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Abstract

Spontaneous formation of vesicles from the self-assembly of two specific surfactants -
one zwitterionic (oleyl amidopropyl betaine, OAPB) and the other anionic (Aerosol-OT,
AOT) - is explored in water using small-angle scattering techniques. Two factors were
found to be critical in the formation of vesicles: surfactant ratio, as AOT concentrations
less than equimolar with OAPB result in cylindrical micelles or mixtures of micellar
structures, and salt concentration, whereby increasing the amount of NaCl promotes
vesicle formation by reducing head-group repulsions. Small-angle neutron scattering
measurements reveal that the vesicles are approximately 30-40 nm in diameter depending
on sample composition. Small-angle X-ray scattering measurements suggest preferential
partitioning of OAPB molecules on the vesicle inner layer to support vesicular packing.
Heating the vesicles to physiological temperature (37°C) causes them to collapse into
smaller ellipsoidal micelles (2-3 nm), with higher salt concentrations (>10 mM) inhibiting
this transition. These aggregates could serve as responsive carriers for loading or
unloading of aqueous cargoes such as drugs and pharmaceuticals, with temperature

changes serving as a simple release/uptake mechanism.
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Introduction

Vesicles are a critical class of molecular self-assembly that take the form of a spherical
bilayer." Their characteristic core—shell structure forms the foundation of cell biology as
lipid membranes, and in industry as capsules or vessels for microreactions®® and drug
delivery.®*? Despite their ubiquity in nature, spontaneous formation of vesicles in simple
laboratory formulations is significantly less common, with many reported systems exhibiting

metastability and limited control over size.®™ Therefore, uncovering new systems that



spontaneously form vesicles is required to facilitate their implementation in industry and

medicine as viable delivery vessels.

Surfactant self-assembly of this nature relies on a specific interplay of thermodynamics,
interaction energies and molecular geometry. ' In order for sufficient spontaneous curvature
to enable a vesicle to exist, asymmetry between surfactant head and tail-groups must be
present so that aggregation does not proceed along a planar axis (lamellae). In turn, this
asymmetry must not be so profound that the micelle conforms to higher curvature shapes
such as rods and spheres. Surfactant mixtures (two or more) are thus more likely to satisfy
these conditions, as different surfactant partitioning between the inner and outer monolayers
of the vesicle will yield different spontaneous curvatures.*# The prevailing shape is then
determined by the surfactant ratio, and if the two curvatures are complementary, a curved
bilayer (vesicle) will be energetically favoured over a planar bilayer.® Choice of surfactants

is therefore key in underpinning vesicle formation.

Betaine surfactants are heavily utilised in industry for cosmetic and household products due

L5 and minimal capacity for skin irritation.™® In addition, they have

to their low toxicity
the attractive property of spontaneously forming wormlike micelles in solution.** Wormlike
aggregation, like polymers, tends to yield high viscosity fluids due to formation of an
entangled molecular network that can store energy elastically.?%22 However, unlike polymers,
wormlike micelles are able to break apart and reform, providing means for controlling fluid
properties and earning them the title: ‘living polymers’. A vesicle system generated from

betaine-based surfactants is desirable as it would possess the benefits of being both low

toxicity and dynamic (reversibly assembled and stimuli-responsive).

Previously we have shown formation of anomalously small vesicles (16 nm) from specific

mixtures of Aerosol-OT (AOT) and erucyl amidopropyl betaine, attributed to favourable



packing based on surfactant geometry.”” The present work explores more rigorously the
factors driving vesicle self-assembly in a similar system comprising AOT and oleyl amidopropyl
betaine, which is cheaper and more commonly used in industry than its erucyl counterpart.
Small-angle neutron and X-ray scattering are used to gain structural information whilst the
effects of surfactant ratio, salt concentration and temperature are examined to probe physical

phenomena and mechanisms for disassembly.

Experimental section

Materials

Oleyl amidopropyl betaine (OAPB, Fig. [Lb) was synthesised, purified and desalted as
described previously,?* with the final molecule having a molecular weight of 424.66 g/mol.
Sodium bis(2-ethylhexyl) sulfosuccinate (Aerosol-OT, Fig. [Ip) was obtained from ChemSupply,
Australia (>90%) and desalted by centrifugation in anhydrous methanol before use. Deuterium
oxide (D20, 99.8% atom D) was obtained from Merck (Darmstadt, Germany) and used as
received. Sodium chloride, potassium chloride, rubidium chloride and cesium chloride (all

(>99%) were also obtained from Merck and used as received.

Methods

Small-angle neutron scattering (SANS) measurements were conducted on the QUOKKA
beamline®? at the Australian Centre for Neutron Scattering, ANSTO. Samples were prepared
several days in advance by dissolving precise quantities of surfactant in D,O with stirring.
Measurements were performed at either 25 or 37°C in 2 mm path-length, quartz Hellma cells.
Raw scattering counts from the detector were reduced to radially averaged absolute intensity

profiles (I1(q) vs ¢), normalising against a blocked beam and transmission measurement, and



presented as a function of the scattering vector, ¢:

47 . 6
g = —sin=

A 2

where 6 is the scattering angle and \ is the wavelength of the incident neutrons (5 A)
Scattering was performed with the detector positioned separately at 2 and then 14 m from
the sample environment, providing a g-range of approximately 0.005-0.4 A='. Absolute
intensities were scaled according to the sample thicknesses (2 mm) and using an empty
beam measurement. Datasets corresponding to each detector position were manually stitched
together using the IGOR Pro macros developed by Kline.® Lastly, scattering from an empty

cell was subtracted from all final data sets before modelling.

Small-angle X-ray scattering (SAXS) measurements were conducted on the SAXS/WAXS
beamline at the Australian Synchrotron, ANSTO.2? An autoloader sample environment
injected each sample into a 1.5 mm quartz capillary. Measurements were performed at 25°C,
with consecutive sample—detector distances of 0.96 m and 7.16 m (¢-range approximately
0.0025-0.9 A=1) and an X-ray wavelength of 1.033 A (photon energy = 12 keV). 2D scattering
images were collected on a Pilatus 1M detector, and absolute intensity profiles were reduced
from the raw counts using the custom software ScatterBrain and water in the quartz capillary

as a standard. For SAXS, samples were prepared in a similar fashion using HoO as the solvent.

Modelling of all scattering data was performed using the software SASView (http://www.sasview.org),
version 4.2.0. For all presented data, symbols represent the experimental scattering data and
black dashed/dotted lines are the model fits (described throughout). Details of each model
are provided in the Supporting Information, as well as tables containing all fitting parameters

for producing model fits.



Results and discussion

Oleyl amidopropyl betaine (OAPB) has a zwitterionic headgroup and a 18-carbon singly
cis unsaturated tail (Fig. [Ib). In the absence of AOT, small-angle neutron scattering
(SANS) of 10 mM OAPB reveals wormlike aggregation®?? (Fig. [lh) with a cross-sectional
radius of 2.2 nm (see SI, Fig. S3 and Table S3), consistent with previous findings.“*#%1
Formation of wormlike micelles for this surfactant stems from the zwitterionic headgroup
serving to self-screen intermolecular repulsions, allowing denser packing.'® The system thus
behaves similarly to ionic surfactants with added electrolyte which can aggregate in a similar
manner.®#*¥ Alternatively, Aerosol-OT (AOT) has an anionic head group and two ethyl-
branched 6-carbon tails (Fig. [lp). AOT is found to form charged prolate ellipsoids®¥3? in

aqueous solution (Fig. [lh) of radii 1.8 and 1.4 nm (see SI, Fig. S1 and Table S1), which

concurs with previous studies.*0™2
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Figure 1: (a) SANS data and model fits of pure OAPB and AOT surfactant solutions (10 mM
and 30 mM respectively) and a mixed solution (10 mM OAPB/AOT) with 10 mM NaCl at
25°C. (b) Schematic showing the chemical structures of OAPB and AOT, and their micellar

structures when separate (ellipsoids and worms) and when mixed together in the presence
of NaCl (vesicles).

When mixed in a minimum ratio of 1:1 (10 mM OAPB:10 mM AOT) with a small addition

(10 mmol L) of NaCl, these surfactants exhibit the form factor of unilamellar vesicles™?
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(Fig. ) For this composition, the vesicles have a core diameter of approximately 31 nm
and a shell thickness of 2.1 nm (See SI, Table S4), indicating a mixture of small vesicles with
a high spontaneous curvature.” Notably, the lengths of C18 and C6 hydrocarbon chains
are approximately 2.4 and 0.9 nm respectively, according to the Tanford equation.*¥ Hence,
a shell thickness of 2.1 nm suggests substantial interpenetration between tail-groups of the
inner and outer surfactant layers. Additional discrepancy in length can be accounted for by
cis-unsaturation in the OAPB tail-group causing it to ‘kink’ (not extend fully) (Fig. [Ib), as

well as solvation of head-groups serving to mask their scattering signature.

When combined, OAPB and AOT act synergistically to self-assemble into vesicles (Fig.
1b). These molecules are not dissimilar to biological phospholipids which also typically
have either zwitterionic or anionic head-groups and long unsaturated tails; these features
allow such molecules to naturally pack into bilayers.t For OAPB and AOT, it is likely that
charge-based attraction occurs between the quaternary ammonium group in OAPB and the
AOT sulfonate group, allowing denser molecular packing and thus lower curvature interfaces
than the pure surfactant solutions. As such this system can be considered similar to the

ubiquitous vesicle systems formed from mixtures of cationic and anionic surfactants,!#4246

However, the inclusion of salt appears to be a critical factor in driving vesicle self-assembly in
this system (Fig. 2h). When observing SANS from a solution of 10 mM OAPB and 20 mM
AOT without any additional salt, a mixture of vesicles and predominantly charged ellipsoids
is present. When salt is incrementally added, the ‘bulge’ at medium g becomes progressively
less pronounced, which corresponds to fewer ellipsoidal or cylindrical micelles being present
(inset of Fig. 2h). At 10 mM NaCl, the system consists purely of unilamellar vesicles with a
volume fraction of 1.27% compared to 0.08% at 0 mM NaCl (Fig. [2h). This equates to an
approximately 16-fold increase in the number of vesicles. Further additions of NaCl up to

50 mM cause little subsequent change in aggregation, with vesicle volume fraction increasing



only a small amount to 1.35% and total vesicle diameter consistent at around 40 nm (see SI,

Table S5), indicating that a limiting spontaneous curvature has been reached.

Similar to the previously described head-group interactions, addition of salt is likely to cause
further charge screening that serves to promote a lower curvature equilibrium geometry. This
added shielding allows increased head-group proximity, enabling more efficient packing into
vesicular aggregates, and thereby accounting for the significantly greater vesicle volume
fractions observed at higher NaCl loadings for 10 mM OAPB/20 mM AOT (Fig. [2h).
Interestingly, maintaining the same surfactant ratio (1:2, OAPB:AOT) and increasing loadings
from 2.5:5 mM to 20:40 mM results in transitions from charged ellipsoids (structure factor
peak at approximately ¢ = 0.04 A~! gives evidence of charge) to mixtures of vesicles and
worms (see SI, Fig. Sba and Table S6). This implies that micelle equilibrium geometry
is dependent on ionic strength as Na™ ions from AOT are likely contributing to charge
screening effects at higher loadings where vesicles are present without added salt. With
50 mM NaCl added, even the lowest surfactant loading (2.5:5 mM, OAPB/AOT) forms a
solution containing only vesicles (see SI, Fig. S5b and Table S7), reinforcing that electrolytes
significantly alter the thermodynamics of self-assembly by modulating intermolecular interactions.
Counter-ion concentration, degree of dissociation and additional salt have been previously
noted to have significant effects on micelle aggregation and phase behaviour for systems of

anionic surfactants. 471

In addition to salt, the ratio of OAPB to AOT has a significant influence on the self-
assembly structures formed. For 10 mM OAPB, concentrations of AOT below 10 mM result
in solutions of cylindrical micelles (Fig. 2b). At 10 mM AOT and above, mixtures of vesicles
and other structures are formed without salt, which conform to vesicle only solutions with
10 mM NaCl present (Fig. 2b). As OAPB has a more cylindrical molecular geometry, and

AOT a more cone-shaped geometry stemming from its two, branched tail-groups, the two
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Figure 2: (a) SANS data and model fits of 10 mM OAPB and 20 mM AOT with the
specified concentrations of NaCl at 25°C. The inset shows the increase in vesicle volume
fraction with increasing amounts of NaCl for the same OAPB:AOT ratio. The dashed line
has been added as a guide. (b) Phase diagram of self-assembled structures for samples with
10 mM OAPB and different concentrations of AOT and NaCl at 25°C. The coloured regions
represent specific structures or mixtures of structures, where ‘E’ is ellipsoid, ‘C’ is cylinder,
‘W’ is wormlike, ‘V’ is vesicle and ‘L’ is lamellar. Note, phase boundaries were chosen as
the halfway point between neighbouring data points in different phases, and therefore have
associated uncertainty.



surfactants sterically offset one another such that the amount of each surfactant dictates the
curvature of their combined packing. It is clear that higher ratios of AOT to OAPB support
lower curvature interfaces, evidenced by transitions from cylinders to vesicles and then to
larger radius vesicles with increasing AOT concentration. Hence, at ideal ratios, distortion
between the two molecular geometries likely causes a packing arrangement in which the
vesicular phase has the lowest free energy.”#>¥ Scattering patterns and fitting parameters for
all compositions shown in Figure 2p are given in the Supporting Information (Figs. S2 and

S3, Tables 2-4).

Changes in temperature have a significant impact on the co-assembly of OAPB and AOT
(Figs. |3, S6, S8 and S9). For many vesicle-forming sample compositions, heating from 25 to
37°C caused reversion of vesicular aggregates into 2-3 nm ellipsoidal micelles (see SI, Figs.
S6a-c and S7 and Table S8). Tt is likely that increased thermal energy changes the balance of
hydrophobic forces and head-group interactions, perhaps allowing greater fluidity of the tail-
groups. This is well reported for lipid systems where increased temperature allows thermally
induced changes in tail phase, increasing membrane fluidity.”**® This additional freedom
could allow higher curvature structures to form. Moreover, increasing temperature acts
to overcome van der Waals attractions between surfactant head-groups. This effect would
ultimately alter the chemical potential of the system such that micellisation into vesicles is
no longer favourable, and the aggregates must conform to higher curvature structures as a
result of larger head-group areas. Previous work has also shown that heating can alter the
solubility of one of the mixture components causing it to re-partition into the bulk solvent.””

In such circumstances synergistic effects are diminished, and the system reverts towards the

structures of the individual components.

When temperature is altered, salt still exerts a key influence on aggregation. A solution

of 10 mM OAPB and 20 mM AOT with 3 mM NaCl forms a mixture of vesicles and
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Figure 3: (a & b) SANS data and model fits of 10 mM OAPB and 20 mM AOT with 3 mM (a)
and 10 mM NaCl (b) at 25 and 37°C. (c) Schematic showing the vesicle to ellipsoid structural
change in (a) upon heating from 25 to 37°C, and its potential as a controlled mechanism for
encapsulated compound release. The yellow diamonds represent a hypothetical water-soluble
cargo. (d) Phase diagram of self-assembled structure for samples with 10 mM OAPB, 20 mM
AQOT and different concentrations of NaCl at 25 and 37°C. The coloured regions represent
specific structures or mixtures of structures, where ‘E’ is ellipsoid, ‘C’ is cylinder, ‘W’ is
wormlike and ‘V’ is vesicle . Note, phase boundaries were chosen as the halfway point between
neighbouring data points in different phases, and therefore have associated uncertainty.
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cylinders at 25°C (Fig. [Bh). When heated to 37°C, the system collapses into a solution
purely comprised of charged ellipsoids. Conversely, when the NaCl concentration is increased
to 10 mM, heating the same surfactant composition to 37°C does not entirely disrupt vesicle
formation, but causes a drop in vesicle volume fraction from 1.27% to 0.55% and coexistence
of cylindrical micelles (Fig. ) These outcomes support the premise that formation
of vesicles is dependent on molecular interactions satisfying a key curvature energy, and
temperature serves to change the nature of these interactions. As salt addition in this system
promotes lower curvature structures by shielding Coulombic repulsions between head-groups,
the equilibrium micelle structure becomes subject to an interplay between temperature and

salt concentration, as the two system variables appear to counteract each other (Fig. )

This thermo-responsive behaviour could be exploited as a potential release mechanism for
encapsulated materials or substances such as drugs and antibodies. In theory, the carrier
compound could be encapsulated within the vesicle core as transportable cargo. Increasing
temperature would then serve to trigger release of the contents at a desired time such as
on entry into the body (Fig. [Bt). Furthermore, because the vesicles form via noncovalent
interactions, the system has the potential to be continuously reused (except in medicinal
applications), as assembly and disassembly is reversible with changes in temperature. One
limitation however may reside in environments where high NaCl concentrations pre-exist such
as salt water or in vivo (154 mM NaCl in humans).”® In such cases, further investigation and
optimisation of the system will have to be performed to improve self-assembly and efficacy
in saline environments. OAPB (to the best of our knowledge) has not been approved for in
wwo use in any country, making the present system implausible for drug delivery. However,
the combined geometries of OAPB and AOT and their resulting self-assembly structures
may prove a useful reference in designing such systems that are controllable and safe to use
in vivo. Lastly, a precise investigation of the kinetics associated with the vesicle—micelle

structural transition will need to be performed before application of the system is viable.
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Lastly, to further characterise vesicle self-assembly in this system and the role of salt, small-
angle X-ray scattering (SAXS) measurements were performed using a series of alkali chloride
salts (Fig. [fh). The salt cation was varied down group (Na—Cs) to higher electron density
alkali metals, providing X-ray contrast for this consitituent. Surfactant ratio was again kept
constant at 10 mM OAPB and 20 mM AOT, and the salt concentration was either 10 or
20 mM. The X-ray form factor for OAPB/AOT vesicles is similar to that obtained from
SANS, in which a low ¢ overturn is accompanied by a noticeable shoulder at approximately
g=0.02A" corresponding to the vesicle core—shell structure. However, the SAXS patterns
also exhibit a prominent peak at ¢ = 0.2 A~' (Fig. ) This feature arises due to
significant scattering contrast between surfactant head and tail regions for X-rays, and can
be accounted for by modelling the vesicles with concentric layers (core—multi-shell, see SI
for more detail).?4%%% X_ray data were hence modelled using a vesicle form factor consisting
of three layers (outer head-groups, tail-groups and inner head-groups), each with a different
scattering length density (SLD). This allowed accurate fitting of the high ¢ peak, as well as

an indication of surfactant and salt partitioning within the vesicle structure (Fig. [h.b).

When changing the salt from NaCl up to CsCl, the overall intensity of the scattering becomes
greater across the full g-range (Fig. ) This is due to stronger scattering occurring from
the higher electron density cations, and provides clear evidence that a large proportion of
the added electrolyte locates within the vesicle structures. For comparison, scattering from
10 mM OAPB and 20 mM AOT without salt is shown (Fig. [fh), however as SANS results
from this composition revealed a mixture of different structures, this scattering pattern has
not been modelled. It is clear also from the SAXS data of this sample composition that the

system is not entirely vesicular.

The three shell layers each have significantly different SLDs as obtained from the fitting (see
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Figure 4: (a) SAXS data and model fits of 10 mM OAPB and 20 mM AOT with 10 mM of the
specified salt at 25°C. (b) Scattering length density (SLD) profiles derived from modelling
SAXS patterns for 10 mM OAPB and 20 mM AOT with 20 mM NaCl or CsCl using the
core-multi-shell model with polydispersity in radius of the core.?® 0 A represents the centre
of the vesicle. The schematic shows what each layer from the SLD profiles correspond to in
the vesicle structure and a proposed partitioning of each surfactant type in the case of a 1:2
OAPB/AOT ratio. (c¢) Category plot of modelled SLDs for the outer head-group layer with
each salt type at 10 and 20 mM.
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SI, Fig. S10 and Table S14). Irrespective of salt identity and concentration, the interior layer
unsurprisingly has the lowest SLD of around 6.0x1076 A2 corresponding to hydrophobic
alkyl chains. Interestingly, a striking difference between the SLDs of the inner and outer
surfactant head-group layers is observed (Fig. [p). As with the interior layer, the SLD
of the inner head-group layer (approx. 11.5x107% A=2) does not vary significantly when
salt parameters are modified, suggesting that ions from added salt do not partition within
this region of the vesicle structure. Conversely, the SLD of the outer head-group layer was
found to not only be significantly greater than that of the inner layer, but also increased
(14.0-17.0x107° A*Q) when higher electron density cations and larger salt concentrations
were used (Fig. ). We therefore conclude that added salt ions locate within this region of
the vesicle, serving to increase the layer SLD. As it is only the cation of the salt that was

varied, it is likely to be interacting with the anionic head-group of AOT.

We therefore posit that AOT molecules preferentially form the outer layer of the vesicles, and
that the inner layer consists of a combination of OAPB and AOT molecules (see schematic,
Fig. ) As previously stated, OAPB and AOT head-groups contain moieties of opposing
charge, and hence are able to pack more densely owing to reduced electrostatic repulsive
forces. AOT molecules will also pack more densely as a result of charge screening from
added salt ions, however the extent to which this occurs is likely to be less than that of
the co-surfactant assembly, hence why OAPB micelles have lower curvature (worms) than
AOT micelles (ellipsoids). It is therefore expected that the spontaneous curvature of charge-
screened AOT molecules will be lower than that of OAPB/AOT composites due to less
effective screening from simple counter-ions compared to oppositely charged co-surfactants
which essentially allow for negative or inverse curvature. As a result, the higher curvature
monolayer naturally forms the vesicle interior, while the lower curvature monolayer locates
at the exterior due to larger head-group areas.*t The cis-unsaturated tail-group of OAPB

likely also facilitates an inverse curvature by effecting looser packing of tail-groups,** further
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crediting the hypothesis of an OAPB/AOT inner layer. Overall, these findings support
an asymmetric distribution of the two surfactants within the vesicle structure to promote
complementary spontaneous curvatures, in line with self-assembly theory for spontaneous

vesicle formation.

Conclusions

Aqueous mixtures of the zwitterionic surfactant oleyl amidopropyl betaine (OAPB) and
anionic surfactant Aerosol-OT (AOT) spontaneously self-assemble to form vesicles approximately
30-40 nm in diameter. The addition of salt greatly enhances vesicle formation by screening
charge-based repulsions between surfactant head-groups, causing denser molecular packing
and decreasing the spontaneous curvature of the micelles; salt addition also significantly
increases the proportion of vesicles formed, with as little as 10 mM NaCl increasing the
vesicle volume fraction by an approximate factor of 16. Mixtures of higher curvature micelles
such as ellipsoids, cylinders and worms are evident from the neutron scattering form factors

when no salt is added, demonstrating its importance in vesicle self assembly.

The ratio of OAPB to AOT is also a critical factor relating to aggregate geometry. AOT
concentrations greater than or equal to the amount of OAPB are necessary for vesicles to
form owing to a favourable packing arrangement in which excess AOT molecules enrich at
the vesicle exterior. This premise is supported by small-angle X-ray scattering results, which
show higher electron density counter-ions such as Rb™ and Cs™ also enriching at the vesicle
outer layer, presumably to interact with the oppositely charged sulfonate headgroups of AOT
molecules. Lower proportions of AOT also result in higher curvature micelles even in the

presence of salt.

Lastly, changes in temperature exhibit marked effects on surfactant self-assembly in this
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system, as a solution comprising almost entirely vesicles can be collapsed into 2-3 nm
ellipsoidal micelles with no aqueous core, by heating from 25 to 37°C. This suggests potential
for this system in controlled release of aqueous compounds in vivo, however salt concentrations
of 10 mM or higher greatly inhibit this disassembly due to stronger intermolecular binding.
These findings provide new, fundamental insights into tailoring surfactant mixtures for
spontaneous vesicle self-assembly based on molecular geometry and physicochemical properties.

LBLSIB06L gyrfactants, and could

Such systems exploit common, inexpensive and low toxicity
be used as destructible and reformable delivery vessels for controlled compound release in

aqueous environments.
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