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ABSTRACT Lipid bilayers composed of two phospholipids with significant acyl-chain mismatch behave as nonideal
mixtures. Although many of these systems are well characterized from the equilibrium point of view, studies concerning their
nonequilibrium dynamics are still rare. The kinetics of lipid demixing (phase separation) was studied in model membranes
(large unilamellar vesicles of 1:1 dilauroylphosphatidylcholine (C12 acyl chain) and distearoylphosphatidylcholine (C18 acyl
chain)). For this purpose, photophysical techniques (fluorescence intensity, anisotropy, and fluorescence resonance energy
transfer) were applied using suitable probes (gel phase probe trans-parinaric acid and fluid phase probe N-(7-nitrobenz-2-
oxa-1,3-diazol-4-yl)-dilauroylphosphatidylethanolamine). The nonequilibrium situation was induced by a sudden thermal
quench from a one-fluid phase equilibrium situation (higher temperature) to the gel/fluid coexistence range (lower tempera-
ture). We verified that the attainment of equilibrium is a very slow process (occurs in a time scale of hours), leading to large
domains at infinite time. The nonequilibrium structure stabilization is due essentially to temporarily rigidified C12 chains in the
interface between gel/fluid domains, which decrease the interfacial tension by acting as surfactants. The relaxation process
becomes faster with the increase of the temperature drop. In addition, heterogeneity is already present in the supposed
homogeneous fluid mixture at the higher temperature.

INTRODUCTION

The fluid mosaic model of biological membranes (Singer
and Nicolson, 1972) emphasizes membrane fluidity and free
lateral diffusion of membrane components. This led to the
generalized idea of biomembranes as solutions of proteins
embedded in bilayers of randomly distributed phospholip-
ids. However, over the past few years, evidence has accu-
mulated suggesting that the lipid distribution on the bilayer
is nonrandom, both in model systems and in biological
membranes (Edidin, 1998). In fact, it can exhibit ordered
structures with length scales ranging from micrometers (vi-
sualized by microscopy; Korlach et al., 1999) to nanometers
(mostly indirect evidence, for review, see Mouritsen and
Jørgensen, 1997). Particular attention has been dedicated to
the gel/fluid coexistence region of binary systems composed
of two saturated 1,2-di-acyl-phosphatidylcholines (PC) that
differ only with respect to their acyl chain length (creating
a hydrophobic mismatch; Mouritsen and Bloom, 1984). In
these systems the formation of compositionally distinct
domains implies the creation of regions of different bilayer
hydrophobic thickness (with a mismatch at the domain
interface that has somehow to be compensated; see Intro-
duction section in Schram et al., 1996). Concomitantly,
some atomic force microscopy studies have been performed
(Mouritsen, 1998; Gliss et al., 1998) with detection of
domains on the nanometer range.

The phase diagram of binary lipid bilayers (like the one in
Fig. 1) gives the composition and proportion of each phase
in the two-phase (usually gel and fluid) coexistence region
but gives no information on the degree of dispersion of one
phase in the other. In fact, there is a number of works
reporting the existence of small domains and percolative
structures in the two-phase coexistence region (Sankaram et
al., 1992; Almeida et al., 1992; Piknová et al., 1996; Gliss
et al., 1998). This indicates that the phase diagrams like the
one in Fig. 1, despite being an important framework, give an
incomplete view of the system. Factors that can affect the
dispersion of the phases are, e.g., interfacial tension and the
curvature of the bilayer (Sackmann and Feder, 1995;
Brumm et al., 1996).

In most of the supra cited studies equilibrium conditions
are assumed, whereas active and functional membranes are
far from equilibrium, or in a steady-state controlled by
fluxes of energy and matter. Thus, thermodynamic nonequi-
librium effects should have relevance for the lateral orga-
nization of membrane components. This issue has been
addressed by Mouritsen, Jørgensen, and coworkers in the
past few years. Using a microscopic interaction model, they
performed Monte-Carlo simulations of the nonequilibrium
ordering process of binary lipid mixtures composed of two
PC with different acyl chain lengths. Before zero time, the
system was equilibrated at a temperature above the liquidus
boundary (T � Tl), and at zero time it was submitted to an
instantaneous thermal quench into the gel/fluid coexistence
region, between the solidus and liquidus lines (Tl � T � Ts).
After this quench, the formation of small lipid domains
occurred. These domains grew slowly, originating highly
heterogeneous percolative-like structures with a network of
interface regions with properties distinct from those of the
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separated gel and fluid bulk phases (Mouritsen and Jør-
gensen, 1994; Jørgensen and Mouritsen, 1995). From the
experimental point of view, detailed studies are still scarce.
In a very recent study, Fourier-transform infrared spectros-
copy and fluorescence intensity measurements indicated the
occurrence of slow ordering processes in binary lipid vesi-
cles (Jørgensen et al., 2000).

In the present work, large unilamellar vesicles (LUV)
composed of equimolar mixtures of 1,2-dilauroylphospha-
tidylcholine (DC12PC)/1,2-distearoylphosphatidylcholine
(DC18PC) are used. This system is well characterized from
the equilibrium point of view (Mabrey and Sturtevant,
1976; Jørgensen and Mouritsen, 1995). The LUV are first
equilibrated at T � Tl and then submitted to a very rapid
thermal quench to one of three gel/fluid coexistence tem-
peratures (Tf1, Tf2, and Tf3 in Fig. 1), where the system is in
a new situation far from equilibrium. The relaxation process
is monitored by different photophysical techniques. In the
first part of this study, steady-state fluorescence and anisot-
ropy of a probe that partitions preferentially to one of the
two coexisting phases are used. In the second part of this
work, the relaxation process is followed from the efficiency
of time-resolved fluorescence resonance energy transfer
(FRET) between a gel phase probe (donor) and a fluid phase
probe (acceptor). It is intended to obtain information on the
preponderance and stability of conformationally ordered
and disordered microenvironments (mainly in the first part)
and on the dimensions of those microenvironments on the
nanometer scale (mainly in the FRET experiment).

MATERIALS AND METHODS

Sample preparation

DC12PC and DC18PC (chloroform solutions) were from Avanti Polar
Lipids (Birmingham, AL). Two fluorescent probes were used, trans-pari-

naric acid (t-PnA) and N-(7-nitrobenz-2-oxa-1,3-diazol-4-yl)-dilau-
roylphosphatidylethanolamine (NBD-PE), both from Molecular Probes
(Eugene, OR). The purity of NBD-PE (custom synthesis from the supplier)
was verified by thin layer chromatography, and a retention factor Rf � 0.54
consistent with the published value of 0.53 (Arvinte and Hildenbrand,
1984) was measured. All materials were used as received. t-PnA was
stocked in ethanol solution and NBD-PE was stocked in methanol solution.
Concentrations of the stock solutions were determined spectrophotometri-
cally using molar absorption coefficients of �(t-PnA, 299.4 nm) � 89 �
103 M�1 cm�1 (Sklar et al., 1977a) and �(NBD-PE, 463 nm) � 21 � 103

M�1 cm�1 (Haugland, 1996). LUV of DC12PC/DC18PC (�1 mM total
phospholipid) were prepared as described elsewhere (Hope et al., 1985).
LUV stability was controlled by sample turbidity. The suspension medium
was a 50 mM Tris-HCl, 100 mM NaCl, 0.2 mM ethylenodiaminetetraacetic
acid buffer (pH 7.4). Adequate volumes of t-PnA stock solution were
added to the LUV suspensions to obtain the desired probe/phospholipid
ratios (see below). The volume of the ethanol solution never exceeded 1%
of the lipid dispersion, so that it would not destabilize the bilayer structure
(Vierl et al., 1994). Under the experimental conditions, t-PnA incorporates
quantitatively in the membrane (Sklar et al., 1979). To prevent slow
incorporation into vesicles (Arvinte et al., 1986), NBD-PE was cosolubi-
lized with the adequate amounts of the phospholipid solutions before
vesicle preparation. The ratio probe/phospholipid was 1:500 in all steady-
state experiments and in the decay measurements of t-PnA (determination
of the gel/fluid partition coefficient, see below). In the time-resolved FRET
measurements, the t-PnA (donor):phospholipid ratio was 1:1000 and the
NBD-PE (acceptor):phospholipid ratio was 1:80. The final lipid concen-
tration was determined by phosphorus analysis (McClare, 1971). The
acceptor concentration in membranes was calculated using �(NBD-PE, 468
nm) � 20 � 103 M�1 cm�1 (Loura et al., 2000a). The absorption spectra
of probes in vesicle suspensions were corrected for light scattering (Cas-
tanho et al., 1997).

All solutions and suspensions containing t-PnA were deoxygenated by
saturation with nitrogen before being used or stocked to minimize photo-
oxidation (Sklar et al., 1977b). In these conditions, no variation in fluo-
rescence anisotropy was apparent for more than 10,000 s (see Results).

Thermal history of the samples

After LUV preparation, the samples were kept at room temperature over-
night. They were incubated at 65°C for 5 h prior to the thermal quench. The
sample, under permanent stirring, was then moved to a water reservoir at
the final temperature, and the temperature decrease in the sample was
controlled to �0.1°C. The quench was 97% complete after 80 s when the
final temperature was 5°C and 100% complete in less than 30 s in the other
cases. The samples were then rapidly transferred to the cell holder (which
was already at the final temperature) and the measurements started imme-
diately afterwards (zero time).

Absorption and fluorescence measurements

Fluorescence steady-state measurements were carried out with an SLM-
Aminco 8100 series 2 spectrofluorimeter (double excitation and emission
monochromators, MC-400) in a right angle geometry, the light source
being a 450-W Xe arc lamp and the reference a Rhodamine B quantum
counter solution. Excitation and emission spectra were corrected using the
correction file supplied by the manufacturer. Quartz cuvettes (1 cm � 1
cm) were used. For kinetic studies, stirring was maintained inside the
cuvette by a Hellma cuv-o-stir 333 magnetic stirrer. Temperature was
controlled to �0.5°C by a thermostatted cuvette holder. In the case of
measurements at 5°C, a mild flow of nitrogen was introduced into the

FIGURE 1 Phase diagram for DC12PC/DC18PC vesicles (adapted from
Mabrey and Sturtevant, 1976). The initial temperature (Ti) and the three
final temperatures (Tf) after the thermal quenches are shown.
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sample compartment to avoid air humidity condensation in the cuvette
walls. The steady-state anisotropy, �r	, was calculated by Jabłoński (1960)

�r	 � 
IVV � G � IVH�/
IVV � 2 � G � IVH� (1)

in which the different intensities Iij are the steady-state vertical and hori-
zontal components of the fluorescence emission with excitation vertical
(IVV and IVH, respectively) and horizontal (IHV and IHH, respectively) to the
emission axis. The latter pair of components is used to calculate the G
factor (G � IHV/IHH; Chen and Bowman, 1965). Polarization of excitation
and emission light was achieved using Glan-Thompson polarizers. Blank
subtraction was taken into account.

Absorption spectroscopy data were obtained with a Shimadzu UV-
3101PC spectrophotometer.

The instrumentation for fluorescence decay measurements by the single
photon-timing technique with pulsed laser excitation has been described
(Loura et al., 1996). Two cut-off filters were added to the system to further
screen scattered excitation light and isolate donor fluorescence from that of
acceptor. Excitation (at 303 nm) was vertically polarized and emission (at
405 nm) was detected at 54.7° relative to the excitation beam. The number
of counts on the peak channel was between 10,000 and 20,000. The number
of channels per curve used for analysis was �1000, with a time scale of
0.332 ns/channel. Data analysis was performed as previously described
(Loura et al., 1996). Fluorescence decays were obtained on 5 mm � 5 mm
quartz cuvettes. In the FRET measurements, an aliquot (400 �l) was taken
from the sample without acceptor (D sample) to a cuvette, and counts were
accumulated for 5 min. Subsequently, an aliquot was taken from the
sample with acceptor (DA sample) to an identical cuvette, and counts were
accumulated also for 5 min. Then the pulse profile was obtained from a
scatter dispersion (silica, colloidal water suspension, Aldrich, Milwaukee,
WI). This procedure was repeated for several hours. The samples were
submitted to a 1-min flow of nitrogen and carefully sealed after removing
each aliquot. During the course of the experiments, the decay parameters of
the donor in the absence of acceptor were invariant for more than 15,000
s (see Results). The time ascribed to each experimental point was the
average between the start of each measurement of a D sample and the end
of the measurement of the respective DA sample. Energy transfer effi-
ciency, E, was calculated according to

E � 1 � ��DA/��D (2)

in which ��D and ��DA are the lifetime-weighted quantum yields of the donor
in the absence and in the presence of acceptor, respectively. The lifetime-
weighted quantum yield is in turn defined by (Lakowicz, 1999)

�� � �
i

	i�i (3)

for a decay described by a sum of exponentials, in which 	i are the
normalized preexponentials and �i the lifetime of the decay component i.
Average fluorescence lifetimes were calculated by (Lakowicz, 1999):

��	 � �
i

	i�i
2��

i

	i�i (4)

RESULTS

Probe photophysics

Fig. 2 shows the absorption and emission spectra of the
donor (t-PnA) and the acceptor (NBD-PE) incorporated in
DC12PC/DC18PC (1:1) LUV at 20°C, showing the large
overlap of donor emission and acceptor absorption.

NBD-PE in LUV of DC12PC/DC18PC (1:1) displays ab-
sorption and emission maxima at 466 and 536 nm, respec-
tively, which are close to reported maxima in methanol
solution (Haugland, 1996) and in membranes (Chatto-
padhyay and London, 1988). The fact that the maximum of
the measured emission spectrum lies at 536 nm shows that
the chromophore is in a rather polar environment (Chatto-
padhyay, 1990). In fact, this wavelength corresponds to the
maximum of emission intensity when the probe is in a
solution of water/ethanol 1:3 (Arvinte et al., 1986). This is
in agreement with the expected position of the NBD moiety,
which is in the water/phospholipid polar head group
interface.

t-PnA has an emission maximum at 406 nm indepen-
dent of the LUV composition. With respect to the ab-
sorption, maxima occur at 320, 305.5, 292, and 281.5 nm
(shoulder) for equimolar DC12PC/DC18PC LUV, which
are practically coincident with those for chloroform so-
lution (Sklar et al., 1977a). However, with varying com-
position, a 3-nm red shift occurs (peak at �320 nm, 0 4
0 transition), which depends on the gel phase fraction, Xg

(results not shown). Sklar et al. (1977a,b) proposed and
validated a simple method for the calculation of the
relative density change correspondent to a given spectral
shift and the effective refractive index, n, in lipid bilayers
using the wavelength of the 0 4 0 vibronic transition.
This method is based on the fact that the energy of the
transition of a linear polyene (apolar chromophore) in an
apolar solvent is linearly related to the solvent polarity
function f(n2) � (n2 � 1)/(n2 � 2) (Suppan and Ghoneim,
1997), which is in the present conditions proportional to
the density of the medium (Sklar et al., 1977b). Applying
this method for LUV of DC12PC/DC18PC at 20°C, we
obtain n � 1.50 for the gel and n � 1.44 for the fluid.

FIGURE 2 t-PnA (solid lines) and NBD-PE (dashed lines) absorption
and corrected fluorescence (excitation at 306 and 468 nm, respectively)
normalized spectra in equimolar DC12PC/DC18PC LUV at 20°C.
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These values are very close to the values of n � 1.49 and
1.46 for 1,2-dipalmitoylphosphatidylcholine (DC16PC)
right below and above the gel to liquid crystalline tran-
sition temperature, respectively (Sklar et al., 1977b). The
correspondent gel:fluid density ratio is 
g/
f � 1.12.
Calculating 
g/
f from a partial specific volume of 0.963
ml/g for DC12PC at 20°C and 0.943 ml/g for DSPC at
21°C (Marsh, 1990), and considering XDC18PC

gel �1 and
XDC12PC

fluid �1, a value of 1.02 is obtained (X stands for
mole fraction). However, if the ratio 
g/
f is calculated
from the molecular volumes of constituent molecular
groups (Marsh, 1990), taking the gel as pairs of C18 acyl
chains in the gel state and the fluid as pairs of C12 acyl
chains in the fluid state, the value 
g/
f � 1.11 is recov-
ered, in close agreement with the value obtained from the
t-PnA absorption shift. This confirms that the environ-
ment of the tetraene chromophore of t-PnA is the acyl
chain apolar region of the bilayer (Castanho et al., 1996).

Fig. 3 shows the fluorescence intensity (I) and anisotropy
(�r	) of t-PnA (left panel) and NBD-PE (right panel) in
equilibrated LUV of DC12PC/DC18PC 1:1 as a function of
temperature. Regarding t-PnA, the curves reflect the pref-
erence of this probe for the gel phase. This is more apparent
for the �r	 variation, because for this probe this parameter is
less sensitive to temperature than I and also because it is
proportional not to the amounts of probe in each phase (as
occurs for I) but to their respective emission. This behavior
has been observed previously for t-PnA incorporated in
DC16PC vesicles (Sklar et al., 1977b) and phospholipid
mixtures (Sklar et al., 1979). In the case of NBD-PE, both
I and �r	 show a systematic decrease of their values with
increasing temperature. In the case of I, the decrease occurs
with an approximately constant slope, whereas in the case of
�r	 some stabilization after complete disappearing of the gel
phase is apparent. The relative decrease of I between 22°C
and 40°C is in very good agreement with the respective
decrease of the lifetime-weighted quantum yield �� (Loura et
al., 2000b).

From the photophysical parameters Förster radius were
determined according to (e.g., Berberan-Santos and Prieto,
1987),

R0 � 0.02108 � �

�4�A
��fD
��d���2�D

n4 �1/6

(5)

R0(gel phase) � 37.2 Å and R0(fluid phase) � 24.4 Å being
obtained. In Eq. 5, fD(�) is the normalized fluorescence of
the donor, �A is the acceptor molar absorption coefficient,
�2 is the orientation factor, and �D is the donor quantum
yield. The numerical constant is valid for units of nm for �,
M�1 cm�1 for � and Å for R0. A value of 2/3 was used for
�2 (dynamic isotropic limit) and 1.4 for n (average between
the refractive index of water and the values obtained for the
lipid phases).

The fluorescence properties of t-PnA have been intensely
studied both in isotropic solvents and in lipid bilayers. The
fluorescence decays of the probe are well described by the
sum of two exponentials (or by bimodal functions in con-
tinuous distribution analysis) in isotropic solvents and in
bilayers in the fluid state (Ruggiero and Hudson, 1989;
Mateo et al., 1993). Biexponential decays were reported
also for the gel phase (Wolber and Hudson, 1981). In that
work, the lifetimes of the two components in LUV of
DC18PC at 23°C for a phosphatidylcholine with a t-PnA tail
substitution were 12.7 and 61.0 ns, in excellent agreement
with our results for the gel phase (Table 1). In the samples
with varying composition, the long component lifetime re-
mained constant and its amplitude increased with the gel
phase fraction Xg. For these reasons and on account of other
authors’ works (Ruggiero and Hudson, 1989; Mateo et al.,
1993), the long component can unequivocally be attributed
to probe located in the gel phase. At our best knowledge, the
measured value is the longest reported for t-PnA in bilayers.
It seems therefore that the gel phase in DC12PC/DC18PC
bilayers at 20°C is remarkably rigid.

The decays for t-PnA are described essentially by two
short components when only fluid phase is present (lipid

FIGURE 3 Steady-state fluorescence (E) and anisotropy (F) of t-PnA (left panel) and NBD-PE (right panel) in equimolar DC12PC/DC18PC LUV
equilibrated at different temperatures. Error bars (standard error of the mean) are shown where thicker than data points.
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molar fraction of gel, Xg � 0), one intermediate and one
long component when Xg � 1, and three components for
intermediate Xg values (Table 1). The one-phase samples
were prepared with the same overall composition as the
respective phase in the other samples, according to the
phase diagram. Consequently, the long component observed
on the fluid phase sample, with a very small contribution to
the total decay, can be due to uncertainties on the DC12PC:
DC18PC ratio. An additional possibility is the occurrence of
density fluctuations because the coexistence region is con-
tiguous to the liquidus line (Ruggiero and Hudson, 1989).
Within the gel/fluid coexistence region, the need to use
three exponentials has been reported (Mateo et al., 1993).
As expected, the lifetime-weighted quantum yield (Eq. 3)
increased with increasing gel phase fraction and this effect
was used to determine the partition coefficient between the
gel and the fluid lipid phases for t-PnA. The gel/fluid
partition coefficient is defined by

Kp
g/f �

ng/Xg

nf/
1 � Xg�
(6)

in which ng and nf are the amounts of probe in the gel and
fluid phase, respectively. Kp

g/f can be obtained from the �� of
t-PnA as a function of Xg through the following expression
(Loura et al., 2000b):

�� �
��gKp

g/fXg � 
1 � Xg��� f

Kp
g/fXg � 
1 � Xg�

(7)

in which ��f and ��g are the lifetime-weighted quantum yields
of probe in the fluid and in the gel, obtained for the samples
with Xg � 0 and Xg � 1, respectively. From this single
parameter fit, a Kp

g/f of 4.8 � 0.5 was recovered (Fig. 4).
This is in agreement with values found on the literature
(Sklar et al., 1979), and being significantly higher than
unity, the preference of the probe for the ordered phase is
verified.

Steady-state fluorescence and anisotropy

Fig. 5 shows the time evolution of steady-state fluorescence
intensity, I (left plots), and anisotropy, �r	 (right plots), of

NBD-PE after a thermal quench at zero time from 65°C to
5, 20, and 40°C. In every case, there is a fast increase in
both I and �r	, surpassing the equilibrium value (“over-
shoot”), followed by a slow decay. These decays are well
described by a single exponential function with nonzero
limit (an offset that corresponds to the equilibrium param-
eter), yielding relaxation times of the order of hours (see
insert in each plot). This behavior is at variance with t-PnA,
for which constant ��	, ��, and �r	 values consistent with the
values measured in equilibrated samples (Figs. 3 and 4)
were measured immediately after zero time (Fig. 6). Repro-
ducibility of the results was verified for both probes. We
should stress that the exponential function merely intends to
describe empirically the time-evolution of the system (prob-
ably, this process resembles spinodal decomposition (Jør-
gensen and Mouritsen, 1995), for which a theoretical ratio-
nalization of the fluorescence data would be complex).

Additionally, for NBD-PE, an inverse relation of relax-
ation rates with temperature is observed, i.e., the decay is
faster when the temperature change is larger. The overshoot
duration (delay time) is not so reproducible, and this is
possibly due to variations in the rapidity of the quench. In
any case, the general trend is the same as that observed for
the relaxation times. The asymptotic values of �r	 increase
with decreasing temperature, as expected on the basis of
slower rotational diffusion (Weber, 1953), and their values
are in accordance with the equilibrium ones (Fig. 3).

Kinetics of FRET efficiency from
time-resolved fluorescence

The decays of t-PnA in the presence of NBD-PE are addi-
tionally complex due to intermolecular FRET (Fung and
Stryer, 1978). Three exponential fits to these decays were
performed with the sole purpose of integrating the curve to
obtain ��DA, no physical meaning being attributed to the

FIGURE 4 t-PnA lifetime-weighted quantum yield versus composition
of DC12PC/DC18PC LUV at 20°C. Best fit of Eq. 7 (Kp

g/f � 4.8 � 0.5) is
shown.

TABLE 1 Time-resolved fluorescence decay parameters of
t-PnA in DC12PC/DC18PC LUV (20°C) for different gel phase
fractions (Xg)

Xg 	1 �1 (ns) 	2 �2 (ns) 	3 �3 (ns) �� (ns) ��	 (ns) 
2

0 0.57 2.1 0.43 6.0 �0.01 62.9 4.7 9.9 1.27
0.21 0.43 3.6 0.15 17.3 0.42 66.6 32.0 59.5 1.14
0.51 0.16 4.1 0.16 21.7 0.68 65.9 48.9 61.8 1.25
0.82 0.11 11.2 0.16 30.5 0.73 66.4 54.4 61.9 1.12
1 0.21 23.3 – – 0.79 65.5 56.4 61.7 1.18

	i are the normalized preexponentials and �i the lifetime of the decay
component i. �� is the lifetime-weighted quantum yield (Eq. 3) and ��	 is the
average lifetime (Eq. 4).
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components. The choice of three exponentials is justified by
the fact that they describe the decays adequately in statis-
tical terms (in all cases reduced 
2 � 1.3), and no signifi-

cant improvement was obtained by increasing the number of
components. The FRET efficiency, E, was then calculated
through Eq. 2, and the results plotted in Fig. 7. It can be seen

FIGURE 5 Steady-state fluorescence (left) and anisotropy (right) of NBD-PE in equimolar DC12PC/DC18PC LUV versus time. The sample was initially
equilibrated at T � 65�C on the fluid phase region. Then it was suddenly quenched to a final temperature of 5, 20, or 40°C in the gel/fluid coexistence
region. The thick line is the fit of a single exponential function with relaxation time � (indicated for each plot together with respective standard error) and
a nonzero limit value to the decay part of the experimental data points. The residuals of the fit are also shown.
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that E decreases with time, and an exponential function with
an offset E � E(t � 0)exp(�t/�) � E(t � �) is a reasonable
empirical description of the results (� is the relaxation time).
The best fit parameters are: E(t � 0) � (26.8 � 1.7)%,
E(t � �) � (19.0 � 0.9)%, and � � (6.9 � 2.1) � 103 s.

DISCUSSION

Steady-state fluorescence and anisotropy

Experimental kinetic studies of lipid demixing in mem-
branes are very scarce in the literature, but a detailed theo-

retical framework using Monte-Carlo simulations was de-
veloped recently (Mouritsen and Jørgensen, 1994;
Jørgensen and Mouritsen, 1995; Jørgensen et al., 2000).

The time-dependence observed for I and �r	 of NBD-PE
(slow decay; Fig. 5) and the time invariance for t-PnA (Fig.
6) was parallel to that obtained for the average chain order
parameter of DC12PC and DC18PC, respectively, in the
Monte-Carlo simulation of an equimolar mixture of
DC12PC/DC18PC after a thermal quench from T � 57�C �
Tl to T � 5�C between Ts and Tl (Mouritsen and Jørgensen,
1994). t-PnA partitions preferentially to the gel phase and
has higher quantum yield and anisotropy in that phase than
in the fluid. While at the higher temperature the probe is
within the fluid because this is the only phase present, at the
two-phase coexistence temperature the fluorescence param-
eters of t-PnA probe reflect essentially the behavior of the
gel state lipids. NBD-PE partitions preferentially to the fluid
(Kp

g/f � 0.16 at 20°C, Loura et al., 2000b). The anisotropy is
significantly larger in the gel, but the quantum yield is only
�5 to 20% higher, as determined from fluorescence decay
measurements in membranes with different Xg values
(Loura et al., 2000b). Thus, the signal coming from
NBD-PE in equilibrium has a main contribution from the
fluid. Since before zero time there is only fluid phase, the
overshoot of the equilibrium value can only be explained as
coming from NBD-PE entrapped in quickly frozen gel
domains and that did not have the time to diffuse to DC12PC
enriched fluid regions or from NBD-PE molecules with
gel-conformation acyl chains in the interfaces surrounding
gel domains. This would correspond to a wetting layer of
gel-like DC12PC (and analog fluorescent molecules), which
chain length lies between the hydrophobic thickness of the
gel and fluid phases. The molecules in this layer act as
surfactants, decreasing the interfacial tension (driving force
for phase separation; Jeppesen and Mouritsen, 1993) and

FIGURE 6 Time-evolution of the fluorescence properties of t-PnA in equimolar DC12PC/DC18PC LUV after a sudden thermal quench at zero time from
T � 65�C in the fluid phase region to a temperature Tf in the gel/fluid coexistence region. (Left panel) Steady-state anisotropy (Tf � 5 or 20°C (E) and
Tf � 40°C (F)); the value for the fluid phase is also shown for comparison (- - -). (Right panel) Fluorescence lifetime ��	 (Eq. 4, ■) and lifetime averaged
quantum yield (Eq. 3, �) are shown; Tf � 20°C in both cases.

FIGURE 7 Energy transfer efficiency (calculated from transient-state
fluorescence measurements, Eqs. 2 and 3) from t-PnA to NBD-PE versus
time. Experimental conditions: equimolar DC12PC/DC18PC LUV after a
sudden thermal quench from T � 65�C (fluid phase region) to a final
temperature Tf2 � 20°C in the gel/fluid coexistence region. The line is the
best fit of an exponential function with a nonzero limit value, and the
residuals are shown in the insert. The two limiting E values were calculated
assuming totally random distribution of both probes at zero time (Eqs.
9–11; dashed line above in the plot) and complete phase separation at
infinite time (Eqs. 10–12; dashed line below in the plot).
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thus providing a transient stabilization of the nonequilib-
rium structure (Mouritsen and Jørgensen, 1994; Jørgensen
and Mouritsen, 1995). It should be stressed that the relax-
ation times in Fig. 5 are on the time scale of hours. This
behavior reflects primarily what happens to DC12PC (major
component of the fluid, Fig. 1). The fluorescence behavior
of t-PnA reveals that the newly formed gel is probably very
similar to the gel in equilibrated samples. The behavior of
NBD-PE shows that what is going to be a fluid phase in
equilibrium has to evolve from a very different nonequilib-
rium structure. The overshoot phenomenon in fluorescence
intensity and anisotropy reflects that initially there is a large
fraction of the short-chain lipid molecules in a conforma-
tionally ordered state, which is decreasing with time. In one
cited Monte-Carlo study (Jørgensen and Mouritsen, 1995) it
was suggested that the fraction of DC12PC in a condensed
state and in the boundary region between gel and fluid
domains should be very large and decrease with time, ap-
proaching the equilibrium value of XDC12PC

gel (because the
interfacial fractional area becomes close to zero at very long
times). The snapshots of the microconfigurations in the
mentioned simulations (Mouritsen and Jørgensen, 1994;
Jørgensen and Mouritsen, 1995) also indicate that the con-
densed DC12PC molecules fill to a large extent a region that
at later times develops into fluid.

Recently, Jørgensen et al. (2000) studied experimentally
phase separation dynamics in equimolar mixtures of
DC16PC/1,2-dibehenoylphosphatidylcholine (DC22PC).
This is another example of a system with a broad gel/fluid
coexistence range. These authors observed a decrease of the
fluorescence intensity of an acyl-chain pyrene-labeled PC
after a thermal quench occurring in a timescale of �2000 to
3000 s, similar to those represented in Fig. 5 for NBD-PE in
DC12PC/DC18PC.

It could be argued that what is being reported is simply
the slow diffusion of NBD-PE from the gel to the fluid
phase instead of the evolution of the nonequilibrium domain
structure. The argument would be that initially the probe has
an approximately homogeneous distribution, against the
equilibrium behavior given by a Kp

g/f lower than one. How-
ever, this is most unlikely, as explained below.

The average time for a collision between two molecules
with diffusion coefficient D, randomly distributed in the
surface of a sphere of radius r is given by (Tachyia, 1987):

�av �
r2

D � 2
1 � 
d/2r�2 ln

2r

d
� 1� (8)

in which d is the sum of the molecular radii. Taking r � 50 nm
(the size of the vesicles used in this work) and D � 10�10 cm2

s�1 (typical gel phase diffusion coefficient), one obtains �av �
1 s, a value 103 to 104 smaller than the measured relaxation
times. By the same argument, one must also conclude that
diffusion of DC12PC lipids from gel phase structures to disor-
dered phase regions cannot be the only mechanism in the phase

separation process. This fact was also recognized by Jørgensen
et al. (2000), who claimed that the slowness of the ordering
process for DC16PC/DC22PC mixtures might be intimately
related to the formation of a wetting layer of ordered low-
temperature melting lipids, which would act as two-dimen-
sional surfactants, slowing the interface dynamics and promot-
ing metastability of nonequilibrium domains. In turn, the very
presence of this transient but stabilized small gel domains and
the extensive interface surrounding them act as further obsta-
cles to lipid diffusion (Almeida et al., 1992). This would be
most important in the early stages of phase separation. At later
times, closer to equilibrium, the domains are larger, and the
interface region is much diminished. In these circumstances,
those interfacial effects are less important, and long-range
diffusion should be the limiting process for attainment of
equilibrium (Jørgensen and Mouritsen, 1995).

Two additional arguments for the complexity of the phase
separation mechanism should be emphasized. First, if the
sole process were diffusion of lipid from the gel domains to
the fluid phase, the relaxation rate would increase with
temperature, whereas the opposite is observed. Second,
even if initially the probe were in the gel phase, this would
not account for the difference between the maximum I value
and the equilibrium value. At 20°C, the quantum yield of
the probe on the gel is only �5% higher than in the fluid
(Loura et al., 2000b), and the maximum and minimum
values in Fig. 5 are �10% apart. This also shows that the
properties of the nonequilibrium phase (consisting of lipid
molecules that will evolve to fluid phase) are different from
those of both the gel and the fluid in equilibrium.

The quench to different temperatures reveals that the deeper
the quench, the faster the phase separation. Because the slow
equilibration process concerns especially the fluid phase, we
should focus our discussion on it. There is a three- to fourfold
increase in the rate of relaxation when the final temperature is
changed from 20 to 5°C. Considering that the fluid phase
fraction in equilibrium, Xf, is 0.49 at 20°C and 0.47 at 5°C
(from Fig. 1), it is unlikely that the difference in Xf accounts for
the variation in the kinetics of phase separation. The driving
force for the process can be thought of as the distance of the
initial condition to equilibrium. This is related to the distance
from the point at each temperature corresponding to
XDC18PC � 0.5 to the point of the liquidus line at the respective
temperature. As can be observed in Fig. 1, that distance is
larger when the final temperature is lower. The so-called
nonequilibrium excess free energy is the driving force for the
separation process, and the same relation between the depth of
the quench and the rate of the process has been reported for
polymer solutions with spinodal decomposition (Tomlins and
Higgins, 1989).

It should be noted that the resemblance of the observed
relaxation to spinodal decomposition probably stems from the
fact that in both of these processes there is a large jump into the
biphasic region. If the cooling process was sufficiently slow,
and relaxation took place in a quasiequilibrium manner (away
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from spinodal decomposition conditions), then the evolution of
the system would most probably be different.

Kinetics of FRET efficiency from
time-resolved fluorescence

Whereas the acceptor chromophore is located near the wa-
ter-lipid interface, the donor polyene chromophore is lo-
cated in the bilayer interior, as discussed above. The trans-
verse distance between the conjugated system of t-PnA and
the water lipid interface, d, was estimated to be 12.1 Å on
the basis of molecular models. In principle, a t-PnA mole-
cule located in one bilayer leaflet could transfer its excita-
tion energy to an NBD-PE molecule in either of the two
leaflets. However, given the fact that R0 is less than the
bilayer thickness in both phases (see Probe photophysics),
for the sake of theoretical estimation of E, we will only
consider FRET within the same bilayer leaflet (the contri-
bution of transmembrane FRET to the FRET efficiency is
negligible). The time dependence of the donor fluorescence
in a situation of intermolecular FRET between donors in
one plane and acceptors in a parallel plane at a distance d is
given by (Davenport et al., 1985)

iDA
t� � iD
t� � exp��
2c

�
2/3�b

� �
0

1

�1 � exp
�tb3	6��	�3d	� (9)

in which iD(t) is the donor decay in the absence of acceptor,
b � (R0/d)2/���1/3, and c is proportional to the acceptor
concentration, nA, given by

c � �
2/3�nA�R0
2/��1/3 (10)

in which � is the complete gamma function. Eq. 9 is valid
for homogeneous distribution of probes, and it can be used
for calculation of zero-time E (assuming homogeneous dis-
tribution in these conditions), after integration:

E � 1 � �
0

�

iDA
t�dt��
0

�

iD
t�dt (11)

Using the R0 values given above and an area/lipid molecule
of 54.7 Å2 for the gel phase (value for pure DC18PC at
25°C; Marsh, 1990) and 68.7 Å2 for the fluid phase (value
for pure DC12PC at 25°C; Marsh, 1990), we calculated E �
0.46. This value is considerably larger than the extrapolated
experimental value E(t � 0) � 0.27 (Fig. 7). The probable
origin for this discrepancy is that the probe distribution in
the unquenched fluid phase is already nonhomogeneous,
confirming the simulation predictions for the DC12PC/
DC18PC mixture (Mouritsen and Jørgensen, 1994). This

does not exclude the additional possibility of a faster regime
to occur for initial steps in phase separation, which could
not be detected in our experiment. In this case, the extrap-
olation of E to zero time would represent the value at the
onset of the slower process. However, this cannot be con-
firmed from our data, and is at variance with simulation
predictions (Jørgensen and Mouritsen, 1995). On another
hand, fluid-fluid heterogeneity has been reported for binary
systems in which the main transition temperature differs
significantly (e.g., Melchior, 1986).

As shown in Fig. 7, there is a clear decrease of FRET
efficiency between t-PnA and NBD-PE following a thermal
quench to 20°C. This result shows that the donor and
acceptor molecules become more apart from each other, as
a consequence of the thermal quench. As phase separation
occurs, the t-PnA molecules in the growing gel phase do-
mains become increasingly more distant from the NBD-PE
molecules in the (also growing) fluid domains, hence the
reduction in E. Fig. 7 shows that this process occurs in a
time scale of hours, and the shape of the E decay curve is,
in fact, quite similar to those of I and �r	 for NBD-PE at the
same temperature, apart from the absence of the overshoot
at initial times. In this way, it is natural to conclude that both
experiments reflect the complementary features of the same
phenomenon: the slow growth of the phase separated do-
mains. The E curve, due to the strong dependence of this
observable on the donor-acceptor distance, shows in a direct
manner the continued increase of domain size with time
(hence, no overshoot is apparent in this case). The I and �r	
curves show the decrease of the fraction of temporarily
rigidified interfacial low-melting lipid (as discussed above),
a necessary consequence of this domain growth. Thus, it
comes as no surprise that the E curve, and the I and �r	
curves at 20°C, have very similar relaxation times.

Just as important as the zero time limit is the asymptotic
regime for t 3 �. The comparison of the experimentally
determined value with that predicted assuming complete
phase separation can reveal whether in thermodynamic
equilibrium there is complete phase separation or small
stable domains.

The time-resolved fluorescence of donor in a complete
phase separation situation is given by a modification of Eq.
9, allowing for different donor and acceptor populations,
corresponding to the gel and fluid phases:

iDA
t� � �
j�f,g

iDj
t�exp��
2cj

�
2/3�bj

� �
0

1

�1 � exp
�tbj
3	6��	�3d	� (12)

In this equation, cj has the same meaning (for phase j, fluid
(f) or gel (g)) as c in Eq. 9. These values can be calculated
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a priori using the phase diagram information and Kp
g/f �

0.16 (Loura et al., 2000b) together with the mentioned
areas/lipid molecule in each phase. iDj is the decay of donor
in the absence of acceptor, in phase j (Table 1). From these
calculations, a value of E � 0.19 is recovered, in excellent
agreement with the experimental asymptotic value (Fig. 7).

This observation shows that either phase separation is
complete, or the persisting domains have sizes larger than
those that can be probed using FRET. From Monte-Carlo
simulations, this value in intermolecular FRET is �5 to 10
R0 (Loura et al., 2001). If there were domains of size � 3 to
5 R0, there could be large probability of FRET between
donor on gel domains and acceptor on fluid regions, leading
to higher E values (which would, in fact, lie between the
limits for random distribution and complete phase separa-
tion). Our results show that this is not the case, and this kind
of transfer is negligible relative to FRET within the same
lipid phase.

It is now worthwhile readdressing the issue of the large
variety of domain sizes reported in the literature, ranging
from hundreds of molecules (Sankaram et al., 1992) to
�1-�m domains (Coelho et al., 1997). In our opinion, there
could be three main sources of discrepancy in this matter: 1)
the different techniques used for each case (electron spin
resonance spectroscopy, FRAP), which are not sensitive to
the same length scales (Dolainsky et al., 1997); 2) the
different systems studied (small and large vesicles, multibi-
layers); and 3) even though the previous points may be the
most important, there is an additional factor, often over-
looked, which is the slow kinetics of phase separation.
Although this has admittedly been suspected of and pre-
vented by researchers who describe long equilibration
times, our study describes an experiment that actually pro-
vides the timescales of equilibration for some systems. This
work shows that this process can take hours for the DC12PC/
DC18PC system, similarly to the DC16PC/DC22PC system
(Jørgensen et al., 2000). For the 1,2-dimyristoylphosphati-
dylcholine (DC14PC)/DC18PC system (in which most liter-
ature studies are carried out), the demixing kinetics follow-
ing a large temperature quench may be even slower, because
the driving force for the process is in this case less signif-
icant (greater lipid miscibility/smaller acyl chain mis-
match). Therefore, equilibration time for this type of sys-
tems can be particularly critical, and awareness of this fact
is crucial for the design of future experiments. A larger
percentage of the short chain component should also corre-
spond to a slower process, as the initial point will be closer
to the liquidus line. Indeed, in a preliminary study, we
obtained a relaxation time of (1.53 � 0.38) � 104 s when a
DC12PC/DC18PC (3:1) mixture is cooled from 65 to 20°C,
which is twice as large as the value for the 1:1 mixture (Fig.
5). Studies in other lipid mixtures, eventually even more
biologically relevant (e.g., containing cholesterol) are cur-
rently underway.

CONCLUSIONS

The subject of equilibrium phase behavior in multicompo-
nent lipid bilayers is a relevant and known issue. Neverthe-
less, experimental studies on nonequilibrium aspects of
phase separation in this kind of systems are very rare. In a
very recent work (Jørgensen et al., 2000), the kinetics of
phase separation of equimolar lipid mixtures of DC16PC/
DC22PC was studied by Fourier-transform infrared spec-
troscopy and fluorescence spectroscopy (namely the varia-
tion of fluorescence intensity of a pyrene-labeled
phospholipid during the course of the phase separation). In
the present work, the same phenomenon was studied for a
different lipid mixture (DC12PC/DC18PC 1:1), using vari-
ous photophysical techniques (variation of fluorescence in-
tensity, fluorescence anisotropy, and FRET efficiency of
suitable probes, during the equilibration process), for dif-
ferent final equilibrium temperatures (T � 5, 20, and 40°C).

While the time-scale for phase separation measured in the
work of Jørgensen et al. (2000) was verified (equilibrium
takes hours to be achieved after a sudden thermal quench
from the one-phase region), the present study provided
experimental evidence for the following aspects. 1) The
time invariance of the fluorescence observables for the
gel-phase probe, in contrast with the more complex, time-
dependent behavior measured for the fluid phase probe,
shows that whereas the gel is probably formed with prop-
erties very similar to its equilibrium properties, the fluid
phase evolves from a very different nonequilibrium struc-
ture. 2) The temperature dependence study raised two ad-
ditional points. One is that individual molecule diffusion (as
in one-component systems) is not the only factor in the
phase separation process. Gel-like molecules of the low-
melting component probably act as surfactants, stabilizing
the transient domain structure, and leading to slower phase
separation dynamics. The other is that for lipid bilayers, as
the one studied here, the driving force is related to the initial
distance to equilibrium (when defined relative to the liqui-
dus line) in a nonlinear manner, resembling spinodal de-
composition. 3) The decrease of FRET efficiency between a
gel phase probe and a fluid phase probe reflects most
directly the dynamics of domain growth in the nanometer
range. Moreover, the FRET study shows that heterogeneity
is already present in the one-phase region, and after relax-
ation, there is either complete phase separation or the per-
sisting domains have size larger than �5 to 10 R0 � 15 to
30 nm.
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