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The supramolecular assembly of simple colloids into com-
plex, hierarchical structures arises from a delicate interplay
of short-range directional and isotropic long-range forces.
These assemblies are highly sensitive to environmental
changes, such as temperature variations and the presence of
specific molecules, making them promising candidates for
nanomachine design. In this study, we investigate the effect
of hydrostatic pressure, up to 1800 bar, on the supramolec-
ular assemblies of cyclodextrin/surfactant complexes. Using
small-angle neutron scattering, we demonstrate that while
the overall structure of the supramolecular aggregates
remains largely stable under pressure, the stiffness of the
planar lattice formed by the inclusion complexes, the basic
structural unit of the supramolecular assemblies, shows a
fourfold increase between 250 and 1000 bar. These findings
suggest that high-pressure studies can be exploited to better
understand the mechanisms of supramolecular assembly
processes, thereby aiding in the design of more robust and
functional systems.

The assembly of small molecular entities into large, ordered
complexes represents a fascinating yet highly challenging field of
research. From the precise arrangement of proteins in viral cap-
sids to the controlled polymerization of specific monomeric units
forming supramolecular polymers, and the intricate functional-
ity of molecular machines, supramolecular assemblies display a
delicate interplay of forces and structures!=3. This domain is
characterized by the dominance of strong, short-range directional
interactions, such as hydrogen bonding, 7-7n stacking, and lock-
and-key binding. It is the strength, specificity, and directionality
of these interactions which distinguish supramolecular assemblies
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from colloidal complexes governed by softer, more diffuse forces
like dispersion and hydrophobic interactions. In contrast to the
precise and localized interactions within supramolecular assem-
blies, colloidal complexes are shaped by less specific, long-range
forces. Understanding and controlling such processes hold great
relevance for the design of new nanomaterials with advanced
functionalities *>.

Due to the ready availability of the components and the broad
range of tuning parameters, the inclusion complexes formed be-
tween cyclodextrins and surfactants have been identified as ex-
cellent systems to investigate the fundamental principles govern-
ing the supramolecular assembly of simple molecules into large
and complex structures® 10, The formation of these inclusion
complexes is driven by the short-range, directional forces, such
as hydrogen bonding, between the cyclodextrins and surfactants.
In particular, hydrogen bonding between neighboring complexes
leads to their crystallization into planar aggregates. Concurrently,
the long-range electrostatic repulsion from the charged surfac-
tant headgroup plays a significant role in influencing the overall
assembly behavior. This interplay between short-range and long-
range forces results in a rich variety of supramolecular structures,
including capsids, vesicles, and multi-layered cylinders.

In this communication, we applied high hydrostatic pressure
to probe volumetric effects on the supramolecular assembly of
cyclodextrin-surfactant complexes. More broadly, hydrostatic
pressure is a fundamental thermodynamic parameter that pro-
foundly influences the physicochemical properties of colloidal sys-
tems, making it a powerful tool for investigating their structural
or self-organization properties 1114, While some studies investi-
gated the effect of high hydrostatic pressure on the inclusion com-
plex formation between cyclodextrins and guest molecules 1516,
the effect of pressure on the supramolecular assembly of the in-
clusion complexes remains unexplored.

In particular, herein we investigated the supramolecular as-
sembly of inclusion complexes formed by o-cyclodextrin (TcI
EUROPE) and sodium pentaoxyethylene dodecyl carboxylate!”
(chemical formula given in the inset of Figure 1, KAO CHEMI-
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Fig. 1 Small-angle neutron scattering data from a aCD-C,EsCH,COOH
complexes as a function of the applied hydrostatic pressure. Inset shows
region at mid-g with the correlation peaks stemming from the multilay-
ered order within the aggregates in a I(g)-¢*> vs. g representation for
improved readibility. Peak positions of ¢* = [0.45,0.90,1.35] nm~! are
marked with x

CALS), with a cyclodextrin to surfactant molar mixing ratio of 2:1
and surfactant concentration of 3.5%;,,. At the given experimen-
tal condition, all surfactant molecules are virtually threaded by
cyclodextrin and the supramolecular assembly of the inclusion
complexes at the structural scale 1-100 nanometers was probed
by means of small-angle neutron scattering (SANS) experiments,
performed on D33 at the INSTITUT LAUE-LANGEVIN '8, using a
specifically designed high-pressure cell made in hardened cop-
per-beryllium, and featuring fully transparent sapphire windows.
The raw SANS data were correct for background contribution, the
intensity normalized with respect to the incident beam, and the
intensities isotropically averaged using the GRASP software pack-
age !°. Samples were prepared in D,O (SIGMA-ALDRICH) to allow
for optimal contrast conditions, heated to 70 °C prior to fully sol-
ubilizing all components, and then slowly cooled down to 25 °C,
the temperature at which this study was performed. Full details
on the experiment are given in the Electronic Supplementary Ma-
terial (ESI).

The SANS curves from supramolecular assemblies formed by
the surfactant and cyclodextrins are depicted in Figure 1. The
data exhibit a distinctive pattern characteristic of these complexes
assembling into multilayered structures, as indicated by the g2
power law at low-g, cwhich is characteristic of the locally flat
structure of the layers, and by the presence of multiple correlation
peaks with Bragg peak position ratios of 1:2:3, typical of lamellar
phases.  Additionally, the gentle decay at high-¢q suggests the
finite thickness of the surfactant-cyclodextrin layer. As pressure
increases up to 1800 bar, the overall shape of the scattering curve
remains unchanged. However, there is a noticeable increase in
the intensity of the correlation peaks, along with the emergence
of the third-order reflection. This pressure-induced effect on the
correlation peaks is further illustrated in the inset of Figure 1,
where the data are presented in a I(g) - ¢> vs. q representation.

Qualitatively, our interpretation suggests that, under the given
experimental conditions of temperature, concentration, and pres-

2| Journal Name, [year], [vol.], 14

Physical Chemistry Chemical Physics

View Article Online
DOI: 10.1039/D4CP02043J

sure, the surfactant-cyclodextrin inclusion complex forms well-
defined multilayered aggregates, consistent with findings from
previous studies performed at ambient pressure®-820-22 While
the scattering data do not indicate any significant structural
changes in the assemblies, the strengthening of the correlation
peaks suggests an increase in order within the supramolecular as-
semblies as pressure rises.

To quantitatively assess the pressure-induced increase in order,
we fitted the scattering data using a model of multilayer stacks.
This model is defined using a form factor of core-shell, infinitely
extended disks, coupled with a lamellar structure factor described
within the modified Caillé theory2324, Analytical expressions
used are given in the ESI. Fits were conducted in absolute units,
utilizing molecular volumes and scattering length density values
also detailed in the ESI. The experimental data, along with the
best fitting curves are shown in Figure 2.

The cyclodextrin/surfactant layers are 3.3 nm thick, with the
inner part composed of the surfactant chain and one cyclodextrin,
while the outer part consists of the polar section of the surfac-
tant, one cyclodextrin, and approximately 35%,,, of water. The
scattering length density profile aligns well with previous stud-
ies on similar cyclodextrin-surfactant assemblies’-20. Additional
structural information can be extracted from the structure factor,
including the interlayer spacing ds, the average number of lay-
ers (N) in a multilayered aggregate, and the Caillé parameter 7.,
which is related to the rigidity of the stack. The Caillé parameter
is given by: y

kT
= S VER €)

where kpT represents the thermal energy, and B and K denote the
bulk compression modulus and the bending rigidity, respectively.

The pressure dependence of the most relevant parameters ob-
tained from the analysis of the scattering data is illustrated in
Figure 3, which allows us to draw key conclusions regarding the
effect of hydrostatic pressure on the supramolecular assemblies
of cyclodextrin-surfactant complexes. As suggested by an initial
qualitative analysis, the primary morphology of the multilayer ag-
gregates appears unaffected by the applied hydrostatic pressure.
This is evidenced by the constant interlayer spacing and, within
its uncertainty, the constant number of layers. The constant inter-
layer spacing, which was shown to be strongly dependent on elec-
trostatic repulsions between the layers2!, indicates that pressure
does not induce any significant change in the ionization condi-
tion or counterion condensation/release at the inclusion complex
layer.

In contrast, a notable decrease in the Caillé parameter from ap-
proximately 0.3 at ambient pressure to below 0.13 at the highest
pressure is observed. The Caillé parameter, reflecting membrane
rigidity, significantly decreases between 250 and 750 bar, indi-
cating molecular reorganization within this range. A decrease by
a factor of 2 in the Caillé parameter corresponds to a fourfold
increase in membrane rigidity. Although a single Caillé parame-
ter value does not allow us to disentangle the bending and bulk
compression modulus, we estimate that the bending modulus in-
creases from about 150 kg T — a value reported by other authors at
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Fig. 2 . SANS scattering intensities from aCD-Cj;EsCH,COONa com-
plexes at different hydrostatic pressure values. Solid lines are best fits
according to a model of stacked membranes, as described in the text.
For absolute intensities and scattering vector values refer to Figure 1.

ambient pressure2> — to up to 600 kgT at high pressure, assuming
a constant bulk compression modulus. Notably, other methods,
such as small-angle X-ray scattering2® or neutron spin-echo27:28,
can provide more accurate absolute values for membrane rigidity.
In summary, these high-pressure SANS experiments have elu-
cidated the structural behavior of supramolecular assemblies
formed by a-cyclodextrins and anionic surfactants within the
1-100 nm scale and up to pressure values of 1800 bar. No-
tably, while the overall dimensions and morphology of the aggre-
gates remained unchanged, the application of hydrostatic pres-
sure markedly enhanced the rigidity of the inclusion complex
layer, resulting in a clear increase in order within the supramolec-
ular architecture. In contrast, no significant pressure effects on
the membrane rigidity were reported for phospholipid multilay-
ered vesicles??, while a softening of polyoxyethylene-type non-
ionic surfactant bilayers in the Lg phase was found 30,
Unfortunately, we can only speculate on the origin of the ob-
served phenomenon. Based on previous densitometric experi-
ments?!, the application of hydrostatic pressure is not expected
to shift the inclusion formation equilibrium at the investigated
experimental conditions, with virtually all surfactant molecules
threaded by the cyclodextrins. Furthermore, additional densito-
metric data provided in the ESI do not highlight any significant
volume effects associated with the supramolecular assembly of
the inclusion complexes. Additionally, the application of hydro-
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Fig. 3 Structural obtained from the fit of the pressure dependent SANS
data from aCD-C,EsCH,COO Na complexes. From top to bottom: the
interlayer spacing, the average number of aggregate involved in one mul-
tilayered aggregate, and the Caillé parameter, related to the membrane
stiffness. Error bars result from the uncertainty determined from the least
squares minimization procedure.

static pressure does not influence the electrostatic interactions
between the inclusion complex layers, as indicated by the con-
stant spacing between them. We hypothesize that the application
of hydrostatic pressure might induce a change in the crystalline
structure of the assemblies, triggering a transition towards a more
compact and rigid structure. Future diffraction studies might con-
firm or disprove this hypothesis.

Finally, we present the first results on the effect of hydrostatic
pressure on the structure of anionic surfactant and a-cyclodextrin
complexes. The observed enhancement in crystal rigidity and
supramolecular ordering under pressure suggests potential struc-
tural reorganization within the crystalline lattice. While crystal-
lography has traditionally been crucial in characterizing cyclodex-
trin inclusion complexes, particularly in pharmaceutical sciences
where crystal form dictates drug activity and formulation, our re-
sults highlight the potential of high-pressure crystallography ex-
periments to discover new or different crystal forms. These find-
ings can be exploited for the formulation of more efficient drugs
or to gain a deeper understanding of cyclodextrin chemistry.

Despite the inherent challenges associated with high-pressure
experiments, we are optimistic that these preliminary findings
underscore the significance of such studies. They hold promise
for deepening our understanding of the supramolecular assem-
bly of cyclodextrin inclusion complexes and their implications
across diverse applications, including drug delivery and material
science. For instance, the stability, solubility, or release profiles
of supramolecular cyclodextrin-based drug delivery systems can
be significantly affected by pressure-induced recrystallization pro-
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