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ABSTRACT: A novel system of paramagnetic vesicles
was designed using ion pairs of iron-containing surfactants.
Unilamellar vesicles (diameter 200 nm) formed
spontaneously and were characterized by cryogenic
transmission electron microscopy, nanoparticle tracking
analysis, and light and small-angle neutron scattering.
Moreover, for the first time, it is shown that magnetization
measurements can be used to investigate self-assembly of
such functionalized systems, giving information on the
vesicle compositions and distribution of surfactants
between the bilayers and the aqueous bulk.
I n recent years, vesicles have been widely studied for potential
applications in diverse fields such as biomedicine,' ™"
catalysis,”~” and cosmetics.® Vesicles are spherical self-assembly
systems comprising lipid bilayer membranes enclosing internal
aqueous compartments. Since vesicles are structurally similar to
biological membranes, they are considered as cell mimics.’
Furthermore, vesicles are employed to encapsulate fragrances,
flavors, or drugs for controlled release. Functional vesicles which
respond to external stimuli such as temperature,'® pH,'""?
redox,"*'* and magnetic field gradient,ls_17 have been widely
studied as drug nanovectors.

In terms of triggerable systems, magnetic vesicles are of
significant interest because magnetic properties can be beneficial
in applications such as magnetic resonance imaging (MRI) or
hyperthermia as well as spatial and temporal drug targeting.'*~*'

To generate magnetic vesicles, three approaches have been
used to date: first, loading magnetic nanoparticles in the internal
aqueous cores;'®*°>* embedding nanoparticles within the
hydrophobic tails of lipids in bilayers;*”** and finally,
encapsulating nanoparticles between bilayers of multilamellar
membranes.”**’

An alternative strategy is employed here, by introducing
magnetic surfactants or lipids in the bilayers.

Recently, magneto-responsive surfactants (MagSurfs)*® have
been introduced opening up a range of interesting magnetic
colloidal systems such as micelles,” emulsions,*® solid lipid
nanoparticles,31 organosols,32 or magnetized DNA.*>* These
MagSurfs have also been used as structure directing agents for
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synthesis of magnetic mesoporous silica materials.”* Here, for the
first time, new paramagnetic vesicles are reported which can be
readily generated from ion pairs of anionic and cationic iron
surfactants. This strate%y was inspired by the well-known
catanionic surfactants® > that spontaneously form vesicles in
a range of anion/cation ratios (r) close to stoichiometry. Herein,
by exploiting the paramagnetic properties of Fe**, it is possible to
investigate more accurately the range of self-assembly of
surfactant ion pairs into vesicles and to give a clear picture of
the partitioning between vesicles and bulk.

The necessary Fe** MagSurfs can be prepared from conven-
tional surfactants, cationic dodecyltrimethylammonium bromide
(DTAB) and anionic sodium bis(2-ethylhexyl) sulfosuccinate
(AOT) to afford DTAF and AOT;,F, respectively.

Scheme 1. Molecular Structures of MagSurfs (AOT;F and
DTAF)
AOTSF
DTAF

|
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The behavior of these MagSurfs (AOT;F, DTAF) in aqueous
solutions is close to those of the parent surfactants. The single
chain DTAF has a critical micelle concentration (CMC) of 13.6
mM at 25 °C, which is similar to that of DTAB (15.5 mM).*®
However, its melting point decreases from 246 to 32 °C. The
critical micelle concentration of AOT;F is 2.2 mM (with respect
to AOT moiety, or 0.7 mM with respect to AOT,F), which is also
close to the CMC of the parent surfactant, AOT (~2.5 mM).*®

Two series of four systems denoted Ax and Bx (withx=1,2, 3,
4) have been prepared. A and B stand for two different surfactant
concentration ratios r = Cpare/Caor,r: 3.7 and 8.1 respectively.
These ratios were chosen in order to investigate both the self-
assembly near stoichiometry between ionic pairs (3.7) and far
from equimolarity, in a system rich in DTAF. The total surfactant
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concentrations of Al and B1 are respectively 21.4 and 15.2 mM.
Then, these systems were diluted 2-fold from Ax-1 (Bx-1) to Ax
(Bx), where x > 1 is then the number of 2-fold dilutions of Al
(B1).

Gentle mixing of both surfactants results in vesicle formation,
as shown in Figure la and b by cryogenic transmission electron

Figure 1. Cryo-TEM images of vesicles observed for systems A2 (a) and
A3 (b); Cryo-STEM images of vesicles observed for systems A2 (c) and
B2 (d).

microscopy (Cryo-TEM) and in Figure lc and d by scanning
transmission electron microscopy (Cryo-STEM). The con-
ditions of these Cryo-TEM experiments are similar to those for
the magnetic measurements. For both techniques, the visualized
vesicles have sizes of about 200 nm. However, smaller vesicles of
about 100 nm were also observed (Figures 1b,cand S1). It should
be noted that these vesicles are out-of-equilibrium systems, and
therefore the vesicles are not perfectly monodisperse. Interest-
ingly, the Cryo-STEM offers further insights into the vesicle
structures. For example, Figure 1d shows (upper) a top view of a
vesicle showing an almost identical phase contrast and (lower) an
inside view of the vesicle showing the hollow structure.
Dynamic light scattering (DLS) measurements and nano-
particle tracking analysis (NTA) allow for further character-
ization of the size distributions (Figure 2) from different
perspectives. For both series (Al and B1), the size distributions
from DLS are centered at ~200 nm. Moreover, as shown in
Figure S2, the size distribution does not depend on the
composition ratio r. The size distribution observed by NTA
exhibits a shoulder for smaller sizes (around roughly 100 nm),
which are also present in TEM and STEM images, but are
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Figure 2. Size distribution of MagSurf vesicles measured for Al (a) and
Bl (b), using DLS (red, M), NTA (black, A), and NTA with
fluorescence filter blue, @).
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difficult to see by DLS (owing to the much more highly scattering
larger population). Moreover, the use of a fluorescence filter with
NTA allows detection of fluorescent aggregates containing iron
ions (video in SI). This is direct proof that the iron counterions
are in the vesicle hydration shells.

The structures of these magnetic vesicles were also
investigated using small-angle neutron scattering (SANS).
Vesicle samples were prepared in D,O in order to enhance the
neutron scattering contrast. Figure 3a and b show SANS
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Figure 3. Small-angle neutron scattering data normalized to total molar
MagSurf concentration for Ax (a), Bx (b), fitted data for Al and B1 (c),
normalized SANS data with respect to AOT;F concentration for A1-3
and B1-2 (d).

intensities I(q) for the Ax and Bx series as a function of scattering
vector g; the curves have been normalized with respect to the
total surfactant concentration Cy. (Table S1). For the Al to 3 and
B1 to 2 samples, the low q regions exhibit a clear q~* decays,
which is a general feature of SANS from locally planar surface
structures, such as bilayers or vesicles.”” In addition, the
normalized SANS data for Al to 3 (Figure 3a) and Bl to 2
(Figure 3b) show a common q dependence, indicating that the
vesicles have similar, concentration-independent structures. The
SANS data were fitted using a noninteracting polydisperse vesicle
form factor model (Sasview*’ HardsphereStructure for P(Q)*S-
(Q)). The I(q) profiles from all samples Al to 3, B1 to 2 are well
described by this model, as illustrated in Figure 3¢ for Al and B1.
The shell thicknesses 7 were approximately 2.5 nm (Table S1).
The fitted values for 7 suggest the vesicles are unilamellar, since
2.5 nm corresponds to 2 X C12 disordered alkyl chain lengths.
All parameters deduced from DLS and SANS are very similar for
the A and B series (Table S1); moreover, the concentration-
normalized I(q) superimposes as a function of AOT concen-
tration (Figure 3d). This shows that the vesicles are not affected
by the ratio r and that vesicle concentration is proportional to
AOT;F concentration for both r ratios. The abrupt change in
I(q) observed between A3 and A4 (Figure 3a) and between B2
and B3 (Figure 3b) indicates a transition from vesicles toward
less well-defined aggregates on dilution. The critical vesicle
concentrations (CVCs) can be estimated from these dilution
series of I(q): CVC is between 5.4 and 2.7 mM (1.13 and 0.56
mM AOT;F) for the DTAF/AOT;F ratio r of 3.7 and between
7.6 and 3.8 mM (0.84 and 0.42 mM AOT;F) for DTAF/AOT,F
for r = 8.1.

On the other hand, the critical aggregation concentration
(CAC) was estimated using surface tension measurements
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(Figure S3). The CAC value, expressed as a function of AOT,F
concentration, is essentially identical for both DTAF/AOT,F
ratios: about 1.5 X 107> mM which corresponds to a total
surfactant concentration of 7 X 107> mM for r = 3.7 and about
0.13 mM for r = 8.1.

All these results suggest that the self-assembly mechanism of
AOT;F and DTAF ion pairs with increasing concentration in
aqueous dispersions involves a transition from primary mixed
aggregates to vesicles. This behavior was already observed for
catanionic surfactants that also undergo vesicle formation.*"*
However, to date no clear evidence of the composition of the
vesicle bilayers as well as on the distribution of the surfactants
between the bilayers and the bulk has been presented. This is
done here, by taking advantage of the paramagnetic properties of
these MagSurfs: magnetic measurements were performed at low
temperature.

Figure 4a and b present the temperature dependence of
magnetization measured in an applied field of 70 kOe for the A
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Figure 4. Magnetization measurements as a function of temperature at
70 kOe for A1—4 (a), B1—4 (b), at S kOe for Al and 4 (c) ; Bl and 3—4
(d). The lines in plots (c) and (d) are fits with a sum of two Brillouin
functions as described in the text.

and B series respectively. Interestingly, these curves exhibit
qualitative behavior which correlates with the SANS data (Figure
3a and b): magnetization of A1—3 and B1—2 reported per Fe
weight are almost superimposed as were SANS data, whereas a
notable decrease is clearly observed on further dilution, from A3
to A4, and B2 to B3, as the vesicles are disrupted. Moreover, the
measured magnetization at low temperature of A1-3 (=~ 420
emu/g) is quite close to the saturation magnetization of Fe** ions
with § = 5/2 (M>'? = 500 emu/gy,) whereas it is much lower for
B1-2 (~ 300 emu/g), which has a lower vesicle concentration.
The decrease in signal observed after vesicle breakup (from A3 to
A4, or B2 to B3) or with decreasing vesicle concentration (from
Al-3to B1-2) is attributed to an Fe** spin crossover from high
spin (5/2) to low spin state (1/2).

To obtain the fraction of high spins with respect to low spins,
the low field (H= S kOe) temperature magnetization has been
fitted with the contribution of two Brillouin functions as
described in Supporting Information. The lines in Figure 4c
and d correspond to the sum of the Brillouin functions with fitted
parameters. The fraction of spins 5/2, fs,, is reported in Table
S1. Interestingly, the highest f;,, (% 90—87%) is found for A1-3,
which contain a larger vesicle concentration.

The presence of high spin state can be associated with long-
range intermolecular associations, such as that found in vesicles,
and low spin state (S = 1/2) to Fe sites interacting with water, as
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expected at the edges of membrane fragments, or in free
nonaggregated monomers. Spin crossover (SCO) of a complex
compound in the bulk solid state is generally studied as a function
of an external parameter, such as temperature, pressure, and light
exposure.”” Moreover, in nanomaterials the size reduction can
provide an additional tool to tune the SCO.** In the liquid state,
it has been shown that a hysteretic spin transition can be induced
in a solution assembly of an Fe** amphiphilic complex.***° Here,
the different spin states result from the presence or absence of
molecular autoassembly in water, depending on the surfactant
concentrations. When involved in vesicles, the FeCl;Br™ anions
are less exposed to water than non-self-assembled monomers,**
for which hydrogen bonding with the anion may occur, inducing
a reduction of the molecular volume and a low spin state below
the freezing temperature.

To support this, magnetic measurements have been performed
with pure DATF and AOT,F (1.47 and 0.50 mM respectively)
where free monomers dominate below the CMCs (which are
13.6 and 0.73 mM respectively). Results are reported in Figures
S4 and SS. For both surfactants, the high spin concentration is
close to 30—40%, which attributes spin 1/2 to monomers only.

To investigate the distribution of surfactants in vesicles,
magnetic measurements have been also performed as a function
of surfactant ratio r, for a constant total surfactant concentration
(equal that in A3). The fraction of high spin f; ,, plotted in Figure
S, presents a smooth maximum for r between 3 and 4 and
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Figure 5. High spin fraction f;, as a function of the ratio “r” of DTAF
and AOT;F concentrations; the total surfactant concentration has been
kept constant and equal to 5.4 mM.

decreases below r =3 and above r ~ 4. The decrease of f;, above
r & 4 corroborates the results obtained for A and B systems: in
this ratio range, the vesicle concentration is limited by the
AOTSF concentration, and the additional proportion of DTAF is
not involved in vesicles but is lost as monomers (or low spins), or
as micelles for higher DTAF excess. Below r = 3, one could
expect that the vesicle concentration is limited by the DTAF
concentration, and then monomers of AOT;F provide a low spin
signal. This figure shows that despite vesicles existing over a wide
range of surfactant concentration ratios, the ratio range for high
spin vesicles is roughly between 3 and 4 DTAF molecules per
AOQOT,F. As a result, vesicles of DTAF/AOT,F result from an
ordered molecular arrangement.

In conclusion, we show that the self-assembly of surfactants
can be investigated through the spin state of the metallic centers
(Figure 6). Moreover, with this tool, one can assess the critical
vesicle concentration and the partitioning of surfactants between
bilayers and free in solution. This key property of vesicle systems
cannot be addressed with techniques previously employed;
therefore, the approach described here is unique and is expected
to provide new insight into vesicle self-assembly.
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Figure 6. Schematic representation showing the spin crossover of self-
assembled MagSurfs: low spin in monomers, low spin and high spin in
bilayers and high spin in vesicles.
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