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ABSTRACT

The basic matrix of cellular membranes consists of a double layer (bilayer) of phospholipids.
Semisynthetic lipid bilayers are commonly used in biophysical studies of membranes. According to tem-
perature and composition, lipid bilayers can exist in liquid-crystalline (or liquid-disordered), liquid-
ordered, rippled, and gel phases. In the present study, the hydrophobic, solvatochromic molecule Nile
red has been used as a fluorescent probe to examine the physical state of bilayers of different composi-
tions in the 15-60 °C range. Phospholipids with saturated or unsaturated acyl chains, in the presence or
absence of cholesterol have been studied. Nile red shows absorption maxima at 520-550 nm and emis-
sion maxima at 580-640 nm, single photon excitation not being damaging to the system. A red/orange
intensity ratio (ROIR) index has been used to normalize the results. ROIR varies clearly and reproducibly
with the lipid phase, increasing in the order: liquid-ordered < gel < rippled < liquid-crystalline. It
increases with temperature and decreases with cholesterol contents in the bilayers. Nile red allows an
unusually clear observation of the rippled-to-liquid crystalline phase transition in saturated phospho-
lipids. FLIM studies with Nile red also show differences between lamellar phases. Rotational relaxation
times have been determined for Nile red in liquid-disordered (0.72 + 0.010 ns), gel (1.16 + 0.070 ns),
and liquid-ordered (1.79 + 0.14 ns) phases, the large value of the liquid-ordered phase being an indication

of the sterol hindering probe tumbling in the hydrophobic matrix.
© 2022 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND

license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

The basic matrix on which cell membranes are built is a double
layer, or bilayer, of lipids, usually glycerophospholipids in mam-
mals [1,2]. The biophysical study of lipid bilayers has been enor-
mously useful in wunderstanding many properties of cell
membranes [3]. When dispersed in water, phospholipids become
organized in a number of mesophases, of which the lamellar phase
is the most commonly found, and the one that reproduces most
accurately the disposition of lipids in biomembranes [4,5]. Among
glycerophospholipids, phosphatidylcholines (PC) appear most fre-
quently in the cell membranes [6]. PC containing saturated fatty-
acyl chains, when dispersed in water, can dopt different lamellar
phases, depending on the composition and physical conditions
(pressure, temperature) [4], among others: (i) the L, (or Ly) is the
liquid-crystalline, or liquid-disordered, phase, supposed to pre-
dominate in cell membranes, (ii) the Ls (or gel) phase occurs at a
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lower T than Ly, and in it the molecular motions of lipids are highly
restricted, (iii) the P, or rippled phase, occurs in a narrow temper-
ature range, intermediate between the gel and fluid phases, (iv)
finally the L,, or liquid-ordered phase, is found only when the
bilayers contain, in addition to saturated phospholipids, a high pro-
portion of cholesterol, or similar sterols [7]. Sphingomyelin (SM) is
a sphingolipid containing phosphorylcholine, i.e. the same polar
group as PC. SM in aqueous media exists mostly in either the L
or the Py phases [8]. At variance with the saturated PC, the Py
phase of SM may predominate along a wide range of temperatures
[8]. The Lg-to-L, thermotropic phase transition, or, when a Py
phase exists, the Py -to- L, phase transition is often called the
‘main transition’, while the Lg-to- Py phase transition is called
the ‘pre-transition’.

The structure of the different lipid phases was unraveled with
the use of X-ray scattering [4]. Thermotropic phase transitions
(e.g. Lg to Py, or Py to Ly) were described using differential scanning
calorimetry [9]. Fluorescence spectroscopy has found extensive
application in the study of lipid phases. In this technique, the sam-
ples are doped with suitable fluorescent probes. To mention but a
few examples, depolarization of diphenylhexatriene fluorescence
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in the bilayer provides information on the phospholipid molecular
order, thus it is commonly used in the detection of gel-fluid tran-
sitions [10]. Laurdan “generalized polarization” is also used in
the detection of thermotropic transitions, two-photon excitation
of this probe avoids the use of high-energy radiation that could
damage the sample [11]. More recently, Niko et al. [12,13] have
developed some push-pull pyrene derivatives, mainly PA and PK,
whose photophysical properties are superior to those of Laurdan.
PA and PK exhibit red-shifted absorption compatible with common
diode laser (405 nm) excitation, bright fluorescence with large
Stokes shift, and high photostability. Owing to its high sensitivity
to environment polarity and hydration, the PA probe allowed the
study of coexisting L, and Ly phases in giant unilamellar vesicles
(GUV) and demonstrated the difference in molecular order
between plasma and cytoplasmic membranes in cells [13]. A recent
contribution from this laboratory [14] expanded the previous data
including parallel studies of PA and PK with GUV microscopy and
multilamellar vesicle (MLV) spectroscopy, applying the Red/Blue
Intensity Ratio (RBIR) as a general parameter for comparison, and
calculating the appropriate microscopy-spectroscopy conversion
coefficients,

Nile red (9-(diethylamino)-5H-benzo[a]phenoxazin-5-one), a
fluorescent hydrophobic probe (Chart 1), was first used for the
detection of neutral lipid deposits in tissue sections by Fowler
and Greenspan [15-17]. It has since found a wide range of applica-
tions in cell biology, fluorescence microscopy and fluorescence
spectroscopy [18,19], and, more recently, in the analysis of
microplastics [20]. Nile red is also a source of solvatochromic
derivatives that are increasingly applied to cell fluorescence micro-
scopy [21,22]. The use of Nile red in the study of lipid bilayers has
been, at best, limited. In the present contribution, we show the use
of Nile red as a fluorescent probe in the study of phases and phase
transitions in liquid and gel lipid bilayers. Nile red happens to be a
useful reporter on the bilayer state, with which excitation can be
used without noticeable photolytic effects [23].

2. Results
2.1. Fluorescence emission spectra of Nile red in lipid bilayers

The fluorescence emission spectra of Nile red (Fig. 1) were
recorded in multilamellar vesicles composed of either DOPC, SM:
Chol (70:30 mol ratio), or pure SM, at 0.4 mol% dye. These three
compositions exist, in aqueous medium and at room temperature,
in three different lamellar phases, respectively the liquid-
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Fig. 1. Emission spectra of Nile Red. In DOPC (L, phase), continuous line; in egg
SM (Lg phase), dotted line; in SM:Chol (70:30) (L, phase), dashed line. Spectra
retrieved at 23 °C.

disordered (Lg), liquid-ordered (L,) and gel phase (Lg). The maxi-
mum wavelengths of emission (L) differ with the bilayer phase,
decreasing in the order Lq > Lg>>L,. Wavelength data are summa-
rized in Table 1, together with the corresponding emission -
absorption spectral shifts, or Stokes shifts (Av, in cm™!). Av is a
measure of the change in environmental polarity of the probe, thus
Nile red appears to be in an environment whose polarity decreases
in the order Ly > Lg > L,. Note that the origin of the Nile red
polarity-sensitive properties is ascribed to an intra-molecular elec-
tron transfer (ICT) process responsible for creating a charge trans-
fer state, favorably stabilized in highly polar environments
(Chart 1B) [24]. The emission energy from this state decreases
when increasing the polarity, which would explain the redshift of
the emission maximum in more polar environments.

Further spectral data analysis was performed as in Sot et al.
[14], using the ratiometric response of the dye, i.e. calculating
the integral intensity ratio of red/orange regions of the emission
band (573-613 nm/650-800 nm) (Fig. 1). The red/orange intensity
ratio (ROIR) values of Nile red emission for a variety of bilayer com-
positions, some of them in Fig. 1, are shown in Fig. 2. The data in
Fig. 2 include four couples of lipid compositions, one pure phos-
pholipid and one phospholipid/Chol (70:30 mol ratio) mixture in
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Chart 1. (A) Chemical structure of Nile Red showing the intramolecular charge-transfer (ICT) process from the electron donor diethylamino group towards the electron
withdrawing aromatic system (into the carbonyl group). (B) Energy level diagram with emission from both, locally excited (LE) and intramolecular charge-transfer (ICT)
states. The stabilization of the charge-transfer state is directly proportional to the polarity of the environment.

2



Jestis Sot, L. Gartzia-Rivero, ]. Baiiuelos et al.

Journal of Molecular Liquids 363 (2022) 119874

Table 1
Nile red spectral parameters. Effect of the different lipid phases. Measurements at 23 °C.
Sample (cm™') Phase Aabs (£1nm) Aem (£1nmM) AV
DOPC Lo 549 638 2547 £ 6
Egg SM:chol. (1:1) Lo 523 592 2177 6
Egg SM Lg 544 630 2511+6
2.0 Ratio X:Ch
2.0
] 1 Without Chol 18 ® SM:Chol
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Fig. 2. Red/Orange Intensity Ratio (ROIR) of Nile Red fluorescence emission in
lipid bilayers of vrious compositions. Gray bars: pure phospholipids; red bars:
phospholipids + 30 mol% cholesterol.

each case. 30 mol% Chol is considered enough to generate a homo-
geneous L, phase, at least with DPPC or SM [7,25].

The highest ROIR corresponded to Ly phases, DOPC > POPC
(Fig. 2). Conversely, the lowest ROIR was associated to bilayers in
the L, phase, e.g. SM:Chol (70:30), or DPPC:Chol (70:30). On aver-
age, 30 mol% Chol decreased ROIR by 50.7 %. Bilayers in the Ly gel
phase, such as SM or DPPC gave lower ROIR values than those in
the Ly phase (Fig. 2). In view of the results showing that the probe
is sensitive to membrane order/rigidity, and in particular to the
presence of L, phases, Nile red could be used to distinguish
between the three main types of lamellar phases.

The effect of Chol on Nile red ROIR was studied in more detail,
examining phospholipid bilayer samples in which Chol concentra-
tion was varied between 0 and 50-66 mol% (Fig. 3). The maximum
Chol concentration was limited by the solubility of the sterol in the
corresponding phospholipid [26]. In all samples ROIR decreased
monotonically with Chol concentration. In bilayers formed by
DPPC or SM, essentially saturated phospholipids that are known
to give rise to L, phases in the presence of sterols [7,27,28], ROIR
decreased rapidly for Chol concentrations in the 0-10 mol% inter-
val, then kept a constant value at > 20 mol%. With POPC mixtures
the decrease exhibited a lower slope, and ROIR remained stable
only at > 50 mol% Chol. Finally, in the case of the more unsaturated
DOPC, not known to give rise to L, phases with Chol, ROIR
decreases linearly with Chol concentration between at least O
and 60 mol%. Thus L, phases can be characterized with Nile red
by a ROIR < 0.5.

Nile red ROIR was then examined as a function of temperature
(Fig. 4). This is relevant, among other reasons, because saturated

Fig. 3. Dose-dependent decrease of Nile red ROIR in phospholipid:cholesterol
mixtures with increasing cholesterol concentrations. Average values = S.D.
(n = 3). The error bars are often smaller than the symbols.

phospholipids are known to undergo thermotropic phase transi-
tions from gel (Lg) to fluid (Lg), or, in some cases, from rippled
(Pg) to fluid. Four kinds of lipid compositions were tested: (a) pure
phospholipids like DOPC or POPC, that remain in the Ly phase
throughout the T interval in our study (15-60 °C), (b) DPPC, that
exhibits two thermotropic transitions, from Lg to Pg near 30 °C,
and from Pg to Ly at about 41 °C, (c) egg SM, with a single ther-
motropic transition from Py to Lyg at about 40 °C, and (d) the
equimolar mixtures DPPC:Chol and egg SM:Chol, that remain in
the L, phase at least between 15 and 60 °C [3]. DOPC and POPC
remain along the tested T interval in the 1.5-2 region of ROIR.
The equimolar phospholipid:Chol mixtures give rise to ROIR values
near or below 0.5, indicating L, phase behavior at all temperatures.

The comparative behavior of DPPC and egg SM is more interest-
ing (Fig. 4B), because in DPPC bilayers Nile red ROIR marks clearly
the gel (Lg) to rippled (Pg) phase transition near 30 °C, as an
increase from ~0.65 to ~0.85, then the Py to L4 transition as an
abrupt change in slope near 40 °C. Correspondingly, in egg SM
membranes, the rippled Py to fluid Ly transition is equally indi-
cated by a change in slope at ~40 °C. This may be relevant to the
use of Nile red because, to the authors’ knowledge, no other fluo-
rescent procedure can detect the Py to Ly transition with such a
simple instrument (single-photon, standard spectrofluorometer),
and a very straightforward data treatment.

2.2. Nile red in FLIM studies

Nile red sensitivity to lipid bilayer phases suggested that it
could also be useful in fluorescence lifetime imaging microscopy
(FLIM). This was confirmed in experiments as shown in Fig. 5.
Giant unilamellar vesicles (GUV) were prepared by an electrofor-
mation procedure and examined under a two photon excitation
fluorescence microscope. GUV of the compositions described in
Fig. 4A were studied. FLIM images of the various GUV preparations
are shown in Fig. 5A-F, together with the corresponding his-
tograms of lifetimes (tau), and average tau + SD. Average tau values
are comparatively shown in Fig. 5G, as a bar graph. They are lowest



Jestis Sot, L. Gartzia-Rivero, J. Baiiuelos et al.

2.0
[;OP;; x E X5 x5 4 A
1.5 4 s a ° ° ¢ =
POPC . =
o
a
o
O 1.0 1
o
0.5 - g 0 &
DPPC:Chol (1:1) n O o =
g 3 o= o8 =
eggSM:Chol (1:1)
0.0 r . : . ;
10 20 30 40 50 60 70
temperature (°C)
1.3 B
o
1.2 - N
1.1 4 eggSM : < T
1.0 - 3 3 i : gf
o ¥
G 0.9 1 Tel
74 ﬁz"zx§
0.8 -
DPPC 3
0.7 - { }
0.6 - } }
0.5 : : . : :

10 20 30 40 50 60 70
temperature (°C)

Fig. 4. Temperature effects on Nile red ROIR. (A) Bilayers composed of DOPC,
POPC, DPPC:Chol (1:1), eggSM:Chol (1:1). (B) Data obtained with eggSM, DPPC.
Average values + S.D. (n = 3). The error bars are often smaller than the symbols.

(around 3 ns) for the fluid bilayers, highest (around 5 ns) for those
in the L, state, and intermediate for the L; gel phase, thus again
Nile red exhibits its capacity to report on the physical state of lipid
bilayers. Note that, for the Ly gel bilayers, a heterogeneity is clearly
detected in the GUV, with yellow and red regions. Such hetero-
geneity is reflected in a wide range of tau values, in turn leading
to higher SD values for these gel bilayer preparations. This might
be reflecting that, under the conditions of the experiment, part of
the lipids are undergoing a thermotropic gel-fluid transition. Both
DPPC and eSM have calorimetric transitions centered around 40 °C
(see above), thus at the room T at which the FLIM measurements
are performed the respective systems should be well below the
transition T. However, the possibilities that laser illumination
causes local heating in the sample holder, or even that the thermal
behavior of GUV in an essentially 2-dimensional medium is differ-
ent from that of MLV in suspension (as used in the calorimetric
experiments), cannot be excluded. Thus, Nile red FLIM offers the
advantage, over the standard fluorescence measurements in cuv-
ettes, to reveal microheterogeneities in the membranes under
study.

2.3. Nile red fluorescence relaxation times in lipid bilayers

Fluorescence signal of a chromophore is a powerful tool to
explore the polarity and dynamics of its environment. In this sense,
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time-dependent fluorescent shift (TDFS) measurements enable
monitoring the mobility and transversal gradients of hydration in
lipid bilayers. Upon excitation of a fluorophore, its dipolar moment
changes ultra-rapidly and the solvation shell must respond to it
immediately. The subsequent dipolar relaxation process is more
difficult when probe motion is hindered. Thus, the average relax-
ation time (t,) is directly related to the viscosity of the probe envi-
ronment (i.e., reorientational motions of the solvent molecules).
The relaxation time enables the numerical determination of the
solvation kinetics and was obtained integrating the spectral
response function, C(t):

T = /Om C(t)dt @
where C(t) = Z(((g)): 7;((:;)) _ () ;yy(OO) 2)

AV is the Stokes shift (Table 1), equal to the difference between
energies of the Frank-Condon and the fully relaxed state, v(co),
whereas Vv(t) is the emission maximum at each specific time. TDFS
of the peak maxima, v(t), was determined via time-resolved emis-
sion spectra (TRES) measurements. For each sample, spectrally
resolved fluorescence decays (Fig. 6) were recorded along the
emission window (orange-red) of the Nile Red (in 5-nm steps).
Note that the measurements on the blue edge of the emission spec-
trum give rise to multiexponential decays (see the shape of the
curve for shorter wavelengths in Fig. 6), inherent to the dual con-
tribution from both the LE (locally excited) state, with a short flu-
orescence lifetime, and the ICT state, with a longer fluorescence
lifetime. However, as the emission wavelength increases the con-
tribution of the shorter lifetime LE state becomes progressively
weaker, and on the red edge (~640 nm) the longer lifetime
ascribed to the ICT state turns predominant. From these set of flu-
orescence decays, normalized emission spectra were later recon-
structed as a function of time (Fig. 7). Thus, a v(t), or emission
maximum at time t, was obtained from each spectrum. v(t) values
could then be introduced in the C(t) equation, and C(t) function
was finally plotted versus time (Fig. 8).

The integrated rotational relaxation times t, were obtained
from the areas below the curves in Fig. 8. T, values increased in
the order L4 (0.72 £ 0.010 ns), gel (1.16 + 0.070 ns), and L, (1.79 +
0.14 ns). In general, higher t, values are an indication of a higher
microviscosity (lower fluidity). However the higher 1, value of L,
with respect to gel phases is probably an indication of cholesterol
hindering probe motion, and of specific H bonds between the
cholesterol hydroxyl group and the accessible electron pair from
the Nile Red amino group, rather than of an overall low fluidity
in L, samples. Moreover, the already mentioned specific interac-
tions between probe and cholesterol would imply the amino lone
pair to be less accessible to participate in the intramolecular
charge-transfer (ICT) process. This would lead to an excited state
with a decreased polar character, and hence, a smaller shift of
the emission spectrum, as shown for the L, sample, with the lowest
Stokes shift (Av) value.

3. Discussion

Nile red is an easily available chemical, with minimal or low
hazard rates, unless chronically administered (Chemwatch Hazard
Ratings, https://datasheets.scbt.com/sc-203747.pdf). Biological
applications normally require the use of > 97.0 % purity product,
even so the price is in the range of other biological dyes. Its absorp-
tion and emission ranges (respectively 520-550 nm and 580-
640 nm) allow single-photon excitation without significant photol-
ysis. Until now, its use in Biology has been mainly in the staining of
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Fig. 5. FLIM of Nile Red in giant unilamellar vesicles (GUV). Effect of different lipid phases. FLIM-images (A-F, average lifetimes) with their corresponding fluorescence
lifetime histograms: (A,B) DOPC and POPC, bilayers in the Ly, phase. (C,D) Egg SM and DPPC, bilayers in the Ly phase. (E,F) SM:Chol (1:1) and DPPC:Chol (1:1), bilayers in the L,
phase. Scale bar: 20 um. (G) Average fluorescence lifetimes (tau) of Nile red fluorescence. Average values + S.D. (n = 20).

lipid droplets in thin tissue sections for microscopy [15-17], and account. Solvatochromic dyes are fluorescent probes with the abil-
only recently its solvatochromic properties have been taken into ity to identify the lipid organization of biomembranes in live cells
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Fig. 6. Spectrally resolved fluorescence decays for Nile Red in lipid bilayers. (A) DOPC, L,, excitation at 550 nm, emission in the 560-650 nm interval, 5 nm steps. (B) Egg
SM, Lg, excitation at 550 nm, emission in the 560-650 nm interval, 5 nm steps. (C) Egg SM:cholesterol (1:1), L,, excitation at 510 nm, emission in the 530-630 nm interval,

5 nm steps.

by changing the color of their fluorescence. They have been applied
to monitor the lipid order of biomembranes in live cells [19]. In the
present paper, Nile red has been used as a solvatochromic dye in
lipid bilayers (liposomes) of known composition, and whose phys-
ical properties are also known, in order to establish a correlation
between membrane properties and Nile red fluorescence emission.
Fluorescence spectroscopy observations (in cuvette rather than in a
microscope), have been performed in order to obtain overall data
from a large number of vesicles in a largely isotropic medium.
The main observations in this paper are (i) the Nile red capacity
to shift its fluorescence emission, or its red/orange intensity ratio
(ROIR) values, with the different lamellar phases (Fig. 2,3), (ii) its
applicability to FLIM observations to differentiate lamellar phases
(Fig. 5), and (iii) its suitability for the study of the correlation
between physical state of the bilayer and fluorescence emission
relaxation times (Fig. 8). Previous studies by Danylchuk et al.
[21] had shown the capacity of Nile red to distinguish between
the L, and Ly phases. Many fluorescent dyes are known that
respond to changes in lipid phase properties, from this point of
view Nile red is not particularly useful. Nevertheless, the fact that
ROIR values, presumed to decrease with decreasing bilayer fluidi-
ties (see e.g. Fig. 2, gray bars), become actually lower in the pres-
ence of cholesterol (compare gray and red bars in Fig. 2) would
constitute an anomaly, because cholesterol, at the 30 mol% ratios

used in the experiments in Fig. 2, would decrease the fluidity of
the originally fluid bilayers, in the L, phase, but it would increase
the fluidity of the bilayers in the L or gel phase, inducing forma-
tion of the liquid-ordered L, phase [7,9]. Thus there is no linear cor-
relation between Nile red ROIR and bilayer fluidity. A reasonable
explanation for the observed anomaly would be that the probe is
actually reporting on its capacity to diffuse in the membrane
matrix. In general, an increased fluidity, when it arises from an
increased fatty acid unsaturation, or an increased temperature, will
facilitate probe diffusion, and ROIR will also increase. However,
when the increased fluidity arises from the introduction of choles-
terol in an originally Ly or gel bilayer, the rigid, flat sterol molecule
perturbs the quasi-crystalline organization of the fatty acyl chains
thus increasing the overall fluidity of the bilayer, i.e. the lateral dif-
fusion coefficient of lipids increases, while the probe motion is
restricted by the sterol in the hydrophobic bilayer matrix, and ROIR
decreases. Nile red is a very hydrophobic molecule (see Chart 1), at
variance with phospholipids and cholesterol it is unlikely to be ori-
ented along the bilayer polarity axis, thus the sterol-caused
increase in molecular order in the L, phase is not compensated
by an increased lateral diffusion.

A rather unique property of Nile red is its capacity to distinguish
between the rippled Pg, and the Lg or Ly, phases, and to monitor the
Py to Ly thermotropic transitions, as shown in Fig. 4B. In DPPC the
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ripple phase exists between ~33-41 °C [29], while in egg SM it
extends for at least 30 °C below the ‘main transition’ to liquid-
crystalline at 40 °C [8]. For both DPPC and egg SM, Nile red ROIR
has a value of about 0.9 for the Py, which increases sharply above
40 ° C. Below the ‘main transition’ temperature, ROIR decreases
rapidly with temperature for DPPC, indicating the ripple-to-gel
transition, but remains virtually constant for egg SM in the same
temperature range, along which this lipid remains in the rippled
Py phase.

With respect to Nile red applicability to FLIM measurements
that allow distinguishing between lamellar phases, is should be
noted that FLIM is an imaging technique, the images originating
from a two-photon fluorescence microscope. The fact that Nile
red can be used to analyze the molecular order of individual bilay-
ers (Fig. 5) adds a new dimension to its above discussed applicabil-
ity to measurements in cuvette. Levitt et al. [30] had applied Nile
red to the confocal microscopy of HelLa cells, showing that fluores-
cence lifetime is a viable contrast parameter for distinguishing
lipid droplets from other stained lipid-rich regions. Our study with
lipid bilayers of defined compositions is a demonstration of the

capacity of this dye to measure lipid order in isolated membranes,
through FLIM.

Finally Nile red is a suitable fluorescent molecule for the conve-
nient measurement of fluorescence rotational relaxation times,
with excitation/emission maxima (when in lipid bilayers) around
520/640 nm, depending on the lipid phase (Table 1). Thus the flu-
orescence emission spectra can be used to retrieve relaxation time
data. Relaxation time is a parameter describing the time-
dependence of the tumbling of a molecular entity in a medium of
viscosity n as originally defined by Debye, and used by Perrin in
the original development of the theories of rotational motion of
fluorophores [31,32]. Molecules exhibiting several rotational
degrees of freedom will markedly decrease fluorescence intensity,
thus the relationship between relaxation times and fluorescence
emission (Fig. 6-8). The different relaxation times observed for Nile
red in the different bilayers (Fig. 8) show the relationship between
bilayer lipid order and probe relaxation times. The higher relax-
ation times in the L, state are clearly related to the hindering of
probe molecular tumbling by the rigid cholesterol molecules, and
could be one of the reasons why the Nile red probe is able to differ-
entiate between the Lg and L, phases, as discussed above. Another
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Fig. 8. Mean integrated relaxation times of Nile Red. Correlation function, C(t),
for spectral relaxation of Nile Red [eq. (2)]. Relaxation times t, are obtained by
integration of the C(t) vs time curves. Samples as indicated in Fig. 6. A longer T,
indicates that the probe tumbling is more hindered.

reason could be the polarity surrounding the probe, which is
directly related to the Stokes shift. When the polarity surrounding
the probe decreases, the Stokes displacement decreases. As shown
in Table 1, the Stokes shift in the L,-phase membranes is lower
than in the Lg-phase membranes, indicating that, in the L,-phase
membranes the probe is in a less polar environment. This would
agree with the experiments by Cheng et al. [33]| who observed that
the increase of cholesterol in lipid membranes increased the
hydration of the membrane exterior and decreased the hydration
of the inner part of the membrane, or what is the same, it decreases
the polarity of the membrane core. Considering the hydrophobicity
of Nile red, it should be found in the inner membrane core, and this
would explain the Stokes shift of Nile red in L, phases.

4. Materials and methods
4.1. Materials

Dioleoyl phosphatidylcholine (DOPC), 1-palmitoyl-2-oleoyl-
glycero-3-phosphocholine (POPC), dipalmitoyl phosphatidyl-
choline (DPPC), egg sphingomyelin (SM) and cholesterol (Chol)
were purchased from Avanti Polar Lipids (Alabaster, AL). Nile red
was purchased from Sigma.

4.2. Multilamellar vesicles (MLV)

Stocks of pure lipids and probes were prepared dissolved in a
solution of chloroform/methanol (2:1 v/v) and stored at —20 °C.
Multilamellar vesicles (MLV) for spectrofluorometric assays were
prepared by mixing the desired lipids and Nile Red at a 250:1
(lipid:Nile red) ratio and evaporating the organic solvent under a
stream of nitrogen. The sample was then kept under high vacuum
for 90 min to remove any residual solvent. The resulting lipid film
was hydrated by addition of the buffer solution (HEPES 25 mM,
150 mM NaCl, EDTA 1 mM, pH 7.4) at a temperature above the
lipid main phase transition temperature, followed by vigorous vor-
tex mixing. Finally, the samples were sonicated in a bath sonicator
FB-15049 (Fisher Scientific, Waltham, USA) at a temperature above
the transition temperature for 10 min.
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4.3. Giant unilamellar vesicles (GUVs)

Giant unilamellar vesicles (GUV) were prepared by electrofor-
mation method first developed by Angelova and Dimitrov
[34,35]. GUVs were formed in a PRETGUV 3 chamber supplied by
Industrias Técnicas ITC (Bilbao, Spain), that allows direct visualiza-
tion under the microscope, as described in [36]. Stock solutions of
lipid mixtures under study were to a final concentration of 0.2 mM
in chloroform/methanol (2:1 v/v). 3 pl of the desired stock solution
were added to the surface of platinum electrodes and solvent
traces were removed by evacuating the chamber under high vac-
uum for at least 90 min. The Pt electrodes were covered with
500 pl of 300 mM sucrose preheated at 60 °C The Pt wires were
connected to an electric wave generator (TG330 function genera-
tor, Thurlby Thandar Instruments, Huntington, UK) under AC field
conditions (10 Hz, 0.9 V) for 2 h at 60 °C. Finally, added 0.08uM
Nile Red in DMSO and leave to equilibrate, in the absence of light,
overnight.

4.4. Fluorescence spectroscopy

1 mM MLV containing Nile red were prepared. Then, the sam-
ples were diluted to a 0.3 mM lipid concentration and the fluores-
cence spectra of the Nile Red probe was measured in a
QuantaMaster 40 spectrofluorometer (Photon Technology Interna-
tional, Lawrenceville, N]). Emission spectra were collected between
570 and 800 nm, exciting at 540 nm. A thermal TC125 controller
(Quantum Northwest, Liberty Lake, USA) was used to stabilize
the sample temperature at 23 °C, unless otherwise stated. Once
the emission spectra were obtained, in order to calculate the
Red/Orange Intensity Ratio (ROIR), the areas of the orange (573-
613 nm) and red (650-800 nm) regions were subtracted with the
software PTI Felix-GT software (Photon Technology International,
Lawrenceville, NJ).

4.5. Fluorescence lifetime imaging (FLIM)

FLIM was performed at the The Basque Resource for Advanced
Light Microscopy (BRALM), Instituto Biofisika. Lifetime images
were acquired on a Leica TCS SP5 microscope through a 63x/1.30
water objective (Leica). The samples were excited at 1020 nm
using a 100-fs pulsed laser (Mai-Rai HP DS: Spectra Physics),
specifically optimized for use in multiphoton microscopy. Time-
resolved fluorescence detection was performed in the 581-
653 nm range using a hybrid detector (HyD RLD, Leica Microsys-
tems CMS GmbH, Germany). Lifetime imaging was carried out with
a TCSPC system (SPC-830, Becker & Hickl, Germany). Image pro-
cessing was performed using the FLIMfit software tool developed
at Imperial College London and TRI2 (Paul R. Barber, University
of Oxford).

4.6. Time-resolved fluorescence spectroscopy

Spectrally resolved decay curves of DOPC (L, phase), egg SM (L
phase) and SM:Chol (70:30) (L, phase) samples were recorded
using a Edinburgh Instruments spectrofluorimeter (model
FLSP920) using time-correlated single-photon counting (TC-SPC).
Decay curves were recorded as a function of the emission wave-
length in the 560-800 nm range (5-nm wavelength increments)
for a fixed recording time (180 s per wavelength) by means of a
microchannel plate detector (Hamamatsu C4878) of picosecond
time-resolution (20 ps). Samples were measured in 1 cm path-
length quartz cuvettes, with excitation from a wavelength-
tunable Fianium Supercontinuum laser (10 MHz repetition rate)
at 510 nm (for Ly) and 550 nm (L, and Lg). The emission spectra
at different times after excitation were obtained by averaging the
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integrated fluorescence intensity for different time windows in the
nanosecond time intervals (2.5 ns) after the excitation pulse (be-
tween 0 and 35 ns).
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Data will be made available on request.
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