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Abstract

Dioctadecyldimethylammonium bromide (DODAB) dispersions obtained by simply mixing the amphiphile in
water, and by bath-sonication, were investigated by electron spin resonance (ESR) of stearic acids and their methyl
ester derivatives, labeled at the 5th and 16th carbons of the acyl chain. The ESR spectra indicate that the
non-sonicated dispersions are formed mainly by one population of DODAB vesicles, either in the gel (T�Tm) or in
the liquid–crystalline (T�Tm) state. Around Tm there is a co-existence of the two phases, with a thermal hysteresis
of about 3.2°C. In sonicated DODAB dispersions, spin labels indicate two different environments even for
temperatures far below Tm: one similar to that obtained with non-sonicated samples, a gel phase, and another one in
the liquid–crystalline state. The fluid phase domain present below Tm could correspond to either the periphery of
bilayer fragments, reported to be present in sonicated DODAB dispersions, or to high curvature vesicles. © 2001
Elsevier Science Ireland Ltd. All rights reserved.
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1. Introduction

Since the first formation in 1977 of cationic
unilamellar vesicles of long double-chain quater-
nary ammonium surfactants (Kunitake and Oka-
hata, 1977), several methods have been used to

prepare stabilized vesicles with well-defined size
distribution, which may be suitable as membrane
mimetic systems (Fendler, 1982; Carmona-
Ribeiro, 1992; Feitosa et al., 2000), catalysts
(Kawamuro et al., 1991), drug delivery vehicles or
carriers in gene therapy (Lasic, 1993). Several
research groups have been investigating the prop-
erties of these synthetic vesicles, and searching
new applications for them (Carmona-Ribeiro and
Chaimovich, 1983; Cuccovia et al., 1990; Car-
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mona-Ribeiro, 1992; Engberts and Hoekstra,
1995; Cuccovia et al., 1997; Carvalho and Car-
mona-Ribeiro, 1998; Blandamer et al., 1999;
Kikuchi and Carmona-Ribeiro, 2000).

It has been shown that the physical and mor-
phological properties of dioctadecyldimethylam-
monium chloride (DODAC) or bromide vesicles
(DODAX; X being C for Cl− or B for Br−), such
as the degree of counterion dissociation, hydrody-
namic radius, polydispersity and melting tempera-
ture, depend on the preparation protocol and the
solvent conditions, including the presence of addi-
tives (Cuccovia et al., 1990; Feitosa and Brown,
1997; Benatti et al., 1999; Feitosa et al., 2000).
Large unilamellar vesicles are formed by simply
mixing DODAX with water, at low surfactant
concentration (Blandamer et al., 1999; Feitosa et
al., 2000). DODAX unilamellar vesicles with
higher curvature are then prepared using one of
the protocols available, such as extrusion or soni-
cation, the latter being the most used method for
preparing high curvature vesicles. Overall, the
mean diameter of sonicated DODAX vesicles
ranges from 20 to 100 nm, depending on the
surfactant chemical structure, solvent composition
or sonication conditions. Sonication, however,
not only increases the vesicle curvature, but also
forms smaller aggregates (with diameter less than
20 nm), possibly bilayer fragments (Liu et al.,
1992; Feitosa and Brown, 1997) or lens-like struc-
tures (Andersson et al., 1995).

A number of techniques have been used to
investigate the phase behavior of DODAX disper-
sions prepared by different methods. It includes
turbidity (Nascimento et al., 1998), static light
scattering (Feitosa and Brown, 1997), static
fluorescence (Benatti et al., 1999), surface pressure
(Gugliotti et al., 1998), differential scanning
calorimetry (DSC) (Feitosa et al., 2000), and elec-
tron spin resonance (ESR; Liu et al., 1992).
Though DSC is the preferred method for measur-
ing the gel to liquid–crystalline phase transition
temperature, Tm, several other techniques can give
important complementary information on the
thermal behavior of lipid systems. Below Tm, the
hydrocarbon chains are in a more rigid and ex-
tended gel state, whereas above Tm they are in a
more flexible and disordered liquid–crystalline

phase. Therefore, the cooperativity of the gel to
liquid–crystalline phase transition may depend on
the vesicle structure and curvature, which, in turn,
are determined by the method of vesicle prepara-
tion, lipid composition and solvent conditions
(ionic strength, pH, presence of additives, etc.).
Fluorescence probes incorporated in DODAX ag-
gregates showed that the dispersions prepared by
simply mixing DODAX with water (here called
non-sonicated dispersion) display a sharp temper-
ature transition at Tm�42°C, indicating a highly
cooperative gel to liquid–crystalline phase transi-
tion. The bath-sonicated samples exhibit a
broader temperature transition profile, centered at
a somewhat lower transition temperature (Benatti
et al., 1999).

The ESR of spin labels incorporated in am-
phiphilic aggregates have been extensively used to
monitor the viscosity and polarity of the microen-
vironment where the probes are localized (see, for
instance, Schreier et al. (1978), Marsh (1981), and
references therein). In the present work, we moni-
tored by ESR two differently prepared dioctade-
cyldimethylammonium bromide (DODAB)
dispersions, namely, non-sonicated and bath-soni-
cated, using four types of spin labels: stearic acid
derivatives (SASL) and their methyl ester
(MESL), labeled at the 5th and the 16th carbon of
the acyl chain (5-SASL, 16-SASL, 5-MESL and
16-MESL). Although the labels display different
degrees of hydrophobicity, they exhibit a low
solubility in aqueous medium, thus incorporating
in the DODAB aggregates. The amphiphiles la-
beled at the 5th carbon atom monitor the
DODAB aggregates closer to their water inter-
face, whereas the 16 C-atom labels give informa-
tion about the bilayer core, close to the end of the
DODAB hydrocarbon chains. Owing to their dis-
tinct chemical characteristics, the stearic acid
(probably negatively charged in the cationic
DODAB aggregates; Ptak et al., 1980) and the
methyl ester derivatives (neutral and less polar
than the acid) may partition diversely among the
structurally different aggregates or bilayer do-
mains present in the samples.

The ESR results presented here bring a new
contribution to the understanding of the structure
of the DODAB aggregates. They show that below
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Tm, in sonicated dispersions, DODAB aggregates
share a two-phase (gel and liquid–crystalline)
state, whereas in non-sonicated dispersions the
coexistence of the two phases is only observed
close to the transition temperature. The results are
discussed on the basis of the curvature and struc-
ture of the aggregates.

2. Materials and methods

2.1. Materials

DODAB from Eastman Kodak, and octade-
cyltrimethylammonium bromide (C18TAB), from
Fluka, were used as purchased. DODAC was
obtained from DODAB by ion exchange and
recrystallized as described elsewhere (Cuccovia et
al., 1997). The 5- and 16-doxyl stearic acid spin
labels (5- and 16-SASL) and their methyl ester
derivatives, 5- and 16-MESL, were used as pur-
chased from Sigma Chemical Co. Fig. 1 shows the
molecular formula of 16-SALS. 5-SALS contains
the doxyl group at the 5th C-atom, and the
n-MELS has the H+ replaced by the methyl ester
group.

2.2. DODAB dispersions and C18TAB micelle
preparation

Non-sonicated dispersions were prepared by
mixing DODAB crystals with water at 58°C
(above Tm) to the final concentration of 5 mM.
Bath-sonicated dispersions were obtained by soni-
cating the 5 mM DODAB dispersions with a
Branson 1210 bath-type cell disrupter at 58°C.
Fig. 2 shows the effect of bath-sonication time on
the optical density (OD) of DODAB dispersions
(time t=0 corresponds to the non-sonicated dis-

Fig. 2. Effect of bath-sonication time on the turbidity of
DODAB aqueous dispersion. Measurements made at �=220
nm.

persion). It clearly shows that after about 60 min
sonication the turbidity attains a plateau, suggest-
ing that the bilayer structures in the dispersion
have reached a minimum size. We have sonicated
the dispersions for 90 min, safely above the 60
min necessary to achieve the plateau. After prepa-
ration, the DODAB dispersions were stored at
room temperature, and found to be stable for
months, as monitored by light scattering (Feitosa
and Brown, 1997). C18TAB micelles were pre-
pared by simply mixing the surfactant crystals (5
mM) in water above the Krafft point of the
surfactant (�38°C) and stored at room tempera-
ture. Turbidity measurements were made in an
UV–visible spectrophotometer (Hitachi, model
U-2001) equipped with two quartz square cells (1
cm of optical path-length) for vesicle and refer-
ence samples.

2.3. Spin labeled sample preparations

Films were formed from chloroform solutions
of the spin labels, dried under a N2 stream and
left under reduced pressure for at least 2 h to
remove all traces of the organic solvent. Spin
labeled dispersions of DODAB and C18TAB were
prepared by adding the amphiphilic dispersion to
the dried film of spin labels (to a final concentra-
tion of no more than 0.8 mol% of label relative to
amphiphile, to avoid spin–spin interactions), and

Fig. 1. Molecular formula of 16-doxyl stearic acid spin label
(16-SASL).
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the sample smoothly stirred for 5 min. The ESR
measurements were always started within 1 h after
the addition of the spin labels to the dispersions.

2.4. ESR spectroscopy

ESR measurements were performed with a
Bruker EMX spectrometer. Field-modulation am-
plitude of 1 G and microwave power of 5 mW
were used. The temperature was controlled to
about 0.2°C with a Bruker BVT-2000 variable
temperature device, and monitored with a Fluke
51 K/J thermometer with the probe placed just
above the cavity. The magnetic field was mea-
sured with a Bruker ER 035 NMR Gaussmeter,
and, when desired, the spectra were converted to a
g-value scale with the WINEPR software
(Bruker).

2.5. ESR parameters

The empirical parameter Amax is the maximum
hyperfine splitting directly measured in the spec-
trum (Fig. 3), which increases with the label mi-
croenvironment viscosity and/or order (Freed,
1976). At high temperatures, the parameters of
the ESR spectra of the more mobile probes, la-
beled at the 16th carbon atom, were found by
fitting each line to a Gaussian–Lorentzian sum
function (Halpern et al., 1993), taking advantage
of the fact that the sum function is an accurate
representation of a Gaussian–Lorentzian convo-
lution, the Voigt function (Bales, 1989). Due to
the difficulty in postulating a preferential rota-
tional axis for the probes (Marsh, 1989), rota-
tional correlation times, �B and �C, were
calculated by the fitting of the ESR spectra, using
the principal components of the g and hyperfine
tensors of doxyl-propane, and 3300 G for the
magnetic field (Schreier et al., 1978). The correc-
tions for the contribution of non-resolved hy-
perfine splittings (Bales, 1989) were made.
Considering that these two correlation times
should be identical for rapid, isotropic movement,
the movement asymmetry can be estimated by the
�C/�B ratio. The isotropic hyperfine splitting, a0,
was taken to be one-half the difference in the
resonance fields of the high- and low-field lines, or

was directly measured in the spectra (see 16-
MESL or 16-SASL spectra at high temperatures
in Fig. 3). For anisotropic ESR spectra yielded by
5-SASL and 5-MESL, a0 can be calculated from
the principal values of the hyperfine tensor ob-
tained by theoretical spectral simulation, a0= (1/
3)(Axx+Ayy+Azz). For the ESR spectral
simulations, we used the computer program
NLSL developed by Freed and co-workers
(Schneider and Freed, 1989; Budil et al., 1996; Ge
and Freed, 1999). The parameters used have been
extensively discussed in their papers, and the most
relevant points for performing the simulations
have been recently reviewed (Fernandez and
Lamy-Freund, 2000). The g-tensor components

Fig. 3. ESR spectra of 5- and 16-MESL and SASL in non-son-
icated DODAB dispersions at 15, 38, 42 and 50°C. Total
spectra width 100 G. The outer hyperfine splitting (Amax) and
the isotropic hyperfine splitting (a0) are indicated.
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were kept as gxx=2.0089, gyy=2.0058 and gzz=
2.0021 (Earle et al., 1994; Ge and Freed, 1999).
The hyperfine splitting tensor was considered to
be axial, Axx=Ayy=A�, and the A� and Azz

values were allowed to vary within a reasonable
interval (Earle et al., 1994). Rotational correlation
times (�� and ��) were calculated based on the
best results obtained for the principal values of an
axially symmetric rotational diffusion tensor for
the nitroxide moiety attached to the chain seg-
ment. The microscopic orientational ordering of
the spin label is characterized here by two terms
of the restoring potential (Schneider and Freed,
1989), S20 and S22, related to the amplitude of the
rotational motion.

2.6. Relati�e �ertical position of the SASL and
MESL in DODAB bilayers

It is interesting to note that 5-SASL in
DODAB aggregates monitors a highly ordered
region, as indicated by the rather large Amax value
measured in the ESR signal (Fig. 3). Accordingly,
the theoretical simulation of the 5-SASL signal at
50°C (dashed lines in Fig. 4(b)) indicates that its
movement is relatively fast and highly ordered, as
evidenced by the fairly low correlation times
(mainly a low ��) and high order parameters (S20

and S22; Table 1). The simulation of the 5-MESL
signal (dashed lines in Fig. 4(a)) indicates that this
label is localized in a less packed bilayer region,
presenting lower correlation times and order
parameters, relative to 5-SASL (Table 1). There-
fore, assuming that the two label molecules incor-
porate in similar structural regions, and
considering the known flexibility gradient towards
the membrane center (Hubbell and McConnell,
1971), it can be concluded that, at 50°C, the
SASL is localized in a shallower position in the
bilayer than the MESL. Hence, for the former,
both the correlation time and the order parameter
measured in the ESR spectra of the N–O moiety
are higher than those obtained for the methyl
ester derivative. That is in accord with the some-
what larger isotropic hyperfine splitting, a0, ob-
tained for 5-SASL as compared to 5-MESL
(Table 1), indicating a microenvironment of
higher dielectric constant for the N–O group in

Fig. 4. ESR spectra of 5-MESL (a) and 5-SASL (b), (c) and
(d) incorporated in liquid–crystalline non-sonicated DODAB
aggregates (a) and (b), in C18TAB micelles (c), and free in
water (d). Computer simulations of the spectra (see text) are
shown by dashed lines. The spectral parameters derived from
the fits are given in Table 1. Temperature 50°C. Total spectra
width 100 G.

the stearic acid (Griffith et al., 1974).1 The stearic
acid headgroup is possibly closer to the bilayer/
water interface due to the electrostatic interaction
between its negatively charged head group (Ptak
et al., 1980) and the cationic surface of DODAB
aggregates. The methyl group makes the n-MESL
a very hydrophobic probe with a rather low polar
headgroup. It is interesting to point out that in
the lipid gel phase (15°C, Fig. 3) the labels relative
position is inverted, as attested by the larger Amax

value yielded by 5-MESL (Amax=61.4 G) com-
pared to that of 5-SASL (Amax=60.4 G).2

1 It is important to note that a0 values can only be relatively
well evaluated for ESR signals typical of probes displaying fast
movement, with correlation times lower than �10−9 s, there-
fore incorporated in fluid phase bilayers (for further discus-
sion, see Fernandez and Lamy-Freund, 2000).

2 The MESL vertical movement at bilayer phase transitions
has been previously observed (Fernandez and Lamy-Freund,
2000; Turchiello et al., 2000) and should be taken into consid-
eration when the information from the different labels is
compared.
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Table 1
Parameters obtained from non-linear least-squares fitting a of the ESR spectra of 5-MESL and 5-SASL in DODAB dispersions at
50°C

a0 (G) �� (ns) �� (ns) S22S20A� (G) Azz (G)

14.69 0.028 0.61 0.12 −0.155-MESL 5.12 33.84
−0.5714.83 0.52 17 0.425-SASL 5.00 34.50

a For the discussion of the simulating program used and the spectral parameters, see Section 2. The experimental and theoretical
spectra are shown in Fig. 4.

3. Results and discussion

3.1. Non-sonicated DODAB dispersions

The ESR spectra yielded by the labels 5- and
16-SASL, and 5- and 16-MESL, incorporated in
non-sonicated DODAB dispersions, at four differ-
ent temperatures, are shown in Fig. 3. Due to the
flexibility gradient towards the bilayer core (Hub-
bell and McConnell, 1971), at a certain tempera-
ture, the spectra yielded by the 5th carbon labeled
amphiphiles are much more anisotropic than
those yielded by the probes labeled at the 16th
carbon of the acyl chain, which monitor the bi-
layer core (Fig. 3). Yet, the ESR signals of all
four labels can be interpreted as monitoring a
highly packed environment at 15°C, typical of
amphiphiles in the gel phase, and a much more
mobile environment at 50°C, consistent with a
bilayer liquid–crystalline state. In the intermedi-
ate temperatures, 38 and 42°C, the ESR spectra
seem to be due to a mixture of these two phases
with distinct degrees of fluidity (this point will be
further discussed below).

At 50°C, above Tm, the spectra yielded by the
16 C-atom labels in DODAB non-sonicated dis-
persion are characteristic of the motionally nar-
rowing region, with a low order parameter
(Marsh, 1981). As expected, 5-MESL and 5-
SASL, which monitor a relatively organized envi-
ronment close to the bilayer surface, present
anisotropic signals even at high temperatures
(large Amax values). The simulations shown in Fig.
4 strongly indicate that the bilayer domains
present in non-sonicated DODAB dispersions are
homogeneous, as the ESR spectrum of each spin

label can be fairly well simulated by a single
signal.

It is important to note that the results obtained
with spin labels incorporated in DODAB aggre-
gates, namely, a highly ordered movement at the
5th position of the acyl chain together with a
rather disordered movement at the 16th position,
are typical of bilayer structures in the liquid–crys-
talline state, never yielded by micelles. For com-
parison, Fig. 4 shows the spectra of 5-SASL
incorporated in micelles of the homologue surfac-
tant C18TAB and in water (c and d, respectively).
It is evident from the ESR spectrum that 5-SASL
in micelles (Fig. 4(c)) undergoes a much more
isotropic movement than in DODAB aggregates
(Fig. 4(b)), displaying three relatively narrow hy-
perfine lines, though much broader than those
obtained for the spin label tumbling free in water
(Fig. 4(d)).

As mentioned before, the ESR spectra of spin
labels incorporated in non-sonicated DODAB ag-
gregates at temperatures around 40°C (close to
Tm) can be interpreted as the sum of two signals,
corresponding to labels in different bilayer struc-
tural domains: a gel and a liquid–crystalline
phase. This is an indication that the DODAB
main phase transition occurs over a range of
temperature, with the coexistence of the two
phases3. Since the use of labels always brings

3 It is interesting to point out that the fact that two well-sep-
arated spectra are obtained shows that the exchange rate
between the labels in the two different phase domains is slow
on the ESR time scale (lower than about 108 s−1). This is
more evident for the 16-MESL than for the other spin labels
used.
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Table 2
Parameters obtained from the fitting of the ESR spectra of 16-MESL and 16-SASL in different samples at 50°Ca

16-SASLSample 16-MESL

�C (ns) a0 (G)�B (ns) �B (ns) �C (ns) a0 (G)

0.28NS-DODABb 14.350.38 0.45 0.35 14.24
0.31 14.40 0.490.37 0.42SO-DODABc 14.37
0.20 14.90 0.15 0.16C18TAB 14.960.21
– – 0.04 0.04– 15.75H2O

a For the discussion of the spectral parameters, see Section 2.
b Non-sonicated DODAB dispersion.
c Sonicated DODAB dispersion. The estimated errors for � and a0 are around �0.03 ns and �0.03 G, respectively.

some uncertainty about their exact location in the
membrane, it is interesting to point out that the
ESR parameter a0 indicates that the more mobile
signal is also yielded by the nitroxide moiety
inside the hydrophobic bilayer core and not at the
bilayer/water interface. For example, in the 16-
MESL spectrum at 42°C (Fig. 3(c)), where the
presence of the two different signals is rather
evident, it is possible to estimate the value of the
isotropic hyperfine constant of the more mobile
signal by direct measurement at the ESR spec-
trum, a0=14.16 G. This low value, compared to
the one obtained with 16-SASL in aqueous solu-
tion at the same temperature, a0=15.73 G (spec-
trum not shown), indicates that in DODAB
dispersions, the spin labels responsible for the two
different ESR signals are incorporated inside the
aggregates. Moreover, the a0 value obtained for
the mobile signal at 42°C (14.16 G) is close to that
yielded by the same sample at 50°C, in the fluid
phase, a0=14.35 (Table 2). (Usually, the a0 values
do not change much with temperature, varying
less than 0.3% from 35 to 50°C, in aqueous
solution).

Interestingly, the phase transition shows a hys-
teresis effect as indicated by the 16-MESL spectra
in Fig. 5: at a given temperature, the DODAB
bilayer is more fluid under cooling than heating.
In order to monitor the phase transition, an em-
pirical parameter is plotted versus the sample
temperature (Fig. 6(a)). It is the ratio of the
16-MESL ESR spectrum amplitudes at positions
b and a (Fig. 5), where a and b are mainly related
to the gel and liquid–crystalline phases, respec-

tively. The gel to liquid–crystalline phase transi-
tion temperatures (Tm) were found to be around
39.5 and 42.7°C, under cooling and heating, re-
spectively. No alteration in the two different ESR
spectra obtained under heating or cooling the
DODAB sample was observed up to 15 min of
incubating the sample at 40°C, suggesting that in
both cases the surfactant suspension is in a
metastable equilibrium.

Another ESR parameter that can be used to
monitor the thermal phase transition is the line
width of the central field line, �H0 (Fig. 5). Fig.

Fig. 5. The hysteresis effect in non-sonicated DODAB disper-
sions at 40°C, evidenced by the different 5-MESL ESR spectra
obtained upon cooling and heating the sample. Total spectra
width 100 G. (a) and (b) are the amplitudes at the two
indicated positions. �H0 is the line width of the central field
line.
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Fig. 6. Temperature dependence of the ratio b/a and the
central field line width (�H0; see Fig. 5). The parameters were
measured in the ESR spectra of 16-MESL (�, �, �) and
16-SASL (�,�), in non-sonicated (solid symbols) and soni-
cated (open symbols) DODAB dispersions. All but (�) were
obtained by heating the samples.

here, steady-state fluorescence studies revealed a
rather sharp (cooperative) main transition for
DODAB in non-sonicated dispersions (Tm�
42°C), but could not monitor the coexistence of
the gel and the fluid phases around Tm (mainly
monitored here by the b/a ratio of the 16-MESL
ESR spectra).

3.2. Sonicated DODAB dispersions

Unlike the results for non-sonicated DODAB
dispersions, spin labels incorporated in DODAB
sonicated samples indicate the presence of two
distinct lipid populations at 15°C (below Tm): one
highly packed, probably in the gel state, and the
other one rather mobile. Here, again, the low a0

parameter measured in the 16-MESL mobile sig-

Fig. 7. ESR spectra of spin labels (5- and 16-MESL and
SASL) in sonicated DODAB dispersions at different tempera-
tures (15, 38, 42 and 50°C). Total spectra width 100 G. The
arrows indicate the low field feature of the more fluid compo-
nent.

6(b) shows the �H0 variation with temperature
for both 16-MESL and 16-SASL incorporated in
DODAB bilayers. As this is an average parame-
ter, which does not distinguish the two lipid
phases, the thermal transition seems to be slightly
broader than when monitored by the b/a ratio in
the 16-MESL spectra (Fig. 6(a); the 16-SASL
monitors an even broader temperature transition,
and the b/a ratio cannot be measured in the
spectra). The information yielded by this parame-
ter could be similar to those produced by the
fluorescent probes that partition among the differ-
ent bilayer domains, giving an average value of
the membrane viscosity (Benatti et al., 1999). For
instance, similar to the ESR results presented
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nal at 38°C (Fig. 7(c)), a0�14.46 G, indicates
that this signal is also yielded by the nitroxide
moiety inside the hydrophobic bilayer core and
not at the bilayer/water interface. Therefore, in
sonicated dispersions at temperatures below Tm, a
fraction of DODAB molecules are not in the gel
phase. The presence of the two populations is
clearly observed in the 16-MESL spectrum at
15°C (i.e., far below Tm; Fig. 7(c); a low field
feature of the more isotropic signal is pointed out
by the arrow). Though less evident, the two differ-
ent ESR signals seem to be also present in the
spectra yielded by 5-MESL and 5-SASL (arrows
in Fig. 7(a) and (b) point to the low field ESR
feature related to the fluid phase). It is interesting
to note that 16-SASL and 16-MESL partition
differently among the diverse structural domains
present in the DODAB sonicated dispersions. In-
deed, the more polar stearic label is mostly incor-
porated in the less packed lipid domain, yielding
an almost pure one-component ESR signal, typi-
cal of a rather mobile spin probe, even at 15°C
(Fig. 7(d)). Above Tm, at 50°C, similar to the
non-sonicated dispersion, the spin labels incorpo-
rated in the sonicated DODAB aggregates display
ESR spectra that can be interpreted as a one-com-
ponent signal, typical of a liquid–crystalline sam-
ple. Although not discussed here, the results
obtained with the four spin labels (5- and 16-
SASL and MESL) incorporated in non-sonicated
and sonicated DODAC aggregates were found to
be very similar to those obtained for DODAB.

It is shown in Fig. 8 that it is possible to
decompose the spectrum of 16-MESL in sonicated
DODAB dispersions, below the lipid Tm (Fig.
8(a)), in two components: one similar to that
obtained with the label in non-sonicated DODAB
dispersions (Fig. 8(b)), corresponding to a gel
phase (78%), and the other one being a rather
mobile signal (22%; Fig. 8(c)).4 The comparison

Fig. 8. ESR spectra of 16-MESL in sonicated and non-soni-
cated DODAB dispersions ((a) and (b), respectively), the
resultant spectrum (c)= (a)−0.78(b) for normalized (a) and
(b) second integral values), and in C18TAB micelles (d). ESR
spectra of 5-SASL in sonicated DODAB dispersion (e) and in
C18TAB micelles (f). Temperature 35°C. Total spectra width
100 G.

of this mobile signal with that yielded by 16-
MESL incorporated in C18TAB micelles (Fig.
8(d)), could lead to the conclusion that there are
micelles present in the sonicated DODAB disper-
sions. However, the highly anisotropic spectra
yielded by 5-SASL incorporated in the same
DODAB sonicated dispersion below Tm (Fig.
8(e)), compared with the rather more isotropic
environment felt by 5-SASL in C18TAB micelles
(Fig. 8(f)), at the same temperature, indicates that
most of the lipid domains monitored in DODAB
sonicated dispersion are organized in bilayers and
not in micelles.

4 Spectrum (c) is the resulting signal, (c)= (a)−0.78(b),
after normalizing the areas of the (a) and (b) spectra. The
subtraction proceeded by trial and error, judging by eye the
quality of the resultant spectrum (Fig. 8(c)), until it looked like
a one-component signal and could be reasonably fitted by a
Voigt line shape (Bales, 1989). Here, again, the fact that two
well-separated spectra are obtained shows that the exchange
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Similar to the analysis made for the non-soni-
cated dispersions, the gel to liquid–crystalline
phase transition in the sonicated samples can also
be monitored by the b/a ratio measured in the
16-MESL ESR spectra, or the line width of the
central field line, �H0, measured in the spectra of
both 16-MESL or 16-SASL (Fig. 5). Probably,
due to the presence of the two species at low
temperatures, the measured phase transition is not
so sharp as that observed with the non-sonicated
samples (Fig. 6(a)), and can be barely monitored
with the �H0 parameter (Fig. 6(b)). Besides, the
temperature transition yielded by the b/a ratio
(Fig. 6(a)) in sonicated vesicles occurs at about
3°C lower (39°C) than that obtained with the
non-sonicated sample (42°C), and no hysteresis
could be clearly detected with spin labels. Fluores-
cent probes have also indicated that in sonicated
DODAB dispersions the gel to liquid–crystalline
transition is broader and occurs at a lower tem-
perature as compared to the non-sonicated sam-
ples (Benatti et al., 1999). However, only the ESR
of spin probes can clearly monitor the presence of
both the gel and the fluid phases below Tm, in
sonicated DODAB and DODAC (not shown)
dispersions. It is interesting to point out that the
presence of the two phases could possibly explain
the different local viscosities measured by the
fluorescent and the spin labels in probe-sonicated
DODAC dispersions (Liu et al., 1992).

3.3. Comparing the structures of the sonicated
and non-sonicated DODAB fluid bilayers

In order to structurally characterize the aggre-
gates present in DODAB dispersions at high tem-
peratures, allowing a comparison between those
yielded by non-sonicated and sonicated samples,
some spectral parameters of the 16th labeled am-
phiphiles (16-MESL and 16-SASL) were calcu-
lated (Table 2): the correlation times �B and �C,
and the isotropic hyperfine splitting a0. (The ESR
spectra are typical of the motional narrowing
region and can be well fitted with Voigt functions;
Bales, 1989; see Section 2). Since the isotropic
hyperfine constant a0 increases with the spin label
microenvironment polarity (Griffith et al., 1974),
Table 2 shows that the bilayer polarity felt by

both 16-SASL and 16-MESL in DODAB bilayers
is rather lower than that felt by the same labels in
C18TAB micelles or free in water. Moreover, it is
interesting to note that the movement of the spin
probes is rather isotropic in water and in the
micelles (similar �B and �C values; see Section 2),
and becomes more anisotropic when incorporated
in DODAB aggregates.

It is clear that there are structural differences
between the aggregates present in sonicated and
non-sonicated DODAB dispersions above Tm, as
the ESR spectra of the probes in the two prepara-
tions are not identical (Table 2, and Figs. 2 and
6). However, the conclusions concerning the pack-
ing of the aggregates present in the two differently
prepared dispersions are not straightforward, and
may depend on the probe localization. For in-
stance, 16-MESL monitors very similar lipid do-
mains in non-sonicated and sonicated samples
(similar �B, �C, and a0 values for the two samples,
see Table 2), whereas 16-SASL monitors more
tightly packed (higher correlation times) and more
polar (higher a0 value) lipid domains in the soni-
cated DODAB sample (Table 2). In addition, the
5-SASL spectra are rather similar for the two
DODAB preparations (the bottom spectra in Fig.
3(b) and Fig. 7(b)), while 5-MESL, contrary to
16-SASL, monitors a less packed lipid domain in
the sonicated than in the non-sonicated DODAB
dispersion (compare the anisotropy of the bottom
spectra in Fig. 3(a) and Fig. 6(a)).

4. Conclusions

Spin labels incorporated in 5 mM DODAB
aqueous dispersions indicate that both non-soni-
cated and bath-sonicated aggregates are mostly
organized in bilayers, presenting a well-defined gel
to liquid–crystalline phase transition. The lower
Tm value yielded by the sonicated samples
(39.5°C), compared to the non-sonicated (42.7°C),
is in accordance with the presence of smaller
vesicles in the former (Feitosa and Brown, 1997;
Benatti et al., 1999). Chemically distinct spin la-
bels partition differently among structurally dis-
tinct DODAB bilayer domains, therefore
monitoring several local environments in the bi-
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layer, giving comprehensive information about
the system. The time-scale of the ESR spec-
troscopy, together with its high sensitivity to bi-
layer viscosity, were also essential for the
detection of the coexistence of the gel and liquid–
crystalline phases in sonicated and non-sonicated
dispersions, at temperatures below or around Tm,
respectively. To our best knowledge, ESR of spin
labels is the first technique capable of detecting
the coexistence of the two phases in DODAX
bilayer systems. Below Tm, in sonicated disper-
sions, DODAX molecules in the liquid–crys-
talline state could be present in vesicles with high
curvature, in the periphery of bilayer fragments
(Feitosa and Brown, 1997), or in non-smoothed
(lens-like) vesicle structures (Andersson et al.,
1995). The presence of a fluid phase in DODAX
bilayers below or around Tm, may be important
for the different characteristics attributed to these
synthetic amphiphilic aggregates, for instance, for
the efficient incorporation of proteins or DNA
(Lasic, 1993; Carvalho and Carmona-Ribeiro,
1998; Kikuchi and Carmona-Ribeiro, 2000), or
peculiar reactions found for bilayer adsorbed
molecules (Kawamuro et al., 1991; Andersson et
al., 1995).
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