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ABSTRACT

Amphiphilic cyclodextrins spontaneously aggregate to form different supramolecular assemblies with
potential applications in drug release. Herein, we employ extended molecular dynamics simulations in
order to characterize the structure and dynamics in explicit solvent of several amphiphilic derivatives
of the B-cyclodextrin (B-CD) molecule, with aliphatic chains ester-bound to the wide rim of the
hydrophobic cavity. We also study the binding properties considering a typical guest (diazepam) and
the dimerization of these macrocyclic systems, assessing the relative stability of the complexes by means
of end-point free energy methods. Different lengths (C4, C;o, and C;4 atoms) are considered for the alkyl
side chains included in the amphiphilic B-CD-C, molecules. According to the simulations, the length of
these C, moieties determines the complexing and aggregation capabilities of the B-CD-C, systems.
Compared to the native B-CD, the alkyl side chains in the B-CD-C,, molecules destabilize the inclusion
complexes with diazepam and hinder the access of guest molecules to the hydrophobic cavity. In turn,
dimerization is favored in the largest amphiphilic derivatives associated to the hydrophobic interaction
between the C, fragments.

© 2022 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND

license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Cyclodextrins (CDs) are cyclic oligosaccharides formed by a
variable number of a-D-glucopyranose units connected by o(1-
4) glycosidic linkages [1]. The natural or native molecules comprise
o-CD, B-CD, and y-CD with six, seven, and eight sugar units, respec-
tively. In the solid state, CDs resemble a truncated cone with a cen-
tral hydrophobic cavity lined by the hydrophilic hydroxyl groups
[2]. The secondary alcohols bound to C2 and C3 (see Scheme 1)
delimitate the wide rim or wide entrance to the cavity (also termed
secondary side or head), while primary alcohols in C6 outline the
narrow edge (the primary side or tail). Intramolecular hydrogen-
bonds between the secondary hydroxyl groups of adjacent sugar
rings are supposed to stabilize the conical conformation observed
in the crystal structures. However, in solution, CDs are flexible
molecules that display distorted toroidal conformations. This flex-
ibility partly arises from the rotation around the glucosidic links
that allows the tilting inwards of one or several glucose rings [3,4].

CD molecules present unique binding properties that explain
their multiple applications. They are used as complexing agents
to stabilize and protect sensitive substances, and to mask pigments
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or ill smell and taste compounds [5]. In the pharmaceutical indus-
try, CDs are employed to improve the solubility, bioavailability,
and stability of drugs [6]. In these applications, CDs are assumed
to form inclusion complexes with partially hydrophobic molecules,
where the whole guest molecule or some part of it is placed within
the inner hydrophobic cavity of the host [7]. CDs also form non-
inclusion complexes with other molecules mainly linked to the
presence of aggregates, which result from the self-association of
several CD units [8,9].

CD aggregation in solution has been invoked to explain some
thermodynamic properties, like the abnormally-low solubility val-
ues of B-CD presumably due to the unfavorable interaction of the
aggregates with the hydrogen bond network of bulk water [10].
According to light scattering and cryo-TEM experiments, B-CD
monomers aggregate in water at room temperature in
differently-shaped particles (60.0-120.0 nm in size) with critical
aggregation concentrations well below its solubility limit [11,12],
the extent of aggregation increasing with CD concentration and
being enhanced upon inclusion complex formation [13]. Potential
of mean force (PMF) calculations for the complexation of two B-
CD monomers have also shown that the geometry and stability
of the dimer are affected by solvent and influenced by the presence
of a guest bound within the central cavity. [14] However, it has
been also noticed that, although dynamic light scattering by aggre-

This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).


http://crossmark.crossref.org/dialog/?doi=10.1016/j.molliq.2021.118457&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/
https://doi.org/10.1016/j.molliq.2021.118457
http://creativecommons.org/licenses/by-nc-nd/4.0/
mailto:diazfnatalia@uniovi.es
https://doi.org/10.1016/j.molliq.2021.118457
http://www.sciencedirect.com/science/journal/01677322
http://www.elsevier.com/locate/molliq

D. Sudrez and N. Diaz

B-cyclodextrin

Journal of Molecular Liquids 349 (2022) 118457

Tail
(primary face/narrow rim)
R 2

(secondary face/wide rim)

Scheme 1. Schematic representation of B-CD and B-CD-C4,

gates of natural CDs is intense, their molar fraction in solution
would be residual when compared to that of free CDs (e.g,
0.0002% for 10 mM B-CD at 25 °C) [15]. Similarly, different nuclear
magnetic resonance (NMR) experiments have ruled out the pres-
ence of well-defined dimers or aggregates for o, B, and y-CD
[16,17], and established a upper limit for their abundance (less
than1%). Therefore, the actual stability, structure and relevance of
the dimer and/or larger aggregates of the most common natural
CDs are still a matter of debate.

The properties of natural CDs can be improved by introducing
different substitutions at the exposed primary and secondary alco-
hols of the glucosyl units. For instance, the unfavorable low aque-
ous solubility and high nephrotoxicity observed for B-CD are
effectively overcome in the hydroxypropyl-p-CD derivative [7].
However, these chemically modified CDs often present mixtures
of positional and regional isomers with a variable degree of substi-
tution depending on the reaction conditions. The amphiphilic
derivatives (CD-C,) are obtained by grafting aliphatic chains of
variable length (C,,) on the primary/secondary face of the glucopy-
ranose units of parent CDs by means of different bond types (ester,
ether, or amide). These amphiphilic CDs present better interactions
with biological membranes than the native CDs [18]. In addition,
guess molecules can be included in the CD-C,, cavity or entrapped
within their long aliphatic chains. The later has been confirmed in
NMR experiments showing that the chemical shifts of the protons
located within the B-CD-Cg cavity remained unaltered during pro-
gesterone binding [19].

A remarkable feature of amphiphilic CDs is that they sponta-
neously aggregate to form different supramolecular assemblies.
For example, B-CD-C, nanoparticle suspensions have been pre-
pared with concentrations as low as 1.5 mg/mL. [20] The structure
of these B-CD-C, aggregates depends on the chemical nature of the
grafted chains, the location of the substitution, the chain length,
and the degree of substitution [20,21]. Concerning the binding
capabilities of these self-assembled structures, nanoparticles
formed by B-CD-C;o molecules have been observed to entrap drugs
like diazepam (Dzp), a benzodiazepine drug with anxiolytic prop-
erties that is widely used for treating epilepsy, insomnia, and anx-
iety. Actually, diazepam is highly insoluble in water but its
bioavailability can be improved by cyclodextrin complexation
[22,23]. It forms relatively-stable 1:1 complexes with B-CD
(AG = —5.7 kcal/mol) [24,25], in which the unsubstituted phenyl
ring (Phe in Scheme 2) predominantly resides within the B-CD cav-
ity according to NMR and modelling results [26]. Diazepam bind-
ing to B-CD-Cyo aggregates occurs with a slight increase in the
size of the particles, what suggests that Dzp is at least partly

ClIPhe

dlazepme

Phe

Diazepam (Dzp)

Scheme 2. 2D structure of diazepam.

adsorbed on the nanoparticle surface. [27] However, release exper-
iments have pointed out that some drug molecules would be also
located within the nanostructures.

Herein, we aim to carry out a computational study of (a) the
complexing capability of B-CD and of three different amphiphilic
esterified derivatives (i.e., B-CD-C4, B-CD-C;q, and B-CD-Cy,) for dia-
zepam to shed light on the role played by the grafted aliphatic
chains on guest binding; (b) the structure and stability of the dimer
complexes of the same CDs to provide some evidence of their abil-
ity to form larger aggregates. The computational approach pursued
in this work is based on the experience gained in previous theoret-
ical works showing that long molecular dynamics (MD) simula-
tions in the ps range performed in explicit solvent, and the
inclusion of both enthalpic and entropic reorganization effects
are essential issues to obtain a good agreement between experi-
mental and computed data [28-34]. Thus, after some parametriza-
tion work, the dynamics of the selected B-CD-C, molecules is
sampled by means of 5.0 ps-long MD simulations and the results
compared to those previously obtained for the native B-CD [4]. In
this way, the influence of the aliphatic chains on the structure
and dynamics of the CD macrocycle can be revealed. A series of
MD simulations of various complexes formed with diazepam allow
us to examine the stability of different inclusion complexes and the
formation of alternative non-inclusion compounds. Finally, we
explore the ability of B-CD and the three selected B-CD-C, deriva-
tives to form homodimers considering two different initial
arrangements, head-to-head and tail-to-tail. Overall, the computa-
tional results provide new insight into the preferred binding modes
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that may be useful in future studies of the spontaneous self-
aggregation that characterizes the amphiphilic CDs.

2. Methods
2.1. p-CD-C,, parameterization

Initial coordinates for B-CD were obtained from the Cambridge
Structural Database (structure 1107195) [35]. For the amphiphilic
B-CD-C,, molecules, 02 alcohol groups in B-CD (see Scheme 1) were
replaced by ester-bound C4, Cqo, and Cy4 alkyl chains (i.e. O-CO-
(CHz)z—CHg, 0—CO—(CH2)3—CH3, and O—CO—(CH2)12—CH3) using the
tLEaP program included in the AMBER18 package [36,37]. Alkyla-
tion at the seven O2 positions was selected according to previous
results showing that thermolysin esterification of native B-CD pref-
erentially occurs at that secondary alcohol [38], and that the most
intense signal in matrix-assisted laser desorption/ionization mass
spectroscopy (MALDI-MS) analysis of the B-CD-C4, B-CD-Cyo and
B-CD-Cy4 derivatives corresponds to the seven substituted species
[39].

We employed the Gaussian09 package [40] to obtain the molec-
ular geometry and the electrostatic potential of the C4, C19, and Cy4
acylated glucose units capped with ~OCH3 and —CH3 groups at C1
and 04, respectively. We chose the ab initio protocol that is recom-
mended for parameter derivation in the AMBER18 package that
combines the Hartree-Fock (HF) method with the double-{ 6-
31G™ basis set [41]. The Gaussian09 output files were processed
with the antechamber program included in the AMBER18 package
[36] to build new residue representations for the esterified glucose
rings taking the atom types and charges for the glucose ring from
the GLYCAM-06;j force field [42]. Atomic charges for the 02 ester
group and the alkyl side chains were computed by charge fitting
to the HF/6-31G* electrostatic potential using the Restrained Elec-
trostatic Potential (RESP) methodology [43]. During the RESP cal-
culations, the total charge in the ester moiety was restrained to
fit the charge of the 02 alcohol group in the GLYCAM-06j
parametrization of the glucose unit.

2.2. Diazepam parameterization

Starting with the X-ray coordinates of diazepam (Dzp) [44], the
internal geometry was relaxed at the HF/6-31G* level of theory.
Using again antechamber, we assigned GAFF atom types [45] and
atomic charges for Dzp, which were built with the RESP methodol-
ogy and taking into account the HF/6-31G* electrostatic potential.
The Dzp ring adopts a boat conformation, which can interconvert
into its mirror image through a ring inversion process that has a
relatively high-energy barrier. To reproduce such barrier, we
refined all the dihedral and implicit torsion parameters involving
the Dzp ring atoms using the paramfit program [46] included in
AMBER18. To this end, we computed first the conformational path
connecting the two conformers by means of the Nudge-Elastic-
Band (NEB) method [47] as implemented in the ORCA package
[48]. The NEB pathway comprised 14 intermediate (nudge) struc-
tures and was optimized using a density-functional-theory (DFT)
method that combines the popular B3LYP functional with a large
triple-¢ basis set (cc-pVTZ), including also the Grimme dispersion
correction (D3)[49] with the Becke-Johnson damping function.
Subsequently, the energy profile was refined by means of single-
point RI-MP2/aug-cc-pVTZ calculations on the NEB structures. This
ab initio level of theory, which usually provides accurate conforma-
tional energies, gives an energy barrier of 17.9 kcal/mol in good
agreement with experimental data and former theoretical calcula-
tions [50]. The resulting energies and geometries were introduced
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into paramfit, which reoptimized the dihedral parameters applying
a least-squares fitting procedure.

2.3. Building of inclusion complexes

Models for the B-CD/Dzp inclusion complexes were generated
by considering different arrangements between the diazepam
molecule and the selected cyclodextrin. The size of the diazepam
molecule makes it impossible to place the whole guest within
the B-CD cavity, and only the phenyl ring or a part of the benzodi-
azepine moiety (Phe and CIPhe in Scheme 2) was considered to be
inserted into the host. In addition, the binding of diazepam would
occur through the wide rim or head (H), or through the narrow
entrance or tail (T). As a result, four different models were initially
built and simulated for the B-CD/Dzp inclusion complex (see B-CD/
Dzp(phe-tty, B-CD/Dzp(phe-ty, B-CD/DzP(ciphe-ny B-CD/DZpP(ciphe-ty i
Scheme 3). However only the two arrangements with the phenyl
ring bound within the B-CD cavity remained stable, in agreement
with previous results [26]. Thus, initial models for the inclusion
complexes formed between the amphiphilic B-CD-C,, and diaze-
pam were only generated by placing the unsubstituted phenyl ring
of the guest inside the host cavity. We considered that binding may
occur either through the tail (B-CD-C,/Dzp(r)) or through the acy-
lated head entrance of the host (B-CD-Cn/Dzpgy). Initial coordi-
nates for the different B-CD/Dzp complexes were obtained by
superposing the center-of-mass of the two molecules and aligning
their principal axes of inertia.

2.4. Building of the -CD dimers

As a first step in the modeling of cyclodextrin aggregation, we
considered homodimers formed by two units of -CD or two units
of the amphiphilic derivatives B-CD-C4, B-CD-C;¢, and B-CD-C4. For
these dimers, two arrangements were built that result from orient-
ing the monomers to interact thought the wide opening (head-to-
head, HH) or through the narrow rim (tail-to-tail, TT) of the
cyclodextrin ring. Initial coordinates for the different dimers (B-
CD/B-CD(HH), B-CD/B-CD(T[), B-CD-C4/[3-CD-C4(HH), etc.) were
obtained by rotating/translating one monomer with respect to
the other, using the tLEaP program and the parametrization previ-
ously developed for the amphiphilic B-CD-C, derivatives.

2.5. Molecular dynamics settings

The conformational phase space of the examined systems was
intensively explore by means of MD simulations in explicit solvent.
Each CD molecule, CD/Dzp complex or CD/CD aggregate was placed
within an octahedral box of TIP3P water molecules that extended
at least 14 A from the solute atoms [51]. Table S1 collects the size
of the equilibrated solvent box and the number of water molecules
contained in the different systems. Periodic boundary conditions
were applied to simulate continuous systems [52] and long-
range interactions were described by the Particle-Mesh-Ewald
method [53] with a grid spacing of ~ 1 A and a non-bonded cutoff
of 9 A. Water molecules were relaxed by means of energy mini-
mizations and 100 ps of MD at 300 K with the sander program in
AMBER18. The full systems were minimized and heated gradually
to 300 K during 60 ps of MD (constant NVT) with a time step of
1.0 fs. Subsequently, the systems were pressurized (1 bar) by run-
ning a 20.0 ns NPT simulation. During the MD simulations, Lange-
vin dynamics was employed to control the temperature with a
collision frequency of 2 ps~! and the length of all R-H bonds was
constrained with the SHAKE algorithm. In the NPT run, the pres-
sure of the system was controlled by a Monte Carlo barostat as
implemented in AMBER18 [36].
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Scheme 3. Binding modes explored for the inclusion complexes between B-CD and Dzp.

The production phase of the simulations comprised 5.0 s,
which were run at NVT conditions with a time step of 2 fs and
using the accelerated version of the pmemd code for Graphical Pro-
cessing Units [54,55]. Coordinates of the solute atoms were saved
for analysis every 2.5 ps and those of the solvated systems every
50 ps. For the unbound state of B-CD, we collected MD snapshots
from our previous simulation work [4] on the conformational
and entropic properties of o-, B- and y-CDs, which were run for
5.0 ps and using comparable MD settings. Structural analyses were
performed using the cpptraj module of AMBER18 [56]. The coordi-
nates of the B-CD atoms along the MD trajectories were clustered
using cpptraj with the average-linkage clustering algorithm and a
sieve of 50 frames. The distance metric between frames was calcu-
lated via best-fit coordinate root mean square deviation (RMSD)
using the two ether oxygens (04 and O5) and the five carbon atoms
(C1-C5) in the sugar rings, and the clustering was finished when
the minimum distance between clusters was greater than 1.5 A.
The solvent-accessible surface area (SASA) of the CD molecules
and their fragment contributions were computed using the linear
combination of pairwise overlaps (LCPO) method [57], as imple-
mented in cpptraj. The SASA, which measures the extent to which
solute atoms can form contacts with solvent, represents the locus
of the center of a spherical solvent molecule (1.4 A radius) as it
rolls over the van der Waals (vdW) spheres placed at the solute
atoms with Bondi radii. The Chimera visualization system was
employed to draw selected models [58].

To quantify the width of the CD cavity, we computed the radius
of accessibility (r,c), which is defined as the maximum radius of a
spherical ligand that can touch a set of auxiliary spheres tightly
packed in an octagonal disposition and located at the center of
mass of the CD ring [4]. For the r,.. calculations, we used the MSMS
program [59] to carry out fast computations of the molecular sur-
face and a Fortran program developed in house as described in pre-
vious work [60].

2.6. Energetic analysis of the MD trajectories

In a previous work, we have studied the performance of differ-
ent end-point free energy methodologies as applied to B-CD/guest
complexes [33]. Thus, in the present work, we estimated the rela-
tive stability of the various CD complexes using the protocol that
showed the best performance, which employs a semiempirical
quantum mechanical (QM) method to estimate the intrinsic stabil-
ity of solute molecules and their non-covalent complexes taking
into account electronic effects like polarization and charge-
transfer. The selected QM method provides also atomic charges
suitable to evaluate the electrostatic contributions to the solvation
Gibbs energy using a solvent continuum model. In particular, we
resorted to the DFTB3 version of the self-consistent charges density

functional tight-binding (SCC-DFTB) method [61,62], which is a
semiempirical QM method based on a second-order expansion of
the DFT total energy around a reference density. The DFTB3 Hamil-
tonian is expressed in terms of the so-called Slater-Koster param-
eters, whose values were selected from the 30B set, specifically
optimized for biomolecular calculations [63,64]. In addition, the
DFTB3 energy (Eprrgz) was augmented with a solvation energy
term which, in turn, comprises an electrostatic Poisson-

Boltzmann (PB) solvation energy (As,Ge.) as well as a non-polar
term Agy, G (solute-solvent dispersion & solute cavitation)

non—polar

depending on the surface area (SA) [65].
For each MD simulation, we selected 2000 snapshots and, upon
removal of the coordinates of water molecules, we computed the

DFTB3-PBSA energy of the solute atoms as

PB SA
GDFTB3/PBSA = EDFTB3 + AsolvGelec + ASGll/Gnonfpolar (1)

The DFTB3 energies were computed using the sander program
and complemented with dispersion and hydrogen-bonding correc-
tions [66] evaluated with the Cuby4 framework [67]. The non-
linear PB equation was solved on a cubic lattice by using an itera-
tive finite-difference method and taking modified Bondi atomic
radii assigned by the tLeap program and the Mulliken DFTB3
atomic charges of the solute atoms. We chose a grid spacing of
0.33 A, null ionic strength and building the dielectric boundary
as the contact surface between the radii of the solute and the
radius (1.4 A) of a water probe molecule. The internal and external
dielectric constant values i, = 1 and g, = 80, respectively, were
used in the PB calculations. The PBSA program in the AMBER suite
was used to calculate both the electrostatic PB energies and the
non-polar solvation terms.

The statistical uncertainty of the average values Gpras/pgsa Was
estimated by computing the block-averaged standard errors of
the mean (be). To this end, the MD snapshots were divided into
segments (“blocks”) with a block size M that corresponds to a
quarter of the total number of frames.

2.7. Absolute entropy calculations

Since host-guest binding processes normally involve large
entropy changes, we carried out absolute entropy calculations in
order to complement the DFTB3/PBSA energies and estimate bind-
ing free energies. To this end, we follow the approximation intro-
duced by Karplus et al. that describes the potential energy
surface of flexible molecules populating multiple conformational
states as a collection of disjoint harmonic wells [68,69]. In this
way, the absolute entropy S can be estimated as:
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S= §RRHO + Scanform (2)

where Sgrio is the average entropy over the set of energy wells
associated to the translational + rotational + vibrational degrees of
freedom. Each Sggpyo value is obtained by computing the MM Hes-
sian matrix of the corresponding energy-minimized structure and
applying statistical formulas derived within the rigid rotor and
harmonic oscillator (RRHO) approximations. On the other hand,
Sconform is the conformational contribution that arises from the dis-
crete probability distribution associated to the population of the

different minima. The vibrational term in Sggyo collects the entro-
pic contributions of small amplitude motions, while Sconform
accounts for the entropy arising from large amplitude internal
motions related to conformational transitions.

The RRHO entropy calculations were performed on the MD
snapshots extracted along the MD trajectories for the energetic
analysis. Prior to the normal mode calculations, the geometries of
the systems were minimized until the RMSD of the elements in
the gradient vector is less than 107% kcal mol~' A~!. To avoid
extensive changes in the internal geometry [70], the systems were
prepared by extracting, from the corresponding MD snapshots, the
coordinates of the solute atoms and those of a buffer layer of
waters with a ~ 6 A thickness around the solute atoms. During
the energy minimizations, the water molecules were fixed. Subse-
quently, the geometrical calculation of the Hessian matrix and the
normal mode calculations were restricted to the active region com-
prising the solute atoms. The geometry minimizations were driven
by the Truncated-Newton Conjugate Gradient method imple-
mented in the sander program and the normal mode calculations
were performed using a locally modified version of the nmode pro-
gram. The quasi-RRHO approximation [71] was applied to reduce
the overestimation of vibrational entropies associated to small-
frequency normal modes. A 1.0 M standard state concentration
was assumed for the translational entropy.

Conformational entropies (Sconform) Were calculated using the
CENCALC program [72]. This program selects a set of rotatable
dihedral angles using both trajectory coordinates and topology
information. It discretizes the time evolution of the selected dihe-
dral angles by evaluating their continuous probability density
functions (PDFs) represented by a von Mises kernel density estima-
tor, which depends on a concentration parameter ¥ (a k¥ = 0.35
value was chosen here). By finding the maxima and minima of
the PDF, the time series containing the values of the corresponding
dihedral angle during the MD simulation is transformed into an
array of integer numbers labelling the accessible conformational
states, which in turn is processed to estimate the rate of conforma-
tional change along the MD trajectory.

CENCALC calculates first unidimensional probability mass func-
tions and readily computes the marginal (first-order) conforma-
tional entropy of each dihedral. Correlation effects into Sconform
were estimated using an expansion technique, termed multibody
local approximation (MLA), which can be formally expressed as a
sum of conditional entropies [73]. Prior to the MLA calculations,
the internal rotations were categorized as having “fast”, “medium”
or “slow” conformational rates following the prescriptions that
have been previously described for CDs systems [4]. In this way,
the MLA entropy calculations included correlation effects between
dihedral angles belonging to the same group, leading thus to a sig-
nificant reduction in the number of conformational degrees of free-
dom that have to be considered. In addition, the bias of the MLA
entropy due to finite sampling was minimized by shuffling the ele-
ments of the arrays of integer numbers labelling the conforma-
tional states.
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3. Results and discussion
3.1. Molecular dynamics simulations of p-CD-C,

The conformational space sampled by the amphiphilic CDs was
first characterized in terms of the ¢ and W dihedral angles defined
for the rotation around the flexible glycosidic bonds between con-
secutive sugar rings. Fig. 1 shows the contour maps obtained for
the distribution of these ) (Hl(i)—Cl(i)—04(i_1)—C4(1_1)) and ¥ (Cl(i)-
04i-1)-C4(i-1-H4(i-1)) values in the p-CD and B-CD-C, systems. In
these plots, the symmetrical conformation with all the glucose
rings aligned almost parallel with respect to the CD ring axis corre-
sponds to ¢ and W values around zero. This (0°, 0°) region is not
highly populated in the contour maps and, accordingly, the perfect
toroidal conformation hardly arises during the MD simulations in
aqueous solution. Two or three peaks were observed in the (¢,
W) contour maps for the different B-CD-C, molecules, what con-
firms the intrinsic flexibility of the B-CD ring. The most populated
conformation, which appears at ¢ values around —50° in B-CD, is
shifted slightly upwards in the three g-CD-C, variants. The addi-
tional secondary peaks mainly result from the multimodal charac-
ter of the W distribution (see Fig. S1). Particularly, the peak located
at ¥ values around 150° in B-CD and B-CD-C4 results from the tilt-
ing inwards of some of the sugar rings. The presence of the alkyl
side chains in the amphiphilic derivatives somehow impedes such
inward tilting of the glucoses as confirmed by the progressive
decrease in the population of W values around 150° (see below).
In contrast, a new peak located at ¥ values around 50° becomes
populated in the B-CD-C, systems.

The ability to form inclusion complexes with guest molecules
and their stability clearly depend on the size of the central cavity
of the CD host. Fig. 1 also collects a histogram representation of
the radius of accessibility computed for the different p-CD-C, cav-
ities as explained in Methods. As expected, the presence of the
alkyl side chains in B-CD-C, reduces the accessibility to the central
cavity of the B-CD ring. The largest reduction occurs for B-CD-Cyo
that presents a very small average radius of accessibility (0.5 A),
derived from a high percentage of conformations (close to 35%)
with a completely occluded cavity. In addition, the distribution of
Tacc Values points to B-CD-Cyo as the most rigid system. B-CD-Cy
and B-CD-Cy4 present better accessibilities to the central cavity,
but they are still significantly reduced when compared to the one
computed for the unsubstituted B-CD ring.

To further characterize the conformations sampled by the
amphiphilic CDs in solution, Fig. 1 displays the last structure from
each simulation, while Fig. S2 presents the cluster representatives
of the most populated clusters obtained by considering the RMSD
values of the heavy atoms in the CD ring. Inspection of Fig. S2
shows the prevalence of distorted rings (i.e., that deviate from a
perfect toroidal arrangement) in all the B-CD-C, simulations. In
addition, the comparison of the abundances of the different clus-
ters with those previously reported for the unsubstituted p-CD
(see Table S2) [4] confirms the reduction in the flexibility of the
B-CD ring associated to the presence of the alkyl side chains.

The stiffening of the CD ring is particularly remarkable for B-CD-
C10, where most of the MD snapshots (75%) are included in the first
cluster. In the corresponding cluster representative, the C;o alkyl
side chain bound to the third glucopyranose unit (i.e. MD number-
ing) bends to enter the CD cavity through the wide opening with
the terminal methylene group exiting through the narrow rim. In
the rest of the B-CD-Cy( clusters shown in Fig. S2 and in the last
structure included in Fig. 1, only the central methylene groups of
chain 3 reside in the hydrophobic cavity. The time evolution and
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the average value of the molecular surface computed for the 1-7
alkyl side chains (see Fig. S3) confirms that chain 3 presents a sig-
nificantly reduced average molecular surface (52 A?) with a steady
time evolution during most of the B-CD-C;, simulation. Thus, once
a chain is properly bound within the central cavity of the B-CD-Cyq
ring, it is not easily displaced by the other alkyl fragments. This

placement of an alkyl side chain within the hydrophobic cavity
impedes the tilting inwards of the glucose rings and reduces the
¥ values around 150°.

The other two amphiphilic molecules, B-CD-C4 and B-CD-Cyq,
present a similar tendency to place their alkyl side chains within
the cavity, but with some particularities associated to their differ-
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ent lengths. Most of the snapshots in the B-CD-C,4 simulation pre-
sent one side-chain entering the cavity, but there is also a signifi-
cant percentage of frames with an empty cavity and opposed
sugar rings tilted inwards (see clusters 3 and 4 with populations
of 7.6% and 5.1% in Fig. S2). Moreover, the identity of the included
alkyl moiety changes along the B-CD-C, simulation (see Fig. S3).
For B-CD-Cy4, the long alkyl side chain allows chain 5 to cross the
cavity during most of the 5 ps of simulation time. Nonetheless,
the presence of the alkyl groups within the cavity is compatible
with some degree of flexibility in the backbone of the CD ring, as
confirmed by the presence of two major clusters with a similar
population (40% and 31%). We also observed that chain 5 exits
the cavity during the last part of the simulation (see the time plots
in Fig. S3), while chain 2 is placed in the vicinity of the cavity with-
out crossing it (see Fig. 1 and cluster 4 in Fig. S2¢).

To analyze the effect of the alkyl side chains on the solvation of
the B-CD ring, we characterized the solute-solvent H-bond con-
tacts involving the primary (06) and secondary (02 and 03) alco-
hol groups (see Table S3). We found that the alkyl side chains do
not perturb the hydration of the primary alcohols located at nar-
row rim, whereas the O3 secondary alcohols located at the wide
rim tend to give less interactions with water molecules as the
length of the alkyl side chains bound to O2 increases. For instance,
the average number of water molecules involved in 03.--H@Wat
contacts shifts from 4.9 for B-CD to 4.4, 3.5, and 3.1 for the B-CD-
C, derivatives with Cy4, Cyo, and Cy4 side chains, respectively.

3.2. p-CD/diazepam and B-CD-C,/diazepam inclusion complexes

Various relative orientations between B-CD and Dzp were con-
sidered for the initial inclusion complexes that differ in the identity
of the Dzp fragment included within the B-CD ring and in the
entrance door to the B-CD cavity. Thus, the chlorobenzene (CIPhe)
or the phenyl ring (Phe) bound to the central 1,4-diazepin-2-one
moiety in Dzp (see scheme 2) were alternatively placed within
the B-CD ring. In addition, the inclusion of the drug can proceed
through the head (H: the wide rim with the secondary alcohols)
or the tail (T: the narrow rim). As a result, four initial host-guest
arrangements denoted as B-CD/Dzpphe-n) B-CD/Dzpphe-1y, B-CD/
Dzp(ciphe-t), and B-CD/Dzp(ciphe-1) Were subject to extensive simula-
tion in order to analyze their structural stability and predict the
preferred binding mode (see Scheme 3 and Fig. S4).

During the four B-CD/Dzp simulations, the guest remains essen-
tially bound within the cavity of the host as indicated by the time
evolution of the distance between the centers of mass of the g-CD
and Dzp molecules, and the three Euler angles describing the ori-
entation of Dzp with respect to the B-CD ring (see Fig. S5). The
shortest average distance (2.0 A) is computed for the p-CD/
Dzp(phe-n) Simulation, and the time evolution of the Euler angles
confirms that Dzp maintains its initial position within the p-CD
ring during the whole trajectory (see Fig. 2a). However, along the
other three simulations (B-CD/Dzpphe-1), B-CD/Dzpciphe-n), and B-
CD/Dzp(ciphe-1y), the initial host-guest arrangement evolved as
indicated by the significant changes of the B-CD---Dzp distance/
Euler angles. To provide further details of the resulting B-CD/Dzp
structures, Fig. S6 displays snapshots extracted from the MD sim-
ulations at regular time intervals and the corresponding 6 angle
formed between the planes defined by the glycosidic 04 atoms
in B-CD and the Phe ring in Dzp. The eight structures collected from
the B-CD/Dzp(phe-n) trajectory (Fig. S6a) consistently display the
guest molecule bound through the CD head with the Phe group
well inserted within the B-CD cavity and oriented almost perpen-
dicular to the B-CD ring (6 ~ 90°). In contrast, Dzp changed its ini-
tial position at the tail during the second half of the p-CD/Dzpppe-T)
simulation (see the last three frames in Fig. S6b) and adopted a
similar configuration to that observed in B-CD/Dzpphe-n). The other
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two binding modes that initially placed the CIPhe fragment of Dzp
within the B-CD cavity were dynamically unstable. The guest
crossed the B-CD cavity at the very beginning of the B-CD/
Dzp(ciphe-ny and PB-CD/Dzp(ciphe-1y Simulations, to start sampling
states that formally corresponds to the initial B-CD/Dzp(phe-ry and
B-CD/Dzpphe-ny configurations, respectively (see Fig. S6). The Dzp
guest keeps its Phe ring inserted through the tail of the B-CD ring
during the whole B-CD/Dzp(ciphe-ny simulation, while it rotates at
the head of the host molecule placing either the Phe or the diaze-
pine ring within the hydrophobic cavity in the pB-CD/Dzpciphe-T)
trajectory (see Figs. S5 and S6). Therefore, the B-CD/Dzp simula-
tions safely discard the binding of the chlorophenyl moiety of
Dzp within the B-CD cavity.

Taking into account the results obtained from the four B-CD/
Dzp simulations, only the complexes with the Phe group inserted
at the head or at the tail of the B-CD-C, cavity were prepared for
the simulations of the amphiphilic derivatives. The simulations
were termed as B-CD-Cn/Dzpgy and B-CD-C,/Dzp(r), respectively.
Fig. 2 presents the time evolution of the distance between the cen-
ter of mass of the B-CD-C, ring and the Dzp guest for selected sim-
ulations, while the complete set of B-CD-C,/Dzp distances and the
dial plots of Euler angles are included in Fig. S7. In addition, Figs. 2
and S8 display representative structures of the solute molecules
extracted from the different simulations.

According to our results, the presence of the alkyl side chains
significantly destabilizes the inclusion complexes formed by the
B-CD-C, hosts with Dzp. For example, the average distance
between the center of mass of the B-CD ring and the guest
increases from 2 to 3 A in the p-CD/Dzp trajectories to values of
3.6 A and higher for the amphiphilic derivatives (see Figs. 2 and
S7). In addition, the Euler angles show frequent shifts that indicate
the tumbling of the guest along the B-CD-C,/Dzp simulations (see
Fig. S7). The inclusion of Dzp at the tail of the B-CD-C, ring is not
favorable in any case. Only in the B-CD-C4/Dzp(ry simulation, the
initial binding mode remained stable during the first 1.3 ps. Then
the guest unbinds and moves to the head of the B-CD-C4 ring,
where it oscillates between forming real inclusion complexes (i.e.
with the Phe group inserted in the hydrophobic cavity) and those
where Dzp interacts with the alkyl side chains at the head entrance
(see 0 values in Fig. S8b). Increasing the length of the C, chain
results in a faster expulsion of Dzp from the tail of the amphiphilic
host, the guest molecule being replaced by one alkyl side chain (see
the time plots in Figs. S7d, S7f, S9d and S9f). Moreover, the large
and flexible Cyo and Cy4 alkyl side chains impede the diffusion of
the expelled Dzp and its binding at the head of the g-CD-C, ring
during the 5 ps of the B-CD-Cy/Dzp(ry and B-CD-Cq4/Dzp(t) simula-
tions. Along these trajectories, the guest only interacts with the
alkyl side chains forming side complexes (i.e., outside the B-CD
hydrophobic cavity; see Fig. S8). On the other hand, the inclusion
complexes in which Dzp is initially bound through the head of
the B-CD-C, host seem to be structurally more stable. The Phe
group of the guest remains roughly included within the CD ring
during the B-CD-C;4/Dzpy) simulation, while it fluctuates between
an included and a partially excluded position in the f-CD-C4/Dzp)
trajectory. At the end of the B-CD-C;o/Dzp(y) simulation, the Dzp
molecule is displaced from the CD hydrophobic cavity by an alkyl
side chain (see chain 5 in Fig. S9c) and it remains partially entan-
gled within the rest of the chains (see Figs. S7c and S8c). This
and the rest of MD results derived from the B-CD-C,/Dzp simula-
tions strongly suggest that the inclusion complexes would be ener-
getically much less stable than those of the parent p-CD.

We also assessed the impact of the Dzp molecule on the solute-
solvent contacts formed by B-CD and B-CD-C,. With respect to the
unbound B-CD state, Dzp binding slightly increases the solvation of
the primary alcohol groups located at the tail and simultaneously
decreases solvent interactions with the secondary alcohols at the
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head of the host molecule (see Tables S3 and S4). For instance, the
average number of water molecules interacting with the B-
CD@OG6H groups increases from 5.4 to 5.8-5.9 in the presence of
the Dzp guest, while the water molecules H-bonded to B-
CD@O2H/O3H decreases from 6.3/5.5 to 5.2-5.5/3.0-3.6 in the
different B-CD/Dzp simulations. This trend is also observed for
B-CD-C,4. In contrast, the presence of Dzp has an almost negligible
influence on the solvation of the different alcohol groups in the
B-CD-Cyo and B-CD-Cy4 hosts.

3.3. p-CD/Dzp and B-CD-C,/Dzp binding energies

The binding free energy components estimated for the B-CD/
Dzp complexes are collected in Table 1. The AGpgraspesa and -
TASgruo values result from the difference of the average Gprrss/pesa
and S descriptors derived from three independent simulations
(the isolated B-CD and Dzp molecules and the B-CD/Dzp complex).
Similarly, the T-weighed conformational entropy change, ~-TAS,n-
form, 15 Obtained by subtracting the limiting values of Scynform after
5.0 ps in the three independent MD trajectories. To help interpret
the energetic results, Table 1 gives also the abundances of the
inclusion binding modes observed during the MD simulations.
Such values correspond to the population of cluster representatives
that show different host-guest orientations as obtained from clus-
tering calculations considering a 1.5 A cutoff in the RMSD value of
atoms C1, C4, and 04 in the host and the C, N, and O atoms in Dzp.

For the unsubstituted B-CD, the global AG scorings are very
similar, ranging between —5.3 and —6.2 kcal/mol, with statistical
uncertainties below 0.8 kcal/mol. The relatively large magnitude
of these AG values is consistent with the structural stability and
preferred binding modes observed in the simulations. The lowest
one corresponds to the p-CD/Dzpphe-n) trajectory, which exhibits
a single binding mode (100% abundance) characterized by the
placement of the guest at the head entrance of the B-CD ring with
its Phe group well included within the hydrophobic cavity (see
Fig. 2). The structurally similar B-CD/Dzp(cipne-) Simulation turns
out to be slightly less stable (AG = -5.3), probably due to the
exchange between the Phe and diazepine rings within the p-CD
cavity. Considering the binding through the B-CD tail, which is
dominant in B-CD/Dzpciphe-ny and also present in the p-CD/
Dzp(phe-1) simulation, the values in Table 1 suggest that this bind-
ing mode would be slightly less stable (~0.2-0.9 kcal/mol) than
that involving the Phe binding at the head entrance.

Experimentally, the standard AG value reported for the B-CD/
Dzp complex amounts to —5.7 kcal/mol, as obtained by means of
non-linear fitting to solubility data of Dzp in aqueous solution at
varying concentrations of B-CD [74]. The most favorable AG value

Table 1
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in Table 1 (-6.2 kcal/mol) is quite close to the experimental value.
Taking into account that end-point free energy calculations usually
overestimate binding free energies for protein-ligand or host-
guest complexes owing to their intrinsic limitations (e.g. unbal-
anced enthalpy/entropy estimations) [75], the good agreement
between our calculations and the experimental value may partially
result from cancelation of errors. In any case, the free energy rank-
ings expressed in terms of relative AAG values usually have a sig-
nificant predictive capacity [76] and, therefore, we focus on the
AAG trends in the unsubstituted B-CD and in the esterified deriva-
tives. In this respect, the presence of the alkyl side chains in the
amphiphilic B-CD-C,, derivatives systematically reduces the AG
scorings by ~6 or ~11 kcal/mol (see Table 1). Such energetic desta-
bilization is in consonance with the loose/variable intermolecular
contacts and frequent host-guest separation events observed in
the B-CD-C,/Dzp MD trajectories.

The AG values in Table 1 may also illustrate some interesting
aspects of the host-guest interactions and the role of the alkyl
chains in the B-CD-C,/Dzp complexes. On one hand, Dzp binding
to B-CD-Cyg is favored by the Sconfrm Changes in contrast with the
case of the C4 and Cy4 derivatives. This entropic effect is due to
the low conformational variability observed for the isolated B-
CD-C;o molecule, in which one C;q alkyl chain fully occupies the
B-CD cavity on the s time scale. The self-inclusion arrangement
is perturbed by the presence of the Dzp guest, increasing thus
the flexibility of the B-CD-C;o moiety. On the other hand, it is clear
that the B-CD-C, monomers have little affinity for prototypical
guests like Dzp, the actual AG value being clearly positive for B-
CD-C4. According to the AG estimations, the inclusion complexes
would be favored in the presence of large alkyl side chains (1.0 + 1
.2 kcal/mol in B-CD-C4/Dzp). However since the Dzp guest did not
access spontaneously to the B-CD cavity along the extensive 5.0 ps
B-CD-Cy4/Dzp(r) simulation, it turns out that the complex dynamics
of the long and flexible C, moieties may hamper the diffusion of
guest molecules within the B-CD ring, exerting thus a certain
kinetic control of the binding process.

To better understand the negative impact of the B-CD trans-
esterification on the Dzp binding ability, we estimated the DFTB3
and PBSA deformation energies of the B-CD-C, molecules upon
the complexation process (see the AgeEprras and Age/Gppsa data in
Table S5). We found that structural rearrangements in the host
molecules penalize the formation of the p-CD-C,/Dzp complexes,
resulting in relatively large values of AgeEprrps ranging from +4
to +25 kcal/mol depending on the trajectory (the equivalent Age-
Gppsa values fluctuate between —3 and 2 kcal/mol). In contrast,
the rearrangement of the CD molecule favors Dzp binding to the
native p-CD as indicated by AgefEprras values about —17 kcal/mol,

Average values (in kcal/mol) of the gas-phase plus solvation (AGprras/pssa) and entropy (—T-ASgrro and — T-ASconform) contributions to the binding free energies (AG) computed
for the different -CD/Dzp and B-CD-C,,/Dzp simulations. Numbers in parentheses correspond to the block-averaged standard errors of the mean. Abundances (%) of the inclusion

binding modes as derived from clustering analysis are also given.

MD trajectory (! % Inclusion binding mode AGprrp3/pesa —T-ASgrro —T-ASconform AG

B-CD/DzP(phe.tr) Phe(Dzp) at Head-CD (100%) ~24.0 (0.3) 14.9 (0.1) 2.9 ~6.2(0.3)

B-CD/Dzpppe.t) Phe(Dzp) at Tail-CD (64%) -22.0 (0.6) 15.0 (0.2) 1.7 ~5.3(0.6)
Phe(Dzp) at Head-CD (29%)

B-CD/Dzp(ciphe-n) Phe(Dzp) at Tail-CD (100%) -22.4(0.4) 14.7 (0.3) 1.7 ~6.0 (0.5)

B-CD/Dzp(ciphe-1) Phe(Dzp) at Head-CD (74%) -23.0 (0.8) 14.5 (0.1) 3.2 ~5.3(0.8)
Diazepine(Dzp) at Head-CD (24%)

B-CD-Ca/Dzp) Dzp at Head-CD (52%) ~17.1 (2.1) 15.6 (0.4) 5.2 3.7 (2.

B-CD-Ca/Dzp(r,) Dzp at Head-CD (39%) ~14.0 (2.7) 15.4 (0.2) 3.5 49 (2.7
Dzp at Tail-CD (27%)

B-CD-Cy0/Dzpn Dzp at Head-CD (37%) ~10.5 (1.7) 15.2 (0.3) -33 14(1.7)

B-CD-C10/Dzp(r,) Dzp at Tail-CD (9%) ~8.4(24) 15.4 (0.4) 57 1.3 (2.4)

B-CD-C14/Dzpw, Dzp at Head-CD (99%) ~19.3 (0.9) 15.3 (0.8) 5.0 1.0(1.2)

B-CD-C14/Dzp(r) Dzp at Tail-CD (1%) ~13.0 (0.8) 15.6 (0.6) 2.3 49(1.0)

(D MD labelling denotes the initial host-guest arrangement. See text and Fig. S4 for details.
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which are not compensated by Age/Gpgsa values about +9 kcal/mol.
We found that this energetic preference can be explained in terms
of the rigidifying effect played by the small Dzp molecule on the B-
CD macrocycle that, in turn, favors the formation of intramolecular
H-bonds among the secondary hydroxyl groups of consecutive
residues. For example, the abundance of R@0O3H.--02@R;,; con-
tacts between consecutive sugar units augments from 8-10% (p-
CD) to 32-39% (B-CD/Dzp(phe-ny).- However, the flexibility of the
CD macrocycle in the B-CD-C,, molecules is more largely influenced
by the C, alkyl chains, whose intramolecular packaging is per-
turbed by the presence of Dzp, explaining thus the AgeEprrss
penalty.

3.4. MD simulations of the -CD and B-CD-C,, homodimers

According to the packaging of native CDs in crystal structures
[9], the B-CD monomers in the dimer states may adopt a
channel-type (i.e. parallel rings with the cavities aligned), a layer-
type (i.e. parallel rings with the cavities not aligned), a cage-type
(i.e. perpendicular rings), or an intermediate V-type geometry
(see Scheme 4). We considered two limiting channel-
arrangements in order to build the initial geometry of the dimers
and to facilitate the sampling of intermediate arrangements during
the 5 ps-long MD simulations. Thus, in the head-to-head dimer
(HH), the secondary rims or wide edges of the CD cones (see
Scheme 4) are initially facing each other, while the primary rims
or narrow edges are face-to-face in the initial tail-to-tail dimer
(TT). These resulted in the p-CD/B-CDuny, B-CD/B-CD(rr), B-CD-Cy/
B-CD-Cynn),  B-CD-Cy/B-CD-Cyrry,  B-CD-Cio/B-CD-Ciomny B-CD-
C10/B-CD-Cio(rry B-CD-Cy4/B-CD-Cyaepy and B-CD-Cq4/B-CD-Cigrm
initial dimers. Fig. 3 shows the time evolution of the distance
between the center of mass of the B-CD rings in selected simula-
tions and the corresponding histogram representation of the 6
angle between the planes defined by the glycosidic 04 atoms in
each CD ring. Further MD results like the time evolution of the
Euler angles for the relative orientation of both CD rings and the
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contact surface area between the two CD monomers are presented
in the SI for all the B-CD/B-CD and B-CD-C,/B-CD-C, simulations
(Figs. S10-S15).

According to the evolution of the CD--CD distances (see
Fig. S10) and the contact area values (see Fig. S11), numerous tran-
sitions between the dimer and the separated monomers occur dur-
ing the B-CD/B-CD(un)y and B-CD/B-CD¢rry simulations. Although
some dimer « monomer transitions are also observed in the -
CD-C4/B-CD-Cyrry trajectory (see Fig. 3), the presence of the alkyl
side chains in the B-CD-C,, molecules tends to favor the dimer state,
which is in general perfectly stable in the case of the B-CD-C;o and
B-CD-Cy4 systems. The average CD---CD rings distance in the dimers
increases with the length of the alkyl side chains, from 7 A as mea-
sured in the steady portions of the B-CD/B-CD simulations to 10,
15, and 22 A obtained for the B-CD-Cy4, B-CD-Cqq, and B-CD-Cy4
dimers, respectively, as a consequence of the involvement of the
alkyl side chains in B-CD-C, in the dimer binding. As expected,
the magnitude of the contact area between the two monomers
augments significantly with the size of the monomers (see
Fig. S11). Moreover, it turns out that the dimers become much
more compact with the lengthening of the alkyl side chains given
that the percentage ratio between the contact area and the total
monomer areas increases from ~25% in the p-CD/B-CD simulations
to ~40% in B-CD-C4/B-CD-Cq4, what suggest that an important
hydrophobic effect may be at work for the larger dimers.

The conformation of the macrocyclic rings is moderately
affected by the dimerization process as shown by the comparison
of the ¢/W contour maps obtained from the simulations of the
dimers (Fig. S12) and those of the monomers (Fig. 1). In the B-
CD/B-CD dimer, it seems that one of the monomers is more dis-
torted than the other one (CD2 in the B-CD/B-CDyyy simulation
and CD1 in the B-CD/B-CD¢rry trajectory). For the B-CD-C4 dimers,
both monomers are similarly distorted in the B-CD-C4/B-CD-Cy4
uny trajectory and they remain essentially unchanged in the B-
CD-Cy4/B-CD-Cy(rry simulation. The B-CD ring moieties seem slightly
distorted in the B-CD-C;q and B-CD-C,4 dimers, albeit more accen-

head-to-head

(HH% V-type

tail-to-tail
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Scheme 4. Alternative arrangements for the B-CD/B-CD dimers and their amphiphilic derivatives.
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Fig. 3. Time evolution of the distance (A) between the center of mass of the B-CD rings (C1, C4, and 04 atoms) in selected p-CD-C,/B-CD-C, simulations. Histogram
representation for the angle 0 (°) between the planes defined by the glycosidic 04 atoms (green-blue discs in the images). Average values (p) and standard deviations (G) are
also provided. Last structure from simulation with CDs represented by a stick model (without Hs) enclosed by its molecular surface (transparent grey for CD1 and transparent

brown for CD2). Water molecules are omitted for clarity.
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tuated along the B-CD-C,o/B-CD-Cqq¢rr trajectory. As in the case of
the isolated monomers, the inward tiltering of the glucose rings is
largely impeded in the B-CD-C;¢ and B-CD-Cy4 dimers (as shown by
the lack of W peaks around +150°), signaling thus the inclusion of
the large alkyl side chains within the B-CD cavity.

The relative orientation of the CD rings in the dimers is quite
flexible and exhibits particular features in each trajectory. Such
variability can be glimpsed in the Euler plots in Fig. S10 as well
as in Fig. S14, which represents MD snapshots extracted from the
different B-CD/B-CD and B-CD-C,/B-CD-C,, simulations at regular
intervals, and in Fig. 3, which displays the last structure obtained
from the selected simulations. To better characterize the dimer
arrangements, the histograms of the 6 angle between the two CD
rings were also calculated (see Figs. 3 and S13).

In the case of the native p-CD, the initial HH and TT channel-
type geometries were lost in favor of the most abundant head-
to-tail (HT) V-type arrangement. In most of these HT V-type orien-
tations, a primary -CH,OH alcohol group from one of the mono-
mers is included within the wide rim of the other monomer (see
for example the 625 ns snapshot in Fig. S14a). The identity of the
included primary alcohol changes during the B-CD/B-CDyy) and
B-CD/B-CD¢rry simulations. V-type geometries with HH and TT ori-
entations also arise during the simulations (see frame at 4375 ns in
Fig. S14a and frame 1250 ns in Fig. S14b). In addition, cage-type
geometries with both CD rings arranged almost perpendicular
(6 > 70°) and presenting one CD molecule slightly included at the
head (wide rim) of the other molecule are observed in the B-CD/
B-CD simulations (see frames at 1250 ns and 3750 ns in
Figs. S14a and S14b, respectively). Such structural variability is also
evident in the histogram representation of the 0 angle (see Fig. S13)
and further confirms that the dimer state of the B-CD is highly flex-
ible. In line with the presence of these multiple arrangements
between both B-CD molecules, solvent interactions at the primary
and secondary alcohols are reduced in the dimer state compared to
that in the monomer (see Tables S3 and S6).

The alkyl side chains bound to the O2 secondary alcohols in the
wide rim of the B-CD-C, molecules select particular configurations
for the dimers. In general, the B-CD-C, dimers populate a variety of
HH conformations during the MD simulations, the initial TT
arrangements in the p-CD-C,/B-CD-Cp(rt) dimers being lost rapidly.
Therefore, the interactions among the alkyl side chains located at
the head of the two rings drive the aggregation of the amphiphilic
B-CD-C, molecules. Not only the length of the alkyl side chains
influences the particular geometry of the dimers, but the initial
arrangement, either HH or TT, also determines the population of
different phase-space regions. On the one hand, the initial HH ori-
entation, which is favorable for the formation of hydrophobic con-
tacts among the alkyl chains, undergoes moderate fluctuations
along the MD trajectories, resulting in HH V-type configurations
characterized by relatively narrow distributions of the plane-
plane 0 angles peaking at small values (~10-30°). On the other
hand, the starting TT structure is not adequate for the hydrophobic
packaging of the monomers so that the B-CD-C,, monomers reori-
ent themselves to give a variety of HH structures ranging from
small-angle V-type to cage-like or layer-type structures, as
observed in the wide and multimodal distributions of the 6 angle,
with maxima being located at ~30, ~50 or ~80° depending on the
system. These general features are again modulated by the length
of the C, chains. For example, the 3-CD-C;o/B-CD-Cyo(rt) populates
two nearby V-type configurations with 0 values around 25 and 45°,
which remain quite flexible as shown by the instantaneous fluctu-
ations of 0. Perhaps of more interest is the case of the B-CD-Cy4/B-
CD-Ci4nny and B-CD-Cy4/B-CD-Cq4¢1T) trajectories, which converge
both towards the same nearly-parallel and compact HH alignment
having 6 values around 10°. These complexes show well-extended
and intertwined alkyl-chains, resembling thus an elongated bilayer
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structure. Interestingly this elongated dimer structure allows a
good solvation of the alcohol groups in the B-CD-Cy4 rings as mea-
sured by the average number of water molecules interacting with
those groups that is roughly the same in the dimer and in the
monomer states (see Tables S3 and S6). In contrast, the Cqq side
chains in B-CD-C;o/B-CD-Cy( adopt a twisted conformation so that
the global structure is more spherical and the hydration of the sec-
ondary alcohol groups (03) is slightly reduced compared to that in
the monomer.

The alkyl side chains in the B-CD-C, molecules tend to occupy
the hydrophobic cavity of the B-CD ring. In the dimer state, this
can be achieved by self-inclusion or mutual-inclusion. We observe
that the mutual-inclusion of one or two C, side chains predomi-
nates in the B-CD-C4/B-CD-Cypyy simulation, while the self-
inclusion is more abundant in the B-CD-C4/B-CD-Cycrry trajectory.
The identity of the included fragments changes during the simula-
tions, which confirms the flexibility of the B-CD-C4/B-CD-C,4 aggre-
gate. Due to the limited length of the C, side chain, the radius of
accessibility to the central cavity in B-CD-Cy4 is similar in the mono-
mer (1.0 A) and in the dimer states (0.8-0.9 A in Fig. S15). Enlarg-
ing the alkyl side chains to C;g and Cy4 rises the occurrence of self-
inclusion in one of the CD molecules of the dimer, which correlates
with the reduced accessibility to the corresponding hydrophobic
cavity (see rq. values in Fig. S15). The other CD molecule remains
accessible through the narrow rim (tail) with average r,. values of
0.8-1.1 A in B-CD-Cy0/B-CD-Cyo and of 1.8-1.9 A in p-CD-Cy4/p-CD-
C14.

3.5. p-CD and p-CD-C, dimer binding energies

Table 2, which collects the various energy terms computed for
the B-CD and B-CD-C, dimers, shows that the intermolecular inter-
actions and solvent effects favor dimerization while the global
entropy changes penalizes aggregation. With respect to the ener-
getic analysis of CD/Dzp complexes, more sophisticated entropy
calculations including explicit solvent contributions would be
probably required to obtain more reliable AG values for the dimer
association. Nevertheless, we believe that the results in Table 2 are
qualitatively informative and emphasize a fundamental difference
between the B-CD or B-CD-C4 systems and the B-CD-Cqq or B-CD-
Ci4 ones regarding their dimer state, the latter ones having
enlarged stability as a consequence of stronger interactions
between the monomers and a more favorable hydrophobic packag-
ing among the longer C, side chains.

The positive AG values estimated for the B-CD/B-CD dimers, 8.8
and 15.1 kcal/mol, are well in consonance with the frequent
dimer < monomer transitions arising along the 5.0 ps trajectories.
Hence, according to the simulations, the B-CD/B-CD dimers would
not be thermodynamically stable in (diluted) aqueous solution. In
the same conditions, the DFTB3/PBSA and entropy calculations
point out that the short-chain ester derivatives B-CD-C4 would no
form stable dimers either because their estimated AG values are
clearly positive, 30.3 and 11.5 kcal/mol. These figures also indicate
that the V-type complexes, that are more abundant in the B-CD-C4/
B-CD-Cynn) simulation, would be less stable than the mixture of V-
or cage-type structures sampled in the TT trajectory (see Fig. S14).
Considering also the statistical uncertainty of the mean values, it
turns out that the parent B-CD and its C4-ester derivative have sim-
ilar AG scores in their preferred dimer states.

Basing on Table 2 data, we see that elongation of the C, alkyl
chains results in specific energetic properties for the corresponding
dimers. First, the AG scorings for the two B-CD-C;/B-CD-C;o sim-
ulations are nearly coincident (0.1 and —0.5 kcal/mol), these values
being anyway compatible with a significant affinity for the forma-
tion of dimer complexes. However, their similarity results from a
certain (and maybe fortuitous) enthalpy/entropy compensation
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Table 2
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Average values of the surface contact area (in absolute value, A?), average number of polar contacts with the percentage of snapshots presenting polar interactions, gas-phase plus
solvation (AGprras/psa) and entropy (—T-ASggrro and — T-ASconform) contributions to the binding free energies (AGpina) computed for the different p-CD/B-CD and p-CD-C,/B-CD-C,
simulations. Energetic quantities are in kcal/mol. The percentage of contact area and the block-averaged standard errors of the mean values are indicated in parentheses.

MD trajectory " Surface Polar AGprrasypesa —T-ASgrruo —T-ASconform AGbind
contact area contacts
B-CD/B-CDi) 558 (26%) 3.5 (90%) —0.6 (0.6) 173 (0.2) 14 15.1 (0.6)
B-CD/B-CDerr) 508 (23%) 3.1(87%) ~7.1(15) 17.4 (0.2) 17 8.8 (1.5)
B-CD-Ca/B-CD-Cagrtrsy 1083 (32%) 1.3 (84%) 1.7 (2.9) 19.3 (0.1) 93 303 (2.9)
B-CD-Ca/p-CD-Cagrr) 812 (25%) 1 9 (88%) ~11.8 (4.6) 189 (0.2) 44 11.5 (4.6)
B-CD-C10/B-CD~Ciroqsy 1398 (31%) 5 (29%) ~16.4 (2.8) 18.1 (0.6) 17 0.1 (2.9)
B-CD-C10/B-CD-Crocrm) 1827 (38%) 9 (40%) ~25.4 (4.7) 18.1 (0.3) 6.8 ~0.5(47)
B-CD-Cy4/B-CD-Crageany 2538 (43%) 0 (0%) -57.0 (43) 203 (1.6) 208 —16.4 (46)
B-CD-Cy4/B-CD-Ciagrr) 2622 (43%) 0 (0%) -547(3.2) 19.7 (1.0) 217 ~13.0 (3.5)

between the lower entropic penalty of the quite flexible B-CD-Co/
B-CD-Cyo¢rmy and the larger favorable DFTB3/PBSA energy in the
more compact and rigid V-type B-CD-Cyo/p-CD-Ciocrr)y one. For
the larger B-CD-Cq4/B-CD-Ci4 dimers, the differences in the
DFTB3/PBSA and entropic terms are small and comparable to their
statistical uncertainties, what seems in consonance with the fact
that the initially distinct B-CD-C,4 trajectories converge to sample
very similar bilayer-type structures. Furthermore, the computed
AG values (-16.4 and —13.0 kcal/mol) are well below 0.0, pointing
out that B-CD-Cy4 possesses a strong preference for the dimeriza-
tion (and eventually aggregation) process.

3.6. Comparison with experiment

Compared to the unsubstituted -CD molecule, the monomeric
state of the B-CD-C, derivatives with C4, Co, and Cq4 alkyl side
chains ester-bound at the wide rim (C2 atoms) exhibits structural
particularities in aqueous solution. For example, the inward tilting
of the glucopyranose units characterizing the dynamic of the B-CD
ring in solution [4], is reduced in the presence of the alkyl groups,
the accessibility to the hydrophobic cavity diminishes, and the CD
ring becomes more rigid. All these effects are significantly tuned by
the length of the grafted C, fragment. In the B-CD-C4 molecule, sev-
eral alkyl side chains alternate within the cavity and the inward
tilting of the glucose rings is not completely abolished. In contrast,
the MD simulations of the B-CD-C;¢ and B-CD-C;4 molecules show
that the self-inclusion of one of the C,, moieties is quite persistent.
Compared to Cy4, the Cip and Cy4 fragments are long enough to
allow the included side chain to cross the B-CD cavity. We also
observe that the larger Cy4 side chain is also compatible with a
more flexible B-CD ring.

The self-inclusion of the alkyl-side chains along the monomeric
B-CD-C, simulations is in consonance with previous experimental
and computational results obtained in related systems. Thus,
NMR spectroscopy and ITC measurements in different covalently-
bound CD dimers (i.e. triazole-containing bridged B-CD dimers,
and an alkyl altro-o-CD dimer) have confirmed that the CD-CD lin-
ker becomes deeply included within the CD cavity thanks to the
tumbling (i.e. 360° rotation) of one of the monosubstituted glu-
copyranose units. [77,78] The tumbling is strongly dependent on
the spacer nature, it occurs exclusively in water, and it results in
a limited accessibility to the CD cavities. Computer simulations
performed for the alkyl altro-o-CD further confirmed that the
self-inclusion complex is the most stable state in aqueous solution.
In addition, the simulations also showed that the tumbling process
also stems from the hydrophobicity of the side chain and the
propensity of the altro-o-CD derivative to include the alkyl side
chain [79].

The complexing capabilities of cyclodextrins for partially
hydrophobic guests explain their versatile use as carriers in multi-
ple applications. In the CD-bound complexes, the guest is usually
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included within the CD cavity primary due to favorable hydropho-
bic interactions. Our simulations of the B-CD/Dzp complex provide
now a detailed molecular picture of the host-guest binding mode,
showing that Dzp binds preferentially through the wide rim (i.e.
the head) of the B-CD molecule, with the unsubstituted phenyl
group predominantly included within the hydrophobic cavity of
the host. This B-CD/Dzp complex results in a favorable binding free
energy (-6.2 kcal/mol) that is in very good agreement with the
standard AG value obtained from solubility measurements (-
5.7 kcal/mol) [24]. In addition, the preferred binding mode with
the Phe group included in the cavity is compatible with former
solid-state "H NMR results [26]. According to temperature depen-
dences of spin-lattice relaxation times, the energy barrier for the
reorientation of the methyl group N-bound to the central 1,4-
diazepine ring of Dzp is unaffected by its binding to B-CD. Simple
molecular modeling calculations of the host/guess interaction
energies considering three different binding modes also conclude
that the phenyl ring of Dzp preferentially enters into the B-CD cav-
ity [26].

In principle, amphiphilic CD derivatives have been developed to
improve their performance as drug delivery systems. The alkyl
substituents in the B-CD-C, molecules are expected to improve
guest complexation by cavity extension or by inducing guest inter-
actions with the alkyl side chains around the torus. However, these
alkyl groups also increase the steric hindrance for guest inclusion,
and the formation of self-inclusion complexes (i.e. with the C, side
chains included in the cavity) clearly compete with guest binding.
The MD simulations yield new insight into these effects. On one
hand, the alkyl side chains bound at the head of the B-CD ring
are found to destabilize the binding of diazepam at the narrow
rim due to their self-inclusion through the wide rim. Considering
the guest binding at the head of the B-CD ring, the grafted chain
length influences the structure and stability of each particular -
CD-C,/Dzp complex. The guest oscillates between fully and par-
tially included configurations when it binds to B-CD-C,4, while it
is displaced from the cavity and it ends entangled in the aliphatic
chains of B-CD-C;q. Finally, the B-CD-C4/Dzp inclusion complex
remains stable because the long and flexible Cy4 side chains allow
the placement of the Dzp polar groups close to secondary alcohols
or solvent molecules and it would be thermodynamically favored.
The simulations also show that the largest alkyl side chains (i.e. Cio
and Cy4) impede the inclusion of Dzp through the wide rim. Only
the shortest C, fragment allows the easy entering of the guest
through the wide rim during the 5.0 ps-long simulation.

Our simulations reveal that, compared to the unsubstituted B-
CD, the binding of Dzp to the amphiphilic B-CD-C,, molecules to
form 1:1 complexes is not improved, but deteriorated due to
weaker interactions and a less favorable solvation term. Unfortu-
nately, we lack direct experimental evidences confirming the exis-
tence and stability of individual B-CD-C,,/Dzp complexes. In related
systems, previous studies have demonstrated the existence of
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inclusion complexes between amphiphilic CD derivatives and var-
ious substances [80-82]. In these complexes, the drug is included
within the CD cavity or entangled within the “skirt” region com-
prising the long acyl chains, what seems in agreement with the
variety of binding modes observed in our models. The experimen-
tal studies also indicate that drug inclusion may be facilitated by
leaving the secondary face (i.e. head) of the CDs unmodified or with
a low degree of substitution. This structural feature is not fulfilled
by the examined B-CD-C, systems that bear full substitution on the
02 hydroxyl groups and, therefore, the formation of inclusion com-
plexes within the B-CD-C, is affected by steric hindrance and par-
tial closure of the wide side of the cavity as observed during the
MD simulations.

As mentioned in the Introduction, there are controversial exper-
imental evidences in the literature about the relevance of p-CD
dimerization/aggregation in aqueous solution. Former theoretical
calculations [14] have reported PMF curves for the dimerization
process that exhibit one or two minima, which are around 5.0 kcal/-
mol depth. However, these PMF curves are derived from a limited
amount of sampling (400 ns) and assume an arbitrary one-
dimensional coordinate favoring HH-configurations, what may
underestimate the entropic penalty for binding. Since the PMF
curve is not integrated over the bound/unbound regions and free
energy corrections from volume reduction are not calculated, the
depth of the PMF minima most likely overestimates the standard
AG binding energy [83]. Although our DFTB3/PBSA-based AG val-
ues would likely contain a systematic error of a few kcal/mol, they
are less affected from sampling issues and do not depend on any
coordinate choice. In our calculations, the most stable -CD/B-CD
trajectory has a relatively large positive AG value of 8.8 kcal/mol
(K ~ 1077 for the monomer « dimer equilibrium), which corre-
sponds to a marginal stability for the B-CD dimer. Furthermore,
both the spontaneous monomer-dimer transitions and the loose
character of the B-CD---B-CD mainly-polar contacts, contrast shar-
ply with the highly-stable binding mode of B-CD with Dzp using
equivalent simulation settings, pointing out again that -CD dimer-
ization is less favorable than the inclusive binding of B-CD with
small and rigid guests. Altogether, we conclude that the present
results are more in line with the recent NMR experimental results
and former observations, which highlight that the monomeric form
of B-CD is largely predominant (>99%) [15-17].

Amphiphilic CDs self-assemble to form a variety of supramolec-
ular structures with applications in controlled drug release [21].
Previous results have shown that the trend to aggregate and the
final configuration of the supramolecular assembly depend on
the length of the grafted side chains. Interestingly, nanostructures
formed by B-CD-C, molecules are not detected using the solvent
displacement technique, but B-CD-C, molecules with longer alkyl
side chains (Cg-Cy4) lead to measurable nanoparticles [39]. In addi-
tion, imaging techniques reveal that, while the short-chained B-
CD-Cg forms dense nanoparticles that do not exhibit any regular
molecular structure [38], B-CD-Cyo self-organizes into bilayers
forming an onion-like structure, and B-CD-Cy4 gives complex
faceted nanoparticles with a columnar inverse hexagonal structure
[20].

The dimerization of the B-CD-C, molecules, which represents an
elementary first step in their aggregation process, has been care-
fully characterized in this work. In line with the above experimen-
tal observations, we find that the length of the side chain strongly
determines both the preferred arrangements and the stability of
the dimers. Most remarkably, the simulations and energy calcula-
tions discriminate between B-CD-C4 and B-CD-C;o/B-CD-Cy4. On
one hand, the B-CD-C4/B-CD-C4 structures produced by the MD
simulations resemble those of -CD as they have abundant CD---CD
polar contacts and are quite flexible, adopting various HH-type
arrangements and experiencing dissociation events during the
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5.0 ps simulations. The lowest AG scoring, 11.5 kcal/mol, is not
compatible with a significant dimer formation. Therefore, we note
that B-CD-C,4 and the parent B-CD molecules share the same lack of
affinity for dimer association, what is agreement with the fact that
B-CD-C4 nanoparticles are not detected. On the other hand, the MD
models for the B-CD-C;¢ and B-CD-Cy4 dimers unveil the important
role played by the hydrophobic packaging of the long alkyl chains
favoring more compact dimer structures. For the B-CD-C;o system,
the dimeric structures may adopt several V-type HH configurations
and the estimated AG scoring for dimerization (~0 kcal/mol) sug-
gests that a mixture of monomer and dimer structures could be
possible in diluted solutions. According to the simulations, the
longer alkyl chains of the B-CD-C;4 system have a dramatic impact
on the structure and stability of the dimers, resulting in compact
bilayer-type complexes with nearly-extended and intertwined ali-
phatic chains, which are thermodynamically much more stable
than the separated monomers. Overall, the predicted dimer struc-
ture and stability for B-CD-C;o and B-CD-Cy4 are clearly in conso-
nance with the affinity of these amphiphilic CDs to aggregate
into nanoparticles. We also think that the observed structural dif-
ferences in the B-CD-C, dimers might be related with the different
type of nanoparticles experimentally detected. Basing on the mod-
erate guest affinity found in the computational models of the 1:1 B-
CD-C,,/Dzp complexes, it seems also plausible that guest capture by
the B-CD-C, aggregates would occur through non-inclusive binding
modes, especially for B-CD-C;.

Finally, it may be interesting to note that the extensive MD sim-
ulations of the isolated amphiphilic CDs and their 1:1 complexes
provide useful data about the intrinsic properties of these mole-
cules that are hardly accessible by experimental means due to
the spontaneous formation of aggregates at low concentrations.
In this way, the analysis of the relative trends derived from the
computer models may result in design principles useful to opti-
mize the properties of the amphiphilic derivatives of CDs.

4. Summary and conclusions

Extended MD simulations combined with DFTB3/PBSA and
entropy calculations yield valuable data to understand the com-
plexation and aggregation capabilities of selected amphiphilic
derivatives of B-CD with aliphatic side chains ester-bound to the
secondary 02 alcohols at the wide rim. In aqueous solution, the
C, alkyl side chains in the isolated B-CD-C, molecules tend to be
included within the hydrophobic cavity of the B-CD ring, a behav-
ior previously observed in different CD dimers connected by a
covalent linker. Depending on the length of the C, chains, their
self-inclusion behavior modifies the conformation and flexibility
of the B-CD ring and the accessibility of its central cavity. Consid-
ering diazepam as a typical guess, the simulations confirm the
existence of stable B-CD/Dzp inclusion complexes where Dzp pref-
erentially binds at the head of B-CD with its Phe ring located inside
the hydrophobic cavity. However, the presence of the alkyl side
chains in the selected B-CD-C,, molecules disfavors the formation
of inclusion complexes with Dzp. With the shortest C4 chain, the
guest fluctuates between an included and a partially excluded
position at the head of the ring, and the binding free energy is sig-
nificantly reduced compared to the native B-CD. With the largest
Cy4 side chain, the B-CD-Cq4/Dzp inclusion complex with the drug
bound at the head remains stable, but the long alkyl side chains
at the head of the B-CD ring hinders guest inclusion. Concerning
host dimerization, the length of the alkyl side chains determines
the conformation and stability of the B-CD-C,/p-CD-C, dimers.
Increasing the size of the C, moieties enhances the stability of
the dimers and favors a head-to head orientation of the B-CD-C,
rings driven by the hydrophobic packaging of the side chains.



D. Sudrez and N. Diaz

The simulations point out that the bilayer structure obtained for
the B-CD-Cq4/B-CD-Cy4 dimer is particularly stable and that the -
CD-C4 and B-CD molecules can hardly aggregate to form stable
dimers.

Declaration of Competing Interest

The authors declare that they have no known competing finan-
cial interests or personal relationships that could have appeared
to influence the work reported in this paper.

Acknowledgments

We acknowledge the financial support by FICYyT
(IDI/2018/000177, Asturias, Spain) co-financed by FEDER funds,
and by MICIU (PGC2018-095953-B-100, Spain).

Appendix A. Supplementary material

Table S1 with a description of the systems considered in this
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