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ABSTRACT A new membrane probe, based on the perylene imide chromophore, with excellent photophysical properties (high
absorption coefficient, quantum yield (QY) =~ 1, high photostability) and excited in the visible domain is proposed for the study of
membrane rafts. Visualization of separation between the liquid-ordered (Lo) and the liquid-disordered (Ld) phases can be
achieved in artificial membranes by fluorescence lifetime imaging due to the different decay times of the membrane probe in the
two phases. Rafts on micrometer-scale in cell membranes due to cellular activation can also be observed by this method. The
decay time of the dye in the Lo phase is higher than in organic solvents where its QY'is 1. This allows proposing a (possible
general) mechanism for the decay time increase in the Lo phase, based on the local field effects of the surrounding molecules.
For other fluorophores with QY < 1, the suggested mechanism could also contribute, in addition to effects reducing the non-

radiative decay pathways, to an increase of the fluorescence decay time in the Lo phase.

INTRODUCTION

Since the postulation of the formation of lipid rafts (1), many
efforts were directed to demonstrate their existence and func-
tion in living cells. Lipid rafts are membrane microdomains
enriched in the liquid-ordered (Lo) phase resulting from pack-
ing of the long saturated alkyl chains of sphingolipids and
cholesterol. They are thought to be segregated from the liquid-
disordered (Ld) phase composed of unsaturated phospho-
lipids. Initially, biochemical approaches based on detergent
extraction were used to study the membrane rafts, but they
are prone to artifacts and they do not provide information
about the dynamics of molecules composing the rafts (2).
Therefore, methods capable to explore rafts in situ, with few
perturbations, were developed. Among them, visualization of
lipid phases by fluorescence microscopy could be achieved
due to the different partition characteristics of fluorophores
in the various phases. In this way, Lo/Ld phase separation
was demonstrated in ternary lipid mixtures forming artificial
membranes such as supported mono-/bilayers (Langmuir-
Blodgett films) (3-5), free-standing planar bilayers (6), and
giant unilamellar vesicles (7-14). In living cells, rafts on
micrometer-scale were observed but only after cellular
activation (15-18). Therefore, if rafts exist in resting cells,
they are supposed to be organized on the submicrometer scale
(below the resolution of the optical microscopy of ~300 nm),
having a very fast exchange (in the order of hundreds of ns)
of molecules with the bulk phase (18,19). Fluorescence
methods which extend the resolution down to the submicron
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scale (hetero- and homo-fluorescence energy transfer, fluores-
cence correlation spectroscopy, single molecule techniques)
are used to investigate molecular proximity, lateral diffusion
and clustering of lipid rafts in living cells (14,20-23).

The majority of the commonly used fluorescent dyes for
lipid phase characterization (diphenyl hexatriene and its de-
rivatives, pyrene, perylene, laurdan, and recently synthesized
polyene-lipids (24)) are UV-excitable probes, generating com-
plications in microscopy due to the special optical parts that
have to be used (lasers, lenses) and due to the very high
autofluorescence of living cells in this spectral region. One
possibility to overcome these problems is to excite them non-
linearly, in a two-photon absorption process (10,25). Phase
separation was also observed using phospholipids labeled
with a fluorescent marker excitable in the visible region (e.g.,
tetramethyl rhodamine, NBD-7-nitrobenz-2-oxa-1,3-diazol)
(5,9,23). For the identification of lipid rafts, fluorescent cho-
lesterol derivatives (dehydroergosterol, NBD-cholesterol), filipin-
cholesterol fluorescent complexes, or fluorescently-labeled
cholera toxin subunit B were used (26-28).

Despite this variety of fluorophores available for mem-
brane studies, there is an ongoing search for new chromo-
phores with better photophysical properties (high absorption
coefficient in the visible domain, high quantum yield, good
photostability). As living cell processes are nowadays explored
with single molecule techniques, more stable fluorophores
are necessary to follow the biological pathways on longer
and more relevant timescales (29). Most of the commercially
available dyes are photobleached in single molecule studies
after 10-20 s (30). In this article, an amphiphilic perylene
monoimide (PMI) derivative able to intercalate between phos-
pholipids is proposed for the study of lipid rafts.
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Initial experiments showed a very fast incorporation of
the PMI derivative into living cells. Fluorescent membrane
labeling occurs already after 5 min at room temperature. The
time-resolved measurements presented in this article show
that the amphiphilic PMI derivative has different decay times
in Ld and Lo phases, allowing the visualization of lipid
domains in model membranes and living cells by fluores-
cence lifetime imaging (FLIM). The FLIM technique is often
used for membrane studies in association with fluorescence
energy transfer to detect the colocalization of two biologi-
cally active molecules by monitoring the lifetime decrease of
a fluorescent donor in the presence of an acceptor (31,32). In
our approach, domains on micrometer scale in artificial and
natural membranes can be visualized based on the different
decay times of the same fluorophore. These domains can be
identified even though the partition of the fluorophore is not
equal among different phases, because lifetime determina-
tion is not dependent on the concentration if strong aggre-
gation of the dye does not occur (33,34). Previous reports
about the possibility to identify the different lipid phases
using time-resolved methods were done with diphenyl
hexatriene (DPH) and its derivative TMA-DPH, laurdan,
or parinaric acids (35—40). Very recently, other groups have
demonstrated the possibility to use styryl dye derivatives to
visualize membrane rafts based on their spectral shifts (41) or
on their different decay times observed in Lo and Ld phases
(42). The latter study also applies the FLIM technique for the
visualization of membrane rafts. However, the PMI deriv-
ative we use offers several advantages. First, the chromo-
phore is more photostable than most of the commercially
available dyes. Second, its quantum yield is practically equal
to 1 in organic solvents, and therefore the decay time modi-
fications that we observe in the Lo phase cannot be attributed
to further reduction of the nonradiative pathways (e.g., due to
bond rotation possibly leading to cis-trans isomerization).
This allows us to propose a possible mechanism explaining
the increase of the decay time of dyes embedded in the Lo
phase, based on our previous experience with individual
chromophores studied in polymer matrices (43).

MATERIALS AND METHODS
Chemicals

The structure of the fluorescent molecule used in this study, n-(2,6-diiso-
propylphenyl)-9-(4-carboxyphenyl)perylene-3,4-dicarboximide (PMI-COOH)
is presented in Fig. 1. The synthesis of this dye was published elsewhere (44).

Milli-Q water (18 MQ) resistance; Millipore, Billerica, MA) was used
for all experiments. All solvents were spectroscopic grade (Sigma-Aldrich
Chemie, Steinheim, Germany). Phosphate buffer saline (PBS) with pH 7.4
was purchased from Sigma and reconstituted with Milli-Q water.

Small unilamellar vesicles (SUVs) were prepared from dioleoyl phos-
phatidylcholine (DOPC), dipalmitoyl phosphatidylcholine (DPPC), and
cholesterol (Sigma). The purity of the lipids was =99% and they were used
as received. Appropriate amounts of lipids and PMI-COOH (molar ratio
500:1) from stock solutions in chloroform were mixed and the solvent was
evaporated. PBS was added to form multilamellar vesicles (lipid concen-
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FIGURE 1 Structure of the investigated perylene monoimide amphiphilic
dye (PMI-COOH).

tration: 0.5 mg/ml). SUVs were obtained by 10 extrusions through a poly-
carbonate membrane with 100-nm pore diameter. Vesicles prepared only
with DOPC were obtained at room temperature. Vesicles containing DPPC
were prepared at 70°C and then cooled down to room temperature. All mea-
surements using SUVs were done at room temperature, in 1-cm cuvettes.
The solutions were optically clear.

Giant unilamellar vesicles (GUVs) were prepared by the electroformation
method (45,46). A microscope chamber was constructed in a home-made
holder using two ITO-covered glasses and a silicone rubber spacer. A few
microliters of a stock solution of lipids and fluorescent dye in chloroform
were evaporated under a flow of argon gas on the surface of the bottom cover
glass. Milli-Q water was added in the chamber and an AC voltage of 3 V and
10 Hz was applied for 1-2 h at 65°C. GUVs were cooled down to room
temperature before measurements. For confocal laser scanning microscopy,
PMI-COOH and 1,1’-dioctadecyl-3,3,3',3' -tetramethylindocarbocyanine per-
chlorate (DiD-Cg) (Molecular Probes, Eugene, OR) were used to simul-
taneously label the different lipid phases at a dye/lipid ratio of 1:1000 (for
each dye). GUVs images were taken at room temperature.

Jurkat cells were a kind gift of Prof. Zeger Debyser (Laboratory of
Molecular Virology and Gene Therapy, Rega Institute, Leuven, Belgium).
They were grown in RPMI 1640 medium with 10% fetal bovine serum and
1% Penicillin plus Streptomycin (Gibco, Invitrogen, Paisley, Scotland). For
confocal microscopy and fluorescence lifetime imaging, cells were attached
on coverslips covered with poly-L-lysine (Sigma). Washing, labeling, and
visualization procedures were performed in PBS. PMI-COOH was added
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from a stock solution in tetrahydrofuran to a final dilution of 4 X 107° M
in PBS supplemented with 2% bovine serumalbumin. Cell labeling was
performed for 2 min at room temperature. Cholesterol depletion from
membranes was done by incubating the cells for 20 min at 37°C with 10 mM
methyl-B-cyclodextrin (Sigma) in PBS. Rafts coalescence was induced
using a modified procedure of Janes et al. (15). Cells were incubated at room
temperature with 4 ul mouse anti-CD3 antibodies (Sigma) for 10 min,
followed by 2 min incubation with 2 ul anti-mouse IgG antibodies (Sigma).
For colocalization experiments of PMI-COOH in rafts (see Fig. 8 D), labeled
anti-mouse IgG antibodies with Alexa 647 (Molecular Probes) were used.
All cell images were taken at room temperature.

Steady-state measurements were performed with a Perkin-Elmer Lambda
40 spectrophotometer (Wellesley, MA) for absorption spectra and with a
Spex Fluorolog 3-22 fluorimeter (Jobin Yvon-Spex Instruments, Edison, NJ)
for fluorescence spectra. Emission spectra were corrected according to
standard procedures (47). The fluorescence quantum yield was determined
using a peryleneimide, metasubstituted polyphenylene dendrimer as refer-
ence, with quantum yield ~1 in toluene (48). This compound was chosen
because of its similar structure with PMI-COOH and because of the very
good superposition of the absorption and emission spectra.

The single photon timing setup (SPT) is described in detail elsewhere
(49,50). In brief, the output of a mode-locked Ti:sapphire laser (Tsunami
3950D, Spectra Physics, Mountain View, CA) pumped by a diode-pumped
Nd:YVO, laser (Millenia Xs, Spectra Physics) was directed into a frequency
doubler to deliver the 488-nm wavelength used for excitation. A pulse picker
was used to reduce the repetition rate of the laser from 82 MHz down to 4.1
MHz. Emission light, passing through a sheet polarizer set to the magic angle
(54.7°), is focused on a monochromator (9030DS, Sciencetech, London, ON,
Canada) to obtain spectral separation and detected with a microchannel plate
(R3809U, Hamamatsu Photonics, Hamamatsu, Japan). Acquisition was done
using a TCSPC PC card (SPC 630, Becker & Hickl, Berlin, Germany). The
full width at half-maximum of the experimental instrument response func-
tion (obtained with a scattering solution) was in the order of 50 ps. Decays
were collected in 4096 channels with 10,000 counts in the maximum. SPT
data were analyzed using a program based on a Marquardt algorithm, by
convoluting the experimental instrument response function with a linear
combination of exponentially decaying functions. The fitting was evaluated
by the value of the reduced y-square parameter (maximum acceptable value
is considered to be 1.2) and also by the appearance of the residuals. The
contributions to the total fluorescence intensity of the decay times recovered
after global analysis were estimated using the relative amplitudes:

rel ;T
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i

Confocal laser scanning microscopy images were acquired with an IX70
Olympus microscope equipped with the Fluoview FV500 scanning unit
(Olympus, Tokyo, Japan). Continuous excitation at 488 nm was obtained
from an Argon-ion laser (163-C1210, Spectra Physics), and at 633 nm
wavelength from a Helium-Neon laser (model 117A, Spectra Physics). The
excitation light was directed on the sample through an oil immersion
objective lens (60X, 1.4 NA), the fluorescence being separated by a 488/
543/633 nm dichroic mirror. The fluorescence was further split in two
channels using a 630-nm dichroic mirror. PMI-COOH emission was
collected in the first channel using a 560-nm longpass filter, while the
emission from DiD-C;g was visualized through a 660-nm longpass filter in
the second channel. The pinhole size was 150 wm for PMI-COOH images
and 180 wm for the DiD images. Sequential scanning of the two wavelengths
was applied, to avoid the fluorescence leakage of PMI-COOH into the sec-
ond channel and to minimize the exposure of both dyes to unwanted ex-
citation light.

Fluorescence lifetime imaging (FLIM) was realized using a home-made
setup. The same system for excitation as for the SPT setup was used, but the
light is directed on the back aperture of an Olympus IX 70 inverted micro-
scope. An oil immersion lens (Olympus 100X; 1.3 NA) was used. Samples
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were mounted on a scanning stage (Physik Instrumente, Waldbronn, Germany)
driven by a home-made program. The images were acquired using 256 X
256 pixels, with an integration time of 10 ms per pixel. The time necessary to
acquire a FLIM image was ~11 min. Depending on the sample, the
excitation intensity was set between 850 and 6000 W/cm?® measured after the
objective lens. Fluorescence was collected by the same lens, then passed
through a dichroic mirror (Chroma Technology, Brattleboro, VT) and
focused on a 100-wm pinhole. Two or more longpass filters (500, 515, 525,
535, and 555 nm, Chroma Technology) were used to reject the remaining
excitation light and, partially, the cellular autofluorescence. The emitted
light was collected by an avalanche photodiode (APD) (SPCM-AQR14,
EG&G, Vaudreuil, Quebec, Canada). The signal detected by the APD was
recorded with a TCSPC PC card (SPC 630, Becker & Hickl) using the FIFO
mode (first-in, first-out). This allows the recording of the time interval of
each photon with respect to the excitation pulse (microtime) and also of the
time lag with respect to the previous detected photon (macrotime). The
stored data are used in a home-made program to reconstruct the fluorescence
intensity image, as well as the FLIM image. The intensity image is given by
the sum of the photons accumulated in one pixel during the acquisition time.
To reconstruct the FLIM image, the microtimes of photons belonging to a
certain pixel are averaged, and the conversion to lifetimes was done as
explained in Supplementary Material. The instrumental response function
was obtained by using a solution of erythrosine in water. The lifetime
distributions for separated plasma membranes in living cells were obtained
by importing the FLIM images as raw data in the ImageJ program (National
Institutes of Health, Bethesda, MD) and applying a mask. For the ex-
periments with two dyes (PMI-COOH and Alexa 647), two-color excitation
was used (pulsed 488 nm for PMI-COOH and continuous wave, 633 nm, for
Alexa 647), the emission being split with a 630-nm dichroic mirror. The
corresponding notch filter plus a 670/50-nm bandpass filter was used for the
Alexa 647 detector, and two bandpass filters (580/60 nm and 580/70 nm)
were used in front of the PMI-COOH detector. Leaking of PMI emission to
the Alexa 647 channel was corrected by measuring a solution containing
only PMI-COOH. The fluorescence intensity ratio between the two channels
is multiplied with the intensity image of PMI-COOH channel, and the
product is then subtracted from the intensity image obtained in the Alexa 647
channel.

Geometry optimization of molecules in the ground state (Sy) has been
performed using the semiempirical Hartree-Fock Austin Model 1 (AM1)
technique in the Ampac package (Semichem, Shawnee, KS). For the excited
state (S;), geometry optimization was done by coupling the semiempirical
Hartree-Fock Austin Model 1 (AM1) method to a full configuration inter-
action scheme within a limited active space, as implemented in the Ampac
program. ZINDO calculations applied to the optimized geometry of the S,
state (51) were used to estimate the transition dipole moments and the
transition frequencies, allowing thus the calculation of radiative lifetimes for
the vertical transition S;— Sy. Polarizabilities were determined by a sum-
over-states method over all states involved in the configuration interaction
scheme in the same program. The influence of a polarizable element in the
environment of a chromophore on the chromophore lifetime was determined
according to Vallée et al. (43).

RESULTS AND DISCUSSIONS

Photophysical properties of PMI-COOH in
organic solvents

The absorption spectrum of PMI-COOH (Fig. 2) extends in
the visible region (the commonly used 488- and 514-nm lines
can efficiently excite the dye), making it suitable for one-
photon fluorescence microscopy experiments in living cells.

The extinction coefficient for this PMI derivative is 40,000
M~' cm™" at 510 nm in diethyl ether, while the quantum
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FIGURE 2 Normalized absorption and emission spectra (the excitation wavelength was 488 nm), quantum yields, and decay times of the PMI-COOH de-
rivative in different solvents (methyl cyclohexane MCH, diethyl ether DEE, and chloroform CHCl;).

yield is 1 within the experimental error (Fig. 2). A more
detailed characterization of the photophysical properties of
the molecule in organic solvents with different polarities and
polarizabilities is presented in Supplementary Material. The
molecule is essentially nonfluorescent in water. Based on the
spectral and decay time changes observed in water and water
mixtures with organic solvents (see Supplementary Mate-
rial), we attribute the reduction of the fluorescence quantum
yield to an aggregation process of PML

The decay time of the monomer is not very sensitive to the
solvent polarity, and has a value of ~4 ns (Fig. 2 and Sup-
plementary Material). Therefore, the decay time changes that
we observe in artificial membranes are not determined only
by modifications of the bilayer hydrophobicity (i.e., polarity),
but should be related to other processes (see below).

An important property of the PMI chromophore and its
derivatives is the much higher photostability compared to the
commercially available dyes. The high photostability was
proven in single molecule studies (52).

Photophysical characteristics of PMI-COOH in
artificial membranes

Because perylene is a hydrophobic molecule used for fluidity
and lipid phase transition studies in artificial membranes
(10,53-55), we assumed that this amphiphilic PMI deriva-
tive will have the ability to be incorporated among the
phospholipids of a bilayer. This can be demonstrated if a
change in the photophysical properties of the molecule
(emission spectral maximum, emission polarization, decay
time, etc.) is observed as a function of lipid phase.

For these experiments, SUVs with different composition
were prepared. Two phospholipids were used to obtain phase
coexistence at room temperature: DOPC for the Ld phase
(the main transition temperature 7,,, = —20°C) and DPPC
(T, = 41°C) for the gel phase. Cholesterol was added to
DPPC in a range of 5-30 mol % to form the Lo phase.

PMI-COOH excitation and emission spectra

The excitation spectrum in the Ld phase shows a residual
vibrational structure (Fig. 3 A). In the gel phase, the intensity
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above 540 nm increases, while the vibrational peak at ~525 nm
is very much diminished (Fig. 3 A). Adding increasing con-
centrations of cholesterol to DPPC results in the gradual
decreasing of the intensity above 540 nm and in the reap-
pearance of vibrational peak at ~525 nm (Fig. 3 B). These
changes in the excitation spectra were considered to be an
indication for the aggregation tendency of PMI-COOH in the
gel phase SUVs at the dye/lipid ratio used (1:500). There-
fore, the modifications observed in the emission spectra and
the results obtained from time-resolved measurements (see
below) were interpreted in terms of coexistence and/or dom-
inance of monomers and/or aggregates in different phases.

In the case of pure phases, a strong bathochromic shift of
the emission maximum is observed between the Ld (570 nm)
and the gel (615 nm) phase (Fig. 3 C), supporting the strong
aggregation of the dye in the gel phase, while monomers
dominate in the fluid phase. This is probably due to the fact
that the quite bulky PMI chromophore cannot accommodate
among the rigidly organized alkyl chains in the gel phase and
tends to segregate in separate domains. In the binary mixture
of Ld and gel phases, the shift of the emission maximum to-
ward longer wavelengths is observed only when the gel phase
represents at least 75%, which can be explained by a pref-
erential partition of this dye into the fluid phase (observed
also in confocal microscopy using GUVs—see below) and
the lower fluorescence quantum yield of the aggregates (56).

Changes are more dramatic when mixing the gel phase
(DPPC) with cholesterol (Fig. 3 D). The maximum of the emis-
sion spectrum of the pure gel phase (615 nm) is blue shifted
(to 556 nm) when 30 mol % cholesterol is added, suggesting
that aggregates formed in the pure gel phase are more and more
dissociated in the presence of higher amounts of cholesterol
in the membrane. Furthermore, while in the Ld phase almost
no vibrational structure can be seen, vibrational fine structure
is again present in the presence of 30 mol % cholesterol.

PMI-COOH decay times

For all the investigated lipid phases, the PMI-COOH decay
times could not be analyzed monoexponentially. Multi-
exponential or nonexponential decays are generally reported
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FIGURE 3 Excitation (A) and emission (C) spectra of PMI-COOH in SUVs composed of Ld phase (DOPC), gel phase (DPPC), and their mixtures (25, 50,
and 75% DPPC). Excitation (B) and emission (D) spectra of PMI-COOH in SUVs composed of DPPC (gel phase) plus increasing amounts of cholesterol (0-30
mol %), which generate an increased proportion of the Lo phase. (E) Spectral changes in the emission of PMI-COOH between Ld phase (DOPC, black line) and
Lo phase (DPPC plus 30 mol % cholesterol, red line). The excitation spectra were taken by monitoring the emission at 600 nm. The emission spectra were

taken using 488 nm excitation. All spectra were recorded at room temperature.

for fluorescent probes incorporated in artificial membranes
(57) and Langmuir-Blodgett films (58,59). If an aggregation
process is taken into consideration in our case, then the
different decay times could be attributed to PMI-COOH
monomers and aggregates. Monomers were considered to

have a maximum contribution at 560 nm (according to their
spectral characteristics), which diminishes at longer wave-
lengths. Aggregates show a very modest contribution at 560
nm, which increases at wavelengths longer than 610 nm.
Given the fact that the fluorescence decay curves were
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recorded on 4096 channels, with 10,000 counts in the maxi-
mum and were analyzed by global analysis (60,61), the
errors for the estimation of the decay times and of the pre-
exponential factors are <10%, as determined from the cal-
culation of confidence intervals.

For the Ld phase, the global analysis of the decays recorded
at different emission wavelengths (Fig. 4 A) demonstrate that,
for the excitation at 488 nm, the contribution of monomers
(tm = 4.8 ns) to the emission is 82-95% (between 560 and
650 nm), while aggregates (o = 7.2 ns) represent only 2.5—
20%. A third component of ~1 ns, which contribution de-
creases and then becomes negative at long wavelengths, can
be due to a small proportion of monomers undergoing Forster
type energy transfer to the aggregates present in their close
proximity. This would suggest a nonhomogeneous distri-
bution of monomers and aggregates. Indeed, at the dye/lipid
ratio that we used, the average distance between the mono-
mers and aggregates (=160 nm) is higher than the maximum

Margineanu et al.

Forster distance (=10 nm). It is also possible that the neg-
ative contribution (which was not observed in the other phases)
is due to a fraction of aggregates undergoing dynamic reor-
ganization on the timescale of their excited state lifetime.
For the gel phase (Fig. 4 B), the monomer decay time is
comparable to that in the Ld phase (4.7 ns). Aggregates have
a longer decay time (12 ns) and a much higher contribution
(25-80% between 560 and 650 nm) compared to the Ld phase.
The short decay time (1.3 ns) can again be attributed to the
energy transfer process from monomers to aggregates. This
should be possible if we consider the segregation of the dye
molecules in separate domains, already suggested by the spec-
tral characteristics of PMI-COOH in the gel phase (see above).
The contribution of the long component decreases by reducing
the dye/lipid ratio, supporting the assignment of the long decay
time component to aggregates (see Supplementary Material).
We were also interested to determine the fluorescence
decay times of PMI-COOH incorporated into SUVs composed
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of DPPC and cholesterol due to the dramatic changes in the
emission spectra that were observed, and also because the
association between cholesterol and saturated phospholipids
triggers the formation of the particular Lo phase. When 30
mol % cholesterol is added to DPPC, there is a dominant
species contributing >90% to the decay at the emission
maximum (560 nm) and its contribution decreases at long
wavelengths (Fig. 4 C). According to the spectral character-
istics, this contribution should be attributed to a monomeric
species. The intriguing aspect is the longer decay time (7 =
6.5 ns) compared to the PMI-COOH monomers (~4 ns in
organic solvents). The long and the short decay times are
similar to those observed in pure DPPC, but their contribu-
tion is lower in the presence of cholesterol. To get more
insight, global analysis was performed for SUVs composed
of DPPC and different concentrations of cholesterol (0-30
mol %) at 560 nm (Fig. 4 D). This analysis shows a gradual
increase in the contribution of the 6.5 ns component, while
the contribution of the 4.7 ns component decreases when
more cholesterol is added. Aggregates (12 ns component) are
reduced by increasing the cholesterol concentration. These
results show that cholesterol reduces aggregation and in-
duces a particular long decay time for the PMI-COOH mono-
mer when incorporated into the phospholipid bilayer.

Possible explanation for the increased decay time of
PMI-COOH monomer in the Lo phase

As can be observed in Fig. 3 E, the emission spectrum in the
Lo phase has a more defined vibrational structure, with a
blue-shifted peak which can be attributed to the monomer
species. However, the monomer species has a longer de-
cay time (6.5 ns) compared to the L.d phase (4.8 ns). Other
fluorophores were also reported to have longer decay times
in cholesterol-containing bilayers than in pure phospholipid
bilayers (37,38,62—64). Generally, this is attributed to the
increased hydrophobicity of cholesterol-containing bilayers
compared to the fluid bilayers, which are more permeable for
the water molecules (65—67), or to an increased viscosity
(68). Very recently, two groups report a spectral shift toward
shorter wavelengths and an increase of the decay time of
styryl derivatives in the Lo phase (41,42). Since the quantum
yield of these dyes is <1 in organic solvents (69), one can
assume that the increased decay time in the Lo phase could
be due to the reduction of the nonradiative deactivation.
Indeed, the tight molecular packing in the Lo phase can
reduce nonradiative decay processes such as bond rotation in
the limit leading to cis-trans isomerization, consequently
increasing the fluorescence decay time. At the same time,
blue spectral shifts and narrower emission bands can be
observed because the surrounding molecules do not reorient
around the chromophore during the excited state lifetime. In
our case, the puzzling observation is that the decay time of
PMI-COOH measured in organic solvents remains at ~4 ns
for a quantum yield close to 1 within the experimental error,
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and therefore, the value of 6.5 ns measured for the monomer
in the Lo phase cannot be the consequence of further re-
duction of nonradiative deactivation pathways, and must be
due to an increase of the radiative lifetime.

The purely radiative lifetime 7 of a fluorescent molecule
depends on the spontaneous emission rate ', by a relation

of inverse proportionality:
1
. (1
F tot
In its turn, I'y is proportional with the square of the tran-
sition dipole moment p, of the probe molecule:

Cioe ~ (Wi [ W) )

This implies that a reduced transition dipole moment
corresponds to the increased decay time of 6.5 ns of PMI-
COOH, in comparison with the situation when the decay
time is 4.8 ns. We tentatively explain the reduction of the
transition dipole moment for PMI-COOH in the Lo phase by
applying a microscopic model elaborated in our group for
chromophores embedded in polymer matrices, seen as
inhomogeneous lattices of polarizable elements (polymer
chain segments) and voids (free volume) (43). The model is
based on the local field effect exerted by the surrounding
elements on the investigated probe. Essentially, the transition
dipole moment u, of a dye (e.g., PMI-COOH) generates an
electric field which induces an opposite dipole wi,q in the
polarizable neighboring molecules (Fig. 5 A), if the neigh-
boring molecules are favorably aligned during the excited
state lifetime. This results in a reduced transition dipole
moment (o = s — Mind) and, consequently, to an increased
decay time of the dye (Egs. 1 and 2). (For more details about
this model, see (43).) Our calculations show that when an
element with the polarizability of cholesterol is placed
transversally at 4-5 A close to PMI-COOH, its effect is to
increase the fluorophore decay time by /1.3 times, which is
in agreement with the ratio of the experimental values (Fig.
5, A and C). The presence of cholesterol favorably aligned
at an optimal distance can be explained by the tight packing
of the molecules in the Lo phase and by the possibility of
hydrogen bonding between the —OH group of cholesterol
and the -COOH group of the dye. The rest of the chro-
mophore, being more hydrophobic, should sit between the
fatty alkyl chains, probably parallel with the sterol ring.
Furthermore, the calculated length of the dye molecule is
20 A, very similar to the length of cholesterol (18 A). Due to
the comparable lengths and amphiphilic structures, it seems
thus very probable that the PMI-COOH molecule will adopt
a similar localization as cholesterol inside the bilayer
(67,70). When considering an element with the polarizability
of a phospholipid molecule in the vicinity of PMI-COOH in
the Ld phase, its radiative lifetime should be comparable
with the one in the Lo phase, which is in contradiction with
the experimental results. This means that we have to take into
consideration the less tight packing in the Ld phase, which
generates a high proportion of free volume (~40% as

T~
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FIGURE 5 Schematic representation of DPPC mono-

H § = J'J“ind
i Mo

layers with PMI-COOH molecules. (A) The electrical field
generated by the transition-induced dipole moment of the
dye (i, green arrow) determines an induced dipole
moment in the polarizable molecule placed in its vicinity
(Hings blue arrow). The resulting transition dipole moment
of the dye (i, red arrow) is the sum of the two vectors
and has smaller amplitude. (B) Lo phase. Due to the tight
packing of molecules in this phase, a cholesterol molecule

(representing the polarizable element) was placed near a
PMI-COOH molecule. (C) The calculated decay time
variation when cholesterol is placed near PMI-COOH, as a
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function of distance. The line is drawn at a distance of ~4
A between the centers of the molecules; smaller values are
less probable due to steric effects. At a distance of 5 A from
PMI-COOH, the cholesterol molecule produces an in-
crease in the dye lifetime of ~1.3 times, comparable with
the experimental value. (D) Ld phase. Because of the less
tight packing of the molecules in this phase and of the
presence of a high proportion of free volume (~40% as
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demonstrated in molecular dynamics simulation studies (67)).
One has also to take into account the fact that a hydrogen
bond between DOPC and PMI-COO™ (dissociated at pH 7.4,
which is the pH of the buffer used to prepare the SUVs) cannot
take place in the Ld phase. The reason is that neither the phos-
phate (dissociated at pH 7.4), nor the choline forming the
phospholipid headgroups can provide the necessary proton.
To simulate the free volume in the Ld phase, a void was
placed near the PMI-COOH molecule (Fig. 5 D), which does
not influence the decay time. In the gel phase (pure DPPC),
the proportion of the free volume is reduced, but the bulky
PMI-COOH molecule cannot insert favorable between the
highly ordered alkyl chains. This results in the aggregation of
the probe, while the few monomers present either will dis-
rupt the packing (thus creating locally an environment with a
high proportion of free volume), or will prefer a region where
defects already exist. This can explain why the same mono-
mer decay time is detected in both neat DOPC and DPPC.

The local field effect described here can be observed for
dyes with quantum yield of 1 (as PMI-COOH). For other
dyes with quantum yield <1 embedded in the Lo phase, it
would be difficult to discriminate between the contribution
of this general effect and that of other effects reducing the
nonradiative decay pathways (e.g., by tight molecular pack-
ing and increased microviscosity).

PMI-COOH distribution in different lipid phases

Because we are dealing with a new membrane probe, we
investigated in a first step the distribution of PMI-COOH in
different lipid phases using confocal laser scanning micros-
copy. GUVs were prepared from different lipid mixtures.
The DiD-C,g fluorophore, which, according to literature, tend
to partition preferentially (approximately three times more)
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demonstrated in molecular dynamics simulation studies
(67)), a void is placed near the dye. This does not influence
the decay time of PMI-COOH.

in the gel phase due to the presence of the very long and
saturated alkyl chains (71,12), was simultaneously used with
PMI-COOH to discriminate between the lipid phases.

In the Ld phase, the two fluorophores have a uniform
distribution in the GUVs membranes (data not shown). How-
ever, in a binary mixture (DOPC and DPPC) showing gel/Ld
phase separation, we can visualize regions where the PMI
derivative tends to accumulate (Fig. 6 A). Given the tendency
of DiD-C;g to accumulate in the gel phase, it can be con-
cluded that PMI-COOH prefers the Ld phase. This is in agree-
ment with the spectroscopic data, which show modifications
of the emission maximum only when >75% DPPC is mixed
with DOPC. For those vesicles where the phase separation is
not visible, the presence of domains with a size below the
resolution of the optical microscope cannot be excluded.

For the Lo phase (Fig. 6 B), differences in the partition of
the two dyes are observed among the formed vesicles: some
vesicles contain high concentration of both dyes, while others
accumulate preferentially DiD-C,g. This probably reflects
the heterogeneous composition of GUVs when two or more
lipids are used.

In GUVs composed of a ternary mixture showing Lo/Ld
phase separation, there are regions where both DiD-C;g and
PMI-COOH are concentrated (Fig. 6 C, white arrow), and
other regions where mainly PMI-COOH is present (Fig. 6 C,
yellow arrow). Analysis of the PMI-COOH intensity profiles
along the membranes of the vesicles shows that the accu-
mulation of the dye is 4.4 *= 1.3 times higher in one phase
than in the other (estimation done on 15 vesicles). Because of
the saturated alkyl chains, one would expect that DiD-C,g
partitions together with DPPC in the Lo phase, leading to the
conclusion that PMI-COOH also partitions more into the Lo
than into the Ld phase. However, diffusion coefficients
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values obtained by fluorescence correlation spectroscopy
(12) demonstrate that in the case of Lo/Ld phase separation,
DiD-C;g tends to partition into the fluid phase (together with
DOPC, not with DPPC). The situation is in contrast with the
two components lipid mixture. This result is confirmed by
our FLIM images showing a shorter decay time in the region
where PMI-COOH accumulates preferentially, compared to
the region where PMI tends to be excluded (see below).

To see if it is possible to obtain information about how the
domains are distributed over the surface of GUVs in three
dimensions, z scans were performed (Fig. 6 D). As the tran-
sition dipole moment of the molecule on the top of the
vesicles is perpendicular to the polarization direction of the

2885

FIGURE 6 Confocal microscopy im-
ages representing PMI-COOH distribu-
tion (green), DiD-C;g distribution (red)
and their superposition in GUVs. (A)
Ld/gel phase mixture (DPPC/DOPC
0.60:0.40 molar ratio); white arrows
indicate regions where PMI-COOH is
preferentially accumulated (fluid phase)
and yellow arrows point to regions
where DiD-C,g is in higher concentra-
tion (gel phase); (B) Lo phase (DPPC/
Cholesterol 0.70:0.30 molar ratio); (C)
Lo/Ld phase separation (DPPC/DOPC/
Cholesterol 0.56:0.24:0.20 molar ratio).
The white arrow indicates a region
where both PMI-COOH and DiD-Cg
are concentrated; the yellow arrow points
to aregion where mainly PMI-COOH is
distributed. (D) Three-dimensional im-
age of two GUVs showing Lo/Ld phase
separation. The same lipid composition
as in panel C was used.

laser, the excitation of the dye should be less efficient (72).
The z stacks in Fig. 6 D demonstrate that domains in which
PMI preferentially accumulates could still be imaged, while
the reduced intensity of the top part can be attributed to the
reduced excitation efficiency.

Identification of lipid phases by fluorescence
lifetime imaging (FLIM)

Even though the decays recorded in SUVs were not mono-
exponential, there is a dominant species in the Ld and in the
Lo phase, corresponding to the monomer, whereas the other
decay times have smaller weighted contributions. The very
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high sensitivity of the detection system used in this case
(APD) allowed the labeling of GUVs with a much lower ratio
dye/lipid (1 PMI-COOH for ~125,000 lipid molecules) as com-
pared to the ratio used for SPT measurements (1:500), thus
reducing the possibility of the dye aggregation (see Supple-
mentary Material). In these conditions, the long decay time
due to aggregates and the short component due to energy
transfer between monomers and aggregates can no longer be
separated in the FLIM image, and only the dominant com-
ponent given by the decay time of monomers will determine
the contrast on the FLIM micrographs. Furthermore, the num-
ber of photons accumulated in one pixel during the acqui-
sition time is much lower in this case than in the SPT
measurements, making impossible to discriminate two or more
decay times especially when they have small contributions
(see Supplementary Material). Fig. 7, A and B, shows lifetime
images of PMI-COOH-labeled GUVs composed of Ld and
Lo phase using the same scale bar (3—6 ns). The lowest value
of the decay times is observed for the Ld phase, and the
highest value for the Lo phase. The distribution of the decay
times obtained in each image is presented in Fig. 7 D. Each
distribution was fitted using one Gaussian function, giving a
maximum of 4.4 ns for the Ld phase (red curve) and of 6.4 ns
for the Lo phase (blue curve). Fig. 7 C shows a FLIM image
of a GUV with Lo/Ld phase separation labeled with PML
The corresponding distribution of the decay times (green
curve in Fig. 7 D), which is clearly bimodal, was fitted using
two Gaussian functions, centered at ~4.4 and 6.0 ns, com-
parable with the pure phases.

O
—
w
o
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Analysis of Fig. 7, C and D, demonstrate that in the region
with preferential partitioning, PMI-COOH decay times cor-
respond to the Ld phase; but in the region that tends to
exclude PMI-COOH (corresponding to the Lo phase), the
decay time is increased.

At this point, we can conclude that identification of lipid
domains in artificial membranes using FLIM imaging of
PMI-COOH is possible. An advantage of this method is that
even though the molecule does not equally partition in all
lipid phases, domains can be identified because the decay
time is not dependent on the concentration if no significant
aggregation is present.

Identification of lipid rafts in living cells
using PMI-COOH

A final validation of the PMI derivative as a probe for
membrane rafts should come from experiments in living
cells. Fig. 8 A shows a normal Jurkat cell labeled with 4 nM
PMI-COOH for 2 min. The fluorescence is distributed both
in the plasma and in the intracellular membranes. The FLIM
image is represented on the same scale bar as for the GUVs,
and thus the decay times of the probe located in the plasma
membrane correspond to the Lo phase in artificial bilayers,
while the decay times of the PMI-COOH molecules inside
the intracellular membranes is similar to the Ld phase. The
distribution of the decay times is represented by the blue line
in Fig. 8 E, which was fitted using two Gaussian functions.
The maxima are at 4.4 and 5.0 ns, with the higher value

FIGURE 7 Fluorescence intensity
(gray) and fluorescence lifetime images
(color) obtained for PMI-COOH in

-
o
o

50 |

N GUVs composed of different lipid phases:
c A (A) Ld phase (DOPC); (B) Lo phase
5 (DPPC plus 30 mol % cholesterol); (C)
Lo/Ld phase separation (DPPC/DOPC/
Cholesterol 0.56:0.24:0.20 molar ratio).
The images were recorded using 488-nm
excitation and the emission was col-
lected with a 525-nm longpass filter.
All FLIM images are represented using

3 4 5 6 7 8
Decay time (ns)

the same scale bar, from 3 to 6 ns. (D)
Distribution of the decay times deter-
mined for each phase: Ld phase, red; Lo
phase, blue; Lo/Ld mixture, green.
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FIGURE 8 Fluorescence intensity (gray) and fluorescence lifetime images (color) obtained for PMI-COOH in: (A) normal Jurkat cell; (B) Jurkat cell after
cholesterol extraction using methyl-B-cyclodextrin. (C) Jurkat cell stimulated by cross-linking membrane CD3 receptors using specific antibodies; the yellow
arrow points toward a region where the PMI-COOH lifetime is different from the rest of the membrane, which can be due to the formation of a big lipid raft. The
yellow rectangle indicates the area that is magnified in the fourth panel of C. The third panel of C is the distribution of the decay time values only from the plasma
membrane, obtained by applying a mask to the whole cell image. (D) Experiment with two dyes on a stimulated Jurkat cell. (First panel) Fluorescence intensity
image of the distribution of anti-IgG mouse antibodies labeled with Alexa 647 used to cross-link the anti-CD3 antibodies and to induce raft formation. (Second
panel) Fluorescence lifetime image of PMI-COOH. (Third panel) Superposition of both channels. (Fourth panel) Enlarged picture of the area delineated by the
yellow rectangle in the third panel of D. The PMI-COOH images were recorded using pulsed 488-nm excitation and the emission was collected with a 555-nm
longpass filter (for one-dye experiments) or with a 580/60-nm bandpass filter (for two-dye experiments). All FLIM images are represented using the same scale bar,
from 3 to 6 ns. Alexa 647 was excited with a continuous wave 633-nm laser and the emission was collected using a 670/50-nm bandpass filter. (£) Distribution of
PMI-COOH decay times for images A—C: normal cell (blue); cell after cholesterol extraction (red); and stimulated cell, (green). (F) Average distributions of PMI-
COOH decay times for plasma membranes of seven cells in each category: normal cells (blue), cells after cholesterol depletion (red), and stimulated cells (green).
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corresponding to the probe located in the plasma membrane.
Considering the SPT data and the FLIM measurements on
artificial bilayers, we explain the longer decay time of the
probe located in the plasma membrane by its higher cho-
lesterol content (>>30 mol %) compared to the intracellular
membranes (5—10 mol %) (73), and to the presence of a
higher amount of sphingomyelin, which can pack favorably
with cholesterol to form lipid rafts. To strengthen this hy-
pothesis, cholesterol was depleted from cells using methyl-
B-cyclodextrin. Indeed, this treatment results in a decreased
decay time measured for PMI-COOH in both the plasma and
the intracellular membranes (Fig. 8 B). The decay time
distribution (Fig. 8 E, red line) can now be fitted with one
Gaussian function centered on 3.9 ns. We notice that in this
case not only the decay time distribution is shifted toward
lower values compared to the normal cell, but the second
peak of the distribution situated at longer values is not
present anymore. In a third set of experiments, rafts on
micrometer-scale were induced by cross-linking the T cell
receptors using specific antibodies. The yellow arrow in Fig.
8 C is pointing toward an area with a different decay time
compared to the rest of the membrane, most probably a lipid
raft. To demonstrate that these regions are indeed lipid rafts,
the stimulated Jurkat cells were simultaneously labeled with
PMI-COOH and Alexa 647 anti-mouse IgG secondary
antibodies against the primary anti-CD3 antibodies, in a two-
color excitation experiment. The first panel in Fig. 8 D shows
the distribution of Alexa 647 antibodies (fluorescence inten-
sity image), and the second panel represents the FLIM image
of PMI-COOH. After the superposition of the two channels,
one can observe that most of the membrane regions showing
a change of the PMI-COOH decay time (blue-green) cor-
responds to regions where the labeled antibodies accumulate
(red), demonstrating that these are indeed the lipid rafts.
Because the formation of lipid rafts involves changes on
the plasma membrane, average distributions of PMI-COOH
decay times in several cells were constructed only for these
structures (Fig. 8 F and Table 1). Although the distribution
obtained for the stimulated cells is not bimodal (green), the
curve is shifted compared to the normal cells (b/ue), show-
ing that the formation of lipid rafts influences the decay
time of the probe. A clear difference is observed between
the distribution of the decay times from the normal mem-
branes and the plasma membrane from cholesterol-depleted
cells (red). These first experiments open perspectives for
more in-depth studies about the possibility of visualization of
lipid rafts in living cells with the PMI-COOH chromophore.

TABLE 1 Average values of the PMI-COOH decay times in the
plasma membrane of Jurkat cells (seven cells were included in
each category)

Average decay time

Normal Jurkat cells 54 = 0.1 ns
Stimulated Jurkat cells 5.1 =£02ns
Cholesterol-depleted Jurkat cells 43 £02ns
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Most of the methods employed to study the formation of
lipid rafts are based on the preferential accumulation of a
molecule (fluorescently-labeled phospholipids, cholesterol,
cholera toxin, or membrane proteins) in domains that are
visible on the intensity image. A second group of techniques
is based on spectral changes of a dye that can partition in dif-
ferent domains, as shown for laurdan and di-4-ANEPPDHQ
(41,74,75). More recently, FLIM was proposed as an alter-
native to image lipid rafts (42). Because PMI-COOH, laurdan,
and di-4-ANEPPDHQ are fluorescent probes that are in-
serted into the membrane, providing direct information about
the lipid phase, we deem it useful to compare their photo-
physical properties and the microscopy methods that can be
applied for the study of membrane rafts (Table 2). PMI-
COOH and di-4-ANEPPDHQ absorb in the visible region
and have the advantage of using single photon excitation,
avoiding the need of a femtosecond pulsed laser for two-
photon excitation. However, a picosecond pulsed laser must
be used to image the lipid rafts by the FLIM method using
these two dyes. Laurdan and di-4-ANEPPDHQ display spec-
tral changes, and the ratio image obtained by recording their
fluorescence emission on two channels can partially solve
the problems related to photobleaching. In-focus photo-
bleaching is more important in the case of laurdan due to the
high power used for two-photon excitation (although the out-
of-focus photodestruction is reduced). A disadvantage of the
method could be the important superposition of the dyes
spectra in the two phases (42). From the data accumulated up
to now, the three probes compared here can all provide
information about the physical state of lipids in artificial
bilayers, to differentiate between the plasma and the intra-
cellular membranes, to identify changes in the stimulated
cells, and to monitor the cholesterol depletion. The fact that
in these first experiments we did not detect heterogeneities
on the plasma membranes of resting cells as shown for
laurdan and di-4-ANEPPDHQ (41,42,74,75) can be related
not only to the dye, but also to the type of cells that were
used. The advantages of the newly proposed PMI derivative
rely on its higher extinction coefficient, its high quantum
yield, and its excellent stability to photobleaching compared
to other chromophores.

CONCLUSIONS

We report in this article about the possibility of visualizing
the segregation between Ld and Lo phases in artificial
bilayers based on the different decay times in the two phases
of a new perylene imide based membrane probe. The po-
tential of the dye for the identification of membrane rafts in
living cells is demonstrated. Although in our setup following
the dynamics of lipid rafts formation is limited by the relative
long acquisition time, a higher temporal resolution of the
process could be obtained by using PMI-COOH in a wide-
field microscope with time-gated detection relative to the
laser pulse (77).
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TABLE 2 Comparison of the photophysical characteristics, microscopy techniques, and information obtained with three

membrane probes for lipid rafts (according to (41,42,74-76))

Laurdan di-4-ANEPPDHQ PMI-COOH
Absorption wavelength: 364 nm. 488 nm. 488 nm.
Emission wavelength: 440 nm (gel)/490 nm (Ld). 468 nm (Lo0)/635 nm (Ld). 560 nm.
Extinction coefficient: 20,000. 36,000. 40,000.

Quantum yield: 1 (ethanol).

Photostability: Poor.

Mechanism: Solvatochromism
(solvent polarity/
dielectric constant).

Microscopy technique: Spectral changes of

fluorescence intensity;
two-photon excitation,

femtosecond-pulsed laser.

Information about Ld and Lo Yes.
domains in GUVs:

Information about plasma and Yes.
intracellular membranes:

Information about lipid rafts in the Mouse fibroblasts.

plasma membrane: THP-1 cells.
RAW264.7 cells.
Sensitivity to cholesterol depletion: Yes.

~0.2, increasing to ~0.7
for styryl dye derivatives in
solvents with high
viscosity (69).

1 (diethylether).

Good. Excellent.
Solvatochromism/ Polarizability.
electrochromism (dipole
potential inside the lipid
bilayer).
1. Spectral changes of Fluorescence

fluorescence intensity;
continuous-wave laser.

2. Second harmonic
generation; two-photon
excitation, femtosecond-
pulsed laser.

3. Fluorescence lifetime
imaging; picosecond-
pulsed laser.

Yes. Yes.

lifetime imaging;
picosecond-pulsed laser.

Yes. Yes.

il el ol
=
)
w

. Neutrophils. Stimulated Jurkat cells.

(98]

. HEK293 cells.
Yes. Yes.
Yes.

LY =

The photostability of the PMI chromophore opens the
possibility to study the exchange dynamics between Lo and
Ld phases at the single molecule level using multiparametric
detection, in which information about fluctuations in the
chromophore lifetime, polarization, and diffusion properties
can be combined.

Another direction opened by this study is to get a better
understanding of the mechanisms responsible for the lifetime
modification of the dyes embedded in the Lo phase. We
proposed a possible general mechanism based on the local
field effect of the nanoenvironment surrounding the dyes to
explain their increased decay time in the Lo phase. This
phenomenon can add to other mechanisms changing the
decay time, for example suppression of the nonradiative
decay pathways in the Lo phase. By understanding in depth
these mechanisms, new dyes showing more important decay
time change between Ld and Lo phase and less perturbing
for the bilayer can be designed in future.

SUPPLEMENTARY MATERIAL

To view all of the supplemental files associated with this
article, visit www.biophysj.org.
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