
Journal of Colloid and Interface Science 623 (2022) 938–946
Contents lists available at ScienceDirect

Journal of Colloid and Interface Science

journal homepage: www.elsevier .com/locate / jc is
Not so rigid capsids based on cyclodextrin complexes: Keys to design
https://doi.org/10.1016/j.jcis.2022.05.098
0021-9797/� 2022 The Authors. Published by Elsevier Inc.
This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).

⇑ Corresponding authors.
E-mail addresses: Angel.Pineiro@usc.es (Á. Piñeiro), rebeca.garcia.fandino@usc.

es (R. Garcia-Fandino).
Fabián Suárez-Lestón a, Pablo F. Garrido a, Ángel Piñeiro a,⇑, Rebeca Garcia-Fandino b,⇑
aDepartamento de Física Aplicada, Facultade de Física, Universidade de Santiago de Compostela, E-15782 Santiago de Compostela, Spain
bDepartamento de Química Orgánica, Centro Singular de Investigación en Química Biolóxica e Materiais Moleculares (CiQUS), Universidade de Santiago de Compostela, Campus
Vida s/n, E-15782 Santiago de Compostela, Spain
g r a p h i c a l a b s t r a c t
a r t i c l e i n f o

Article history:
Received 30 March 2022
Revised 14 May 2022
Accepted 16 May 2022
Available online 19 May 2022

Keywords:
Cyclodextrins
Membranes
Monolayers
Bilayers
Molecular dynamics simulations
Self-assembly
a b s t r a c t

Hypothesis: Membranes based on cyclodextrin complexes can be used as functional nanocarrier envelop-
ers by chemical modifications of the cyclodextrin hydroxyl groups or by encapsulating different ligands
in their cavities.
Experiments: Molecular dynamics simulations of monolayers and bilayers based on supramolecular com-
plexes consisting of two a or b-cyclodextrin and one sodium dodecylsulfate or dodecane at 283 K and at
298 K were performed.
Findings: It is shown that the structure and main interactions stabilizing the membranes, as well as their
permeability to water and ions can be tuned by changing the cyclodextrin, the ligand, the number of lay-
ers or/and the temperature. These results provide new evidences about both their dynamic nature and
the interactions responsible for the stabilization of the membranes and will facilitate the design of
new functional capsides and applications based on cyclodextrin complexes.
� 2022 The Authors. Published by Elsevier Inc. This is an openaccess article under the CCBY license (http://

creativecommons.org/licenses/by/4.0/).
1. Introduction

Lipid-based membranes are the most typical structures
employed by nature to define the boundary between living organ-
isms and their environment. These membranes are formed by two
monolayers of lipid molecules, faced to each other, with the lipid
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polar heads oriented to the aqueous media in both leaflets. Lipid
membranes are spontaneously formed when a high enough con-
centration of these molecules is present in water, driven by the
so-called hydrophobic interactions. In general, most biological
membranes are formed by a suitable combination of a large variety
of lipids, proteins and other heterogeneous molecules that affect
their structure as well as their mechanical and dynamical proper-
ties. Given the importance and intriguing properties of biological
membranes there is a strong motivation to build biomimetic sys-
tems using non-living precursors. Artificial membranes have been
built based on different synthetic components, including polymers
and surfactants [1]. They are typically employed to design new
materials or for biotechnological applications [2]. Recently, a new
type of membranes based on cyclodextrins (CDs) that self-
assemble at polar-nonpolar interfaces has been proposed [3–7].
CDs are well known oligosaccharides formed by 6 (a-), 7 (b-) or
8 (c-) a-D-glucopyranoside units. Yang et al. [8] revealed that CD
complexes with 2:1 stoichiometry formed by two b-cyclodextrins
and one sodium dodecylsulfate (SDS) molecule (SDS1bCD2) sponta-
neously form giant capsids, tubular or multilamellar structures,
depending on the concentration, in aqueous solution. These
authors proposed the use of such compartmentalized and rigid
structures to design new functional materials able to mimic and
to extend the applications of protein capsids. In addition to a
detailed structural characterization, they hypothesized the pres-
ence of specific interactions to stabilize the membranes, including
a network of lateral hydrogen bonds between contiguous SDS1-
bCD2 complexes. In contrast, the entropy increase due to the
release of a large number of highly ordered water molecules has
been recently proposed to explain the adsorption of SDS1aCD2

complexes to polar-nonpolar interfaces [9]. Given the connection
between such adsorption process and the self-assembly in aqueous
solution, the same type of interactions are expected to drive both
phenomena. Thus, these systems are not well understood yet and
they require further investigation. In addition to the interactions
leading to and stabilizing these systems, their potential abilitiy to
filter water, ions or other molecules has not been studied yet.

The existence of membranes based on CDs proposed by Yang
et al. [8] is specially interesting because, in addition to be
employed to encapsulate a variety of molecular systems in the
self-assembled compartments spontaneously formed by them,
they can be easily funcionalized by introducing different groups
in their cavities or by substituting the hydroxyl groups of the
CDs. Thus, specific structures with a funcionalized surface that
can simultaneously act as molecular carriers, can be designed
based on CDs. The understanding of the interactions that govern
the formation of such membranes, as well as their ability to perme-
ate different molecules, are key to design new applications. In this
work, we focus precisely in these features, as well as in the chem-
ical nature of the building blocks, by a computational approach to
these systems. Our study is based on relatively long (2 ls) molec-
ular dynamics (MD) trajectories of membranes formed by SDS1-
bCD2 complexes at 283 K and at 298 K. These temperatures were
selected because it was shown that the ratio between 1:1 and
2:1 complexes dramatically changes in this interval [10,11]. Simu-
lations of monolayers and bilayers based on 2:1 complexes as
building blocks were also performed to assess the possible stability
of both types of assemblies as well as their different behavior.
Three additional similar systems, based on complexes with 2:1 sto-
ichiometry formed by 2 aCD and 1 SDS or dodecane (DOD), and by
2 bCD and 1 DOD, were also studied at the same temperatures
(Fig. 1). Both monolayers and bilayers formed by such building
blocks were considered. This allows to assess the impact of the
charge in the guest molecule as well as to compare the structure
and properties of membranes formed by aCD with those formed
by bCD and of monolayers vs bilayers. The structure and stability
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of the possible membranes as well as their ability to permeate
water and Na+ ions were characterized.
2. Methods

2.1. Set up of the simulation boxes and MD simulation parameters

Manually preassembled X1aCD2 and X1bCD2 complexes,
with X being SDS or DOD, were introduced in 5x5x5 nm3 cubic
boxes solvated with approximately 4000 SPC [12] water molecules.
For the systems containing SDS, one sodium counterion was added.
The resulting systems were minimized using the steepest descent
algorithm, with the 54a7 version of the GROMOS force field [13]
and the GROMACS 2018 package [14,15]. Then, 5-ns-long MD tra-
jectories were generated at 298 K and 1 bar to equilibrate the sys-
tems. The V-rescale thermostat [16] with a coupling constant of
0.1 ps and an isotropic Parrinello-Rahman barostat [17] with a
compressibility of 4.5�10�5 bar�1 were employed in these simula-
tions. The topology of cyclodextrins and SDS were taken from pre-
vious works [9,18–20] and the topology of DOD was adapted from
that of SDS. The optimized structures of the simulated 2:1 com-
plexes were rotated to have their symmetry axis parallel to the Z
axis, and replicated in the XY plane to generate 5x5 monolayers.
For the systems based on aCD hexagonal lattices with a = b = 1.3
8 nm were built while for those with bCD rombic crystals with
a = b = 1.52 nm and an angle of 104º were generated, as suggested
from experimental results [2]. The resulting arrangements were
introduced in prism-shaped simulation cells in such a way that
the XY surface is adapted to tightly contain the complexes, dis-
played in a 5�5 grid with the appropriate lattice. The size of the
box in the Z dimension was 10 nm. Additional systems were built
by replicating the monolayers in the Z dimension to form bilayers
based on the 2:1 complexes. These assemblies were also intro-
duced in prism-shaped boxes with a height of 11 nm. The resulting
boxes were solvated with SPC water molecules and Na+ counteri-
ons were added, when necessary, to neutralize the total charge of
each system. The total number of water molecules varied between
11,454 and 16,123 depending on the system. In this way, eight dif-
ferent simulation boxes using aCD or bCD, SDS or DOD, as well as
monolayers and bilayers for each combination of molecules, were
obtained. After a steepest descent minimization, 2 ls-long molec-
ular dynamics trajectories were obtained for each of these systems
at 283 K and at 298 K using a Nose-Hoover thermostat. For these
simulations a Parrinello-Rahman semiisotropic pressure control
was employed, to allow independent fluctuations of the box
dimensions in the XY plane and in the Z dimension. In all MD tra-
jectories, a timestep of 2 fs was employed to integrate the motion
equations, using the leap frog algorithm [21]. Long range electro-
static interactions were calculated using the particle mesh Ewald
method [22,23] with a real-space cutoff of 1.2 nm, a 0.15 nm
spaced grid, and fourth-order B-spline interpolation. The Ewald
sum in three dimensions with a correction term (EW3DC) was used
to avoid artifacts due to interactions between periodic images in
the Z direction. The SETTLE [24] algorithm was employed to con-
strain the bond lengths and angles of water molecules while the
LINCS [25] algorithm was employed to constrain the bond lengths
of the CD molecules. During the MD simulations, coordinates and
energies were stored every 14 ps for analysis.
2.2. Analysis of the trajectories

The area of the simulation boxes was taken as a quantitative
indicator to assess the stability of the membranes. Hydrogen bonds
between different groups were calculated using the hbonds GRO-
MACS tool: (i) primary-primary, primary-secondary and



Fig. 1. A. Schematic representation of the complexes studied in this work: SDS1aCD2, SDS1bCD2, DOD1aCD2, DOD1bCD2 forming monolayers (B) or bilayers (C). CDs that are
closer and further from the SDS ionic head are represented in orange and yellow colors, respectively.
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secondary-secondary hydroxyl groups between CDs (excluding
intramolecular interactions); (ii) interactions between monomers
of the same 2:1 complex; (iii) interactions between CDs of different
monolayers for the bilayer systems; and (iv) interactions between
CDs and water molecules. Water density profiles as a function of
time, averaged every ns, were computed along the first microsec-
ond and plotted as a greyscale colormap. For the second microsec-
ond of each trajectory, the average density profile of water
molecules and oxygen atoms of the CDs joining the glucopyra-
noside rings (labelled as O4) was also obtained and represented
over the same plot. The transport of water and ions across the
membranes was also quantified by following the Z coordinate of
every single particle along the whole MD trajectories. Diffusion
coefficients were determined from the fitting of the mean lateral
displacement distributions to the two-dimensional random walk
equation [26] over the last ls of the trajectories using time win-
dows of 1 ns and 5 ns. The global arrangement of the molecules
has also been independently investigated for each monolayer, even
in the systems with two layers of X1CD2 structures. To overcome
the perturbations of the atoms lattice and to take into account its
time evolution, Voronoi tessellation has been chosen to charac-
terise the topology [27]. This analysis was based on the quantifica-
tion of the angles consisting the Voronoi cells obtained from the
projection of the average position of the O4 atoms of each complex
in the XY plane. The equivalence with the square, rhombic and
hexagonal lattices, together with the perturbed square, is shown
in the Fig. 2. The Voronoi cells were obtained considering the peri-
Fig. 2. Voronoi cells (green) of four different geometric c
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odic boundary conditions to avoid border artifacts. The angle of all
the Voronoi vertices, as well as the the distances between them,
were determined as a function of time every 1.4 ns (i.e., every100
frames). This analysis was performed by using a segment of 500 ns
taken from each trajectory and all the results were plotted together
as a distribution. The fragment of the trajectory used in each case
was taken to avoid significant perturbations that eventually appear
in some monolayers when some complex rotates, disaligning its
symmetry axis from the Z axis. All the analysis was performed
using GROMACS commands combined with specifically developed
Python scripts using mainly the MDAnalysis [28,29], Numpy [30],
Matplotlib [31] and Scipy [32] packages.
3. Results

Monolayers and bilayers based on aCD or bCD with SDS or DOD
forming complexes with 2:1 stoichiometry (SDS1aCD2, SDS1bCD2,
DOD1aCD2, DOD1bCD2) were built and simulated for 2 ls at
283 K and at 298 K, giving a total of sixteen MD trajectories. In gen-
eral, all the planar assemblies were stable although significant per-
turbations and different structural and dynamic behaviors were
observed depending on the temperature of the system, on the
molecules consisting the complexes and on the number of layers
forming the membrane. Snapshots of the initial and final structures
as well as the result of the analysis described in the methods sec-
tion for all the systems are included in the Supplementary Informa-
onfigurations for the selected atoms (white circles).
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tion (SI) file (Figs S1–S139 and Tables S1–S7). The most important
features of the studied systems will be described in what follows:

3.1. Lateral packing of the complexes

For the systems with aCD, the average area available per
supramolecular complex in the XY plane was quite stable as a
function of time -after the first 200 ns- and similar for the different
trajectories (Figs. S121–S124, Table S1 and Fig. 3). The differences
observed for both temperatures, for monolayers and bilayers, and
using SDS or DOD threading the CDs were very small. The mini-
mum value was observed for the monolayer of SDS1aCD2 at
283 K (174.34 ± 0.11 Å2) while the maximum value was observed
for the bilayer of DOD1aCD2 at the same temperature (176.92 ± 0.
10 Å2), (Fig. 3 and Table S1).

The area per complex for the simulations with bCD was much
larger and noisy than for those using aCD (Figs. S121-S124). This
was partially expected since the former CD is wider than the latter,
but it seems that the packing of the membranes based on bCD is
lower than that of those based on aCD. These simulations showed
to be also significantly sensitive to the studied variables. In general,
the structures are closer to each other in the XY plane for the
monolayer systems than when two layers of complexes are pre-
sent. The area per complex is not sentitive to the ligand encapsu-
lated in the bCD and the systems at 298 K require more area per
complex than those at 283 K. An exception to this behavior is
observed for the simulation of a bilayer with SDS at 283 K, which
has an abnormally large area per complex (238.96 ± 0.13 Å2) com-
pared to that of the equivalent system at 298 K (234.33 ± 0.15 Å2)
and almost equivalent to that of the bilayer formed by DOD1bCD2

complexes at 298 K (238.15 ± 0.19 Å2). This large area is arises from
the significant tilting of the complexes in these simulations (see
images in the SI) but the reason of this tilting is not clear. The aver-
age area per complex obtained for the monolayers of the systems
with bCD was very similar for both ligands and clearly temperature
dependent: (224.17 ± 0.21 Å2 and 224.80 ± 0.25 Å2 at 283 K) and
(228.48 ± 0.27 Å2 and 229.40 ± 0.23 Å2 at 298 K), for the systems
with DOD and SDS, respectively (Fig. 3 and Table S1).

3.2. Intermolecular interactions

Due to the presence of many hydroxyl groups in the CDs and to
their particular location, the most obvious specific contribution to
the interaction between CD monomers and supramolecular struc-
tures with each other, as well as with water molecules, are the
Fig. 3. Two views of the initial and final structures corresponding to SDS1CD2 monolayer
SDS ionic head are represented in orange and yellow colors, respectively. The aliphatic ch
sodium ions are shown as purple spheres. The central plot represents the average area pe
trajectories studied. The different trajectories are indicated in the labels: monolayers (s
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hydrogen bonds (H-bonds). Different contributions to the total
number of H-bonds were calculated (see Methods section and
Table S7). In general, the systems with bCD exhibit more H-
bonds than those with aCD, clearly due to the larger number of
hydroxyl groups of the former. Notheworthy, the number of H-
bonds between CDs of different dimers of the same layer is mar-
ginal (Fig. 4), thus showing that this interaction is not the respon-
sible for the formation and estabilization of the membranes, in
contrast with what was suggested by other authors [4,8]. This hap-
pens for both CDs. Most hydrogen bonds are formed between the
secondary hydroxyl groups of CDs of the same 2:1 complex -thus
contributing to the stabilization of the supramolecular
structures- and between the primary hydroxyl groups of the CDs
and water molecules. Interestingly, the H-bonds between CDs of
different monolayers are also marginal, the dominant interaction
with the primary groups of the CDs being the H-bonds with water
molecules, specially for the systems with SDS that systematically
show more H-bonds with water than those with DOD. The total
number of H-bonds between CDs and water molecules per com-
plex is lower for the bilayer systems, regardless the ligand within
the CDs. Altogether, the previous information suggests that an
intermediate film of structured water could be mediating the inter-
action between 2:1 complexes of different monolayers. Density
profile plots clearly show this water film (Fig. 4), which is stable
throughout the whole trajectories involving 2:1 complex bilayers
with both CDs. The behavior of the water molecules is highly sen-
sitive to all the studied variables. For the simulations with aCD
there is always a dry slice at the height-level corresponding to
the interface between CD monomers forming the 2:1 complexes.
This happens both in the systems with a single monolayer and in
the systems with bilayers, which show one of these dry regions
per layer (Figs. S7, S14, S22, S30, S37, S44, S52, S60). No water-
restricted regions are observed for any of the systems involving
the wider bCD, although clear density-minima appear at the
regions where both monomers are faced to each other in the com-
plexes. This could be favored by the lower packing of the mem-
branes based on this CD. The density of counterions for the
simulations with SDS exhibits a maximum at the surface of the
membranes, where the ionic heads are located. This happens on
both sides of the membrane for the simulations with bilayers
and just on the side corresponding to the SDS heads for the simu-
lations with monolayers (Fig. 4 and Figs. S67, S74, S82, S90, S97,
S104, S112, S120). The density of ions within the membrane is neg-
ligible for the systems with aCD and very low but not null for those
with bCD.
s using aCD (left) and bCD (right) at 298 K. CDs that are closer and further from the
ains of the SDS molecules are colored in blue, the sulfate group of SDS is in red, and
r 2:1 complex (Inclusion Complex, IC) along the last microsecond of the sixteen MD
triped); bilayers (solid), systems at 283 K (dark color) and at 298 (light color).



Fig. 4. (A) Different contributions to the mean number of H-bonds per CD: between monomers of the same 2:1 complex (red); between CDs of the same layer (yellow); and
between CDs and water molecules (blue). The different trajectories are indicated in the labels: monolayers (striped); bilayers (solid), systems at 283 K (dark color) and at 298
(light color). (B) Water density profile as a function of time (greyscale) together with the average density profile of water molecules (orange), oxygen atoms joining the
glucopyranoside groups (O4) of the CDs (green) and Na+ ions (red); as a function of the simulation box Z coordinate, averaged over the last 1 ls of the trajectory
corresponding to SDS1bCD2 at 298 K. (C) Lateral view of the same membrane analyzed in (B) using the same representation code of Fig. 3.
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3.3. Structure of the membranes

Using the projection of the central point of each X1CD2 complex
on the XY plane as a reference (see methods section), Voronoi cells
were determined for each frame of all the trajectories. The angle
distribution for all the vertices was obtained and fitted to a series
of skew normal functions to determine the percentage of hexago-
nal, square and rhombic lattice (see methods section, Fig. 5 and
Table S6). Hexagonal lattices clearly dominate all the systems
based on aCD, in agreement with the prediction of S. Yang et al.
[8]. However, whereas these authors expected homogeneous
rhombic geometries for the systems based on bCD, heterogeneous
geometries were obtained in the present paper, probably due to
the different conditions of the simulations compared to the exper-
iments. The presence of square and rhombic cells is significant, in
some cases comparable to the percentage of hexagonal lattice. In
general, no clear pattern for the distribution between different
types of geometries is observed for the systems based on bCD
and the results do not depend on the guest molecule. This dynamic
behaviour observed from the Voronoi cells of SDS1bCD2 and DOD1-
bCD2 complexes contrasts with the extreme rigidity that have been
associated with these systems by S. Yang et al. [8]. Our results sug-
gest that the geometries induced by bCD in these structures look
more like dynamic crystals instead of a crystal as a rigid ‘‘chemical
cemetery” of molecules [33].

It can also be seen that for the systems with two layers of com-
plexes based on aCD, the cyclodextrins of different layers are per-
fectly aligned (Figs. S16, S24, S46, S54). However, for the bilayers
with bCD the complexes of each layer seem to be independent
from those of the opposite one (Figs. S76, S84, S106, S114). Actu-
ally, no clear correlations were observed between structures of
the two layers within the same trajectory.

3.4. Lateral and transversal diffusion

Lateral diffusion coefficients of the complexes were obtained
from the distribution of displacements in the XY plane over 1 ns
and 5 ns time windows along the trajectories (see Fig. 6 and meth-
ods section). In general, the values obtained for the complexes in
the monolayer systems were significantly lower (58–78% and
48–61% for time windows of 1 ns and 5 ns respectively) than those
for the systems with bilayers (see Tables S2 and S3). This shows
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that, although the global structure of individual layers is indepen-
dent from the presence of another one, there is a direct connection
between them that is reflected in the movement of the molecules.
The systems formed by bCD and DOD at 283 K and using a time
window of 1 ns represent a singularity in this behavior since the
difference between the diffusion coefficients of monolayers and
bilayers is just 21%. In contrast, the same system at 298 K using
a time window of 5 ns exhibits the opposite behavior, slowing
down the displacement of complexes by 83% when a second layer
is added. The replacement of DOD by SDS in the cavity of the CDs
typically reduces the diffusion of the complexes. This change is
typically moderate (4–10%) but in some cases is larger: bCD bilay-
ers at 283 K for both time windows and bCD monolayers at 298 K
for displacements along 5 ns. Notably, bCD monolayers at 283 K
exhibit an increase in the diffusion coefficient upon the DOD-SDS
replacement. The diffusion also depends clearly on temperature,
as expected, typically increasing the coefficients by 40% when
going from 283 K to 298 K. Again, the exception corresponds to
the simulations with bCD and DOD which exhibit a significant lar-
ger (51%) and lower (15%) increase for monolayers using a time
window of 1 ns and for bilayers using both time windows.

The spontaneous diffusion of water molecules across the mem-
branes based on aCD is much less favourable than in those with
bCD. The total number of water molecules crossing the membrane
during the 2-ls-long trajectories in the first case ranges from �200
water molecules for bilayers of DOD1aCD2 complexes at 283 K to
�1700 for monolayers of the same complex at 298 K. In contrast,
between �20,000 and �300,000 water molecules completely cross
the membranes based on bCD complexes (see Table S5). For the
systems with aCD the diffusion of water molecules seems to be
easier for monolayers with DOD1aCD2 complexes than for those
based on SDS1aCD2 building blocks. However, this trend is
reversed for bilayers of the same complexes. The behavior of the
systems with bCD is similar to those with aCD but the number of
water molecules crossing the membranes with the former CD is
about 1000 times larger in all cases. This was already expected
due to the presence of the water-forgiven region in the systems
with aCD (see Figs. S7, S14, S22, S30, S37, S44, S52, S60). In this
case, monolayers of complexes with both DOD and SDS allow pass-
ing more water molecules than bilayers of the same complexes and
the water diffuses easier throughout systems with SDS than for
those with DOD. As expected, the increase of temperature favours



Fig. 5. (A) Voronoi cells corresponding to the last frame of the simulation of SDS1aCD2 (top) and SDS1bCD2 (bottom) monolayers at 298 K. The shaded gray areas represent the
projection of the unit cell simulation boxes on the XY plane. (B) Angles at the verticles of the Voronoi cells as a function of time together with the corresponding distributions
for the same systems of (A). (C) Percentual contribution of hexagonal (yellow), square (purple), rhombic (green) and other types (white) of structures for each layer in the
systems with aCD (left) and bCD (right). The m or b prefix of the system name indicates if the systems is a monolayer or a bilayer, respectively. The number between
parenthesis is used to distinguish both layers in the bilayer systems. The colors indicate the temperature of the trajectory (blue for 283 K and red for 298 K).
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the diffusion of water molecules throughout all membranes. Alto-
gether, this information shows how these systems can be tuned to
filter water, by changing temperature, the CD and the ligand.

For the systems with SDS, the diffusion of counterions through-
out the different membranes was also studied (Fig. 7, Figs. 132–
139 and Table S4). No crossing at all was observed for monolayers
or bilayers based on aCD complexes, while the passing of ions in
the systems with bCD complexes was significant. As in the case
of water molecules, the temperature increase favours the diffusion
of ions throughout the membranes. This happens both for mono-
layers and for bilayers. At 283 K, 47 events were observed for the
monolayer system and only 22 for the bilayer while the difference
in the number of ions crossing the monolayer and the bilayer was
negligible at 298 K (71 and 70, respectively). This suggests how CD-
based membranes could also be designed to filter specific ions.
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4. Conclusions

In agreement with previous experimental work [4,8], mem-
branes based on DOD1bCD2 and SDS1bCD2 complexes in aqueous
solution were stable for relatively long MD trajectories. Both,
monolayers and bilayers of these supramolecular structures were
tested here. Interestingly, similar membranes based on aCDs were
also stable, with a more homogeneous lattice pattern but with
completely different transport properties. Both monolayers and
bilayers based on bCD are muchmore permeable to the passive dif-
fusion of water and ions than those based on aCD. The interactions
responsible for the stabilization of the membranes were also char-
acterized. On the one hand, a specific pattern of H-bonds with
many direct interactions between the secondary hydroxyls of
CD-monomers of the same complex was observed. In contrast to



Fig. 6. Lateral displacement distributions of DOD1aCD2 inclusion complexes forming a monolayer at 283 K. The lines correspond to the fitting of the data calculated from the
molecular dynamics trajectory over the last ls to the two-dimensional random walk equation (see methods section). Left and right plots correspond to calculations
performed using 1 and 5 ns time windows, respectively.

Fig. 7. Location of all Na+ counterions (labelled by their index) in the simulation of
the bilayer based on SDS1bCD2 complexes at 298 K, as a function of time. White,
grey and red regions correspond to the location of each ion above, below and within
the membrane, respectively. Purple crosses indicate the initial time of an ion
crossing. Direct transitions from grey to white, or vice versa, indicate the passing of
ions throughout periodic boundaries of the simulation box.
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what has been proposed as a driving force for the formation and
stabilization of these membranes [4,8], just residual H-bonds were
observed between CDs of different complexes. Given the presence
of a pattern of highly ordered water molecules around CD com-
plexes when they are isolated in aqueous solution [9], as well as
the absence of H-bonds and also of water molecules between
CDs of contiguous complexes in the studied membrane models,
the most plausible interactions driving the formation and stabiliza-
tion of these membranes is the favourable entropic contribution
arising from the release of water molecules when the supramolec-
ular complexes transfer from the bulk solution to the mesoscopic
assemblies. The interaction with water molecules seems to be
944
important for the stabilization of multilayers since the number of
H-bonds between primary hydroxyl groups of different layers is
residual and a layer of structured water molecules is present
between both monolayers. This was observed for the bilayers
involving both CDs and both ligands.

X-ray scattering experiments of systems formed by SDS1bCD2

complexes reveal a rhombic lattice structure with a = b = 1.52 nm
(comparable to bCD diameter, 1.5 nm) and c = 104º [8]. The struc-
ture revealed by our analysis for membranes based on the same
building block is a dynamic combination of hexagonal, square
and rhombic lattices with a main cell parameter peak a = b = 1.6
1 nm, probably due to their fluid nature. Transitions between these
different packing patterns were dynamically observed along the
simulations (see Supplementary Movies), in agreemeng with the
crystal adaptronics perspective [33]. For the systems with SDS1-
aCD2 complexes only the hexagonal pattern was observed for all
the systems with almost identical lattice parameters a = b = 1.42,
in good agreement with what had been predicted by S. Yang
et al. [8].

Our results show that the passing of water and ions throughout
the different membrane models can be tuned by changing the tem-
perature, the CD and/or the ligand. CD replacement was found to
be much more sensitive than the change of ligand or of tempera-
ture. The systems with aCD showed to be completely impermeable
to ions, while they allow the crossing of a moderate amount of
water molecules. In contrast, the systems with bCD are quite trans-
parent to water and, to a lesser extent, to ions, although the diffu-
sion can be modulated with temperature, with the addition of
layers and with the replacement of the ligand forming the com-
plexes. Only the passive diffusion of water and ions was considered
in the present work but the differences are clear enough to get use-
ful information. The natural continuation of this work requires fill-
ing an important experimental gap by synthesizing membranes
based on aCD complexes. Simulations and experiments in the pres-
ence of external forces such as electric fields and different kind of
ions would be useful to see the ability of these systems to filter
specific charged particles.

Overall, the information provided it the present work is
expected to contribute to understand, at atomic resolution, the
behavior of membrane systems formed by CD complexes, and thus
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to design new functional materials for specific applications based
on them.
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