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ABSTRACT: Cyclodextrin-based nanosponges are cross-linked
polymeric porous nanomaterials obtained by condensation of
cyclodextrins with a polyfunctional reagent (cross-linker). Owing to
their high surface area, they are attractive for encapsulation
applications aimed at increasing the stability, solubility, and
bioavailability of drugs. Due to the structural complexity of these MD g o
emerging materials, computer modeling can provide atomistic-level . . Y
insights into both the flexibility of nanosponges and their simulations &= &

\
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interactions with encapsulated drugs. In this contribution, we &* % 1) Ak,
A,.{ on 4 °

focus on nanosponges of #-cyclodextrin cross-linked with citric acid w ;\ih/\‘\ p2

and provide full-atom models for linear and cyclic topologies. We " e

use extensive molecular dynamics (MD) simulations to analyze the

flexibility of these constructs and their interactions with encapsulated melatonin, a neurohormone involved in sleep-wake cycle
regulation also used as an antioxidant and immunomodulator. We characterize the main interactions responsible for melatonin
binding and show that it benefits from multivalence and crowding effects.
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H INTRODUCTION p-CD is known to bind melatonin (MT), a natural
neurohormone involved in regulating the sleep-wake cycle. It
is used to treat sleep disorders and has also demonstrated
antioxidant properties, as well as involvement in regulating the
: 10,11 . . .

immune system. MT is a methoxyindole with poor water
solubility, which can be enhanced by the formation of a 1:1

inclusion complex with B-CD."” Some of us have recently

is a pharmacologically active compound can have several investigated B-CD and the MT:-CD inclusion complex
beneficial effects on its physical and pharmacokinetic proper-

Host—guest motifs are central to supramolecular chemistry;
they involve the formation of complexes resulting from the
preferential association of a guest molecule with a host."”” A
pharmaceutical application of host—guest chemistry is drug
delivery, where the formation of a complex in which the guest

conformations with quantum mechanics methods identifying

ties.”* Hosts are often macrocycles that enhance the solubility van der Waals interactions as the main driving force for

and formulation stability of various hydrophobic drugs, complex formation.'>"*

increase cell permeability for charged species, and occasionally Nanosponges are nanoscale drug carriers with a three-

reduce tOXiCitY-Z dimensional structure formed by cross-linked polymers. Several
Among them, cyclodextrins (CDs) have received attention classes of such materials have been proposed based on the

as inexpensive, nontoxic, biocompatible and biodegradable nature of the polymer; among them, polyalcohol-based and

compounds.” CDs are cyclic oligosaccharides composed of a- carbohydrate-based nanosponges. These materials are attrac-

D-glucopyranose units linked by a-1,4 glycosidic bonds. They tive because they can encapsulate a wide range of drugs of

are classified according to the number of glucopyranose units varying sizes and shapes and these characteristics can be fine-

(a-CD, B-CD, and y-CD contain six, seven, and eight units, tuned by controlling pore sizes and surface properties. As such,

respectively). CDs have a truncated cone structure with an they allow control over drug uptake and release. Being

inner hydrophobic region dominated by the glucopyranose CH

groups capable of binding small hydrophobic molecules, and Received: October 14, 2024

an outer region rich in hydroxyl groups that confer moderate Revised:  January 4, 2025

solubility.” CDs have intrinsic torsional flexibility around the Accepted:  January 10, 2025

glycosidic bonds, which enables dynamic rearrangement and Published: January 28, 2025

all(gws them to encapsulate various guests through induced

fit."”
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Figure 1. (A) Structure of /-CD nanosponges cross-linked with citric acid in complex with MT. $-CD units are shown as blue truncated cones and
melatonin (MT) molecules as yellow sticks. (B) Acyclic nanosponge topologies considered in this work. (C) Cyclic nanosponge topologies
considered in this work. f-CD units are shown as blue truncated cones, citric acid units as light blue lines, and MT molecules as yellow rectangles.

synthesized from biodegradable materials, they generally show
low toxicity and have low manufacturing cost. Their high
biocompatibility and tunability by using different rations of
polymers and cross-linking agents makes them advantageous
over other drug delivery systems such as protein-based, lipid-
based, and metal nanoparticles.">~

CD-based nanosponges are an emerging class of porous
polymers in which cyclodextrins are cross-linked to form a
three-dimensional network (Figure 1A). They can form
complexes with a wide range of both lipophilic and hydrophilic
molecules via both inclusion and noninclusion complexation.
As monomeric CD, they are biocompatible and show high
binding versatility due to the coexistence of lipophilic cavities
(intra-CD) and hydrophilic channels (inter-CD). For these
reasons, they find a variety of applications in the fields of dru%
delivery, diagnostics, cosmetics and environmental control.”!

Despite the wide range of applications, the structure and
properties of nanosponges are not fully characterized yet.
Computational approaches based on molecular dynamics have
provided precious insight into structural aspects (e.g., swelling
behavior’”), properties (e.g,, aggregatlon ") and binding
behavior (e.g,, interaction modes™) of nanosponges.

Recently, a CD-based nanosponge has been synthesized in
water using citric acid as the cross- linklng §ent, demonstrating
the ability to bind and stabilize MT.”>~>> An outline of its
structure is shown in Figure 1A. Nanosponge structures are
varied at the molecular level owing to the high number of
reactive hydroxyl groups in B-CD and carboxylic groups in
citric acid."> This leads to high structural complexity that
makes it challenging to characterize the interactions with
guests in detail. In this work, we use microsecond molecular
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dynamics (MD) to model the interactions between (-CD-
based guests of different complexity and MT. In particular, we
present full-atom three-dimensional structures of $-CD units
cross-linked with citric acid through a-glucose C6 and C2
hydroxyl groups, arranged in both acyclic and cyclic topologies,
serving as minimal nanosponge models. These topologies are
shown in Figures 1B and 1C, respectively. We compare MT
stabilizing interactions in the nanosponge models with those in
the monomeric inclusion complex to identify how flexibility
and binding is affected by polymerization and molecular
crowding.

B METHODS

Conventional Molecular Dynamics Simulations MD
simulations were carried out with AMBER 22°° using the
GLYCAM-06j” force field for f-CD, gaff2*® for citric acid and
melatonin, and the OPC3,* OPC, 3 and TIP3P*' force fields
for water. $-CD nanosponges models were immersed in a
water box with a 10 A buffer of water molecules and
neutralized by adding explicit Na* counterions (Li-Merz 12—6
normal usage set’). A two-stage geometry optimization
approach was implemented. The first stage minimizes only
the positions of solvent molecules and ions, and the second
stage is an unrestrained minimization of all the atoms in the
simulation cell. The systems were then heated by incrementing
the temperature from 0 to 300 K under a constant pressure of
1 atm and periodic boundary conditions. Harmonic restraints
of 10 kcal mol™ A™> were applied to the solute, and the
Andersen temperature coupling scheme®” was used to control
and equalize the temperature. The time step was kept at 1 fs
during the heating stage, allowing potential inhomogeneities to

https://doi.org/10.1021/acsomega.4c09367
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Figure 2. 2D histogram of #-CD ¢ and y angles along a 5 ys molecular dynamics simulation with TIP3P water. Angles definition: ¢: H1'-C1’—~04-
C4, y: C1’-04—C4-H4. The color bar is a measure of bin population. Average ¢ and y values for the glycosidic bonds of #-CD in crystallographic
structures from the Protein Data Bank (IDs 3CGT, 1DMB, 1BFM, and 1VFO) are shown as a red crosses. Glycosidic bond conformations
corresponding to highly populated regions are shown as sticks with relevant atoms for ¢ and y definition shown as spheres. Nonpolar hydrogens
are omitted for clarity.
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Figure 3. (A) 2D histogram of monomeric MT:$-CD inclusion complex ¢ and y angles along three S ys molecular dynamics simulations initiated
from three different geometries (15 ps in total). Average ¢ and y values for the glycosidic bonds of #-CD in crystallographic structures from the
Protein Data Bank (IDs 3CGT, IDMB, 1BFM, and 1VFO) are shown as red crosses. Angles definition: ¢: H1’-C1’—04-C4, y: C1'-~04—C4-H4.
The color bar is a measure of bin population. Selected glycosidic bonds conformations are shown as sticks with relevant atoms for ¢ and
definition shown as spheres. MT is shown as yellow sticks. Nonpolar hydrogens are omitted for clarity. (B) Distribution of hydrogen bond
distances between the hydroxyl groups at positions 2 and 3 of neighboring glucose units in the MD simulations of free #-CD and the monomeric
MT:f-CD inclusion complex with TIP3P water. A threshold distance of 2.5 A is used to compute the percentage of hydroxyl groups engaging in
hydrogen bonds.

self-adjust. Once equilibrated, the system was subjected to a 2 ps. Molecular dynamics simulations for maltose capped with a
ns constant volume molecular dynamics simulation at 300 K methoxy group at the reducing end were run as ten 500 ns
using the SHAKE algorithm®* and a 2 fs time step. Long-range replicas (5 ps) with GLYCAM-06j and TIP3P water. Analysis
electrostatic effects were modeled using the particle mesh was performed with cpptraj.*®
Ewald method.” A cutoff of 8 A was applied to Lennard-Jones Hamiltonian Replica Exchange Umbrella Sampling.
interactions. Production was run as ten 500 ns replicas for Hamiltonian Replica Exchange Umbrella Sampling (REUS)
monomeric -CD, free MT, and the monomeric MT:-CD simulations®” were performed with AMBER 22%° to estimate
inclusion complex (S ps), and as four S00 ns replicas for the the f-CD—MT binding free energy. Systems were equilibrated
nanosponge models (2 us). For MT:-CD, we considered using the same procedure described above for conventional
three different initial structures for a total simulation time of 15 MD simulations, with a 30 A buffer of TIP3P water molecules.
4662 https://doi.org/10.1021/acsomega.4c09367
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Figure 4. (A) 2D histogram of MT:-CD inclusion complex geometric arrangements along three S ys molecular dynamics simulations initiated
from three different geometries (15 ys in total). The x-axis is the distance between the center of mass of the glycosidic oxygens (O4) of -CD and
the center of mass of its bound MT in the initial geometry (heavy atoms). The y-axis is the radius of gyration of MT (heavy atoms). The three
geometries used as the starting point for the MD simulations are shown and their positions on the plot marked with red crosses. (B) Representative
structures of the most populated geometric clusters observed along the MD simulation of the MT:-CD inclusion complex. The population of each
cluster is shown as percentage of the simulation time. (C) Potential of mean force for MT unbinding from -CD with representative geometries of
higher energy local minima. $-CD is represented with blue lines and MT with yellow sticks; nonpolar hydrogens are omitted for clarity.

The unbinding coordinate was defined as the distance between
the centers of mass of the glycosidic (O4) oxygens of -CD
and that of the MT molecule. Fifty windows were used with a
0.5 A increase of the unbinding coordinate (from 1.3 to 25.8
A) and a force constant of 5 kcal mol™ A™2 Each window was
run for a total of 50 ns, and the first 2 ns were discarded as
equilibration, leaving a 48 ns sampling time. Molecular
dynamics simulations were run at constant volume and at
300 K using the SHAKE™ algorithm and a 2 fs time step, with
a cutoff of 14 A for Lennard-Jones interactions. The Langevin
thermostat™ was used with a collision frequency y of 2.0 ps™.
Distance values for each window were written every 100 steps
(0.2 ps). Potentials of mean force were computed with the
Weighted Histogram Analysis Method as implemented in the
WHAM program.” The number of integration bins was set to
146 and the temperature to 300 K.

B RESULTS AND DISCUSSION

Conformational Analysis of Monomeric f-CD in
Solution. First, we performed extensive MD simulations of
the monomeric f-CD in solution (S us) to analyze its
conformational landscape in the absence of a guest using the
GLYCAM-06j force field”” for f-CD and three water force
fields (OPC3»,29 OPC,*® and TIP3P31). A symmetric, quantum
mechanically optimized structure published elsewhere was
used as the starting geometry."’

We characterized the flexibility of the system collectively by
analyzing the distribution of the ¢ and y angles of the seven
chemically equivalent glycosidic bonds (Figure 2). The
distribution of ¢ and y values reveals multiple conformations
around the glycosidic bonds. This is in stark contrast with the
very rigid a-1,4 glycosidic bond in the simplest related
disaccharide maltose (with a unique conformation at ¢ ~
—40° and y ~ —30° see Figure S1) and in the many
crystallographic structures available for B-CD which are
restricted to a relatively small area of the ¢ space near
0°,0° (eclipsed conformation) driven by a network of
cooperative hydrogen bonds between the hydroxyl groups at
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C2 and C3." The two most populated bond conformations in
B-CD are centered at ¢p = —49°, y = —35° (exo-syn-out) and at
¢ = —=57° w = 150° (exo-syn-in). Here the out and in labels
refer to the orientation of the a-Glc hydroxymethyl group with
respect to the center of the $-CD cavity: outward and inward,
respectively. Sample frames from molecular dynamics corre-
sponding to these conformations are shown in Figure 2. The
remaining frames are distributed across three further clusters
spanning over other exo-syn and non-exo conformations. These
results are in line with previous computational and NMR
studies®™® that highlight the flexible nature of CDs, which is
deeply affected by solvent polarity,"" and the need of a
conformational ensemble to characterize their properties in
solution. Analysis of glucose conformation through the
puckering angles shows the expected behavior for a-glucose,
with 95% of the rings in *C, conformation (Figure S2).

Both global and individual glycosidic bond populations
obtained with different water force fields are shown in Figure
S1. Global populations are essentially identical, with deviations
of only up to 2%. All three force fields also show equivalent
distributions of individual glycosidic bond conformations
revealing that no more than two of them can simultaneously
be found in the exo-syn-in conformation, and that the seven
bonds show equal flexibility. Therefore, as we did not observe
any effect from the force field, we performed all subsequent
simulations with TIP3P; as a 3-points water model, it is more
computationally efficient than OPC (4-points) and has been
extensively used and validated in combination with GLY-
CAM. 2~ H

Monomeric Inclusion Complex. Next, we performed
MD simulations of the monomeric MT:3-CD inclusion
complex to characterize its host—guest interactions. MD
simulations were initialized from three different starting
geometries, named linear, foldedl, and folded2 (vide infra,
Figure 3). These structures, published elsewhere, feature a
symmetric f-CD geometry with ¢ and y values of —7 and 7°,
respectively, resembling the crystallographic eclipsed conforma-
tion and a variety of MT arrangements.l‘?”l‘*’45 For each starting
structure, we ran 5 ps MD simulations and analyzed the

https://doi.org/10.1021/acsomega.4c09367
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Figure 5. (A) Distribution of MT1, MT3 and MT6 distances from each of the seven -CD units of the f-CD-ns7c nanosponge model along the
four 500 ns MD replicas (rep 1 to 4). Distances are computed between the center of mass of the six glycosidic oxygens (O4) of each -CD unit and
the center of mass of MT computed using the heavy atoms. Each MT is color-coded according to the -CD unit it is bound to in the initial
geometry. (B) Selected frames from a single MD simulation (replica 2) illustrating MT’s spontaneous unbinding and rebinding to a different 4-CD.
Color coding matches panel A. MT units are shown as sticks, nanosponges as lines, and nonpolar hydrogens are omitted for clarity.

combined 15 us simulation collectively. Formation of the
inclusion complex shifts the conformational preference around
the glycosidic bonds depleting the exo-syn-out and exo-syn-in
conformations in favor of the eclipsed one. A sample frame
from the MD simulation of the inclusion complex is shown at
the top of Figure 3A in which MT is inserted at the f-CD
cavity with the cyclodextrin in an eclipsed conformation. Owing
to the steric hindrance imposed by the inserted MT and the
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depletion of water, glycosidic bonds favor the eclipsed
conformation when MT is fully bound. This is shown for a
sample frame of the MD simulation at the bottom of Figure
3A, where the exo-syn-in conformation can be attained only
upon partial MT unbinding. In the eclipsed conformation,
Figure 3B, the hydroxyl groups at positions 2 and 3 of
consecutive glucose units are optimally positioned to form
hydrogen bonds, while they are at larger distance in other

https://doi.org/10.1021/acsomega.4c09367
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Figure 6. Atom labeling for the interactions shown in Tables S3 and
S4 for nanosponges (top) and MT (bottom). Nonpolar hydrogen
atoms of MT are omitted for clarity. MT: melatonin, CA: citric acid.

conformations. Therefore, by populating the canonical eclipsed
conformation through MT binding, we observed an increased
hydrogen bond frequency between the hydroxyl groups at
positions 2 and 3 of consecutive glucose units compared to free
B-CD. Figure 3B shows the distribution of hydrogen bond
distances along the MD simulations of free f-CD and the
MT:$-CD inclusion complex; while in the former less than
one-fifth of the hydroxyl groups at positions 2 and 3 are
forming hydrogen bonds, this fraction rises to about half in the
latter.

We analyzed the geometric arrangement of the inclusion
complex using a 2D representation based on two geometric
descriptors: the radius of gyration (RoG) of MT, computed
using its heavy atoms, and the distance between the center of
mass of the six glycosidic oxygens (O4) of $-CD and the
center of mass of MT, also computed using its heavy atoms.
The coordinates of the initial structures in this two-
dimensional representation are shown as red crosses (Figure
4A). We observed a densely populated region at low MT—f-
CD distances (1—1.5 A) and high MT RoGs (~3.4 to 3.5 A).
This is close to the linear geometry, which indicates that the
MT remains extended and bound to $-CD through most of the
simulation.

We performed geometric clustering to characterize with
greater detail the conformations underlying the MT:3-CD

inclusion complex arrangement. We identified two clusters that
account for the 93% of the MD frames and correspond to two
alternative conformations of a linear inclusion complex sharing
the same MT RoG and MT—p-CD distance values. The
representative geometries of these clusters are shown in Figure
4B. The most populated cluster, accounting for roughly two-
thirds of the MD frames, is characterized by the insertion of
MT with the indole moiety of MT close to CS and C6 of a-
glucose units. In the second cluster, accounting for roughly
one-third of the frames, MT is inverted within the cavity with
its indole group close to C3 and CS of a-glucose units.
Analysis of the noncovalent interactions on a selected MD
frame representative of the first cluster (Figure S4) points to
CH-r interactions between -CD C(3)H and C(S5)H (both
fixed at axial positions) and C(6)H, (conformationally
flexible) and the indole ring as the driving force for MT
binding; this type of carbohydrate-aromatic interaction plays
an important role in the recognition of saccharides by
proteins.”® Average distances for these contacts along the
MD simulation of the inclusion complex are shown in Figure
S5 and are shorter for C(S)H than for C(3)H and C(6)H as a
consequence of the close contact of the MT indole group with
C(5)H in both clusters. Finally, we computed the unbinding
free energy using REUS simulations. The potential of mean
force (PMF) is shown in Figure 4C. We found two additional
shallow local minima, one at 0.6 kcal mol™" from the global
minimum, corresponding to the indole group buried in the f-
CD cavity and the amide group exposed to the solvent, and a
second one at 3.1 kcal mol™ in which MT interacts with the
outer surface of f-CD. The PMF tends to a dissociation energy
of 3.8 kcal mol™". This value is in good agreement (within 0.2
kcal mol™") with the experimental K, value of 871 M~ (AG, =
—4.0 kecal mol™") determined spectroscopically at pH 7.*” A
previous work*® based on calorimetric measurements indicates
a K, value of 48 M~ (AG, = —2.3 kcal mol™) at room
temperature; overall, these values concur in describing a weak
binding.

Nanosponges. We built nanosponge models with the
cyclic and acyclic topologies shown in Figure 1B,1C,
respectively. We ran MD simulations as four independent
500 ns replicas for each nanosponge model at maximum MT
loading (1:1 MT:-CD ratio). Loaded nanosponge geometries
were initialized with each -CD unit bound to a MT molecule
in the linear conformation, which is the optimized inclusion
complex geometry with closest resemblance to the arrange-

Figure 7. Examples of MT—nanosponges interactions from selected frames of the 7MT:$-CD-ns7c MD simulation characterizing alternative
arrangements to the monomeric inclusion complex. (A) MT is only partially inserted in a #-CD cavity and forming a hydrogen bond with a second
P-CD unit. (B) MT interacts with the external surface of two #-CD units. /-CD is shown as blue sticks, MT as yellow sticks, CS hydrogens as green
spheres and C6 hydrogens as pink spheres. Only the #-CD units involved in MT binding are shown for clarity.
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ment observed in the previous MD simulations. We also
performed MD for the same nanosponge models in the
absence of MT to provide a reference in terms of unbound
system flexibility.

Cross-linking has little effect on the intrinsic conformational
freedom of $-CD units. The distributions of ¢ and y angles for
both the loaded and free nanosponges are shown in Figures S6
and S7 and closely resemble those of the monomeric inclusion
complex and free -CD, respectively, with the only exception
of a reduction in the exo-syn-in population for the two free
nanosponges with cyclic topology (f-CD-nsSc and -CD-ns7c,
from 19 to 11-12%). As the exo-syn-in glycosidic bond
conformation is incompatible with melatonin binding in the
canonical inclusion complex arrangement due to steric
hindrance, the depletion of exo-syn-in conformations in the
free nanosponge models with cyclic topology compared with
monomeric #-CD might contribute to the binding affinity of
nanosponges through a larger average number of S-CD
hydrophobic cavities available for binding. The higher rigidity
of cyclic topologies is also reflected in lower RMSD values than
their acyclic counterparts both when loaded with MT and in
the free form (Table S1). The distribution of glucose ring
conformations remains essentially unaffected, with the *C,
conformation representing over 92% of the population in all
cases (Figures S8—S17).

We characterized MT-nanosponges interactions considering
both the residence time of MT and specific noncovalent
interactions responsible for binding. Table S2 shows how each
MT unit is distributed along the MD simulations. “CD” labels
refer to arrangements equivalent to the monomeric inclusion
complex, identified by a MT—f-CD distance <3 A. Frames
corresponding to “unbound” situations are identified as those
with both MT—p-CD distance >3 A and MT Solvent
Accessible Surface Area (SASA) > 350 A2 (threshold value
derived from MD simulations of free MT, Figure S19). The
remaining frames correspond to alternative arrangements in
which MT is bound to the nanosponges but not in a canonical
inclusion complex arrangement. Owing to their intrinsic
multivalency, nanosponges are expected to show a flexible
binding profile. Indeed, unlike the monomeric inclusion
complex in which MT remains buried at the CD cavity
along most of the simulation, our nanosponge models show a
dynamic binding behavior. In all cases, MTs evolve along
different arrangements through the simulation leading to
unbinding and alternative binding arrangements (noninclusion
complexes). The high variability observed across both different
nanosponge models and different MT molecules within the
same model suggests that nanosponges create a wide variety of
microenvironments that can lead to different binding
interactions. Comparison of acyclic and cyclic topologies
shows a similar average population of the canonical inclusion
complex arrangement (54% of the simulation time for acyclic
and 52% for cyclic topologies), and a higher population of
alternative binding arrangement in cyclic topologies (40% of
the simulation time vs only 30% in the acyclic ones). This is
attributed to a higher stabilization of alternative binding
arrangements in cyclic topologies owing to the formation of
stable binding cavities defined by the outer surface of f-CD
units and the cross-linker (vide infra, section Host—guest
interactions).

In the largest model with cyclic topology, 7MT:f-CD-ns7c,
we observe MT units switching positions by spontaneously
unbinding from the CD unit to which they are initially
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complexed and associating to a different one. This is a direct
observation of statistical rebinding, which is expected to endow
nanosponges with an entropic advantage in terms of binding
over monomeric -CD (Figure S). Statistical rebinding is a
well-known mechanism to enhance multivalency in carbohy-
drate—protein recognition.” Figure SA shows the evolution
along the four MD replicas of the distances of three MT
molecules (MT1, MT3, and MT6) from all the 5-CD units of
the 7MT:3-CD-ns7c system. While in replicas 1, 3, and 4 MTs
remain bound to their original #-CD unit, in replica 2 they
switch the local hosts in an exchange involving three MT
molecules.

The process is described through selected MD frames in
Figure SB. The process is initiated by MT6 leaving the CD6
cavity and occupying a pocket defined by the external surfaces
of CD3 and CDS. This is followed by the exchange of MT6
and MT1, and finally by MT3 binding into the empty cavity of
CD6. As a further corroboration, we also performed MD
simulations of the 1 MT:$-CD-ns7c complex, i.e., the same
cyclic nanosponge topology with a single bound MT molecule.
Again, we observed statistical rebinding with the MT molecule
spontaneously hopping between two adjacent S-CD units
(Figure S18 and Video S1), suggesting that this phenomenon
is intrinsic to nanosponges binding at different loadings.

Host—Guest Interactions. We then proceeded to analyze
the frequency of different types of contacts involved in MT
binding. We considered all CH-z and hydrogen bond
interactions between MT and the nanosponges, and classified
the contacts according to the type of atoms involved in the
interaction (Figure 6). The average number of contacts per
atom type in the frames that present an inclusion-like
arrangement are shown in Table S3.

CH-r interactions involving f-CD are the most frequent
ones both in the monomeric complex and in the nanosponges,
confirming that hydrophobic contacts are the leading enthalpic
driving force for MT inclusion-like binding. While C(5)H
dominates this type of interactions in the monomeric inclusion
complex, in the nanosponges they are more evenly distributed
among C(3)H, C(5)H, and C(6)H,, suggesting a higher
mobility of MT in the direction perpendicular to the S-CD
ring. MT polar groups show increased hydrogen bond
interactions with S-CD hydroxyl groups, which might pose
an additional enthalpic benefit. We attribute this increase to
the crowding induced by cross-linking, which raises the local
concentration of hydrogen bond donors and acceptors in the
proximity of bound MT molecules. Finally, we observe that
interactions with the cross-linker are negligible, demonstrating
that it is spatially separated from MT in the inclusion-like
arrangement.

We characterized the distribution of the same interactions in
the simulation frames classified as alternative MT binding
arrangements (noninclusion) in the nanosponges (Table S4).
In these noncanonical binding models we observe a reduction
of the CH-7 contacts involving f-CD C3 atoms, consistent
with a displacement of MT molecules from the center of the
cyclodextrin cavity, and an increase in CH-7 interactions
involving the more flexible hydroxymethyl group. Hydrogen
bond interactions are redistributed between MT polar groups
with an increase of those involving the NH group of the indole,
which is less buried than at inclusion-like geometries. Two
frames that exemplify these frequency shifts are shown in
Figure 7A,7B. In the first one, MT is interacting preferentially
with one $-CD unit but is only partially inserted, resembling
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the second energy minimum in Figure 4C. This geometry is
stabilized by a hydrogen bond involving the carbonyl of the
amide and a glucopyranose hydroxymethyl group. In this type
of geometry, CH-7 interactions are still dominant since the
hydrogens at CS and C6 are available for binding. In the
second frame, MT is simultaneously interacting with the
external surfaces of two f-CD units, resembling the third
energy minimum in Figure 4C. At this geometry, the indole
ring can form both CH-7 interactions and a hydrogen bond
through its NH with glucopyranose hydroxymethyl groups.
Interactions with the cross-linker are generally weak also in this
arrangement and limited to hydrogen bonding with the free
carboxylate. Overall, these results demonstrate that despite the
higher availability of polar groups in noninclusion arrange-
ments, the main driving force for MT binding is still van der
Waals interactions.

B CONCLUSIONS

We provide atomistic models of -cyclodextrin monomer and
related nanosponges cross-linked with citric acid with various
topologies, and investigate their conformational landscape both
in the free form and loaded with melatonin using molecular
dynamics simulations. We classify the sampled binding
arrangements characterizing the distribution of melatonin
between inclusion and noninclusion binding poses. We
demonstrate that despite differences in the local environments,
the main driving force for melatonin binding is CH-z
interactions between its indole group and B-CD units in all
arrangements. We observe statistical rebinding and propose it
as a mechanism for increased multivalency.
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