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2-Dimethylamino-6-1auroylnaphthalene (Laurdan) is a membrane probe of recent characterization, 
which shows high sensitivity to the polarity of its environment. Steady-state Laurdan excitation 
and emission spectra have different maxima and shape in the two phospholipid phases, due to 
differences in the polarity and in the amount of dipolar relaxation, ha bilayers composed of a 
mixture of gel and liquid-crystalline phases, the properties of Laurdan excitation and emission 
spectra are intermediate between those obtained in the pure phases. These spectral properties are 
analyzed using the generalized polarization (GP). The GP value can be used for the quantitation 
of each phase. The wavelength dependence of the GP value is used to ascertain the coexistence 
of different phase domains in the bilayer. Moreover, by following the evolution of Laurdan emis- 
sion vs. time after excitation, the kinetics of phase fluctuation in phospholipid vesicles composed 
of coexisting gel and liquid-crystalline phases was determined. GP measurements performed in 
several cell lines did not give indications of coexistence of phase domains in their membranes. In 
natural membranes, Laurdan parameters indicate a homogeneously fluid environment, with re- 
stricted molecular motion in comparison with the phospholipid liquid-crystalline phase. The influ- 
ence of cholesterol on the phase properties of the two phospholipid phases is proposed to be the 
cause of the phase behavior observed in na~u'al membranes. In bilayers composed of different 
phospholipids and various cholesterol concentrations, Laurdan response is very similar to that 
arising from cell membranes. In the absence of cholesterol, from the steady-state and time-resolved 
measurements of Laurdan in phospholipid vesicles, the condition for the occurrence of separate 
coexisting domains in the bilayer has been determined: the molecular ratio between the two phases 
must be in the range between 30% and 70%. Below and above this range, a single homogeneous 
phase is observed, with the properties of the more concentrated phase, slightly modified by the 
presence of the other. Moreover, in this concentration range, the calculated dimension of the 
domains is very small, between 20 and 50 A. 
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THE FLUID MOSAIC MODEL IN 1972 

It is well established that phospholipids in the bi- 
layer aggregation can be found in two main phase states, 
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the gel and the liquid-crystalline [1]. Instead, lipids in 
biological membranes were proposed, in 1972 [2], to be 
in a homogeneously fluid phase state. This fluid state 
was identified with the liquid-crystalline phase, in which 
molecules can freely diffuse in the plane of  the mem- 
brane. Natural membranes show a complex lipid com- 
position, each component having specific phase 
properties. For phospholipids, the lipid class present at 
the highest concentration in membranes, the differences 
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in the nature of their polar heads, in the length and un- 
saturation of their acyl residues, give rise to very differ- 
ent temperatures of transition from the gel to the 
liquid-crystalline phase [3,4]. This leads to the hypoth- 
esis of a possible coexistence of domains of different 
phases in the plane of the membrane at the physiological 
temperature: gel-like domains composed of phospholip- 
ids with higher transition temperature and liquid-crys- 
talline-like domains composed of phospholipids with 
lower transition temperature. These coexisting domains 
will possess different molecular dynamics and different 
kinetics of in-plane diffusion. A corollary of this hy- 
pothesis was the possibility of modulating cell functions 
by a preferential partition of selected enzymes between 
the two types of domains [5,6]. In general, phase do- 
mains could create separate compartments for the dif- 
ferent membrane activities, each requiring peculiar local 
dynamical properties. 

THE SEARCH FOR COEXISTING PHASE 
DOMAINS IN VESICLES AND IN MEMBRANES 

Several spectroscopic techniques have been used to 
study the bilayer phase state [3,4,7-9]. Fluorescence 
spectroscopy offers several advantages for both the in- 
trinsic time scale of the fluorescence, allowing obser- 
vations on events occurring in the nanosecond time 
scale, which is typical of several biochemical events 
[10], and for the advantages offered by this technique of 
measurement. Fluorescence measurements are fast and 
require a small amount of sample, and the low concen- 
tration of the fluorophore makes it possible to exclude 
any significant perturbing effect. These are important 
considerations when working with "living" biological 
material, such as cells in culture. For studies on the lipid 
components of membrane, the more interesting fluores- 
cent probes are those with a similar chemical structure 
so that the lipid organization is not disturbed. The probe 
should have a high quantum yield in hydrophobic en- 
vironment and virtually nil in water, negligible affinity 
with other components of natural membranes, such as 
proteins, and high sensitivity to the membrane phase 
state. 1,6-Diphenyl- 1,3,5-hexatriene (DPH) is one of the 
most popular membrane probes, widely utilized for 
measurements of the average fluidity by its fluorescence 
polarization [11-13]. DPH fluorescence decay is sensi- 
tive to the polarity of its surroundings. The fluorescence 
lifetime decreases with the increase of polarity [14]. In 
phospholipids, this sensitivity to polarity results in 
higher average lifetime values in the gel with respect to 
the liquid-crystalline phase [ 15,16]. In vesicles of known 

composition, the DPH decay has been resolved into two 
components, corresponding to the lifetime values meas- 
ured in each pure phase, and the associated relative frac- 
tions were in a good agreement with the reported phase 
diagrams [16]. Nevertheless, the characteristic lifetime 
values are also dependent on the temperature at which 
measurements are performed, so that in samples of un- 
known composition the quantitative resolution of two 
coexisting phases cannot be obtained in a simple way 
[14]. Additional experimental problems prevented the 
use of DPH for the detection and the resolution of co- 
existing domains in membranes: (i) The difference in the 
average lifetime values measured in each pure phase is 
small. (ii) DPH decay in phospholipid vesicles as a func- 
tion of temperature can be equally described by a linear 
superposition of the properties arising from the two 
phases or by a continuous variation of the properties of 
the probe along the phase transition. During the phase 
transition the intermediate lifetime value can originate 
from the contribution of two coexisting phases or from 
a homogeneous phase with intermediate properties. (iii) 
DPH decay is better described by a continuous distri- 
bution of lifetime values [17,18], the largest difference 
between the two phospholipid phases residing in the 
value of its width, narrow in the gel and broader in the 
liquid-crystalline phase. The width of DPH lifetime dis- 
tribution reflects the microheterogeneity of its environ- 
ment, reflecting water concentration differences along 
the membrane normal [14] (see also C. Stubbs in this 
issue). The measurement of the width of DPH lifetime 
distribution can be used to monitor membrane alterations 
that affect the water gradient, such as oxidative damage 
[19,20], but does not help for the quantitation of lipid 
phases. 

The fluorescence properties of the two isomers of 
parinaric acid have also been studied for the detection 
and quantitation of coexisting domains in membranes 
[21 ]. Due to the different configuration of their unsatur- 
ations, the two isomers show a different preferential par- 
titioning between the two phases. When measured in the 
same sample, the polarization of the cis isomer is gen- 
erally lower than that of the trans isomer [21]. Never- 
theless, these two probes show quite a complex decay 
of fluorescence. In isotropic solvents their emission de- 
cay has been described by three discrete exponential 
components [22] or by a two-component Lorentzian dis- 
tribution [23,24]. Even in vesicles composed of synthetic 
phospholipids, the resolution of coexisting domains re- 
quires long and delicate measurements [23,24]. 

To ascertain the coexistence of lipid-phase domains 
in membranes, the ideal probe should possess all the 
properties of the membrane probes described above, 
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Fig. 1. Normalized Laurdan excitation and emission spectra in phos- 
pholipid multilamellar vesicles composed of gel (continuous line), liq- 
uid-crystalline (dotted line), and an equimolar mixture of the two 
phases (dashed line). Phospholipid composition of the vesicles and the 
temperature of measurements are dilauroylphosphatidylcholine at 40~ 
(dotted line), dipalmitoylphosphatidylcholine at 5~ (continuous line), 
and an equimolar mix~res of the two phospholipids at 20~ 

coupled with a high sensitivity to the phospholipid-phase 
state. It should display a limited set of parameters, typ- 
ical for each phase, that could be easily resolved, i.e., it 
should display a steady-state, spectral sensitivity to the 
lipid phase. 

LAURDAN FLUORESCENCE CAN RESOLVE 
COEXISTING DOMAINS IN VESICLES 

Laurdan has all the properties needed for the de- 
tection and quantitation of coexisting phase domains in 
membranes. This probe was synthesized by G. Weber 
for the study of the effect of solvent polarity on the 
fluorescence emission [25,26]. In solvents of higher po- 
larity, Laurdan displays a red shift of its emission spec- 
trum [27], due to dipolar relaxation. The dipole moment 
of the fluorescent moiety of the Laurdan molecule in- 
creases several debyes upon absorption. If the molecular 
dynamics of solvent molecules is of the same time scale 
as that of the Laurdan fluorescence lifetime, part of the 
energy of the probe in the excited state can be spent for 
the reorientation of the solvent dipoles in the close vi- 
cinity. Lanrdan emission is thus red-shifted [28]. When 
the solvent is constituted of phospholipids, Laurdan 
emission strongly depends on their phase state, being 
blue, nonrelaxed, in the gel phase, and red, relaxed, in 
the liquid-crystalline phase (Fig. 1) [29,30]. From the 
gel to the liquid-crystalline phase, the Laurdan emission 
maximum shifts by about 50 nm, from a maximum at 
440 nm in the gel to a maximum at 490 nm in the liquid- 

crystalline phase. This behavior indicates that in the gel 
phase the molecular dynamics of the dipoles surrounding 
Laurdan is slower than the probe lifetime. During the 
phospholipid transition, and in vesicles composed of a 
mixture of phospholipids in the two phases, Laurdan 
emission spectra with intermediate maximum wave- 
length and center of mass are observed [29,30]. Also the 
excitation spectrum of Laurdan is modified by the po- 
larity of solvents and by the phase state of phospholipids 
[27,30]. In isotropic nonpolar solvents, the Laurdan ex- 
citation spectrum shows a single blue band, with the 
maximum at about 340 nm. In polar solvents, the Laur- 
dan excitation spectrum is red-shifted, with a maximum 
at about 370 nm, and displays a second excitation band 
with a maximum at about 390 urn. This second, red, 
excitation band increases its intensity with the increase 
of the polarity of the solvents and has been attributed to 
the stabilization of the probe ground-state Lc~ confor- 
mation, due to polar solvent molecules oriented around 
the probe dipole, i.e., already relaxed [27]. When Law'- 
dan is inserted in phospholipid bilayers, the red excita- 
tion band is present and its intensity depends upon the 
phase state of phospholipids. In the gel phase, this ex- 
citation band is particularly intense, constituting the 
maximum excitation (Fig. 1), while in the liquid-crys- 
talline phase, the red band is still present, but the max- 
imum excitation is at 355 nm, corresponding to the blue 
excitation band [30]. Thus the intensity of the red ex- 
citation band depends both on the polarity of the Laur- 
dan environment and, when inserted in phospholipid 
vesicles, also on their phase state. Laurdan molecules 
that populate this red band are those molecules sur- 
rounded by oriented dipoles and, if present, by phos- 
pholipids in the gel phase. 

LAURDAN GENERALIZED POLARIZATION 

A method for the treatment of the differences ob- 
served in both the excitation and emission spectra of 
Laurdan has been developed. The generalized polariza- 
tion (GP) is defined as GP = (Ig - / lo  ) / (Ig +/~o), where 
Ig and/~o are the intensities observed at the wavelengths 
typical of the maximum excitation or, alternatively, of 
the maximum emission in the gel and in the liquid-crys- 
talline phase, respectively [30]. The choice of the precise 
excitation and emission wavelengths for the calculation 
of the GP value is dictated by the wavelengths of the 
maximum intensity in the two phases. In our calculation 
of excitation GP, the intensities of the emission at wave- 
lengths of 440 and of 490 nm have been chosen. In our 
calculation of emission GP, the intensities of the exci- 
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Fig. 2. Laurdan excitation and emission GP spectra of phospholipids 
in different phases,  as reported in Fig. 1. Excitation G P  spectra were 
calculated by G P  = (I44o - I49o)/(I44o + /490), using excitation wave-  
lengths f rom 320 to 420 nm. Emiss ion  G P  spectra were calculated by 
G P  = (I4~o - I340)/(I4~o + I34o), using emission wavelengths  from 420 
to 550 ran. 

tation at 410 and 340 nm have been chosen, at the edges 
of the two excitation bands. The two GP values were 
then calculated by excitation GP = (I440 - 1490) / (/44O + 
1490) and emission GP = (I4~o -/34o) / (I410 +/340). With 
the above definitions, high GP values are measured in 
the gel, while low GP values are measured in the liquid- 
crystalline phase [30]. The use of the GP offers several 
advantages: (i) once characteristic values for the GP in 
the gel and in the liquid-crystalline phase are deter- 
mined, the property of additivity of fluorescence polar- 
ization can be used to quantitate the domains [27]; (ii) 
all properties of fluorescence polarization can be used, 
among others the possibility of determining the kinetics 
of dipolar relaxation by an equation equivalent to the 
Perrin equation [27,30,31]; (iii) in contrast to common 
ratiometric measurements used for probes displaying 
spectral sensitivity to the properties of the environment, 
such as pH and calcium concentration probes, the GP 
measurement does not require calibration; and (iv) the 
measurement is fast and easy. 

GP values typical of the gel and of the liquid-crys- 
talline phase have been determined, using vesicles com- 
posed of phospholipids differing in their acyl and in their 
polar head residues, at pH between 4 and 10 [27]. The 
determined excitation GP values are 0.6 and -0 .2  for 
the gel and liquid-crystalline phases, respectively, using 
an excitation wavelength of 340 nm and emission wave- 
lengths of 440 and 490 nm, while the emission GP val- 
ues are 0.4 and -0.5 for the gel and liquid-crystalline 
phases, respectively, using an emission wavelength of 
440 nm and excitation wavelengths of 410 and 340 nm 
[27]. The GP value has been found to depend only on 

the phospholipid-phase state, and not on the type and 
charge of their polar residue. Following these observa- 
tions, the process of dipolar relaxation which determines 
the spectral properties must then be attributed to a few 
water molecules, present at the hydrophobic-hydrophilic 
interface of the bilayer, where the fluorescent moiety of 
Laurdan is located [27]. Rotational rean'angement of the 
Laurdan molecule itself during its excited state has been 
excluded as the origin of the dipolar relaxation, from the 
measurement of Laurdan "classical" polarization along 
its emission spectrum [30] and from experiments using 
various Laurdan derivatives (unpublished observations). 
With respect to the "bulk" water, whose rotational ki- 
netics is known to be on the picosecond time scale, those 
water molecules in the bilayer involved in the relaxation 
should rotate more slowly. Moreover, the dynamics of 
these water molecules is of the order of nanoseconds 
only when phospholipids are in the liquid-crystalline 
state. The reason for the absence of dipolar relaxation in 
the gel state can be an even slower motion of water 
molecules. 

W A V E L E N G T H  DEPENDENCE OF THE 
GENERALIZED POLARIZATION TO 
ASCERTAIN THE COEXISTENCE OF PHASE 
DOMAINS 

Once a GP value intermediate between the high 
value of the gel and the low value of the liquid-crystal- 
line phase is observed, the property of additivity can be 
utilized to quantitate each domain [27]. An intermediate 
value per se is not a proof of the coexistence of different 
domains, since it can originate from a homogeneous en- 
vironment with intermediate properties. The behavior of 
the GP value as a function of excitation and of emission 
wavelength can be used to distinguish between these two 
cases. Both excitation and emission GP spectra are flat 
in the gel phase (Fig. 2). In the liquid-crystalline phase, 
the excitation GP spectrum shows decreasing values 
with increasing excitation wavelength, while the emis- 
sion GP spectrum shows increasing values with increas- 
ing emission wavelength. When domains of different 
phases coexist in the membrane, the behavior of the GP 
value is opposite to that observed in the liquid-crystal- 
line phase. The excitation GP increases and the emission 
GP decreases with increasing excitation and emission 
wavelength, respectively (Fig. 2) [27]. For the favorable 
spectroscopic properties of Laurdan, we can easily dis- 
tinguish between a homogeneous liquid-crystalline 
phase and a mixed phase of coexisting domains. The red 
band of the excitation spectrum is populated by Laurdan 
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molecules stabilized in the La conformation by oriented 
solvent dipoles, and by Laurdan molecules surrounded 
by phospholipids in the gel phase. If phospholipids in 
the gel phase are not present, the red band is only pop- 
ulated by relaxed Laurdan molecules, with a red-shifted 
emission spectrum and a low GP value. If  phospholipids 
in the gel phase are present, they mainly populate the 
red band of excitation, emitting with a blue spectrum 
and with a high GP value [32]. Thus, by moving the 
excitation toward the red, in the homogeneous liquid- 
crystalline phase the GP value decreases, while in bilay- 
ers composed of coexisting phases the GP value 
increases. Similar reasoning can be made for the GP 
values obtained at different emission wavelengths, as ex- 
tensively reported and discussed elsewhere [32]. Note 
that, as reported above, the emission GP is calculated 
by the difference between the intensity of the red exci- 
tation band and that of the blue one, while the excitation 
GP is calculated by the difference between the intensity 
at the blue and that at the red part of the emission spec- 
trum. Thus, the wavelength dependence of excitation 
and emission GP values is opposite. 

PHASE FLUCTUATIONS DETERMINED BY 
L A U R D A N  TIME-RESOLVED EMISSION 
SPECTRA 

Although longer and involving more sophisticated 
instrumentation, the determination of the coexistence of 
domains of different phase states can be also performed 
using time-resolved techniques. Due to dipolar relaxa- 
tion, the Laurdan spectral shape and center of mass 
change with time after excitation [28-30]. Time-resolved 
emission spectra of Laurdan in vesicles composed of 
phospholipids in the liquid-crystalline phase, i.e., in a 
relaxing environment, show a progressive red shift of 
the maximum and an increase of the center of mass of 
the emission with time. In vesicles composed of gel- 
phase phospholipids, i.e., in a nonrelaxing environment, 
Laurdan emission does not change appreciably with the 
time after excitation [32]. When domains of the two 
phases coexist, the Laurdan maximum and center of 
mass increase up to about 20 ns after excitation; then 
the spectrum slightly shifts back toward the blue (Fig. 
3) [30,32]. Such an inversion of the spectral shift has 
been interpreted as due to fluctuation between the dif- 
ferent phases [30], with kinetics of about 25 ns, and 
imply per se the coexistence of separate phase domains. 
This result is in agreement with those obtained by the 
use of ultrasound techniques [33] and by the measure- 
ments of the rotational behavior of the fluorescent co- 

ronene [34], where phase fluctuations were found to 
occur in the range from 20 to 60 ns and from 20 to 200 
ns, respectively. Laurdan lifetime measured over all the 
emission spectrum is 5.9 ns in the gel and 4.0 ns in the 
liquid-crystalline phase [32]. Although the emission in- 
tensity after 25 ns--about six lifetimes--may be small, 
the experimental conditions allowed the observation at 
selected emission wavelengths where the time-zero in- 
tensity is small [30]. Time-resolved experiments have 
been performed using vesicles composed of binary 
mixtures of phospholipids with various relative concen- 
trations of the two phase [32]. The results showed that 
the coexistence of domains can be observed only in the 
range between 30% and 70% of one phase relative to 
the other. Below and above this range the phospholipids 
are homogeneously mixed, with the dynamical proper- 
ties of the more concentrated phospholipid, modified by 
the presence of the other. These results pose an impor- 
tant limit to the existence of separate and coexisting 
phase domains in bilayers of more complex composition. 
A further limit arises when the possible dimensions of 
the domains are calculated, based both on time-resolved 
and on steady-state measurements [32]. In binary 
mixtures of the two phospholipid phases, and in the 
range between 30 and 70 mol% of one phase relative to 
the other, the dimension of domains calculated from the 
time-resolved fluorescence spectra is very small, be- 
tween 20 and 50 ~t. A similar size of the domains was 
calculated by Ipsen et al. [35] for a single phospholipid 
bilayer at the transition temperature. 

ABSENCE OF COEXISTING PHASE DOMAINS 
IN CELL MEMBRANES 

Laurdan has been used to label membranes of cells 
in culture and of primary cells. Seven cell lines, four 
primary cell types [36,37], and membranes purified from 
kidney cortex [38] have been studied with Laurdan. Both 
Laurdan spectra and GP values in these samples show 
some peculiarities: (i) the GP values are relatively high, 
similar to those obtained in phospholipids where the 
phase state is more than 50% gel (Fig. 4); (ii) accord- 
ingly, the excitation and emission spectra are close to 
the spectra obtained in gel-phase phospholipids [36]; 
(iii) on the contrary, excitation and emission GP spectra 
show the wavelength behavior that is typical of the liq- 
uid-crystalline phase, i.e., the exeitation GP spectrum 
shows decreasing values and the emission GP spectrum 
shows increasing values as the wavelength increases 
(Fig. 4). These results cannot be attributed to the asso- 
ciation of Laurdan with membrane proteins, since the 
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Fig. 3. (A) Normalized Laurdan time-resolved emission spectra in multilamellar vesicles composed of  an equimolar mixture of  dipalmitoyl- and 
dilauroylphosphatidylcholine at 20~ The measurements were performed using a K2 fluorometer (ISS Inc., Champaign IL) equipped with an argon- 
ion laser. The excitation was 351 nm and the emission was collected after the instrument monochromator, with a 10-nm step for each measurement. 
An additional bandpass filter (Coming 754) was used after the excitation. POPOP in ethanol was used as the reference. The analysis of  lifetime 
data and the generation of  time-resolved spectra were performed using the Globals Unlimited software (T~University of  Illinois at Urbana-Cham- 
paign) [58]. (B) Shift of  the emission center of  mass as a function of  the time after excitation, calculated from the time-resolved spectra. 

probe affinity for proteins has been shown to be very low, 
as is its fluorescence intensity in their presence [36,37]. 
Also, a preferential partitioning of Laurdan in selected 
phospholipid domains must be excluded [32,39]. 

THE HOMOGENIZING EFFECT OF 
CHOLESTEROL 

With the aim of explaining the apparent conflict 
between the absolute GP value, relatively high and in- 

dicative of a rigid environment, and its wavelength de- 
pendence, typical of a fluid environment, as measured in 
cell membranes, we investigated the influence of cho- 
lesterol on the phospholipid phases [37,39]. 

Several spectroscopic studies reported a strong 
modification of phase properties of phospholipids due to 
the presence of cholesterol [40-51 ]. Depending on their 
relative concentration and on temperature, the phase 
properties of vesicles composed of binary mixtures of 
cholesterol and phospholipids have been described by 
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Fig. 5. Laurdan (A) excitation and (B) emission GP values vs. temperature obtained in dimyfistoylphosphatidylcholine multilamellar vesicles at 
various cholesterol concentrations. Percent values represent tool% cholesterol. 

the solid-ordered, liquid-disordered and liquid-ordered 
phases [52,53]. These newly defined phases account for 
the increase of translational and rotational motions of the 
phospholipid gel phase in the presence of cholesterol, 
and for their decrease in the liquid-crystalline phase [52]. 
In simple words, cholesterol renders more fluid the gel 
and more solid the liquid-crystalline phase. Noticeably, 
above 30 mol% cholesterol with respect to phospholip- 
ids, only a liquid-ordered phase can be observed, even 
at relatively low temperatures, below the phospholipid 
phase transition [41,51,52]. These are the average phys- 
iological cholesterol concentrations in most biological 
membranes [53]. 

The results obtained by labeling with Laurdan ves- 
icles composed of various phospholipids, pure and 
mixed, and cholesterol [39] are in agreement with the 
observations reported above. The cholesterol concentra- 
tion has been varied from 3 to 60 mol% with respect to 

phospholipids. The phospholipids were composed of 
pure and mixed phases. With respect to the gel phase, 
larger variations in Laurdan spectra and GP values are 
produced by cholesterol addition to the liquid-crystalline 
phase (Fig. 5). The emission spectra are blue-shifted and 
the excitation spectra show an increase of the red band. 
Both excitation and emission GP values are higher. In 
the gel phase, the increase of GP values is observed for 
emission spectra and excitation GP values, while the 
emission GP values show a slight decrease with the in- 
crease of cholesterol concentration (Fig. 5B) [39]. From 
the point of view of Laurdan spectroscopy, the blue shift 
observed in the emission spectra (higher excitation GP 
values) and the increased intensity of the red excitation 
band (higher emission GP values) indicate a decreased 
amount of dipolar relaxation. Also, the decreased polar- 
ity due to the presence of cholesterol is monitored by 
the emission blue shift, while the excitation spectrum 
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Fig. 6. Three-dimensional surface obtained from Laurdan excitation 
and emission GP values and from the temperature, in vesicles com- 
posed of an equimolar dilauroyl- and dipalmitoylphosphatidylcholine 
mixture, with cholesterol concentrations of (A) 0, 3, 5, 10, 15, 20 mol 
%, 03) 15, 20, 25, 30, 35, 40 tool%, (C) 25, 30, 35, 40, 45, 50, 55, 
60 mol%. The excitation GP values were measured using excitation 
at 370 nm and the emission GP values using emission at 490 nm. 
Intensities of the blank were subtracted. In all cases the individual 3D 
curves of samples at each cholesterol concentration are superimposed. 
The underlying surface has been generated using all the data of the 
superimposed plots, by the 3D spline option of the Axum software 
(TriMetrix Inc.). 

shows a slight decrease of  the red band, as observed in 
the gel phase (Fig. 5B). Both the decreased dipolar re- 
laxation and the decreased polarity produce a blue shift 
of  the emission spectrum, while their effect on the red 
band of excitation is opposite. On this basis, variations 
of  dipolar relaxation are better evidenced in the emission 
spectrum, while variations of  polarity can be better ob- 
served in the excitation spectrum, especially in the gel 
phase, i.e., when the amount of  dipolar relaxation is re- 
duced. This implies that excitation GP does not vary the 
same amount as emission GP and that plots of  excitation 
GP vs. emission GP obtained in binary mixtures of  
phospholipids and cholesterol at various temperatures do 
not overlap. Three-dimensional plots have been built and 
a complex surface has been obtained [39]. In Fig. 6 the 
surface obtained using vesicles composed of an equi- 
molar mixture of  dilauroyl- and dipalmitoylphosphati- 
dylcholine and various cholesterol concentrations is 
reported. This surface shows three different regions (Fig. 
6A). High values of  both excitation and emission GP 

define a region of solid phase. Low GP values define a 
region of liquid phase. Intermediate excitation and emis- 
sion GP values fall in a region where, for the pure lipids 
and in the absence of cholesterol, the coexistence of 
phase domains is observed (Fig. 6A). By increasing the 
concentration of cholesterol in the sample, the individual 
plots are confined to the region of the solid phase, and 
the surface appears flattened, with relatively homoge- 
neous and high GP values (Figs. 6B and 6C). As a first 
observation, the presence of cholesterol reduces both the 
concentration and dynamics of  water molecules present 
at the hydrophobic-hydrophilic interface of  the bilayer. 
The first effect is due to the displacement of  water mol- 
ecules operated by cholesterol, and is in agreement with 
the reported data [54]. The second effect is be due to 
the closer packing of phospholipids with the conse- 
quence of a restriction of their molecular motions. 

A further observation concerns the removal of the 
phospholipid phase transition when cholesterol is present 
at concentrations higher than 20 mol% (Fig. 5) [39], in 
agreement with reported observations [40,45]. By plot- 
ting excitation or emission GP values vs. temperature, 
the abrupt change observed in the absence of cholesterol 
and indicative of  the phospholipid phase transition is 
progressively smoothed in samples with increasing cho- 
lesterol concentration. At 20 mol% cholesterol and 
above, the variation of GP values resembles more 
closely a gradual temperature effect rather than a phase 
transition (Fig. 5). 

As for the wavelength dependence of GP values, 
the effect of  cholesterol is even more dramatic. As dis- 
cussed above, the characteristic behavior of  the GP value 
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Fig. 7. Laurdan excitation and emission GP spectra obtained in mul- 
tilamellar vesicles composed of equimolar dilauroyl- and dipalmiteyl- 
phosphatidylcholine at various cholesterol concentrations at 25~ The 
percent values represent mol% of cholesterol in phospholipids. 
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Fig. 8. Laurdan excitation and emission GP spectra obtained at 20~ 
in multilamellar vesicles composed of  an equimolar mixture of  dilau- 
royl- and dipalmitoylphosphatidylcholine (dotted line, coexisting do- 

mains') and in the presence of  30 tool% cholesterol (dashed and 
continuous lines). Experimental data (continuous line) and simulated 
data (dashed line). The simulation was performed by acquiring exci- 
tation and emission spectra of  the individual phospholipids in the pres- 
ence of  30 tool% cholesterol. The spectra were then added. To account 
for the difference of  Laurdan lifetime between the two phespholipids, 
the addition was done as 0.6 gel + 0.4 liquid-crystalline. The GP 
values were calculated from the resulting spectra. 

as a function of excitation and emission wavelength dis- 
criminates between bilayers composed of coexisting do- 
mains of different phases and of homogeneous, 
intermediate, phase properties [32]. By adding choles- 
terol to phospholipid vesicles composed of an equimolar 
concentration of the two phases, the typical behavior of 
GP values is progressively abolished, so that at choles- 
terol concentrations above 10-15 mol% excitation and 
emission GP spectra show the wavelength dependence 
typical of a homogeneous liquid-crystalline phase, al- 
though the absolute GP values are higher (Fig. 7) [39]. 

We also performed simulation experiments where the 
spectra of the individual phospholipids in the presence 
of 30 mol% cholesterol were separately acquired. Then 
the spectra were added and the GP was calculated from 
the resulting spectra [37]. These simulated GP spectra 
impressively reproduced the experimental ones (Fig. 8). 

THE FLUID MOSAIC MODEL IN 1994 

The reported observations on Laurdan fluorescence 
behavior in phospholipid bilayers lead to the conclusion 
that cholesterol has a profound and opposite influence 
on both phospholipid-phase states. Cholesterol renders 
the dynamical properties of the two phases very similar, 
so that they cannot be resolved. Besides several known 
effects of cholesterol on lipid bilayers, a new biological 
meaning for its presence can be outlined. The function 
of cholesterol can be related to the "smoothing" of the 
local phase differences that would otherwise arise from 
the heterogeneous composition of membranes. The pres- 
ence of cholesterol should avoid the occurrence of ex- 
tremely solid or extremely fluid environments for cell 
functions. No coexisting domains were detected by la- 
beling 12 natural membrane types with Laurdan [36-38]. 
Instead, in natural membranes, relatively high GP values 
with a wavelength dependence typical of a homogene- 
ously fluid environment were obtained, in agreement 
with the above data on Laurdan in synthetic phospho- 
lipid vesicles in the presence of cholesterol. 

We must point out that even in the absence of cho- 
lesterol, limiting conditions for the occurrence of phase 
domain coexistence have been found. Using Laurdan 
fluorescence, we have been able to demonstrate that in 
a binary phospholipid mixture composed of the two 
phases, coexisting domains each with properties close to 
the pure phases can be observed only in the concentra- 
tion range between 30 and 70 mol% of one phospholipid 
with respect to the other [32]. In this concentration 
range, the calculated dimensions of domains are small, 
on the order of 20-50 A [32]. 

Using the sensitive Laurdan probe to label phos- 
pholipids, evidence for the coexistence of domains of 
different cholesterol concentrations [51 ] could not be in- 
ferred [39]. Further investigations are needed to char- 
acterize subtle effects of different cholesterol 
concentrations on the lipid bilayer. Recent observations 
revealed that Laurdan steady-state parameters do not 
change continuously with cholesterol concentration. De- 
pending on temperature and on the composition of the 
bilayer, there are some cholesterol concentrations that 
produce abrupt changes of the Laurdan spectral shape 
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[55]. These  concentra t ions  are in a close agreement  wi th  

crit ical  py rene -PC concentrat ions,  hav ing  a local  order- 

ing ef fec t  on the phosphol ip id  l iquid-crysta l l ine  phase 

[56,57]. 
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