature change, but also to the slower process of domain
equilibration mentioned above. A close-up view of a single GUV is pre-
sented in Fig. 3, showing images from the two separate detection chan-
nels (Fig. 3D and E) and an overlay (Fig. 3F). Comparing images acquired
at 24.2 °C (Fig. 3F) and 14 °C (Fig. 2D), we conclude that the fibril do-
mains are only modestly thicker at lower temperatures. Upon heating
the sample the fibril domains melted into the I4 phase at ~30 °C (not
shown). Similar results were also reported for GUVs of 20:80 mol%
DOPC/DPPC, where the fibril domains vanished upon heating to
~40 °C and reappeared at ~31 °C when cooling the sample [6].

Rh-DPPE

Bodipy-PC B
23.2°C

23.2°C

5pm 5 pm

DiD [ Bodipy-PC/Rh-DPPE/DID

23.2°C 23.2°C

Fig. 4. Triple labeling in GUVs of DOPC/DPPC: Bodipy-PC/Rh-DPPE/DiD. CFM images of
40:60 mol% DOPC/DPPC GUVs labeled with three probes simultaneously, which exhibit
no fibril domains after 40 min sample equilibration at 23.2 °C. (A) Bodipy-PC (green),
(B) Rh-DPPE (red), (C) DiD (blue), and (D) overlay of the three images. All three labels
partition into the l4 phase.

3.2.3. Triple labeling with Bodipy-PC/Rh-DPPE/DiD

Another interesting combination of probes with a surprising out-
come was Bodipy-PC, Rh-DPPE, and DiD. The total amount of fluores-
cent probe in this sample was 0.15 mol%, with each probe at 0.05 mol
%. In previous studies it was found that Rh-DPPE segregated into fibril
domains and Bodipy-PC was excluded from fibril domains, in GUVs of
DOPC/DPPC [6] and other binary lipid mixtures [4,17,20-23]. Contrary
to these findings, our findings on the partitioning preference of these
three labels when used together were very different, as presented in
Fig. 4. Surprisingly, no fibril domains were visible in the 33.0-23.1 °C
temperature range, even though the sample was equilibrated at
~23 °C for ~40 min. However, all three fluorescent probes, Bodipy-PC
(in green, Fig. 4A), Rh-DPPE (in red, Fig. 4B), and DiD (in blue, Fig. 4C)
were excluded from patch domains. An overlay of the fluorescence in-
tensities of all three probes is presented in Fig. 4D. The absence of visible
fibril domains in these images is obvious; if very thin fibril domains
exist, they are certainly below the resolution of the confocal micro-
scope. Therefore, these three labels, when used together, present a dif-
ferent view of the phase behavior of DOPC/DPPC GUVs. In interpreting
these images, we conclude that either no fibril domains exist in GUVs la-
beled by these three probes, or all three probes partition with an equal
ratio into l4 and fibril domains. The latter explanation seems unrealistic
considering the results of further investigations below. To characterize
which one of the three lipid probes was responsible for the absence of
fibril domains, we examined the same binary mixture labeled only

Badipy-PC B
22.8°C

10pum

Fig. 5. Dual labeling in GUVs of DOPC/DPPC: Bodipy-PC/Rh-DPPE. CFM images of
40:60 mol% DOPC/DPPC GUVs co-labeled with (A) Bodipy-PC (green) and (B) Rh-
DPPE (red) at 22.8 °C. No fibril domains are visible even after temperature equilibration
for 70 min. Both labels are excluded from patch domains.
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with Rh-DPPE, then dual labeled with Bodipy-PC/Rh-DPPE, and Bodipy-
PC/DilC;g (see below).

3.2.4. Labeling with Rh-DPPE and Bodipy-PC/Rh-DPPE

In GUVs of 40:60 mol% DOPC/DPPC, the presence of Rh-DPPE, either
as a single label or when used as a dual label with Bodipy-PC, made it
impossible to detect fibril domains in the 41-22 °C temperature range.
In Fig. 5, images acquired at 22.8 °C from the dual labeling experiment
are shown (Bodipy-PC in green, Fig. 5A; Rh-DPPE in red, Fig. 5B) and
an overlay of the fluorescence intensity images of the two probes is pre-
sented in Fig. 5C. Both probes partitioned away from patch domains,
which appeared dark in the overlay image. Similar images to that
shown in Fig. 5B were also recorded for the Rh-DPPE single labeling ex-
periment (not shown). Fibril domain formation is affected by the cool-
ing rate, since it takes a short time (~5 min) for them to evolve and
reach equilibrium. However, we observed that fibril domains formed
regardless of the cooling rate (0.2-2 °C/min). We typically varied the
temperature in small 2 °C steps (corresponding to a cooling rate of 1-
2 °C/min), and when the sample was allowed to cool to room tempera-
ture immediately after vesicle generation (at ~60 °C) the estimated av-
erage cooling rate was ~0.5 °C/min. However, Bernchou et al. [14]
concluded that the density of individual patch domains observed in
supported bilayers was directly proportional to the cooling rate within
the range 0.15-3.50 °C/min. In their studies they used continuous cool-
ing from 40-25 °C, whereas in the present study the temperature was
kept constant for the period of image acquisition after each 2 °C step-
wise change. We also observed no difference in domain size or appear-
ance when the sample was cooled in 2 °C steps compared to being
simply allowed to equilibrate to room temperature.

3.2.5. Dual labeling with Bodipy-PC/DilC;g

As the sample was slowly cooled from 45.8 °C to room tempera-
ture in 2 °C steps, we observed a considerable increase in size of the
patch domains between 38 and 34 °C. Representative GUVs at
33.5 °C are shown in Fig. 6A-D, where the fluorescence intensities
of Bodipy-PC and DilC;g appear as red and green, respectively. Both
probes were excluded from the patch domains, and no fibril domains
were detectable at this temperature. The sample was then equilibrat-
ed at 24.7 °C for ~1 h, and new images were acquired (Fig. 6E-F). Fi-
bril domains were detected in virtually all GUVs, and both labels

Bodipy-PC B
33.5°CS

10 pm

Bodipy-PC g N
24.7°C N

showed the same partitioning behavior, since the fluorescence inten-
sities of Bodipy-PC (red, Fig. 6D) and DilC,g (green, Fig. 6E) were
identical. No fluorescence signal was detected in the patch and fibril
domains; thus, in the overlay image (Fig. 6F) both types of domains
appear dark on the GUV surface.

4. Conclusions

In previous work, we characterized the phase partitioning behav-
ior of several commonly used fluorescent probes in ternary mixtures
of DOPC/DPPC/cholesterol, which display co-existence of Ig and I,
phases. In the present study, this approach was extended to GUVs of
DOPC/DPPC, which exhibit 14-gel phase co-existence, with the goal
of determining whether the various fluorescent probes report on
the same phase behavior. This binary mixture has been reported to
display interesting phase behavior, with two novel gel phases, patch
and fibril, observed by CFM [6]. In our study, we made use of the re-
cently published binary phase diagram determined by ?H NMR for
the DOPC/DPPC-dg; lipid system [11]. The combined use of CFM and
2H NMR as complementary techniques provides a powerful approach
for systematic investigation and interpretation of lipid phase behav-
ior. Using TR-DPPE, which has proved to be a reliable probe of the I4
phase [5,9], we found that the onset temperature of the l4-gel phase
transition in GUVs qualitatively resembles the values determined by
2H NMR for the same mixture, particularly when DPPC-dg, was used
as one component.

Both patch and fibril domains were detected on the surface of GUVs
of 40:60 mol% DOPC/DPPC depending on the temperature and the fluo-
rescent probe employed. Table 1 summarizes the partitioning preference
for 14, patch and fibril domains of the various probes in single/dual/triple
situations. All the fluorescent probes used in this study were excluded
from the patch domains. We found that NBD-DPPE labeled the fibril do-
mains; indeed, partitioning of the probe into these domains was so
strong that virtually no fluorescence intensity was detected in the l4 do-
mains. The ability of NBD-DPPE to insert itself in tightly packed regions
in the membrane is probably due to its small fluorophore and saturated
acyl chains. This may explain why it was found almost exclusively in fi-
bril domains on the surface of GUVs in this study, and in 1, domains in
ternary mixtures [5]. However, even the presence of the small NBD fluor-
ophore did not allow NBD-DPPE to partition into the patch domains.

DilC;g Fo JBGaipy-PC/DiIC15
33.5°C N ) 33.5°C

10 pm 10pm

£ B8dipy-RC/DilCTp

IN24.7

DilC{g
N247C |

Fig. 6. Dual labeling in GUVs of DOPC/DPPC: Bodipy-PC/DilC,g. CFM images of 40:60 mol% DOPC/DPPC GUVs co-labeled with (A and D) Bodipy-PC (red) and (B and E) DilC;g (green)
at 33.5 °C (A-C) and at 24.7 °C (D-F). Fibril domains are present at 24.7 °C, and both probes were excluded from fibril and patch domains.
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There is currently little information available on the molecular nature of
the fibril and patch domains. If the patch domains indeed represent rip-
pled gel phase (Pp’), clearly the packing properties of this phase make it
difficult for any of the fluorescent probes, even NBD-DPPE, to partition
into it.

All the fluorescent probes used in the present study are headgroup-
labeled lipid analogs except Bodipy-PC, where the fluorophore is at-
tached to one of the acyl chains. It is interesting to note that even
though TR-DPPE and Rh-DPPE have very similar structures, and both
partition into 1y domains, we found that they reported different phase
behavior in GUVs of DOPC/DPPC.

Previous characterization by Li and Cheng of the different gel
phases present in GUVs of DOPC/DPPC mixtures was not exhaustive,
and, for the most part, used only two fluorescent probes, Rh-DPPE
and Bodipy-PC [6]. However, they present valuable information on
how different parameters such as surface tension might affect the ob-
servation of different domains on the surface of GUVs. We found
major inconsistencies in the partitioning behavior of Rh-DPPE and
DilC;g when comparing our results with those they reported for the
same system [6]. Li and Cheng observed fibril domains labeled by
Rh-DPPE in GUVs of 40:60 mol% DOPC/DPPC, whereas our results in-
dicate no preferential partitioning of Rh-DPPE into these domains
using the same lipid mixture at the same temperature. It is possible
that sample preparation differences are responsible for these incon-
sistencies (differences between our method and theirs are highlight-
ed in Section 2.2). Overall, this raises concern about the universal
validity of the results of phase behavior studies when limited num-
bers of fluorescent reporters are explored. Aggregated results, such
as partial phase diagrams, constructed from the results of different
experimental techniques may represent a valuable aid in elucidating
artifact-free phase behavior.

The presence of fluorescent probe Rh-DPPE resulted in no fibril
domains being detected, and this effect was extended to other fluo-
rescent probes when used in dual or triple labeling with Rh-DPPE.
All the fluorescent probes used in this study showed consistent parti-
tioning behavior in GUVs of 40:60 mol% DOPC/DPPC in the absence of
Rh-DPPE. However, when Rh-DPPE was present as one of the labels,
either the partitioning preference of the other labels was perturbed,
or it influenced the phase behavior of the whole system. Our results
reaffirm the importance of examining the partitioning behavior of
fluorescent probes in a given model membrane system before draw-
ing firm conclusions about either the phase preference of fluorescent
probes or the phase behavior of the system.

Overall, the multiple labeling approach used in the present study
proved to be a valuable tool for characterizing various fluorescent
probes in GUVs, and in detecting subtle differences in the phase behav-
ior of phospholipids in the presence of these lipid analogs. In particular,
the triple labeling approach revealed how Rh-DPPE may report different
phase behavior in GUVs of DOPC/DPPC, and how it may potentially alter
the partitioning behavior of other fluorescent probes when used simul-
taneously, even at very low (0.05 mol%) labeling levels. The partitioning
of a particular fluorescent probe into a membrane domain appears to
depend not only on its phase state, but also on the chemical nature
and local environment within that domain, which in turn depends on
lipid composition. Thus, phase partitioning preferences may be valid
only for the specific model system being investigated. Our experiments
on binary and ternary mixtures of DOPC/DPPC and DOPC/DPPC/choles-
terol [5,9] constitute a firm basis for systematic characterization of com-
monly used fluorescent probes in membrane phase separation studies.

Supplementary materials related to this article can be found on-
line at doi:10.1016/j.bbamem.2011.09.006.
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