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ABSTRACT

Hypothesis: Catanionic vesicles based on large-scale produced surfactants represent a promising platform
for the design of innovative, effective and relatively inexpensive nano-vehicles for a variety of actives.
Structural, dynamic and functional behavior of these aggregates is finely tuned by the molecular features
of their components and can be opportunely tailored for their applications as drug carriers.
Experiments: Here we investigate the aggregates formed by CTAC and SDS, two of the most diffused sur-
factants, by means of Dynamic Light Scattering, Small Angle Neutron Scattering and Electron
Paramagnetic Resonance spectroscopy (EPR). The exploitation of these aggregates as nano-vehicles is
explored using the poorly water-soluble antioxidant trans-resveratrol (t-RESV), testing t-RESV solubility
and antioxidant activity by means of UV, fluorescence spectroscopy and EPR.
Findings: The presence of a large stability region of catanionic vesicles on the CTAC-rich side of the phase
diagram is highlighted and interpreted in terms of the mismatch between the lengths of the surfactant
tails and of first reported effects of the chloride counterions. CTAC-SDS vesicles massively solubilize
t-RESV, which in catanionic vesicles exerts a potent antioxidant and radical-scavenging activity. This
behavior arises from the positioning of the active at the surface of the vesicular aggregates thus being
sufficiently exposed to the external medium.
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1. Introduction

Aqueous mixtures of oppositely charged surfactants, i.e. catan-
ionics, spontaneously form a variety of supramolecular aggregates
[1-7] whose structural, dynamic and functional features are finely
tuned by a combination of factors, including molecular architec-
ture of the surfactants (e.g., headgroup bulkiness and charge den-
sity [8], tail length and branching [9]), mixture composition and
total surfactant concentration [10], presence of additives (organic
substances and/or electrolytes), temperature [11]. At relatively
low surfactant concentration, either wormlike micelles or vesicles
form. Both kinds of aggregates present a high technological poten-
tial, as wormlike micelles can be used to tune the viscoelastic
behavior of the mixtures [12,13], while vesicles can be used in drug
delivery [14]. Particularly, catanionic vesicles have been proposed
for various pharmaceutical applications [15-17]. With respect to
conventional liposomes, they possess higher kinetic stability and
can be prepared in much easier and cheaper ways [18,19].

In most of the studies concerning catanionic mixtures, alkylam-
monium bromides surfactants are chosen as positively charged
components [20,21]; at the same time, dichained species are often
chosen [22,23]. Mixtures including single-chained ammonium
chlorides have been much less investigated [24]. In this work we
focus on the supramolecular aggregates formed by cetyltrimethy-
lammonium chloride (CTAC, IUPAC name hexadecyltrimethylam-
monium chloride) and sodium dodecylsulfate (SDS) in aqueous
mixtures. Their behavior is of large basic interest, considering that
the effect of the counterion, and specifically of the naturally abun-
dant chloride, on the features of catanionic aggregates is still not
completely understood. Despite cetyltrimetylammonium and
dodecylsulfate species represent a sort of reference in the study
of cationic and anionic surfactants, respectively, CTAC-SDS aque-
ous mixtures have never been investigated experimentally, while
a computational analysis of the supramolecular aggregates formed
in this system, based on coarse-grained molecular dynamics simu-
lations, has been recently published [25]. Our study offers an
opportunity to provide an experimental support to computational
results.

The present study also has an applicative interest. Chloride is
the counterion of choice for cationic surfactants in most of their
practical applications (e.g., as fabric softeners [26], sanitizers/disin-
fectants [27]). Specifically, CTAC is largely used in personal care
products, thus the design, preparation and characterization of
CTAC-based catanionic vesicles, suitable for the solubilization of
actives (antioxidants, vitamins, peptides, enzymes), would pave
the way to a new generation of cosmeceutics, the hybrid category
of products between pharmaceuticals and cosmetics [28].

Here, we present the chemico-physical characterization of the
ternary system water-CTAC-SDS through the determination and
analysis of the phase diagram, obtained by means of Dynamic Light
Scattering (DLS). The aggregate structure and dynamics is deeply
analyzed by Small Angle Neutron Scattering (SANS) and Electron
Paramagnetic Resonance spectroscopy (EPR).

We also explore the suitability of CTAC-SDS supramolecular
aggregates as nano-vehicles. To this purpose we have chosen
trans-resveratrol (3,5,4'-trihydroxy-trans-stilbene, t-RESV), a natu-
ral polyphenol that has a strong antioxidant activity [29,30], whose
practical application is limited by the poor water solubility, that in
turn leads to low bioavailability, and by the chemical instability.
Several different nano-vehicles have been proposed for t-RESV sol-
ubilization [31-35], but applications of ionic surfactants for the
same purpose remain unexplored. The large availability of these
species, and the relative inexpensiveness of the derived nano-
vehicles would tremendously favor exploitation of t-RESV or simi-
lar antioxidants. We quantitatively assess the t-RESV solubilization
capacity of different CTAC-SDS supramolecular aggregates by

means of UV spectroscopy, identifying the active positioning with
respect to the surfactant molecules by spectrofluorimetry. Finally,
we test the radical scavenging activity of t-RESV, when incorpo-
rated into these nano-vehicles, by EPR measurements. To this
aim, we propose an innovative method, designed to monitor the
effectiveness of antioxidant actives in the aqueous medium sur-
rounding surfactant aggregates.

2. Materials and methods
2.1. Materials and sample preparation

SDS, CTAC, 4-hydroxy-2,2,6,6-tetramethylpiperidin-1-oxyl
(TEMPOL) and 5-DOXYL-stearic acid (5-DSA) of high purity were
purchased from Sigma Aldrich (St. Louis, MO, USA). t-RESV was
purchased by Fagron-Italia (Bologna, Italy). All materials were used
without further purification. Ultra-high-quality water (resistiv-
ity =18.2 MQ cm; EMD Millipore, Billerica, MA, USA) was used
for preparation of all samples, with the only exception of samples
for SANS measurements, for which D,O (purchased from Sigma
Aldrich, isotropic enrichment >99.8%) was used. All surfactant mix-
tures were prepared by proper mixing/dilution of two stock con-
centrated solutions of CTAC and SDS at 0.0625 and 0.41 mol kg~!,
respectively. Samples at total surfactant concentration 0.01, 0.02
and 0.03 mol kg~! and with different molar ratios of anionic/ca-
tionic surfactants were prepared. Please note that in the following
the compositions of CTAC-SDS mixtures are always reported as
molar ratios. In all cases, a 5 min strong agitation of the samples
was applied by using a vortexer to promote mixing of the
surfactants.

2.2. Dynamic light scattering measurements

DLS measurements were performed with a home-made instru-
ment composed of a Photocor compact goniometer, a SMD 6000
Laser Quantum 50 mW light source operating at 5325 A, a photo-
multiplier (PMT-120-OP/B) and a correlator (Flex02-01D) from
Correlator.com. The experiments were carried out at the constant
temperature (25.0 + 0.1) °C, by using a thermostatic bath, and at
the scattering angle 6 of 90°. The scattered intensity correlation
function was analyzed using a regularization algorithm [36]. The
diffusion coefficient of each population of diffusing particles was
calculated as the z-average of the diffusion coefficients of the cor-
responding distributions [37]. Considering that the mixtures are
dilute, the Stokes-Einstein equation was used to evaluate the
hydrodynamic radius, Ry, of the aggregates from their translation
diffusion coefficient, D. Samples were monitored for two months
to check their stability.

2.3. Electrophoretic light scattering measurements

Zeta potential of CTAC-SDS aggregates was assessed by means
of electrophoretic light scattering (ELS), by using a Zetasizer Nano
ZSP (Malvern Instruments, England). The measurements were per-
formed using 0.03 mol kg~! mixtures in pure water and polystyr-
ene Folded Capillary Zeta cells (Malvern Instruments). Each
measurement was performed at 25 °C upon 90 s equilibration time.
For zeta potential determination, the average of three measure-
ments has been taken.

2.4. Small angle neutron scattering measurements

SANS measurements for pure surfactant systems and for 70:30
CTAC-SDS vesicles were performed with the LOQ small angle
diffractometer at ISIS Pulsed Neutron Source (Science and
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Technology Facilities Council, Rutherford Appleton Laboratory,
Didcot - UK) [38]. The instrument is characterized by a fixed
two-dimensional detector positioned at 4 m from the sample,
which can detect the position and time of arrival of the scattered
neutrons. This configuration allowed collecting data in a range of
the scattering vector modulus g =4m/isin(0/2) between
0.006 A~! and 0.24 A!, where 0 is the scattering angle and / the
neutron wavelength. Instrument resolution is 5 mm. Measure-
ments for 30:70 CTAC-SDS vesicles were performed with the
KWS2 instrument located at the Heinz Meier Leibtnitz Source,
Garching Forschungszentrum (Germany) [39]. Neutrons with a
wavelength spread AZ/4 < 0.2 were used. A two-dimensional array
detector at different wavelength, collimation, sample-to-detector
distance combinations measured neutrons scattered from the
samples. We chose configurations that allowed collecting data in
a range of q between 0.008 A~! and 0.279 A1

The samples were contained in a closed quartz cell, in order to
prevent the solvent evaporation, and all measurements were per-
formed at 25 °C. Each measurement lasted for a period sufficient
to obtain ~2 million counts. The raw data were corrected for back-
ground and empty cell scattering. Detector efficiency correction,
radial average and transformation to absolute scattering cross sec-
tions dX/dQQ were made with a secondary plexiglass standard
[40,41]. The absolute scattering cross section data dX/dQ were
plotted as function of q. The dependence of dX/dQ from the scat-
tering vector can summarized as shown in Eq. (1):

- mrasa () )

where n, is the number of scattering objects, P(q) and S(q) are
respectively the form factor and the structure factor. The last term
takes into account the incoherent scattering mostly due to the pres-
ence of hydrogen atoms within the sample. Structural information
can be extrapolated by choosing an appropriate model to fit the
experimental data. In the case of catanionic vesicles, only a form
factor has been taken into account, while for pure CTAC and SDS
mixtures also a structure factor was considered in the fitting proce-
dure, as detailed in the Results and Discussion section.

2.5. Electron paramagnetic resonance measurements

For the EPR characterization of the CTAC-SDS aggregates, 5-DSA
was introduced in the mixtures as spin probe, because it is a sur-
factant able to co-aggregate with CTAC and/or SDS. Spin labelled
samples were prepared as follows: a small aliquot of 5-DSA in
ethanol at 1 mgml~! was poured in a vial; a thin film was pro-
duced by evaporating the solvent with dry nitrogen gas and final
traces of solvent were removed by subjecting the sample to vac-
uum desiccation for at least 3 h; then the probe film was hydrated
with the surfactant mixture and incubated for 10 min. EPR spectra
were recorded on a 9 GHz Bruker Elexys E-500 spectrometer (Bru-
ker, Rheinstetten, Germany). Capillaries filled with 20 pl of sam-
ples and sealed were placed in a standard 4 mm quartz tube, also
containing light silicone oil to assure thermal stability. The temper-
ature of the sample was kept constant at 25 °C during the measure-
ments. Instrumental settings were as follows: sweep width 100 G;
resolution 1024 points; modulation frequency 100 kHz; modula-
tion amplitude 1.0G; time constant 20.5 ms, incident power
6.4 mW, gain 60 dB. With the aim to improve the signal-to-noise
ratio, 16 scans were accumulated in all the cases.

EPR simulations were performed using computer software
freely available on the anonymous FTP server at the Illinois EPR
Research Center [42], modified to include routines for automatic
least-squares fitting (Simplex and Levenberg-Marquardt methods)

[43]. The simulation procedure is detailed in previous works
[44,45].

2.6. Preparation of t-RESV containing samples

Samples of t-RESV in the presence of the different surfactant
self-aggregates were prepared by adding an excess amount of t-
RESV to 2 g of the aqueous surfactant mixtures. The total surfactant
molality ranged from 0 to 0.03 mol kg~!. The samples were shaken
for 24 h in a thermostated bath at 25 °C. In order to minimize pho-
tochemical degradation of t-RESV, all vials were covered with alu-
minum foil. Once equilibrium was reached, suspensions were kept
at rest for 1h, after which undissolved t-RESV powder settled at
the vial bottom. The supernatants were separated, opportunely
diluted and finally analyzed by UV spectroscopy. The procedure
did not include a filtration or centrifugation step, to avoid possible
perturbation and/or partial separation of the surfactant aggregates.

For determination of scavenging capacity of t-RESV, surfactant
mixtures at constant total surfactant concentration (0.03 mol kg™ ')
were prepared using a diluted TEMPOL solution (104 M) as sol-
vent. Two sets of samples were prepared. In the former one, an
excess of t-RESV was added to the surfactant solutions; each sam-
ple was incubated at 37 °C for 1 h, and then the supernatant was
analyzed. In the latter set of samples, an equal t-RESV amount
was added to the various surfactant solutions (0.0015 mol kg™ 1).

2.7. UV-Vis measurements

t-RESV solubility in CTAC and SDS micelles, as well as in CTAC-
SDS vesicles at 70:30 and 30:70 ratio, was evaluated determining
the concentration of t-RESV in the different mixtures by means
of UV spectroscopy [46]. Spectra were collected at 25 °C on a Jasco
530 UV-Vis spectrophotometer (Jasco Inc., Easton, MD), in the
500-220 nm range, with a band width of 1 nm, scanning speed
of 200 nm min~! and using a 0.1 cm path length of the cell. Each
experiment was repeated thrice.

With the aim to obtain a careful determination of t-RESV con-
centration in the different samples, we preliminarily determined
the molar extinction coefficient of ¢t-RESV in CTAC and SDS mix-
tures at A =326 nm. They are scarcely sensitive to the presence of
surfactants (see the Supporting information for details, and
Table S1), so that in all systems we used the average value
29,500+ 1500 M~! em ™.

2.8. Fluorescence measurements

t-RESV fluorescence spectra in different solution conditions (i.e.
in the presence of CTAC micelles, SDS micelles, mixed catanionic
vesicles and in water) were recorded with a JASCO FP-750 spec-
trofluorometer using a 1 cm path length of the cell, at 25 °C. t-
RESV was excited at 318 nm and the emission was recorded from
330 to 500 nm at a scanning speed of 250 nm min~!, with a 5 nm
emission slit width, and corrected for background signal.

2.9. Determination of t-RESV scavenging capacity

The scavenging capacity of t-RESV against the stable water-
soluble free radical TEMPOL was evaluated in CTAC and SDS
micelles, as well as in CTAC-SDS vesicles at 70:30 and 30:70, by
monitoring the decreasing of TEMPOL signal through EPR measure-
ments. A procedure previously used for the determination of the
scavenging activity of antioxidants contained in foods and drinks
was purposely modified and adapted [47,48]. In particular, the
use of ethanol or other compounds that could alter t-RESV solubil-
ity and nano-vehicles structural properties was carefully avoided.
Two sets of samples containing t-RESV, TEMPOL and surfactants,
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prepared as previously described, were analyzed by EPR, using the
same experimental settings reported above. The intensity of the
TEMPOL signal, a well-defined triplet, was measured as the peak-
to-peak height of the second line. The scavenging activity of t-
RESV was defined as (hg — hx)/ho x 100, where hg and hy are the
height of the second line in the EPR spectrum of TEMPOL in the
absence and in the presence of the different antioxidant nano-
vehicles, respectively.

3. Results and discussion
3.1. CTAC-SDS-water phase diagram

The ternary phase diagram of the diluted CTAC-SDS-water sys-
tem at 25 °C is shown in Fig. 1.

Both binary systems present an isotropic micellar phase; the
critical micelle concentration (cmc) values, as reported in the liter-
ature [49,50], are quoted in the diagram and in Supplementary
Fig. S1 as well as reported in Table 1. The blue dotted-dashed line
indicates the CTAC-SDS equimolar ratio; samples lying above the
line present an excess of CTAC, whereas the ones lying below have
an excess of SDS. The distinction between different structures of
the surfactant supramolecular aggregates (micelles vs. vesicles)
and the identification of the phase diagram areas where these
structures form have been obtained by DLS, SANS and EPR mea-
surements [51], as detailed in the next subsection. The green, red
and black dots indicate the mixtures at 0.01, 0.02 and
0.03 mol kg~ ! total surfactant concentration, respectively, which
have been prepared and analyzed in details.

Even in the considered high dilution region, the existence of dif-
ferent phases is observed, both as single phases and as biphasic
equilibrium mixtures. In equimolar mixtures of the two surfac-

tants, a catanionic precipitate forms. Moving from the equimolar
line towards the CTAC or SDS binary system sides, a qualitatively
similar phase behavior is observed. Upon addition of either one
of the two surfactants, the catanionic precipitate dissolves and a
bluish vesicular suspension forms. Further addition of surfactants
results in the formation of mixed micelles, whose stability region
extends close to the axes representing the binary systems. On
the SDS-rich side of the diagram, a region in which vesicles and
micelles coexist is clearly detectable.

Overall, the system behavior is in good agreement with results
obtained for similar ternary mixtures [4]. However, some specific
features deserve additional comments. The region in which precip-
itate forms, close to the equimolarity line, is very narrow. This is
related to the different length of the surfactant tails, which favors
the formation of curved bilayers, thus resulting in wide regions of
vesicle stability [5]. Indeed, catanionic mixtures of single-chained
surfactants with the same chain length present a much wider
region in which precipitation occurs [24]. Because of the strong
synergistic effects of the two oppositely charged surfactants, vesi-
cles start to form at very low total surfactant concentration, as
proved by the values of critical aggregation concentration (cac) of
the two catanionic mixtures CTAC-SDS 70:30 and 30:70, deter-
mined by surface tension measurements (see Supporting Informa-
tion, Fig. S2) and reported in Table 1. In both cases, the cac’s are
much lower than the cmc’s of pure surfactants (see Supporting
Information, Fig. S1).

Interestingly, a region where vesicles and micelles coexist is
identified only on the SDS-rich side of the diagram, while on the
CTAC-rich side vesicle formation is predominant. This behavior dif-
fers from what reported in the literature for similar ternary sys-
tems, all showing a detectable coexisting region on the cationic
side [20-23], or the prevalence of micellar aggregates [52]. Since

catanionic precipitate

0.4

CTAC
" go.o N 3 0.0
0.0 0.2 0.4 0.6 _ 08 1.0
2 cmc, M SDS

Fig. 1. Partial phase diagram of the ternary system CTAC-SDS-water at 25 °C. Concentrations reported on the three axes are intended as weight percentages. Experimental
points are marked with dots. The catanionic precipitate region is marked explicitly; M* and M~ indicate cationic and anionic micelles, respectively; V" and V- indicate cationic
and anionic vesicles, respectively; M~ + V™ indicates the multiphase region where anionic micelles and vesicles coexist. The cmc values for SDS and CTAC are marked on the

corresponding axes.
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Table 1
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Critical aggregation concentration, mean hydrodynamic radius and structural features of CTAC or/and SDS self-aggregates in aqueous mixtures at 0.03 mol kg~ total surfactant

concentration, as determined by different experimental techniques.

cmc/cac (mol kg~!) Ry (nm) Aggregate type Charge Semiminor axis (nm) Semimajor axis (nm) Bilayer thickness (nm)
Surface tension DLS DLS SANS SANS SANS SANS SANS

SDS 9.5 x 1073 2.1+0.5 Prolate micelles 9 1.6+0.1 3.3+0.1 -

CTAC 1.1x1073° 2.2+0.5 Prolate micelles 22 2.1+0.1 3.5+0.1 -

CTAC-SDS 30:70 mol/mol 1.8 x 10°* 61+2 Unilamellar vesicles - - - 3.6+0.2

CTAC-SDS 70:30 mol/mol 2.7 x 107° 60+3 Unilamellar vesicles - - - 3.3+0.1

2 From Ref. [49].
> From Ref. [50].

catanionic mixtures including CTAB (cetyltrimethylammonium
bromide) in the formulation also present an extended composition
range in which vesicles and micelles coexist [20,21], a main role in
determining vesicle stability in CTAC-containing mixtures is likely
to be played by the chloride counterion.

In aqueous solutions of pure cationic surfactants, changing the
counterion from bromide to chloride causes a counterion binding
decrease and a cmc increase [53]. This is due to the smaller size
of the chloride ion, which makes it more strongly hydrated.
Strongly hydrated ions are less prone to adsorb on the surface of
the micelles, thus increasing the charge repulsion between the
positive headgroups and disfavoring self-aggregation [53]. These
considerations hold also for mixed micellar aggregates with a large
excess of cationic surfactants [52]. Moreover, lower counterion
binding, increasing the spontaneous curvature of the aggregate
interface, also results in a lower tendency for the system to form
bilayer aggregates, so that in principle vesicle formation should
be even more disfavored with respect to micellization [5]. In con-
trast, our results show that the chloride counterions stabilize pos-
itively charged catanionic vesicles with respect to micellar
aggregates. To the best of our knowledge, this is the first case in
which this effect is reported. It is to be considered that in catan-
ionic vesicles ion pairing between the oppositely charged head-
groups of the two surfactants reduces the need of counterion
condensation, so that any effect of the counterion nature on the
aggregate structure is deadened, with respect to what observed
for micelles [52]. Moreover, surfactant ion pairs do not pack favor-
ably into globular micelles. Instead, they prefer to assemble into
bilayer-based structures, with low curvature, such as vesicles [5].
As a result, vesicles are favored with respect to micelles, and the
diagram region in which only vesicles are present significantly
extends.

A recent computational investigation by Wang et al. on the
CTAC-SDS aqueous mixtures [25] also helps to understand why,
on the CTAC-rich side of the diagram, catanionic vesicles are pre-
ferred to micellar aggregates, while on the SDS-rich side micelles
co-exist with vesicular aggregates. According to these authors,
CTAC-SDS mixed micelles tend to assume a disk-like shape, with
the surfactant ion pairs occupying the planar part of the aggregates
while the surfactant in excess would concentrate at the border.
Now, we have to consider that in anionic-rich aggregates, SDS
has a relatively short chain so that it can self-organize at the
disk-shaped micelle border in order to shield the aggregate interior
from the contact with water molecules. In contrast, in cationic-rich
aggregates, excess CTAC molecules are not able to do the same,
thus destabilizing micellar aggregates and favoring vesicles forma-
tion, in line with our experimental results.

3.2. Structural and dynamical characterization of CTAC-SDS
aggregates

Identification of surfactant aggregate morphology was initially
based on DLS measurements. This analysis allowed the detection

of the number of different populations of aggregates present in
each sample and, on the basis of the mean hydrodynamic radius,
to discriminate between micelles and vesicles. Representative
mean hydrodynamic radii evaluated from these measurements
are collected in Table 1, while some examples of the aggregate dis-
tributions as obtained by DLS for several mixtures at 0.03 mol kg™
concentration are reported in Fig. 2(a). Inspection of the figure
shows that for pure surfactants small aggregates are found, which
can be identified as micelles, whereas in mixed systems larger
aggregates are observed, which may be reasonably recognized as
catanionic vesicles. These vesicles coexist with micelles in the
CTAC-SDS 10:90 mixture.

Analysis of the samples at lower total surfactant concentration
(0.01 and 0.02 mol kg~!) gave similar results. On both the cationic-
and the anionic-rich side, vesicle dimension at a given CTAC-SDS
ratio is only slightly affected by the total surfactant concentration
(data not shown). However, in the cationic rich side, the stability
domain of the vesicular aggregates is large enough to analyze the
dependence of the aggregate dimension on the CTAC-SDS ratio
(see Fig. 2(b)).

Irrespective of the surfactant concentration, the maximum
radius of the vesicles (corresponding to the minimum curvature
of their surface) is reached at CTAC-SDS 80:20 ratio. At higher
ratios, the surfactant packing is hindered by the electrostatic repul-
sion between the excess of positively charged CTAC head groups.
At lower ratios, the mismatching between the tail length of CTAC
and SDS disturbs self-organization of surfactants. These observa-
tions confirm that the key factors that modulate the morphology
of CTAC-SDS vesicles are the repulsion between the charged head-
groups, partially screened by the counterions, and the different
length of the surfactant acyl chain. All samples were monitored
by DLS for two months, and no change in the aggregate dimension
was found.

The zeta potential, reflecting the surface charge, has been eval-
uated by means of ELS for the different CTAC-SDS aggregates. As
clearly emerges from Fig. 2(c), SDS rich aggregates are character-
ized by a negative zeta potential, slightly lower for micelles with
respect to vesicles (—63 vs —54 mV for SDS micelles and CTAC-
SDS 30:70 vesicles, respectively). Beyond the catanionic precipitate
range, CTAC rich aggregates are characterized by an almost oppo-
site zeta potential value, ranging from 55 mV of 70:30 vesicles to
71 mV of pure CTAC micelles.

A deeper insight into the structural features of surfactant aggre-
gates can be obtained by means of SANS. In the case of CTAC-water
and SDS-water systems, SANS profiles (Fig. S3) clearly show the
presence of a peak due to electrostatic interparticle interaction.
So the contribution of a structure factor was taken into account,
in addition to the form factor, to fit the data. In both cases the scat-
tered intensity was fitted considering the micelles as interacting
charged ellipsoids and using the Hayter and Penfold model for
the structure factor [54]. Structural features determined by fitting
experimental data are summarized in Table 1. Micelle dimensions
well agree with literature values, [55-57] as well as the counterion
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Fig. 2. (a) Intensity weighed hydrodynamic radius distributions of CTAC-SDS aggregates at 0.03 mol kg~ total surfactant concentration and various CTAC:SDS molar ratios.
(b) Variation of the mean hydrodynamic radius of CTAC-rich CTAC-SDS vesicles, as determined by DLS, as a function of the surfactant composition at three different total
surfactant concentrations. (c) Zeta potential values of CTAC-SDS aggregates at 0.03 mol kg~! total surfactant concentration and various CTAC:SDS molar ratios.

condensation percentage, as calculated from the micelle charge
obtained by SANS fitting, that is 72% and 83% for CTAC and SDS
micelles, respectively.

For what concerns the CTAC-SDS catanionic aggregates at 70:30
and 30:70 ratio, SANS profiles are reported in Fig. 3: a predominant
form factor characterizes both scattering profiles, with no peak due
to electrostatic interparticle interaction. For this reason, no struc-
ture factor was introduced in the model function used for the data
analysis. In the low-q region (0.008-0.08 A1), data display a q2
decay characteristic of locally planar surfaces, thus indicating that
vesicles composed by a single lamella are present in both systems.

For a vesicle geometry where the aggregate radius is much
greater than the bilayer thickness, the bilayer can be modelled as
an extended sheet. In the limit of S(q) — 1, such as our case, the fol-
lowing relation is valid [58]:
In(Ilg*) = cln (Ap)’ — ¢°R; (2)
where Ap is the contrast variation, ¢ is a constant and R; is the
thickness radius of gyration. In this case the thickness & is obtained
through

R
V12

(3)

Analysis of SANS data according to this approach indicates a bilayer
thickness for both 70:30 and 30:70 CTAC-SDS vesicles of about
3.4 nm. A thorough analysis was performed by fitting Eq. (1) to
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the experimental data, where S(q) is equal to 1 and the form factor
is reported in Eq. (4) [59]
2
P(q) = 2°6-(1 - cosa0) (4)
Ap is the difference between the scattering length density of the
solvent (D,0) and that of the vesicle lamella, while ¢ is the bilayer
thickness. In the fitting procedure the scattering length density of
the lamella was considered homogenous and calculated
according to its molar composition and molecular volume as:
PcTAc-sps  70:30 = -1.41077 A2 Pcrac-sps  30:70 = ~421078A2
Differences in the bilayer thickness (8ctac.sps 30:70 = 3.6 nm;
dctac-sps 70:30 = 3.3 nm) between the two vesicles are within the
experimental error.

Considering that the length of two SDS molecules in all-trans
conformation aligned consecutively tail-to-tail is 4.1 nm [60], and
for CTAC this value is around 4.9 nm, the experimental values of
the thickness of CTAC-SDS bilayers suggest that the molecules tend
to assume disordered conformations. Moreover, the mismatch
between the lengths of the two surfactants could favor interdigita-
tion of the tail termini at the interface between the two surfactant
leaflets composing the bilayer.

Finally, the ordering and dynamics of the surfactant molecules
in the catanionic aggregates were investigated by means of EPR,
using 5-DSA as a molecular probe, and compared with those
observed in the micellar aggregates formed by the single surfac-
tants. 5-DSA is an amphiphilic molecule bearing the reporter
nitroxide group close to the hydrophilic head group (see the inset
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Fig. 3. Neutron scattered intensity for CTAC-SDS mixtures at 0.03 mol kg~ and 70:30 (a) and 30:70 (b) ratios. Fitting curves are also reported, see text. Modified Guiner plots

for flat planes are reported in the insets.
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of Fig. 4). Consequently, it inserts in the surfactant aggregates
monitoring the environment just underneath the interface [61,62].

In Fig. 4 the EPR spectra of 5-DSA in the aggregates formed by
pure surfactants and their mixtures at 70:30 and 30:70 ratio, all
at 0.03 mol kg~! total surfactant concentration, are reported. In
pure SDS solutions, an almost isotropic three-line shape is
observed, indicating that the rotational motion of the probe is rel-
atively unhindered, and is similar along the three molecular axes
[63]. In pure CTAC solutions a similar result is observed, but the
5-DSA lines are broadened. A quantitative analysis of these spectra
was performed by simulation, as detailed in the ESI (Fig. S4),
obtaining the nitrogen isotropic hyperfine coupling constant (ay)
and the nitroxide correlation time (7¢). The values of these param-
eters are reported in Table 2. They are in good agreement with lit-
erature data [63-65]. ay depends on the polarity of the medium in
which the nitroxide is embedded and on the formation of H-bonds
involving the nitroxide group of the probe, while 7c depends on the
probe rotational mobility, as determined by the microenvironment
viscosity. Inspection of Table 2 reveals that the motion of the
reporter group is slowed down in the CTAC aggregates with respect
to SDS ones. This indicates a more viscous microenvironment in
the former type of aggregates, suggesting a tighter packing of the
surfactant tails with respect to SDS micelles.

In catanionic vesicles, the 5-DSA spectra assume an anisotropic
line shape, highlighted by the shoulder of the low-field maximum
and the splitting of the high-field minimum (see Fig. 4). These evi-
dences indicate that the rotational motion along the three axis is
different, as expected when the probe inserts into bilayered surfac-
tant arrangements [61], in which the motion along the direction
perpendicular to the aggregate surface is different from that along
the other two axes. A quantitative analysis of these spectra was
realized determining, besides ay, the order parameter, S, as
reported in the literature [66]. S is a measure of the local orienta-
tional ordering of the radical group with respect to the normal to
the aggregate surface. The ay values determined for the catanionic
vesicles is lower than those observed in the micellar systems, indi-
cating that the 5-DSA reporter group experiences a more
hydrophobic environment. In the catanionic vesicles the repulsions

Table 2
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Spectral parameters of 5-DSA in CTAC or/and SDS aqueous mixtures at 0.03 mol kg !

total surfactant concentration, as determined by EPR.

an (G) 7c (ns) S
SDS 15.3£0.1 0.9+0.1
CTAC 15.0+0.1 17402
CTAC-SDS 30:70 mol/mol 13.4+0.2 0.24 +0.02
CTAC-SDS 70:30 mol/mol 13.8+0.2 0.30+0.03

between the surfactant headgroups are minimized and the tails are
more densely packed. However, the S values in the CTAC-SDS vesi-
cles are much lower than those observed when 5-DSA is used to
probe bilayers formed by typical two-tail lipids (for which values
of about 0.5 are found [67]), showing a looser and more dynamic
ordering of the tails with respect to lipid bilayers. This is in good
agreement with SANS results discussed above.

3.3. t-RESV solubilization by CTAC-SDS aqueous mixtures

The solubility of t-RESV (whose molecular structure is reported
in the inset of Fig. 5(a)) in CTAC-SDS catanionic vesicles and, for
comparison, in the micelles formed by the single surfactants, was
evaluated by UV-Vis spectroscopy. The t-RESV spectrum in aque-
ous solution consists of a broad band centered around 320 nm,
given by the overlapping of two peaks due to ™ — 7* transitions
involving the benzene rings of the molecule [68]. We preliminarily
tested these spectral features to be not affected by the presence of
SDS and/or CTAC aggregates. The t-RESV molar extinction coeffi-
cient is also scarcely sensitive to the presence of surfactants (see
the Supporting Information), with an average value
29,500 + 1500 M~' cm ',

To assess t-RESV solubility, for each surfactant system we pre-
pared different samples with increasing surfactant concentration.
All the samples were saturated with t-RESV, as described in the
Materials and methods section, and analyzed by UV spectroscopy.
In all the cases, spectral features typical of resveratrol in the trans
configuration were observed, thus assuring that no isomerization
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Fig. 4. EPR spectra of 5-DSA in SDS and CTAC aqueous solutions and in mixed surfactant mixtures at total concentration 0.03 mol kg~'. The structure of the spin probe 5-DSA

is also shown.
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Fig. 5. (a) UV-Vis spectra of t-RESV, (whose molecular structure is reported in the inset) in water (black line) and in aqueous mixtures of CTAC-SDS 70:30 with increasing
total surfactant concentration from 0.005 to 0.030 mol kg~"'. (b) Variation of t-RESV concentration in surfactant mixtures with respect to water as a function of the free
surfactant concentration in solution. Linear fits of the experimental points used to calculate the molar solubilization capacity, , are also shown.

to cis-resveratrol occurred nor degradation [69,70]. UV-Vis spectra
of t-RESV in saturated CTAC-SDS 70:30 solutions at different sur-
factant concentration, properly diluted after removal of excess
solid, are reported in Fig. 5(a). As the surfactant concentration is
increased, a significant enhancement of the absorbance is
observed, a reflection of the increased chromophore concentration
in solution. Similar results were obtained for CTAC and SDS
micelles and CTAC-SDS vesicles at different surfactant ratios (data
not shown).

With the aim to quantitatively analyze t-RESV solubilization by
CTAC and/or SDS surfactant mixtures, we determined the molar
solubilization capacity, . This parameter is defined as the number
of moles of t-RESV that can be solubilized by one mole of aggre-
gated surfactants [46]. It can be calculated as:

[t — RESV] — [t — RESV],,
[surfactant] — cac

(7)

where [t-RESV] represents the molar concentration of t-RESV in the
mixture, [t-RESV],, is the maximum solubility of t-RESV in water
(1.54 x 1074 M) [71], [surfactant] is the total concentration of the
surfactant(s), and cac is the corresponding critical aggregate con-
centration (for micelles the cmc has been considered).

The values of y parameter were calculated as the slopes of the
([t-RESV] — [t-RESV]y,) trends versus ([surfactant] - cac), as shown
in Fig. 5(b), and are collected in Table 3. Inspection of the figure
shows that straight lines satisfactorily fit the data, thus indicating
that t-RESV is molecularly solubilized in SDS and/or CTAC aggre-
gates, without self-aggregating significantly (e.g. by stacking). t-
RESV is more efficiently solubilized by cationic than by anionic
aggregates, CTAC micelles being more effective than CTAC-SDS
70:30 vesicles. This evidence could indicate cation-m interactions
between the t-RESV aromatic rings and the cationic headgroups
to occur [72,73], thus allowing t-RESV to make favorable contacts
with the positively charged surface and not only with the
hydrophobic portion of the aggregates. These  values correspond

Table 3

Solubilization features of t-RESV in SDS or CTAC micelles and in CTAC-SDS vesicles:
molar solubilization capacity (%) as determined by UV-Vis spectroscopy and
emission maximum wavelength (Anax) as determined by fluorescence spectroscopy
upon excitation at 318 nm.

X hmax (NM)
SDS 0.06 +0.01 387
CTAC 0.36 +0.03 387
CTAC-SDS 30:70 0.1040.01 383
CTAC-SDS 70:30 0.12+0.01 387

to a high t-RESV loading into the catanionic aggregates. Specifi-
cally, the values observed for the CTAC-SDS vesicles are almost
twice the loading reported for phospholipid-based liposomes
[33,74].

By means of fluorescence spectroscopy, we investigated the
positioning of t-RESV in the solubilizing aggregates. Fluorescence
spectra of t-RESV are reported in Fig. 6.

An intense composite band centered at 400 nm characterizes
the emission spectrum of t-RESV in water. Once again, this spectral
feature assures that no isomerization to cis-resveratrol occurred,
since the spectrum of the cis isomer is centered at lower wave-
lengths and is characterized by two well-separated maxima [75].
A significant blue-shift of the emission maximum is observed in
all the samples containing surfactant aggregates (see Table 3).
However, a comparison with fluorescence spectra of t-RESV in dif-
ferent solvents, as reported in the literature [76], allow us to
exclude that it is deeply embedded in the aggregate hydrophobic
domain, being the observed blue shift much less pronounced than
those observed in apolar and aprotic solvents (as an example
*max =373 nm in ethylacetate) [76]. Thus, we conclude that t-
RESV remains close to the aggregate interface, partially exposed
to water molecules.

3.4. t-RESV radical scavenging capacity

In this work we are interested in monitoring whether t-RESV
molecules solubilized in CTAC and/or SDS aggregates are able to
exert their antioxidant activity in the aqueous environment sur-
rounding micelles/vesicles. The antioxidant activity of phenols is

water
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Fig. 6. Normalized fluorescence spectra of t-RESV 1.5 x 107* M in water and in
different aqueous surfactant mixtures at 0.03 mol kg~ '.
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Fig. 7. Percentage of reduction of TEMPOL by saturated solutions of t-RESV in the presence of different nano-vehicles at total surfactant concentration 0.03 mol kg~*. The
surfactant solutions were saturated with t-RESV (a) or contained a constant t-RESV concentration (0.0015 mol kg~!, b).

routinely measured by evaluating their reactivity towards a
hydrogen-abstracting radical. The most used radical species is
DPPH (1,1-diphenyl-2-picrylhydrazyl radical), which requires
polar organic solvents, such as dimethyl sulfoxide or ethanol
[47], given that its solubility in water is practically nil [77]. How-
ever, because of this complex philicity, in microstructured environ-
ments, such as surfactant/lipid aggregates, DPPH furnishes
equivocal results [78]. An alternative radical easily monitored is
the cationic species generated enzymatically from the 2,2’-azino-
bis-(3-ethylbenzthiazoline-6-sulfonic acid) (ABTS.") [79]. How-
ever, also in this case the presence of an extended aromatic skele-
ton, joined with the positive charge, could drive specific
localization of the probe at the surface of surfactant aggregates,
thus reducing the reliability of antioxidant activity tests. Another
common test assessing the antioxidant activity, first used to mea-
sure the ferric reducing ability of plasma (FRAP), relies on the ferric
to ferrous ion reduction at low pH, which causes a colored ferrous-
tripyridyltriazine complex to form [80]. However, since multiva-
lent cations tend to condense at the interface of anionic surfactant
aggregates [81], and are repelled by cationic aggregates, this
method would present evident bias in our case.

For these reasons we had to set up a different method, based on
the EPR ability to detect species with unpaired electrons [82], to
measure the t-RESV radical scavenging activity. In designing the
test, our aim was to avoid organic solvents that could heavily affect
surfactant self-aggregation and to choose a radical probe soluble in
water with low tendency to interact with surfactant aggregates.
From this viewpoint TEMPOL was found to be a very suitable
choice.

The EPR spectrum of TEMPOL consists of three hyperfine lines
(see Supporting Information, Fig. S5) due to the interaction of the
unpaired electron with the nitrogen nucleus [83]. In the presence
of compounds with antioxidant activity, such as t-RESV, the TEM-
POL is converted in its reduced form, which is EPR silent. Thus,
the scavenging reaction between the free radical and the reducing
agent can be followed by monitoring the disappearance of the
TEMPOL EPR spectrum [47,48]. Examples of EPR spectra acquired
for the different surfactant samples containing t-RESV are
reported in the ESI. The lineshape of the TEMPOL signal is not
affected by the surfactant aggregates in the absence of t-RESV.
This is a clear evidence that this probe does not interact with
the micelles or the vesicles, since in that case a change of ay
and 7 is expected, which should reflect in a variation of the lines

spacing and width [84]. Moreover, the intensity of the TEMPOL
signal is not affected by a t-RESV suspension prepared in the
absence of surfactants, thus indicating that, in order to be effec-
tive, t-RESV has to be molecularly dispersed. On the other hand,
an evident reduction of the TEMPOL signal is observed in mix-
tures containing the surfactant-solubilized t-RESV. Thus, surfac-
tant aggregates solubilize t-RESV and at the same time leave it
sufficiently exposed to the aqueous medium so that it can effec-
tively scavenge the radical.

The percentage of scavenged TEMPOL, calculated for all t-RESV-
surfactant samples as well as for the control t-RESV aqueous solu-
tion as described in the experimental section, is reported in Fig. 7.

Overall, the radical scavenging capability is quite satisfactory,
especially considering that we added no co-solvent or additional
solubilizer to the surfactant aqueous mixture of interest. The capa-
bility of t-RESV as radical scavenger clearly depends on its concen-
tration. Indeed, its low solubility in water hampers its action in this
medium. If the results obtained for the samples in which the sur-
factant aggregates are saturated with t-RESV are considered
(Fig. 7(a)) it is evident that scavenging effect increases with
increasing t-RESV solubility, so that the highest effect is obtained
for CTAC micelles and the lowest for SDS micelles. However, solu-
bility is not the only important factor to determine t-RESV antiox-
idant activity. Indeed, analyzing the effects of the surfactant
samples with the same t-RESV concentration (Fig. 7(b)), it appears
that vesicular mixtures perform better than micellar ones. Particu-
larly, CTAC-SDS 70:30 is the surfactant mixture for which the best
t-RESV scavenging activity is obtained. This could be connected to
the better structuring of surfactant molecules in bilayered struc-
tures with respect to micellar ones. The more ordered bilayer inter-
phase with the aqueous medium provides a more favorable
environment for the reaction between the scavenging polyphenol
and the radical species.

4. Conclusions

By a combined experimental strategy including DLS, ELS, SANS,
EPR, UV and fluorescence spectroscopies, we have analyzed and
rationalized the functional behavior of CTAC-SDS aqueous mix-
tures in terms of their microstructure and dynamics. Indeed, this
system presents an extremely large range of composition in which
only cationic-rich vesicles form. This range is much wider than that
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Fig. 8. Schematic representation of the mechanism underlying the radical scav-
enging activity of t-RESV solubilized in CTAC-SDS catanionic vesicles.

observed for the CTAB-SDS mixtures that, besides vesicles, tend to
form elongated micelles [85,86]. Thus, vesicle stabilization can be
ascribed to an indirect effect of the chloride ions, which destabilize
micellar aggregates with high surface curvature, thus favoring
bilayered structures.

The relevance of the counterion nature in the self-aggregation
behavior of catanionic surfactant mixture has been for long under-
estimated, or considered to be effective only in the presence of
added electrolyte at high concentration [87,52,24]. Our results
query this common belief, highlighting the need of a re-
consideration of the current state of understanding of catanionic
mixture behavior focusing on the molecular buildup of the aggre-
gates [88].

Because of the asymmetry between the alkyl tails of the two
surfactants, a partial interdigitation of their termini in the bilayer
inner core occurs, further stabilizing the aggregate, whose
microstructural properties are poorly affected by changes in sur-
factant composition and total surfactant concentration.

CTAC-SDS catanionic vesicles are optimal nano-vehicles for the
solubilization and delivery of actives, as we demonstrated using
the natural polyphenol t-RESV. The loading of this aromatic poorly
water-soluble species in CTAC-SDS aggregates is among the high-
est reported in the literature [89-93].

Most importantly, t-RESV is molecularly solubilized among the
surfactant headgroups, remaining partially exposed to the sur-
rounding environment, without undergoing to any isomerization
or self-aggregation process. Consistently, it exerts a significant
scavenging activity towards radicals in aqueous media (see the
sketch in Fig. 8), as estimated by a test designed to reliably monitor
antioxidant activity in the presence of surfactant aggregates.
Indeed, percentages of scavenged radicals detected for CTAC-SDS
aggregates are comparable, and in some cases higher than those
reported in recent literature for more sophisticated delivery sys-
tems [74,93-97].

Besides the interest for the fundamental understanding of the
catanionic mixture behavior and of the solubilization process in
these systems, our results also present an evident applicative
relevance.

Notwithstanding their unique physico-chemical properties, the
industrial exploitation of catanionic vesicles remains quite limited.
As widely recognized, they present a good potential as drug deliv-
ery systems [15-17,98,99]. However, most of the studies in this
field concern surfactants of scarce, if any, use in the formulative
practice. CTAC, or similar alkyl ammonium chlorides, are massively
used in the formulations of conditioners, softeners and sanitizers.
At the same time, SDS is representative of the anionic surfactants
commonly used as detergents. Both surfactants are accepted for
the topical use on the skin as well as on hairs. Consequently, the
present study paves the way to the design of new surfactant-
based products to which active solubilization provides substantial
added value.
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