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A B S T R A C T

Laurdan is a fluorescent molecule largely used to probe the lipid packing and hydration of membranes. In
phospholipid bilayers that undergo the gel-fluid thermal transition, Laurdan fluorescent band displays a sig-
nificant red shift upon the transition. However, Laurdan in DODAB bilayers does not show this characteristic
shift of the emission band. Hence, the analysis of the membrane fluidity through the so-called Generalized
Polarization (GP) cannot be used with DODAB. Nevertheless, both static and time resolved fluorescence attest
that the Laurdan fluorescence in DODAB, like in phospholipids, is composed of two emission bands. The
emission bands are associated with excited states with different lifetimes, and the relative intensity of the bands
is sensitive to the bilayer thermal phase. Analyses were performed by decomposing the emission spectrum into
two Gaussian bands and by computing the Decay Associated Spectra (DAS), the latter with time resolved
fluorescence. We conclude that Laurdan in DODAB bilayers is in a shallower position as compared with the probe
in phospholipids, possibly due to the small DODAB head group. Hence, Laurdan could be a useful probe to
monitor interactions at the surface of DODAB bilayers, for instance with genetic material, quite often associated
with cationic vesicles in lipoplexes, with broad medical applications.

1. Introduction

In this paper, we characterize and evaluate the viability of the
fluorophore Laurdan (6-Dodecanoyl-2-dimethylaminonaphthalene) as a
structural probe in vesicles of the cationic lipid DODAB (dioctade-
cyldimethylammonium bromide), also called DDAB (see Fig. 1).

The probe Laurdan has been extensively used in phospholipid self-
organized structures, such as vesicles [1–7], micelles [8], hexagonal
phases [9] and bilayer discs [10], due to the changes in its fluorescent
spectrum depending on the hydration and fluidity of its environment.
For example, when a phospholipid bilayer in the gel phase is heated and
transitions to the fluid phase, the emission spectrum of Laurdan shifts
from ˜ 440 nm to ˜ 490 nm [1,7]. Hydration and rigidity of the bilayer
can be altered by lipid composition [11–13], addition of drugs to the
membrane [14,15] and by temperature and pressure changes [16,17].

More recently, Laurdan was used as a structural probe in synthetic
lipids, including the cationic lipids from the DODAX family (X being a
counter ion, usually Br− or Cl−). Sobral et al. used Laurdan to char-
acterize DODAB/DPPC (1,2-dipalmitoyl-sn-glycero-3-phosphocholine)
vesicles [18] and Suga et al. used Laurdan in mixtures of DODAB with
fatty acids [19], while similar methodologies where used by Lemp et al.

to study the effects of sucrose esters on the structure of DODAC (dio-
leoyldimethylammonium chloride) vesicles [20].

Particular attention has been given to the structure of cationic ve-
sicles because they are used in a series of biotechnological and bio-
medical applications. Many applications explore the fact that cationic
vesicles can complex with nucleic acids such as DNA and RNA [21–23]
and host hydrophobic molecules in the lipid bulk [24]. That turns ca-
tionic vesicles into candidates for vaccine adjuvants [25,26], drug
transport carriers [27,28] and for non-viral transfectors [29–31].

However, these applications require further structural knowledge of
the vesicle and their complexes either with drugs or nucleic acids. As
mentioned, Laurdan has already been used to study the structure of
cationic vesicles of the DODAX family. But most of the aforementioned
studies rely on the assumption that Laurdan would exhibit the emission
shift observed in phospholipids. This could be a reasonable assumption,
since the shift during phase transition has been observed in a large set
of phospholipid bilayers such as those composed of DPPC [2,3], DMPC
(1,2-ditetradecanoyl-sn-glycero-3-phosphocholine) [5,10,32], DMPA
(1,2-ditetradecanoyl-sn-glycero-3-phosphate) [33,34], DPPG (1,2-di-
hexadecanoyl-sn-glycero-3-phospho-(1′-rac-glycerol)) [6], DPPS (1,2-
dipalmitoyl-sn-glycero-3-phospho-L-serine) [35], and phospholipid
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mixtures [13,15,36–39]. In some of these experiments, researchers
performed experiments in a range of pH to test the Laurdan sensitivity
to phase transition in phospholipids with neutral, positive and negative
charges. For all the phospholipids tested, Laurdan characteristic shift
was not affected in the 4–10 pH window [1]. Consequently, the Laurdan
spectral shift caused by modifications in the bilayer structure was often
taken as an intrinsic behaviour of the probe, and the same analyses of
the Laurdan spectra in phospholipids have been used in cationic
DODAX vesicles.

To analyse the Laurdan fluorescent spectra, the most usual method
has been to calculate the Generalized Polarization (GP). The GP is a
normalized difference between the fluorescence intensity at 440 nm
and 490 nm, and is defined as [1,7]:

GP = (II440 − I490)/(I440 + I490) (1)

where I440 is the fluorescence intensity at 440 nm and I490 is the
fluorescence intensity at 490 nm. Although the intensities can be taken
at different positions of the spectra, 440 nm and 490 nm have been
ubiquitously used. In phospholipids, positive values for the GP usually
mean the bilayer is in the gel phase, and negative values mean the
bilayer is in the fluid phase [1,3]. This definition is particularly useful
for fluorescent microscopy, because it allows one to estimate the phase
of a phospholipid bilayer recording only two wavelengths [40,41].

However, a large amount of information is lost when GP is calcu-
lated from the fluorescent spectrum, because only two points from the
whole spectrum are considered. While determining the phase of a ve-
sicle using GP works for Laurdan in most phospholipids and phospho-
lipid mixtures, it was shown that for DLPC (1,2-dilauroyl-sn-glycero-3-
phosphocholine) vesicles the spectral shift was not caused by phase
transition [6].

Another approach for analysing the Laurdan spectrum was based in
the observation from time-resolved experiments that Laurdan fluores-
cence was the emission of actually three excited states [42], two of
which can be observed in lipid bilayers. Kozyra et. al suggested that the
spectrum could be decomposed as a sum of two Gaussians [43]. Shortly
after, the methodology of Laurdan spectrum decomposition was applied
and discussed, considering that the population of each state was pro-
portional to the number of photons emitted, that is, to the area under
each Gaussian line [6,44]. Accordingly, the phase transition would
modify the population of each state, hence changing the shape of the
emission spectrum. The spectra decomposition as a sum of Gaussians
was validated for Laurdan in DLPC and DPPC vesicles using time-re-
solved fluorescence, which showed the emission spectra of the excited
states were well fit by Gaussian distributions [45]. Here, we use this
methodology to study Laurdan fluorescence in DODAB vesicles.

We observed that Laurdan in DODAB vesicles does not show the
characteristic emission shift upon gel-fluid transition induced by
heating. As we were interested in knowing why Laurdan displays the
emission shift in phospholipids but not in DODAB, we comparatively
characterized Laurdan in DODAB and DPPC vesicles, with both steady-
state and time-resolved fluorescence. The fluorescence spectrum of
Laurdan in the two lipids was found to be composed of emissions from
at least two excited states, with different lifetimes. However, whereas in
DPPC the two excited states display very different energies, in DODAB
their energy values were found to be similar. Moreover, fluorescence
data indicates that Laurdan in DODAB is at a position with access to
more water molecules than the probe in DPPC.

2. Materials and methods

2.1. Materials

DODAB (dioctadecyldimethylammonium bromide) and DPPC (1,2-
dipalmitoyl-sn-glycero-3-phosphocholine) were purchased from Avanti
Polar Lipids, Inc. (Birmingham, AL, USA). Laurdan (2-dimethylamino-
6-lauroylnaphthalene) was from Molecular Probes Inc. (Eugene, OR,
USA). HEPES (4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid) was
purchased from Sigma Chemical Co. (St. Louis, MO, USA). Milli-Q Plus
water was used for buffer preparation.

2.2. Sample preparation

DODAB or DPPC lipid films were formed from chloroform solutions.
When used, Laurdan was added to the lipid/chloroform solution in
1mol% proportion to the lipid content. No Laurdan–Laurdan interac-
tion was found at this probe concentration, as the observed fluorescence
spectrum was identical to that obtained with 0.5mol%, though with a
better signal-to-noise. The lipid/chloroform solutions, with or without
the fluorescent probe, were dried under a stream of ultrapure N2, and
left under reduced pressure for a minimum of 3 h to remove all traces of
organic solvent. Lipid vesicles were prepared by the addition of the
10mM HEPES solution at pH 7.4, to a final lipid concentration of 1mM.
The samples were heated for 30min at 60 °C and vortexed every
10min. The vesicles were extruded 23 times through polycarbonate
filters (100 nm pore) at a temperature above the lipid phase transition
in order to yield unilamellar vesicles with a maximum diameter of
˜100 nm, checked by Dynamic Light Scattering (100 ± 10 nm). Lipid
dispersions were used immediately after preparation.

Fig. 1. Molecular structures of DODAB, DPPC and Laurdan.
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2.3. Absorbance measurements

Absorbance measurements of DPPC and DODAB vesicles, in the
presence and absence of Laurdan, were performed with a Varian Cary
50 UV/Visible spectrophotometer, from 20 °C to 60 °C, with 5 °C in-
tervals, controlled by a Peltier system with± 0.1 °C precision. Samples
were placed in quartz cuvettes sized 4mm x 10mm and Absorbance
was measured along the 10mm pathway.

2.4. Steady-state fluorescence measurements

A Varian Cary Eclipse fluorescence spectrophotometer was used for
Laurdan steady-state (static) fluorescence intensity and anisotropy
measurements, in DPPC and DODAB vesicles. Samples were placed in
quartz cuvettes sized 4mm x 10mm with the incident beam parallel to
the 4mm pathway. The steady-state fluorescence experiments were
performed: (i) at temperatures from 20 °C to 60 °C with 5 °C intervals,
with an excitation wavelength of 380 nm, and (ii) at 20 °C, with ex-
citation wavelengths from 270 nm to 420 nm, with 10 nm intervals.
Fluorescence anisotropy measurements were collected exciting the
sample at 380 nm, recording emission at 480 nm, with automated po-
larizers:

r = (IVV – GIVH)/(IVV +2GIVH) (2)

where r is the anisotropy value, IVV and IVH are the fluorescence in-
tensities with the excitation polarizer at the vertical position, and the
emission polarizer at vertical and horizontal positions, respectively, and
G is the ratio of the sensitivity of the system for vertically and hor-
izontally polarized light [46]. In the fluorescence and anisotropy
measurements, the temperature was controlled with a Peltier system,
with± 0.1 °C precision.

2.4.1. Decomposition as a Sum of Gaussians (DSG)
Laurdan fluorescence spectra were decomposed into Gaussian

bands, according to Lucio et al., 2010 [44]. In short, the fluorescence
spectrum was transformed from wavelength, I(λ), to wavenumber, I
(λ−1), considering that the spectrum is recorded with constant wave-
length resolution, not energy [47], so I(λ−1) = λ2I(λ). Upon spectrum
decomposition, the population of molecules relaxing from each excited
state was calculated by measuring the area under the corresponding
band. All spectra fittings were performed with the software Origin v7.0.

2.5. Time-resolved fluorescence measurements

Time-resolved fluorescence measurements were performed using
time-correlated single photon counting (TCSPC). The fluorescent decay
of Laurdan in DODAB vesicles was recorded at 20 °C and 50 °C, at
emission wavelengths from 420 nm to 520 nm, every 10 nm. The ex-
citation was fixed at 290 nm. The excitation pulses were generated by a
titanium sapphire Tsunami 3950 laser pumped by a 10W Millennia Pro
model J80, both from Spectra Physics. The pulse repetition was set to
8000 kHz rate, using a Spectra Physics 3980-25 pulse picker. The
Tsunami was set to give an output of 870 nm and a third harmonic
generator BBO crystal (GWN-23PL Spectra Physics) was used to gen-
erate the excitation beam at 290 nm, which was directed to an
Edinburgh FL900CDT spectrophotometer. The emitted light was de-
tected at 90° from the excitation beam and the emission wavelength
was selected with a monochromator. The photons were counted with a
refrigerated Hamamatsu R3809U photomultiplier. The FWHM (Full
Width at Half Maximum) of the instrument response function was be-
tween 90 ps and 110 ps. Time resolution was 12.2 ps per channel.
Sample temperature was controlled with a thermal bath Julabo HP 25.
FAST software of Edinburgh Photonics v. 0.5 was used to fit the data to
a model of exponential decays as:

=

−I λ t Σ α e( , ) i i
t
τi (3)

where I(λ,t) is the number of photons emitted with a given wavelength
λ following a time t after the excitation pulse, τi is the lifetime of the ith

component of decay and αi is the respective pre-exponential factor,
proportional to the species i population.

Fluorescence intensity decays were analyzed by global analysis.
Briefly, for a given sample, the set of lifetime decay profiles measured at
different wavelengths was fitted with the same lifetimes, but different
pre-exponential factors. The adequacy of the multiexponential decay
fitting was judged by inspection of the residues of the fitting and by
statistical parameters, such as reduced chi-square (χ2).

The fraction of each excited state decay was calculated by the
equation:

=f λ α λ τ
Σ α λ τ

( ) ( )
( )i

i i

i i i (4)

2.6. Decay Associated Spectrum (DAS)

The spectrum of each Laurdan excited state was recovered using the
DAS technique, which uses static and time-resolved measurements. The
technique is fundamentally explained by Knutson et al. [48] and by
Loefroth [49] and applied to Laurdan by Vequi-Suplicy [45,50]. The
DAS for each component was calculated considering the intensity I(λ)
of the steady-state fluorescent spectrum at a fixed wavelength and the
fraction fi(λ) (Eq. 4) of each excited state decay, resulting in:

=I λ f I λ( ) ( )i i (5)

2.7. Differential scanning calorimetry

Calorimetric measurements were carried out with a
Microcalorimeter (Microcal VP-DSC, Northampton, MA, USA). Samples
were heated from 20 °C to 60 °C at a scan rate of 20 °C/h. The sample
cell (˜500 μL) was filled with a 1mM lipid dispersion. Baseline sub-
tractions were performed using the MicroCal Origin software with the
additional module for DSC data analysis provided by MicroCal. For all
systems used, scans shown here are typical profiles obtained from at
least three identically prepared samples.

2.8. Reproducibility

Every experiment was performed at least thrice, except for the time-
resolved fluorescence experiments, which were performed twice. Error
values account for standard deviations and are presented as error bars
when larger than the symbols.

3. Results and discussions

The fluorescent properties of Laurdan in DODAB bilayers, at dif-
ferent temperatures, from the absorption to the decay process, are
discussed below. They are compared with the fluorescent properties of
Laurdan in bilayers of the zwitterionic phospholipid DPPC. These two
lipids undergo gel-fluid phase transition around 40–45 °C. Fig. 2 shows
typical DSC profiles obtained with extruded vesicles of the lipids used in
the present work.

3.1. Optical absorption

The measured Absorbance values of Laurdan in DODAB vesicles, at
different wavelengths and different temperatures, are shown in Fig. 3A.
As the Absorbance data are a composition of Laurdan optical absorption
and the light scattering of DODAB vesicles, the latter profiles, obtained
with pure DODAB vesicles (Fig. 3B), were subtracted from the spectra
in Fig. 3A, at the same temperature. Accordingly, Fig. 3C exhibits the
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pure optical absorption spectrum of Laurdan in DODAB bilayers, and
evinces its independence of the temperature, from 20 °C to 60 °C, hence
its independence of the DODAB bilayer phase (see Fig. 2). These results
are similar to those obtained with Laurdan in DPPC bilayers at different
temperatures [45]. It is also important to note that the light scattering
profiles of DODAB extruded vesicles also do not change significantly
with temperature (Fig. 3B), apart from the expected increase in light
scattering from the gel to the fluid membrane due to the increase in the
size of the lipid vesicles. This illustrates the time and temperature sta-
bility of DODAB extruded vesicles used here.

3.2. Steady-state fluorescence

3.2.1. Spectra at different excitation wavelengths
Since the absorption spectrum of Laurdan contains more than one

band (Fig. 3C), it is interesting to find out whether the fluorescence
spectrum is sensitive to the excitation energy. As expected, the fluor-
escence intensity is strongly dependent on the excitation wavelength, as
shown in Fig. 4A. In DODAB bilayers, Laurdan fluorescence intensity is
strong when the probe is excited between 280–290 nm, and even
stronger when the probe is excited between 350–380 nm, the latter
being the usual excitation range used [1,7]. Apart from the optical
properties of Laurdan, the difference in emission intensity could be
caused by the different light scattering and/or absorption at the dif-
ferent wavelengths of the incident light that arrives at the centre of the
cuvette.

It is important to note that the shape and position of the fluores-
cence spectra remains unchanged despite the excitation wavelength
(Fig. 4B), indicating that the emission is always from the same elec-
tronic state or states, independently of the electronic absorption tran-
sition. This is quite common for most of the fluorophores, and is known
as the Kasha’s rule [46].

Given that, we excited the samples at 380 nm in the static fluores-
cence experiments, to get a better signal to noise ratio. In the time-
resolved fluorescence experiments, the 290 nm wavelength was used
because the solid-state laser is more intense at smaller wavelengths,
balancing the smaller fluorescence intensity of Laurdan and making the
time-resolved measurements faster and more reliable.

3.2.2. Temperature dependence of the fluorescence spectrum
The emission spectra of Laurdan in DODAB vesicles, from 20 °C to

60 °C, are shown in Fig. 5A. As expected, the intensity of the emission
band decreases as temperature increases [46]. However, the position
and the shape of the emission band do not change much with the
temperature (Fig. 5B). For comparison, the spectra obtained with
Laurdan in DPPC vesicles are shown in Fig. 5C, and after normalization
in Fig. 5D, and illustrates the typical behaviour of Laurdan in a phos-
pholipid bilayer.

Fig. 2. Typical Differential Scanning Calorimetry (DSC) profiles of 1 mM ex-
truded vesicles (100 nm pores) of DODAB and DPPC. Scans were obtained from
20 °C to 60 °C, with a 20 °C/h scan rate.

Fig. 3. Absorbance data obtained with Laurdan (10 μM) in DODAB (1mM)
vesicles (A), and with pure DODAB vesicles (B), at different temperatures.
Optical absorption spectra of Laurdan in DODAB bilayers (C), obtained from
subtracting traces in (A) from those in (B), at the same temperature. Symbols
are used for temperature identification only, do not correspond to experimental
points: 20 °C, 25 °C, 30 °C, 35 °C, 40 °C, 45 °C, 50 °C,

55 °C, 60 °C. Optical pathway 10mm.

Fig. 4. Set of fluorescent spectra of Laurdan in DODAB vesicles at 20 °C, with
varying excitation wavelengths, from 270 nm to 420 nm, with 10 nm intervals
(A), and the same spectra normalized (B).
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In DPPC, as in nearly all the phospholipid membranes previously
studied [6,44,50,51], Laurdan was found to be very sensitive to the gel-
fluid transition of the bilayer. That is known to be related to the strong
dependence of the Laurdan emission spectrum on the polarity and
viscosity of its environment [6,44], which changes during the thermal
phase transition of the membrane. One can see that there is a significant
red shift in the Laurdan emission spectrum from the gel to the fluid
phase of DPPC, around 41 °C (see Fig. 2). This shift has been used to
infer the phase of the membrane by calculating the Generalized Po-
larization (GP), which is a measurement of the relative intensity of
emissions at 440 nm and 490 nm [41]. Although Laurdan has been si-
milarly used in DODAB vesicles for the calculation of the GP [52,53],
Fig. 5A and B show that this is not an appropriate parameter, as

Laurdan emission peak in DODAB bilayers nearly does not change with
temperature during the phase transition of DODAB, which occurs
around 47 °C (see Fig. 2).

Comparing the fluorescence spectra of Laurdan in DODAB and DPPC
(Fig. 4), one realizes that the spectra of Laurdan in DODAB, at all
temperatures, is more similar to Laurdan in the fluid phase of DPPC
(490 nm) than in its gel phase (440 nm). That was the first indication
that Laurdan monitors a rather fluid and/or polar environment, both in
the gel and fluid phases of DODAB.

3.2.3. Fluorescence anisotropy
To gather more information about the fluidity and polarity of the

microenvironment of Laurdan in DODAB membranes, we measured the
fluorescence anisotropy at different temperatures. The anisotropy is a
measurement of how much an excited chromophore rotates before it
decays [46]. Hence, it is a balance of the medium viscosity (a viscous
medium constrains rotation) and of the excited state lifetime (excited
chromophores with longer lifetimes have more time to rotate before
decaying). The fluorescence anisotropy is shown in Fig. 6 for Laurdan in
DPPC and in DODAB vesicles. For DPPC, there is a clear decrease in the
fluorescence anisotropy at the gel-fluid transition around 41 °C,
whereas the anisotropy of Laurdan in DODAB decreases constantly with
temperature, and there is not a sharp decrease at the gel-fluid transition

Fig. 5. Fluorescence spectra of Laurdan in DODAB (A and B) and in DPPC (C
and D) vesicles at diff ;erent temperatures. (B) and (D) show the spectra of (A)
and (C) normalized, respectively. The dashed lines indicate the wavelengths
440 nm and 490 nm, used to calculate the Generalized Polarization. Symbols
are used for identification only, do not correspond to experimental points:
20 °C, 25 °C, 30 °C, 35 °C, 40 °C, 45 °C, 50 °C, 55 °C,
60 °C. λexc= 380 nm.

Fig. 6. Steady-state fluorescence anisotropy of Laurdan in DPPC and DODAB
vesicles. Symbols correspond to the actual experimental point, and lines are for
guiding the eyes only. λexc= 380 nm.

Fig. 7. Fluorescent decays of Laurdan in DODAB membranes, at different wa-
velengths, in the gel (20 °C) and fluid (50 °C) phases. λexc= 290 nm.

Table 1
Lifetime values of Laurdan in DODAB and DPPC membranes, before (20 °C) and
after (50 °C) the bilayer gel-fluid phase transition. Values in parentheses are the
errors in the first decimal position.

τ1 (ns) τ2 (ns)

20°C 50°C 20°C 50°C

DODAB 1.2(6) 0.9(5) 4.1(7) 2.6(1)
DPPC 3.0(3) 2.0(1) 7.1(6) 3.5(1)
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around 47 °C.
As a reference, Prodan, which is a molecule a bit more soluble in

water containing the same chromophore as Laurdan, displays a low
steady-state fluorescence anisotropy in solution, 0.03, regardless of the
temperature [54]. For Laurdan, which is anchored at the lipid bilayer,
the anisotropy varies due to the reorganization of the lipid membrane
and increasing hydration during phase transition, which modify both
the fluidity of the microenvironment and the lifetime of the probe. In
the lipid gel phase, the fact that Laurdan in DODAB has an anisotropy
smaller than Laurdan in DPPC could indicate that Laurdan in DODAB is
in a more fluid environment than in DPPC, at similar temperatures,
with an inverse behavior for the lipids in the fluid phase. However, as
discussed above, it is important to measure and compare the fluorescent
lifetimes of the probe in the two lipids.

3.3. Time resolved fluorescence

The fluorescent decays of Laurdan in DODAB vesicles, at different
wavelengths, before (20 °C) and after (50 °C) the gel-fluid phase tran-
sition, are displayed in Fig. 7. We observe that the decays are not linear
in the semi-log plot. This indicates that the emission is from more than
one excited state (see Eq. 3). Using a multiexponential model to fit the
set of decays (Global analysis protocol, see Materials and methods), it
was possible to fit all data with two exponential decays (χ2 ≤ 1.1),
hence two lifetime values, a strong indication that the fluorescent
emission of Laurdan in DODAB comes from two excited states, as it has
been previously observed for Laurdan in other lipid membranes [6].
Similarly, the fluorescent decays of Laurdan in DPPC vesicles could be
well fit with two lifetime values [45]. The found lifetime values, τ1 and
τ2, for Laurdan in DODAB and DPPC membranes, are shown in Table 1.

As expected, lifetime values decrease significantly as the

temperature increases [46]. Both lifetimes, τ1 and τ2, are significantly
shorter for Laurdan in DODAB than in DPPC bilayers. Shorter lifetimes
are associated with higher mobility and/or hydration of the probe, due
to the increase of non-radiative relaxation processes, such as collision
with water molecules [46]. For instance, the lifetimes for Prodan
tumbling freely in water at 20 °C were found to be τ1= 0.6(1) s and
τ2= 2.1(2) s [50].

Hence, lifetime values indicate that Laurdan in DODAB membranes
is in a more hydrated and/or fluid environment than in DPPC, both in
the gel and fluid lipid phases, although it is not completely exposed to
bulk water like Prodan, as lifetimes are longer than those of Prodan in

Fig. 8. Spectra decomposition of Laurdan in DODAB. Obtained DAS data are
indicated with opened triangles for the shorter ( ) and the longer ( ) lifetime
decays. Dashed lines are guides for the eyes only. The two Gaussians obtained
by the Decomposition of the Spectra as a Sum of Gaussians (DSG) are indicated
by the blue — and green — full lines. Full symbols ( and ) are used for
identification only and do not correspond to experimental points.

Fig. 9. Decomposition into a sum of two Gaussians (DSG) of the Laurdan
emission spectra in DODAB and DPPC, before (20 °C) and after (50 °C) the lipid
gel-fluid transition Symbols are used for identification only. Experimental
spectrum (…….), Gaussian 1 ( ), Gaussian 2 ( ), and the sum of the two
Gaussian lines ( ).

Fig. 10. Percentage of the population (A1/AT x100) which displays the shortest
lifetime, for Laurdan in DODAB ( ) and in DPPC (△). Symbols correspond to
actual experimental points.
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water.
As mentioned above, the measured steady state anisotropy will be

higher if the lifetime of the excited state is shorter. Hence, shorter
lifetimes of Laurdan in DODAB, as compared to DPPC, would lead to
higher anisotropy values, even if the mobility of the probe in the two
membranes was similar. Therefore, comparing the two lipids, putting
together the steady state anisotropy data (Fig. 6) and the calculated
lifetime values (Table 1), we have a strong evidence that in gel mem-
branes of DODAB Laurdan monitors a much more fluid/hydrated en-
vironment than in DPPC, as in DODAB both the excited state lifetimes
(Table 1) and the anisotropy values (see Fig. 6 below 40 °C) are smaller
than those obtained in DPPC. In fluid membranes of DODAB and DPPC,
anisotropy results are not conclusive, as the excited state lifetimes are
shorter in DODAB (Table 1) and the anisotropy values are higher (see
Fig. 6 above 45 °C). However, the significantly shorter lifetimes ob-
tained for Laurdan in DODAB, as compared with the probe in DPPC,
strongly indicates that the probe is either in a more fluid environment
in DODAB and/or in more contact with water molecules.

In the next section, we discuss how phase transition affects the
balance of the populations of the two fluorescent excited states of
Laurdan.

3.4. Spectrum decomposition

As mentioned above, the need of using two lifetime values to fit the
fluorescent decays of Laurdan in DODAB vesicles is a strong indication
that Laurdan fluorescence in DODAB comes from two excited states.
From lifetime decays at several wavelengths, it is possible to obtain the
Decay Associated Spectra (DAS), as described in Materials and methods,
which is the calculated emission spectrum of each excited state.
Accordingly, Fig. 8 shows the two obtained emission bands of Laurdan,
for the shorter ( ) and longer ( ) lifetime decays, in the gel (20 °C)
and fluid (50 °C) phases of DODAB bilayer. It is interesting to observe
that the fraction of Laurdan molecules decaying from the excited state
with shorter lifetime increases as the temperature increases.

Due to the mechanism of fluorescent decay, emission bands are
expected to display a Gaussian distribution [46]. Therefore, Laurdan
emission spectra in DODAB and DPPC, at different temperatures, were
decomposed into Gaussian bands. It was found impossible to well fit the
spectra as one Gaussian line only, but two Gaussian lines could well fit
the spectra at all temperatures, with χ2 ≈ 1.

Fig. 8 compares the spectral decomposition for Laurdan in DODAB
in the gel and fluid phases, with the two methodologies, DAS, which
uses the pre-exponential factors obtained with time resolved fluores-
cence (Eqs. (4) and (5)), and the decomposition of the emission spec-
trum as a sum of two Gaussian lines (DSG). Fig. 8 shows that the two
methodologies yield somehow similar bands, and strengthen the hy-
pothesis of the presence of two emission bands in the Laurdan spectrum
in DODAB (similar result was obtained with Laurdan in DPPC).

Because the DSG technique is faster to perform, quite accurate, and
the bands coincide reasonably well with those obtained with the DAS
methodology, both for Laurdan in DODAB (Fig. 8) and in DPPC (not
shown here), we used it to track the populations of excited states at
several temperatures. The results of the DSG analysis for Laurdan in
DODAB and DPPC, in the gel (20 °C) and fluid (50 °C) phases of the
lipids, are compared in Fig. 9.

Gaussian 1 ( ), or band 1, corresponds to the excited state which
displays the shortest lifetime, as obtained by DAS (see Fig. 8), for both
DODAB and DPPC. It is interesting to observe that, for Laurdan in
DODAB, the energies of the two bands, 1 and 2, are very similar,
whereas for Laurdan in DPPC the energy of the shortest lifetime band,
band 1, is clearly higher than that of band 2.

The area under the Gaussian line is proportional to the number of
molecules emitting from the corresponding excited state [6,44]. Con-
sidering A1 the area under band 1, the fraction of molecules decaying
from band 1 can be calculated as A1/AT, where AT is the total area
under the fluorescent spectrum AT = A2 + A1. The percentage of the
Laurdan population corresponding to band 1 (A1/AT x 100) is shown in
Fig. 10 for the two lipids, at different temperatures.

Data for Laurdan in DPPC is very similar to that obtained for

Fig. 11. Models for the position of Laurdan in DODAB and in DPPC bilayers.
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Laurdan in DMPG [44]. Namely, at the gel-fluid transition temperature
there is a sharp decrease in the population corresponding to the lower
lifetime decay (A1), which corresponds to the fluorescence band with
higher energy. That is exactly what makes the fluorescence spectrum of
Laurdan in phospholipids so sensitive to the lipid phase transition.

As discussed (Fig. 5), the fluorescence spectrum of Laurdan in
DODAB is almost insensitive to the lipid bilayer thermal phase. How-
ever, the relative populations of the two excited states do change sig-
nificantly at the bilayer gel-fluid transition, as shown in Fig. 10. That is
explained by the finding that the two Laurdan bands display similar
energies for the probe in DODAB, different from what happens with
Laurdan in DPPC (Fig. 9). Interestingly, while the population of the
lower lifetime band, and higher energy, decreases at the gel-fluid
transition for DPPC, it increases for Laurdan in DODAB. That remains to
be better understood, possibly with molecular simulation using both
classical and quantum approaches.

4. Conclusions

Different from Laurdan in phospholipids, Laurdan in DODAB does
not display a significant red shift when the lipid undergoes the gel-fluid
transition. Therefore, the largely used methodology for identifying the
lipid phase by calculating the Generalized Polarization (GP) from
Laurdan fluorescence spectrum is not appropriate for Laurdan in
DODAB bilayers. However, using both static and time-resolved fluor-
escence, it was possible to show that the Laurdan spectrum in DODAB,
like in phospholipids, is composed of two different emission bands,
associated with two excited states with different lifetimes. The relative
intensity of the bands is sensitive to the bilayer thermal phase, and
could be used to characterize the DODAB bilayer phase.

The longer wavelength of the maximum of the fluorescence band of
Laurdan in the gel phase of DODAB, the lifetimes of the excited states
and the lower fluorescence anisotropy (compared to the probe in
phospholipids) are strong indications that Laurdan in gel DODAB is
much more exposed to water at the bilayer surface than in phospholi-
pids, as illustrated in the sketch on Fig. 11. Even for the fluid phase of
the lipids, lower lifetimes (Table 1) indicate more relaxation caused by
exposure to water. That could possibly be attributed to the small
headgroup of DODAB compared to those of phospholipids.

Therefore, given the shallow position of Laurdan in DODAB mem-
branes, this probe seems to be appropriate for detecting interactions at
the bilayer surface. It might be useful, for instance, to characterize the
interaction of DODAB with genetic material or other biological relevant
molecules [55].
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