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Abstract. The formalisms of resonance energy transfer (RET) to a distribution of acceptors are reviewed
for several geometries relevant to membranes (planar, bilayer, multilayer) and random probe distribution.
Models for nonrandom probe distribution (mean concentration model, phase separation model) are presented. Selected examples of quantitative applications of RET to these systems are described. It is illustrated
how information about domain size, partition coeﬃcients, phase composition, phase separation kinetics and
bilayer aggregation can be obtained from time-resolved RET data.

1.

INTRODUCTION

Spectroscopic techniques in general, and ﬂuorescence
spectroscopy in particular, have become indispensable
tools in the study of micro-heterogeneous media. From
data such as the excitation or emission spectra, ﬂuorescence lifetimes and ﬂuorescence anisotropy, information regarding the molecular conformation and
dynamics can be obtained [1]. These techniques are
helpful regarding the immediate vicinity of the studied chromophore, but do not convey information about
the spatial organization features concerning the embedding medium. To this eﬀect, there are available
ﬂuorescence techniques which rely upon distance- or
concentration-dependent interaction between diﬀerent
species. Among them is resonance energy transfer
(RET). This article reviews the formalisms of RET for
diﬀerent possibilities of acceptor probe distribution geometry, and illustrates them with quantitative applications to the study of model systems of biological membranes. These quasi-2D media are chosen because i)
the study of biological membranes, namely the organization of multicomponent bilayers, is a very active
ﬁeld in biophysics and biochemistry and ii) upon varying the membrane composition (both lipid and peptide/protein components), the membrane preparation
procedure and the studied chromophores, many geometrical arrangements can be materialized. Emphasis
is given on the data analysis methodologies and the information that can be gained through them. Outside the
scope of this review is energy migration (homotransfer),
as well as RET in the rapid diﬀusion limit.

2.

INTRAMOLECULAR RET

The term “intramolecular” RET is often employed to
designate RET interaction between donor-acceptor
†
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pairs for which the donor-acceptor distance is the
same. This situation is likely to occur in a twochromophore molecule, provided there is spectral
overlap between emission of one of them, which acts
as donor, and absorption of the other, which acts as
acceptor. The rate constant of energy transfer between
a donor molecule, with ﬂuorescence lifetime τ, and an
acceptor molecule, separated by a distance R, is given
by [2]


1 R0 6
(1)
kT =
τ R
where R0 is the critical distance, which can be calculated from
∞

16
(2)
R0 = 0.2108· k2 ·ΦD ·n−4 · I(λ)·ε(λ)·λ4 ·dλ
0

where in turn κ 2 is the orientation factor (see [3] for a
detailed discussion), ΦD is the donor quantum yield in
the absence of acceptor, n is the refractive index, λ is
the wavelength, I(λ) is the normalized donor emission
spectrum, and ε(λ) is the acceptor molar absorption
spectrum. As is clear from eq. (2), R0 can be calculated
from spectroscopic data. If the λ units used in eq. (2) are
nm, then the calculated R0 has Å units. A quantiﬁcation
of the extent of RET is given by the RET eﬃciency, E,
which is deﬁned by
∞
∞
E =1−
iDA (t)dt
iD (t)dt
(3)
0

0

In this equation, iD (t) and iDA (t) are the donor decays in absence and presence of acceptor (respectively).
The eﬀect of RET on donor ﬂuorescence is the reduction of lifetime and quantum yield. The relationship between the donor lifetime in absence and presence of acceptor ﬂuorophore (τ0 and τ, respectively) is given by
E =1−

R6
τ
= 6 0 6
τ0
R + R0

(4)
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Figure 1. Schematic representation of the cis and trans RET
geometries as referred to in the text. D = donor probe; A =
acceptor probe; h = distance between opposite planes of
location of probes.

where R is the donor-acceptor separation. An expression identical to eq. (4) can be written for the ﬂuorescence quantum yield. From both steady-state and timeresolved data, R is easily computed. This is the basis
of the use of intramolecular RET as a “spectroscopic
ruler” [4].

3. RET IN INFINITE PLANAR MEDIA
(RANDOM PROBE DISTRIBUTION)
However, for many systems there is a distribution of
acceptor chromophores surrounding each donor (“intermolecular” RET), and there are many relevant donoracceptor distances.
If a given donor molecule is now surrounded by NA
acceptors (being Ri the distance between the donor and
acceptor molecule i) and R0 is the same for every donoracceptor pair, iDA (t) is given by:

iDA (t) = exp

t
−
τ


NA


exp

i=1

−

t
τ



R0
Ri

6
(5)

In order for this equation to have practical use in
data analysis, one must calculate the product on the
right, which can be replaced by integration assuming
a random distribution of acceptors. This procedure is
also valid if there is a distribution of equivalent donors.
The result for an inﬁnite two-dimensional system (cis
RET geometry, see Figure 1), assuming that there is no
homotransfer between donors, the fraction of excited
acceptors is negligible, translational diﬀusion is negligible, and the exclusion distance between donors and
acceptors is much smaller than R0 , is [5]:
iDA, cis (t) = exp

−

 1/3
t
t
−C
τ
τ

(6)

where
C=Γ

 
2
· n · π · R02
3

(7)
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In this equation, n is the surface density of acceptors
and Γ is the complete gamma function. Equation (6)
shows that in this situation the donor decay in presence of acceptor is no longer exponential.
Although no longer useful for distance measurement, the RET eﬃciency parameter is still deﬁned by
eq. (3). In this case, the integration can be carried out
analytically [5], or numerically, which is preferred for
multiexponentially decaying donors (and for the more
complex formalisms described hereafter).
These equations should hold for RET between
probes located in the same membrane leaﬂet of large
unilamellar vesicles (LUV), because the radius of curvature (∼ 100 nm, which is approximately twice the R0
value for many useful donor-acceptor pairs) is suﬃciently large for them to be treated as inﬁnite planes
in the RET scale [6].
In the past 25 years, several authors have tried to
analyze RET data in model membranes using variations
of the above equations. In their pioneering work, Fung
and Stryer [7] studied RET between ﬂuorescently labeled phosphatidylethanolamine (PE) in LUV of phosphatidylcholine (PC) from egg yolk. In this system, the
probe distribution was expected to have bilayer (rather
than planar) geometry. However, the authors considered that the opposing leaﬂet in the bilayer can be neglected in the calculation of E if R0 is not signiﬁcantly
larger than the bilayer width. Although from the variation of steady-state RET eﬃciency data with acceptor
concentration it was possible to recover R0 values in
accordance with those obtained spectroscopically, the
donor decay curves are considerably diﬀerent from the
theoretical ones, pointing to nonrandom probe distribution.
RET from octadecylrhodamine B (ORB) to 1, 1 , 3, 3,
3 , 3 -hexamethylindotricarbocyanine (DiIC1 (7)) in ﬂuid
16 : 0, 16 : 0 PC LUV [8] (m : n denotes a chain with m
carbon atoms and n double bonds) was measured in
both steady-state and time-resolved conditions. Both
probes were incorporated in the outer LUV leaﬂet by
an injection procedure, and neither of them underwent
signiﬁcant translocation to the inner leaﬂet. Hence, a
planar RET geometry was expected. In this study, a
modiﬁed eq. (6) was derived for biexponentially decaying donors, and the decays were globally analyzed, with
linkage of donor lifetimes and pre-exponential ratio. A
linear dependence of the recovered C parameter as a
function of acceptor concentration was veriﬁed, as expected from eq. (7). However, analysis of the decays for
the same system but below the main transition temperature (Tm ) was not successful, pointing to probe aggregation in the gel phase, possibly on line defects in
the gel phase structure. In this situation, the traditional
framework, derived assuming random distribution of
probes, is no longer valid. In section 5 we will address
the problem of nonrandom probe geometry and return
to this system.
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RET IN INFINITE BILAYERS (RANDOM
PROBE DISTRIBUTION)

If donors and acceptors are located in inﬁnite parallel
planes (trans transfer, as often occurs in bilayers for
chromophores located at diﬀerent depths; see Figure 1),
separated by a distance h, the donor decay in presence
of acceptor is given by [9]:

iDA, tr ans (t) = exp

−

t
− kh2 CF (h, t)
τ


(8)

where
1
F (h, t) =

0

1 − exp((−1/τ)(R0 /h)6 α6 )
dα
α3

(9)

and k = 2/R02 .
Due to the complex time-dependence of F , decay
analysis software is more complicated and slower for
this situation, and there is the temptation to analyze
data from bilayer systems with the planar formalism. It
can be shown that eq. (8) reduces to eq. (6) when h  R0
(as expected). However, despite for h ≈ R0 (the case
for many experiments in model membranes) the RET
contribution from the opposing leaﬂet is much smaller
than RET within the same leaﬂet, omission of the former will lead to important quantitative deviations in
the decay law. Thus, all serious quantitative analysis
of RET data with bilayer probe distribution should be
done with eqs. (8)–(9).
As for planar geometry systems, membrane studies
for bilayer geometry have revealed accordance with the
theoretical expectations for ﬂuid bilayers, and deviations for gel bilayers. In one report, from time-resolved
data of RET from N-(7-nitrobenz-2-oxa-1,3-diazol-4-yl)
(NBD)-16 : 0, 16 : 0 PE to N-(lissamineTM -rhodamine B)
(Rh)-16 : 0, 16 : 0 PE in 18 : 1, 18 : 1 PC [10], a linear dependence of the recovered C parameter as a function of
acceptor concentration was veriﬁed, as expected from
eq. (7), allowing the calculation of the area per lipid
molecule. In another study, the time-resolved RET data
for the pair NBD-16 : 0, 16 : 0 PE/Rh-16 : 0, 16 : 0 PE [11]
in both ﬂuid and gel phase 16 : 0, 16 : 0 PC LUV was
obtained. Similarly to the pair ORB/DiIC1 (7), the analysis with eqs. (8)–(9) was successful for the ﬂuid phase
system, but not for the gel phase system, probably due
to nonrandom probe distribution.

5.

EXTENSIONS TO NONRANDOM PROBE
DISTRIBUTIONS

As seen from above, even in systems for which random probe distribution was expected (one-phase lipid
bilayers), deviations to the theoretical laws were observed in some cases, this being ascribed to nonuniform chromophore distribution. Several authors have
tried to account for these deviations in diﬀerent ways. A
study of RET in Langmuir-Blodgett multilayers revealed
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unsatisfactory matching to the theoretical framework
for random probe distribution [12]. In this example, the
authors were able to globally ﬁt the donor decays to a
modiﬁed version of eq. (6):


t
iDA, cis (t) = (1 − α) exp − − ct 1/3
τ


t
(10)
+ α · exp −
τ
This equation assumes that a fraction α of the donors
might be “isolated” regarding RET (in practice, having
no acceptor molecules within a distance of 2R0 ), and
show the same decay as in absence of acceptor.
An improved RET formalism that allows the possibility of nonrandom probe distribution is the mean acceptor concentration model [13]. It takes into account a
continuous probability function f (C) of having donors
with a mean local concentration C of acceptors in their
surroundings, rather than a discrete function characterized by probability α of “seeing” no acceptors and probability 1 − α of sensing a concentration c, expressed
by eq. (10). In this model eq. (6) (or eq. (8) for trans
RET) is locally valid and the decay law is expressed as a
Fredholm integral equation of the ﬁrst kind regarding
recovery of the function f (C):
iDA (t) =

∞
f (C) exp
0

−

 1/3
t
1
−C
dC
τ
τ

(11)

An identical equation (only the kernel exp(−t/τ
− C(t/τ)1/3 ) should be replaced by exp(−t/τ −
kh2 CF (h, t))) is valid for bilayer geometry.
This model was used to analyze the aforementioned
time-resolved RET data for the pair ORB/DiIC1 (7) [14]
in both ﬂuid and gel phase 16 : 0, 16 : 0 PC LUV. Narrow unimodal f (C) were recovered for the ﬂuid phase
and moderate acceptor overall concentrations, conﬁrming the random distribution of probes in this system.
Higher overall acceptor concentrations (> 1 mol%) resulted in wider (but still unimodal) distributions, revealing a small degree of acceptor aggregation (Figure 2E,
top).
The striking results came in the analysis of gel
phase data. In this case, f (C) evolved from a distribution with maximum at C = 0, for low overall acceptor concentration, to a unimodal distribution centered
at higher C values (see Figure 2, bottom). No evidence
for donor aggregation was observed in a study of emission depolarization by homotransfer. The variation in
the recovered f (C) was thus ascribed to acceptor segregation in the defect lines of the gel structure. For low
overall acceptor concentration, a large fraction of this
probe would be located in the defects, leaving a sizeable proportion of donors as “isolated” in RET terms
(peak at C ≈ 0). For higher overall acceptor concentration, as more acceptor molecules are incorporated, a
saturation eﬀect probably occurs in the defects, significant amounts of acceptor incorporate in the bulk gel
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Figure 2. Solid lines: acceptor concentration distributions f (c) (where c = Cτ −1/3 and C is deﬁned in eq. (7)) recovered
for ORB decay data in 16 : 0, 16 : 0 PC LUV in presence of diﬀerent amounts of DiIC1 (7) (ratios DiIC1 (7) to outer leaﬂet
16 : 0, 16 : 0 PC: A, 0.0022; B, 0.0044; C, 0.0082; D, 0.0126; E, 0.0171). Vertical dotted lines: c values recovered for the
random distribution ﬁt (eq. (6)). Top plots: T = 50 ◦ C (ﬂuid phase LUV). Bottom plots: T = 25 ◦ C (gel phase LUV) (Adapted
from [11]).

lattice and gradually less donors remain isolated. These
conclusions are supported by additional photophysical
measurements [11], and agree with numerical simulations [14]. This analysis methodology was also used in
the RET study of interactions between the ﬂuorescent
sterol dehydroergosterol and the polyene antibiotic ﬁlipin in small unilamellar vesicles of 16 : 0, 16 : 0 PC [15],
revealing the formation of both ﬁlipin-sterol and ﬁlipinﬁlipin aggregates.
Although the above results were obtained for onephase lipid bilayers, obvious examples of nonrandom
probe distribution occur in biphasic systems. In these
systems, as long as the donor and acceptor probes
prefer one of the two coexisting phases, RET is obviously sensitive to phase separation. For example, if the

two probes show preference for the same phase, most
donors will be located in a region enriched with acceptor, and it can be shown that RET eﬃciency increases
accordingly. The opposite eﬀect is veriﬁed if the probes
partition to distinct phases. Thus, in biphasic systems,
RET eﬃciency and probe partition are closely related.
For systems with lateral phase separation (two inﬁnite
phases), the donor decay in presence of acceptor is
given by [16]
iDA, phase separation (t) = A1 iDA, phase 1 (t)
+ A2 iDA, phase 2 (t)

(12)

where iDA in both phases is given either by eq. (6)
(for planar systems) or by eq. (8) (for bilayer systems),
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where P1 is the probe mole fraction in lipid phase 1, and
X1 is the lipid phase 1 mole fraction (therefore P2 = 1 −
P1 and X2 = 1 − X1 ). It is easy to show that the partition
coeﬃcients of donor (KpD ) and acceptor (KpA ) probes
can be calculated straightforwardly from the RET decay
parameters:

0.48
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E
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0
−0.01
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Figure 3. Energy transfer eﬃciency (calculated from
transient-state ﬂuorescence measurements, eq. (3)) from
trans-parinaric acid to NBD-12 : 0, 12 : 0 PE vs. time [20].
Experimental conditions: equimolar 12 : 0, 12 : 0 PC/18 :
0, 18 : 0 PC LUV after a sudden thermal quench from Ti =
65 ◦ C (ﬂuid phase region) to a ﬁnal temperature Tf = 20 ◦ C
in the gel/ﬂuid coexistence region. The line is the best ﬁt of
an exponential function with a non-zero limit value, and
the residuals are shown in the inset. The two limiting E values were calculated assuming totally random distribution
of both probes at zero-time (eqs. (8)–(9); dashed line above
in the plot) and complete phase separation at inﬁnite time
(eqs. (8)–(9), (12)–(13); dashed line below in the plot).

replacing τ by τi , the donor excited-state lifetime in
phase i (i = 1, 2), and C by Ci which, in turn, is given by
eq. (7), replacing n by ni (the acceptor surface density
in phase i), and R0 by R0i , the critical RET distance for
pure phase i. It is assumed that the probe distribution is
random inside each phase (nonrandomness could be rationalized in the framework of the mean concentration
model; however, that would lead to a ﬁtting equation
with a very large number of parameters for biphasic
systems). The pre-exponential Ai is proportional to the
number of donor molecules in phase i. The decay of
donor in absence of acceptor is simply




t
t
iD (t) = A1 exp −
+ A2 exp −
(13)
τ1
τ2
In practice, the donor may decay biexponentially
in both pure phases, and the RET geometry may not
be strictly planar (cis geometry in Figure 1), because
donors located in one bilayer leaﬂet may be able to
transfer its excitation energy to acceptors located on
the opposite monolayer. The necessary changes for
these situations have been described [16]. In any case,
the recovered parameters contain information relative
to the amount of donor and acceptor in each phase. The
partition coeﬃcient of a probe between phases 1 and 2
is given by (e.g. [17]):
Kp =

P2 /X2
P1 /X1

(14)

C2 · a2 /τ2

1/3

C1 · a1 /τ1

(16)

where ai is the area per lipid molecule in phase i.
Now let x represent the overall mole fraction of
the lipid component which predominates in phase 2
at a given temperature, and let the phase coexistence
boundaries at this temperature be x1 (X2 = 0) and
x2 (X1 = 1). If at a given temperature X1 are known for
two points, A(xA , T ) and B(xB , T ), which are known to
be located inside the phase coexistence range, x1 and
x2 , are given by [16]
xA · X2B − xB · X2A
X1A − X1B
xB · X1A − xA · X1B
x2 =
X1A − X1B
x1 =

(17)
(18)

which allows one to calculate the compositions of
phases 1 and 2 at that temperature from time-resolved
RET data. If this procedure is repeated for several temperatures, the phase diagram is obtained.
These simple relationships are strictly valid only
for very large domains ( R0 ). To test this formalism for a situation of phase separation into small domains, synthetic decays were generated by Monte-Carlo
simulation and then globally analyzed (in presence and
absence of acceptor) using eqs. (12)–(13). It was veriﬁed
that even for domain size ≈ 3.5 R0 (≈ 15–20 nm for
most current RET pairs), satisfactory phase boundaries
estimates are recovered, whereas the KpA values calculated using eq. (16) are closer to unity than the input
values. That is, if the acceptor prefers to incorporate
in the minority phase 1(KpA < 1), but the domains of
this phase are very small, donors inside those domains
are still sensitive to the region outside them, and “see”
a local concentration of acceptor which is smaller than
the domain value C1 . The opposite happens for donors
outside the domains. As a consequence, C1 is underestimated, C2 is overestimated, and KpA calculated from
eq. (16) is overestimated. Conversely, if KpA > 1, but
the domains of phase 1 are very small, KpA calculated
from time-resolved RET parameters is underestimated.
Of course, Kp values can be obtained by a plethora
of established methods, including other photophysical
techniques [17]. The uniqueness of RET in this respect
resides in the dependence of the “apparent Kp ”, the
value recovered after analysis, on the size of the phases.
Other ﬂuorescent properties often used for calculation
of Kp , like ﬂuorescence intensity, lifetime or anisotropy
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are only dependent on the immediate environment of
the probe (at least for common dyes, with lifetimes
smaller than 10 ns), and are insensitive to the domain
size. In this way, a procedure for obtaining information on the size of membrane domains would be the
following:
i) Measure Kp by distance-independent methods;
ii) Obtain time-resolved RET data and calculate KpA
from global analysis;
iii) Compare the KpA values obtained in i) and ii),
and from their eventual diﬀerence, conclude about domain sizes;
iv) This would allow an “educated guess”, which
could in turn be conﬁrmed from adequate Monte-Carlo
simulations. Theoretical decay laws would thus be obtained and compared with the experimental ones.
This discussion is valid for all biphasic systems. Experimentally, one can distinguish between
gel/ﬂuid and ﬂuid/ﬂuid phase separation types. In
one gel/ﬂuid heterogeneity study [18], mixtures of
12 : 0, 12 : 0 PC/18 : 0, 18 : 0 PC, were investigated for two
diﬀerent temperatures and compositions inside the
phase coexistence range. The short-tailed RET donor,
NBD-12 : 0, 12 : 0 PE, and a short-tailed RET acceptor,
1, 1 -didodecil-3, 3, 3 , 3 -tetramethylindocarbocyanine
(DiIC12 (3)), were shown to prefer the ﬂuid phase
(rich in short-tailed phospholipid) by both intrinsic
anisotropy, lifetime and RET measurements, in agreement with published reports. The other studied RET
acceptor, long-tailed probe 1, 1 -dioctadecil-3, 3, 3 , 3 tetramethylindocarbocyanine (DiIC18 (3)), was expected
to prefer the gel (rich in long-tailed phospholipid), on
account of hydrophobic matching considerations [19].
While intrinsic lifetime studies indeed indicated
preferential partition of DiIC18 (3) into a rigidiﬁed
environment, RET analysis pointed to an increased
donor-acceptor proximity as a consequence of phase
separation. These apparently conﬂicting results were
rationalized on the basis of segregation of DiIC18 (3)
to the gel/ﬂuid interphase. In order to ﬂuid-located
donors sense these interphase-located acceptors, ﬂuid
domains should be small (not exceed ∼ 10–15 nm). This
work shows that membrane probes which apparently
prefer the gel phase may show a nonrandom distribution in this medium (in agreement with the study
described above for pure DPPC gel phase LUV), and
tend to locate in an environment which simultaneously
leads to less strict packing constraints and to favorable
hydrophobic matching interactions.
The dynamics of domain growth was also studied in
the system 12 : 0, 12 : 0 PC/18 : 0, 18 : 0 PC (1 : 1 molar ratio) [20]. LUV were ﬁrst equilibrated at 65 ◦ C, a temperature above the Tm of both PC, where the system is in the
one ﬂuid (supposedly homogeneous) phase situation.
The lipid vesicles contain also a probe that partitions
preferentially to the gel (trans-parinaric acid) and another that prefers the ﬂuid phase (NBD-12 : 0, 12 : 0 PE).
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Then, a sudden thermal quench to 20 ◦ C is carried out,
and the lipid mixture is rapidly taken to the gel/ﬂuid
phase coexistence region of the phase diagram. The RET
eﬃciency as a function of time (Figure 3) was measured
and, as expected, it decreased, because as domains
form and grow due to the diﬀerential partitioning of
the probes, the donor is sensing a decreasing local concentration of acceptors. The process has a dynamics on
the time-scale of hours. The trend of RET eﬃciency with
time could be well described by an exponential function
with a non-zero value at inﬁnite time (E = 0.19). Also
shown in Figure 3 is the calculated value considering
inﬁnite phase separation (eqs. (8)–(9), (12)–(13)), which
is also E = 0.19. This shows that domains are, at least
5–10 times R0 [16].
For ﬂuid/ﬂuid heterogeneities, which are traditionally most diﬃcult to characterize, these packing
problems are certainly less critical. One may distinguish between ﬂuid/ﬂuid phospholipid heterogeneity
(mixtures of two structurally diﬀerent phospholipids
above the Tm of both) and liquid disordered (ld)/liquid
ordered (lo) heterogeneity (e.g., PC/cholesterol mixtures). Although both types are certainly relevant
as models of biomembrane heterogeneity, very few
RET studies have been carried out regarding either
of them. In one steady-state ﬂuorescence work [21],
the RET eﬃciency between the excimer of 16 : 0,1pyrenedecanoyl PC and 4,4-diﬂuoro-5-methyl-4-boro3a,4a-diaza-s-indacene-3-dodecanoyl,16 : 0 PC was
studied as a function of composition for mixed 16 :
0, 18 : 1 PC/16 : 0, 18 : 1 phosphatidylglycerol (PG),
16 : 0, 18 : 1 PC/16 : 0, 18 : 1 phosphatidylserine (PS)
and 16 : 0, 18 : 1 PC/16 : 0, 18 : 1 phosphatidic acid
(PA) LUV, at 35 ◦ C (above the Tm of all the used lipids).
It was veriﬁed that E increases continuously with the
amount of anionic phospholipid, but, while variations
in 16 : 0, 18 : 1 PC/16 : 0, 18 : 1 PG LUV were small, the
increase of RET eﬃciency was very signiﬁcant in the
other systems (especially in the 16 : 0, 18 : 1 PC/16 :
0, 18 : 1 PA mixtures). These observations point to preferred colocalization of the labeled PC probes, and to
probable ﬂuid-ﬂuid phase separation.
In the previously mentioned study of the dynamics of phase separation in 12 : 0, 12 : 0 PC/18 : 0, 18 :
0 PC [20], the expected RET eﬃciency for one homogeneous phase was also calculated (eqs. (8)–(9). This value
(E = 0.46) was considerably higher than the value of
the experimental eﬃciency extrapolated to time zero
(E = 0.27) suggesting that there was already some degree of inhomogeneity even before the phase separation process has begun.
Regarding lo/ld heterogeneity, two studies were recently carried out in the 14 : 0, 14 : 0 PC/cholesterol
system. The phase diagram for this mixture has been
determined [22]. The main focus was to probe the
small domains using the strategy outlined above.
In one study [23], 22-NBD-23,24-bisnor-5-colen-3β-ol
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(NBD-cholesterol) was used as donor and ORB was used
as acceptor. It was expected that NBD-cholesterol would
mimic the behavior of cholesterol and partition preferably to the lo phase. However, using both steady-state
ﬂuorescence and time-resolved RET, values much less
than unity were obtained for the lo/ld partition coeﬃcients for both probes, pointing to preference for the
cholesterol-poor phase. It is concluded that, in particular, NBD-cholesterol is not a suitable cholesterol analog
and its distribution behavior in PC/cholesterol bilayers
is in fact opposite to that of cholesterol. However, additional photophysical measurements revealed that both
probes aggregate in the lo phase, preventing further
characterization of the lipid domain structure.
In the other study [16], NBD-14 : 0, 14 : 0 PE and
Rh-14 : 0, 14 : 0 PE were used as donor and acceptor,
respectively. Although Rh-14 : 0, 14 : 0 PE prefers the
ld (or α) phase, NBD-14 : 0, 14 : 0 PE prefers the lo (or
β) phase, as determined by ﬂuorescence intensity and
anisotropy variations, respectively. Accordingly, RET
eﬃciency decreases as a consequence of phase separation. For xchol = 0.15 and xchol = 0.20 (the studied samples with smaller Xβ in the lo/ld coexistence
range), the experimental Cα value (which would always
be expected to be larger than Cβ ) is smaller than expected, while the opposite is true for Cβ . This, together
with numerical simulations of decays in biphasic systems, suggests that in this region of the phase diagram, the lo domains, dispersed in ld phase, should
be very small (of the order of magnitude of R0 , that
is, a few nm). On the other hand, domains of ld in the
cholesterol-rich end of the coexistence range have comparatively large size. When the phase boundaries are
calculated using eqs. (17)–(18), very good agreement
with the literature is obtained in the cholesterol-rich
end (both 0.28 at 30 ◦ C), while a considerable larger
value is obtained in the cholesterol-poor end (0.18 from
RET, compared to ≈ 0.075 from [22]). These results
do not necessarily contradict the published diagram,
which was also conﬁrmed by domain size-independent
ﬂuorescence measurements [24]. They stem from the
distance dependence of RET and the existence of small
domains. In other words, there may be phase separation
below xα < 0.15, but, if this is the case, the domains
should be very small. Ideally, the published and RET coexistence boundaries should coincide if the phases are
large, as observed at the other end of the tie-line.

6.

RET IN INFINITE MULTILAYERS (RANDOM
PROBE DISTRIBUTION)

Monolayers and bilayers are not the end of the story
regarding the possibilities of RET geometry in model
membranes. We shall illustrate this with a brief description of our study of the interaction of the polylysine
peptide K6 W with equimolar 16 : 0, 16 : 0 PC/16 : 0, 16 :
0 PS LUVs.
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Because of the high positive charge of the peptide,
reorganization of the zwitterionic lipid (PC)/acidic lipid
(PS) mixture was expected. This could be detected by
the variation of RET eﬃciency between ﬂuorescently
labeled PC analogs upon incorporation of peptide.
To this extent, 2-[3-(diphenylhexatrienyl)propanoyl]1-hexadecanoyl-sn-glycero-3-phosphocholine (DPH-PC)
was used as donor and 1-palmitoyl-2-[12-(7-nitrobenz-2
- oxa - 1, 3 - diazol - 4 - yl)aminododecanoyl] - sn - glycero3-phosphocholine (NBD-PC) was used as acceptor
(R0 (45 ◦ C) = 41 Å; R0 (60 ◦ C) = 40 Å). Two distinct situations were considered: at T = 60 ◦ C, above the Tm of
both phospholipids, there is a single ﬂuid lipid phase;
at T = 45 ◦ C, between the Tm values for 16 : 0, 16 : 0 PC
and 16 : 0, 16 : 0 PS, there is gel/ﬂuid phase coexistence.
We sought to determine whether the insertion of this
basic peptide would lead to: (i) phase separation from
a single ﬂuid phase 16 : 0, 16 : 0 PC/16 : 0, 16 : 0 PS mixture (T = 60 ◦ C) and, (ii) noticeable reorganization of
pre-existing gel/ﬂuid domains (T = 45 ◦ C). The former
eﬀect would be clearly apparent in a RET measurement,
as segregation of a 16 : 0, 16 : 0 PC-rich phase (containing most of the probe molecules) would lead to local
enrichment of acceptor probe, and thus higher RET efﬁciency. The latter eﬀect would be visible for example
if the pre-existing domains were very small (∼ 10 nm or
smaller), and became considerably larger upon incorporation of peptide.
As a ﬁrst approach, ﬂuorescence intensity decays
were described by empirical sum-of-exponential functions and the recovered ﬁtting functions were integrated to calculate the FRET eﬃciency E (eq. (3)). The
value obtained for this parameter at 60 ◦ C in the absence of peptide is approximately 0.40, close to the
theoretical expectation for a random distribution of acceptors (0.43), which can be computed from eqs. (3), (8)
and (9). In this calculation, h = 1.7 nm (corresponding
to half the bilayer width [25]) was considered, because,
whereas it is a good approximation to consider the
DPH moiety of DPH-PC located in the center of the
bilayer, the NBD group of NBD-PC snorkels to the bilayer interface [26] (see Figure 4, left). When peptide is
added, E increases up to 0.54 (for a peptide:lipid ratio
of 1 : 13), seeming to indicate phase separation. On the
other hand, addition of peptide to the gel/ﬂuid mixture (45 ◦ C) does not lead to a signiﬁcant increase in E,
i.e., there was no detectable rearrangement of the preexisting lipid domains.
Despite being a rapid way of obtaining a ﬁrst
glimpse into the possible membrane organization, the
steady-state analysis information is always limited. The
FRET eﬃciency parameter results from time integration
of the actual decay law, and in this process considerable
detail regarding the probes distribution is lost. Thus,
whenever possible, a complete parameter analysis of
the time-resolved ﬂuorescence donor decays should be
carried out. In this experiment, analysis of the decays
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K6 W
41 Å

41 Å

DPH
NBD
Figure 4. Schematic representation of the formation of
multibilayers from 16 : 0, 16 : 0 PC/16 : 0, 16 : 0 PS ﬂuid
LUV in the presence of K6 W, as revealed from the timeresolved ﬂuorescence data analysis (see text for details).

recorded at 45 ◦ C was made using eq. (12) (together with
eqs. (8) and (9)), and from the essentially invariant recovered parameters, it was possible to conclude that
addition of peptide does not indeed lead to appreciable changes in domain organization. On the other hand,
it was not possible to analyze the decays recorded at
60 ◦ C in the presence of peptide with the same model.
For these samples, a diﬀerent regime was observed in
the decay proﬁle: at longer times, the decay in presence
of acceptor did not become parallel (in a log scale) to
that without acceptor, as it should according to eqs. (8)–
(9). Successful analysis required the use of a modiﬁcation of eq. (8), allowing for FRET to a second layer of
acceptors:
iDA, tr ans (t)


t
= exp − − kC h21 F (h1 , t) + h22 F (h2 , t)
(19)
τ
In this equation, h1 and h2 are now the distances
between the plane of the donors and the two distinct
planes of acceptors. When h1 = 1.7 nm was assumed
(see justiﬁcation above), the most successful analysis
was obtained for h2 = 4.1 nm. No evidence for phase
separation was apparent from the decay analyses.
A possible explanation for these results is that the
value recovered for h2 corresponds to RET to acceptors located in a diﬀerent lipid bilayer to that of the
donors. In this scenario, K6 W promotes bilayer aggregation of 16 : 0, 16 : 0 PC/16 : 0, 16 : 0 PS bilayers LUV in
the ﬂuid phase, possibly leading to formation of small
anionic lipid clusters within each bilayer, but without
leading to detectable phase separation (Figure 4, right).
This ﬁnding agrees with a microscopy study [27] who
also ruled out the induction of large domains by basic peptides in mixtures containing acidic lipids. Of
course, in the framework of our model, there would
be at least a third layer of acceptors located at approximately h3 = (h2 + one bilayer width)  7.5 nm.
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However, the contribution of RET to this plane (and further planes) of acceptors would be much smaller and
eﬀectively masked by RET to acceptors located at h1
and h2 .
Other systems for which multilayer geometry is expected are cationic lipid/DNA complexes (lipoplexes),
for which a “sandwich” arrangement, with alternate
DNA and lipid lamellar layers has been proposed [28].
These aggregates have aroused great interest in the biochemical community because of the possibility of their
use in gene therapy [29]. Studies of characterization of
lipoplexes using the described RET methodologies are
currently underway in our laboratory.
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