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ABSTRACT The application of fluorescence lifetime imaging microscopy to study gel/fluid and raftlike lipid domains in giant
unilamellar vesicles (GUVs) is demonstrated here. Different regions of the ternary dipalmitoylphosphatidylcholine/diole-
oylphosphatidylcholine/cholesterol phase diagram were studied. The head-labeled phospholipid Rhodamine-dioleoylphospha-
tidylethanolamine (Rhod-DOPE) was used as a fluorescent probe. Gel/fluid and liquid-ordered (k)/liquid-disordered (/) phase
separation were clearly visualized upon two-photon excitation. Fluorescence intensity decays in different regions of a GUV were
also obtained with the microscope in fixed laser-beam configuration. The ensemble behavior of the system was studied by
obtaining fluorescence intensity decays of Rhod-DOPE in nongiant vesicle suspensions. The fingerprints for gel/fluid co-
existence and for the presence of , raftlike phase, based on fluorescence lifetime imaging microscopy histograms and images,
and on the fluorescence intensity decay parameters of Rhod-DOPE, are presented. The presence of three lipid phases in one
single GUV is detected unequivocally. From the comparison of lifetime parameters, it can be concluded that the /, phase is
formed in the binary dipalmitoylphosphatidylcholine/cholesterol but not in the dioleoylphosphatidylcholine/cholesterol mixture.
The domains apparent in fluorescence intensity images have a more complex substructure revealed by analysis of the lifetime

data. The potential applications of this combined imaging/microscopic/macroscopic methodology are discussed.

INTRODUCTION

The paradigm of biomembranes has shifted from the fluid
mosaic model to a domain mosaic, where a lateral organi-
zation in different length scales is patent (1,2). The lateral
membrane domains can have different physical origins and
include differential lipid-lipid interactions (3,4). In this re-
spect, the study of lipid mixtures in membrane model sys-
tems has been crucial to understand the formation of lipid
domains in biological membranes (5,6). However, even in
simple model systems, the lateral lipid heterogeneity is not
a simple issue, and controversy persists when comparing
results from different techniques (7). From spectroscopic and
calorimetric bulk techniques, the macrothermodynamic be-
havior of the system can be appreciated and complete phase
diagrams can be built (8). These diagrams can also be used
as the basis for further detailed studies, using Forster’s res-
onance energy transfer (FRET) and microscopy, for example,
to address questions like the size and the shape of domains in
clearly defined regions of the phase diagram (9,10). Fluo-
rescence microscopy has also been used to obtain lipid phase
diagrams (11,12). However, the direct detection of three
phase-coexistence is very troublesome and when the het-
erogeneities are of submicron scale they cannot be readily
detected (13). This can happen when the amount of one of
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the phases is very small. It can also be due to the characteris-
tics of the lipid system itself, because lipids with intermediate
configurations located at the domain interfaces can reduce
the interfacial tension preventing domain growth (14).

Nevertheless, the fact that microscopic techniques allow
for direct observation of gel/liquid-disordered (/4) (15) and
liquid-ordered (/,) raftlike (16) heterogeneities has made
them very attractive. Also due to the resemblance of giant
unilamellar vesicles (GUVs) to cell membranes in terms of
size, their use has been increasingly more important. In this
way, the use of more sophisticated microscopic approaches,
where spectroscopic data is combined with direct visualiza-
tion (imaging) of the lipid bilayer have become indispensable
(e.g., the use of generalized polarization (GP) of Laurdan
(16), or of fluorescence correlation spectroscopy (FCS) (17,18)
and, more recently, an interesting combination of fluores-
cence microscopy and NMR (19)). In addition, very recently,
ceramide domains have been elegantly investigated in a
study combining FCS, AFM, and confocal fluorescence mi-
croscopy (20) and in another one exploiting confocal and
two-photon fluorescence microscopy of GUVs, and multi-
lamellar vesicles (MLVs) data with Laurdan GP and infrared
spectroscopy (21).

In the present study, we apply for the first time a combined
time-resolved fluorescence microspectroscopic approach, i.e.,

1. Fluorescence lifetime imaging microscopy (FLIM) in which
laser scanning microscopy is combined with fluorescence
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decay acquisition over a section of a GUV; this method-
ology yields spatial resolution, but low photon counts in
each decay (pixel), and thus poorer statistics.

2. Microscopic fluorescence decays, in which the laser is
focused in a chosen position on a GUV and a high-count
number decay is acquired under the microscope, returning
mainly the fluorescence of a specific region of a GUV.

3. Macroscopic decays in MLV or large unilamellar vesicle
(LUV) suspensions, which reveal the ensemble behavior
of the system, and in which high count number decays
are also retrieved. This combined approach is used to study
lateral lipid heterogeneity in a raft-mimicking ternary
mixture of an unsaturated phospholipid (1,2-dioleoyl-sn-
glycero-3-phosphocholine, DOPC), a saturated phospholipid
(1,2-dipalmitoyl-sn-glycero-3-phosphocholine, DPPC),
and cholesterol.

This system is most adequate for the establishment of the
potentialities and limitations of the techniques used in this
study. The phase behavior of the binary mixtures DOPC/
DPPC (22,23) and DPPC/cholesterol (24—26) has been stud-
ied both theoretically and experimentally, and in addition, it
is consensual that at room temperature there is no formation
of /, phase in mixtures of DOPC and cholesterol, whereas
there is gel/l, phase coexistence for DPPC/cholesterol at this
temperature (19). Moreover, fluorescence microscopy stud-
ies have been performed for the DOPC/DPPC/cholesterol
mixture (together with NMR, (27); and FCS, (28)).

The fluorescent probe N-(lyssamine Rhodamine B sulfonyl)-
dioleoylphosphatidylethanolamine (Rhod-DOPE) was cho-
sen because:

1. It is a head-labeled phospholipid, thus with minimal per-
turbation on the bilayer.

2. Its emission is in the visible range.

. It has high photostability.

4. It can be used for detection of lipid domains by two-
photon microscopy (29).

5. It was characterized in the raft palmitoylsphingomyelin
(PSM)/palmitoyloleoylphosphatidylcholine (POPC)/cho-
lesterol system showing a fluorescence lifetime that is
sensitive to the presence of lipid rafts (9).

W

The approach used in this study shows potential in im-
proving our understanding of the structure, dynamics, and
composition of lipid domains and rafts. Through the applica-
tion of a stepwise methodology, evidence for, e.g., three-
phase coexistence and for submicrometer structure of imaged
domains was obtained.

MATERIALS AND METHODS
Chemicals

DOPC, DPPC, and Rhod-DOPE were purchased from Avanti Polar Lipids
(Birmingham, AL). Cholesterol was purchased from Sigma (St. Louis, MO).
All other reagents were of the highest purity available.
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Vesicle preparation

MLVs containing the appropriate lipids and Rhod-PE when used were pre-
pared by standard procedures. Briefly, adequate volumes of lipids and probe
stock solutions were added to a tube to have the desired lipid mole fractions
and lipid/probe ratio. The solvent was slowly vaporized by a mild flow of
nitrogen, forming a thin layer of lipid in the bottom of the tube. The lipid was
hydrated by addition of 1 ml of MilliQ water (Millipore, Billerica, MA)
previously heated above the T;,, of DPPC. The samples were then progres-
sively vortex-stirred and submitted to freeze/thaw cycles (liquid nitrogen/
water bath at 60°C). Afterwards, they were slowly cooled and kept in the
dark at 4°C. Before measurements, they were slowly brought to room tem-
perature. The suspension medium was MilliQ purified water (>18 MQ;
<5 ppb). The probe/lipid ratio used was 1:500. Total lipid was 0.5 mM. As a
consequence of the preparation procedure, the probe is evenly distributed
among the two bilayer leaflets. To ensure that multilamellarity was not
influencing the results, the measurements were repeated in large unilamellar
vesicle (LUV) suspension for several compositions in different regions of
the phase diagram. LUVs were obtained by the extrusion method (30).
Briefly, the MLV suspension obtained as described above was forced through
a pair of polycarbonate filters with pore diameter of 0.1 wm 21 times, in an
Avanti Mini-Extruder (Avanti Polar Lipids).

GUVs were prepared by the electroformation method ((31); see also
(32,33)). Briefly, adequate volumes of lipids and probe stock solutions were
added to a tube to have the desired lipid mole fractions and lipid/probe ratio,
a final lipid concentration of ~1 mM, and a chloroform/methanol ratio
of ~2:1 (v/v), because these conditions were shown to be optimal for GUV
growth in our system. The mixture was homogenized by vortexing, and
0.5 wl of solution was spread on each side of the flattened tip of a pair of Pt
wires with a gas-tight syringe. The traces of organic solvent were removed
through vacuum desiccation. The Pt wires are soldered to a thicker Ag wire
in order to be hanging in parallel positions, connected to the signal generator,
and inserted in a tube. A sinusoidal signal with a peak-to-peak voltage of
0.2 V and 10 Hz was applied. The samples were gently hydrated with 1.0 ml
of 200 mM sucrose solution in MilliQ water, and the voltage was increased
to 2.0 V and maintained for 90-120 min. Then, the frequency was decreased
to 0.5 Hz, the voltage to 0.2 V, and finally the signal generator turned off. In
case of DPPC-containing mixtures, the tubes were in a block heater at 60°C,
and the sucrose solution was previously heated to that temperature. The Pt
wires were taken from the tubes, releasing the nonoxidized GUVs into the
sucrose solution. The vesicle suspension was kept at room temperature
(24°C) in the dark until use.

DPPC and DOPC concentration in stock solutions (chloroform) were
confirmed by phosphorus analysis (34). Probe concentrations were deter-
mined spectrophotometrically: é(Rhod-PE, A ,.x = 559, chloroform) = 95 X
10> M~ em™! (35). Cholesterol concentration in stock solutions was deter-
mined by gravimetry.

FLIM and microscopic decays on GUVs

An aliquot (~100 ul) of GUV suspension was added to a chamber of an
eight-well plastic plate with glass-like coverslip bottom. Then, a similar vol-
ume of an equiosmolar glucose solution (200 mM) was added. Due to the
density difference between the final external solution, and the solution inside
the vesicles, the GUVs precipitate in the bottom of the chamber, facilitating
the observation in the inverted microscope (36).

Fluorescence lifetime imaging microscopy (FLIM), e.g., (37), was per-
formed using a Bio-Rad Radiance 2100 MP system (Hercules, CA) in
combination with a Nikon TE 300 inverted microscope (Tokyo, Japan). 860
nm 2-photon excitation (TPE) was used to excite Rhod-DOPE. TPE pulses
were generated by a Ti:Sapphire Mira laser (Coherent Laser, Santa Clara,
CA) that was pumped by a 5 W Coherent Verdi laser. Pulse trains of 80 MHz
(150 fs pulse duration, 860 nm center wavelength) were produced. The
excitation light was directly coupled into the microscope and focused into
the sample using a CFI Plan Apochromat 60X water immersion objective
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lens (numerical aperture 1.2, Nikon). Fluorescence emission was detected
using the non-descanned single photon-counting technique. For this purpose, a
model No. R3809U MCP photomultiplier tube (Hamamatsu, Hamamatsu
City, Japan) with a typical time resolution of ~50 ps was used as a detector.
The emission light was selected with a 620DF60 band-pass filter for time-
resolved acquisitions. Images with a frame size of 64 X 64 pixels were
acquired using a Becker and Hickl (Berlin, Germany) SPC 830 module (38).
Typically, under these conditions the average count rate was ~2-3 X 10*
counts/s and 90 s scanning time was used for image acquisition (39). The
acquisition time was set to a maximum of 2 min in cases where the count rate
was slightly lower. In many experiments the count rate was higher (~4 X
10* counts/s; usually higher count rates correspond to bigger GUVs). Com-
plete fluorescence intensity decays were calculated for each nine pixels (one
central pixel and the eight surrounding pixels in a square lattice), and either a
single exponential or a biexponential model was fitted using the Becker and
Hickl software. The fit procedure could be improved if the offset were
selected manually by choosing the appropriate channels; in addition, the
number of maximum iterations was increased until no significant changes in
the x* and lifetime histograms was observed by further cycles. The histo-
gram gives the pixel distribution of a certain analysis parameter. The image
can be plotted in a false color code associated to this parameter distribution.
In case of the lifetime histogram, the frequency is intensity-weighted, i.e.,
pixels with higher total number of photons have a stronger contribution to
the histogram because they are statistically more meaningful. This color
code is then used to reconstruct a lifetime image. To obtain high count
number decays, similar to ensemble (vesicle suspension) macroscopic de-
cays, the laser beam was fixed during acquisition in the center of an operator-
selected rectangular region of interest, and all the emission photons were
collected during 30-90 s (microscopic decays). After the acquisition, a
background-decay was obtained with the same accumulation time, but with
the laser fixed outside the vesicle. The high count number microscopic
decays were analyzed using the TRFA software (Scientific Software Tech-
nologies Center, Minsk, Belarus) based on the Marquardt algorithm.

Time-resolved fluorescence spectroscopy on MLV
and LUV suspensions

For ensemble measurements in MLV (or LUV) suspensions, the instru-
mentation (single-photon timing technique) consisted of a cavity-dumped
dye laser of Rhodamine 6G, synchronously pumped by a mode-locked Ar™
laser (514.5 nm, Coherent Innova 200-10). Rhod-DOPE emission was mea-
sured at A = 620 nm using the magic angle (54.7°) relative to the vertically
polarized excitation beam (A = 575 nm) using a Hamamatsu R-2809 MCP
photomultiplier. The instrument response functions (~80 ps full width half-
maximum) for deconvolution were generated from scatter dispersion of
colloidal silica in water (Aldrich, Milwaukee, WI). The fluorescence decays
were obtained with an accumulation of 20,000 counts in the peak channel,
and timescales ranging from 7.5 ps/channel to 15.3 ps/channel were used.
The fluorescence quartz cells had 0.5 cm X 0.5 cm dimensions.

For a fluorescence intensity decay described by the sum of two expo-
nentials, i.e.,

i(t) = aexp(—t/71) + arexp(—t/7), (1

where «; and «, are the normalized amplitudes, and 7; and 7, are the
lifetimes associated to components 1 and 2 of the fluorescence decay, the
mean or average lifetime is given by

() = (aﬂ'? + a27-§)/(a171 + a,7), ()

and the amplitude-weighted lifetime or lifetime-weighted quantum yield is
defined as

T=a,7 t o7 3)

(e.g., (8)).
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RESULTS
DOPC, DPPC, and DPPC/DOPC binary mixtures

The fluorescence intensity and lifetime images of Rhod-
DOPE in a pure DOPC GUYV and in a pure DPPC MLV
show an homogenous appearance (Fig. 1, A, B, D, and E).
This pattern is reflected in the lifetime histograms (Fig. 1, C
and F, respectively), that have only a sharp peak at ~2.7 ns
for DOPC (fluid) and 2.6 ns for DPPC (gel). As will be
shown later, the same lifetime histogram is obtained for
DOPC MLVs and DPPC GUVs. Thus, the probe displays the
same behavior in each of those two pure phases. This is
corroborated by the microscopic decays (Table 1). For both
lipid systems, a monoexponential decay with the same fluo-
rescence lifetime corresponding to the peak in the FLIM
lifetime histogram is obtained, regardless of the focal spot of
the laser (equatorial, polar, or intermediate). Finally, in case
of macroscopic, MLV (LUV) suspensions, fluorescence de-
cays for the same lipid compositions (Table 2) show a mul-
tiexponential behavior with an average lifetime of ~2.6-2.7
ns. The reason why more fluorescence decay components
can be resolved in these decays is their better statistics (e.g.,
the background counts are completely negligible, which is
not so for the microscopic decays).

In the case of the binary equimolar mixture of DPPC and
DOPC, the intensity image shows a high degree of hetero-
geneity, with bright and dark domains (Fig. 1, G and J). This
can only be due to a preference of the probe for the fluid
phase, because the quantum yield of the probe is similar for
both pure phases. In the equatorial section of the GUVs (Fig.
1 G), punctuated domains are observed. From the polar pic-
ture (Fig. 1 J), it can be seen that the domains have complex
percolative-like shape, which are sectioned in the equatorial
view. This is in agreement with confocal microscopy studies
of similar lipid mixtures; see, e.g., (15,28). The fluorescence
lifetime image of the equatorial section shows yellowish and
greenish regions (Fig. 1 H) in the lifetime color scale (Fig.
1 I). Even in areas that correspond to maximum intensity in
the intensity image, it is possible to distinguish different
colors in the FLIM. On another hand, the longer lifetime in
the distribution histogram is ~2.3 ns, showing that even the
bright areas in the intensity image do not correspond to a
pure fluid DOPC-rich phase, i.e., the gel/fluid lipid domains
have some kind of substructure that is not resolvable by
fluorescence intensity images. The histogram with the pixel
distribution of lifetimes is now broader and shifted to lower
values as compared with the pure phases, both in the equa-
torial and in the polar sections (Fig. 1, I and L). This is a
striking feature, once that the lifetime is the same in the gel
and in the fluid phases. The microscopic decays become
biexponential for the binary mixture (Table 1), with a com-
ponent at ~0.6 ns, and another component of 2.6-2.7 ns
similar to the one observed for the pure phases. The lifetime
averaged by the normalized amplitudes has a value of
~2.2 ns, whereas the average lifetime is almost not affected
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FIGURE 1 Two-photon (Aexcitation = 860 nm)
excitation fluorescence intensity image (left
panels), fluorescence lifetime (FLIM) image
(middle panels), and fluorescence lifetime distri-
bution histogram of the respective FLIM image
(right panels) of vesicles composed of DOPC,
DPPC, and cholesterol, in different mole frac-
tions, at room temperature (24°C), labeled with
Rhod-DOPE (0.2 mol %). The DOPC/DPPC/
cholesterol mole ratios are 1:0:0 (A-C); 0:1:0
(D-F); 1:1:0 (G-L); 1:1:1 (M-0O); and 1:1 + 12
mol % (P—R). The images correspond to equa-
torial sections of GUVs (diameter between 12
and 25 um), except for panels D, E (section of an
MLV), J, and K (top view of a GUV). The color
code used in the FLIM images is the one indi-
cated in the histograms on the right.
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TABLE 1 Parameters describing representative microscopic fluorescence intensity decays (Eq. 1) of Rhod-DOPE (0.2 mol %)
incorporated in GUVs composed of different mole fractions of DOPC, DPPC and cholesterol, at room temperature (24°C)

Sample a) T a, T (7) (ns) 7 (ns) X
DOPC 1 2.64 0 — 2.64 2.64 1.04
DPPC 1 2.60 0 — 2.60 2.60 1.39
DOPC/DPPC 1:1 equator (with dark and bright areas) 0.76 2.69 0.24 0.56 2.56 2.18 1.07
DOPC/DPPC 1:1 pole (bright area) 0.99 2.62 0.01 1.08 2.61 2.61 2.1
DOPC/chol 9:1 0.83 2.80 0.17 0.53 2.71 2.42 1.51
DOPC/chol 4:1 0.85 2.58 0.15 0.76 2.49 2.31 1.41
DOPC/chol 7:3 0.89 2.62 0.11 0.80 2.55 2.42 1.61
DPPC/chol 9:1 0,94 2,66 0,06 1,21 2.62 2.57 1.54
DPPC/chol 3:1 0.90 2.50 0.10 0.53 2.46 2.31 1.32
DPPC/chol 7:3 0.90 247 0.10 0.29 245 2.26 1.70
DPPC/chol 3:2 0.87 2.51 0.13 0.59 2.44 2.25 1.26
DOPC/DPPC 1:1 + 6 mol % chol homogeneous bright pole 0.78 2.73 0.22 0.42 2.63 2.21 0.96
DOPC/DPPC 1:1 + 6 mol % chol heterogenous area 0.79 2.52 0.21 0.26 2.46 2.05 1.00
DOPC/DPPC 1:1 + 9 mol % chol homogeneous pole 0.82 2.53 0.18 0.672 243 2.20 1.14
DOPC/DPPC 1:1 + 9 mol % chol dark domain 0.83 2.07 0.17 0.35 2.01 1.77 1.22
DOPC/DPPC 1:1 + 12 mol % chol bright domain in the equator 0.93 2.68 0.07 0.44 2.66 2.52 1.36
DOPC/DPPC 1:1 + 12 mol % chol previous GUV, dark domain near pole 1 1.91 0 —_ 1.91 1.91 1.09
DOPC/DPPC 1:1 + 12 mol % chol another dark domain 1 1.88 0 — 1.88 1.88 1.15
DOPC/DPPC 1:1 + 12 mol % chol homogeneous pole 0.81 2.49 0.19 0.361 243 2.10 1.14
DOPC/DPPC 1:1 + 33 mol % chol centered in a raft near equator 0.74 2.83 0.26 0.49 2.70 2.22 0.96
DOPC/DPPC 3:7 heterogeneous area 0.70 2.54 0.30 0.66 2.36 1.98 1.58
DOPC/DPPC 3:7 bright domain 1 2.56 0 — 2.56 2.56 1.61
DOPC/DPPC 3:7 + 9 mol % chol bright region on equator 0.69 2.17 0.31 0.44 2.02 1.63 1.32
DOPC/DPPC 3:7 + 9 mol % chol bright pole 0.87 2.59 0.13 0.74 2.51 2.35 1.58
DOPC/DPPC 3:7 + 9 mol % chol 1 2.12 0 — 2.12 2.12 1.57

The decays were obtained under the two-photon microscope (Aexcitation = 860 nm), with the laser fixed in a specific region of a GUV. When different decays
were obtained in different regions of GUVs with the same composition (or in a single GUV), the details of laser location are discriminated. The average
lifetime (Eq. 2) and the lifetime-weighted quantum yield (Eq. 3) are also given. Chol stands for cholesterol.

(~2.5-2.6 ns). The macroscopic decay in MLV suspension
shows similar features (Table 2). The shorter component in
the macroscopic decays is longer than in the microscopic
ones. This is not surprising, because a very specific region of
a GUYV is probed in the latter one, which is not expected to
reflect the ensemble average value of the former.

Similar results were obtained for the mixtures DOPC/
DPPC (3:7 mol/mol). The microscopic decays for these
mixtures are given in Table 1.

DOPC/cholesterol and DPPC/cholesterol
binary mixtures

In the case of DOPC/cholesterol mixtures, there is a slight
decrease of the lifetime upon increasing cholesterol mole
fraction in GUVs, as shown in the lifetime histograms of Fig.
2 A (solid lines). There is no observation of domains in the
intensity image, neither on the FLIM image (not shown).
The microscopic decays do not show any clear trend with

TABLE 2 Parameters describing representative macroscopic (ensemble) fluorescence intensity decays of Rhod-DOPE (0.2 mol %)
incorporated in MLVs (or LUVs where indicated) composed of different mole fractions of DOPC, DPPC, and cholesterol, at room

temperature (24°C); Aexcitation = 575 nm

Sample a T ay T (1) (ns) 7 (ns) X
DOPC (LUV) 0.82 2.98 0.18 1.63 2.66 2.58 1.07
DPPC 0.96 2.66 0.04 1.27 2.64 2.61 1.24
DOPC/DPPC 1:1 (LUV) 0.74 2.51 0.26 1.25 2.32 2.17 1.11
DOPC/chol 3:1 0.77 2.72 0.23 1.66 2.55 2.48 1.16
DOPC/chol 3:2 0.79 2.60 0.21 1.37 2.46 2.35 1.12
DPPC/chol 3:1 0.33 2.32 0.67 1.40 2.11 2.02 1.15
DPPC/chol 3:2 0.31 2.69 0.69 1.45 1.99 1.82 1.06
DOPC/DPPC 1:1 + 10 mol % cholesterol 0.74 2.65 0.26 1.52 2.46 2.36 1.17
DOPC/DPPC 1:1 + 33 mol % cholesterol 0.66 2.55 0.34 1.53 2.31 2.20 1.09
DOPC/DPPC 1:1 + 50 mol % cholesterol 0.63 2.37 0.37 1.35 2.11 1.99 1.07

The average lifetime (Eq. 2) and the lifetime-weighted quantum yield (Eq. 3) are also given.
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FIGURE 2 Representative fluorescence lifetime distribution histograms
corresponding to FLIM images of GUVs labeled with Rhod-DOPE (0.2 mol
%), at room temperature (24°C), composed of (A) DOPC (dashed line),
DOPC/cholesterol 7:3 (solid line), and DOPC/DPPC/cholesterol 1:1:2
(shaded line); and (B) DPPC/cholesterol 1:0 (dashed-dotted line), 4:1
(dotted line), and 7:3 (solid line).

cholesterol concentration (Table 1). The macroscopic fluores-
cence decays, however, show a clear trend with a monotonic
decreasing behavior of the lifetime-weighted quantum yield
of the probe, for increasing fractions of the sterol (Table 2,
Fig. 3). The macroscopic measurements have the best qual-
ity, and small variations can be clearly detected (from 2.7 ns
to 2.5 ns average lifetime or from 2.6 ns to 2.4 ns for the
lifetime-weighted quantum yield). Such differences are not
so easily resolved with the microscopic measurements.

The binary system DPPC/cholesterol showed a completely
different behavior, both in GUV microscopy experiments
and in MLV ensemble macroscopic decays. The fluores-
cence intensity and lifetime images do not show the presence
of any kind of domains (not shown). Nevertheless, the life-
time distribution does change, displaying a clear decrease of
the center of the distribution as seen in the histograms taken
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FIGURE 3 Lifetime-weighted quantum yield of Rhod-DOPE (calculated
from the macroscopic fluorescence intensity decays, Eq. 3) incorporated in
MLVs composed of DOPC/cholesterol (solid dots) and DPPC/cholesterol
(shaded dots) as a function of cholesterol content, at room temperature
(24°C). The dotted lines indicate the ly/l, phase coexistence boundaries
taken from the DPPC/cholesterol phase diagram at that temperature
(24,41,42). The inset shows the lifetime-weighted quantum yield of Rhod-
DOPE incorporated in DPPC/cholesterol vesicles spanning the /4//, phase
coexistence range, as a function of /, phase mole fraction and the fit of Eq. 5
to the data with KJ*/* = 1.9 +0.5.

from FLIM images (Fig. 2 B). In addition, the microscopic
decays show an increasing contribution of the short com-
ponent with increasing cholesterol fraction (Table 1). The
fluorescence decays in MLV suspension show a significant
change (Table 2), reflected in a clear trend of the lifetime-
weighted quantum yield (Fig. 3). A strong decrease is ob-
served, similarly to what was noticed in the raft system PSM/
POPC/cholesterol (9) for the same probe along a l4/l, tie-
line, and for the binary system 1,2-dimyristoyl-sn-glycero-
3-phosphocholine (DMPC)/cholesterol above the transition
temperature of DMPC, along the [4/l, tie-lines at 30°C
and 40°C with a probe analogous to Rhod-DOPE, but with
myristoyl acyl chains (40). From the data in Fig. 3, and
comparing it with reported gel/l, coexistence limits at room
temperature (24°C) (41,42), the changes in slope of the
lifetime-weighted quantum yield coincide with phase regime
changes. The marked differences observed for the fluores-
cence lifetime microscopic parameters of the probe in the
two binary systems point to a fundamental dissimilarity of
behavior between them. This is certainly related to the
inability of DOPC to form an [/, phase in the presence of
cholesterol at room temperature in opposition to DPPC (43).
It is worth mentioning that the broad distribution of lifetimes
retrieved from the FLIM image of DPPC/cholesterol 7:3
(Fig. 2 B) is also due to the low fluorescence intensity of the
probe in these vesicles, which is a consequence of the re-
duced quantum yield of the probe in the /, phase. The num-
ber of counts per pixel is lower, the statistics becomes poorer,
the uncertainty in the retrieved lifetime values is higher, and
the distribution becomes broader, even though a single phase
is present.
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It was noticed previously that Rhodamine-type probes
have different photophysical behavior in /, phases, as com-
pared to gel or /4 phases; moreover, it was verified that the
fluorescence lifetime of octadecyl-Rhodamine B was highly
reduced upon increasing probe concentration in egg PC/
cholesterol (1:1) vesicles, whereas in egg PC vesicles the
fluorescence lifetime of the probe underwent only a very
small decrease (44). To confirm that the different behavior
observed in DPPC/cholesterol and DOPC/cholesterol (Ta-
bles 1 and 2, Figs. 2 and 3) is indeed a consequence of /,
phase formation, a concentration dependence study of Rhod-
DOPE fluorescence lifetime was performed in MLVs of
DPPC/cholesterol (3:2), DOPC/cholesterol (3:2), and pure
DOPC, i.e., [, phase, /4 phase rich in cholesterol, and /; phase
without cholesterol, respectively. The latter one was to con-
firm that the presence of cholesterol per se is not sufficient to
strongly reduce the fluorescence lifetime of Rhod-DOPE.
The results are displayed in Fig. 4, where the average life-
time of Rhod-DOPE is represented as a function of probe
concentration (left panel). It can be clearly observed that 1),
the average fluorescence lifetime of Rhod-DOPE tends to
reach the same value for infinite dilution of the probe in all
systems studied; 2), in the case of /4 phases, both with and
without cholesterol, the variation of the lifetime with probe
concentration is small (although in the case of DOPC/
cholesterol, the decrease is more noticeable, which will be
justified later on); and 3), in the case of the /, phase, a strong
decrease occurs to a value much lower than any value ob-
served for the other two systems in the concentration range
studied, with an (apparently) hyperbolic behavior. This result
demonstrates once again a fundamental difference between
the DPPC/cholesterol (3:2) system, and the other two sys-
tems, related to the formation of the /, phase. In addition, in
the inset a Stern-Volmer plot for the DPPC/cholesterol
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FIGURE 4 Average fluorescence lifetime of Rhod-DOPE (calculated
from the macroscopic fluorescence intensity decays, Eq. 2) as a function of
probe concentration incorporated in ML Vs of DOPC (solid circles), DOPC/
cholesterol 3:2 (shaded circles), and DPPC/cholesterol 3:2 (shaded
squares), at room temperature (24°C). The lines are merely guides to the
eye. (Inset) Stern-Volmer plot (Eq. 4) for Rhod-DOPE in DPPC/cholesterol
3:2 MLVs at 24°C.

545

system is given. A dynamic self-quenching process in a time-
resolved fluorescence experiment is described by the Stern-
Volmer equation

To/T = 1+ k(T)o[F], “4)

where () and 7 have the usual meanings (Egs. 2 and 3,
respectively), the subscript 0 indicates infinite dilution the
product k(7)o is the Stern-Volmer constant, and [F] is
the fluorophore concentration. Accordingly, if the dynamic
quenching process is the main mechanism responsible for the
fluorescence lifetime decrease of the probe upon increasing its
concentration, then a plot of 7)/7 as a function of Rhod-
DOPE concentration should be linear with intercept 1. This is,
in fact, the result depicted in the inset of Fig. 4.

The lifetime-weighted quantum yield variation as a func-
tion of membrane composition within a phase coexistence
range (i.e., along a tie-line) can be used to calculate a parti-
tion coefficient of the fluorescent probe between the two
coexisting phases 1 and 2, K,,. This is achieved by fitting the
equation

T = (?leXl + 7’2X2)/(7'1X1 + 77'2X2), (5)

to the experimental data (e.g., (9)). In this expression, 7; and
X; are the amplitude-averaged lifetime of probe in phase i
(Eg. 3), and mole fraction of that phase, respectively. The
phase mole fractions are calculated by applying the lever
rule. Using the data in Fig. 3, for the DPPC/cholesterol mix-
ture between the two-phase boundaries, a K§”/* = 1.9 +
0.5 is obtained. The probe shows a slight preference for the
phase /,. However, this preference is not as marked as the
preference for the /4 phase in relation to the /,, for which a
K,&ld/ ) —29+0.6is reported (9,45). By combining these two
values, it is possible to estimate a value for K[()ld/ eel)
Kf,ld/ o) x KF(,IO ) —5+9 (overcoming the limitation orig-
inated by the similarity of the fluorescence lifetime of Rhod-
DOPE in pure /4 and pure gel phases). This value demonstrates
a strong preference of the probe for the fluid phase, as ex-
pected, because of its unsaturated acyl chains and bulky

headgroup.

DOPC/DPPC/cholesterol ternary mixtures

The region corresponding to DOPC/DPPC 1:1 mol/mol with
different cholesterol concentrations was also explored. By
fixing the proportion of two components and varying the
fraction of a third one, different regions of a phase diagram
with different number and types of phases are covered.

For 50 mol % cholesterol (DOPC/DPPC/cholesterol 1:1:2)
a completely homogenous fluorescence lifetime pattern is
observed (not shown), corresponding to a broad distribution
with maximum at ~1.6—1.8 ns (Fig. 2 A). The total intensity
(average count rate) is clearly lower than in vesicles without
cholesterol, as also observed in epifluorescence mode of the
FLIM system using a mercury lamp as the light source
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(results not shown). The fluorescence lifetime histogram
plot is more noisy than for a pure fluid or a pure gel phase
(compare with the histograms for DOPC and for DPPC in
Fig. 2). This clearly indicates that the vesicles are completely
in [, state for the mixture 1:1:2, in which the probe has a
lower quantum yield (and so a shorter fluorescence lifetime).
Note that the noise broadens the fluorescence lifetime dis-
tribution, but would never give rise to values longer than 0.5
ns. Pixels with very low photon counts present fluorescence
decays close to the background decays and the program
either recognizes this pixel as one without intensity, or
attributes it to a very short lifetime, usually of <100 ps. In
the present work, fluorescence lifetime values <0.3 ns in a
FLIM image were not considered as statistically meaningful.
However, for the high count microscopic decays (fixed laser
beam configuration) and for the macroscopic decays, short
components of <300 ps can be detected and are statistically
significant. The macroscopic decay is again complex (Table
2), but the lifetime averaged by the amplitudes is in very
good agreement with the lifetime histogram.

For the DOPC/DPPC/cholesterol 1:1:1 composition, a
clear l4/l, phase coexistence is present (Fig. 1, M and N).
Interestingly, in the 1:1:1 mixture, the dark domains coa-
lesced into one big dark domain, as observed by others (27)
whereas for other compositions, a complex pattern persisted
throughout the experiment (see below). This is illustrated in
Fig. 1 M, where the intensity image of the equatorial section
of a GUV with equimolar composition is shown. To the
bright and dark domain correspond a specific color in the
FLIM image (Fig. 1 N), and the pixel lifetime histogram is
bimodal, with two sharp peaks—one centered at ~1.7 ns,
and the other centered at ~2.8 ns (Fig. 1 O). These peaks
correspond to the brown (dark) domain, i.e., the raft (/)
phase, and to the blue (bright) domain, i.e., the nonraft (/;)
phase, respectively.

I, —enriched
region

Gel-enriched
region

1, —enriched region
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For 3 and 6 mol % cholesterol, the pattern is similar to the one
observed for the 1:1 DOPC/DPPC mixture, without cholesterol
(results not shown). The domain interfaces are smoother than
with 0% cholesterol, but all other features are identical (e.g., the
microscopic decays in Table 1). However, for 9 and 12 mol %
cholesterol a more complex behavior was observed. In Fig. 1,
P-R, the fluorescence intensity and lifetime image, and the
lifetime histogram are shown for the equatorial section of a
DOPC/DPPC (1:1) GUV with 12 mol % cholesterol (for 9
mol % cholesterol, the results were similar; not shown). Both
the images and the histogram resemble that of the DOPC/
DPPC 1:1 (0% cholesterol) vesicle (Fig. 1, G-I). However, in
the 12 mol % cholesterol GUVs, the domains are less
punctuated, and the lifetime histogram shows higher frequency
values close to the maximum 2.5 ns lifetime, with a consequent
suggestion of three types of domains: bluish (7 ~2.5 ns);
greenish (7 ~2.2 ns), and orangish (7 ~1.9 ns). The same
vesicle was imaged from the top (Fig. 5). In this case, the
vesicle shows the existence of complexly shaped domains, with
some black round-shaped areas. In the intensity image (Fig. 5
A), three regions with different levels of intensity (shaded,
open, and solid) are apparent, although it is difficult to establish
an objective criterion in such a type of image. However, in the
lifetime image (Fig. 5 B) there are clearly light-to-dark-blue
domains (7 ~2.3-2.5 ns, and black round domains surrounded
by a red halo (7 < 1.3 ns). In between them, a green-yellow
(7 ~1.4-2.0 ns) area with percolative-like structure is present.
The black color in the FLIM image indicates that along all the
time channels the count number is similar or inferior to the
background level. The distinction between three regions in
the top view of the vesicle is perfectly clear in the fluorescence
lifetime image; see phase assignment in the intensity image
(Fig. 5 A). The histogram (Fig. 5 C) is broader than for the
DOPC/DPPC mixture (0% cholesterol; Fig. 1, I and L),
particularly in the low lifetime range.

FIGURE 5 Two-photon (Aexcitation = 860
nm) excitation top view fluorescence inten-
sity image (A), fluorescence lifetime (FLIM)
image (B), and fluorescence lifetime distri-
bution histogram of the respective FLIM
image (C) of a 24-um diameter GUV
composed of DOPC, DPPC in a 1:1 mol
ratio with 12 mol % cholesterol, labeled with
Rhod-DOPE (0.2 mol %), at room tempera-
ture (24°C). The color code used in the FLIM
image is the one indicated in the histogram.
Solid spots inside the vesicle correspond to
pixels with counts equal or below the back-
ground level. The equatorial section of the
same vesicle is shown in Fig. 1, panels P—R.
In the intensity image (A), examples of re-
gions that can be safely assigned to a certain
phase behavior based on the fluorescence
lifetime of Rhod-DOPE (B) are indicated.

| =
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Four high-count microscopic decays were obtained in one
GUYV with the composition DOPC/DPPC (1:1) + 12 mol %
cholesterol (Table 1). The first decay obtained, in a bright
region of the vesicle, is almost monoexponential, pointing to
a particularly fluid-enriched area. The other two decays were
obtained with the laser pointing to a domain with a similar
aspect to the dark domain on the right side of the equator
shown in Fig. 1 P. In this case, a monoexponential decay
with a lifetime of 1.9 ns was retrieved, indicative of a raftlike
(l,) domain. Finally, a biexponential decay typical of gel/
fluid coexistence, as in the absence of cholesterol, was
obtained in another region of the same vesicle.

Similar results and conclusions were obtained for the mix-
tures DOPC/DPPC (3:7 mol/mol) with 9 mol % of choles-
terol. The microscopic decay parameters for these mixtures
are given in Table 1.

DISCUSSION

Microscopic and macroscopic decays in pure
lipid phases

The emission decay of Rhod-DOPE in the pure gel and in the
pure fluid phases presents very similar fluorescence life-
times. Though the macroscopic decays show a more complex
profile even in the pure lipid phases, the lifetime weighted
quantum yield, which is the one to compare for a first general
picture, is in full agreement with the microscopic decays.
The macroscopic decay is, in fact, monoexponential for the
lower probe concentrations in all the systems studied in Fig.
4 (data not shown).

The lifetime obtained in different experiments for a fluid /4
phase (considering both the pure and the coexisting /y) can
range up to ~3 ns, which is similar to the value obtained in
the ternary raft mixture PSM/POPC/cholesterol (9) with
composition corresponding to a pure fluid (/;) phase.

Overall, considering all the instrumental, and sample dif-
ferences, the agreement between the macroscopic and micro-
scopic decays in the pure phases is very good (it is within *=
0.1 ns).

However, the small differences verified among the life-
time values in MLV and LUV suspension and under the TPE
microscope both for GUVs and MLVs and the difference in
the number of components in the fluorescence decay should
be discussed. The excitation process (one-photon versus
two-photon) does not influence the excited state lifetime, but
if there are multiple emitting species (e.g., monomers, di-
mers) with different absorption bands, and different fluores-
cence lifetimes, some differences can arise. In addition, the
TPE cross-section is different from the one-photon absorp-
tion spectrum of the probe. This would lead to more signif-
icant differences than those observed: namely, the excellent
agreement of the lifetime-weighted quantum yield obtained
from the different methodologies used in the present work
would not occur. Additionally, the vesicle type is not im-
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portant, because Rhod-DOPE shows the same fluorescence
intensity decay behavior between MLVs and LUVs in the
macroscopic decay (Table 2), and also between MLVs and
GUVs in the microscopic decays (image, Fig. 1, E and F’; and
microscopic, Table 1). Another possibility is that a slightly
different concentration of probe occurs, due to incomplete
lipid hydration in GUVs. As shown in Fig. 4 and in
MacDonald (44), the photophysics of Rhodamine-probes is
concentration-dependent in a manner characteristic of the
lipid system where it is incorporated. However, a quantita-
tive concentration dependence study in GUVs is hampered
by the fact that the experimental range of probe concentra-
tions accessible is not very large, due to the indispensable
compromise between a reasonable number of counts per
pixel required to have good fluorescence decay statistics, and
a sufficiently low concentration to approach the infinite dilu-
tion regime.

Gel-fluid phase coexistence

In the GUVs with gel-fluid coexistence, most of the high
count microscopic decays had to be analyzed using a biex-
ponential model, retrieving a short component with a lifetime
different from any component observed in the macroscopic
decay for the pure phases. The long component of the
microscopic decay is still reflecting the average macroscopic
lifetime of the probe in the pure phases. The biexponential
behavior of the microscopic decay observed in the gel/fluid
mixtures can thus be used as a fingerprint for gel/fluid
coexistence (Table 1). It is important to note that a mono-
exponential behavior can also be obtained for this lipid
mixture, depending on the region of the GUV under obser-
vation. Therefore, to perform a complete characterization of
the lipid phase coexistence, high count microscopic decays
from different regions of the same GUV may be needed.
Some of these decays can be different from the macroscopic
decay, because this one is an average of all the lipid phases
and interfaces present in the system. The origin of the short
component is not completely clear, and it is not the goal of
the present work to determine it, but it is probably due to
accumulation of probe in the interfaces of the gel/fluid do-
mains, where a much higher local probe concentration would
occur. This would lead to a more efficient self-quenching,
and could also favor dimer formation (leading namely to
monomer-dimer FRET). Both processes are known to reduce
the Rhodamine-type probes fluorescence lifetime (44). The
interface between the domains could thus favor the forma-
tion of Rhodamine aggregates due to a very high local probe
concentration, on one hand, and the head group labeling
favors the appropriate stacking of the xanthene rings of the
fluorophore, on the other. The structure of Rhodamine di-
mers was previously described as a face-to-face stacking of
the xanthene rings with sub-nanosecond fluorescence life-
time (46), similar to the short component detected in the
present work for the gel/fluid GUVs. The fact that in the

Biophysical Journal 93(2) 539-553



548

microscopic decays the fraction attributed to the short com-
ponent is always small also supports the interface location
interpretation of its origin, because the interfacial lipid
fraction is always small compared to the bulk lipid fraction.

Phospholipid/cholesterol binary mixtures

In the case of DOPC/cholesterol mixtures, the mean fluo-
rescence lifetime changes from 2.6 ns to 2.3 ns (Figs. 2 A and
3, and Tables), with increasing cholesterol mole fraction, at a
fixed probe/lipid ratio. The macroscopic decays have the best
quality among the different types of fluorescence decays
obtained in this study, and in this way, they are sensitive even
to small variations. The variation observed for the DOPC/
cholesterol system is a small and continuous one that is
reporting no phase transition. It is solely due to the replace-
ment of DOPC by cholesterol that leads to a lipid bilayer
with lower mean surface molecular area, resulting in a higher
local probe concentration, and thus a shorter fluorescence
lifetime.

In the case of DPPC, however, the formation of [, in
DPPC/cholesterol is clear from the steep decrease in the
lifetime-weighted quantum yield, and the complex trend of
variation with cholesterol mole fraction is indicative of phase
separation. However, this phase separation leads to the
formation of lipid domains with size below resolution of TPE
(this work) and one-photon excitation (19) fluorescence
microscopy.

The variation of lifetime-weighted quantum yield between
the gel/l, phase coexistence boundaries is well described by
Eq. 5, which assumes ideal partition of the fluorescent probe
between two lipid phases. The partition coefficient obtained
indicates a preference of Rhod-DOPE for the phase /,. It is
not a very strong preference, as expected, because the probe
has unsaturated acyl chains that are difficult to accommodate
in those phases where all-trans conformations prevail.

It is interesting to discuss why there is a strong decrease of
the fluorescence lifetime of Rhodamine when changing from
an /4 or a gel phase to a [, phase. The mean lipid molecular
surface area is approximately as small in the gel, as in /,
phases. Thus, the probe surface density is high in both of
them (compared to the /4). The surface area of cholesterol is
lower than that of a PC molecule either in the gel or in the
fluid phase, and when [, formation occurs, a well-known
condensing effect happens, further reducing the mean mo-
lecular area (e.g., (9)) which is therefore even smaller than
the one in the gel. However, the /, phase retains a high degree
of translational mobility, with a lateral diffusion coefficient
no more than one order-of-magnitude smaller than in the /4
phase (e.g., (11,16)), but still several orders-of-magnitude
above that of the gel phase. The dynamic quenching pro-
cesses are still effective in /,, whereas in the gel phase they
should not lead to a significant degree of quenching, because
the lateral diffusion coefficient is quite low. On another hand,
by increasing the probe’s surface density relatively to the /4,
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dimer formation is also favored. In this way, the phase /,
maximizes the processes that lead to a decrease of Rhoda-
mine-probes fluorescence lifetime. The fact that in DOPC/
cholesterol 3:2 the average fluorescence lifetime of Rhod-
DOPE decreases more with probe concentration than in pure
DOPC (with a mean molecular area 30% larger than that of
the cholesterol-containing vesicles), but is still much higher
than in DPPC/cholesterol vesicles (Fig. 4), further supports
the interpretation given above.

DOPC/DPPC/cholesterol ternary mixtures

The results obtained for compositions in well-defined
regions of the phase diagram can be easily interpreted, and
this knowledge can then be applied to more obscure regions
to gain new insights on the system behavior in those regions.
This was the goal of the present work. The DOPC/DPPC/
cholesterol system has been studied by other techniques, and
is well characterized (27,28).

The fluorescence lifetime of a probe can be altered, even
when the lipid phase remains the same, in case some prop-
erty of the system undergoes a change (e.g., of composition
or temperature). Most important for Rhod-DOPE, is the fact
that the composition is directly related to the mean molecular
area and thus to the probe’s surface density (concentration),
leading to fluorescence lifetime variations, as a result of the
dynamic self-quenching interaction (Fig. 4). Changes in
lifetime can also be due to experimental difficulties; for
example, keeping the same probe concentration either in
every observed GUV, or from sample to sample. In this way,
it is important to establish the boundaries for the parameter
that are typical of a certain phase. The criteria for phase
assignment are given in Table 3. The /y/l, phase coexistence
is clearly different from the gel/fluid coexistence. In general,
it is well known that the shape of the domains is quite dif-
ferent, being more round in the fluid/fluid case, and much
more complex in the gel/fluid situation. The fluorescence
lifetime of Rhod-DOPE in /4 and [, is clearly different, and
for compositions with significant fraction of both phases it is
possible to obtain bimodal histograms of the FLIM image
lifetime distributions (Fig. 1 O).

For the typical probe concentrations, the lifetime-weighted
quantum Yyield of the probe is approximately half in the [,
phase coexisting with the /4 in the 1:1:1 mixture (Table 3), as
already verified previously by bulk fluorescence spectros-
copy for the PSM/POPC/cholesterol system along the /,/l4
tie-line containing the 1:1:1 composition (9), and along two
I,/14 tie-lines of the DMPC/cholesterol system (40). Several
conclusions can be drawn from these results taken alto-
gether:

1. The tie-line used in the cited FRET study determined
by a bulk spectroscopic approach (8) for a similar raft
system (POPC/PSM/cholesterol) is in agreement with
the results of the present work, and points to a general
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TABLE 3 General behavior of the macroscopic and microscopic time-resolved fluorescence of Rhod-DOPE in the ternary lipid
system DOPC/DPPC/cholesterol at 24°C in different situations of one-phase or two-phase coexistence

Phase (or phase

coexistence) Intensity image

Individual microvolume decay

Lifetime image

distribution histogram Macroscopic decay

Pure gel or fluid Homogeneous.

Pure /, Homogeneous, low intensity. Biexponential, 7~ 1.8-2.2 ns.

Gel/ly Highly heterogeneous with ~ Similar to pure gel or fluid phase,
percolative domains. or biexponential,* 7~ 2.0-2.2 ns.t

Gel/l, Homogeneous, intensity Biexponential, depends on

decreasing with /, fraction.
Ly/l, Round coalescing bright (/4)
and dark domains (/).

phase fraction.
Biexponential, depends on
phase fraction.

Monoexponential, 2.6-2.8 ns.

Sharp, centered at 2.6-2.7 ns.
Noisy, centered at ~1.6 ns.
Broad approximate symmetric
distribution between
~1.6 and 2.5 ns.
Sharp to slightly broadened.

Biexponential, 7~ 2.6-2.8 ns.
1.6-2.0 ns.

Biexponential, 7~ 2.2 ns.t

Biexponential, depends on
phase fraction.

Biexponential, depends on
phase fraction.

Bimodal with one peak
at typical /, value
and another at typical /4 value.

The values indicated correspond to typical concentrations of probe used in this type of studies (~0.1-0.5 mol %).

*Depending on the region of the GUV.
tFor the compositions covered in this study DOPC/DPPC (1:1) and (3:7).

behavior of the fluorescence lifetime of Rhodamine-head
labeled membrane probes that can be applied to the de-
tection of cholesterol-enriched domains in more complex
systems, such as reconstituted vesicles with purified lipids
from biological sources, and even in cellular membranes.
2. The I4/l, phase coexistence can be easily distinguished
from gel/fluid, because this one leads to a different type
of FLIM distribution, namely a broad histogram centered
at ~2.1 ns, corresponding to a biexponential fluorescence
decay with one subnanosecond component, and another
component close to the one of the pure gel or fluid phases
that can be detected in the microscopic decay (Table 3).

Unraveling heterogeneity I: evidence for
three-phase coexistence

By means of the careful characterization of the time-resolved
microspectroscopic behavior of Rhod-DOPE in the pure
DOPC (pure fluid), pure DPPC (pure gel), DOPC/DPPC/
cholesterol 1:1:2 (pure /,), DOPC/DPPC 1:1 (clear gel/fluid
phase separation), and DOPC/DPPC/cholesterol 1:1:1 (clear
l4/l, phase separation), criteria for the coexistence of these
phases could be established (Table 3), which are now used to
interpret the complex results obtained for the DOPC/DPPC
mixtures with lower amounts (9 and 12 mol %) of choles-
terol. The intensity images for pure DOPC, pure DPPC, and
DOPC/DPPC (1:1) (and also DOPC/DPPC/cholesterol 0.4/
0.4/0.2, in a clear [4/l, situation, which is identical to the
1:1:1 image presented here—Fig. 1 M) obtained with a
cyanine dye (DilC,g) for a probe/lipid ratio of 1:1000 in a
confocal microscope (one-photon excitation) (28) are similar
to the intensity images obtained in the present work, showing
that the general behavior of the system and domains ob-
served are independent of the excitation method, type of
probe and probe/lipid ratio (see Materials and Methods). In
this way, the combination of the information obtained from
the intensity images with that from the lifetime pictures, to

further detail the description of the lipid phases, is undoubt-
edly allowed.

In the vesicle of Fig. 5, it is clear that three phases coexist.
A fluorescence lifetime 7 ~2.3-2.5 ns in bright areas
indicates that this is a fluid (/4) enriched area. However, it
presents a lifetime shorter than the typical values for pure /4
phase, though it corresponds apparently to one-phase areas
(Fig. 5 and Table 1). The remaining components correspond
to I, (lower lifetime, lower intensity), and the interface is
very extensive and ramified. There are dark round domains
surrounded by areas with the 1.5-1.8 ns typical of /,. These
domains are black because the number of counts is at the
background level. In the presence of three phases, the probe
has to be distributed among them according to the partition
coefficient values. Thus, due to a K:,d/ el of 5, and a similar
quantum yield in both phases, in the fluid-enriched regions
the average intensity should be approximately five-times
greater than that in gel enriched areas. In the case of gel//,
domains, the fluorescence intensity ratio gel//, is given by

B = K3 T [T, (©)

which is ~0.75 considering the total probe: lipid ratio used,
or even lower for smaller probe concentrations, where the
lifetime ratio becomes closer to one and the ratio becomes
closer to ngl/lo = (K}I)O/gelf1 = 0.53 (Fig. 3). Actually, the
true ratio should lie between these two values, because the
concentration of probe in both /, and gel is smaller than
the total concentration because the /4 phase is probe-enriched
relatively to any of the other two phases. This means that the
domains with lower intensity correspond to gel domains.
These domains are preferentially surrounded by /,-enriched
areas that comprise most of the interface to the fluid-enriched
domains. In this three-phase situation, the shape of the gel
and /, domains is different from that of the coexistence of
each of these phases with the /, phase. The progressive
change in hydrophobic thickness from gel-to-/,-to-I, results
in the performance of the phase with intermediate properties
(l,) as a wetting layer stabilizing the interface between the
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gel and the fluid. In this way, the gel (and /4) domains be-
come approximately round, and their size is limited as well.
It is smaller than the size of /4/l, domains in the 1:1:1 mix-
ture, for example (Fig. 1 M).

The domains in this system are quite immobile, and this
explains how it is possible to obtain a lifetime image (which
requires much longer acquisition times than a fluorescence
confocal image) and there are round-shaped areas that have a
number of counts equivalent to the background level, i.e.,
this is a strong proof that there is no intermixing of fluo-
rescence from different lipid domains. The immobility of the
domains is probably also a consequence of the stabilization
of the complex percolative structure of the domains through
the presence of three phases with biophysical properties that
change more progressively from one to the other than when
only two of these phases are present.

In addition, the high count number microscopic decays are
in agreement with this description (Table 1). It is worth noting
that with an ensemble measurement it would be impossible to
simultaneously discriminate the presence of three phases. In
fact, the decay in a ‘‘pure raft’’ [, phase was obtained in a
complex mixture such as that of Fig. 5, revealing that the
interface between the gel-enriched and the fluid-enriched
domains is (almost) completely constituted by /. In this way,
a monoexponential decay with a lifetime of 1.9 ns was
retrieved (Table 1). In addition, the fact that a biexponential
decay, typical of a gel/fluid coexistence situation was also
retrieved indicates that the /4-enriched areas are probably not
pure /4, but contain a fraction of gel that cannot be resolved in
the imaging methodologies. This could only be concluded by
using the fixed laser beam configuration in the microscope,
which retrieves high count fluorescence decays of Rhod-
DOPE from different regions of the same GUV.

With the information collected in the present work it is
possible to add information to the previously published phase
diagram for the system DOPC/DPPC/cholesterol (27), in
which only the /4/l, phase coexistence region was depicted.
Taking into account that:

1. The l4/l, borders obtained by fluorescence microscopy
shown in that diagram are at room temperature (24°C);

2. The fact that for DOPC/DPPC (1:1) mixtures with 9 and
12 mol % cholesterol and (3:7) mixtures with 9 mol %
cholesterol, the three phases are present, as we show above
in this study;

3. That the [/,/s, boundary for DPPC/cholesterol is be-
tween 7 and 28 mol % cholesterol (this work, Fig. 3 and
(26,41,42)); and

4. The previously published binary gel/fluid DOPC/DPPC
boundaries (22,23), the complete phase diagram for the
DOPC/DPPC/cholesterol ternary system should be very
close to that present in Fig. 6, with four regions of phase
coexistence, as indicated.

Due to the restrictions imposed to the shape of the phase
diagram by these results (points 1-4) and by the fact that two
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FIGURE 6 Ternary phase diagram for the DOPC/DPPC/cholesterol ter-
nary lipid, raftlike system, at room temperature (24°C). The light-shaded area
(region 1) indicates the /4/l, phase coexistence, and was taken from Veatch
etal. (27), which is in very good agreement with the data of the present work,
except for a small portion of these area that corresponds to a three-phase
coexistence situation, i.e., it is superimposed with the tie-triangle (region 2;
see below). The solid squares indicate the gel/fluid (/4) phase coexistence
limits for the binary DOPC/DPPC mixture (22,23) at the bottom of the Gibbs
triangle, and the gel/l, phase coexistence limits for the binary DPPC/
cholesterol mixture ((24,41,42), and present work: see Fig. 3) at the right side
of the Gibbs triangle. The latter ones and thermodynamic restrictions helped
defining the gel/l, phase coexistence area (region 4). The solid diamonds
correspond to binary or ternary lipid mixtures studied in the present work
where only gel//4 phase coexistence was observed, and together with the gel/l4
coexistence limits for the DOPC/DPPC binary system (solid squares at the
bottom of the phase diagram) they define the gel//; phase coexistence area
(region 3). and the crosses correspond to compositions where three phases
(L4, 1, and gel) were observed. From the latter points, a tie-triangle (limiting
the three-phase coexistence area) was drawn with the minimal angle between
the /4/l, and l4/gel sides that is possible in agreement with the experimental
data: shaded area (region 2). Considering thermodynamic restrictions to the
orientation of the tie-lines (8), the uncertainty in the /4//,, tie-line that contains
the 1:1:1 DOPC/DPPC/cholesterol equimolar mixture presented in Veatch
et al. (27) can be reduced to the interval between the solid line and the dashed
line with higher slope, i.e., that indicates a larger difference in cholesterol
content between /4 and /, phases (one of the possible tie-lines can be excluded
by the present results, as indicated).

tie-lines of the same phase coexistence region can never
cross, and considering the minimum angle between the /4//,
and the /4/s, quasi tie-lines sides of the tie-triangle (region 2),
the uncertainty of the /y/l, tie-line directions previously
presented in Veatch et al. (27) crossing the 1:1:1 composition
(region 1) can be further reduced. It is closer to the direction
presented in that work for which the variation in cholesterol
mole fraction is more pronounced, due to the exclusion of
one of the possible tie-lines, as indicated in Fig. 6.

Unraveling heterogeneity II:
multiparameter approach

From recent fluorescence spectroscopy studies on membrane
domains, it has become clear that the full characterization of
binary and higher-order biologically relevant lipid systems
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demands a multiprobe and multiparameter approach (37,48).
In fluorescence lifetime image analysis there is often no
statistical improvement in fitting the data to a biexponential
model as compared to a monoexponential model. This is due
to the small number of channels and low number of photon
counts per pixel as compared to microscopic (using the fixed
position laser beam) and macroscopic fluorescence decay
analysis. In Figs. 1 and 5, the fluorescence decay in each
pixel was analyzed with a single-exponential model, which
means that information about possible multiexponential
behavior is lost. However, if one of the fluorescence decay’s
components is independent of sample composition (within a
limited uncertainty interval), this component can be fixed in
the analysis, and an additional floating component can be
added to the model. Because the fixed component is always
present, it can be readily separated in this type of analysis,
and a multiexponential behavior can be more easily dis-
cerned, even for the small count number decays of each pixel
of a FLIM image. In this way, new parameters can be
obtained: the preexponentials (a; + a, = 1), the fraction of
light associated to each component, F; = a;j7i/2a;7;, and
also the value of the second component lifetime 7,. Fixing
one component in the image analysis is a common metho-
dology when studying protein-protein interaction by FRET-
FLIM. The occurrence of efficient fluorescence resonance
energy transfer (FRET) between, for example, a CFP-tagged
protein, and a putative interacting partner, YFP-tagged, will
reveal if these molecules have a significant interaction in
vivo. FRET will decrease the lifetime-weighted quantum
yield of the donor, and this will be revealed in the lifetime
image by pixels of a color corresponding to lower lifetimes
than that of the image in a sample with donor alone, and also
by the lifetime histogram. However, the noninteracting
donor molecules, even in the samples with acceptor, retain
their original fluorescence lifetime. In this way, it is common
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to analyze the image with a biexponential model, in which
one of the lifetime components is fixed to the value of the
donor in the absence of acceptor (39,49). Here, the same
approach was employed to our previous data of Fig. 1 J. In
the present study of lateral lipid heterogeneity, for the case of
gel/fluid mixtures, a component of ~2.7 ns is always pres-
ent, as shown by the microscopic and macroscopic decays
(Tables 1 and 2). This motivated a biexponential analysis
where one of the components was fixed to 2.7 ns and the
other is allowed to float. In Fig. 7, an example is shown how
images for the different parameters can be obtained from the
same scan with this type of analysis, containing comple-
mentary information about the system and highlighting
structural details. In fact, it can be seen that, for example, the
blue area in Fig. 7 B (F; image) is divided in blue and green
in Fig. 7 C (7, image). Furthermore, the distribution corre-
sponding to 7, is very interesting. The most prominent
feature is the peak at ~2.4 ns. Above 2.5 ns, it is very close
to the fixed 2.7 ns component. It corresponds to regions
where the decay is close to monoexponential, and has a
negligible contribution to the total decay, because dark blue
regions can hardly be seen in Fig. 7 C. However, most of the
peak corresponds to regions with a component slightly
shorter than the fixed component (note that the distribution
histogram for the pure components—Fig. 1, C and F—has
null frequency below ~2.3 ns, and the peak in Fig. 7 D ends
at ~2.0 ns). A shorter component of ~1.4—1.8 ns is now
resolved, and this component is in very good agreement with
the short component observed in the macroscopic decays for
this mixture (Table 2), underlining the statistical and phys-
ical significance of this type of analysis. This analysis,
together with the previous characterization of the probe
photophysics, also reinforces that the variations of fluores-
cence lifetime observed arise from different probe concen-
trations in different phases. Hence, the complex patterns

100 a0 300
T (ps)

FIGURE 7 Application of a biexponential model to the FLIM data of a GUV composed of DOPC/DPPC in a 1:1 mol ratio + 12 mol % cholesterol, labeled
with 0.2 mol % Rhod-DOPE, at room temperature (24°C). The data is the same that was used to make the image in Fig. 1 K. The fluorescence intensity image is
given again now in panel A. A biexponential model (Eq. 1) was used to analyze the pixel decays. One of the components (71) was fixed to 2.7 ns, and the other
component (7,) was allowed to float. From this analysis different images can be generated: the fraction of emitted light corresponding to component 1 (F =
a;71/(a1 71 + a,pTy)) leads to the image in panel B (the color code is from red (F; = 0) to dark blue (Fy = 1)). The value of 7, leads to the image in panel C, and
the distribution histogram with the respective code color is given in panel D. The peak for very low value of 7, (<0.3 ns) giving rise to red dots in panel C
corresponds to pixels where the fraction of light associated to component 1 of the decay is close to 100% (B, dark blue areas), i.e., component 2 has no physical
meaning in those pixels, and its contribution to the average lifetime and lifetime-weighted quantum yield is negligible.
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observed in the different panels of Fig. 7 must originate from
the different probe partition between the phases and from the
domain interfaces.

CONCLUSIONS AND FUTURE DEVELOPMENTS

In this work, for the first time, a combination of microscopic
and macroscopic time-resolved fluorescence spectroscopy
was applied to study lipid domains and rafts in different
types of lipid vesicles. The approach involved a stepwise
methodology that starts with the thorough characterization of
the simpler systems, and where the complexity of the lipid
mixtures is progressively increased. This approach resulted
in interesting conclusions about binary and ternary mixtures
of phospholipids and cholesterol.

Several lines of evidence point to a substructure of the
domains visualized by two-photon microscopy, namely,
extensive domain interfaces with significant probe partition,
and fluorescence decay attributable to a gel/fluid phase
coexistence corresponding to bright homogeneous areas in
the intensity image. These results imply that:

1. There are limitations of two-photon and confocal micro-
scopy to determine (quantitative) lipid phase diagrams,
and consequently to quantify probe partitioning, quantum
yield ratios among phases, and phase mole fractions, which
is a direct result of the substructure of the domains that is
not resolved in the image;

2. Other recent combined approaches are very important
(e.g., (19,20,50,51)) in the study of membrane lipid do-
mains;

3. The application of the fluorescence decay components to
identify lipid phases can only be performed after a very
careful characterization of the system in well-defined
regions of the phase diagram; and

4. The combination of imaging methodologies with acqui-
sition of high count number microscopic and macroscopic
fluorescence decays are required for correct interpretation
of complex lifetime image analysis.

The application of this approach revealed other features of
membrane lateral organization, such as the clear identification
of three-phase coexistence with a concomitant unambiguous
attribution of the phases. Further developments of this ap-
proach will include the use of other probes (dual-color FLIM),
FRET-FLIM, time-resolved fluorescence anisotropy imaging
(see, for example, (52)), and finally, the study of lipid domains
and rafts on cellular membranes. Potentially useful probes are
lyso-Rhodamine-PE and octadecyl-Rhodamine, because they
incorporate more readily in membranes and are sensitive to
the presence of cholesterol-enriched domains. However, for
the interpretation of results in more complex systems, like cell
membranes, a previous characterization of the probe photo-
physics and of the instrument limitations of the methodology
in well-defined systems, such as the one described in this
work, will be essential.
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