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bstract

Through the analysis of the ESR spectra of spin labels, we investigated the thermotropic properties of dioctadecyl dimethylam-
onium bromide (DODAB) liposomes, in low and high ionic strength, with different cholesterol contents. The cationic lipid gel

hase is stabilized by the presence of ions, the bilayer having a higher gel/fluid transition temperature (Tm) in high ionic strength.
s found for low ionic strength [Benatti, C.R., Feitosa, E., Fernandez, R.M., Lamy-Freund, M.T., 2001. Structural and thermal

haracterization of dioctadecyldimethylammonium bromide dispersions by spin labels. Chem. Phys. Lipids, 111, 93–104], high salt
ODAB membranes also present a clear coexistence of the two phases around Tm. Cholesterol solubility in DODAB bilayers seems

o be rather low, as the coexistence of DODAB and cholesterol-rich domains can be clearly detected by spin labels, for cholesterol

oncentration as low as 15 mol% of the total lipid. For lower cholesterol concentrations, the effect of cholesterol in DODAB bilayers
s similar to that in phospholipids. For concentrations at or above 45 mol% of cholesterol, spin labels do not detect the coexistence
f structurally different domains.

2006 Elsevier Ireland Ltd. All rights reserved.
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. Introduction

The possibility of using cationic amphiphiles as drug
r gene delivery systems has motivated many studies
ith cationic amphiphile/gene complexes (lipoplex) in

ecent years. Dimethyldioctadecylammonium bromide
DODAB) was one of the first cationic amphiphiles syn-
hesized (Kunitake et al., 1977), with two long hydrocar-

on saturated chains. When hydrated, DODAB aggre-
ates form closed bilayers or liposomes (Carmona-
ibeiro, 1992). Recently, the thermotropic behavior of
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DODAB in pure water was investigated by electron
spin resonance (ESR), with two different preparation
protocols: bath-sonication and simple mechanical agi-
tation (non-sonicated) (Benatti et al., 2001). It was
shown that the non-sonicated dispersions are formed
mainly by one population of DODAB bilayers, either
in the gel or in the fluid phase, depending on the tem-
perature (gel–fluid transition temperature Tm around
43 ◦C).

Considering that most eukaryotic cell membranes
contain sterols, and that mammalian cells contain around
25–50 mol% of cholesterol (Yeagle, 1985), this lipid
could play a role in the interaction between cells and

lipoplexes. Hence, it is important to investigate the struc-
tural alterations caused by the presence of cholesterol
in the cationic vesicles. For instance, Bhattacharya and
Haldar (2000) observed that the addition of cholesterol

ed.
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into cationic lipid vesicles reduces the leakage rates,
irrespective of lipid molecular structure, and induces
changes in membrane properties.

Cholesterol plays important roles in eukaryotic
cells, modulating the physical properties of mem-
branes (Yeagle, 1985). Several studies have shown that
cholesterol fluidizes and/or induces disorder in the gel
amphiphile organization, below Tm, while rigidifying the
membrane above Tm (Finean, 1990; Huang et al., 1993;
Silvius et al., 1996; Bhattacharya and Haldar, 1996,
2000). Usually, there is an upper limit to cholesterol
incorporation in lipid bilayers, above which cholesterol
seems to precipitate as crystals of pure cholesterol either
in the monohydrate or in the anhydrous form (Loomis
et al., 1979). This cholesterol incorporation limit was
observed by Huang et al. (1999) for phosphatidyl-
choline (PC) (66 mol%) and phosphatidylethanolamine
(PE) bilayers (51 mol%) or in the range 35–40 mol%,
and by Bach (1984) for phosphatidylserine (PS) bilayers
(33 mol%, depending on the acyl chain composition).
As the concentration of cholesterol increases, the sys-
tem undergoes a process of phase separation to form
cholesterol-rich domains (Pata and Dan, 2005). It is
known that in the presence of cholesterol the num-
ber of bound water molecules increases in the region
where phase separation takes place (Bach and Miller,
1997). The formation and composition of cholesterol-
rich domains vary with lipid type (Crane and Tamm,
2004; Veatch and Keller, 2002).

In the present work, we analyze DODAB disper-
sions at different ionic strengths, in the presence of
increasing amounts of cholesterol. They are investigated
through the analysis of the electron spin resonance (ESR)
spectra of hydrophobic spin labels incorporated in the
aggregates. This technique has been extensively used to
monitor the viscosity and polarity of the microenviron-
ment where the probes are localized (see, for example,
Schreier et al., 1978; Marsh, 1989; Benatti et al., 2001,
and references therein). Phospholipids, spin labeled at
different acyl chain positions, were used to monitor
the bilayer, and/or cholesterol aggregates, at different
depths.

2. Materials and methods

2.1. Materials

Dioctadecyl dimethylammonium bromide (DOD-

AB), cholesterol and spin labels 1-palmitoyl-2-(n-
doxylstearoyl)-sn-glycero-3-phosphocholine (n-PCSL,
n = 5, 12, 14 or 16) were purchased from Avanti Polar
Lipids (Birmingham, AL, USA). 4-(2-Hydroxyethyl)-
sics of Lipids 145 (2007) 27–36

1-piperizineethanesulfonic acid (Hepes) and NaCl were
purchased from Sigma Chemical Co. (St. Louis, MO,
USA).

2.2. Lipid dispersion preparation

A film was formed from a chloroform solution of
DODAB or DODAB/cholesterol at the desired ratio
and spin label (0.3 mol%, relative to the lipid, for 16-
PCSL, and 0.6 mol% for 5-PCSL, were found to be
the maximum spin label concentration to display no
spin–spin interaction). The film was dried under a stream
of N2 and left under reduced pressure for a mini-
mum of 2 h, to remove all traces of organic solvent.
Dispersions were prepared with film hydration by the
addition of the desired buffer solution, with or with-
out salt, and samples were three times heated at 58 ◦C
for ∼2 min, above DODAB phase transition, and each
time vortexed for about 3 min. That was found to be
enough for fully hydrate the bilayers as ESR spec-
tra taken immediately after this procedure was found
to be identical to those taken after the sample had
been a few hours standing at room temperature. The
buffer systems used were 20 mM (Hepes) (low ionic
strength) and 20 mM Hepes + 150 mM NaCl (high ionic
strength), at pH 7.4. The total lipid concentration was
4 mM.

2.3. ESR spectroscopy

ESR measurements at X band were performed with a
Bruker EMX spectrometer. The sample temperature was
controlled within 0.2 ◦C by a Bruker BVT-2000 variable
temperature device. The temperature was checked with
a Fluke 51 K/J thermometer with the probe placed just
above the cavity. The sample temperature was varied
in the interval 5–50 ◦C, either by heating or cooling.
To ensure thermal equilibrium, before each scan, the
sample was left at the desired temperature for at least
10 min. The ESR data were acquired immediately after
sample preparation. Field-modulation amplitude of 1 G
and microwave power of 10 mW were used. The mag-
netic field was measured with a Bruker ER 035 NMR
gaussmeter.

All data shown are means of the results of at least three
experiments, and the uncertainties are the standard devia-
tions. When not shown, the uncertainties are smaller than
the size of the symbols. For the 16-PCSL, the isotropic

hyperfine splitting, a0, was taken to be one-half of the dis-
tance between the low and high field lines. For the highly
anisotropic spectra of 5-PCSL, the isotropic hyperfine
splitting was calculated from the expression (Griffith and
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ture is the ratio between the amplitudes of the low and
central field lines (h+1/h0, see Fig. 1) (Marsh, 1989).
This parameter approaches unity as the movement of the
C.R. Benatti et al. / Chemistry a

ost, 1976; Gaffney, 1976):

0 =
(

1

3

)
(A‖ + 2A⊥)

here A‖ (=Amax) is the maximum hyperfine splitting
irectly measured in the spectrum (see Fig. 1), andA⊥ =
min + 1.4

[
1 − A‖−Amin

Azz−(1/2)(Axx+Ayy)

]
where 2Amin is the

easured inner hyperfine splitting (see Fig. 1) and Axx,
yy and Azz are the principal values of the hyperfine ten-
or for doxylpropane (Hubbell and McConnel, 1971).

Effective order parameters, Seff, were calculated from
he expression (Schindler and Seelig, 1973):

eff = A‖ − A⊥
Azz − (1/2)(Axx + Ayy)

a′
0

a0
,

where a′
0 =

(
1

3

)
(Axx + Ayy + Azz)

. Results and discussion

.1. DODAB liposomes in different ionic strengths

Fig. 1 shows the ESR spectra of two phospholipid spin
abels incorporated in DODAB vesicles, at different tem-
eratures, in high and low ionic strength media. They are
ypical bilayer spectra, at the 5th and 16th C-atom posi-
ion, similar to those obtained with unsonicated DODAB
ispersion in pure water (Benatti et al., 2001). Due to the
exibility gradient towards the bilayer core (Hubbell and
cConnel, 1971), the spectra of 5-PCSL are much more

nisotropic (larger Amax) than those of 16-PCSL, which
onitor the center of the membrane. The spectra shown

n Fig. 1 were obtained by cooling the samples, from the
uid to the gel phase. At 20 ◦C, the spectra of both labels
re characteristic of nitroxides in a tightly packed envi-
onment, consistent with a bilayer in the gel phase. It is
mportant to note that even in the gel phase the membrane
s less packed at the core than close to the surface, as evi-
ent by the rather more anisotropic signal of 5-PCSL as
ompared to that of 16-PCSL, both at 20 ◦C. At 44 and
0 ◦C, the spectra of 5-PCSL are typical of fluid bilay-
rs, yielded by the label in a rather fluid and ordered
ocation, close to the bilayer interface, where the label
as fast movement around its long axis (Hubbell and
cConnel, 1971). At those temperatures, the core of the

ilayer is rather fluid, so the 16-PCSL spectra indicate

ast and nearly isotropic movement for the nitroxide moi-
ty, typical of the motional narrowing region (Hubbell
nd McConnel, 1971). As discussed before (Benatti et
l., 2001), between 38 and 42 ◦C, the presence of two
ics of Lipids 145 (2007) 27–36 29

signals can be detected in the ESR spectra, correspond-
ing to the coexistence of the gel and fluid phases. For
the low ionic strength samples, the coexistence of the
two phases is evident at the 38 ◦C spectra, with the two
labels, whereas in high salt DODAB the labels indicate
the presence of two signals at higher temperatures, 40
and 42 ◦C.1

The DODAB phase transition can be monitored
through the variation of parameter Amax, the outer hyper-
fine splitting (shown in Fig. 1), measured on the 5-PCSL
spectra, which can be used as an empirical parameter that
increases with the label microenvironment viscosity or
packing (Freed, 1976). As expected for ionic lipids, salt
decreases the head-group interactions, stabilizing the gel
phase, therefore increasing the gel–fluid transition tem-
perature (Fig. 2). As discussed above, there is a tempera-
ture range of coexistence of phases in DODAB bilayers,
clearly seen in the ESR spectra. However, Amax values
monitor sharp transitions, as the values are measured as
the distance between the outer extreme features, there-
fore, when there is coexistence of signals, this parameter
monitors the more rigid signal only. In low and high
ionic strength, DODAB phase transition shows a hys-
teresis effect (Fig. 2), as observed with the amphiphile
in unsonicated water dispersion (Benatti et al., 2001).

Though the DODAB gel–fluid transition temperature
is dependent on the ionic strength, with 5-PCSL mon-
itoring the micro-region close to the bilayer interface,
no difference can be observed in the DODAB liposomes
packing at the gel phase, for low and high ionic strength.
A similar result was obtained with 1,2-dimyristoyl-sn-
glycero-3-phosphoglycerol (DMPG), an anionic phos-
pholipid (Fernandez and Lamy-Freund, 2000). Above
Tm, the bilayer can be better analyzed by the parame-
ter Seff (Fig. 3). The main contribution to the effective
order parameter, Seff, is the amplitude of movement of
the hydrocarbon chain moiety (Schindler and Seelig,
1973). In the DODAB fluid phase, the presence of ions
at the bilayer surface slightly decreases the packing of
the bilayer (decreases Seff).

For the 16-PCSL, which monitors the lipid bilayer
packing at the membrane core, the best experimental
parameter to be used over the whole range of tempera-
1 It is interesting to point out that the fact that two well-separated
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).
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Fig. 1. ESR spectra of 5-PCSL and 16-PCSL in DODAB liposomes at low (left column) and high (right column) ionic strength, at different
temperatures (cooling procedure). The outer hyperfine splitting (Amax), the three nitrogen hyperfine line amplitudes (h+1, h0 and h−1, corresponding
to mI = +1, 0 and −1, respectively) and the isotropic hyperfine splitting (a0) are indicated. Total spectra width 100 G.
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Fig. 2. Temperature dependence of the outer hyperfine splitting (Amax)
measured on the 5-PCSL ESR spectra and the ratio of the low and
the central field line amplitudes (h+1/h0) measured on the 16-PCSL
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Fig. 3. Temperature dependence of the order parameter (Seff) of 5-
SR spectra, in DODAB liposomes at low (full symbols) and high
open symbols) ionic strength, at cooling (�, ©) and heating (�, 	)
rocedures.

abel gets faster and more isotropic, being sensitive to
hain order/mobility over the range of temperature used,
ence allowing one to monitor the lipid gel–fluid transi-
ion (Fig. 2). In the gel phase, the decrease in head-group
epulsion caused by the presence of salt significantly
ncreases the hydrocarbon packing at the bilayer core
16-PCSL), decreasing h+1/h0. Above Tm, the bilayer
an be better analyzed by the parameters h−1/h0 (Fig. 3),
hich also monitors the bilayer fluidity, getting close

o unity when the viscosity at the microenvironment
onitored by the spin label decreases (Marsh, 1989).
pposite to the effect in the gel phase, in the DODAB
uid phase the presence of ions at the bilayer surface
lightly decreases the packing of the bilayer, both at the

th and at the 16th carbon atom positions (decreases
eff and increases h−1/h0) (Fig. 3). It seems that, in the
uid phase, the decrease in the head-groups electrostatic
epulsion by the presence of ions is less important than
PCSL and the ratio between the high and the central field line ampli-
tudes (h−1/h0) of 16-PCSL in DODAB liposomes at low (full symbols)
and high (open symbols) ionic strength, at cooling (�, ©) and heating
(�, 	) procedures.

the ions adsorption at the bilayer surface, possibly forc-
ing the head groups to get further apart.

For spin labels inside a lipid bilayer, there are strong
indications that the presence of water in the bilayer can be
estimated from the magnitude of the nitrogen isotropic
hyperfine splitting a0, which can only be well measured
for fluid membranes (Griffith et al., 1974). The bilayer
polarity was found to be independent of the medium
ionic strength or measurement procedure (heating or
cooling). Close to the bilayer surface, monitored by 5-
PCSL, a0 was found to be around 15.00 G, and 14.35 G at
the bilayer core, monitored by 16-PCSL. Similar results
were obtained with the anionic lipid DMPG (Fernandez
and Lamy-Freund, 2000).

3.2. DODAB/cholesterol liposomes
Fig. 4 shows the ESR spectra of 5-PCSL in DODAB
bilayers in the gel (20 ◦C, low salt) and fluid (50 ◦C,
low and high salt) phases, with different cholesterol con-
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holester
es of th
Fig. 4. ESR spectra of 5-PCSL in DODAB dispersions with different c
high ionic strength. The vertical full and dash lines indicate the featur
respectively. Total spectra width 100 G.

centrations. As 5-PCSL incorporates in pure cholesterol
crystals, for comparison, the spectra of 5-PCSL in pure
cholesterol are also shown (bottom spectra in Fig. 5).

In DODAB fluid phase (50 ◦C), with 15 and 30 mol%
cholesterol, at both high and low ionic strength, the
coexistence of two signals is evident, indicating the coex-
istence of DODAB and cholesterol-rich domains at con-
centrations as low as 15 mol%, the latter either inside or
outside the bilayer. The coexistence of ESR signals could

not be detected for cholesterol concentrations lower than
15 mol% (13 mol%, results not shown). Throughout this
work it is important to have in mind that phase separa-
tion can happen without being monitored by spin labels,
ol concentrations, at 20 ◦C (left) and 50 ◦C (right), the latter at low and
e ESR signal of the label in DODAB and pure cholesterol aggregates,

for at least three reasons: the label does not significantly
partition in one of the phases; the ESR signals yielded by
the label in the two distinct phases are similar; the labels
exchange quickly between the different environments, in
the ESR time scale.

At 45 mol% cholesterol, or more, the ESR spectra
of 5-PCSL is similar to the spectra of 5-PCSL incor-
porated in pure cholesterol aggregates, but not identical.
Hence, as discussed above, for those conditions, 5-PCSL

ESR would not be sensitive to the possible coexistence
of DODAB/cholesterol domains and cholesterol crystal-
lites. The continuous and dotted vertical lines in Fig. 4
help the visualization of the features of 5-PCSL in a pure
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Fig. 6. Cholesterol content dependence of the outer hyperfine splitting
ig. 5. (a)–(c) reproduce spectra at 0, 100, and 15 mol% cholesterol
rom Fig. 5, respectively; (d) was obtained from the addition of frac-
ions of spectra (a) and (b).

ODAB bilayer, and in cholesterol aggregate, respec-
ively. At 20 ◦C, the spectra of 5-PCSL incorporated
n DODAB bilayer or cholesterol aggregate are simi-
ar, indicating a rather packed label micro-environment.
ere again the coexistence of phases could exist, but
ould not be detectable by the 5-PCSL ESR signal.
Fig. 5 reproduces the ESR spectra of 5-PCSL incor-

orated in pure DODAB bilayers and in cholesterol
rystals, at 50 ◦C (a and b). Bellow them we show the
SR spectra yielded by 5-PCSL in DODAB dispersion
ith 15 mol% of cholesterol (c) (these three spectra are

eproduced from Fig. 4). The bottom spectrum (d) was
reated by the addition of fractions of signals (a) and (b),

howing that the ESR spectra of 5-PCSL in DODAB
ispersion with 15 mol% cholesterol (c) can be some-
ow reproduced as a sum of 5-PCSL in pure DODAB
ilayer (a) and in cholesterol aggregate (b) (Fig. 5). That
(Amax) measured on the ESR spectra of 5-PCSL in DODAB liposomes
in low (�, �) and high (©, 	) ionic strength and in DPPC in low ionic
strength (*, ×), at 20 and 50 ◦C.

strongly indicates the coexistence of cholesterol-rich
domains with DODAB/cholesterol bilayers, at concen-
trations as low as 15 mol% of cholesterol. The DODAB
small head-group and the strong interaction between the
long hydrocarbon chains are possibly responsible for the
low solubility of cholesterol in DODAB bilayers (Huang,
2002).

For 5-PCSL incorporated in DPPC bilayers, with dif-
ferent cholesterol concentrations (results not shown),
there is no clear indication of cholesterol-rich domains,
showing the high solubility of cholesterol in PC bilayers
with saturated acyl chains, as reported before (Huang
et al., 1999). However, like DODAB, at and above
45 mol% cholesterol, the ESR spectra of 5-PCSL in
DPPC/cholesterol dispersions are similar to the spectra
of 5-PCSL incorporated in pure cholesterol aggregates,
but not identical. It is important to have in mind that the
presence of cholesterol crystals was detected in PC dis-
persions at 25 ◦C, by differential scanning calorimetry
(DSC), at 50 mol% of cholesterol (Mabrey et al., 1978).

Fig. 6 shows the Amax values for the differ-
ent DODAB/cholesterol and DPPC/cholesterol disper-
sions. It clearly indicates that the effect of choles-
terol in DODAB dispersions at low and high ionic
strength is rather similar. In DODAB fluid phase,
at 50 ◦C, DODAB/cholesterol Amax values are shown
for cholesterol concentrations below 15 mol%, and
above 45 mol%, where the ESR signals indicate
the presence of one population only. At 50 ◦C,
in DPPC/cholesterol dispersions, A progressively
max
increases with cholesterol addition, indicating an
increasing incorporation of cholesterol into the DPPC
bilayer. In DODAB/cholesterol, at 5 mol%, no signif-
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cholest
abel in D
Fig. 7. ESR spectra of 16-PCSL in DODAB dispersions with different
The vertical dash lines indicate the features of the ESR signal of the l
100 G.

icant change in Amax is observed. As discussed above,
for cholesterol concentrations above 45 mol%, Amax val-
ues are rather similar to the value yielded by 5-PCSL in
a pure cholesterol aggregate.

As mentioned, with DODAB and DPPC in the gel
phase, at 20 ◦C, 5-PCSL ESR spectra are not very sen-
sitive to possible alterations caused by the presence of
cholesterol. However, there is a slight decrease in the
Amax value with cholesterol.

It is interesting to note that, as expected, no bilayer
significant structural change with temperature (phase
transition) is observed for DODAB with high cholesterol

concentrations (above ∼60 mol%), as the Amax param-
eters from the ESR spectra at 20 and 60 ◦C are rather
similar (Fig. 6). This result is confirmed by DSC (data
not shown).
erol contents, at 20 and 50 ◦C, the latter at low and high ionic strength.
ODAB and high cholesterol amount aggregates. Total spectra width

Fig. 7 shows the ESR spectra of 16-PCSL in DODAB
dispersions, with increasing amounts of cholesterol.
Whereas 5-PCSL incorporates in cholesterol aggregates,
the same phospholipid spin labeled at the 16th car-
bon atom, 16-PCSL, does not partition in pure choles-
terol crystals. Hence, 16-PCSL either monitors pure
DODAB bilayer or DODAB/cholesterol domains. Their
different partition characteristics are also evident in
Figs. 4 and 7, for instance, at low ionic strength DODAB
bilayers at 50 ◦C: cholesterol-rich domains are moni-
tored by 5-PCSL with 15 mol% cholesterol, whereas
for them to be seen by 16-PCSL more cholesterol is

necessary (30 mol%). For higher cholesterol concentra-
tions, the spectra yielded by 16-PCSL at 20 and 50 ◦C
are rather similar. In the gel phase, we can observe
the rather anisotropic spectrum of 16-PCSL in pure
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Apoio à Pesquisa do Estado de São Paulo) and USP (Uni-
ig. 8. Cholesterol content dependence of the ratio between the ampli-
udes of the low and central field lines (h+1/h0) measured on the ESR
pectra of 16-PCSL in DODAB dispersions at low (full symbol) and
igh (open symbol) ionic strength, at 20 ◦C (�, ©) and 50 ◦C (�, 	).

ODAB bilayer, turning to a much less anisotropic sig-
al with cholesterol addition, while the opposite behav-
or is observed with DODAB in the fluid phase.

Considering that the ratio between the ESR line
mplitudes (h+1/h0 or h−1/h0) decreases as the sig-
al gets more anisotropic (more rigid environment),
or DODAB gel phase (20 ◦C) cholesterol seems to be
rogressively incorporated, fluidizing the bilayer, up to
round 45 mol%, for both ionic strengths (Fig. 8). For
ODAB fluid phase, h−1/h0, which can be measured at

ow cholesterol concentrations, is more sensitive than
+1/h0 to bilayer packing. This parameter also indi-
ates that cholesterol rigidifies fluid DODAB bilayers, as
xpected (results not shown). As mentioned before, 30
nd 45 mol% cholesterol spectra are due to a mixture of
wo populations. For higher cholesterol concentrations,
o additional change on the bilayer packing is observed,
nd the 16-PCSL ESR spectra at 20 and 50 ◦C are rather
imilar (see parameters in Fig. 8), indicating the absence
f a temperature phase transition for those samples con-
aining high percentage of cholesterol. These results are
imilar to those obtained with 5-PCSL.

. Conclusions

The comparison of the results shown here, which
nvestigate the thermal behavior of DODAB dispersions
n buffer systems, with those published before, with
ODAB in water (Benatti et al., 2001), leads to the

onclusion that there is no significant structural differ-

nce in DODAB bilayers prepared in media of different
onic strengths. As found for water dispersions, high
alt DODAB membranes also present a clear coexis-
ence of two phases around Tm, and a thermal hysteresis
ics of Lipids 145 (2007) 27–36 35

of about 3 ◦C. Salt was found to significantly increase
Tm, stabilizing the gel phase, possibly by screening the
head groups electrostatic interaction and increasing the
lipid packing at the bilayer core. In the DODAB fluid
phase, the presence of ions at the bilayer surface slightly
decreases the membrane packing, both at the 5th and 16th
carbon atom positions, possibly by physically increasing
the distance between the polar head groups.

Cholesterol solubility in fluid DODAB bilayers seems
to be rather low. 5-PCSL monitors the coexistence of
DODAB and cholesterol-rich domains for concentra-
tions as low as 15 mol% cholesterol, both in low and
high ionic strength. ESR spectroscopy cannot inform
if the different lipid domains are inside the bilayer or
not. Differential scanning calorimetry could possibly be
useful in the detection of the coexistence of pure choles-
terol crystals with DODAB/cholesterol bilayers. The low
solubility of cholesterol in DODAB bilayers should be
related to the small head group of this amphiphile.

In DODAB gel phase, due to the highly anisotropic
spectra of the labels, it is not possible to detect
cholesterol-rich domains, if present.

For cholesterol concentrations lower than 15 mol%
of the total lipid, cholesterol effect is similar to that in
phospholipid membranes: cholesterol is incorporated in
DODAB bilayers, loosening the gel phase bilayer pack-
ing, and turning more rigid the fluid membrane.

It is known that cholesterol has lower solubil-
ity in membranes with polyunsaturated acyl chains
(Brzustowicz et al., 2002; Brzustowicz et al., 1999;
Fanani et al., 2004). This observation can be rational-
ized by the fact that the polyunsaturated chains have
an irregular contour that does not pack well with the
smooth surface of cholesterol. However, in addition,
anionic lipids, particularly phosphatidylserine (Bach and
Wachtel, 2003) mix poorly with cholesterol. To our
knowledge, this is the first work to study the relative
solubility of cholesterol in cationic membranes. We find
that the solubility is also low, suggesting that it is low
in charged membranes independent of the nature of
the charge. This may be a consequence of the con-
trast between the more hydrophilic charged group of the
amphiphile and the hydrophobic nature of cholesterol.
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