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ABSTRACT Hydration and fluidity of lipid bilayers in different phase states were studied using fluorescent probes selectively
located at the interface. The probe of hydration was a recently developed 3-hydroxyflavone derivative, which is highly sensitive to
the environment, whereas the probe of fluidity was the diphenylhexatriene derivative, 1-[4-(trimethylamino)phenyl]-6-phenylhexa-
1,3,5-triene. By variation of the cholesterol content and temperature in large unilamellar vesicles composed of sphingomyelin or
dipalmitoylphosphatidlycholine, we generated different phases: gel, liquid ordered (raft), liquid crystalline, and liquid disordered
(considered as liquid crystalline phasewith cholesterol). For these four phases, thehydration increases in the following order: liquid
ordered � gel � liquid disordered , liquid crystalline. The membrane fluidity shows a somewhat different trend, namely liquid
ordered� gel, liquid disordered, liquid crystalline. Thus, gel and liquid ordered phases exhibit similar fluidity, whereas the last
phase is significantly less hydrated.We expect that cholesterol due to its specific H-bonding interactions with lipids and its ability to
fill the voids in lipid bilayers expels efficiently watermolecules from the highly ordered gel phase to form the liquid ordered phase. In
this study, the liquid ordered (raft) and gel phases are for the first time clearly distinguished by their strong difference in hydration.

INTRODUCTION

Cholesterol is a major constituent of mammalian plasma

membranes that can induce domain formation (1). In this

respect, microdomains rich in cholesterol and sphingomye-

lin, known as ‘‘lipid rafts’’, have received a huge attention

because they are believed to be involved in regulation of cell

functions such as signal transduction, lipid trafficking and

membrane protein activity (2–5). Raft domains can also form

in synthetic lipid vesicles and supported lipid bilayers con-

taining saturated glycerophospholipids or sphingolipids and

cholesterol (6–9). Rafts are characterized by a tight packing

of the lipid saturated acyl chains (10,11). In biomembranes,

rafts likely exist in a liquid-ordered state (Lo), and behave like
islands floating in a sea of loosely-packed domains of un-

saturated glycerophospholipids being in a liquid disordered

(fluid) state (Ld). Comparing mixtures with and without

cholesterol shows that cholesterol can promote phase sepa-

ration (12,13) due to its favorable packing interactions with

saturated lipids.

To better understand the mechanisms governing the

cholesterol-induced domain formation, more information

should be obtained on the molecular interactions between

cholesterol and sphingomyelin (SM) or other saturated

phospholipids.

In addition to hydrophobic and van der Waals forces (1),

the 3-OH group of cholesterol in glycerophospholipids ves-

icles likely forms H-bonds with sn2-carbonyl and phosphate

groups in the interfacial bilayer region (14–17). Moreover,

SM may interact with the 3-OH group of cholesterol by its

phosphate oxygen, whereas its NH group is involved in in-

termolecular H-bonds between SM molecules (18–21).

Though H-bonds are important in the interfacial region of SM

and dipalmitoylphosphatidlycholine (DPPC) bilayers, their

role in the formation of the Lo phase has to be confirmed.

In this respect, hydration of the bilayer interface is an im-

portant parameter, because the formation/destruction of

H-bonds in this region should control the presence of water

molecules. Water associates with the headgroups of phos-

pholipids via H-bonds (22) to form the hydration layer. In

addition, water penetrates into lipid bilayers, fitting packing

defects between fatty acyl chains (23), thus constituting an

interchain hydration. Thus, in glycerophospholipids, sn1- and
especially sn2-carbonyls are well hydrated. Previous studies
using the Laurdan probe suggested that addition of cholesterol

to bilayers of saturated (dimyristoylphosphatidylcholine)

lipids in gel (Lb) phase decreases their hydration (24). Be-

cause cholesterol likely generates a Lo phase, this observed
change in hydration is of interest. However, because the lo-

cation of Laurdan is not clearly defined (25) due to the absence

of any anchoring group, this hydration decrease can hardly be

assigned to a particular region of the bilayer.

To probe the hydration of the membrane, we developed

3-hydroxyflavone (3HF) fluorescent probes that exhibit an

excited-state intramolecular proton transfer (ESIPT) reaction,

resulting in a dual emission highly sensitive to the environ-

ment (26–29). In addition to solvent polarity, these dyes ex-

hibit a high sensitivity to specific H-bonding interactions with

protic solvents (including water) that suppress the ESIPT

reaction (29–32). This sensitivity to water was applied to
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sense hydration at specific regions of the lipid bilayers

(25,33). Notably, we synthesized dyes bearing a trialkyl-

ammonium anchoring group, which localizes the 3HF fluo-

rophore in the glycerol region of the lipid bilayer (34). These

probes are present in the lipid bilayer both in H-bond-free and

H-bonded (linked to water) forms (Fig. 1). The relative

contribution of the two forms, obtained by a deconvolution of

the fluorescence spectra, provides a quantitative description

of the bilayer hydration (25,33). In this study, we used the

well-characterized probeN-[(49-N,N-diethylamino)-3-hydroxy-

6-flavonyl]methyl-N,N-dimethyloctyl ammonium bromide

(F2N8) (Fig. 1) to study the hydration of SM and DPPC

bilayers, which form in the presence of cholesterol pure Lo
phase. In parallel, we used an anchored DPH derivative

(1-[4-(trimethylamino)phenyl]-6-phenylhexa-1,3,5-triene

[TMA-DPH]) to correlate the changes in hydration with the

changes in the fluidity at the similar depth within the bilayer

(Fig. 1). Surprisingly, a comparison between the Lb and Lo
phases did not show any correlation between these two pa-

rameters. Indeed, although TMA-DPH shows nearly no dif-

ference of fluidity between these two phases, F2N8 shows a

dramatic decrease of the hydration of the Lo phase as com-

pared to the Lb phase. This clear difference between Lb and Lo
phases provides new insights for further understanding the

role of the Lo phase in biological membranes.

MATERIALS AND METHODS

DPPC, dioleoylphosphatidylcholine (DOPC), and cholesterol were pur-

chased from Sigma-Aldrich (Lyon, France). Bovine brain sphingomyelin

was from Avanti Polar Lipids (Alabaster, AL). TMA-DPH was from Mo-

lecular Probes (Leiden, Netherlands). Probe F2N8 was synthesized as de-

scribed (34). This probe was pure according to thin layer chromatography,
1H-NMR data, absorption, and fluorescence spectra in organic solvents.

Large unilamellar vesicles (LUV) were obtained by the classical extrusion

method as described previously (36). Briefly, a suspension of multilamellar

vesicles was extruded by using a Lipex Biomembranes extruder (Vancouver,

Canada). The size of the filters was first 0.2 mm (7 passages) and thereafter

0.1 mm (10 passages). This generates monodisperse LUVs with a mean di-

ameter of 0.11 mm as measured with a Malvern Zetamaster 300 (Malvern,

UK). LUVs were labeled by adding aliquots (generally 2 ml) of probe stock

solutions (2 mM, in dimethyl sulfoxide for F2N8 and in dimethylformamide

for TMA-DPH) to 2-ml solutions of vesicles. Because the binding kinetics is

very rapid for both probes, the fluorescence experiments were processed a

few minutes after addition of the aliquot. A 15-mM phosphate-citrate, pH 7.0

buffer was used in all experiments (37). Concentrations of the probes and

lipids were 2 and 200 mM, respectively.

Fluorescence spectra were recorded on a Horiba Jobin-Yvon Fluoromax 3

(Longjumeau, France) spectrofluorometer and corrected by subtracting the

spectra of the corresponding blank vesicles. The excitation wavelength of

F2N8 was 400 nm. Fluorescence anisotropies of TMA-DPH labeled vesicles

were measured on a SLM 8000 spectrofluorimeter in the T-format configu-

ration. The excitation wavelength was 360 nm and the emitted light was

monitored at 435 nm with an appropriate interference filter from Schott

(Mainz, Germany). A home-built device ensured the automatic rotation of

the excitation polarizer, allowing continuous measurement of the anisotropy.

To obtain the thermotropic profiles, the temperature was regulated with a

programmed Huber CC2 water bath (Offenburg, Germany). The heating rate

was fixed at 1.5�C/min and the temperature was continuouslymonitored with

a thermocouple inserted into the cuvette. Pairs of data (r and T, �C) were
processed with the Biokine software from Biologic (Claix, France). For each

fluorescence anisotropy value, the estimated absolute error is Dr # 0.002.

Deconvolution of probe F2N8 fluorescence into three bands (N*, H-N*

and T*) was carried out by using the Siano software kindly provided by Dr.

A.O. Doroshenko (Kharkov, Ukraine). The program is based on an iterative

nonlinear least-squares method that is itself based on the Fletcher-Powell

algorithm. The individual emission bands were approximated by a log-nor-

mal function (38) that accounts for several parameters (maximal amplitude,

Imax, spectral maximum position, nmax, and position of half-maximum am-

plitudes, n1 and n2, for the blue and red parts of the band, respectively). The

program Siano operates with the shape parameters of the log-normal function

are directly connected with the full width at the half-maximum, FWHM ¼
n1 � n2, and band asymmetry, P ¼ (n1 � nmax)/(nmax � n2), and allows

approximating the asymmetric bands in absorption and fluorescence spectra.

To obtainmore stable results of deconvolution, several parameters were fixed

based on previous data in organic solvents and LUVs (25,29,33). Thus, the

FWHM of the two short-wavelength bands (N* and H-N*) were fixed at

3000 cm�1, except for SM-containing vesicles, where FWHM of the N*

band was fixed at 2600 cm�1. The last value was directly determined from

the F2N8 emission spectrum for SM vesicles containing 35% cholesterol,

where contribution of the H-N* band is almost negligible. For the H-N*

band, the asymmetry was fixed at 0.9, whereas the band position was fixed at

18,400 cm�1 and 19,200 cm�1 for vesicles containing DPPC and SM, re-

spectively. The other parameters, i.e., asymmetry of N* and T* bands, width

FIGURE 1 Schematic representation of a lipid bilayer leaflet, and location of the F2N8 (A and B) and TMA-DPH (C) probes, water molecules and

cholesterol. Two ground-state forms of F2N8 are shown: H-bonded (A) and H-bond free (B). The arrows in (C) imply the wobbling motion of TMA-DPH in the

bilayer. The location of the phospholipid functional groups is based on x-rays and neutron diffraction studies (35).
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of the T* band and relative intensities of the bands, were allowed to vary.

Examples of deconvolution are presented in Fig. 2, B and C. The resulting

fluorescence intensities of the separated N*, H-N* and T* bands (IN*, IH-N*,

and IT*) were used for calculation of the hydration parameter, which was

expressed as the ratio of the emission intensity of the hydrated (H-N*) form

to the summed intensities of the nonhydrated (N* and T*) forms. Taking into

account that the FWHM for the T* band is ;2.5-fold narrower than for the

N* and H-N* bands, the hydration can be estimated as IH-N*/(IN* 1 0.4 3
IT*) (25,33).

RESULTS

Fluorescence spectra of F2N8 in LUV and
preference of the probe for the fluid phase

The fluorescence spectra of probe F2N8 incorporated in three

types of LUVs of different composition were recorded at

20�C (Fig. 2). The first type corresponds to DOPC or SM

LUVs. The second type of LUVs were obtained by adding 35

mol % cholesterol to the previous ones to obtain either pure

nonraft vesicles (DOPC/Chol) in a Ld phase, or pure raft

vesicles (SM/Chol) in a Lo phase. Finally, LUVs were pre-

pared with a ternary mixture (DOPC/SM/Chol) in the molar

ratio 1:1:0.7. In all cases, F2N8 exhibits a dual emission

spectrum. According to the previous studies in other lipid

vesicles, this apparent dual emission is composed of three

overlapping bands: the emission of the normal (N*) and

tautomer (T*) forms, resulting from the ESIPT reaction, and

the emission of the H-bonded (hydrated) form (H-N*) that

does not participate to ESIPT. The emission band resulting

from the H-N* form, which is located between the N* and T*

emission bands, can be obtained by deconvoluting the

emission spectrum (25,33). The relative contribution of this

H-N* species is mainly responsible of the differences be-

tween the spectra in Fig. 2.

In both single component vesicles, F2N8 emission shows a

rather high relative intensity of the short-wavelength band.

Noticeably, this band is blue-shifted in SM vesicles with

respect to that in DOPC vesicles. Addition of 35 mol % of

cholesterol decreases the relative intensity of the short-

wavelength band for both DOPC and SM vesicles, but the

effect appears much higher with SM vesicles, as shown by

the important depression in the middle of the spectrum.

Moreover, in SM vesicles, the short-wavelength band shifts

dramatically to the blue. These effects could be connected to

a decrease of polarity and hydration in the probe environment

(25,33). The much stronger effects in SM vesicles can be

tentatively related to their phase transition from the gel phase

to the liquid ordered (raft) phase on addition of cholesterol,

whereas DOPC vesicles preserve a liquid disordered phase.

The partitioning preference of F2N8 between liquid or-

dered or liquid disordered phases can be evaluated with the

ternary mixture DOPC/SM/Chol, which contains coexisting

raft and nonraft domains (6–9). The fluorescence spectrum of

the probe in the ternary mixture (Fig. 2) resembles the

spectrum in DOPC/Chol vesicles containing only nonraft

domains, suggesting that F2N8 preferentially partitions into

nonraft (Ld) domains.

Cholesterol-induced formation of liquid
ordered phase

Because F2N8 shows a poor preference for the raft phase, all-

raft systems, namely mixtures of SM or DPPC with choles-

terol, but without DOPC were used to study the behavior of

the probe in rafts. We prepared and labeled several batches

of LUVs composed of SM or DPPC with varying amounts of

cholesterol from 0 to 35 mol %. As shown in Fig. 3 A, ad-
dition of cholesterol to SM vesicles in their gel phase (20�C)
gradually modifies the fluorescence emission spectra. The

short-wavelength band decreases and shifts to the blue when

the cholesterol ratio increases, especially at the higher ratios.

As a consequence, we observe a strong separation of the two

emission maxima, together with a concomitant depression of

the middle of the spectra, around 540 nm. Meantime, when

the emission spectra are recorded at 60�C, the effect of

cholesterol appears much weaker (Fig. 3 B). Both the de-

FIGURE 2 Fluorescence emission spectra of probe F2N8 in LUVs of

different lipid composition. (A) When present, cholesterol (Chol) was added

at 35 mol % with respect to phospholipids. In the ternary mixture, the molar

ratio of lipids was DOPC/SM/Chol ¼ 1/1/0.7. The spectra were normalized

at the T* band maximum. Excitation wavelength was 400 nm. (B and C)

Results of the three-band deconvolution of the fluorescence spectra of F2N8

in LUV composed either of SM (B) or SM/Chol (C).
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crease of the relative intensity of the short-wavelength band

and its blue shift are small, and consequently, the separation

between the two bands is much less pronounced than at 20�C.
To further characterize the spectroscopic response of the

probe on addition of cholesterol to SM vesicles, we decon-

voluted the fluorescence spectra into three bands (N*, H-N*

and T*) as described inMaterials andMethods. The results of

the deconvolution of SM and SM/Chol vesicles are presented

in Fig. 2, B and C, respectively. In pure SM vesicles, the N*,

H-N*, and T* bands contribute to similar extents, whereas in

the presence of 35% of cholesterol (SM/Chol), the contri-

bution of the H-N* band is almost negligible compared to

that of the N* and T* bands. This shows that at 20�C, ad-
dition of 35% of cholesterol decreases the hydration of the

SM bilayers more than 20-fold (Fig. 4 A). In contrast, at

60�C, this dehydration is much lower with only a 2.3-fold

decrease (Fig. 4 B). Interestingly, in EYPC (33) and DOPC

vesicles (Fig. 2), which are in a fluid phase at room temper-

ature, the dehydration effect of cholesterol is also quite weak.

Thus, strong dehydration is observed only on addition of

cholesterol to the SM bilayers in the gel phase. This is im-

portant because at 20�C, high concentrations of cholesterol in
SM vesicles lead to the formation of raft domains, whereas at

60�C in SM vesicles, as well as in EYPC and DOPC vesicles

at 20�C, raft domains are not expected. Thus, we conclude

that raft formation results in a strong dehydration of the

membrane, at least at the depth sensed by the probe.

Mixtures of cholesterol and saturated DPPC are also

known to induce raft phases in model systems. Therefore, we

carried out the same experiments with DPPC vesicles as with

SM vesicles. A similar evolution of F2N8 emission spectra is

observed, with a progressive decrease in the relative intensity

of the short-wavelength band together with its blue shift for

increasing concentrations of cholesterol at 20�C (Fig. 3 C).
Moreover, at 60�C, we also observe limited changes in the

dual emission, with almost no blue-shift of the short-wave-

length band (Fig. 3 D). In DPPC vesicles, a decreasing hy-

dration at 20�Cwas also observed with increasing amounts of

cholesterol (Fig. 4 B). Again, this decrease is much larger

than that observed at 60�C. Thus, DPPC and SM vesicles

show the same strong membrane dehydration with increasing

cholesterol ratio, which is likely connected with the forma-

tion of rafts within the membrane. According to the phase

diagram of SM/Chol mixtures (39), phase separation between

raft and gel phases is observed above 10 mol % of choles-

terol. Therefore, the progressive dehydration on addition of

cholesterol is probably connected with the increase in the

raft-to-gel phase ratio within the bilayers.

To get further information on the effect of the addition of

cholesterol to SM and DPPC vesicles, we carried out fluo-

rescence anisotropy experiments with the TMA-DPH probe

to measure the bilayer fluidity. As F2N8, TMA-DPH is an-

chored at the bilayer interface by a trialkylammonium group

(Fig. 1C), thus sensing only the upper part of the bilayer (40).
This means that we can put in balance the respective infor-

mation (hydration and fluidity) given by this pair of probes.

As shown in Fig. 5, cholesterol does not modify significantly

the TMA-DPH fluorescence anisotropy of both SM and

DPPC bilayers at 20�C. In contrast, we observe a significant

increase in the fluorescence anisotropy with increasing cho-

lesterol at 60�C, where no raft phase is expected. Both ob-

servations confirm that in the fluid phase, addition of

cholesterol decreases the fluidity of the bilayer, whereas in

the gel phase, cholesterol has only a limited influence

(41,42). Thus, the gel (Lb) and liquid ordered (Lo) phases
show strong differences in their hydration, but only limited

differences in their fluidity.

Temperature-driven transitions

Temperature is another important parameter controlling raft

formation. Therefore, we studied the temperature-dependent

FIGURE 3 Fluorescence spectra of F2N8 probe in SM (A and B) and
DPPC (C andD) vesicles at different mol % of cholesterol, at 20�C (A andC)

and 60�C (B and D). FIGURE 4 Hydration as a function of cholesterol/phospholipid ratio in

SM (A) and DPPC (B) vesicles at 20�C (solid circles) and 60�C (triangles).

Corresponding data for EYPC (open circles) at 20�C are presented for

comparison.
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transitions of raft systems (Lo / Ld) and compared them

with the classical gel-liquid crystalline (Lb / La) transition
in single-component vesicles. It should be noted that we use

the term La for the liquid-crystalline phase in pure phos-

pholipid vesicles, whereas Ld is defined as a La phase con-

taining cholesterol.

We first considered the temperature-dependence of F2N8

emission spectra in either pure Lb phase vesicles (SM or

DPPC) or pure Lo phase vesicles (SM or DPPC with 35%

cholesterol), to infer the dependence of their hydration on

temperature. In lipid bilayers composed of DPPC/Chol and

SM/Chol mixtures, the increase in temperature, which results

in Lo / Ld phase transition, modifies strongly the dual

emission spectra of the probe (Fig. 6, A andC). Increasing the
temperature from 15 to 60�C strongly increases the hydration

of SM/Chol and DPPC/Chol bilayers, by 46-fold and 10-fold,

respectively (Fig. 7). The hydration increases gradually over

all the studied temperature range, indicating no particular

temperature transition points. According to the phase dia-

grams for these lipid mixtures, the Lo / Ld transition should
occur at temperatures around or higher to the temperature

(�40�C) of the Lb / La phase transition of the corre-

sponding pure phospholipids (15,39). However, changes in

the lipid hydration occur already at 20�C, indicating that the

Ld phase can form at lower temperatures than expected,

probably because the Lo / Ld transition is much broader

than the Lb / La phase transition. To further investigate the
temperature effects, we studied the Lb/ La phase transition
in pure SM and DPPC vesicles by using F2N8. Surprisingly,

on the phase transition, we observe only limited changes in

the emission spectra (Fig. 6, B and D). According to the

deconvolution analysis, the hydration in pure SM and DPPC

vesicles increases 1.3- and 2-fold, respectively, on changing

temperature from 15 to 60�C (Fig. 7), which is much smaller

than the hydration increase during the Lo / Ld transition.

The probe F2N8 is nonfluorescent in bulk water. More-

over, according to our previous titration experiments in

DOPC vesicles (34) at high probe/lipid ratios (.1/100), it

shows a linear dependence of its intensity on the lipid con-

centration proving that it does not exhibit any significant

self-quenching in lipid vesicles. Therefore, the fluorescence

intensity of F2N8 can be used to characterize the number of

the probe binding sites within the lipid bilayer. As shown in

Fig. 8, in pure SM and DPPC vesicles, an increase in the

fluorescence intensity is observed around the transition tem-

perature, whereas above this temperature the fluorescence

intensity slightly decreases. As expected, the transition from

the highly ordered Lb phase to the liquid-crystalline La phase
increases the number of bilayer defects and thus favors the

incorporation of small dye molecules. Above the transition

temperature, the effects of thermal quenching prevail and

FIGURE 5 Fluorescence anisotropy of TMA-DPH as a function of the

cholesterol ratio in SM (A) and DPPC (B) vesicles. The experimental error:

Dr # 0.002.

FIGURE 6 Temperature effect on the fluorescence spectra of F2N8 in

LUVs composed of SM/cholesterol (A), SM (B), DPPC/cholesterol (C), and
DPPC (D). Fluorescence spectra were normalized at the T* maximum. In (A)

and (C), the spectra were recorded by changing the temperature by 5�C
steps. Excitation wavelength was 400 nm.

FIGURE 7 Temperature dependence of the hydration in LUVs, as mea-

sured by probe F2N8. LUVS were composed of SM (A) and DPPC (B)

without (circles) and with 35 mol % of cholesterol (triangles).
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thus decrease the fluorescence intensity. For vesicles con-

taining cholesterol, we observe an even stronger increase in

the fluorescence intensity of F2N8 around the transition

temperature. Similarly to the thermotropic Lb / La transi-

tion, the transition Lo / Ld increases the number of binding

sites for the probe. This increase in the fluorescence intensity

with temperature is in line with the observed increase in

hydration, because the bilayer interior should become more

accessible not only to the probes, but also to bulk water

molecules.

We also characterized the temperature-dependent transi-

tions by monitoring the thermotropic fluorescence anisotropy

profiles for the different phospholipid vesicles labeled with

TMA-DPH (Fig. 9). In single component vesicles, the Lb /
La phase transition is characterized by a cooperative decrease
of the anisotropy centered at the so-called transition tem-

perature. In contrast, for vesicles containing 35% cholesterol,

the differences between the two limiting phases (Lo and Ld) is
less pronounced and the phase transition is broader. These

results are fully in line with the literature (41,42).

Thus, the changes in the membrane fluidity do not corre-

late with the hydration changes. Indeed, although the Lo /
Ld transition modifies the bilayer fluidity to a lesser extent

than the Lb/ La transition does, the opposite is observed for
the bilayer hydration.

Probing the heterogeneity of DPPC/cholesterol
lipid bilayers

The dramatic differences in the hydration properties of the Lb
and Lo phases prompted us to study lipid vesicles composed

of DPPC/Chol mixtures for which, according to their phase

diagram, both phases should be simultaneously present (15).

Assuming that the affinities of F2N8 for the Lb and Lo phases
are different, one should observe an evolution of its fluo-

rescence spectrum when increasing the probe concentration

with respect to the lipid concentration.

With pure DPPC vesicles, we observe a steep increase in

the fluorescence intensity with a plateau at a probe concen-

tration above 2mM (Fig. 10 A). This plateau indicates that the
binding sites of the bilayer are saturated and that, as previ-

ously mentioned, no probe self-quenching is observed at the

studied probe concentrations. Furthermore, the increase in the

probe concentration does not significantly change the ratio of

its two emission bands, suggesting the existence of only one

type of binding sites in the Lb phase of DPPC vesicles. In

vesicles containing 15 mol % of cholesterol, the increase in

the probe concentration results in a less steep increase of its

fluorescence intensity, with a fluorescence plateau only at

concentrations above 4 mM. Moreover, in this case, the

emission spectrum depends strongly on the probe concen-

tration, with a gradual decrease of the short-wavelength band

relative intensity (Fig. 10 B). Remarkably, at low probe

concentrations, the emission spectrum in 15 mol % Chol-

containing vesicles resembles that in pure DPPC vesicles. In

contrast, with increasing probe concentration, the spectrum

gradually changes into a spectrum that corresponds to an

average between the spectra in pure DPPC vesicles and 35

mol % Chol-containing vesicles (Fig. 10 B). These observa-
tions indicate that at low concentrations, F2N8 binds prefer-

entially the Lb phase, whereas at higher concentrations, the

binding sites of the gel phase are saturated and the probe binds

also the Lo phase. Therefore, at high probe concentrations,

both phases are labeled so that the final emission spectrum

corresponds to the superposition of the spectra in the two

phases. Thus, our hydration sensitive probe allows monitor-

ing the simultaneous presence of the two separated Lo and Lb
phases in vesicles composed of DPPC and 15 mol % Chol.

FIGURE 8 Temperature dependence of F2N8 fluorescence intensity at the

T* maximum wavelength (575 nm) in LUVs. The LUVs were composed of

SM (A) and DPPC (B) without (circles) and with 35 mol % of cholesterol

(triangles).

FIGURE 9 Thermotropic fluorescence anisotropy of TMA-DPH in LUVs

composed of SM (A) and DPPC (B) without (solid line) and with 35 mol %

of cholesterol (dashed line). The experimental error: Dr # 0.002.
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DISCUSSION

Phase separation between lipids in different physical states is

not exclusive to the problem of raft formation since this

phenomenon has been well characterized in model mem-

branes, most often between liquid-crystalline phase (La) and
solid-like gel phase (Lb). Although the Ld phase can be

considered as a liquid-crystalline (La) phase, the positioning
of the Lo state is less evident. Indeed, the Lb gel phase is the

most familiar state in which acyl chains are highly ordered

(43,44). However, though the acyl chains are also extended

and tightly packed in the Lo phase, this state differs from the

Lb phase by the higher lateral mobility of the lipids (4),

probably due to the high concentration of cholesterol.

In this study, the phospholipid membranes were described

mainly in terms of hydration and fluidity, these two param-

eters being followed independently by two different probes.

The fluidity of the membrane was described from the fluo-

rescence anisotropy of TMA-DPH, whereas the hydration

was estimated from the relative contribution of the hydrated

form of F2N8 to its emission spectrum. According to previ-

ous studies, the locations of TMA-DPH and F2N8 in the

bilayer are relatively close, namely 9 Å (45) and 13–16 Å

(33,34), respectively, from the bilayer center (Fig. 1).

Therefore, both fluidity and hydration parameters are deter-

mined around the glycerol level (or its equivalence for SM) of

the membrane interface.

Our fluidity data are in line with previous data using DPH

and its derivatives (41,42). Indeed, the temperature-driven

phase transitions of DPPC vesicles containing either no or

35 mol % of cholesterol (Fig. 11 A) indicate that the fluidities
(inversely related to the anisotropies) of the Lb and Lo phases
are similar and much lower than the fluidities of the Ld and La
phases. In contrast, the bilayer hydration shows a very dif-

ferent phase-dependent behavior. For both SM and DPPC

pure vesicles, the bilayer hydration is the highest in La and

remains relatively high for the Lb and Ld phases, whereas the
Lo phase (at 20�C) is characterized by a very low hydration

(Fig. 11 A). Thus, comparison of Lb and Lo phases show that

the fluidity and hydration do not correlate because the fluidity

is similar in these two phases although their hydration is

strongly different. In the La phase, the fluidity correlates well
with the hydration because the increase in the fluidity as a

result of temperature increase or lower cholesterol content is

accompanied by an increase in the hydration. This is not

surprising, because when the lipid dynamics increases, the

membrane becomes more accessible to water molecules due

to temporary defects and voids in the lipid bilayer.

FIGURE 10 Dependence of the fluorescence properties of F2N8 on its

concentration in LUVs composed either of DPPC or DPPC with 15 mol % of

cholesterol. Lipid concentration was 0.2 mM. (A) Fluorescence intensity

versus probe concentration and (B) fluorescence spectra of probe in different
conditions: 0.2 mM probe in LUV composed of DPPC (dashed line, Lb) or

DPPC and 35 mol % of cholesterol (dotted line, Lo). Solid lines correspond

to spectra in LUV composed of DPPC and 15 mol % of cholesterol at

different probe concentrations: 0.3, 0.5, 1.0, 2.0, 3.0, 4.0, 5.0, 6.0 mM.

FIGURE 11 Effect of cholesterol on

raft-containing bilayers (A) Comparison

of the hydration and fluidity evaluated

by F2N8 and TMA-DPH in LUVs com-

posed of raft-forming phospholipids.

Light gray bars correspond to pure

phospholipids (DPPC or SM). Dark

gray bars correspond to vesicles con-

taining 35 mol % of cholesterol. (B)

Schematic model of the effect of cho-

lesterol (long gray bars) on the presence

of the water molecules (small gray el-

lipsoids) near the phospholipid head-

groups.
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Then, the question arises on how the addition of choles-

terol to a Lb phase, to induce a Lo phase, may decrease the

hydration? We expect that this phenomenon is based mainly

on specific interactions of cholesterol with the raft forming

lipids, SM, or saturated glycerophospholipids. It is well es-

tablished that cholesterol forms specific H-bonds with lipids

due to its 3-OH group. Moreover, it has been shown that

cholesterol forms H-bonds with the sn2-carbonyl (14,15) and/
or with the phosphate oxygens of the polar heads of DDPC

phospholipids (18–21). These H-bonds could substitute the

H-bonds occurring with water molecules, resulting in an

expulsion of water from the bilayer. This is in line with a

previous report (24) with the Laurdan probe showing that

addition of cholesterol to dimyristoylphosphatidylcholine

vesicles in their gel phase results in their dehydration.

However, Laurdan does not allow localizing precisely the

region of the bilayer that undergoes dehydration. In contrast,

the hydration-sensitive probe F2N8 is more precisely located

and thus can selectively detect the hydration differences be-

tween the Lo and Lb phases. Indeed, according to our previ-

ous parallax quenching measurements (33,34), the H-bonded

and H-bond free forms of F2N8 locate at 16 and 13 Å, re-

spectively, from the bilayer center so that the hydration is

estimated within this rather narrow range of depths corre-

sponding to the location of the sn2-carbonyl and phosphate

groups of the bilayer (Fig. 1). However, the average location

of the probe in a Lo phase is thought to be deeper (close to

13 Å) than in other phases including the Lb phase, because

cholesterol favors H-bond free form of the probe.

The fluidity of the Lb phase does not change significantly

on its transition to the Lo phase (on addition of cholesterol),

probably because the lipid order in the former is already high

and cannot be further increased by cholesterol. In contrast,

the order of the hydrophobic fatty acid chains is strongly

modified during the thermotropic Lb / La transition with

probably a less pronounced effect of the H-bonding network

at the interface level. Thus, although the Lo and Lb phases are
both characterized by a high order of their hydrophobic hy-

drocarbon chains, the Lo phase presents, at the membrane

interface, a dense H-bonding network of lipids with choles-

terol that diminishes its hydration.

In addition to specific H-bonding effects, a nonspecific

effect related to changes in the free volume within the lipid

bilayer should be considered. Indeed, cholesterol condenses

lipid bilayers, which results in a decrease in the surface area

per lipid as well as an increase in the bilayer thickness

(44,46,47). Moreover, the phosphocholine head-groups in

saturated lipids like DPPC and SM are strongly hydrated,

thus, occupying a slightly larger area than the two alkyl

chains, so that even in the Lb phase some void spaces under

the head-groups are available, which might be filled with

water molecules (48). These void spaces might also be filled

by cholesterol (49) that can expel water molecules from the

bilayer (Fig. 11 B), without any strong influence on the lipid

order.

This observed dehydration at the membrane interface is

probably an important characteristic of the so-called raft

domains, and could be the main difference between the liquid

ordered (Lo) phase and gel phase (Lb). This study is the first

demonstration that these two phases, very similar in their

fluidity, can be clearly distinguished by their hydration at the

level of the carbonyl and phosphate groups of the bilayer.

This high dehydration, which can be assigned to specific

complexes between raft forming lipids and cholesterol, has

probably a strong biological relevance that remains to be

elucidated.
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Neutral fluorescence probe with strong ratiometric response to surface
charge of phospholipid membranes. FEBS Lett. 508:196–200.

31. Klymchenko, A. S., V. G. Pivovarenko, and A. P. Demchenko. 2003.
Elimination of hydrogen bonding effect on solvatochromism of
3-hydroxyflavones. J. Phys. Chem. A. 107:4211–4216.

32. Shynkar, V. V., A. S. Klymchenko, E. Piémont, A. P. Demchenko, and
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