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Sodium dodecylsulfate (SDS) and cetyltrimethylammonium bromide (CTAB) dispersed in aqueous solution
form catanionic vesicles. Depending on composition, such vesicles show different net charge, stability, and
interaction capability, indicative of the strong impact that catanionic systems may have in gene therapy and
drug delivery technologies. To reveal the interplay among composition, net charge, sensitivity to temperature
changes, vesicle size, and inner structure, a series of experiments on catanionic vesicles prepared at different
SDS/CTAB mole ratios was performed. Dynamic light scattering, small-angle X-ray scattering, and �-potential
experiments allow one to characterize an unexpected critical phenomenon at the nanoscale level. On heating,
vesicles increase in size, but at a critical temperature an abrupt vesicle size reduction has been observed,
together with a transition from multi- to a unilamellar state. The critical temperature regularly depends on the
SDS/CTAB mole ratio. The unilamellar state obtained upon heating is retained for weeks. These phenomena
suggest a new way to produce stable unilamellar vesicles with tunable size and charge.

Introduction

Lipids form different liquid crystalline phases, depending on
composition and temperature. Upon dilution, solutions, and
dispersions replace lamellar and other ordered mesophases.1

Dispersions generally consist of single-walled or multilayered
vesicles (also termed liposomes) and cubosomes.2 Such particles
are obtained upon dilution, sonication, or extrusion, while
alternative procedures make use of salts, polymers, or surfac-
tants.3 A lot of drawbacks are met in the stabilization of lipid
dispersions since, as a rule, lipid-based vesicles are unstable
and reform the lamellar phases from which they are made of.

Efforts were recently made to find organized systems fulfilling
the same performances as natural lipids, and synthetic surfactant
species (quaternary ammonium salts, generally) were used for
these purposes.4 Unfortunately, most pure ionic surfactants show
denaturing properties and are not safe for “in vivo” applications.
Alternatively, mixtures of oppositely charged surfactants can
be used, since they exhibit a phase behavior very similar to
that occurring in lipids.5 In particular, equimolar mixtures of
oppositely charged surfactants, defined as “catanionic” systems,
mimic the structure and phase behavior of swelling lipids.6

Nonstoichiometric mixtures composed by such surfactants also
show a rich polymorphic behavior at room temperature, with
formation of micelles, vesicles, solids, and lyotropic mesophases.
The concentration range pertinent to the formation of such
systems can be as low as 0.1-1.0 wt %.7 Catanionic mixtures
are moderately cytotoxic and have been extensively used in

studies dealing with protein uptake or DNA transfection.8 This
is why there has been so much interest toward such systems.

Accordingly, special attention has been devoted to rationalize
the stability of selected catanionic mixtures, and to find rational
strategies for getting unilamellar vesicles. However, the thermal
stability and the presence of temperature-induced phase transi-
tions have been rarely investigated. As a result of thermal
motions, the bilayers of catanionic vesicles are expected to
become progressively more fluid, to change their spontaneous
curvature, and, eventually, to form new phases. Unfortunately,
structural information and experimental evidence in this regard
are poor and contradictory.9 In this work, the catanionic system
constituted by sodium dodecylsulfate (SDS) and cetyltrimethy-
lammonium bromide (CTAB) has been investigated with
different experimental techniques in order to determine the
transitions from multi- to unilamellar states and to characterize
the inner structure and size of catanionic vesicles as a function
of both temperature and composition.

Experimental Section

A. Materials. High purity SDS and CTAB were obtained
from Sigma. Purification was performed by dissolution in hot
ethanol, filtration, and precipitation with cold acetone. The
procedure was repeated twice, and the products were vacuum-
dried at 70 °C. Determination of their critical micelle concentra-
tions (cmc′s) and Krafft temperatures were used as purity
criterion.10 Conductivity water (� e 10-7 Ω-1 cm-1 at 25.0 °C),
prepared by distillation in alkaline KMnO4, was used. Ethanol
and acetone (Sigma) were of synthetic grade.

Vesicular dispersions were prepared at different SDS/CTAB
mole ratios, indicated as R in the following (R ) [SDS]/[CTAB]).
The overall surfactant content in the mixtures was always set to
6.0 mmol kg-1 (grossly 0.2 wt % of dry matter). R values ranging
from 1.1 to 2.4 were obtained by mixing isomolar aqueous SDS
and CTAB solutions at temperatures slightly higher than the CTAB
Krafft point.11 In this way, a “liquid state” of the surfactants alkyl
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chains is ensured. Upon mixing, vesicles are formed in seconds,
as inferred by an abrupt increase in the overall mixture turbidity.
No sedimentation, phase separation, or birefringence was observed,
even after long-term equilibration. Note that equilibrium is reached
after staying at room temperature for some days, and that no
sonication is needed.

B. Dynamic Light Scattering (DLS). A Zeta Nanosizer unit,
Malvern, was used to perform dynamic laser light scattering
measurements at 632.8 nm. The instrument was operating in
back scattering mode (BSM) at an angle of 173°, as such
configuration allows performing measurements in turbid disper-
sions and minimizes multiple scattering effects. In addition, the
instrumental facilities automatically determine the proper sample
thickness to be investigated and focus the beam at a given
position from the cell walls, depending on the system turbidity.
In this way, some experimental drawbacks are overcome.

Quartz cells were cleaned by acid K2Cr2O7 and washed
several times with bidistilled water, until neutrality of the
washing fluid was attained. Thereafter, the cells were dried by
air flow. Measurements were run at least 5.0 min after
introducing the sample in the scattering cell, to ensure the
attainment of thermal equilibrium. The sample temperature was
controlled to (0.1 C° by a Peltier facility.

Correlation fits of the scattering intensity, reported as I(t)
versus log t plots, were elaborated by a CONTIN algorithm.12

The temporal autocorrelation function was obtained; it was used
to determine the apparent self-diffusion coefficient and, hence,
the vesicles hydrodynamic diameter, DH.13 The errors on vesicles
size inferred from the fits are some tens of nanometers, at most.

C. �-Potential. �-potential experiments, which provide infor-
mation on the charge density of particles moving in an electric
field,14 were performed at 25.0 °C using a Malvern laser-Doppler
unit and cells with gold-coated electrodes. The scattered light
passing in the medium, when it is subjected to the effect of an
applied electric field, undergoes a frequency shift compared to
unperturbed conditions. Proper elaboration of the shift gives the
particles electrophoretic mobility and the related �-potential value.

D. Transmission Electron Microscopy (TEM). The mor-
phology of the catanionic vesicles was examined by TEM.
Vesicular dispersions were first stratified onto copper grids, and
the excess was removed by filter paper. Then, 2.0% phospho-
tungstic acid solution was stratified, and the acid in excess was
removed. The sample was air-dried and then observed using a
ZEISS EM900 electron microscope working at an accelerating
voltage of 80 kV. Due to the dry conditions required in sample
preparation, vesicle size and size distribution were considered only
indicative.15

E. Small-Angle X-ray Scattering (SAXS). SAXS experi-
ments were performed at the DESY synchrotron facility in
Hamburg, Germany, on the A2 beamline. The investigated
q-range (q ) 4π sin θ/λ, where 2θ is the scattering angle and
λ ) 1.50 Å the X-ray wavelength) was 0.02-0.35 Å-1.
Experiments were run at 20.0 °C as a function of R, and as a
function of temperature at an SDS/CTAB mole ratio of 1.71.
Scattering data were recorded on a bidimensional CCD camera
of 1024 × 1024 pixels, radially averaged and corrected for the
dark, detector efficiency and sample transmission.16 A few X-ray
diffraction experiments were performed using a laboratory 3.5
kW Philips PW 1830 X-ray generator equipped with a Guinier-
type focusing camera operating with a bent quartz crystal
monochromator (λ ) 1.54 Å). Diffraction patterns were recorded
on GNR Analytical Instruments Imaging Plate system. Samples
were held in a vacuum tight cylindrical cell provided with thin
mylar windows. Diffraction data were collected at 25 °C.

Results and Discussion

A. DLS, TEM, and �-Potential. DLS experiments were
performed at 25.0 °C as a function of vesicle composition. At
first, it was derived that the average hydrodynamic diameter of
vesicles, DH, remains constant after sample equilibration.
Second, the vesicle hydrodynamic diameter was observed to
depend on composition, in full agreement with TEM observa-
tions (Figure 1). Composition effects are relevant: from data in
Figure 1, it can be inferred that vesicle size diverges on
approaching charge neutralization (i.e., DH increases from 250
to 700 nm on decreasing R from 2.4 to 1.1). Hence, the residual
charges located onto such vesicles play a pivotal role in
controlling their interfacial curvature.

The vesicle size is significantly affected by temperature. As
evidenced in Figure 2, a noticeable upward shift of DH, followed
by a strong and sudden decrease above a critical temperature TC,
is detected on heating. Three points should be considered. First,
TC scales regularly with the vesicle composition. As shown in
Figure 3, higher content in SDS implies lower TC values: this fact
offers the possibility to modulate the thermal transitions depending
on the requested purposes. Second, the scaling law controlling
vesicle growth is the same for all the investigated samples, and
follows a power-law in (1 - T/TC). Third, at the critical temperature,
a significant change in sample turbidity is observed. Whatever the
sample mole ratio, the dispersions are milky below TC and bluish
and/or slightly opalescent above it. Once heated above TC, vesicles
retain the latter character for weeks.

Figure 1. Composition dependence of the vesicle hydrodynamic
diameter, DH, as derived from DLS experiments performed at 25.0 °C.
Inset: TEM image of an R ) 1.50 vesicular sample, showing the
presence of vesicles in the size range reported from DLS measurements.

Figure 2. Temperature dependence of the vesicle average hydrody-
namic diameter, DH, derived from DLS experiments performed on a
sample with R ) 1.71. Error bars are within symbol sizes and have
been calculated considering the polydispersion of DH distributions.
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Constancy in vesicle size for long times is relevant for a
possible use in biomedical applications. Therefore, DLS experi-
ments were also performed as a function of time. As a main
result, it was observed that, once the aforementioned heating
cycles were completed, vesicles retain a nearly constant average
hydrodynamic diameter for about 1 month. DH values relative
to the R ) 1.71 sample, measured for over 1 month, are reported
in Figure 4: it can be observed that DH values range around
285-295 nm. In the investigated time frame, the drift is small,
about 10-12 nm, and very comparable with the estimated
experimental error bars.

Larger departures from the above trends are observed for longer
times, particularly if samples are kept at temperatures well below
25 °C. Note that this is, approximately, the Krafft temperature of
CTAB, at which the formation of a solid surfactant phase may
occur. In such case, nucleation into multilamellar entities is
counteracted by phase transition processes.

�-Potential results are finally reported in Figure 5. Data show
that �-potential increases in absolute value on increasing R (i.e.,

moving away from the charge neutralization threshold). More-
over, differences between freshly prepared samples and those
in equilibrium conditions occur. This behavior could be related
to the time required to get true equilibrium conditions, according
to a rearrangement of the surfactants into vesicles and/or to their
partition between vesicles and the bulk.

B. SAXS. SAXS provides information on the inner structure
of the vesicles at the nanoscale level.17,18 At 20 °C and for all
the investigated mole ratios (ranging from R ) 1.18 to R )
1.99), the scattering curves are characterized by the occurrence
of Bragg peaks (Figure 6, left frame), indicating the multila-
mellar nature of vesicles. Upon heating, the peaks disappear
(see the right frame in the figure), suggesting a transition from
multi- to unilamellar organization. As the above transition occurs
at temperatures very close to that observed by DLS, it can be
inferred that the strong decrease of DH values above TC is also
associated with a transition from multi- to unilamellar vesicles.
In other words, DLS refers to the modifications in the overall
vesicle size, whereas SAXS refers to their inner organization;
the two effects are strictly interrelated.

From the position of the Bragg peaks, the lamellar repeat
distance, d, was determined. At 20 °C, d is around 37.5 Å, and
shows no correlation with composition. Conversely, it slightly
increases upon heating.

SAXS data obtained at temperatures below 50 °C were
analyzed by model-dependent fitting procedures.18,19 In particu-
lar, the intervesicle structure factor was set to unity, as the
dispersions are diluted, and the multilamellar stacks were
represented by the product of the form factor for infinite
lamellae, F(q), and the structure factor related to the bilayer
stacking order, S(q). Calculations were performed using the
GENFIT software package.19

In particular, the X-ray scattering intensity was written as

where c is a normalization factor, being the experimental data
obtained in relative units.

The form factor is described as a Fourier transform of the
electron density distribution normal to the bilayer plane, F(z),
determined considering the water, polar, and paraffinic layers
to have thicknesses and electron densities of dwat, dpol, dpar, and
Fwat, Fpol, Fpar, respectively:

Referring to the bilayer model reported in Figure 7, it is
evident that dwat ) d - (2dpol + dpar). The water electron density
has been fixed to Fwat ) 0.33 e/Å3, while dpol, dpar, Fpol, and Fpar

have been treated as fitting parameters.
The structure factor S(q) is related to the bilayer stacking order

and has been modeled according to the modified Caillé theory.20,21

This theory accounts for the number of strongly interacting bilayers,
N, and for the respective undulation effects, which are measured
by the so-called Caillé fluctuation parameter, η1:

Figure 3. Composition dependence of the critical temperature, TC (°C),
on the [SDS/CTAB] mole ratio.

Figure 4. Time-dependence of vesicles average hydrodynamic diam-
eter DH. Data refer to the R ) 1.71 mixture, equilibrated at 25.0 °C
after a complete heating process up to 70 °C. Error bars have been
obtained considering the variance of DH distributions.

Figure 5. Composition dependence of the vesicle �-potential measured
at 25.0 °C. Circles refer to equilibrium conditions and squares to freshly
prepared samples. Error bars are smaller than symbol sizes. The line
is only an eye-guide.

I(q) ) cS(q)[F(q)]2/q2

F(q) ) ∫-d/2

d/2
F(z) cos(qz) dz

S(q) ) N + {2 ∑
m)1

N-1

(N - m) cos(mqd) exp ×

[-( d
2π)2

q2η1γ](πm)-(d/2π)2q2η1}
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where γ is the Euler’s constant (γ ) 0.5772). Note that the
fluctuation parameter η1 is related to the bending modulus of the
bilayer, Kc, and to the bulk modulus for compression, B:

Some significant fitting results are shown in Figure 7. The
good capacity of the above model to reproduce the data is
evident from the fit.

Data analysis shows that the thicknesses of polar and
paraffinic layers, as well as the Caillé parameters, do not depend
on R (dpol ) 3.6 ( 0.6 Å, dpar ) 16.8 ( 1.4 Å, η1 ) 0.037 (
0.009, N ) 9.0 ( 1.7), with the exception of samples with R )

Figure 6. SAXS profiles obtained in different experimental conditions. Left frame: data obtained at T ) 20 °C as a function of R, as indicated.
Right frame: data obtained from a R ) 1.71 vesicular sample as a function of temperature, as indicated.

Figure 7. Top, left side: sketch of the bilayer model illustrating the structural parameters. Top, right frame: R ) 1.71, T ) 20 °C. Fitting parameters:
dpol) 3.2 Å, dpar ) 16.8 Å, Fpol ) 0.382 e/Å3, Fpar ) 0.281 e/Å3, N ) 7.4, η1 ) 0.029. Bottom, left frame: R ) 1.71, T ) 44 °C. Fitting parameters:
dpol ) 3.9 Å, dpar ) 24.9 Å, Fpol ) 0.354 e/Å3, Fpar ) 0.280 e/Å3, N ) 13.9, η1 ) 0.095. Bottom, right frame: R ) 1.71, T ) 50 °C. Fitting
parameters: dpol) 3.0 Å, dpar ) 26.1 Å, Fpol ) 0.371 e/Å3, Fpar ) 0.278 e/Å3, N ) 1.4, η1 ) 0.29.

η1 )
πkBT

2d2√KcB
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1.99, in which the computed number of interacting bilayers
reduces to 3. Conversely, fitting parameters depend on temper-
ature. The bilayer thickness increases on heating from 24 to 34
Å (at Tc), while dpar changes from ca. 17 to 26 Å. The stretching
of hydrocarbon chains, coupled with a reduced interdigitation,
can explain such a modification. Changes in η1 and N are
reported in Figure 8. Fluctuations in Caillé’s theory are related
to elastic deformations of the membrane stacks, and an increase
in η1 corresponds to a decrease in the product of the two elastic
constants. On heating, the product (KcB)1/2 decreases from 15
to 4.8 erg cm-2, indicating a significant softening of the lamellar
stacking as a function of temperature. On the other side, the
behavior of N with temperature (Figure 8), which does not
explain by itself the large vesicle hydrodynamic diameter
observed by DLS on heating, confirms vesicle growth and/or
fusion before Tc is reached.

X-ray diffraction experiments have been also performed on
vesicles stored for 4 weeks at 25 °C directly after preparation
and after the previously mentioned thermal cycle. Two signifi-
cative curves (both referring to R ) 1.71 samples: a thermally
cycled one and a not cycled one) are shown in Figure 9. Even
if data are noisy, the observed profiles confirm that once the
heating cycle was completed, vesicles retain the unilamellar
character, while noncycled samples are still multilamellar (in
this case, no changes not even in the unit cell parameter were
detected).

Conclusions

The experimental results reported here indicate that changes
in vesicle size are concomitant to variations in their inner
structure. Upon heating, the vesicle state changes from a multi-
to a unilamellar state, following vesicle fusion and growth
mechanisms. Interestingly, the lamellar order vanishes at Tc and,
simultaneously, vesicles size diverges, according to a scaling
law.22

The transition from multi- to unilamellar vesicles is driven
by the combination of entropic, osmotic, double-layer, and other

terms. It is not easily to argue whether the same behavior holds
for other lipid mixtures.23 The mono- to multilayer transition,
the backward process, is long on an experimental time-scale,
since unilamellar vesicles, prepared at high temperatures, remain
undisturbed for long times. Temperature, then, can be used to
obtain unilamellar vesicular dispersions with a well-defined net
charge. The above procedure could give rise to kinetically stable
monolayer dispersions, to be used in many biomedical applica-
tions. Work along this line is promising. The procedures reported
in this work could be also used when T values close to hyper-,
or hypothermal conditions are dealt with. The optimization
inherent to thermal conditioning requires a delicate balance
between vesicle composition, osmotic forces, and working
temperature. It can be fruitful in a lot of biomedically oriented
applications.

Acknowledgment. We thank R. Muzzalupo, Università della
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Figure 8. Temperature dependence of the Caillé fluctuation parameter,
η1 (left), and number of interacting bilayers, N (right), for the R )
1.71 sample.

Figure 9. X-ray diffraction curves obtained from R ) 1.71 vesicles,
stored at 25 °C for 4 weeks, before the thermal cycle (bottom) and
after the thermal cycle (top).

8060 J. Phys. Chem. B, Vol. 114, No. 24, 2010 Andreozzi et al.


