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Abstract

The accurate description and quantification of the interaction patterns, energetics and binding affini-
ties of host-guest systems by means of molecular dynamics (MD) and free-energy calculations have
gained increasing interest in pharmaceutical technology and drug delivery applications. In spite of its
importance, many conceptual and practical aspects are still under intense scrutiny, particularly those
related to the molecular origin, strength, and individual/cooperative action of the driving forces gov-
erning soft associations in this type of systems. Relevant paradigms of such factors in understanding
molecular recognition and binding, in inclusion complexes consisting of cyclic oligosaccharides, in-
cluding cyclodextrins (Cds), or water-soluble glycoluril-based macrocycles, bambusurils (BUs), and
guest molecules of different natures and sizes, are the critical roles of solvent, enthalpy, entropy and
conformational contributions. Naphthalene (Np), adamantane (Ad), lycorine, and hyaluronan deriva-
tives (Hy), and also small ionic species are used as models of leading structures of promising ther-
apeutic agents and serve as model building blocks in supramolecular structures and self-assembled
systems.

In this context, the work described in this dissertation aims at developing a systematic modeling
approach for understanding the factors that govern the formation of supramolecular nanostructures
resorting to MD and potential of mean force calculations. The main topics gather different aspects
in quantifying host-guest binding. Firstly, self-consistent algorithmic approaches for exploring con-
formational space and decomposing energy changes are developed and combined with the automated
selection of representative molecular structures and inclusion/binding modes, providing the initial
conformations for free-energy calculations. The focus is given to the systematic generation of com-
plex delegates covering a wide range of accessible molecular conformations and host-guest interac-

tion modes. This input information is subsequently used for developing binding affinity models and



introducing a broad picture on the structure and dynamics of several molecular systems, suitable as
biocompatible platforms for drug delivery. Applications include (i) the prediction of the preferred
binding modes and affinities, and the quantification of interaction and energy components guiding
complex formation, in water, between -Cd and several Np derivatives, (ii) the assessment of the
effect of guest size, host flexibility and cavity size in supramolecular complexation involving - and
Y-Cds and Np, Ad and lycorine derivatives, (iii) the establishment of thermodynamic signatures and
identification of stabilizing/destabilizing noncovalent interaction within the complexes between Hy
bearing monomeric $-Cd and Ad moieties, used as models of network junction nodes, (iv) the de-
scription of the aggregation process, in water, between Cds in the absence and in the presence of
hydrophobic or amphiphilic guests, and finally (v) the study of the caging ability of BUs to anions,
also in aqueous media, to focus on a different type of complexes. It is shown that substitution of Np
promotes an increase in the complexation constant (up to 100-fold), irrespective of the nature of the
substituent. Entropy does not favor inclusion, being the order of magnitude of the binding free-energy
given by the enthalpy component, with a dominating host-guest interaction contribution. Complexa-
tion is also governed by the available Cd cavity volume, as guest fitting variations and the enthalpy
penalty from Cd deformation impact on the binding constants (promoting a reduction of up to 10%).
The often neglected Cd deformation plays, thus, an important role in the interaction behavior of larger
cavity Cd-based systems, being crucial in the recognition phenomena. It corresponds to an increase
in energy of up to ca. 90 kJ mol~!. Distortion is not significant in 3-Cd, and larger guests promote
higher binding constants. Complex stability and desolvation of the host cavity and guest backbone are
related. Complexes with y-Cd are generally less stable than those with 3-Cd, since deformation in -
Cd opposes inclusion and binding. It is also observed that structural variations promote major changes
in the thermodynamic variables. The presence of amphiphilic chains in both host and guest molecules
emphasizes inclusion and drastically increases the binding constant (to ca. 10?®). In what pertains to
B-Cd aggregation in water, it is concluded that 3-Cds may form dimers with varying arrangements
and proximities between one primary portal and one secondary portal, two primary portals, and two
secondary portals. The model guest, poly(vinyl alcohol), promotes the formation of Cd dimers and
contains both hydrophilic and hydrophobic groups that interact either with the outside part of Cds or

form inclusion complexes.
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Finally, water-soluble BUs can bind and isolate inorganic anions in the center of the hydrophobic cav-
ity, with high affinity and selectivity. The latter are hermetically sealed inside the cavity, as a result of
a concerted action involving conformation and desolvation of both ion and BU cavity.

In summary, the effect of (i) the nature, size and orientation of guest molecules, (ii) non-included
guest moieties (iii) substituents in both guest and host molecules, (iv) host conformation, flexibility
and cavity size, (v) host and guest desolvation, (vi) nature and strength of host-guest interactions,
and (vii) energy contributions, on the stability constants are duly assessed. Comprehensive thermo-
dynamic schemes are provided, in which host-guest interactions, host conformation and size, and
solvation play the leading roles. Substantial modulation of the inclusion complexes, as well as the
character of the network interaction sites and the formation of small aggregates, can thus be achieved
imposing different substituents and arrangements; this has direct implications upon the design of

supramolecular structures with tailored properties based on these complexes.

Keywords: Supramolecular structures; Inclusion complexes; Host-guest interactions; Molecular sim-

ulation; Drug delivery.

il



Y



Resumo

Uma descri¢ao precisa e quantificagdo dos padrdes de interacdo, incluindo energias e afinidades de
ligacdo, dos sistemas hospedeiro-hdspede (H-G) por meio de dindmica molecular (MD) e cdlculos de
energia livre t€ém atraido um crescente interesse devido a aplicagdes em tecnologia farmacéutica e ad-
ministracdo de farmacos. Apesar da sua importancia, muitos aspetos conceptuais e praticos ainda es-
tao sob intenso escrutinio, incluindo a origem molecular e a dualidade acdo individual/cooperativa das
forgcas que governam a associagdo neste tipo de sistemas. As contribui¢des do solvente, entalpia, en-
tropia e conformagao constituem paradigmas relevantes de tais fatores em complexos de inclusdo com
oligossacarideos ciclicos, incluindo ciclodextrinas (Cds) ou macrociclos constitudos por grupos gli-
coluril, os bambusurilos (BUs), e moléculas héspede (G) de diferentes naturezas e tamanhos. Deriva-
dos de naftaleno (NP), adamantano (Ad), licorina e dcido hialurénico (Hy) e também pequenas espé-
cies i6nicas sdo usados como modelos de estruturas representativas de uma extensa série de agentes
terapéuticos promissores € servem também como blocos de constru¢ido em estruturas supramolecu-
lares e sistemas auto-agregados. Neste contexto, o trabalho descrito nesta dissertacao visa desenvolver
uma modelagdo sistemdtica para compreender os fatores que governam a formag¢do de nanoestruturas
supramoleculares baseadas em complexos H-G, recorrendo a MD e a célculos de potencial de forca
média. O foco principal tem a ver com a quantificacdo da ligagdo H-G. S@o desenvolvidas aborda-
gens algoritmicas auto-consistentes para explorar o espago conformacional e diferencas de energia
em termos resultantes de decomposi¢do sistemdtica em componentes energéticas relevantes. Estas re-
sultam de uma combina¢do com uma selecdo automatizada de estruturas moleculares representativas
e imposicao dos modos de inclusao/ligacao, fornecendo as conformagdes iniciais. Estas informagdes
de entrada sdo usadas para desenvolver modelos de afinidade de ligacdo e descrever a estrutura e

dindmica de vdrios sistemas moleculares, adequados como plataformas biocompativeis para admin-



istracdo de farmacos. As aplicacdes incluem (i) a previsao dos modos e afinidades de ligacdo, e
a quantificacdo de componentes de interacdo e energia que estabelecem a formacdo do complexo,
em dgua, entre 3-Cds e vdrios derivados de Np contendo diferentes substituintes, (ii) a avalia¢do do
efeito do tamanho de G, da flexibilidade do H e do tamanho da cavidade na complexacdo supramolec-
ular, envolvendo derivados f3- e y-Cds, e Np, Ad e licorina (iii) o estabelecimento de grandezas ter-
modindmicas relevantes e a identificacdo de interagdes estabilizadoras/desestabilizadoras dentro dos
complexos entre derivados de acido hialurénico portadores de -Cd e Ad, usados como modelos de
pontos de juncdo em redes transientes, (iv) a descri¢do do processo de agregacdo, em dgua, entre Cds
na auséncia e na presenca de G hidrofébicos ou anfifilicos, e finalmente (v) inspecionar a capaci-
dade de inclusdo de anides em BUs, também em meio aquoso, para tornar mais amplo o leque de
aplicacdes. Mostra-se que a substituicio do Np promove um aumento na constante de complexacao
(até 100 vezes), independentemente da natureza do substituinte. A entropia ndo favorece a inclusao,
sendo a ordem de grandeza da energia livre de ligacdo dada pelo componente entdlpico, com uma
contribui¢do dominante da interacdo H-G. A complexacdo é também afetada pelo volume disponivel
na cavidade da Cd, promovendo varia¢des na adaptacdo de moléculas H e observando-se uma penal-
izacdo resultante da entalpia de deformagdo de Cd nas constantes de ligacdo (que podem diminuir
até um fator de 10*). A deformacdo da Cd, tantas vezes negligenciada, desempenha, assim, um pa-
pel importante no comportamento de interacao de sistemas baseados em Cd de cavidades maiores,
sendo crucial em fendmenos associados de reconhecimento molecular. Nos sistemas estudados, pode
penalizar a energia de associagio até ca. 90 kImol~!. A distor¢io ndo é tdo significativa na 3-Cd,
onde G de maiores dimensdes promovem constantes de ligacdo mais elevadas. A estabilidade do
complexo esta relacionada com a dessolvatacdo da cavidade do H e do G. Complexos com y-Cd sdo
geralmente menos estdveis do que aqueles com [-Cd, ja que a deformagdo em y-Cd se opde a in-
clusdo e a ligagdo. Observa-se também que variagdes estruturais promovem grandes mudancgas nas
varidveis termodinamicas. A presenca de cadeias anfifilicas nas moléculas H e G enfatiza a inclusdo
e aumenta drasticamente a constante de ligacdo (até 10?® ). No que diz respeito 2 agregacio de B-Cd
em 4gua, conclui-se que estas moléculas podem formar dimeros com arranjos e proximidades var-
1aveis. Utilizando alcool polivinilico como G, verifica-se que este promove a formacdo de dimeros

de Cd, e que contém grupos hidrofilicos e hidrofébicos que interagem com a parte externa de Cds ou
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formam complexos de inclusdo. Finalmente, BUs soltveis em dgua podem incluir e isolar anides in-
organicos no centro da cavidade hidrofébica, com alta afinidade e seletividade. Estes ultimos podem
ser hermeticamente selados dentro da cavidade, como resultado de uma a¢@o concertada envolvendo
modificacio na conformacao e dessolvatacao do ido e da cavidade do BU. Em resumo, (i) a natureza,
tamanho e orientacdo das moléculas héspedes, (ii) zonas da molécula héspede nao incluidas (iii)
substituintes nas moléculas hospedes e hospedeiras, (iv) conformacdo do hospedeiro, flexibilidade e
tamanho da cavidade, (v) dessolvatacao de hospedeiros e hdspedes, (vi) natureza e forca das inter-
acoes hospedeiro-hdspede, e (vi) contribuicdes dos diversos termos da energia de interacao sobre as
constantes de estabilidade sao fatores estudados em detalhe. Fornecem-se esquemas termodinamicos
abrangentes, nos quais as interacoes entre hospedeiro-hdspede, conformacao e tamanho do hospedeiro
e solvatagcao desempenham os papéis principais. A modulacao de complexos de inclusdo, controlando
a estabilidade dos sitios de interacdo numa rede transiente e a formacao de pequenos agregados, pode
ser alcancada impondo diferentes substitui¢des e arranjos. Tal tem implicacdes diretas no projeto

racional de estruturas supramoleculares baseadas nestes complexos.

Palavras-chave: Estruturas supramoleculares; Complexos de inclusdo; Interac¢des host-guest; Sim-

ulacdo molecular; Administracdo de farmacos.
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Preface

The design, assembly and modeling of soft supramolecular structures based on small building blocks,
including cyclodextrin (Cd) inclusion complexes, Cd-based conjugates and bambusurils are revised
in Chapter 1. The respective applications as biocompatible platforms for drug delivery are also
outlined. Prior to specific applications, Chapter 2 summarizes the entire theoretical background in
terms of relevant phenomena, structure and energy quantification in host-guest associations, as well
as the molecular dynamics-based methods for free-energy calculations and thermodynamic charac-
terization of the binding process. The designed algorithmic approaches for exploring conformational
space and decomposing energy changes, and selecting representative molecular structures and inclu-
sion/binding modes are also described. Relevant aspects for optimizing the procedure in umbrella
sampling, construction of the potential of mean force (PMF) profiles, and the analysis of the ther-
modynamic aspects of inclusion are also presented. In a first application described in Chapter 3,
the effect of non-included moieties in the stability constants of host-guest complexes is investigated.
Bearing in mind that, in most cases, the host cavity cannot fully accommodate the guest, the free-
energy oriented approach (described in Chapter 2), which is based on Molecular Dynamics, PMF
calculations and the "flexible molecule" approximation, is applied for estimating binding constants of
inclusion complexes between -Cd and different naphthalene derivatives with pendant hydrophobic
and hydrophilic groups.

Chapter 4 deals with the question whether (and how) the accessible cavity volume for guest molecules
of different natures and sizes determines the intimate conformations and stability of the Cd-based
complexes. The interaction patterns and the leading factors affecting the thermodynamic signatures
and stability of inclusion complexes between Cds with different cavity sizes, and different model

guests are detailed, combining the previously designed MD/PMF-based procedure and the analysis
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of the electronic charge density of the binding partners and the respective gradients, which allows
visualizing and quantifying regions of stabilizing/destabilizing noncovalent interactions.

The effect of polymer pendant modification over the thermodynamic signatures and association/binding
constants of the partner junction sites has not been addressed so far, in the context of network stabi-
lization, being the main focus of Chapter 5.

The self-aggregation capability of Cds has also aroused great controversy, being affected, among
other aspects, by the type of Cd present in the aqueous solution. While the aggregates of o-Cd and
¥-Cd can be completely removed by conventional filtering, the formation $-Cd dimers or possibly
larger aggregates usually persists in solution, displaying fast aggregation kinetics. This suggests that
the hydrophilic Cd portals play a definite role in the aggregation process. Additionally, the assembly
of Cd molecules in aggregates, in the presence of guest candidates deserves also further attention.
These aspects are assessed in Chapter 6, in which a timely and critical review on the phenomenon
of Cd aggregation and the respective supramolecular properties, including computational rationales
are presented. Atomistic simulations are performed to explore the formation of Cd dimers, display-
ing different arrangements, and to inspect the inclusion behavior, in water, of the complexes between
B-Cds and poly(vinyl alcohol) molecules. The relevance of the latter is associated to the ability of
the polymer to form hydrogels, exhibiting a high degree of swelling in water, with potential for being
used as matrix in drug delivery.

Finally, a challenge on the supramolecular chemistry of bambusurils is to understand the affinity
trends of these receptors towards anions. Computer simulations of the bambusuril systems, employ-
ing systematic approaches, are almost inexistent and are clearly useful to predict and guide such stud-
ies. Other results previously obtained with larger anionic species seem to point towards the feasibility
of obtaining interesting supramolecular structures, which further motivates exploring the potential
of these macrocycles, particularly some water-soluble derivatives. In this context, one of the first in
silico studies based on MD for describing the binding affinity of bambusurils is presented in Chapter

7. Chapter 8 summarizes the main findings and provides suggestions for future work.
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Chapter 1

General Introduction

In the past three decades, atomistic simulations and free-energy calculations have emerged as indis-
pensable tools to tackle deep chemical and biological questions that experiment has left unresolved.
To fully understand the vast majority of chemical and biological processes, it is often necessary to
examine their underlying free-energy behavior. [1] This is the case, for instance, of phase diagrams,
protein-ligand and drug binding affinities, drug partitioning, reaction rates, equilibrium constants,
acid-base equilibria, solvation contributions, or confinement energies. The prediction of these quan-
tities, with relevance in the field of computer-aided drug design requires knowledge of the related
free-energy changes. [2, 3] Often the research topics involving molecular modeling and simulation,
with free-energy calculations, stem from pharmaceutical applications. [I, 4, 5] Those methods have
provided insight into the time evolution of host-guest systems and protein-ligand interactions [2, 5]
and have revealed the respective dynamic behavior in water, thus establishing relevant recognition
and affinity patterns. However, the formation of inclusion complexes is frequently used as a drug
solubilizing approach, aiming at better therapeutic outcomes. This makes results sparse and focused
on individual systems, lacking a comprehensive characterization for assessing the factors that govern,
for example, the inclusion process. Despite the continuous progress and development of improved
algorithms, the estimation of binding free-energies by molecular dynamics (MD) simulations still
requires significant computational efforts due to the mathematical complexity imposed by the sol-
vated systems, often composed by myriads of atoms. [4] Several (more or less accurate) strategies for
estimating free-energies and host-guest binding affinities have been developed, and are discussed in

Chapter 2. The common feature in these strategies is that only a small part of space representing the
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most favorable host-guest complexation is considered.

In addition to several reviews (see e.g. [0, 7]), including many dealing with specific host-guest sys-
tems [5, 7—12], a large number of research papers are available on this subject, including some fo-
cused on mechanistic aspects of the inclusion phenomena (see e.g. refs. [3, 13—15]) In fact, both
the efficiency and accuracy of free-energy calculations have been greatly improved by a wide variety
of methods. [16] However, it is increasingly difficult for researchers to find their way through the
maze of available computational techniques. Why are there so many methods? Are they conceptually
related? Do they differ in efficiency and accuracy? Why do methods that appear to be very similar
carry different names? Which method is the best for a specific problem? How to choose the most
relevant method to tackle the system at hand? These questions may leave researchers in the field
confused and looking for clear guidelines. However, answers to these questions are not straightfor-
ward. A distinction has been made between two classes of free-energy transformations, namely those
of alchemical and geometrical nature. [17] While the former exploit the malleability of the potential
energy function and the virtually infinite possibilities of computer simulations to transform between
chemically distinct states, the latter include positional, orientational, and conformational changes in
macromolecules and complexes thereof. At the practical level, such transformations are achieved
using a variety of approaches, which can be separated into four main groups, (i) probability distri-
butions and histograms, (ii) perturbation theory, (iii) non-equilibrium work and (iv) gradient-based
methods. [18] One recurrent question concerns the selection of the most relevant approach to tackle
the problem at hand, which can be reworded in terms of the best-suited, cost-effective method to
obtain a reliable answer. To a large extent, this question can be addressed by considering the actual
nature of the transformation, alchemical, or geometrical, and subsequently by deciding which one,
among the aforementioned methods, is more likely to yield the desired free-energy change at a mini-
mal computational effort.

A detailed overview of the concepts and fundamentals of the available methods for estimating free-
energies is given in ref. [ 1 6]. The guiding principle is that most of these are based on a few fundamental
assumptions, devised by some pioneers in the field. [19-23] With some exceptions, more recent con-
tributions are not based on innovative fundamental principles, but are "astute and ingenious ways of

applying those already known". [16]
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1.1 Context and relevant aspects

In the context of supramolecular chemistry, the establishment of intermolecular noncovalent interac-
tions between two or more entities allows creating organized structures or aggregates. These inter-
actions are the basis of relevant chemical and biological processes, such as binding between hosts
(receptors) and guests (substrates), cellular recognition, assembly of protein-based complexes, inter-
molecular reading of the genetic code, among others. [24, 25] The design of artificial host molecules
capable of binding specific guests with high affinity and selectivity, and forming host-guest complexes
and supramolecular assemblies of tailored structures and multiple functions, arises from the need to
emulate weak noncovalent interactions ubiquitous in the natural systems. Hosts are commonly large
molecules or aggregates (e.g. enzymes or synthetic cyclic compounds, e.g. cyclodextrins) and guest
species are small organic molecules (e.g. drugs and other pharmaceutical active compounds, surfac-
tants, organic pollutants), simple inorganic ions or more complex molecules, such as a hormones. The
resulting complexes have been defined as "complexes that are composed of two or more molecules or
ions held together in unique structural relationships by intermolecular forces". [26, 27] These forces
include individual or cooperative hydrophobic/hydrophilic attraction, electrostatic interactions, hy-
drogen bonds, 7-7 interactions, van der Waals attractive forces and also solvent effects.

Host-guest chemistry is based on three fundamental principles: (i) the selective binding must involve
attraction or mutual affinity between host and guest (ii) binding must be selective, involving a steric
fit in which the guest has a geometric complementary size or shape relative to the host (molecular
recognition), and (iii) molecular binding is the trigger for molecular activity. [ 10, 28]

Extensive progress has been made on characterizing and quantifying the affinity of host molecules
towards specific guests allowing to infer on the nature and strength of the noncovalent interactions.
Controlling these supramolecular interactions allows modulating of specific chemical and biological
processes. When compared to routine covalent procedures, noncovalent approaches are considered

inexpensive and environmentally safe, avoiding the use of multiple organic synthetic steps. [29]
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1.1.1 Correlation between structure and energy

The stabilizing energy of noncovalent complexes involves both host and guest molecules and also
the respective environment, and generally consists of several energy terms, including electrostatics,
induction, dispersion (van der Waals forces), repulsion and charge transfer. Hydrophobic interactions
are also important driving forces in supramolecular complexation of guests containing hydrophobic
moieties. The latter display low water solubility and tend to avoid the aqueous surrounding. Hy-
drophobic effects are commonly decoupled into enthalpic and entropic energy components.

Host affinity and selectivity towards specific guests depends on the host-guest binding equilibrium.
A kinetically labile complex formation allowing a rapid guest exchange is thus required, considering
also an upper limit for the binding constant and the free-energy of binding. In host-guest complex-
ation the equilibrium (binding) constant Kj;,; can be determined from the ratio of the rate constants

corresponding to the complex formation (ks,,,,) and dissociation (k) reactions,

kfurm
Host + Guest —= Complex

kaiss
k form
Kpina = 1.1
bind kdiss (-1
where the dissociation rate is defined by
V = kyiss[complex] (1.2)
and the dissociation half time by
In2
Ty = 1.3
2= (1.3)

Solvent effects play also a critical role in host-guest design, as the net free-energy associated to the
complex formation depends strongly on the solvent features, which may favor or oppose host-guest

binding and complex stability. [3, 13, 30] Only recently, these components involving host, guest and
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solvent effects, have been taken into account for characterizing the structure-energy relationship in
host-guest systems. The Gibbs free-energy (AG®) is a combination of the enthalpic and entropic com-
ponents following the Gibbs-Helmholtz equation, AG® = AH? — TAS? and may change slightly with
the host structure as a result of the enthalpy-entropy compensation. [3] A detailed understanding of
the individual contributions of the energetic parameters allows determining the nature of the complex
formation, i.e., whether the process is governed by enthalpy or entropy changes (AH? or AS? respec-
tively.

The assessment of the interplay between the various components of this structure-energy relationship
is one of the main purposes of the present dissertation. Different factors affecting the binding strength
are also evaluated including the nature and size of guest, the presence of substituents in both host and

guest, the size and suitability of the host cavity and the flexibility of the host backbone.

1.2 Host-guest systems based on Cyclodextrins in pharmaceuti-

cal technology and drug delivery

The number of publications dealing with cyclodextrins (Cds) and the respective properties have in-
creased ca. 55% in the last decade when compared with the previous decade (Web of Science, ac-
cessed at 20.07.2018). Such attractiveness can be explained by the ability of the Cd cavity to include
a large range of hydrophobic guest molecules, such as drugs[3 1, 32], surfactants [33], dyes[34], poly-
mers[35], while the hydrophilic exterior renders Cds water soluble[33]. In 2016 Cds were reported in
over 2300 patents and patent applications, many of which directed to pharmaceutical applications. [36,
|
Inclusion complexes based on Cds have been successfully used to improve the water solubility of
drugs, aiming at better therapeutic efficacy. Such host-guest systems are capable of modifying the
properties of the guest molecules, in particular those related with chemical reactivity and photochem-
ical/thermal degradation, altering the chemical activity of the delivered drugs, and releasing them in
a controlled manner, upon competitive binding or external stimulus (e.g. temperature and pH). Their

potential for aggregation have also lead to the manufacture of nanoparticles [38, 39] and films [40],



6 Chapter 1. General Introduction

paving the way to applications involving separation processes [41], drug delivery [42—44], tissue

engineering [45], among others.

1.2.1 Structure and properties

Cyclodextrins are cyclic oligosaccharides that belong to a group of structurally related natural ma-
terials, formed during bacterial digestion of cellulose. [46] These consist of (&-1,4)-linked o-D-
glucopyranose units and possess a hydrophobic cavity and a hydrophilic outer surface. Typical Cds
are constituted by six (a-Cd), seven (8-Cd), and eight (y-Cd) glucopyranoside units. Recently [47],
these macromolecules, and especially o-Cd, have also been recognized as potential kinetic surrogates
for cellulose, comparing the glycosidic bond cleavage of o-Cd exhibited at low and high temperature
kinetic regimes with cellulose hydrolysis. The first reference to what would later prove to be Cds was
published in 1891 by Villiers. [48] From the digestion of starch by Bacillus amylobacter, Villiers ob-
tained a crystalline substance at which he named "cellulosine" due to its similarity towards cellulose,
with respect to the acid resistance and the absence of reducing properties. The author has also found
two different distinct forms of cellulosine, which could be related with the occurrence of @- and -
Cd forms. One decade later, two different crystalline products resulting from the digestion of potato
starch by Bacillus macerans were reported by Schardinger [49]; these compounds were further char-
acterized by using triiodide solutions and were known as by Schardinger dextrin. The ability of these
compounds to complex with organic compounds was firstly reported by Prignsheim [50] and, in the
following decades, it was found that the Schradinger dextrins are a family of natural oligosaccharides
formed by 6, 7, or 8 t-(1,4) linked glucopyranose units (see Figure 1.1), denoted as -, B-, or y-Cd,
respectively [51, 52]. However, the work carried out by Szejtli [53] has been considered a landmark
for the large scale use of Cds, in particular for their ability to form inclusion (host-guest) supramolec-
ular complexes with a large variety of molecular guests. [46] Such interest is a direct consequence of
the structure of Cds. Each of the chiral glucose units in the Cd molecules is in the rigid 4C1-chair con-
formation, giving the macrocycle the shape of a truncated cone with internal cavity diameter ranging
from 6 to 10 A (see Table 1.1). [46] The Cd cavity is lined by the hydrogen atoms and the glycosidic

oxygen bridges. The nonbonding electron pairs of the glycosidic oxygen bridges are directed toward
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Figure 1.1: Chemical (left) and 3D structures (right) of @-, B- and y-cyclodextrins. Adapted from
ref. [54]

the cavity interior, conferring some Lewis base character. Simultaneously, the hydroxyl groups are
positioned outside at the edges of the truncated cone. [46] The secondary hydroxyls are responsible
for intramolecular hydrogen bonds between adjacent glucopyranose unities and as consequence can-
not rotate. The intramolecular hydrogen bonding of secondary hydroxyls, resulting in relatively rigid
chains, may contribute for the low solubility of 3-Cd (Table 1.1), when compared to ¢- and y-Cd. In
fact, the formed secondary hydrogen bond ring is incomplete in the a-Cd (only 4 hydrogen bonds out
of 6 are formed); on the other hand the y-Cd is non-planar being both the more flexible and the more
soluble of all three natural Cds. [46]

Table 1.1: Some physical properties of a-, B- and y-cyclodextrins. [46]

Property o-Cd B-Cd y-Cd
Nb. glucose unities 6 7 8
MW (g mol 1) 972 1135 1297
Solubility in water (gL ™) 145 18.5 232
Outer diameter cavity (wide end) (A) 13.7 15.3 16.9
Inner diameter cavity (wide end) (13;) 5.7 7.8 9.5
Volume cavity (A%) 174 262 427
Nb. water molecules inside cavity”* 5.8 8.7 14.2
Heat capacity (C,) of bound water molecules 59 71 70

*Assuming a volume of a water molecule equal to 30 A3,

From the Cd spatial arrangement, the cavity shows a relatively hydrophobic character while the exter-
nal surface is hydrophilic. The hydrophobic cavity enables the thread of a broad range of hydrophobic
guests such as the alkyl chains of surfactants [33, 55] or aromatic compounds [55], forming highly
stable host-guest complexes, and contributing for the improvement of guest properties, including sol-
ubility enhancement and volatility and antioxidant control [56, 57]. These properties, complemented

with their non-toxicity to humans make these compounds very attractive for a wide range of industrial
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applications [58] involving pharmaceutical technology [59, 60]. Native Cds are, naturally, interest-
ing hosts. They can be, however, modified in order to change the respective symmetry, or introduce
specific groups in an effort to expand the respective range of applications. Modifications in Cds are,
however, relatively difficult because of the similarity between the hydroxyl groups in which these
modifications can be introduced. These have been carried out resorting to specific substitutions in the
wide and narrow rims. A variety of derivatives has been obtained and, for example, Cd derivatives
of pharmaceutical interest include the hydroxypropyl derivatives (HP) of 3- and y-Cds, the randomly

methylated -Cd, sulfobutylether -Cd, and also branched Cds. [61]

1.2.2 Inclusion complexes

Inclusion complexes and host-guest interactions based on Cds and Cd derivatives have been largely
investigated both from a very fundamental, physical-chemical, point of view, and from a very practi-
cal, applied, perspective. In this context, it should be noted that more than 70% of new chemical drugs
are poorly soluble in water, which is a limitation both in pharmaceutical development and therapeu-
tic outcome.[! 1, 62, 63] The formulation of poorly water-soluble drugs relies often in a successful
and largely implemented strategy based on the complexation with Cds forming inclusion complexes.
[64, 65] However, the fact that inclusion complexes are frequently used aiming at solubilizing drugs,
makes results sparse and directed at individual systems and, e.g. the comparison between experimen-
tal and simulation results lacks a comprehensive approach, so that the factors governing the inclusion
phenomena may be assessed. [3]

In drug delivery systems, the formation of a host-guest complexes is a reversible process, suitable
for drug encapsulation and controlled release. It also allows altering the biodistribution, absorption
and bioavailability of drugs. Several molecular interactions determine the molecular recognition and
inclusion behavior. Typical host molecules for inclusion/encapsulation of drugs are cyclic macro-
molecules, such as Cds, which possess the capability of accommodating drugs as guest molecules
into their cavities. In these Cd complexes, no covalent bonds are formed or disrupted during the com-
plex formation, and drug molecules in the complex are in rapid equilibrium with the free molecules

in the solution. [66] The formation of Cd inclusion complexes in aqueous solutions have been evalu-
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ated by several physicochemical methods. These include solubility studies [67], spectroscopic meth-
ods, such as UV/VIS spectroscopy [68], fluorescence spectroscopy [69], circular dichroism spec-
troscopy [70] and nuclear magnetic resonance (NMR) spectroscopy. [71] Other techniques such as
pH-potentiometric titration [72], microcalorimetry and surface tension [71] can be also used. Specif-
ically, UV/Vis spectroscopy is used for measuring drug solubility enhancement by complexation. In
Nuclear Magnetic Resonance (NMR) spectroscopy, 'H-NMR is a suitable method for the evaluation
of noncovalent interactions at the molecular level (including the two-dimensional NMR spectroscopy
NOESY or ROESY). It allows establishing the relative positioning of host and guest molecules in the
complex and assessing the inclusing degree. It also provides estimates for the association constants
of the complexes.

In Thermogravimetric Analysis (TGA)/Differential Scanning Calorimetry (DSC), the TGA profiles
describe the weight losses of pure host and guest components and the complexes, and DSC is per-
formed to characterize the solid-state interactions for the inclusion complexes as compared to the
melting points. Fourier Transform Infrared (FTIR) spectroscopy is employed for analyzing the vibra-
tional changes upon the inclusion of drugs in the Cd host. X-ray Powder Diffractometry (XRPD) is
used for comparing the powder diffraction patterns of drugs and the respective complexes. Scanning
Electron Microscopy (SEM) allows investigating the surface morphology of the pure and complexed
form and evaluating the Cd-drug interactions. Electrospray mass spectrometry (ESI-MS) allows de-
termining the molecular association of noncovalent bonding. The appropriate binding mode for the
Cd-drug complex can be derived from computational simulations. [63, 71]

Among the methods for analyzing Cd-guest complexes, phase-solubility studies, in which the drug
solubility (in moles/liter) is represented as a function of the molar Cd host concentration, are com-
monly employed. [36] Figure 1.2 displays the effects Cd host concentration on the enhancement of
drug solubility and the classification of the profiles of the Cd-drug complexes, according to Higuchi
and Connors [67] (Ap, AL, An, Bs, or B;). The profiles pertaining to the A type indicate that the
apparent solubility of drugs increases as a function of Cd host concentration, while the B type charac-
terizes systems in which complexes with limited solubility are formed (usually observed with 3-Cd).
In the latter type, By is derived from the initial soluble complex and insoluble complex at the max-

imum point. B; indicates that the complex is too insoluble to increase the isotherm. In the A type,
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Figure 1.2: Phase-solubility profiles for the solubilization of a drug as a function of the Cd host
concentration. Also included is the classification of Cd-drug complexes according to Higuchi and
Connors [67]. Reproduced from ref. [36] with permission from Elsevier.

Ar suggests a linear increase in solubility, Ap and Ay indicate a positive and negative deviation from
linearity, respectively, and Ap suggests the formation of a higher-order structure. In Ay type, a profile
corresponding to the drug concentration vs. host concentration for the formation of the complex gives

a linear profile with the intercept and the slope defined as

mKSy

TR .

slope =

Where the K value can be calculated from the slope and intercept (Sp, the intrinsic solubility of the
drug in water), if m is known. In a 1:1 Cd:drug ratio, the complexation is an equilibrium governed by

an equilibrium constant (K7.;) calculated based on the linear phase-solubility profiles (A;, type) using

_ slope
KpgMY)y=——""" 1.5
a1 ) So(1 —slope) (1.5)

in which the slope is less than unity. In the case of 1:2 Cd:drug complexation, the slope of the Ay type

diagram is less than two, and the association constant (Kj.») is determined by

slope

KoM= —F
12(M ) S3(2 — slope)

(1.6)

As previously mentioned, in aqueous solution drug molecules included in a Cd complex are in dy-

namic equilibrium with the free solvated molecules, and the complexes are constantly being formed
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and disassembled. The typical values of association and dissociation rate constants are in the range
of 107-108 M~ !s~! and 10°s7 1, respectively, irrespective of the Kj.; value. The Kj.; values for
lipophilic and poorly water-soluble drugs are within the range of 10>-10> M~!. The exceptions are
some drug candidates containing adamantane moieties that fit suitably in the 3-Cd cavity (K;.; values
commonly reported are between 10* and 10° M~!), and also a designed y-Cd derivative, sugam-
madex, for binding of rocuronium (Kj.1=2.5x 107 M—1). [30, 63, 71] The mechanism of drug release
relies on dissociation/dilution, competitive displacement of drugs from the complex and subsequent
Cd host elimination, protein binding and tissue uptake of drugs. Cds can also be ultimately digested
by bacteria in the gastrointestinal tract or colon yielding monosaccharides or gases, including carbon
dioxide, hydrogen, and methane. Ternary complexes based on small amounts of carbohydrates (e.g.
B-Cd) and organic acids (e.g. ascorbic, citric and tartaric acids) can be more efficient for the solubility
and bioavailability of drugs. These modifiers are used to modulate the pH under aqueous conditions,
affecting the solubility and stability simultaneously.

Another relevant technique is Atomic force Microscopy (AFM), a tool generally used for measur-
ing the interaction between two materials at the atomic scale. [73—77] In host-guest systems, this
technique enables differentiating inclusion complexes from their host molecules by mapping local
mechanical properties of these soft samples. AFM has been successfully used to evaluate, in aque-
ous solutions, the rupture forces of host-guest complexes between cyclodextrins and several surface-
confined guests, under thermodynamic equilibrium. [75] Changes in the intermolecular interaction
between cyclodextrins and guest molecules/materials are thus estimated by measuring the adhesion
forces and are dependent on the type of complexes and on the structural deformation promoted by
guest molecules (for details see refs. [75]).

Multiple intermolecular forces are involved in the formation of Cd-based complexes. These are weak
forces, i.e., weak enough to allow releasing the guest and strong enough to enable the formation of
stable complexes. The relative importance depends on the type of guest and in most cases, the for-
mation and stabilization of the complexes result from the cooperative action between several driving
forces, including the release of high-energy water and of conformational strain, van der Waals forces,
London dispersion forces, hydrogen bonding and dipole-dipole interactions. Solvent (water for most

applications) also provides a driving force for complexation. In fact, the hydrophobic cavity of Cd
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provides a more thermodynamically favorable environment for the hydrophobic guest or hydrophobic
guest moiety than the aqueous environment. Temperature also impacts on the rate of complex forma-
tion. Optimal temperatures for complexation must be determined for each guest. As the temperature
increases, the solubility of Cd and guest increases, thus increasing the probability of Cd-guest con-
tact. However, the positive effect of increasing solubility must be balanced with the negative effect
of complex dissociation promoted by high destabilizing temperatures. [78] One or two Cd molecules
can also entrap one or more guest molecules resulting in 1:1, 1:2, 2:1, and 2:2 Cd:guest complexes, or
in even more complex association complexes, with higher order equilibria. However, the simplest and
most frequent case of Cd:guest ratio is 1:1 because of the molecular encapsulation by - and -Cds.
Due to the respective cavity sizes and volumes, the entry of a second guest molecule is hampered
(Table 1.1). In these cases only a single molecule can be accommodated through the secondary or
primary Cd portals. The displacement of water molecules from the hydrophobic cavity of Cds and
the subsequent increase of the number of hydrogen-bonds in the bulk, the reduction of the repulsive
interactions between the hydrophobic guest and the aqueous environment, and the increase of the Cd-
guest hydrophobic interactions, are some of the possible interactions that favor inclusion and complex

formation. [79]

1.2.3 Polymers

Polymers based on inclusion complexes and composed of multiple Cd molecules threaded on the
chain have attracted great attention in recent years for developing supramolecular materials. [46, 80]
The use of inclusion complexes as building blocks for these materials has already reached a high level
of complexity, providing an important and convenient route to the construction of targeted controlled-
release drug delivery systems. [81—87] This has been realized and improved by supramolecular chem-
istry and amphiphilic interactions without requiring complicated modification processes. [88, 89] Sev-
eral research groups have thus opened the way for future progress through innovative applications of
Cds combined with other polysaccharides (e.g. hyaluronan, chitosan and cellulose) directed towards
physical and organic chemistry, materials design, and pharmaceutical technology. These contribu-

tions have been recently reviewed in ref. [40].
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In light of the importance of understanding the relationship between structure and properties, selective
modifications have been performed, providing new insights on potential applications, since the type
of functionalization and substituents affect the resulting physical properties. A deep understanding of
these properties is crucial for designing intelligent systems, especially for drug delivery. Among the
three native cyclodextrins, B-cyclodextrin is often used because of its availability and suitable cavity
size for a widest range of guest molecules, including drugs and hydrocarbon amphiphiles. [89-91] The
interaction of Cd with guest molecules has been extensively investigated[92], but there is no assess-
ment of the effect of amphiphilic substituents when moving towards supramolecular Cd assemblies,
in which host-guest inclusion complexes act as junction nodes. [89] A quantitative understanding
of the effect of substitution on the complex stability is still missing. [3] The effect of polymer pen-
dant modification over the thermodynamic signatures and association/binding constants of the partner
junction sites, has not been addressed so far, in the context of network stabilization. Hyaluronic acid
(Hy) derivatives bearing monomeric Cd and adamantane (Ad) moieties have been recently used [30]
as models for these junctions. Among the potential guest molecules, Ad possesses one of the greatest
affinities for Cd (with binding constants up to ca. 10° M~!) due to its hydrophobic nature and snug fit
within the Cd cavity. [93-95]. Cd-Ad molecular recognition is particularly useful for the formation
of supramolecular structures. [96—98] Modification of natural polymers with amphiphilic guest and
host groups, either as terminal or pendant modifications, has allowed construction of supramolecu-
lar networks based on specific Cd-guest interactions. Because of its unique viscoelastic properties
and biological performances, Hy has become an attractive building block for the development of new
delivery systems.[99—102] Hy derivatives have been used as carriers and targeting reagents in drug de-
livery systems due to their biocompatibility, biodegradability, easy modification, high water retention
capacity, and specific binding with CD44 cellular receptors over expressed on the surface of cancer
cells of solid tumors, such as breast, pancreatic and lung cancers.[ 1 03—108]

The binary association of systems formed by conjugating Cd and Ad to hyaluronic acid, chitosan, and
other polymers as pendant groups has been investigated from an experimental point of view.[84, 91]
The relevance of multivalent and inter-polymer interactions on the inter-partner affinity and network
stability has also been emphasized by complementary theoretical and experimental studies. [98, ]

Recently, our group [3] demonstrated the relevance of non-included moieties in the stability con-
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stants of several Cd-based complexes using molecular dynamics (MD) simulations and free-energy
calculations. This approach includes an automated umbrella-sampling and a "flexible molecule" ap-
proximation for the calculation of binding constants.

Cds can also be covalently attached to the surface of polysaccharides, such as cellulose, so that the
cavity of the former is accessible to the guest molecules. [46] Cellulose derivatives are optimal guest
polymers for the design of novel Cd-containing supramolecular complexes. The host-guest chemistry
of Cd/cellulose derivatives in aqueous solutions has been widely explored, especially, in drug deliv-
ery systems. These materials are also used for separation and isolation purposes, being employed
as sorbents for different compounds, in solution and in gas phase. [41, 46]. An exhaustive account
of the wide range of works published in the early years of cellulose and Cd derivatives falls beyond
the scope of this section. The reader is referred to refs. [40, , ] for a full description of these
efforts.

In the last few years, the utilization of Cd and cellulose derivatives has seen a rapid increase for
different pharmaceutical applications. One of the major reasons for this increase lies in the need
for achieving critical and desired tunable properties such as biocompatibility, reduced or no toxic-
ity, bioavailability and biodegradability. Pharmaceutical excipients derived from these two molecules
have thus been extensively used (see e.g. refs. [40, ] due to their "green" and specific binding
properties, suitable for controlled and sustained drug delivery systems. This requires modifying the
morphology and structure of cellulose for attaining the desired properties. In contrast to pure cel-
lulose, which possesses some limitations, the most relevant being poor solubility, bad plasticity and
stability, and absence of antibacterial activity, cellulose derivatives have been explored as potential
materials for developing several dosage forms and drug delivery systems, aiming at achieving better
therapeutic outcomes. In these systems, the gelling and solubility behavior of drugs can be modified,
providing different mechanisms for controlling the respective release profiles.

In the following, recent advances on drug delivery applications of Cd/cellulose-based systems are
briefly presented, covering some preparation and functionalization methods, as well as addressing
relevant characteristics of the drug product, including the release behavior.

Current research on the application of Cds and cellulose for drug delivery encompasses the formula-

tion of nanoparticles [ | 1 3], microparticles [ 1 14], tablets [ 1 1 0], hydrogels [ 1 5], and transdermal drug
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delivery systems. [110] For instance methylcellulose (MCE) has been compared with Cds in terms
of hydrophobicity, displaying affinity to the cavity of B-Cd and forming amphiphilic supramolecular
polymers. [80] Du and co-workers [ | 16] have constructed supramolecular polymer micelles based on
maleic anhydride (MAh) modified cyclodextrin (MAh/B-Cd) and MCE, using a one-pot self-assembly
procedure (Figure 1.3). The micelles displayed regular spherical shapes (with 25+5 nm diameters),
possessing a MCE-based core and a hydrophilic shell based on 3-Cd and MAh/3-Cd (critical micelle
concentrations of 15.13 and 20.89 mg L~! for MCE/B-Cd and MAh/B-Cd:MCE, respectively). The
in vitro drug release behaviors of the micelles were established using prednisone acetate as a model
drug. It was concluded that the MAh/-Cd:MCE micelles possessed drug-enrichment cores and ex-
ceptional sustaining release time (ca. 700 h).

In a more recent study, Guo and co-workers [ | | 7] have described a simple and ecological route for the
synthesis of Cd carbamates and production of cellulose-containing supramolecular polymer micelles.
The respective drug release behavior was assessed using prednisone acetate, as a model drug. It was
shown that the micelles derived from Cd carbamate/cellulose were suitable for long time drug release.
The B-Cd:MCE micelles displayed an accumulated release of ca. 100% within 200 h, while in the
other micelles, based on y-Cd and ethyl cellulose or cellulose acetate, the sustained release of the drug

was 500 h. [117] Cappello and co-workers [1 18] have developed topical formulations of rufloxacin
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Figure 1.3: Schematic illustration of the formation of supramolecular micelles from MCE, 3-Cd and
MAh/B-Cd. Reproduced from ref. [46].

resorting to hydroxypropylmethyl cellulose (HPMC) and Cds. The latter were used to improve the
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solubility and ocular bioavailability of the drug. HP-f3-Cd formed the most soluble inclusion com-
plex with rufloxacin. Specifically, the addition of 0.25% HPMC to the solutions containing HP-f3-Cd
increased the solubilizing effect of Cd, reducing the amount of Cds necessary for solubilization of the
drug. The most promising formulation was then composed by 0.3% (w/v) of rufloxacin, 6.4% (w/v)
of HP--Cd and 0.25% (w/v) of HPMC. [118]

Host-guest complexes between modified cellulose nanocrystals (CNCs) and BCd has been used for
surface coating purposes [ | 19] and for preparing supramolecular hydrogels, with polymers, such as
Pluronic. Lin and Dufresne [120] have used doxorubicin hydrochloride as a model drug for char-
acterizing the release behavior in these gels. Interestingly, a special drug release mechanism was
observed upon fitting the release curves into the Ritger-Peppas equation. In fact, drug release fol-
lowed a Fickian diffusion, when using a neat Pluronic/axCd:doxorubicin hydrogel system. However,
an anomalous transport release mechanism was observed for the in situ CNCs/CdPluronicdoxorubicin
hydrogels. [ 110, ]

In another study [121] different proportions of $-Cd, CMC, acrylic acid and N'N’-methylene bis-
acrylamide were used for the preparation of hydrogels via free radical polymerization, directed at
controlling the delivery of antiviral drugs (e.g. acyclovir). The successful grafting of the compo-
nents into the polymeric and thermodynamically stable network was confirmed using FTIR and a
thermal/morphological characterization. The obtained hydrogel allowed a controlled release of acy-
clovir. However, a maximum of 96.15% of cumulative drug release was attained at pH 7.4, from the
hydrogel containing the highest acrylic acid concentration, optimum 3-Cd and CMC and low N'N’-
methylenebis-acrylamide concentrations, while exhibiting a pH dependent swelling profile [121].
Ndong Ntoutoume et al. [122] have synthesized curcumin-Cd/CNC complexes by functionalizing
CNC with cationic 3-Cd. This was carried out by ionic association of CNC and Cd and encapsulation
of curcumin into the Cd/CNC complexes. It was shown that these complexes displayed an antiprolif-
erative effect on prostatic and colo-rectal cancer cell lines.

Mucoadhesive nasal gels of oxybutynin chloride have also been prepared using many different mu-
coadhesive polymers, including HPC carbopol and MCE. In vivo-in situ models have been used for
evaluationg $-Cd, EDTA and bile salts as potential nasal drug adsorption optimizers. [!23] Formu-

lations containing 3-Cd and chitosan based matrices and EC have been prepared for the release of
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ibuprofen. The effect of digestive enzymes on the physicochemical properties of those formulations
was studied aiming at assessing the protective role of polysaccharides in gastrointestinal media. The
most stable carrier systems were obtained using formulations composed of equal amounts of ethyl cel-
lulose and B-Cd, allowing a slow release of the drug until 24 h (maximum drug release of 101.04 +
0.65%, in which 83.08 4 0.89% of ibuprofen was released in colonic medium). [124] B-Cd/cellulose
hydrogels have also been prepared by Zhang et al. [125], in a basic solution (NaOH/urea), using
epichlorohydrin as crosslinker and in the presence of 5-fluorouracil (5-FU), bovine serum albumin

(BSA) and aniline blue (AnB) (see Figure 1.4). It was found that an increase of the 3-Cd content
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Figure 1.4: Schematic representation of the mechanism for the adsorption of AnB in the hydrogels.
Reproduced from ref. [46].

led to a decrease of the swelling degree and the water uptake of the hydrogels. Different drug release
behaviors were observed for 5-FU and BSA. Weak interactions were observed between BSA and f3-
Cd, while the formation of -Cd:5-FU complexes inhibited the controlled release. AnB was adsorbed
by the hydrogels leading to a fluorescence enhancement, which was explained by the formation of
B-Cd:AnB complexes. These results also confirmed the usefulness of this type of hydrogels as phar-
maceutical excipients for hydrophobic drugs. [125]

Recently, Marcos et al. [126] have developed supramolecular gels based on poloxamer, hydroxyethyl
cellulose (HEC) and a-Cd for improving the solubilization and sustained release of griseofulvin,
an antifungal drug for topical application. The authors evaluated the effects of the o-Cd concen-
tration (from O to 10% w/w), on the phase behavior of mixtures of Pluronic P123 (14% w/w) and
HEC (2% w/w), at different temperatures. Both components, poly(ethylene oxide) (PEO) blocks of
Pluronic and HEC, were able to form supramolecular complexes with Cd, avoiding the phase sepa-
ration and improving the solubilization of the drug. The rheological and bioadhesive properties of

the gels, in the presence and absence of the drug, were tuned using different proportions of the poly-
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mers. Furthermore, the addition of HEC to form P123/a-Cd gels, enhanced the viscosity at 25°C and
enabled optimizing the release of griseofulvin at 37 °C. In addition to these features, these ternary
supramolecular gels displayed favored biocompatibility and activity against 7. mentagrophytes and T.
rubrum, being thus considered a suitable platform for the topical treatment of dermatophytosis and
also to be incorporated in formulations for long-term sustained release of several drugs.

Han and co-workers [127] have obtained a hydrogel with three-dimensional double network struc-
tures, in which electrostatic and host-guest interactions play the leading roles. HEC and a mod-
ified chitosan (HACC) were cross-linked using one-pot reaction for preparing the spherical cage.
HACC provided a positive charge core to attract sulfobutylether-3-Cd (SEB-f-Cd), the negative host
molecule. The method of weight increment and photometric titration was implemented to determine
the amount of SEB--Cd loaded (ca. 50.3%). It was shown that the hydrophobic guest substance
in the SEB--Cd@hydrogel was released in a sustained manner in buffer solution and the controlled
release of SEB-f3-Cd by ion-exchange method provided new insights on the rapid release of hy-
drophobic guest substances. [127]

A zero-order release kinetics of glipizide, used as model drug, from compression-coated tablets for
oral administration, was observed by Huang and co-workers [128], using hydroxypropyl cellulose
(HPC) as the coating layer. Those tablets were able to form a hydrogel, when in contact with the
gastrointestinal fluid, which decreased the drug release rate. It was found that such release rate was
controlled by the erosion of the gel matrix. Similarly to previous observations, the formation of
host-guest complexes allowed enhancing the solubility of the drug in different pH conditions, thus in-
creasing the dissolution rate of the compression-coated dosage form. It was concluded that different
properties, such as the viscosity of HPC and the distribution of the drug between the outer layer and
the core of the matrix, can be used for controlling the release behavior. [128]

The use of B-Cd derivatives proved a powerful resource to increase the solubility of chemotherapeutic
agents, such as benznidazole. HPMC has been the basis for guiding the release of such agents from
solid Cd-based host-guest complexes, ensuring the drug bioavailability. In turn, HP-3-Cd produced
a significant improvement in drug solubility being often selected for the development of solid sys-
tems. [ 1 29] New solid dosage forms with improved physicochemical properties and oral bioavailabil-

ity have been developed, containing HP-f3-Cd and hydrophilic additives, obtained from supercritical
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antisolvent processes. HP-3-Cd NPs loading dutasteride formed aggregates within the nanoscale (a
mean particle size of ca. 160 nm and a specific surface area over 100 m?> g~!. It was shown that the
type of hydrophilic additive influence the maximum achieved supersaturation and also the drug pre-
cipitation rate. A maximum solubility and extended supersaturation was observed for the drug-loaded
HP-f-Cd nanostructures with HPC. The bioavailability of these nanoparticles was comparable to that
of the commercially available formulation. [130]

The inclusion of ciprofloxacin by grafting f-Cd on cellulose fibers has been reported by Dong et
al. [131]. The B-Cd-grafted cellulose was prepared by the formation of citric acid-B-Cd, which was
obtained via dehydration of the two adjacent carboxyl groups of the citric acid to form a cyclic an-
hydride which reacts with the hydroxyl groups of the B-Cd portals. The grafted ratio of f-Cd onto
cellulose fibers was 9.7%, under [citric acid-B-Cd] = 300 gL_l, pH 3.4, 15 min, and 160°C condi-
tions. The release behavior of the encapsulated ciprofloxacin hydrochloride from cellulose fibers was
also investigated. The Cd-grafted cellulose showed a higher cumulative release (ca. 90% in half-hour)
of the biocide, when compared with the native fibers. The same level was attained with the modified
fibers after 240 min, as a consequence of the formation of host-guest complexes. However, the pres-
ence of $-Cd and biocide contributed for an increase in the disorder of the cellulose microstructure,
affecting the respective mechanical properties. Comparing to pure fibers, the bacterial activity against
E. coli and S. aureus of the grafted chains, loading ciprofloxacin, was significantly higher. [131]
Lavoine et al. [132] have developed a high-performance delivery system using 3-Cd containing mi-
crofibrillated cellulose (MFC)-coated papers. A model antibacterial drug, chlorhexidine digluconate
(CHX) was used in a suspension of MFC, a $-Cd solution, or mixed with both MFC and -Cd, before
coating onto a cellulosic substrate (see Figure 1.5). The proposed scenarios for explaining the release
mechanism suggested that (i) the f-Cd:CHX complexes are linked to cellulose via 3-Cd/cellulose
interaction, being associated to a longer release of the drug, (ii) the interaction with cellulose can
be done through the CHX moiety protruding from the 3-Cd macrocycles, which are firstly released,
followed by the CHX molecules, (iii) either CHX or -Cd, in the supramolecular form, are concomi-
tantly linked to cellulose. In the latter scenario, the complexes are released at a low kinetic rate, as
a consequence of the chemical interactions between the B-Cd:CHX and cellulose. Comparing the

B-Cd and MFC releases of CHX, the former promotes a continuous and longer release profile, due
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to the formation of the inclusion complex with CHX. Furthermore, when the two compounds were
combined a complementary action was observed. The BCD:CHX-coated sample released the lowest
amounts of CHX for more 10 h than the CHX/MFC-coated sample. MFC promotes the burst effect,
while 3-Cd controls the amount of drug released over time. It was concluded that the combination of
B-Cd and MFC is suitable for the rapid delivery of CHX, promoting the sustained release of active

compounds. [46, 132] Other approaches have been tested for prolonging the drug release in aque-
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Figure 1.5: Schematic representation of the different scenarios for explaining the release mechanism
involving B-Cds and chlorhexidine digluconate (CHX), and the respective inclusion complexes. Re-
produced from ref. [46].

ous solutions. These include recent works on the use of electrospun fibers composed by HPC and
complexes of HP-B-Cd-sulfisoxazole. These components were encapsulated in poly(e-caprolactone)

nanofibers which allowed a more sustained drug release. [133]
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1.2.4 Aggregates

After a long period in which it has been neglected, Cd aggregation is now a hot-topic, and one far
from gathering consensus. [ 134] This is duly discussed in Chapter 6. The aggregation of amphiphilic
molecules in solution, including Cds, can be considered as a microphase separation between polar and
non-polar phases. This involves both the hydrophobic and hydrophilic moieties of such molecules and
induces the formation and growth of the so-called self-assembled structures. This is a spontaneous
process in which the system components form ordered aggregates, typically involving an enthalpy
gain in solvation, due to hydrogen bond formation, and possibly a gain in the entropy of bulk water
(hydrophobic effect). [1 1, ] The process is promoted by balanced attractive and repulsive interac-
tions between molecules, or specific moieties, occurring from a less organized state (e.g. a solution
or a disordered aggregate) to a final ordered state (e.g. a crystal). These soft interactions are generally
weak, comparable to thermal energies, and noncovalent, with typical strengths varying from less than
5 kI mol~! for van der Waals forces to ca. 120 kJ mol~! for hydrogen bonds. [136]

Other relevant factors, such as the reversibility and flexibility, the interaction with the respective
environment, and the mobility of the system components, determine the success of the molecular
self-assembly process.

Despite a substantial amount of data is available on the thermodynamic aspects of assembly processes,
the information on the Cd aggregation behavior and detailed mechanisms of formation and dissocia-
tion is scarce. In particular, little is known about the cooperative nature of individual contributions of
components for the Cd aggregation/assembly process. This is clearly a topic requiring fundamental
research, with direct implications for improving the supramolecular assembly design and fostering
new formulation opportunities in this type of systems.

Cds have been used for functionalization of organic and inorganic materials and for the synthesis of
nano- and micro-sized aggregates. [137, ] This process is, in general, driven by hydrophobic in-
teractions, and is affected by a number of factors such as the concentration of reactants, temperature,
nature of solvent and the addition of neutral or ionic co-solutes. [139]

One of the most intriguing properties of Cds is the respective solubility. It should be noted that the

solubility in water does not follow a common trend, with -Cd being much less soluble than the other
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two. [406, ] Such behavior has attracted researchers for several years, and different explanations
have been proposed, based on the rigidity of the Cd ring and intramolecular hydrogen bonding, or
Cd self-aggregation. [141] The formation of aggregates can be enhanced upon formation of inclusion
complexes, but in general negligible amounts of aggregates (of ca. 200-300 nm in size) are formed
in pure Cd solutions. The extent of aggregation may also increase with increasing Cd concentra-
tion. [142] A wide range of experimental data generated on Cd aggregation has been reviewed (see
e.g. ref. [143]). However, the mechanisms of Cd aggregation and Cd complex aggregation have not
yet been fully understood. [134]

Cd aggregation was originally recognized based on random observations and deviations from theo-
retical expectations. Several analytical techniques are now being optimized to specifically detect and
characterize Cd aggregates. In Cd solutions, dynamic light scattering (DLS) [144, ] and trans-
mission electron microscopy (TEM) [145] have provided reliable evidence of the aggregation phe-
nomenon. The latter has been recognized by several research groups that have identified aggregates
of different shapes, including spherical and elongated particles, welded fibers and rods. [1 1, 1A
significant amount of microscopic data [146] and information from dynamic light scattering (DLS),
nuclear magnetic resonance spectroscopy (NMR), and dialysis membrane permeation methods, have
been reported. [ 1, ] However, the full characterization of the Cd aggregation behavior by these
techniques has been hampered by the poor stability of the aggregates, which makes them sensitive to

disruptive side effects. [1 1, 145]

1.3 Modeling soft supramolecular structures

There is a surprising number of studies supporting the use of computational models for mimicking
supramolecular systems and studying the underlying patterns of molecular recognition and binding, in
multi-dimensional approaches. [147] Based on physical properties and mathematical concepts, these
models are able to provide rationales for the conformation, solvation and thermodynamic characteri-
zation of this type of systems. Molecular dynamics, including free-energy calculations, yield a direct
coupling between experimental and computational investigation.

Host-guest systems have emerged as useful models for assessing the accuracy of simulation meth-
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ods. This can be explained by the fact that these systems display interesting features comparable to
protein-ligand binding, including hydrogen bonds, conformational restriction and desolvation, and
also possess an adequate size for conducting more precise thermodynamic calculations. This is the
case of Cd host-guest systems, which mimic several characteristics of protein-ligand binding with the
advantage of being much more accessible due to their small size. These characteristics also facilitate
the selection of the force field (FF) based on the attribution of the level of accuracy.

Specifically, the combination of MD and free-energy calculations with experimental results have re-
vealed the relevant interaction patterns in the formation of inclusion complexes between several host
(e.g. cyclodextrins [3, ], cucurbiturils [149] and bambusurils [150]) and guest molecules (e.g.
antitumor and antiviral drugs [151], steroids [152], flavonoids [ !53] and small ionic species [150]).
These small aggregates, comprising typically two (in 1:1 host-guest complexes) or three molecules
(in 1:2 complexes) have been the basis of fundamental developments for establishing what governs
associations in soft-matter and stability in larger supramolecular nanostructures, such as nanogels and
targeted nanoparticles.

Despite significant advances in molecular modeling techniques and the comparative simplicity of
host-guest systems, there is still a need for a tractable and theoretically sound computational method
to interpret experimental data and help with the design of new hosts for targeted molecular guests.
Similarly to other macromolecular systems, host-guest systems exhibit marked entropy-enthalpy com-
pensation. Such property has been observed for noncovalent interactions in both water and organic
solvents. Among the wide applications of alchemical transformations, host-guest chemistry occupies
the most prominent position. [154] A fundamental aspect to be understood is the precise manner in
which the guest molecule binds to the host. MD simulations have greatly contributed to understanding
molecular binding phenomena as a fully dynamical process. However, these simulations are limited
by the time scales that can be routinely sampled. The introduction of special-purpose machines and
the evolution of parallel codes, has increased enormously the time scales accessible by fully atomistic
MD. However, guest molecules (e.g. drugs) with long residence times are common, and the respective
association/dissociation from a host or receptor cannot be observed by conventional MD calculations
even when specialized hardware is employed. This well-recognized limitation of MD has led to the

development of various algorithms to enhance the sampling of the high free-energy states and rare
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events, associated to high free-energy barriers.

Enhanced sampling methods can speed up conformational sampling by various means and represent
an effective alternative to access with high accuracy the thermodynamics and possibly the kinetics that
underlie these processes. Steered MD and umbrella sampling [155], with potential of mean force es-
timation (PMF) [156] allows inspecting the free-energy profile and the mechanistic aspects involved
in formation of host-guest complexes. [3] In recent years, other strategies aimed at the same goal
have been proposed. Replica exchange [157] metadynamics [158, ], accelerated MD [160], mile-
stoning [161], transition path sampling [162], and combinations of these are among the most widely
used methods to enhance conformational sampling. For instance, the replica exchange methodol-
ogy has been used in the atomistic simulations, as well as in a number of coarse-grained simulations
(see e.g. [158]). This method has been applied to study free-energy landscape and folding mecha-
nisms of several peptides and proteins [157], through several variants of the traditional temperature
dependent scheme, available in some of the most popular MD packages, such as AMBER [163],
GROMACS [164]and NAMD [165]. Among the enhanced sampling methods that fully explore the
binding mechanism, metadynamics, especially in the well-tempered formulation, has emerged as a
powerful approach for accelerating rare events. [ 1 59] This has been applied in drug docking to protein
and enzymes, systems involving big conformational changes and relevant solvation effects. Directed
dynamics such as the adaptive biasing force (ABF) and hyperdynamics were also derived from the
same principles as adopted by metadynamics. [159] The implementation of metadynamics in MD
codes, such as NAMD and GROMACS, have promoted a broad range of applications of the method,
ranging from solid state physics to biological systems.

The adaptive biasing force algorithm (ABF) has also emerged as a promising strategy for mapping
complex free-energy landscapes [ 160, ], as it combines both constrained and unconstrained simu-
lations into a highly efficient scheme, providing an uniform sampling of the order parameter. Briefly,
as a simulation progresses, a continuously updated biasing force is added to the equations of motion,
such that in the long-time limit it produces a Hamiltonian devoid of an average force acting along
the transition coordinate of interest. In contrast to umbrella sampling schemes, based on probability
distribution functions, ABF uses forces, which can be readily estimated without the need to sample

broad ranges of the order parameter.
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Another relevant problem in the early estimations of free-energy is related to the strong dependence
on system size, in the presence of significant electrostatic interactions. [ 68] Once long-range correc-
tions using Ewald lattice summation or the reaction field are included in molecular simulations, size
effects in neutral systems decrease markedly. The problem, however, persists in charged systems, for
example in determining the free-energy of charging a neutral species in solution. In this context, it has
been demonstrated that system-size dependence can be largely eliminated in these cases by careful
treatment of the self-interaction term, which is associated with interactions of charged particles with
their periodic images and a uniform neutralizing charge background. [168] The ability to decouple
relevant energy contributions from individual components is also far from a simple solution, being
the basis of alchemical free-energy methods [ 19, 20], such as the thermodynamic integration (TI) [17,

, 169], free-energy perturbation (FEP) [20] and molecular mechanics-Poisson-Boltzmann surface
area (MM-PBSA). [170] The feasibility of the estimated binding free-energy depends on the correct
estimation of thermodynamic quantities and the concerted interaction components (enthalpy, entropy
and solvent contributions). [15, ] For instance, the quantification of these interaction components
have been directed at inclusion complexes between cyclodextrins and its derivatives and different
model drugs (see refs. [13, 15, ]). However, only a few studies (e.g. [3, 13]) have introduced tech-
nical and practical directions to investigate the energy components underlying the stability of these
complexes. Spoel and co-workers [13] have emphasized the role of solvent contribution resorting
to steered molecular dynamics and PMF calculations. The latter techniques have also been used by
Pais and co-workers [3] for assessing the relevance of non-included guest moieties in the binding
constants of cyclodextrin inclusion complexes, estimating the weight of enthalpic and entropic con-
tributions to the free-energy. In this context, MD and PMF calculations allow the modulation of the
formation processes in inclusion complexes, along which the free-energy profiles are derived from
an umbrella sampling procedure. [3] This approach has been employed in the characterization of the
inclusion of a wide range of drugs on cyclodextrins, and also in the aggregation of host units either in
dimerization [ 15, ] or in rotaxanes formation. [173, ] Other hybrid approaches [175], includ-
ing quantum mechanics/molecular mechanics (QM/MM) [153] methods have also provided insight

on the formation of inclusion complexes at a molecular level.
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1.3.1 Applications

This section presents some examples in which MD or Monte Carlo (MC) simulations are used for
establishing the contributions of noncovalent interactions (NCI) (e.g. electrostatic, hydrophobic and
hydrogen-bond interactions) to the free-energy, in systems in which these are the main source of
recognition, assembly, and stability. These include, for instance, host-guest complexes, polyelec-
trolytes and proteins.

MD and free-energy calculations have provided insight on relevant aspects including the effect of
substituents, the role of solvation, and rationales for the conformation and thermodynamic charac-
terization of the systems under investigation. Among several studies on the topic, available in the
literature, only a few are briefly reviewed. For instance, MD simulations in water, with PMF estima-
tion based on both TT and constraint force methods, have been used for inspecting the thermodynamic
properties of binding of some inorganic ions, such as ClO,~ and SO42‘, and ferrocenyl alkanethiols
with both free and gold-surface confined -cyclodextrins. [14, ]

In general, the association process between the host and guest molecules is analyzed along the re-
action coordinate defined by the distance between the centers of mass of both host and guest, along
a reference coordinate (e.g. z-axis). In these particular systems, electrostatic interactions and hy-
drogen bonding have played a major role on the binding process. For instance, simulations have
elucidated the association mode of sulfate anion with free and grafted B-cyclodextrin. For the latter
system, a small minimum in the PMF profile, positioned at a larger distance relative to the cavity of
surface-grafted cyclodextrin, suggested the formation of a noninclusion complex (see refs. [ 14, ]
for details). The ion binds to the host by forming hydrogen bonds with the free-cyclodextrin portal.
Also relevant is the individual energy contributions to the cyclodextrin-ion interaction, which is gov-
erned by electrostatic interactions. However, this favorable electrostactic contribution is not sufficient

to compensate desolvation of the anion, considering the respective hydration energy. [ 4]

The release and transport of drugs mediated by cyclodextrin-based carriers, have also been investi-
gated [177] systematically using MD and free-energy calculations, showing the preferred inclusion
modes of such drugs for cyclodextrins. One example (see Figure 1.6), refers to the binding of ampho-

tericin B (AmB), which possesses two sites, within the respective prolonged macrolide, with higher
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binding affinity to y-cyclodextrin. The decomposition of the PMFs into free-energy contributions have
suggested that van der Waals and electrostatic interactions are the main driving forces responsible for

the formation of this type of complexes. [177]
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Figure 1.6: (A) Schematic representation of the two inclusion pathways along which AmB approxi-
mates to - or y- ciclodextrins. (B) PMF profiles for the inclusion of AmB with - and y-cyclodextrins
considering the two orientations. (C) Equilibrium configuration of the complex between AmB and
B-cyclodextrin (orientation I) followed by a representation of the hydrogen bonds formed between
host and guest molecules and the respective averaged number (O—H---O angle > 135° and O---O
distance < 3.5 A), as a function of the simulation time. (D) Decomposition of the PMFs into van der
Waals and electrostatic host-guest and host—solvent contributions, for the complexes between AmB
and - and y-cyclodextrin in orientation I, and AmB and y-cyclodextrin in orientation II. Adapted
with permission from ref. [177]. Copyright (2018) American Chemical Society.

Recently, Pais and co-workers [3] (see Chapter 3) have demonstrated the relevance of non-included
moieties in the stability constants of several cyclodextrin-based complexes. The binding constants for
naphtalene derivatives forming complexes with B-Cd were calculated (ranging from 128 to 2.1x 10%),
pointing out the important effects of the substituents. Substitution of naphthalene promoted an in-
crease in the binding constant (up to 100-fold), irrespective of the nature of the substituent, the latter
comprising small hydrophobic and hydrophilic, including charged, groups. Enthalpic and entropic

contributions were separated in order to estimate their weight in the free-energy. Also, the preferred
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orientation of the guest molecules within the cyclodextrin was established. In a completely different
system [ | 50], the same strategy was used for exploring the ion caging ability of bambusurils in aque-
ous media. Specifically, new insights on the conformation, hydration and energy changes involved in
the complexation process between the water-soluble benzoyl-substituted bambus[6]uril and chloride
ion were provided. The structural features of three single bambusuril derivatives, and the relative en-
ergy contributions to the formation of the benzoyl-substituted bambus[6]uril-chloride complex were
computed. The estimated standard free-energy of binding and the respective binding constant were
found to be -11.7 kImol~! and 112, respectively. Binding occurred with complete desolvation of
both guest and host cavity. One of the most interesting observation was that chloride was hermeti-
cally sealed inside the host cavity, as a result of a concerted action of both conformation change and
desolvation. [150]

Solvent contributions to the thermodynamics of binding have been scrutinized [ | 3], emphasizing the
importance of using explicit models for the accurate calculation of binding thermodynamics. A de-
tailed analysis on the energetics of the host—guest complexation between f-cyclodextrin and several
model drugs (e.g. puerarin, daidzin, daidzein, and nabumetone) have demonstrated that the flexibility
of the binding partners and solvation-related enthalpy and entropy changes must be included explic-
itly for the precise estimation of thermodynamic parameters involved in molecular association In this
study, it was also demonstrated that implicit models are not suitable to provide detailed information
on how free-energy is decomposed into enthalpy and entropy. [13, ]

The dimerization of Cds has also been recognized as a relevant step in the construction of nanos-
tructured materials. [134] Only a few studies (see e.g. refs. [15, ]) involving umbrella sampling
simulations and PMF calculations have been carried out for investigating the binding affinity of dimers
in the presence/absence of a guest molecule, and the preferred orientation of interglucopyranose hy-
drogen bonds, at the cyclodextrin portals. These include B-cyclodextrin monomers and dimers in
aqueous and nonaqueous media. [ | 72] Polar solvents with stronger hydrogen bond accepting abilities
can easily disrupt intermolecular hydrogen bonds, decreasing the stability of the dimers. In the same
environment, higher binding affinities are achieved if guest molecules are included in the channel-
type cavity of such dimers. These results allowed concluding that the formation of dimers is solvent-

dependent and guest-modulated. [ | 72] In another related study [ 5], it was shown that the cooperative
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binding of cyclodextrin cavities to guest molecules can facilitates the dimerization process, favoring
the overall stability and assembly of nanostructures. Different dimerization modes yielded different
binding strengths. This has been demonstrated in systems consisting of isoflavone drug analogues
used as drug templates, and cyclodextrins (Figure 1.7). A detailed quantification of host, guest and
solvent contributions to the thermodynamics of binding has revealed that head-to-head dimerization
promotes the most stable complexes, which can be used as building blocks for template-stabilized
nanostructures. Desolvation of cyclodextrin dimers and entropy changes upon complexation also

affect significantly the cooperative binding. [15]

daidzin daidzein

PMF (kJ/mol)
8

puerarin
——daidzin
80 |- ——daidzein

90 -

1 L 1 . . . 1 . 1 ) 1
25 20 15 -1.0 05 00 05 10 15 20 25
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Figure 1.7: Schematic representation of the association coordinate for the 2:1 complex between a
B- cyclodextrin dimer and daidzein. (Bottom) PMF profiles and representative configurations of the
2:1 complexes between the specific BHHP arrangement of 3- cyclodextrin dimer and three different
model drugs. Reprinted from ref. [15] with permission of the American Chemical Society (available
from https://pubs.acs.org/doi/abs/10.1021/jp412041d).

Other strategies have been adopted resorting to both MD and MC simulations. As an example of
application [179], free-energy calculations and lattice chain MC simulations have been used for un-
derstanding the formation of polyrotaxanes (Figure 1.8), including the identification of the most favor-
able conformations of cyclodextrin molecules in a polyrotaxane and the quantification of dimerization
free-energies, related to different spatial arrangements of two consecutive cyclodextrin molecules. It
has been suggested, that the binary association is controlled by the formation of hydrogen bonds

between two adjacent molecules, promoting an overall structural stabilization. [179]
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Figure 1.8: (A) Structural arrangement of a polyrotaxane formed formed by a poly(ethylene gly-
col chain included in multiple a-cyclodextrins, (B) definition of the reaction coordinate, &, in
wich both the geometrically restrained (cyan) and free (red) cyclodextrins are presented. (C) Three
possible conformations (HH, HT and TT) showing different spatial arrangements of two consec-
utive a-cyclodextrin molecules. (D-F) Free-energy profiles corresponding to the dimerization of
a-cyclodextrins on the poly(ethylene glycol chain, for the HH, HT and TT conformations. (G-I) In-
dividual cyclodextrin-cyclodextrin, cyclodextrin-water, and cyclodextrin-thread energy contributions
for the total free-energy, in the three conformations. Reprinted with permission from ref. [179].
Copyright (2018) American Chemical Society.

The thermodynamic cost of confining polyelectrolytes spherical cells of different radii can also be
quantified by free-energy calculations, resorting to TI. [180] Simulation studies of polyelectrolytes,
based on MC and MD, have been precluded by the respective chain lengths and the need of large
concentrations of compacting agents. The conformational and energetic changes in DNA delivery
systems have been studied computationally by some of the authors. [ 180, 181] For instance, a coarse-
grained model was proposed [ 180] for exploring structural and thermodynamics aspects of confining
polyions in spherical cavities, with different linear charge densities and with counterions of different
valences. The free-energy of the confined polyion and counterions were estimated as a function of the
sphere radius, from a dilute solution corresponding to the largest sphere. A positive free-energy dif-
ference was found for all systems and was associated to the compression. This means that the system
containing the polyion with the largest linear charge density and monovalent counterions displays the
largest resistance to being compressed. The penalty is thus largest for the polyion with the largest lin-
ear charge density and monovalent counterions. The replacement of the monovalent counterions with

trivalent ones induced a compactation of the polyion, as a consequence of the stronger electrostatic

polyion-counterion attraction. This leads to a nearly full compensation of the ideal and electrostatic
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contributions to the free-energy of their confinement.

Other interesting example of application relates to protein-ligand interactions [182—186], which are
typically pursued by significant conformational and energetic changes. These changes often occur on
time scales that make direct atomic-level simulations useless. One possible alternative relies on the
assumption that the change in the binding free-energy resulting, for e.g. from a mutation of a lig-
and bounded to a protein, complies a linear response scheme [ &3], with parameters estimated from
training sets of protein—ligand complexes, and used for predicting binding affinities of new ligands.
Another strategy is the computational design of the ligand in free and bound states. In this type of sys-
tems, the emergence of some reliable implicit solvation models and classical statistical-mechanical
approaches have been part of the solution. These include, for instance, the use of the molecular me-
chanics Poisson—-Boltzmann surface area (MM-PBSA) model. [170] A theoretical study, recently pub-
lished [187], encompasses MD and free-energy calculations for evaluating the structural and thermo-
dynamic signatures involved in the interaction of siRNA molecules, bearing chemical modifications
at 3’-overhang, with the PAZ domain of human Argonaute (Figure 1.9). In these systems, a reduction
of the complex binding affinity has been observed upon siRNA modification, being explained by the
hampering of hydrogen bond formation in the active site of PAZ. Analyses of free-energy, achieved
from simulations based on the Generalized Born and surface area continuum solvation (MM-GBSA)
method, and of hydrogen bonds, have provided a complete identification of the most relevant residues
for PAZ-siRNA interaction (see Figure 1.9). This data will contribute to the improved design of

synthetic nucleotide analogues, circumventing some of the intrinsic siRNA drawbacks.
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Figure 1.9: Representative conformation of the complex between PAZ domain of the human argonaute
2 (hAgo2) and the chemically modified siRNAs at 3’ overhang, obtained from the last nanoseconds
of the MD production runs. Panel A illustrates the relative positioning of domains and interdomain
linker of the hAgo2 (using the crystal coordinates of PDB ID: 4F3T) and the positioning of the
siRNA antisense strand. Panels B and C show the most representative structures of the complexes
formed between PAZ domain and siRNAs, modified with phosphorothioate thymidine (PS) and L-
threoninol-thymine (THR), respectively. PS and THR correspond to the second-last residues of the
modified siRNAs while PS3’ and THR3’ correspond to the last one. Hydrogen-bonding interactions
between the siRNA nucleotides and the PAZ amino acid residues are represented in black dash lines.
The phosphorus, oxygen, nitrogen, hydrogen and sulphur atoms are colored in yellow, red, blue,
white, and green respectively. Panels D and E correspond to the occupancies of the most prominent
hydrogen bonds formed between the PAZ binding pocket and 2-nt modified nucleotides with PS and
THR, respectively. The analysis of the instantaneous hydrogen bond formation was obtained using
an in-house algorithm. Adapted from Ref. [187]. Published by The Royal Society of Chemistry.
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1.4 Motivation and aims

The use of host-guest complexes is widespread in terms of practical applications, including the solu-
bilization of insoluble drugs, the preservation of flavors and scents, and the design of more complex
supramolecular structures. This wide range of applications tends to generate work, both computa-
tional and experimental, that is made on individual systems, and for which the systematic understand-
ing of the factors governing the inclusion process does not constitute the main goal.

In silico approaches are generally more cost-effective and less demanding than laboratory experi-
ments, particularly when the a priori development of synthetic procedures and binding assays are
required. Often, computational methods also provide the only access to risk appraisals of new chem-
ical compounds. They are also the tool of choice to provide a deeper insight and the rationales for
both simulation and experimental results, thus allowing for a broader generalization. This dissertation
deals with the computational quest for the characterization and quantification of host-guest binding
affinities, using various imposed features and models of host-guest systems, which are crucial for the
design and incorporation of supramolecular nanostructures in suitable platforms for drug delivery.
The features are systematically varied, and include host and guest modifications, host size, inspection
of potential transient-gel nodes, and two types of hosts, cyclodextrins and bambusurils.

Two main goals are pursued: understand the factors that govern inclusion, and develop the tools that
allow a molecular-dynamics simulation, in-depth study, of these systems. For the first aim, a large
number of aspects are examined: these include solvation, conformation, overall and decomposed in-
teraction energy patterns, and the thermodynamic signatures. For the latter, a strict validation proce-
dure based on experimental evidence is used, and the more adequate statistical-mechanical procedure
used in an automated fashion, so as to increase throughput. The inspection also focuses on build-
ing blocks of larger supramolecular assemblies in various facets, from gel nodes to host aggregates.

Finally, other types of complexes are addressed, in which different interactions are highlighted.
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Chapter 2

Theory and Methods

Molecular modeling and simulation are powerful tools for the quantitative understanding of the driv-
ing forces that govern molecular recognition and binding in host-guest systems. [|—7] However, the
energetic description of the binding process requires high accuracy potential energy, transposable be-
tween different chemical and physical environments. Also, the flexibility of host, guest and solvent
molecules introduces several degrees of freedom that preclude an adequate exploration of the con-
figuration space by standard molecular dynamics approaches. [8—12] These are the most prominent
and challenging tasks for the accurate computation of binding free-energies by molecular simula-
tions. Describing computationally the free-energy behavior of relatively small molecules (such as
cyclodextrins) and guests, practical shortcomings can be better identified and amended for proceed-
ing the calculation of binding free-energies in larger systems. [I, &, 13] With increasing complexity
in host-guest systems, adequate sampling over the binding process by conventional methods becomes
limited due to the computational cost. The simulation and estimation of rare events are among the
most challenging topics in molecular dynamics, as the equations of motion are high-dimensional. [1 ],
, 14-19]
Several innovative applications of free-energy methods towards physical and organic chemistry, as
well as structural biology have been proposed. An exhaustive account of the wide range of works
published in the early years of free-energy calculations falls beyond the scope of this chapter. Ref-
erences [17] and [20] provide a full description of these efforts. A complete thermodynamic char-
acterization of the binding process implies the knowledge of the enthalpy and entropy of associa-

tion. [21] This is one of the key element in identifying the stabilizing factors and understanding how
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guest and host assemble. Standard molecular simulation methods have reproduced the absolute ther-
modynamic properties of binding (standard free-energy, enthalpy and entropy) between host-guest
systems. [22] The absolute binding free-energy can be expressed as the sum of separate free-energy
contributions corresponding to a step-by-step process describing the association process between the
host and guest. [23] This can be accomplished by calculating the PMF profile along a specific reac-
tion coordinate characterizing the association process (e.g. the distance between the center of mass of
the host and that of the guest). [13, 23-33] Different methodologies have been successfully applied
for the calculation of the PMF profile. Among them, free-energy perturbation (FEP) [30, 34-36],
thermodynamic integration (TI) [30, 37], umbrella sampling [38], with the weighted histogram anal-
ysis method (WHAM) [23, 39] and force constraint methods [17] are the most commonly used in

chemically and biologically relevant systems.

2.1 Free-energy calculations and rare events

The conformational changes of macromolecules, host-guest associations/dissociations, chemical re-
actions, and nucleation phenomena during protein folding, are relevant processes involving rare
events. [1 1, 12, 14-19] These require unusual large thermal fluctuations for driving the system over
energy barriers separating intrinsic conformations, and often occur on time scales much larger than the
microsecond. The respective study by conventional molecular dynamics simulations is thus hindered
by the wide separation of time scales. A deep characterization and understanding of the underlying
free-energy states inherent to these molecular mechanisms has been the subject of intense debate in
both theoretical and practical contexts. [21, 26, 27, 40—43] Free-energy provides the most measurable
coupling between experimental and in silico approaches. Calculating a priori free-energy differences
with high accuracy allows assessing the quality of the designed models. This is the basis for the de-
velopment of a extensive list of methods, over the last thirty years. [ 17] Specifically, a physical phase
transition among two or more thermodynamically stable, or metastable, states separated by free-
energy barriers is a rare event, associated to a long system delay for crossing the high-energy region
in the phase space. [44] Determining the free-energy of those states and the respective free-energy

barriers allows describing rare dynamic events. [17, 21] The Helmholtz free energy, A, particularly
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useful for the condition of constant volume, is given by

A= —kgTInQ 2.1)

and

H(P3N AN
A= —kpgTIn( e 87 2.2)

In these equations kp refers to the Botlzmann’s constant, 7 is the absolute temperature in Kelvin units

and () represents the canonical ensemble average.

Free-energy is generally expressed as the Helmholtz function (A) under the NVT ensemble or the
Gibbs function (G) under the NPT ensemble. The Helmholtz free-energy A is commonly represented
as a phase space integral (Eq. 2.1). Theoretically, A can be calculated resorting to MD or MC sampling
methods using Eq. 2.2, but in practice the result is misleading due to (ii) the exponentially increasing
function in the integrand of the equation, which inflates the contribution of some rarely accessed
regions in the phase space to the entire integral, and also to (ii) the complex and high dimensional
character of the phase space, which difficult sampling the space ergodically, when using standard
sampling approaches, such as those of MD and MC. If the coordinates of the system are collectively
denoted as x and the respective energy function is E(x), then the partition function, Q, is given by the

configurational integral

0 :N/dxe_ﬁE(X) (2.3)

where 8 = (kgT)~! and the constant N are introduced to represent Q unitless, i.e. the respective value

does not have any significance in this case. The average energy of the system is

()= [ dxEX)p(x) (2.4)
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in which p(x), the equilibrium probability density in x, is

e_ﬁE((x))

= T dxe PE® 2.5)

p(x)

In contrast to the calculation of absolute free-energy, the relative term is easier to determine. Tran-
sition state theory (TST) [44, 45] allows evaluating the occurrence of rare events with a simplistic
approach. Assuming that a molecule has two meta-stable states A and B, and considering the er-
godic hypothesis, in which the time average equals the ensemble average, it is possible to perform
longer simulations and collect the probability of both states, A and B, and thus obtain the free-energy

difference between the states using

AG = —kpTIn— (2.6)

However, in the presence of a large energy barrier between A and B, a long time transition from A to
B is expected, leading to a cryptic result, P = 0 and AG = —oo. The general algorithm of umbrella
sampling was developed to solve this issue. [46—48] From umbrella sampling an imposed coordinate,
which is a function of the system, able to monotonically discriminate states A and B, and the saddle
point, is found, allowing to impose an external potential to the coordinate and coercing the system
to sample a specific phase region. The free-energy associated to the imposed coordinate can thus be
obtained by histogram analysis. In real systems, this scheme possesses limitations in practical con-
formational change situations, as rugged potential energy landscapes and several local points of low
energy, between states A and B can be identified. A series of transition path based theories and meth-
ods have been developed [47] for dealing with these aspects. Determination of reliable free-energy
changes by numerical simulations based on the basic principles of statistical mechanics is currently
available and the methodological advances, as well as the extended computational capacity for deal-
ing with complex systems and increased numerical processing, have simultaneously contributed to
trasform free-energy calculations in robust and well-defined modeling tools and to expand the respec-

tive applications.
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2.1.1 Calculating free-energy differences

The free-energy difference is the driving force of any process with applications ranging from solid-
state and catalytic reactions to biochemical processes and rational drug design. The transition state
theory can be used for calculating reaction rates from free-energy barriers. [46] Free-energy contains
entropy, a measure for the available space. Mapping the available space in complex systems requires
extensive sampling. [2 1] The canonical partition function Q of a system can be determined along the
integral over the whole phase space, i.e. configuration space and momentum space. If the potential
energy E is independent of the momentum, the integral over the latter is a multiplicative constant to

Q, which can be neglected. Q can be obtained from

0= [ePE0aNy @.7)

where N corresponds to the number of degrees of freedom of the system. As already stated, the free
(Helmholtz) energy A is related to Q from A = —1/BInQ. The canonical partition function involves
a constant number of particles, constant volume, and a constant temperature. If the pressure, rather
than the volume, is kept constant, the Gibbs free-energy (G) is obtained. Apart from the change in
the ensemble, the following formalisms and derivations are equivalent for A and G. In the condensed
phase, which is relevant for most applications, the systems are incompressible, so A and G are numer-
ically similar.

Free-energy differences between two states are crucial in chemical reactions. If the two states differ
geometrically (e.g. a reactant and product of a reaction) the integration in Eq. 2.7 is performed par-
tially over the coordinate space, for each state. The reaction coordinate (&) is, in general, a continuous
(one or multi dimensional) parameter defined for discriminating two thermodynamic states. Often, &
is defined based on geometric grounds, such as distance, torsion, or the difference between root mean
square deviations from two reference states. [17, 46, 49] The probability distribution of the system

along & can thus be calculated by integration of all degrees of freedom using

[8E() — e PEaYy
[e BEaNy

(&) (2.8)
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Q(&)dE can be interpreted as the probability of finding the system in a small interval d§ around &.
This allows calculating the free-energy along the reaction coordinate. InA(§) = —1/ BinQ(&), A(§)
also reflects the potential of mean force (PMF). It should be noted that the direct phase-space integrals
used in Eqgs. 2.7 and 2.8 are impossible to calculate in computer simulations. However, if the system

is ergodic, i.e., if every point in phase space is visited during the simulation, Q(&) is equal to P(&),

t—oo f

P(£) = lim Ot p (5 (ﬂ)) dt (2.9)

i.e., the ensemble average Q(&) becomes equal to the time average P() for infinite sampling in an
ergodic system. In Eq. 2.9, ¢ denotes the time and p simply counts the occurrence of & in a given
interval. A(&) can be directly obtained from MD simulations by monitoring P(&), the distribution
of the system along the reaction coordinate. P(&) refers to the normalized frequency of finding the
system in the vicinity of a given value of . If P(§) is obtained from an exact ensemble average
rather than a sampled quantity, P(&) corresponds to a probability density. However, simulations are
performed for running finite times. Regions in configuration space around a minimum in E(r) are
generally well-sampled, in contrast to those regions of higher energy, which are less probable. For
these rare events, those with an energy barrier significantly larger than kg7, direct sampling is unfea-
sible. Successfully constructing the A(&) profile requires also taking these high-energy regions into
account. Different approaches have been developed to sample such rare events, including equilibrium
or non-equilibrium sampling methods, and those that introduce additional degrees of freedom, along
which the free-energy is derived. In equilibrium/nonequilibrium methods a global sampling can be
achieved considering two different scenarios: (i) the interaction path is divided into several indepen-
dent sampled windows, each of which covers a small region of &, and the results from the different
windows are then combined to produce a global free-energy profile A(), and (ii) a procedure based
on multiple simulations in which the system is driven from one state to other state, considering in

each run different paths, and including averaging over the simulations.
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2.2 Potential of mean force

Potential of mean force calculations play a considerable role in understanding how chemical species
recognize and associate. [ 1] One might argue that they actually provide a more satisfactory picture
of these phenomena than alchemical free-energy calculations, because they follow the molecules of
interest from their free, unbound state, to the bound state of the complex. This point of view is ob-
viously misleading, as the model reaction coordinate followed to describe association/dissociation
bears certain arbitrariness. Furthermore, PMF have helped to decode complex recognition and asso-
ciation phenomena in thermodynamic signatures with a detailed atomic description of the underlying
processes. A detailed description of the theoretical basis of PMF calculation is given in ref. [17] Only
a few methods for calculating the potential of mean force can be efficiently combined with computer
simulations. Those relied on obtaining the probability density function, P(&;,---,&,), of finding the

system at values &;, - - -, &, of the p selected coordinates allow estimating the potential of mean force,

A1y, 8p) as
A(G1,++,Ep) = —kpTlogP(&y,- -+ ,&p) (2.10)

Another, general, method for calculating the potential of mean force requires calculating the deriva-
tives dA/dE& in a series of calculations, in which &; is constrained to fixed values distributed along
[Eimin, Eimax] in the range of interest. In such an approach the potential of mean force is obtained by
numerical integration. The derivative of the free energy is related to the constraint force required to
keep the system at the imposed value of &;. The exact nature of this relationship has been the subject
of some debate as described in ref. [50]. It should be noted that there are several problems that tran-
scend the fiability of force-fields, and produce some impact in the results. Firstly, the restrictions for
the sampling, along the inclusion coordinate, often fail. This happens because the inclusion potential
is usually steep, and, when summed with the common harmonic potential restriction makes this latter
useless. [23]

PMF calculation based on stratified umbrella sampling is nowadays conducted routinely for inclusion
complexes. Determination based on experimental techniques can also be conducted routinely and, for

instance, association constants and interaction/geometrical parameters can be, respectively, obtained
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by techniques such as 'HNMR, isothermal titration calorimetry (ITC) and solubility experiments.
The PMF, W (&) may be interpreted as the potential that is produced by the average forces over all
the configurations of a given system, in which a set of molecules is kept fixed (at a certain value of a
reaction coordinate, &). This quantity was devised by Kirkwood [46, 51] and can be defined based on

the average distribution function, p (&), along the coordinate &, obtained from a Boltzmann weighted

average,
ré&(&'(r)— e(;l;(Tr))
(p(&)) = [drd(s () ,Lf,)) Q2.11)
fdre( )
CW(E) — kT SP(E))
W(E)=W(E") —KpTl [<p(§*)> (2.12)

where W (&*) and &* are arbitrary reference values, §(&'(r) — &) corresponds to the Dirac delta func-
tion for the coordinate &, U (r) represents the total energy of the system as a function of the coordinates
r, and él (r) is a function depending on the number of degrees of freedom, such as an angle, a distance
or a more complex function of the cartesian coordinates of the system. The chosen coordinate & is, in
the systems studied, a geometrical coordinate & (r), although & may be defined differently. The PMF
is a central quantity in theoretical and computational studies of macromolecular systems, and may
be interpreted as the potential that is produced by the average forces over all the configurations of a
given system, in which a set of molecules is kept fixed (at a certain value of ).

The PMF values can vary by several kT over the relevant range of &(r). In this case, the distribution
function (p(&)) cannot be computed by standard Monte Carlo (MC) or molecular dynamics (MD)
simulations, due to low sampling frequency in higher-energy configurations. Specific sampling tech-
niques (non-Boltzmann sampling) have been designed to calculate a PMF along a coordinate &, from
a molecular dynamics trajectory. The umbrella sampling technique, proposed in the 1970’s by Torrie
and Valeau [48, 52], is one of these approaches, and is used to overcome the difficulty of sampling
rare events, by modifying the potential function so that the unfavorable states are sampled appropri-
ately (see Figure 2.1). [53] The system is simulated in the presence of an artificial biasing window
potential, w(&), introduced to enhance the sampling in the vicinity of a focused region & of the con-
figurational space. This window potential, often of quadratic form, is used to improve the sampling

in the region defined by the coordinate &, whose variations within a small interval are restricted. In
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Figure 2.1: Illustration of the umbrella sampling method used to overcome energy barriers between
stable states of the system. Reproduced from ref. [53] with permission from Springer Nature.

general, the potential energy (U (r) +w(&)) is used to generate the biased simulations. The harmonic
functions defined as w;(&§) = %K (& — &;)? and centered at subsequent values of &;, are used to pro-
duce the biased ensembles. Several biased window simulations are required to obtain the PMF over
the whole target region (§). The final estimate W (&) is obtained combining the results of the set of
windows, previously unbiased. Specifically, the information from these different biased simulations
is converted into local probability histograms, which are then merged to produce an unbiased Boltz-
mann statistical probability. The weighted histogram analysis method (WHAM) [39] can be used to
obtain a proper unbiased estimate of the PMF from the biased simulation data and to calculate the
PMF. These last steps are the most important in the umbrella sampling procedure. [38, 40, 51, 54]

According to Eq. 2.11, the biased distribution function obtained from the ith biased ensemble is
(P(&))y =€ T (p(&)) (el ! (2.13)
The unbiased PMF from ith windows is

p—*l] _Wi(§)+Fi7 (2.14)
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where the undeterminated constant F; derived from

e FilksT — <€_Wi(§)/kBT>’ (2.15)

corresponds to the free-energy associated with the window potential. Several efforts have been made
for establishing enhanced solutions for unbiasing and recombining the information from umbrella

sampling. [23, 38, 51]

2.3 Steered molecular dynamics and umbrella sampling automa-

tion

Association and dissociation processes in host-guest complexes, are ruled by rare transitions between
the two equilibrium states. By applying an external force (force bias) to the guest molecule, these
transitions can be induced at faster rates than in the natural processes. This has been conducted
experimentally resorting to atomic force microscopy (AFM) [55-60], and computer simulations [,
, 23,24, 28, 54, 60-64]. In the latter, conventional MD simulation provides detailed information on
structural changes, but is limited for describing the complete association/dissociation of the binding
partners, as the progress can not be monitored at the time scale of standard MD.
Steered molecular dynamics (SMD) allows mimicking AFM experiments, providing relevant insights
on the molecular mechanisms underlying such processes by focusing on selected degrees of freedom.
In AFM studies, the tip of an elastic cantilever applies an external mechanical force to a host-complex
complex, for inducing complex dissociation. This force is measured by monitoring the position of
the tip (see Figure 2.2, panel a). The experiments are typically realized over time scales in the range
of 1 ms~!s, and the spring constants, k, of the cantilevers are ca. 1 pN/A, so that the variation in the
position of the attached guest, (kgT /k)1/2, are large on the atomic scale. From these approximation,
the peak force reflects the rupture force, leading to a crude and poorly detailed interpretation of the

process.

SMD is an effective method to explore the association/dissociation mechanism allowing to construct
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Figure 2.2: Schematic representation of an AFM experiment (panel a) in which the host or guest
molecules are anchored to a surface, while the binding counterparts are attached to a force sensor
(micron-sized cantilever). The host-guest complex is dissociated by increasing the distance between
the surface and the force sensor. In constant velocity SMD (panel b) a harmonic potential is used
to displace the guest molecule along the reaction coordinate. The free end of the spring is moved
at constant velocity, while the guest atoms attached to the other end of the spring are subject to
the steering force. Adapted from ref. [65] with permission from the American Association for the
Advancement of Science.

within its framework the PMF profiles of the system under study. It simulates a host-guest system
under the influence of an applied force bias (f fb) to a single atom or a group of atoms (through their
center of mass) of the guest molecule, employing harder springs than those used in AFM experiments.
This provides a detailed information on the interaction energies and finer spatial resolution. The time
scales of the simulations are typically 10° times shorter than those of AFM. Steering forces are thus
applied to accelerate processes affected by energy barriers. This method is reviewed in refs. [38, 63,

, 67]. A typical SMD simulation steers the system by applying a constraint, such as a harmonic
potential, that moves along a defined path in the configuration space. This is illustrated in Figure 2.2
(panel b). A constant velocity SMD is schematically represented, in which a harmonic potential
(spring) induces motion along the reaction coordinate. The extension of the spring determines the

force applied, which can be monitored over the course of the simulation. The principle of SMD is
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based on the hypothesis that the larger is the force required to separate a guest from a host the higher
the respective binding affinity.

Specifically, to probe the binding affinity of host and guest molecules, one applies the steering force
to pull guest from or towards the cavity of the host, without restricting the guest atoms (see see Figure

2.3). Under the force loaded with a constant rate the total energy (E) of the host-guest complex is

z(ty) 2(ty) Z(t,)

Figure 2.3: Illustrative representation of the pulling process using the position setting, along the z-
axis. Reproduced from ref. [23] with permission from the PCCP Owner Societies

E = Epoy + Eguest + Ehost—guest + Eforcea (2.16)

k
Eforce = 5 (x = vt)? (2.17)

in which each energy term corresponds to interaction energies of host, guest and host-guest, respec-
tively. [63] The respective forms are dependent on the force fields used to describe the binding process.
In AFM, the spring constant of the cantilever tip k is typically in the range of 10-1000 pNnm~'. In
Eq. 2.17, x refers to the displacement relative to the initial position of the guest atom in which the
force is applied, v corresponds to the pulling velocity, and kv is the force (F) experienced by the
guest, F' = kx.

All-atom MD simulations allow running simulation up to 1us and the pulling of a guest molecule
can be at least 10* times faster than in AFM. SMD involves high pulling velocities or large constant
forces, and have been routinely implemented in several softwares, including GROMACS [68, 69],
AMBER [70], CHARMM [71] and NAMD [72].

However, higher pulling velocities result in non-equilibrium situations, which introduces significant

error into the simulation results. To mimic AFM the pulling velocity should be as small as possible.
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The value of the spring force varies significantly with the pulling velocity and also with the spring
constant applied to the system. The latter must be large enough to enable measuring the local po-
tential and low enough to avoid background noise. [63] SMD is an irreversible approach based on

~W/ks Ty = e[=AG/ksT] \where W is the total nonreversible work done on the

the Jarzynski equality (e
system by the force bias, F fb» during a nonequilibrium transition between two states connected by a
reaction coordinate £. The free-energy difference between these two states is given by AG = AG(&).
The angular brackets represents the ensemble average taken by repeating the simulation several times
along the path connecting the initial and final states, &; and &y. The Jarzynski equality allows a direct
connection between the work done in a nonequilibrium process to the change in the equilibrium free-
energy difference.

The direction of F b can be defined as ?fb and all other degrees of freedom are allowed to react
freely to F #b- The system is thus driven by a harmonic force F (&) =k(E(7 fp — Tem)) Where k is
the force constant and 7., is the center of mass. A force bias with a fixed value of k is introduced
with £ increasing from zero to one at a continuous pulling rate along the simulation. [54]

It should be noted that SMD is essentially umbrella sampling if the velocity of pulling is very small.
In the following chapters, SMD is combined with umbrella sampling with the aim of describing de-
tailed thermodynamics and exploring the conformational space of host-guest complexes based on
cyclodextrins and bambusurils. SMD are nonequilibrium simulations that allow generating different
configurations of the systems. These configurations are then used as starting points for the equilib-
rium umbrella sampling simulations, as described below.

Umbrella sampling allows estimating the free-energy difference between two states from a set of
equilibrated simulations. Similarly to SMD, a force bias is imposed. However, in umbrella sampling
the system configuration is equilibrated at each position of the reaction coordinate, corresponding
to umbrella windows. In these approach the value of the harmonic force constant imposed in each
window is independent and can be estimated for optimizing the efficiency with which the phase space
is sampled. This means that the force constant and the positions of the reaction coordinate must be
selected adequately for ensuring that the phase space sampled by neighboring windows overlaps suf-
ficiently, forming a continuous pathway between &; and &. The complete thermodynamic evolution

along the reaction coordinate can be provided by combining the results from all umbrella windows



68 Chapter 2. Theory and Methods

resorting to the weighted histogram analysis method (WHAM). [39, 73]

2.3.1 Building the PMF profile

Umbrella sampling is commonly used to describe simulations in which an imposed coordinate con-
necting the initial and final ensembles is divided into mutually overlapping regions, or windows,
which are sampled using non-Boltzmann weights. [25, 32, 61, 73, 74] To explain briefly, several
independent simulations are performed in each of the imposed regions of the reaction coordinate
(Figure 2.4, bottom), using a bias potential to constrain the simulations to adjacent windows. Such
initial configurations are generated, each corresponding to a location wherein the guest molecule is
restrained and centered at subsequent values of &;, corresponding to decreasing or increasing center-
of-mass (COM) distances from the center of the host cavity, using an umbrella biasing potential,
w(&), often of quadratic form, w;(&) = 0.5K (& — &)2. This restraint allows the guest molecule to
sample the configurational space in a defined region along the association/dissociation coordinate.
Then the biased system (Figure 2.4 middle) will sample configurations close to a defined position,
20, even when these would not be sampled in the unbiased system. In general, the potential energy
(U(r)+w(&)) is used to generate the biased simulations. The mean force, as a function of position,
is calculated in each window, and the respective potentials, W (&), are derived using an unbiasing
procedure. Statistical techniques, such as WHAM [39, 73] are used to remove the umbrella bias and
combine the local distributions, allowing free-energy to be computed (Figure 2.4, top). WHAM is the
basic tool for constructing free-energy profiles from distributions derived through stratification, for
which the path connecting the reference and the target states is separated into intermediate states. The
respective equations have also been used as the core of adaptive umbrella sampling approaches [75],
in which the efficiency of free-energy calculations are improved through refinement of the biasing
potentials as the simulation progressed. There are several ways to calculate the PMF in GROMACS,
probably the most common is to make use of the pulling code. To sum up, the main steps for ob-
taining a PMF using umbrella sampling, which allows for sampling of statistically-improbable states,
are: (1) generate a series of configurations along a reaction coordinate from a SMD simulation, (i1)

extract frames from the trajectory in step (i) that corresponds to the desired center of mass spacing,
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Figure 2.4: Schematic representation of the umbrella sampling procedure applied to a system along
the pathway for the association/dissociation of a model guest with a host cavity. Reproduced from
ref. [1].

(iii) use umbrella sampling to restrain these configurations within sampling windows, and (iv) use the

Weighted Histogram Analysis Method to reconstruct a PMF profile and calculate AGy;,,4.

Estimating force constants

In order to automatically extract the configurations and estimate the force constant values to be used
in umbrella sampling, relevant code was developed (available in UPonIncluSys). [23] These config-
urations should be as closer as possible of an equilibrated state, in order to maximize the respective
usefulness. In practical terms, these configurations are obtained via a previous pulling step, within the

SMD scheme. Pulling force constants of 1000kJmol~'nm~2 and 2000 kJ mol~'nm~? were used in
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the studied systems. These values were optimized in conjunction with the pulling rate i.e., the veloc-
ity at which the restriction travels along the reaction coordinate. This velocity also defines the length
of the simulation within this pulling process, after the traveling path is defined. Results from pulling
were used both to establish the initial configurations and to estimate the force constants to be applied
in each window in the actual umbrella sampling. Note that these require a sufficient restriction to
approximately maintain an imposed host/guest relative position, and also a sufficient overlap with the
nearest sampling windows. The force constants were simply estimated from the equality between the
value of the force imposed in the limits of the window, and that resulting from the difference between

the position imposed in the pull and that actually determined

k(zy) —zwe) = kpypi (zr — zwe) (2.18)

In the above equation, zy,) corresponds to the point common to two sequential windows, such that
the displacement in the left-hand side is half the window width, zwc is the coordinate at the central
point of each window and defined by a regular interval established in the pulling process, zr is the
coordinate actually found in the pulling, k is the force constant to be imposed in each window and
kpull is the force constant in the pulling process, which is maintained throughout this process. In
simple terms, the value imposed in the frontier of each window corresponds to that required to restrain
the host/guest distance when the system drifts from the imposed location during the pull. This is a

trivial step, but allows to build an automated sequence in which the imposed distances are given by

the usual expression for each sequential window
Zwe = Zinit + 17 Vpull (2.19)

where () is the time to attain window (i) and pull rate is a constant velocity, corresponding to the
displacement of the harmonic restriction. Positions z are compared to those actually found for the
respective configurations, and the values of k estimated. These are subsequently used for calculating
each restricted window in the umbrella sampling, which are automatically launched. This avoids time

consuming and cumbersome repetitions to correct deficiencies in the sampling.
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2.4 Thermodynamics

The determination of binding affinities for host-guest complexes arising from the noncovalent associ-
ation of two molecules is of paramount importance in different fields, including drug discovery. The
host-guest binding affinity is related to the difference in Gibbs free energies of binding (AGy;,,;) cor-

responding to the associated and dissociated states of the system under study (see Figure 2.5). AGping

AGbind
——

——

-AGbind

Figure 2.5: Schematic representations of a reversible noncovalent association/dissociation process of
a guest molecule (green) and a host (orange) molecule, possessing a certain binding energy difference
(AGpinq) between the associated and dissociated states. Reproduced from ref. [1].

is composed of enthalpic and entropic terms. While the enthalpic contribution reflects changes in
the inner energy of the systems, i.e. energies related to atomic motions and interactions, entropic
contributions are also related with conformational changes upon binding. [ 7] The common methods
for binding affinity estimation include very fast but less accurate similarity-based regression models
and scoring functions and accurate but computationally demanding physical methods, which require a
large number of MD (or Monte Carlo) simulations. [76] This suggests that the most convenient meth-
ods and algorithms are those that offer a good balance between computational costs and accuracy.
Most accurate strategies provide estimates for thermodynamic quantities, with intrinsic difficulties
associated to fundamental aspects. The quantification of atomic or ionic interactions, associated to
repulsive and attractive forces, requires physical models assigned to different force fields (FF). The
latter can be detailed using quantum mechanical (QM) ab-initio methods. However, a quantum me-
chanical representation of solvated biological systems, such as membranes and proteins consisting of
large amounts of atoms is difficult to obtain, even with alternatives, such as the density functional
theory (DFT). [77, 78] Relevant considerations have been made [19] on the accuracy of FF for the
calculation of binding thermodynamics. Some FF combinations may provide the most accurate bind-
ing enthalpies but the least accurate binding free energies, with implications in the development of

new FF. These have been evaluated for a wide range of host-guest complexes and water models, using
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different partial charge assignment methods and host FF parameters, and resorting to the attach-pull-
release (APR) method [ 9], which allows computing the absolute binding free energies, from a series
of umbrella sampling simulations. In the latter, restraints controlling the host-guest complex are ac-
tivated cumulatively for separating host and guest molecules, and then released to leave the guest at
standard concentration.

In fact, the selection of FF and setup parameters (e.g. protonation states and slow motions) can be a
difficult task, as new variants primarily concerned to the treatment of proteins, are constantly being
produced. There are standard options such as OPLS [79], AMBER [70], CHARMM [80] and GRO-
MOS [81] and other more specific FF, such as the Kirkwood-Buff [82] FF, directed at aromatic amino
acids, the CHARMM polarizable FF, based on the classical Drude oscillator [83, 84], the induced
dipole [85], for modeling polarization in proteins and protein-ligand complexes, the Jorgensen’s ap-
proach [86] for parameterization by atoms-in-molecule electron density partitioning, AMOEBA [87]
and GEM* [88], among many others. [89-91] Additionally, several water models such as TIP3P [92],
TIP4Pew [93], and SPC/E [94], and the recently introduced OPC [95], TIP3P-FB and TIP4P-FB [96],
TIP4P-D [97], and IAMOEBA [98] are also available. It is worth mentioning that the assessment of
the ability of these FF to reproduce experimental data is not systematic, and based on the free-energy
of hydration of small molecules [99], and on the structure of nucleic acids [!00] and proteins [101].
With regard to explicit solvent methods, only a few studies have focused on thermodynamic data from
noncovalent binding for validating the FF. Recently [102, ], the binding free energies of cyclodex-
trin host-guest complexes were also used, but in the context of implicit solvent models.

It is worth to note that there are other issues in this type of systems that transcend the accuracy
of the selected FF, and affect the simulation results. These are related to restrictions for the sam-
pling and estimation of reliable thermodynamic quantities, including the respective binding constants.
The latter can be determined from experimental techniques such as 'H NMR, isothermal titration
calorimetry and solubility experiments. The calculations of binding constants that provide a conve-
nient counterpart to the experimental observations in inclusion complexes is sometimes addressed
using a "flexible molecule" approximation [23], instead of the conventional rigid rotor harmonic os-
cillator (RRHO). [21, , ] The available volume for a guest molecule is described in terms of a

cylindrical, PMF weighted region, in which the respective motion is measured by the positioning of
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the center of mass. The "flexible molecule" approximation is not as widespread as might be expected,
and relatively recent publications [ 1, ] both divulge the approximation and highlight controver-
sies on the topic.

In fact, noncovalent binding is the basis of host-guest and supramolecular chemistry. Statistical
thermodynamics provides the required mapping of these interactions to macroscopically observable
binding affinities, and the theoretical foundations of binding thermodynamics seem to be well estab-
lished. [21] However, both experimental and theoretical characterization of binding, often relies on
innacurate frameworks, leading to ambiguous or contradictory outcomes, still remaining a topic of
active debate, especially in the decomposition and establishment of individual contributions to en-
tropic and entropic changes.

To formulate the statistical thermodynamics of noncovalent binding, expressions for the partition
functions of the free host and guest molecules are needed. The first approach is to use the approx-
imation based on RRHO. This approximation was first formulated in order to treat, with quantum
mechanics, the molecular motions. Considering a molecule as rigid, the respective internal motions
encompass only vibrations of small amplitude, allowing to approximate the energy contributions (both
kinetic and potential) of its translational, rotational and vibrational motions as separated terms. A
complete description of the formulation of the molecular partition function according to the RHHO
approximation is given in ref. [2 1] The second approach, although not new, is still poorly understood.
Surprisingly it has been recently discussed (see refs. [21, ]) and the first definition as "flexible
molecule" approach appears in 2009. [106] This is supported by classical statistical thermodynamics,
routinely used in MC and MD simulations. In the classical approximation, the kinetic energy of each
atom makes a fixed contribution to the partition function that is independent of conformation and
potential energy. There is no alteration of these kinetic energy contributions to the partition function
and no influenceon the binding free-energy, when host and guest molecules bind to fom a noncovalent
complex, i.e., kinetic energy can be completely neglected in the classical calculations of the binding
constant, yielding to results that are independent of the atomic masses. Each atom contributes thus
with a factor (1/4)? to the multiplicative constant N in the partition function, so the binding free-
energy is also independent of N and of Planck’s constant £ (see ref. [2 1] for details).

By neglecting the kinetic energy contribution to the partition function, the configurational integral
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over spatial coordinates is obtained. The approximation of fixed moments of inertia becomes un-
necessary so the unrealistic rigid rotor approximation can be discarded. However, it is necessary to
separate the n spatial coordinates of the molecule into 3 coordinates for overall translation, 3 more
for overall rotation, and 3n — 6 internal coordinates. In general, the contribution of translation to the
configuration integral, reflects the total volume (a factor of V), and rotation contributes with a factor

of 872, The internal contribution can thus be described as
Qin = / dxJ(x)e PEW (2.20)

where x corresponds to internal coordinates, and J(x) is a Jacobian factor, which depends on the
selected internal coordinates. As the multiplicative constant N has no influence on the final binding

free-energy AGbind it is omitted. The partition function of the molecule is defined as
Q =8n1%V / dxJ(x)e PEX) (2.21)

It should be noted, that according to the classical approximation the conformational changes of any
amplitude and form can be considered, so that the "flexible molecule" approach is not restricted to
the small amplitude, vibrational model of internal motion as in the RRHO treatment. This flexible
model is by far more suitable for flexible molecules, such as cyclodextrins. For this reason, and due
to its simplicity, the following developments in the studied systems rely on the "flexible molecule"

approach for estimating the binding constants of the host-guest complexes.

2.4.1 Binding constants and the cylindrical approximation

Experimental studies on host-guest interactions usually provide information on stoichiometry and
affinity, and/or estimates of free energy, enthalpy, entropy changes and heat capacity. Such changes in
binding interactions involve low probability events identified as changes in affinity, as a consequence
of the enthalpy-entropy compensation, from which the enthalpy released from an improved favorable
association is offset by an entropic penalty. However, such changes can be inspected by measuring

the binding enthalpy. The thermodynamics of inclusion is described essentially by two components
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of the standard Gibbs free energy, AGgm 4> the standard enthalpy, AHgm 4> and the standard entropy
ASgl.n 4» Which are determined for the entire inclusion process. In the present work, the binding affinity
is derived numerically from the association constant, Kp;,s. [23, 26] The latter can be estimated by

integrating the PMF values, AG?,MF, along the reaction coordinate &,

Kpina = ﬂNA/’(g)ze(AG%F(é)>d5 (2.22)

where AGpyr refers to the values of the free energy profiles obtained from PMF calculations, N4 and
R are the Avogadro and the ideal gas constants, respectively, and r corresponds to the average radius
of the cross section in each sampling window, which is also a function of &. The interval over which
host and guest molecules associate and dissociate provides the limits of integration. Eq.(2.22) weighs
each value of the inclusion coordinate and the complex volume, established on the basis of the COM
positioning related to each guest backbone inside the cavity. The values of K};,; for the complexes are
computed using a cylindrical approximation [23], illustrated in Figure 2.6. The cylindrical approxi-
mation allows determination of the available volume for the guests upon inclusion. This volume is
constrained to a small cylinder able to sample most of the movements of guest molecules along the xy
plane of the host (e.g. cyclodextrin) cavity. The PMF is thus defined in the cylindrical region where
the &, coordinate is oriented along the axis of the cavity and the cylinder (Figure 2.6). Integrating the
PMF over z is equivalent to integrating over the whole cylinder. It is also possible to calculate the

standard free-energy of binding, AGgm 4> from
AGping = —RT In(Kping) (2.23)

while the standard enthalpy, Ang)in 4» and entropy TASgin 4 are obtained from

—Apyr ()
d Jr(&)*AGpyrp(E)e &T dé
AHY. = RT*— In(Kpjng) =

— (2.24)
dT fr(é)ze P%F(é)dg

_TASSind = AG(lzind - AI—Il?ind (225)
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Figure 2.6: Illustrative representation of a typical model reflecting the cylindrical approximation. The
cylindrical channel, shown in brown, is embedded in the Cd cavity. When the guest molecule (green
circle) enters the Cd cavity (orange truncated cone), the sampled volume for the guest is restrained to
the cylinder defined by the area accessible for guest movement in the xy plane. The average radius of
that cylinder, r.,;, is obtained from COM positions of the guest at each sampling window. Reproduced
with permission from ref. [13]. Copyright (2018) American Chemical Society.

2.5 Visualizing noncovalent interactions

The key factors affecting the thermodynamic signatures in host-guest systems can also be assessed
along with an accurate description of the NCI including their spatial features. This can be car-
ried out resorting to a recently developed Independent Gradient Method (IGM) of Lefebvre and
co-workers [107], which allows the visualization of regions of low charge density corresponding
to stabilizing/destabilizing NCI, based on the analysis of the electronic charge density of the inter-
acting molecules and the respective gradients. Although the original NCI method of Johnson and
co-workers [ 108] provides a very similar qualitative analysis of NCI, the reduced density gradient, s,
used to identify the interaction types is a dimensionless quantity and therefore difficults the evaluation
of the respective strengths. The new IGM allows for a quantitative comparison of the strength of NCI
through the calculation of the IGM descriptor, 0g, which corresponds directly to the charge density

gradient(s) in real-space.
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The topological features of the electronic charge density have played an important part in several
schemes aiming to provide a route to understanding molecular structure from first principles, that is,
without resorting to any form of empirical or approximate models (other than the physically justified
approximations underlying the electronic structure methods employed). Methods such as the theory
of Atoms in Molecules (AIM) [109] and the Electron Localization Function (ELF) [110-112] can
provide great insight into features of the density. Both AIM and the ELF are useful for studying
strong interactions such as covalent or ionic bonding but are not as useful in the analysis of very weak
interactions of the type that are important for subjects as diverse as protein structure, drug design,
catalysis, materials self-assembly, and many more. To address this, Johnson et al. [108, ] intro-
duced the NCI analysis method. This approach is based on the electronic charge density, p, and its

derivatives. The first derivative Vp enters into the expression for the reduced density gradient, s,

1 Ve
(2(372))!/3 p4/3

5§ = (2.26)

In regions of low p such as the density tails far from a molecule the gradient remains large and so s
displays high values. However, in regions of low p between atoms where weak NCI occur the gradient
(and therefore s) drop to zero. In order to differentiate between stabilizing attractive interactions and
those that are unfavorable and destabilize the system it is necessary to analyze the second derivative
(Laplacian) of the charge density V2p. Decomposition of V2p into the three eigenvalues representing

the axes of maximal variation

Vo =A+h+23 (M <A < A3) (2.27)

provides information on the nature of the interactions at a given point in space. A, displays negative
values in stabilizing/bonding regions (charge is flowing into this region indicating a local build-up of
p) whilst in destabilizing/repulsive regions it is positive (charge flowing out, indicating a local de-
pletion of p). Plotting s against sign(A;)p will therefore permit the identification of NCI in regions
where s and sign(A;)p — 0. Although these quantities can be readily obtained with first-principles
electronic structure methods, such calculations remain too computationally expensive for the large

systems of interest in biological or materials science applications. In such cases it is possible to ap-
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proximate the charge density with a sum of atomic densities providing a pro-molecular density, p?™.
This approximate density does not include relaxation of the atomic densities as would happen in self-
consistent calculations for bonded systems. Fortunately, the largest deviation of p?" from the fully
relaxed density occurs in covalent bonding regions and has a minimal effect on the (low-density) NCI
regions.

Substituting p™ into the equations above has been found to have have very little impact on the re-
sulting NCI analysis. For purposes of interfacing with the results of molecular dynamics simulations,
pro-molecular densities have the additional advantages that they are readily computed for both finite
and extended/periodic systems and the fact that this approach requires orders of magnitude less com-
putational time than the method based on first-principles electronic structure calculations. A recent
development of the NCI method that makes use of the pro-molecular route to building the charge
density of the system under study is IGM of Lefebvre et al.[90] As with the NCI method, IGM em-
ploys in addition to p quantities related to the first and second derivatives of the density. However, in
IGM the reduced density gradient, s, is replaced with the descriptor & gi’”e’ , defined as the difference

between the first derivatives of the charge densities for the total system and the fragments
aginter — |VpIGM,l'I’ller| - |Vp| (228)

8g™er > 0 indicates the presence of noncovalent interactions and the magnitude of the descriptor at

a point in space gives an indication of the strength of the interaction.

6_[) IGMJnter_ %% Np 5[)1
Ox |5 6x

=1 Ox

+ (2.29)

The IGM approach has the attractive feature that 5g”¢" allows for a more facile comparison of the
strength of the weak interactions than the quantity s in the original NCI. [107] This is due to the fact
that the presence of significant noncovalent interactions is indicated when s — 0 making interpretation
difficult whereas the magnitude of the IGM quantity §g"¢" increases in proportion to the strength of
the interaction.

An illustrative example of the use of the NCI and IGM methods is given in Figures 2.7 and 2.8.

The host-guest complex shown is between curcurbit[7]uril and the dodecyl serine-based monomeric
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cationic surfactant 12SerTFAc [ 14] (to make the example more accessible to the reader only a single
configuration is shown). Calculation of the NCI and IGM descriptors was performed using IGMPlot
version 1.0. [107] As can be seen from the molecular structure images, both the s and §g""¢" surfaces
provide qualitatively similar information and display the general distribution of the most significant
host-guest interactions. Similarly, the color-coding provided by the value of sign(A;)p can be seen
to predict that the interactions are largely of the weak van der Waals type with the exception of a
single blue region denoting the hydrogen bond between the serine hydroxyl group and the host. A
significant difference between the s and 5g"¢" surfaces is that the latter also contains information on
the strength of the interactions through the volumes of the isosurface regions at a given point.

The IGM approach therefore provides an important extra source of information on the nature of
the interactions. The intrinsic difference between the two methods is even more clearly seen in the
adjacent scatter plots. In the IGM plot (Figure 2.8, right) peaks of different magnitude corresponding
to different strengths of interaction can be seen which give rise to the differing isosurface volumes.
The NCI plot (Figure 2.7, right), however, displays all spikes in the noncovalent interaction region
-0.025< §g™er < 0.025 in a very similar manner and makes interpretation much less easy. For
this reason, despite very similar computational requirements for both methods making them equally
suitable for analysis of large (ensembles of) systems such as those arising from MD simulations it
is likely that the future will see the newer IGM method being used much more extensively than the

original NCI one.

-0.10 -0.05 0.00 0.05 0.10
sign(Az)p

Figure 2.7: Host-guest complexation between curcurbituril and the dodecyl serine-based monomeric
cationic surfactant 12SerTFAc. (Left) Reduced density gradient, s =0.4, isosurface colored by value
of sign(A2)p (-0.03 < sign(A;)p < 0.03 a.u.). Blue: stabilizing, red: destabilizing and greenweak
interactions. (Right) Scatter plot of s and sign(A,)p values. Reproduced from ref. [1].
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0.00

sign(A;)p

Figure 2.8: Host-guest complexation between curcurbituril and 12serTFAc sufactant. (Left) IGM
8g™™er =0.01 a.u. isosurface colored by value of sign(A;)p (-0.03 < sign(A2)p < 0.03 a.u.). Blue:
stabilizing, red: destabilizing and green: weak interactions. (Right) Scatter plot of §g”¢" and
sign(A2)p values. Reproduced from ref. [1].
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Chapter 3

Free-energy Patterns and The Relevance of

Non-included Moieties

Inclusion complexes play a definite role in a variety of applications, ranging from drug solubilization
to smart materials. This chapter presents a series of studies based on MD, including PMF calculations,
and aiming at understanding the factors that govern inclusion. The procedure (described in Chapter
2) is designed for quantification of interaction and energy components guiding the complex forma-
tion, in water, between [3-Cd and several naphthalene derivatives (NPR) containing hydrophobic and
hydrophilic substituents, including charged groups. A series of umbrella sampling MD simulations is
performed to calculate the free-energy profiles and derive the thermodynamic parameters and stability
constants from a flexible model approach. The total enthalpy and entropy changes are inspected and
individual components are further decomposed in order to get information on the relative weight of
each component in the inclusion process.

The host and guest molecules are chosen as models of simple precursors or building blocks for de-
signing more complex structures for pharmaceutical applications. B-Cd is used due to its appropriate
size and stabilized circular structure. Naphthalene provides a rigid hydrophobic backbone, which
allows to explore the individual effect of guest functionalization in the inclusion process.

It is observed that the substitution of naphthalene promotes an increase in the complexation constant
(up to 100-fold), irrespective of the nature of the substituent, the latter comprising small hydropho-
bic and hydrophilic (including charged) groups. It is also seen that entropy does not favor inclusion,

being the order of magnitude of the binding free energy given by the enthalpic component, with a
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dominating guest-host interaction contribution. Desolvation penalizes the inclusion process, and is
not observed in the vicinity of the hydrophilic and charged groups, which remain exposed to the
solvent. The estimated thermodynamic quantities contribute to explain the effects of using imposed
features (e.g. the nature and size of substituents of the guest molecules) in the conformation, solva-
tion and complexation behavior of Cd-based systems, with direct transposition for the modulation of

properties in supramolecular structures based on these complexes.

3.1 Context and relevant issues

Inclusion complexes have been suggested as building blocks for supramolecular structures such as
polyrotaxanes| |, 2] and hydrogels.[3—5] This often implies that the guest molecule is modified, so as
to produce a dimer for connecting host-grafted chains, complementary host and guest-grafted chains,
and other alterations to the basic structure. It is therefore useful to predict the effect that an alteration
in a guest molecule produces for a known inclusion complex. Naturally, the same happens if the host
is altered, but this will be addressed in Chapters 4 and 5. Herein, a model molecule is used, naph-
thalene, and different substituents are attached to this molecule. Naphthalene is a small, symmetric
and hydrophobic molecule and has been the subject of several experimental studies. The substituents
include hydrophobic and hydrophilic moieties. For each case, the potential of mean force, association
constant and thermodynamic parameters for inclusion are to be calculated. Also, guest positioning
and hydration are inspected along the inclusion coordinate. Where possible, the results are contrasted

with experimental observations.

3.2 Simulation details

This section presents some preliminary steps for optimizing the overall procedure in umbrella sam-
pling, followed by a systematic analysis on PMF and thermodynamic aspects of inclusion. Focus will

also be directed at solvation effects.

2

A pulling force constant of 1000 kJ mol~'nm ™2 is used. This value was optimized in conjunction with
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the pulling rate i.e., the velocity at which the restriction travels along the reaction coordinate. Results
from pulling were used for establishing the initial configurations and estimating the force constants

to be applied in each umbrella window (for details see Chapter 2).

3.2.1 General setup

The starting geometries of NPR molecules (2-methylnaphthalene, 2-NPCHj;, 2-naphthol, 2-NPOH,
2,3-dinaphthol, 2,3-NP(OH),, 2-naphthalenesulfonate, 2-NPSO;™ and 2-aminonaphthalene, 2—NPNH3+)
were constructed resorting to Pymol (Version 1.7.7.2) and optimized by the semi-empirical An-
techamber/SQM method. The initial coordinates of the f-Cd were extracted from the RCSB protein
data bank (PDB code: 1DMB) and partial charges were generated using the R.E.D.D. Server.[6] MD
simulations were performed with the GROMACS package (version 4.6.5)[7, 8] using the all-atom
amber99sb[9, 10] forcefield and the TIP3P water model. The selected forcefield has been validated
for use in the GROMACS suite[ ] 1, 12] and was used to describe both 3-Cd and NPR molecules.
Periodic boundary conditions were used in combination with a NPT ensemble. A coupling constant
of 0.5 ps was used to maintain the temperature at 300 K and a coupling constant of 1 ps was applied
to keep the pressure at 1 bar. Prior to each production run an equilibration of 500 ps in which the
pressure was maintained at 1 bar with the Berendsen barostat was performed. The box size was kept
unchanged with no pressure coupling, during the production runs. A cutoff of 0.9 nm was used for
calculating the Lennard-Jones interactions. Electrostatic interactions were evaluated using the particle
mesh Ewald method.[ 13, 14] Constraints were applied for bond lengths of host and guest molecules
with the LINCS algorithm.[ 5] Long-range electrostatic interactions were treated using the particle
mesh Eward (PME) method. Further details of the simulation procedure are presented in ref. [13].
Each system containing one 3-Cd molecule and one NP derivative were solvated with approximately
13000 water molecules in a cubic box of 7.5x7.5x7.5 nm>. The host molecule was centered in the

simulation box with the cavity axis of f-Cd parallel to the z-axis.
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3.2.2 Reaction coordinate and biasing procedure

The distance between the COM of the NP backbone and that of the seven glycosidic oxygens of f3-
Cd along the z-axis was defined as the reaction coordinate & (Figure 3.1). The initial (i) and final
(f) values of the reaction coordinate were set to &; = 0.8 nm and &y = —1.6 nm, respectively. After
equilibration, a periodic pulling simulation was carried out allowing the distance to be larger than half

the box size, to modulate a formation process of 1:1 f-Cd:NPR complexes. The center of mass of the
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Figure 3.1: Schematic representation of two pathways along which naphthalene derivative is pulled.
The pathways were named according to orientation (O1 and O2) and initial position (from portal P1
or portal P2). The red point indicate where the steering force is applied. Reproduced from ref. [16]
with permission from the PCCP Owner Societies.

B-Cd backbone was harmonically restrained with an isotropic force constant of 1000 kJ.mol~!nm—2

and used as an immobile reference for pulling simulations. The NP backbone was pulled through
the B-Cd cavity from the primary or secondary portal (see the arrangements presented in Figure 3.1,

2 and

respectively), along the z-axis over 360 ps with a harmonic force constant of 1000 kJ mol~!nm™
a pulling rate of 0.01 nmps~'. The guest molecules were sampled approximately 2.4 nm covering
the entire [§;, /] interval. In this interval ca. 80 windows were selected, with an imposed distance
of 0.03 nm between adjacent positions. and used as starting configuration for umbrella sampling

simulations. A total of 12 PMF profiles were constructed based on six guest molecules with two

different arrangements, following the same scheme.
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3.2.3 Equilibrium and references

At equilibrium, NPR molecules are included in the 3-Cd cavity. In order to obtain appropriate refer-
ences for free-energy calculations and subsequent energy decomposition, 12 independent simulations
were performed, corresponding to the equilibrium state of 1:1 3-Cd:NPR complexes and the com-
pletely separate sate between B-Cd and each NPR molecule. Equilibrium properties, structure and
dynamics of the systems were calculated over the 5ns simulation runs after the systems were equili-

brated for 500ps.

3.2.4 Thermodynamics of inclusion

The association constant, Kp;,4, is a key indicator to describe the binding affinity which can be de-
termined both experimentally and computationally [13, 17-21]. In the latter, when NP guests inserts
into the Cd cavity, the available volume for the guest can be constrained to a small cylinder, which
should be able to sample most of the movements of NP guests in the cavity along x or y axes. Kpjng
can be estimated here by integrating the PMF values (depicted as AG() according to Eq. ( 2.22). The
standard thermodynamic indicators of binding, AGY, AH? and TASP, can be obtained from Equations
2.23,2.24 and 2.25, defined in Chapter 2. The interval over which $-Cd and NP molecules associate

and dissociate, limits the integration.

3.3 Results and discussion

3.3.1 PMF and preferred orientation

In what follows, the analysis of PMF profiles presented in Figure 3.2 will allow the comparison of the
different systems under focus. Naphthalene will serve as a reference, while the substituted molecules
will help to assess the different features that are imposed. It should be recalled that derivatives include
hydrophobic and hydrophilic groups. Table 3.1 summarizes the characteristics of these profiles, and

includes the minimum depth and position, and the width at half height. These values are presented
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for two different orientations of the guest as represented in Figures 3.1 and 3.2. In Ol the group -R

is oriented to the smaller portal P1 while in O2 the group points to the larger Cd portal, P2.

0 - . 0+ w0 -
A o
——— / - — = 7
= ~ 3 3>
2 \ 4 £ g 7
E o \ / 22 2 7
=7 / ~ —~ ©
-~ \ : s 3 = 2
up ~ ~
~ \ ./ L o 5 =
L g : g z o
& W/ (O] S A~
¥ . 2 Qi
< o BCD-NPCHy/O1 1 —— BCD-NPNH/O1
g | BCD-NP/O1 ? BCD-NPCHy/O2 Fel BCD-NPNH /02
7 7 --- BCD-NP/O2 — T rY————r—
T T T T T T T -16 -12 -08 -04 0.0 0.4 0.8 -16 -12 -08 -04 0.0 0.4
-13 -10 -07 -04 -01 02 05 £,(nm) £,(nm)
2 2
&;(nm)
= o | -
_ -2 ol ==~ . _
= = \ . ! 3
) S .
£ £ 7 1 . I\ - £
= % o . el
2 2 2 =4 . 3
=< 7 = 7 \ ) / —_
= — N
N w 4 . 7 w
2 g N, %
s & Z &4 Ve g
T o a h N o
& (g \ - 7 2 ..
< B B . - ‘~
~ o | — PBCD-NPSOzO1 \|~
o | — BCD-NPOHOT ~ 8 | [ Beo-NREH=O1 . @ 4 --. BCD-NPSO,02
§ 17 woneonoz - I R S B SN S —
T N - - N 16 -12 -08 -04 00 04 08
16 12 o8 04 00 04 o8 16 -1.2 -0.8 -04 00 04 08 o)
&,(nm) Z

&,(nm)

Figure 3.2: Free energy profiles for the inclusion of naphthalene derivatives in -cyclodextrin along
the model reaction coordinate &, in two orientations: solid lines, orientation 1, dashed lines, orienta-
tion 2. Reproduced from ref. [16] with permission from the PCCP Owner Societies.

Table 3.1: Summary of the main features assessed from the PMF profiles of the inclusion complexes
between $-Cd and naphthalene derivatives, including the minimum depth and position, and width at
half height. Reproduced from ref. [16] with permission from the PCCP Owner Societies.

Complex —AGSx —AGS%r FWHMo, FWHMo, ot £0?

B-Cd:NP 23.1 23.1 0.630 0.630 -0.469 -0.461
B-Cd:NP(OH), 22.3 23.2 0.782 0.629 -0.257 -0.326
B-Cd:NPCH,4 29.4 25.9 0.856 0.845 -0.281 -0.219
B-Cd:NPOH 27.8 25.2 0.698 0.609 -0.262 -0.242
B-Cd:NPSO5" 21.2 29.9 0.763 0.576 -0.282 -0.428
B-Cd:NPNH,* 34.8 22.5 0.480 0.594 -0.193 -0.326

The range of profile depths is 21-35kJmol~!, with the extreme values corresponding to the charged
derivatives, 2-NPSO;™ and 2—NPNH3+, both in orientation 1. It is clear that substituents affect the
PMF profile, with some tendency to make it deeper relative to that of NP. In fact, there are three
exceptions, 2-NPSO;™ in orientation 1, 2,3-NP(OH), in orientation 1 and 2—NPNH3+ in orientation 2,

in ascending order of well depth.

If, for each system, the orientation with the deeper PMF curve (see Figure 3.2 and Table 3.1) is

selected, well depths arranged in increasing order are NP < 2,3-NP(OH), < 2-NPOH < 2-NPCH;



3.3. Results and discussion 101

< 2-NPSO;™ < 2-NPNH;". These observations point to molecules with substitutions based on a
charged group as those forming inclusion complexes with the strongest interaction, followed by the
hydrophobically substituted ones. The complex with 2-NPOH promotes a deeper PMF than that
formed with 2,3-NP(OH),. In fact, and somewhat counterintuitively at first sight, the latter minimum
is very close to that found for naphthalene. The most favorable orientation (based solely on the PMF)
is, excluding 2-NPSO;™ and 2,3-NP(OH),, O1 in which the group is closer to the primary portal (P1).
Naturally, for NP the two orientations are equivalent. In what follows, discussion will be centered, in

the most favorable orientation for each system.

3.3.2 Equilibrium positioning and degree of inclusion

Overall shape and width of the PMF curve are also affected by substitution. The naphthalene system
displays a pronounced feature (formally a local minimum) at ca. &, = —0.1 nm, upon inclusion of a
first ring, followed by a deeper minimum at £, = —0.47 nm. In the latter, configurations in which one
ring is partially exposed to the solvent coexist with others in which both rings are included in the Cd.
The former is normally associated to some rotation of the double ring inside the host and the molecule
may, although seldom, attain an equatorial alignment[22, 23] (see Figure 3.3). This behavior may be
quantified inspecting the alignment of host and guest molecules. This can be defined as the average
angle (o) between two axes: one defined by the centers of mass of the two Cd portals and the other
corresponding to the axis between the centers of mass of the C2-C3 and C7-C8 pairs of carbons in
the NP backbone. In the complex with naphthalene, the alignment is given by «,; = 38 deg, which is
compatible with a large amplitude motion within the host. In general, the minima in the PMF for the
substituted molecules are located close to £, = —0.3nm, which points to a degree of exposure of the
double ring to the solvent lower than that found for naphthalene. In other words, substitution induces
the protection of the hydrophobic backbone of NP.

Examining the PMF profiles for each complex in more detail, and considering the most prevailing
(>50%) structures in the equilibrium state, Figure 3.4, it is seen that, in general, the hydrophobic
backbone of the guest molecules is embedded within the Cd cavity, although displaying different

inclusion depths and alignments related to the Cd axis. In the complex with 2,3-NP(OH),, the double
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Figure 3.3: The two possible conformations of the complex between B-Cd and naphthalene: axial
inclusion (left) and equatorial inclusion (right). Two additional axes defined by the centers of mass of
the two Cd portals and corresponding to the centers of mass of the C2-C3 and C7-C8 pairs of carbons
in the NP backbone are also included and used for inspecting the relative alignment between host and
guest molecules. Reproduced from ref. [16] with permission from the PCCP Owner Societies.

ring is typically inside the cavity (9% = —0.33nm), and aligned with the Cd axis (@ = 20.6 deg).
The complex with 2-NPOH displays a minimum located for similar values of the inclusion coordinate
(5201 = —0.26nm and 5202 = —0.24nm). The guest molecule displays a high degree of inclusion. For
2-NPCHj, the double ring is also found deep inside the $-Cd (5101 = —0.28nm and o,;, = 21 deg). It
should be noted that the results, in terms of degree of inclusion and angle, indicate that the hydroxyl

group is located at the primary portal P1 while the methyl group is found outside this portal. In

Conformation

[R-CD'NP] NP NPCH, NPNH,* NPOH NP(OH), NPSO,

Sidel

Side2

Prevalence (%)

57.5 69.4 73.2 62.2 75.4 52.6

Figure 3.4: Typical conformations (accounting for more than 50% of the occurrences) for the in-
clusion complexes (1:1) of B-Cd and naphthalene derivatives in aqueous solution, sampled during
the MD simulations (using the GROMACS package and the amber99sb forcefield) at 300 K, and
identified by geometric cluster analysis.[24] The occurrence of each type of conformation is also
included. Starting geometries optimized by the semi-empirical Antechamber/SQM method. Elec-
trostatic charges obtained from AM1-BCC[25, 26] calculations. Reproduced from ref. [16] with
permission from the PCCP Owner Societies.
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turn, for 2-NPSO;~, the tendency to expose the charged group (and also the carbon backbone) is
especially marked in O2 (5201 = —0.43nm and «, = 24 deg) in which sulfonate is placed outside
of the secondary portal P2. Finally, for the complex including 2-NPNH,*, a deeper and well-defined
minimum at & = —0.19 is observed in O1. In this conformation, the NP backbone is deeply included
and aligned with the 3-Cd axis upon complexation (o,;, = 22 deg) and the charged group is positioned
outside of the primary portal P1.

A summary of the observations can now be done for each system, in terms of how they deviate from a
central positioning of the double ring structure (§, ~ —0.2) inside the Cd cavity. The general tendency
is to have the systems displaced towards the larger portal, which can be interpreted in terms of higher
mobility and specific interaction effects. As such, a central positioning of the backbone means, in fact,
that the included molecule is pushed into the cavity. The charged molecules expose their groups to the
solvent, 2—NPNH3+ is in O1, while 2-NPSO;™ prefers O2. However, 2-NPCH; tends to avoid contact
between the group and the solvent. As such, the structure is slightly deviated towards the secondary
portal (in O1). Finally, 2-NPOH is deeply included into the cavity (O1), and 2,3-NP(OH), slightly

less (O2 from the PMF curve, or O1 in AGy;,4, see below).

3.3.3 Comparison to experiment

An excellent agreement between simulations and experiment is found for the structural features of the
inclusion complexes between 3-Cd and NP derivatives. In fact, the conformation found for the com-
plex with 2-NPCHj; is consonant with observations reported previously[27], in which some inclusion
models were proposed based on the magnitude of the estimated association constants, indicating O1
as preferred.

The structural characteristics of inclusion complexes formed between native and modified f-Cd and
hydroxyl substituted naphthalenes have also been characterized using NMR data.[28] Based on the
results with native 3-Cd, it is confirmed that the hydroxyl group of 2-NPOH is positioned at the pri-
mary portal P1 of the Cd molecule.

Experimental evidence[28, 29] have also suggested a structure with the hydroxyl groups of 2,3-

NP(OH), placed at the primary portal P1 of 3-Cd. However, other plausible structures with modified
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B-Cd present a reversed orientation of 2,3-NP(OH),[28]. It should be noted that the present results
indicate that the energy difference between the two orientations, in terms of PMF minimum, is the
lowest of those found within the naphthalene derivatives.

For 2-NPSO;™, the structure of the complex is consistent with sulfonate being positioned close to
the secondary portal of f-Cd, and displaying an axial alignment, as previously described.[30]. Ex-
perimental data pertaining to 2-NPNH,* inclusion are not available, but a recent study[31] on the
inclusion mechanism involving natural amino acids and cyclodextrins (& and $-Cds) in aqueous so-
lution, supports the feasibility of the structure found for 2-NPNH,*, with the charged terminal group
(NH;F) of L-arginine in contact with the solvent from P1.

Considering the possible pathways for inclusion (from P1 or P2), it is seen that only the charged
substituents promote significant barriers in the PMF upon entrance. This helps suggesting a more
probable inclusion mode. For 2-NPSO;™, similarly to what was observed for other systems[30], the
insertion of the guest molecule considering the most favorable orientation, is expected from the wider
rim of the Cd molecule (P2); this maximizes the degree of inclusion and contact of the hydropho-
bic backbone with the Cd cavity, a situation frequently supported by NMR data.[30] For 2-NPNH,*,

entrance is more probable through P1.

3.34 p-Cd conformation

Another fundamental aspect to be understood is the conformational change of the 3-Cd backbone
upon complexation. For that purpose, the centers of mass of the carbon pairs at the glucose units of
the Cd backbone were defined as reference points for evaluating distorted structures over the course
of the simulation.

The overall conformation of -Cd, free in solution or in the complex is summarized in Table 3.2.
From this Table, a detailed analysis of the deformation of the B-Cd cavity is possible by inspecting
the principal moments of inertia (MOI), denoted as /1, I and I3[32, 33]. As expected, the values of
the z—component ({/3)) averaged over the course of the simulation, are higher than x— and y— com-
ponents ((I) and (I), respectively. The cavity of B-Cd is positioned symmetrically along this higher

component, at the center of the doughnut-like shape, being three MOI ratios found for the different
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systems of 1:1.2:2.1, 1:1.2:2.2 and 1:1.3:2.2 (see Table 3.2). In the absence of a guest molecule, the
host cavity presents a similar deformation degree as that observed for the complexes with methyl
and hydroxyl derivatives (1:1.2:2.1). For the complexes with NP, 2,3-NP(OH),, 2-NPSO;™ and 2-
NPNH,*, the values slightly differ, with the less balanced ratio attributed to 2-NPNH,*. The dis-
tortion of the Cd cavity has been previously pointed out, using other force-fields[34]. As described
earlier[35], the cavity of B-Cd can be compressed and stretched due to specific guests and different
binding modes. Inclusion complexes in equilibrium that display a larger deformation of the host cav-
ity (close to elliptically distorted conformations) are characterized by a higher degree of inclusion and
stronger host-guest interactions. In contrast, complexes with less distorted Cd structures (displaying
at least two similar components) present less favorable interactions. The former situation occurs in
complexes with 2-NPSO;~ and 2-NPNH,*, which were identified previously, as the ones possessing
deeper PMF wells. Deformation of the host cavity can be further characterized by inspecting the

aspect ratio and the elongation values[32, 33], also included in Table 3.2. These properties provide

Table 3.2: Summary of the total and averaged moment of inertia, /1, I and I3, and aspect ratio and
elongation values for the 3-cyclodextrin backbone, upon inclusion at the equilibrium state. Standard
deviations of the estimated parameters are also provided. Reproduced from ref. [16] with permission
from the PCCP Owner Societies.

Complex Lot (L) () (I3) Ii:b:Is  Aspect ratio Elongation
B-Cd 105.8 24.74+1.52 29.1+1.14 52.04+2.101.0:1.2:2.1 0.83£0.05 1.09+0.05
B-Cd:NP/O1 107.9 25.241.22 29.54+1.09 53.3+£1.44 1.0:1.2:2.2 0.82+0.05 1.08+0.04

B-Cd:NP(OH),/01 107.9 24.741.13 29.94+1.1253.24+1.42 1.0:1.2:2.2 0.814+0.04 1.10+0.04
B-Cd:NPCH,;/O1 108.0 25.0£1.16 29.6+1.07 53.44+1.36 1.0:1.2:2.1 0.82£0.04 1.09+0.04
p-Cd:NPOH/O1 107.7 24.8+1.19 29.8+1.1053.2£1.43 1.0:1.2:2.1 0.81£+0.04 1.104+0.04
B-Cd:NPSO;/02 107.7 24.5+£1.35 29.9+1.1053.2+1.36 1.0:1.2:2.2 0.81£0.05 1.1140.05
B-Cd:NPNH;*/O1 107.7 24.2 +1.26 30.3+1.20 53.2+1.38 1.0:1.3:2.2 0.80£0.07 1.1240.05

the same type of information and can be determined based on the two closest principal moments, I

and I, from
I
aspect ratio = —1, 3.1
14)
and
. 14)
elongation = A (3.2)
1

respectively. [; is the moment of inertia along x- or y-components with the minimum value and

I is the maximum value over the two moments of inertia. The aspect ratio defined as a function
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of the second largest principal moment /; and the smallest orthogonal component /;, varies from
0.80 to 0.83, indicating a significant deviation from a perfect doughnut-like shape and suggesting
elongated structures. From the elongation values it can be observed that the charged derivatives
promote a higher deformation of the host cavity. This is consistent with the averaged moments of
inertia analyzed in each system and the dominant conformations for the inclusion complexes identified

by geometric cluster analysis (see Figure 3.4).

3.3.5 Thermodynamics

Expression (2.22) is used for the calculation of the association constants for the inclusion complexes
and combines the host/guest interaction as measured from the PMF. The latter weights each value of
the inclusion coordinate and also the complex volume, established on the basis of the center of mass
positioning related to each guest molecule inside the cavity.

In Table 3.3, the estimated standard free energies of binding considering (i) the most favorable ori-
entation of the guest and (ii) the center of mass and two additional reference points of the guest
molecule, S1 and S2 (see Figure 3.1), and (iii1) the respective association constants, for the inclusion
complexes between B-Cd and naphthalene derivatives, are summarized.

Standard deviations of the estimated association constants are also provided. It is worth mentioning
that the trend followed by the PMF is generally the same in terms of free-energy, AGy;,q. For the
most favorable orientation, AGy;,q follows the order NP < 2,3-NP(OH), < 2-NPCH; < 2-NPOH <
2-NPSO;~ < 2-NPNH;", indicating the most stable complexes as those more hydrophilic, especially
if charged. The exception is 2,3-NP(OH),, only slightly more stable than NP. For this complex, the
preferred orientation as estimated by the PMF is reversed on the basis of free-energy. It is the only
instance in which this happens, and corresponds to a minute difference between the two orientations,

both in terms of PMF and free-energy. This behavior will be discussed below.



Table 3.3: Binding free energies (kJmol~!) and association constants characterizing the complexation of NP derivatives by $-Cd in aqueous solution.

Complex* —AGGd  —AGhiy G, Kind' Kjina Kpina —AGya Ky
B Cd-NP/O1 12.0 13.0 15.9 128+33 19127 605499 15.8[36] 186
377+£35[37]
608[36]
630+40[27]
B-Cd:NP(OH),/O1  13.1 15.1 16.3 194434 435456 7034102 13.0[28]  188+9[28]
(-0.9) (0.8) (-1.1)
B-Cd:NPCH,/O1 16.5 19.6 21.0 7874202 27264430 4842826 - 700£100[27]
(-3.2) (34 (5.0
B-Cd:NPOH/O1 17.0 21.7 19.7 950236 631041078 28524437 - 699[29]
(-6.1) (-39  (2.6) 14.2[28]  311£11[28]
B-Cd:NPSO; /02 17.7 21.8 226 1276304 66841358 923442013 14.7[30]  381+£25[30]
(-4.8) (-80) (-85 30.7[38]  2.34x10°[38]
480420[39]
220+30[39]
428422[30]
B-Cd:NPNH,*/O1 24.7 24.4 275 21x10*£55%x10° 1.9x10*+£4.5%x10° 6.7 x 10*£1.7 x 10* - 103 —10%[31]
-132)  (-7.6)  (-13.49)

UOISSNOSIp pUE SINSIY €€

LOT



* Kpina and AGy;nq are the calculated association constant and the binding free-energy, respectively. K;.”, and AG,;” denote the experimental results taken for
naphthalene and 2-methylnaphthalene[27], 2-naphthol and 2,3-dinaphthol[28, 40, 41], 2-naphthalenesulfonate[30, 38], 2-aminonaphthalene[31]. Reproduced

from ref. [16] with permission from the PCCP Owner Societies.
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Figure 3.5: Free energy (AG), enthalpy (AH) and entropy (TAS) contributions for the complex for-
mation of 3-Cd with NP derivatives for the most favorable orientations (2,3-NP(OH),, 2-NPCHj,
2-NPOH and 2—NPNH3+, O1; 2-NPSOj5~, O2). Reproduced from ref. [16] with permission from the

PCCP Owner Societies.

The stability of these complexes can be attributed to the enthalpic contribution, with entropy consis-

tently decreasing upon complex formation (Table 3.4 and Figure 3.5). From Table 3.4 and Figure 3.5,

the inclusion complex that is more strongly favored in enthalpic terms is 2-NPNH,", followed by

2-NPSO;™ and 2-NPOH. This contribution is smaller in the remaining systems, especially for NP and

2,3-NP(OH),. In all cases there is an entropic penalty to inclusion. This increases in increasing order

of stability, reaching a maximum with the sulfonate derivative, but it decreases with the amine to a

value similar to that found in the methyl substituted naphathlene.



Table 3.4: Enthalpy and entropy changes (kJmol~!), for inclusion complex formation of 3-Cd and naphthalene derivatives at 300 K.

Complex* —AHEOM  —AHS) . —AHS2, —TASSOM  —TASS. . —TAS32, —AH®P (Kimol™!) —AS*? (Jmol 'K™1)
B-Cd:NP/O1 17.4 18.2 19.9 54 52 4.0 18+2[36] 945([36]
B-Cd:NP(OH),/O1 19.3 19.9 19.9 6.3 4.8 3.7 - -
B-Cd:NPCH;/01 249 24.7 25.6 8.4 5.1 4.6 - -
B-Cd:NPOH/O1 259 25.8 25.4 8.9 4.1 5.7 243 3843

26.8+9 11.3+0.9
B-Cd:NPSO;7/02 28.2 284 27.9 10.5 6.5 53 26.4+1.4[30] 39.14£3.8[30]

29.3[38] 11.7£1.1
B-Cd:NPNH,*/0O1 333 32.7 33.4 8.6 8.3 5.8 — =

* AHping and T ASy;,4 are the calculated enthalpy and entropy changes, respectively. AH“? and AS“? denote the experimental results taken from refs.[30, 36, 38].

Reproduced from ref. [ 16] with permission from the PCCP Owner Societies.
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In order to evaluate if the displacement of the guest inside the cavity is adequately measured through
the positioning of the center of mass, so as to estimate the volume of inclusion on the basis of r(&),
two additional reference points (S1 and S2) were considered. This reflect the two extremes of the
molecule, S1 and S2, as depicted in Figure 3.1. Note that in previous work by other authors several
estimates have been made, including fixed values.[13, 42, 43] It is seen that the estimate based on
the center of mass is the best for establishing the free-energy difference (or the association constant)
within the cylindrical approximation. In fact, the use of points closer to the extreme of the molecule
tends, generally, to overestimate stability in relation to the experimental results (Table 3.4). A possible
explanation is that the points S1 and S2 are associated to incomplete rotations inside the cavity, while

the center of mass more accurately represents the motion of the molecule.

3.3.6 Interaction components

Simulations in which host and guest are apart, and simulations in the equilibrium situation, for which
the complex is formed, allow a simple analysis of the change in the energy components upon inclu-
sion. Results are summarized in Table 3.5.

Irrespective of the characteristics of the host, a common trend is visible: desolvation penalizes the
host(guest)-solvent interaction, as indicated by their positive change, and favor solvent-solvent inter-
action. However, the latter is not sufficient to compensate the former and the entropy component also
reflects a penalty upon inclusion. In fact, complex formation seems to be essentially a result of an
increased host-guest interaction, that implies a substantial decrease in the energy (ranging from -88
to -213kImol~1). Also, it is apparent that the Cd conformation adopts a more favorable set-up upon
inclusion. This is probably related to collapsed situations, and makes a reference system difficult to
select for the separated system. The energy components in Table 5 also indicate that the solvent-
solvent (negative) and solvation terms (positive) are significantly higher for the charged systems, and

do not substantially differ among the hydrophobic and more hydrophillic systems.
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Table 3.5: Individual interaction component change (kJmol~!) for the inclusion process of naphtha-
lene derivatives in 3-Cd, considering the most favorable orientation. Reproduced from ref. [16] with
permission from the PCCP Owner Societies.

Complex AHhost AH, guest AHhostfhost Angestfguest AI_IS()I —sol AHhostfguest AHhostfsol AH guest—sol
B-Cd:NP/O1 94 0.2 -22.9 0.0 -74.7 -88.1 108.2 48.7
B-Cd:NP(OH),/01-6.0 0.4 -19.9 1.8 -71.8 -100.0 104.3 58.9
B-Cd:NPCH,;/01 -99 -03 -16.0 -0.1 -56.4 -95.4 104.3 54.6
B-Cd:NPOH/O1 -5.8 0.0 -20.7 0.1 -75.4 -93.6 106.0 56.3
B-Cd:NPSO;7/02 -5.1 0.6 -7.9 -7.1 -151.6  -212.8 170.2 180.7
B-Cd:NPNH,*/O1 -7.9 0.5 -28.2 -8.6 -125.1  -134.6 156.9 112.5

3.3.7 Inclusion and solvation

The inclusion of the NP derivatives into the Cd cavity promotes the release of water molecules from
the cavity. This process is governed by the relative size of the Cd cavity and guests and, for the
systems under analysis, complete removal of 4 water molecules is done upon inclusion. This is
visible in Figure 3.6, close to r = 0.35nm, which approximately covers the whole interior of the Cd,
and represents the running coordination number, which measures the number of water molecules at a

distance r from a group or point. In this case, r=0, represents the center of mass of the Cd. In Figure 3.7

12

N(r)

0 2 4 6 8

z/nm

Figure 3.6: Coordination number for water molecules from the center of the §-Cd cavity in aqueous
solution and in the corresponding binary systems. Reproduced from ref. [16] with permission from
the PCCP Owner Societies.

the running coordination numbers for naphthalene and derivatives, before and after inclusion, are

presented for both studied orientations. The amount of solvent decreases upon complexation, and
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this decrease is visible in the immediate vicinity of the group. In the other, the amount of solvent
does not suffer a significant alteration in the immediate vicinity. A further distinction can be made
in terms of the complexes in which a difference in orientation promotes a difference in hydration.

For the hydropobic guests, NP and 2-NPCH;, complexation promotes a drastic desolvation. For 2,3-

o o o "
N R T TR [
o - o 4 00 | --- B-CD:NPNHy/02 /
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Figure 3.7: Running coordination number of water molecules per substituent group as a function of
distance. Reproduced from ref. [16] with permission from the PCCP Owner Societies.

NP(OH),, inclusion also promotes desolvation, but to a lesser extent. In the remaining systems, the
inclusion process naturally affects the solvation of the substituents, but at longer distance from the

group. For this, solvation is slightly higher when the group is closer to the larger portal.

3.3.8 A closer look at the hydroxyl derivatives

The complexes with hydroxyl substituted NPs, 2-NPOH and 2,3-NP(OH), display significant differ-
ences in stability, being the monosubstituted naphthalene clearly more stable. Also, the disubstituted
hydroxyl derivative displays a behavior very close to naphthalene, in terms of stability, PMF well

depth, inclusion degree and thermodynamical quantities.

The higher stability of the complex with 2-NPOH over that with 2,3-NP(OH), is, at least partially,
associated to solvation effects. It is clear in Figure 3.7 that the amount of water molecules around

the hydroxyl groups in 2,3-NP(OH), decreases upon complexation, and this decrease is visible in
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the immediate vicinity of each hydroxyl group. In 2-NPOH, no significant change for the solvated
hydroxyl group is observed in the immediate vicinity. These observations imply effects of release
of water molecules from the group, in addition to those that are expelled from the cavity, and are
compatible with the fact that the entropic penalty is lower for 2,3-NP(OH),; however the enthalpy
contribution is also less negative. This is also compatible with the angle the guest axis makes with
the Cd axis, which is clearly higher for 2-NPOH than for 2,3-NP(OH),. This observation may be
ascribed to the asymmetry of the 2-NPOH molecule, and a tendency to further expose the group to

the solvent.

The AG,fi%d values for 2,3-NP(OH), display a difference of less than 1kJ mol~!, which suggests that
the positioning of the groups relative to the two portals is irrelevant, although some differences are
clearly visible in the PMF profiles. Three dominant conformations for the free and bonded states
of 2,3-NP(OH), at 300 K, in aqueous solution, were identified by geometrical cluster analysis and
include both inward and outward arrangements of the hydrogen atoms, and a conformation in which
one hydroxylic hydrogen is pointing toward the neighboring hydroxyl group (see Figure 3.8) forming
an intramolecular hydrogen bond. For simplicity, this arrangement will be denoted as intermediate. It
should be noted that the inward and outward arrangements result from the interaction between both

hydroxyl groups with the solvent molecules, upon complexation.

20 | e NP(OH), in solution
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Figure 3.8: Distribution of distances between hydrogen atoms of adjacent hydroxyl groups in 2,3-
NP(OH),. Dominant conformations (accounting for more than 95% of the occurrences) of 2,3-
NP(OH), in solution or included in the B-Cd cavity for both orientations, are depicted in the inset.
These conformations were sampled during the MD simulations in the equilibrium state, at 300 K,
and identified by geometric cluster analysis.[24] Reproduced from ref. [16] with permission from the
PCCP Owner Societies.
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Inspection of Figure 3.8 shows that the outward arrangement is present for the molecule free in solu-
tion, but is nearly completely absent upon inclusion. Also, the prevalence of the intermediate confor-
mation is higher for the free molecule, and slightly decreases upon complexation, being replaced by
the inward pointing arrangement. In this arrangement, a water molecule is shared by the two hydroxyl

groups.

The effects of substitution of hydrogens at the adjacent carbons by hydroxyl groups (e.g. in hydroxyl-
substituted derivatives of naphthol and anthrol systems[44]) and subsequent formation of intramolec-
ular hydrogen bonds have been discussed in the literature in terms of free-energy and enthalpy
changes.[44—46] Solvation energies are dependent on the relative orientation of the two hydroxyl
groups and the strength of this hydrogen bond, i.e., the intramolecular hydrogen bond enthalpy,[44,

, 48]. Also, intramolecular hydrogen bonds have been identified using computational calcula-
tions[44] and part of the intramolecular hydrogen bond enthalpy results from the minimization of
repulsion of the oxygen lone pairs at hydroxyl groups, when the -OH group adopts an inward orienta-
tion. Water bridges have also been recognized as players in connecting adjacent hydroxyl groups.[49]
Note the excellent agreement found for the association constant between the present calculations and
experiment, for both 2-NPOH and 2,3-NP(OH),, which also validates the differences between the

two systems identified in the MD results.

3.4 Overview

This work has shown that, for a variety of naphthalene derivatives (which offer an hydrophobic part
with roughly the length of the B-Cd cavity), the association constant tends to increase with substitu-
tion. This increase may be attributed to a deeper inclusion of the hydrophobic moiety in the cavity,
relative to the unsubstituted compound (as seen for 2,3-NP(OH),, 2-NPCH;, 2-NPOH, or more drasti-
cally 2-NPNH;™), but 2-NPSO;™ is not deeply included and yet displays one of the largest association
constants. The charged groups promote the higher association constants, with orientations that vary
with the group. In general, the more hydrophilic are the groups, the higher is the association constant.

This can be due to the synergistic effect of encapsulating the hydrophobic core of the guest into the
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Cd, while at the same time keeping the hydrophilic groups in contact with the solvent.

The substituent affects the positioning of the hydrophobic part, but does not suffer desolvation, except
for 2-NPCHy3, in which desolvation of the hydrophobic group is observed. This is particularly clear in
the charged compounds: the overall tendency is to displace the included molecule out of P2 (orienta-
tion 02, 2-NPSO;"), or into P1 (orientation O1, 2-NPNH;™), thus favoring exposition of the group to
the solvent. In the case of 2-NPOH, this exposition results also from the angle in which the molecule
is included, relative to the f-Cd axis. 2,3-NP(OH), displays an example in which guest conformation
is affected by inclusion, resulting in an overall behavior closer to that found in naphthalene than that
of any other of the compounds.

For this set of systems, the cylindrical approximation used in the calculation of association constants
and thermodynamic quantities provided excellent agreement with the experimental determinations,
showing that the entropic component acts as a penalty for inclusion, which is lower when groups suf-
fer desolvation (systems NP, 2,3-NP(OH),). However, this pattern is not clear, and 2-NPCH; has an
entropic penalty close to that found for 2-NPNH,* and 2-NPOH, indicating a more complex behavior.
The most favorable free-energy differences correspond to the most favorable enthalpic components,

with the entropic term playing a lesser role in the energetic discrimination of the systems.

3.5 Concluding remarks

The use of naphthalene derivatives clearly affects the inclusion parameters allowing at least to double
the free-energy difference relative to the inclusion of the unsubstituted molecule, or increase the asso-
ciation constant more than 100-fold. In this study, the association constant is increased irrespective of
the nature of the substituent group (hydrophobic, hydrophilic and positively or negatively charged),
with a tendency to have larger constants for more hydrophilic modifications. Drastic desolvation of
the substituent group is not observed, except for the hydrophobic compound (2-NPCHj) and (2,3-
NP(OH),). The positioning of the hydrophobic backbone inside the cavity is clearly affected by the
presence of the substituent which, in general, tends to emphasize inclusion. Entropy opposes inclu-

sion, but constitutes a smaller term compared to the favorable enthalpic component.
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The molecules studied in this work have a common included backbone (the two naphthalene rings).
However, for a proper estimation of the association constants, substituents effects must be taken into
account even if these substitutions do not appear to geometrically affect inclusion. This may also
be relevant in supramolecular systems, in which a common guest group/moiety may coexist with
different spacers or polymers (as in the case of systems containing zip gels). It is also seen that accu-
rate predictions are available from MD, although further situations must be systematically assessed:
presence of substitutes in the Cd, and varying cavity volume. The latter may constitute a significant
difficulty in the context of the use of the cylindrical approximation, within the more general "flexible
molecule" approximation, for estimating the complex volume.

Several driving forces have been reported to play an important role in the interaction between cy-
clodextrin and a guest molecule. In this work, the host-guest interactions have been recognized as the
major driving force for the inclusion complexation of 3-Cd with 3 substituted NP derivatives, which

is accompanied by negative changes in enthalpy and a relatively small entropic penalty.
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Chapter 4

Host Flexibility and Space Filling

Factors affecting the thermodynamic signatures and stability of 8- and y-Cd complexes are detailed
at the atomic level. The MD/PMEF-based method is combined with the description of the nature
and strength of the inter-partner affinity. Naphthalene, adamantane and lycorine derivatives are used
as models of drug-leading structures. Guest size affects Cd-guest contact and the inclusion degree,
inducing Cd deformation, which opposes inclusion. Complexation depends on the available Cd cav-
ity volume, as guest fitting variations and the enthalpy penalty from Cd deformation impact on the
binding constants (promoting a reduction of up to 10*). The often neglected Cd deformation plays,
thus, an important role in the interaction behavior of larger cavity Cd-based systems, being crucial
in carbohydrate-mediated recognition phenomena. It corresponds to an increase in energy of ca. 90

kJ mol~! in the simpler analyzed model system.

4.1 Context and relevant issues

The intrinsic and versatile properties of cyclodextrins (Cds) have credited these cyclic oligosaccha-
rides as effective components for developing nanostructures to improve solubilization, transport and
targeting of therapeutic agents ([|—12]). There is currently a great interest in the theoretical prediction
and screening design of Cd supramolecular nanoassemblies with superior properties and tailored func-
tionalities, providing attractive strategies for drug encapsulation/conjugation and formulation scale-up

([2, 13—=18]). Due to experimental limitations, geometric characterization, preferred inclusion path-
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ways, and the stabilizing interactions that govern the molecular architecture of Cd-based complexes
are poorly understood ([19]). The hydrophilic outer surface and the hydrophobic cavity of natural
Cds (with diameters of 0.47-0.53, 0.60-0.65 and 0.75-0.83 nm for «-Cd, B-Cd and y-Cd, respec-
tively) ([2, 20]), award these hosts the ability of interacting, in aqueous solution, with adequately
sized guest molecules and forming host-guest inclusion complexes stabilized by noncovalent inter-
actions ([ 1, 2, 19, 21]). The driving forces leading to complex formation include hydrophobic, van
der Waals and dipole-dipole interactions ([ 1]). The favorable free-energy change related with desol-
vation of the hydrophobic moieties of the binding partners was primarily attributed to the favorable
entropy change resulting from the release of water molecules at the inter-partner interfaces ([19, 22,
]). MD simulations in water and PMF calculations have suggested that the replacement of high-
energy water in host cavities by guest molecules is the main enthalpic driving force for the complex
formation; at the same time, desolvation of the host cavity promotes the formation of new hydrogen
bonds, and favorable energy changes (up to 10.5 kI mol~!) ([19, 22, 24]). A large gain in free-energy
is thus attained from the enthalpy compensation of water-water interactions in the bulk. In systems
containing B-Cd, it has been observed that the binding constant (Kj;,q) increases, in general, as the
cavity is increasingly filled by the guest. Also, the guest volume has been expressed by the number of
carbon atoms of the respective hydrophobic segment. Increasing this number decreases energy (ca.
-3 kI mol~! per carbon) and increases complex stability ([ 1, 25]). This effect can be explained by the
more intense of hydrophobic, van der Waals and dispersion interactions ([1]).
Some efforts have been made for providing preliminary evidences and rationales on the affinity of
Cd towards different guests, anticipating or avoiding extensive experiments. Results from molecular
modeling have suggested the need for constructing models to reach feasible structures of the com-
plexes, considering information on the preferred inclusion mode ([ 19, 26]), the size of the Cd cavity
and also the host/guest stoichiometry ([27-30]).
Accurately assessing the flexibility of Cds and consequent cavity size represents in general a chal-
lenge in molecular simulations ([28]). Ab initio approaches are time consuming, and quantum semi-
empirical methods (e.g. CNDO, AM1 and PM3) are commonly used in the theoretical studies of Cds.
The semi-empirical PM3 methods are often combined with ab initio methods. Due to the improved

description of hydrogen bonds and steric effects in the PM3 method, a better performance in the con-
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formational study of supramolecular systems, including Cd-based complexes can be achieved, when
compared to AM1. However, higher levels of theory have also been employed in the description of
Cd chemistry, including DFT ([28]).

It should be noted that successfully designing and employing Cd conjugates requires a comprehen-
sive understanding of the relation between conformation, energy, solvation, recognition behavior and
function.([1, 19, 23, 31-33]) The ability of Cds to form selectively host-guest inclusion complexes
depends on a proper fit of the guest molecule into the Cd cavity ([19, 25, 34, 35]). In spite of some
agreement that the hydrophobic effect is the major driving force within the factors that govern Cd-
guest binding in water, a deeper knowledge of the effect of the full size of guest and Cd cavity on
the binding mode and on the interaction strength, is still missing ([32-37]). Especially, there is no
quantitative understanding of the joint influence of guest substitution and Cd cavity size over the ther-
modynamic signatures and association/binding constants of the resulting complexes.

Free-energy calculations provide most ingredients to tackle this issue, yielding an explicit description
of the binding energetics ([ 19, 38—40]). Robust and accurate MD based methods, including umbrella-
sampling and the cylindrical approximation for the calculation of binding constants, have provided
new information that have been correlated with available experimental observations. Accurate pre-
dictions are now available from MD, including the effect of variations in guest substituents ([ 1, 19]).
The increasing interest in Cd hosts is explained by their (i) superior affinity towards amphiphilic
guests, (ii) distinct role as drug carriers and (ii1) multifunctional character in polymeric drug delivery
systems ([ 1, 2, 19]). Bearing in mind that, in most cases, the host cavity cannot fully accommodate the
guest, the designed free-energy oriented method (described in Chapters 2 and 3) has been employed
for estimating binding constants of inclusion complexes between -Cd and different naphthalene
derivatives with pendant hydrophobic and hydrophilic groups ([19]). In these complexes, the guest
molecule alters the structure of the host, leading to relevant cooperative effects, when compared to
bulk solvated molecules. The inclusion process is generally governed by individual or complementary
interactions, such as relatively weak NCI, including hydrophobic, van der Waals and electrostatic in-
teractions, 7-7 stacking, hydrogen bonding and also by stronger ionic and dipolar interactions. More
recently, it has been demonstrated ([ |]) that the binding constant (Kp;,4) for Cd-based complexes can

reach 102 kImol~! ([1]). The modulation of the nature of the interaction sites in Cd-based poly-
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mer networks was performed imposing hyaluronic acid derivatives as amphiphilic substituents, for
mimicking the network junction nodes. The relevant thermodynamics signatures and the stabiliz-
ing/destabilizing noncovalent interactions within the complexes were duly assessed, indicating that
the presence of the amphiphilic chains boosted the interaction behavior and increased the binding
constant more than 200-fold. Host-guest interactions, dessolvation effects, host fit and guest orienta-
tion dominated the stability of the junction nodes ([ !, 31]). Note, in this context, that previous work
suggested, in a straightforward manner, that the ideal proportion of occupancy for a host-guest com-
plex is ca. 55% ([25, 36]).

The present work deals with the question whether (and how) the accessible cavity volume for guest
molecules of different natures and sizes determines the intimate conformations and stability of the
complexes. Is the effect comparable to that observed with guest size and structural complexity? The
interaction patterns and the leading factors affecting the thermodynamic signatures and stability of
inclusion complexes between B-and y-Cds and different model guests are detailed, combining our
previously designed MD/PMEF-based procedure ([19]) and the Independent Gradient Method (IGM)
of Lefebvre et al.( [41]). The latter method is based on the analysis of the electronic charge density of
the binding partners and the respective gradients, and allows visualizing and quantifying those regions
of stabilizing/stabilizing noncovalent interactions.

The host and guest molecules are selected as models of common building blocks for obtaining higher
order structures. The necessity to explain the function of Cds in all details and strands arises from
their multiple applications ([42—44]).

Both - and y-Cds are employed due to their suitable dimensions and circular structures, which allow
assessing the effect of the cavity size and flexibility, especially in the latter. Naphthalene (Np) and
adamantane (Ad) provide two different rigid hydrophobic backbones, allowing to explore the effect of
guest substitution on the binding process. The adamantyl moiety possesses a bulky and symmetrical
diamond-like structure with unique features (e.g. size, lipophilicity) for fitting perfectly in cavities of
several host molecules, including Cds. Np and Ad derivatives containing aldehydic chains serve as
practical molecular examples and leading structures of an extensive series of promising therapeutic
agents, as well as function as model building blocks in supramolecular structures and self-assembled

systems for basic chemical and pharmaceutical investigations ([45-50]). Another interesting guest is
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anhydrolycorine, a lycorine derivative that possesses a planar-like structure of five enclosed rings and
displays several biological properties and anti-tumor activity ([51, 52]).

Complexation of these model guests is sensitive to alterations in the available cavity volume, as the
fit variations into the cavity of 8- and y-Cds have a direct impact on the respective binding constants.
The calculated thermodynamic quantities allow explaining the effects of using imposed features in

the interaction patterns and complex configuration of this type of systems.

4.1.1 System construction and simulation details

The energy patterns and binding affinities for - and y-Cds in the presence of several guests of dif-
ferent structural complexity are characterized using MD simulations and free-energy calculations. As
the similarity and size of the Cd cavities favor equilibrium free-energy approaches, steered molecular
dynamics with center of mass pulling and umbrella sampling are employed, as suggested previously
([Zhang2010, 53—-57]) for obtaining the free-energy profiles and binding affinity estimates.

Based on the preferred binding mode reported in similar systems, simulations are performed in one
direction, from bulk water to the Cd cavity, through the secondary Cd portal.

The PMF dictates the degree and motion rate of binding, and the selectivity.The coordinate & repre-
sent the geometrical coordinate & (r) along which the PMF values may vary. To ensure the adequate
sampling of unfavorable states over the MD trajectory, umbrella sampling ([58, 59]) is used and each
system is computed under a window biasing potential, w(& ), which improves the sampling in adjacent
regions of the reaction coordinate &. Several biased window simulations are required to construct the
PMF profile over the selected region (further details are given in ref. [19]).

The stability constants are addressed using the "flexible molecule" approximation, in which the ac-
cessible cavity volume is defined by a cylindrical region, weighted by the PMF values. The guest
motion is regulated by the positioning of the respective center of mass ([60, 61]).

The basic coordinates of - and y-Cds were extracted from the RCSB protein data bank (PDB codes:
IDMB and SMKA, respectively). The starting geometries of the guest molecules (naphthalene -
Np, adamantane - Ad, 2-aminonaphthalene - NpNHY, naphthalene and adamantane substituted with

a pendant aldehydic (Ald) chain - NpAld and AdAld, and anhydrolycorine - Anh) were created in



130 Chapter 4. Host Flexibility and Space Filling

Pymol (Version 1.7.7.2) and optimized with the semi-empirical Antechamber/SQM method. Partial
charges for both host and guest molecules were generated using the R.E.D.D. Server ([62]).
A cubic box of 7.5x7.5x7.5 nm> was employed for each system containing one Cd molecule and
one guest, solvated with approximately 13700 water molecules. Cds were centered in the simulation
box with the cavity axis parallel to the z-axis. The reaction coordinate &, is defined by the z-distance
between the center of mass (COM) of the carbon atoms of the hydrophobic moiety of the guest back-
bone and that of the central glycosidic oxygen atoms of Cds.
MD simulations were performed using the GROMACS package (version 4.6.5) ([63, 64]) and the
all-atom amber99sb ([65—-68]) forcefield, under periodic boundary conditions and with a NPT en-
semble. TIP3P water was used for modelling aqueous solvation. In all simulations, the temperature
and pressure were kept unchanged, at 300 K and 1 bar, by the coupling constants of 0.5 ps and 1 ps,
respectively. An equilibration run of 500 ps was performed prior to each production run, maintaining
the pressure at 1 bar with the Berendsen barostat. During the production runs, no pressure coupling
was applied to maintain the size of the simulation box unchanged. A cutoff of 0.9 nm was employed
for Lennard-Jones interactions and electrostatic interactions were assessed using the PME method
([31, 69]). The LINCS algorithm ([70]) was used for applying constraints in bond lengths of both
host and guest molecules. A detailed description of the simulation procedure is given in refs. ([!, 19,
D.
A set of independent simulations were carried out via umbrella sampling, ensuring that these con-
figurations were closer to the equilibrated states. The optimized parameters (e.g. force constants)
for umbrella sampling, construction of the PMF profiles and the analysis of the thermodynamic pat-
terns associated to the binding process were taken from previous studies of the authors ([1, 19]).
Specifically, for each system, a series of initial configurations was obtained from a periodic pulling,
performed after equilibration, resorting to a steered molecular dynamics approach. This allows mod-
ulating the formation of 1:1 complexes.
Each configuration corresponds to a position within which the guest molecule evolves towards inclu-
sion, and then separates from the Cd molecule (- and y-Cd), using an umbrella biasing potential.
This allows restraining the guest (Np, NpAld, Ad, AdAld, NpNH;r and Anh) to accurately sample the

configurational space in the defined region, along the inclusion pathway. In each system, the COM
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of the glycosidic atoms of the Cd molecules were harmonically immobilized using an isotropic force
constant of 1000 kI mol~! nm~!, and a free xy motion for the guest molecules was allowed. The
COM of the reference carbon atoms of the guest molecules was pulled through the Cd cavity with a
steering force of 2000 kJ mol~! nm~!, from the secondary to the primary Cd portal, along the z-axis
over 500 ps and with a pulling rate of 0.01 nmps~".

The initial (&;) and final (§¢) values of the reaction coordinate were set to extreme values of §; =1.5nm
and &y =-2.5nm. The guest molecules were sampled ca. 4 nm covering the [;, &/] interval with
ca. 100 neighboring windows separated by 0.03 nm, which were employed as starting configurations
for the independent simulations in umbrella sampling. A total of 12 systems were inspected and ana-
lyzed following this procedure.

The respective PMF profiles were constructed as a function of the inclusion coordinate, combining all
the individual potentials via a periodic version of WHAM ([71])). Statistical uncertainties from the
variance of the PMFs were calculated resorting to the bootstrap procedure of trajectories on umbrella
histograms ([ 19, 72]).

In order to establish proper references for the calculations and subsequent analysis of structural and
dessolvation effects, 20 independent simulations were performed during 5 ns, after a pre-equilibration
of 500 ps. These correspond to the equilibrium states of the complexes (minima in the PMF profiles),
and the single solvated host and guest molecules.

Prior to NCI analysis, geometric clustering ([73]) was performed for selecting a representative struc-
ture of each complex from the ensemble of structures in the equilibrium state, sampled during the
MD simulations. Clusters were determined from the RMSD of the atom positions between all pairs
of Cd structures. For each Cd structure, the number of neighbors was calculated for RMSD values of
0.25 nm.

Quantum chemical calculations were performed using the Orca electronic structure package (version
4.0.0.2) ([74]). Geometries were optimized at the DFT level using the TPSS meta-GGA functional
([75]) with the Def2-SVP ([76]) polarized double-£ basis set. Dispersion interactions were included
with Grimme’s D3 dispersion correction ([ 77, 78]) and solvent (water) effects were included using the
polarisable continuum model (PCM) ([79]). The geometries optimized at this TPSS-D3-PCM/Def2-

SVP level were then used in single point energy calculations with the hybrid TPSSO functional which
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is known to yield accurate energetics for weakly-bound systems such as inclusion complexes as well
as covalent molecules ([80]). In order to enhance the reliability of the TPSSO energies, the multiply-
polarised triple-& basis sets Def2-TZVP and Def2-TZVPP were used ([76]). Dispersion and solvent
effects were included with the D3 and PCM methods as in the geometry optimizations. Due to the
size of the systems being studied and the large number of degrees of freedom involved no vibrational

(zero-point) corrections were applied to the final energies.

4.1.2 Visualization of noncovalent interactions

Evaluation of the noncovalent interactions within - and y-Cd complexes was performed based on
the IGM proposed by Lefebvre et al. ([41]), and using the IGMPIot software (version 1.0). IGM
is controlled by the topological characteristics of the electronic charge density, p, of each system.
The method utilizes quantities related to the first and second derivatives of the density, in addition to
p. 8g™Mer is the IGM descriptor given by the difference between the first derivatives of the charge

densities for the total system and the fragments,

(Sginter _ ‘VPIGM,interl . ’Vp’ (41)

8g™er > 0 reflects the presence of noncovalent interactions. The magnitude of the descriptor at a

point in space allows inferring on the strength of the interaction.

VplGMinter ig obtained (in the following case for the x-direction) from sums over all the N atoms in

the different fragments, denoted as A and B,
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sity which produces a minimal effect on the noncovalent interactions, since very little relaxation of

the charge density occurs in these extremely low-density regions, following the formation of covalent
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mier yalue, a second derivative

bonds. Although it is possible to identify NCI regions using the dg
(Laplacian) of the density V2p is required, for discriminating favorable/unfavorable NCIs. Informa-
tion on the stabilizing (A, < 0) or destabilizing (A, > 0) interactions can be obtained, by decomposing
the Laplacian term into V2p = A1 + A, + A3 (A4; < A, < A3), the three eigenvalues of maximal vari-
ation. Stronger interactions such as hydrogen bonds display larger (negative) values of sign(4;)p.
van der Waals forces, are weak NCI associated with sign(A,)p, displaying values close to zero. The
coordinates of the Cd complexes at the minima of the PMF profiles were extracted from the simula-
tions at equilibrium. Solvent molecules were removed and the complexes were dissociated into the

respective binding components.([1]) The isosurface volumes for the §g™¢"

colored by the value of
sign(2;)p at each point on the surface allows representing in space the NCI, indicating both the extent
and (de)stabilizing nature of the interactions. Visual Molecular Dynamics software version 1.9.2 was
used for the preparation and representation of the systems and isosurface graphics ([$1]). To clearly
inspect the relative differences between the complexes, the isosurface representations were combined

with the values of the same two descriptors, allowing to compare and evaluate quantitatively the types

and strengths of NCI within the - and y-Cd.

4.2 Results

4.2.1 PMF and thermodynamics

The analysis of PMF profiles presented in Figure 4.1 allows comparing the different systems. Also
included are the representative conformations of the inclusion complexes extracted from the lowest
energy states (minima of the PMFs), showing the most favorable arrangement of the binding partners
upon complexation. The inclusion complexes between 3/y-Cd and naphthalene and adamantane are
used as reference systems. The substituted Np and Ad, and also NpNH3+ and Anh are used for
evaluating the effect of guest nature and size on the binding affinity of Cd with different cavity sizes.
Figure 4.1 and Table 4.1 summarize the main results concerning the calculation of the potential of
mean force for the different systems under study. It can be seen that both host and guest molecules

possessing different imposed features influence significantly the inclusion behavior and the interaction
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patterns, as suggested by the different shapes and well depths of the PMF profiles. However, a more

pronounced difference is observed between - and y-Cd systems.
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Figure 4.1: Free-energy profiles for the formation of - and y-Cd based inclusion complexes calcu-
lated from the integration of the mean forces (solid curves) and from the WHAM procedure (dashed
curves). The curves are vertically aligned to have the Cd cavity positioned at &, = 0.0 nm. The error
bars represent the statistical uncertainties estimated with bootstrap analysis. Also included are the
structures of the complexes sampled from the A-F and A’-F’ minima in the PMFs.

The well-depth is, in general, markedly higher for the B-Cd that for the y-Cd counterpart. The only
exception is observed in the Ad, for which the PMF is of comparable depth, slightly deeper in the
case of the y-Cd. The B-Cd values are found in the range 23 —49kJmol~!, while for the latter we
can observe values contained in the interval 7.4 — 30.7kJmol~!. As previously observed ([ 1, 19]) for
Np and Ad included in B-Cd, well depth increases with substitution in both Np and Ad, irrespective

of the type of substituent. The trend is not clear when y-CD is the host.
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Table 4.1: Minimum depth (—AGpyr) and position (), and width at half height (FWHM) extracted
from the PMF profiles of the inclusion complexes between 3- and y-Cd and the model guests (Np,
NpAld, Ad, AdAld, NpNHgr and Anh).

Guest —AGpyr FWHM &z()
B-Cd y-Cd B-Cd y-Cd B-Cd 7y-Cd
Np 231 74 0.63 095 -047 0.03
NpAld 269 18.7 1.05 1.02 -046 -0.56
Ad 284 30.7 090 0.66 0.08 -0.02

AdAld  40.8 9.7 146 056 -0.76 -0.81
NpNH3+ 348 120 048 050 -0.19 -0.49
Anh 48.6 285 0.65 0.72 -0.28 -0.25

The width at half height for 8- and y-Cds differ in some cases (Np, Ad and AdAld systems), while for
the others the difference is much lower. Except for the f-Cd:AdAld system, typical values are in the
vicinity of or below 1 nm. Ald substituents promote a slight enlargement of the width, more marked
in the case of B-Cd. This indicates that, in the latter, the fit of guest to host is tighter and molecule
length directly impacts upon the PMF well width.

The degree of inclusion for the minimum value of the PMF varies with the system, with the sub-
stituent in the case of the modified Np and Ad systems, and with the host, but an overall trend is not
readily apparent. Direct inspection of the PMF profile indicates that, when present, entrance and exit
potential barriers are shallow, with the exception of the y-Cd:Anh system, in which an exit barrier of
ca. 20kJmol~! is observed.

The thermodynamic parameters derived from Equations ( 2.22-2.25) are given in Table 4.2. These are
used for the calculation of the binding thermodynamics and constants and combines the host-guest
interaction as measured from the PMF profiles.

As could have been antecipated, the value of AGgin ;4 follows the same trend as the PMF: the deeper the
PMF profile, the more negative is the free-energy of binding. The enthalpic contribution dominates,
but the entropic component cannot generally be discarded. Binding constants are always higher in
the B-Cd complex, with the exception of Ad, consistent with the PMF values. Values found for the
binding constant are in the range 128 — 6.1 x 10M~! and 98 — 1.6 x 10* M ! respectively for the -

and y-Cd systems.
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Table 4.2: Binding free energies (kJ mol~!) and binding constants characterizing the complexation of
by - and y-Cds in aqueous solution, at 300 K.

Guest —AGY. —AH). TAS). | Kpind

B-Cd y-Cd B-Cd y-Cd B-Cd 7y-Cd B-Cd y-Cd
Np 120 114 174 34 54 -80 128+33* 98+62
NpAld 172 159 204 143 -32 -16 10074145 591439
Ad 19.7 237 156 294 -41 -56 2666-+654 1.4x10%*+972
AdAld 390 107 395 24 -05 -83 6.1x10°+9.0x10° 74+8.5
NpNH] 247 147 333 36 -86 -112 21x10%£55x10% 379437
Anh 364 242 452 256 -8.8 -1.5 22x10°+9.8x 10* 1.6x 10* +1.7x103

* Kping values obtained from ([ 1, 19]).
4.2.2 Solvation

The inclusion of guest molecules into Cds promote, as expected, the liberation of water molecules
from the cavities. This phenomenon is ruled by the relative size of the interacting molecules, as
suggested in Figures 4.2 and 4.3, at r ~ 0.35nm. At this distance from the center of mass of each Cd
or guest molecule (r = 0), the whole cavity and guest backbone is covered. This allows estimating the
number of water molecules at a distance r from the Cd cavity center or from a reference guest group.
The solvation profiles can be inferred by the running coordination numbers depicted in Figures 4.2,

4.3 for the Cd cavities and for the guest molecules.

a b

o | o |
N e g-Cd N s y-Cd
e B-Cd:Np e v-Cd:Np
O 1 o B-Cd:NpAld O | y-Cd:NpAld
e B-Cd:Ad » v-Cd:Ad
T o | ® B-Cd:AdAId T o | ® Cd:AdAld
Z ™ | e B-Cd:Anh L’ Z ™ | e y-Cd:Anh
o B-Cd:NpNH; o v-Cd:NpNH;

z/nm z/nm

Figure 4.2: Coordination number for water molecules from the center of the (a) -Cd and (b) y-Cd
cavities in aqueous solution and in the corresponding inclusion complexes.
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Figure 4.3: Running coordination number of water molecules relative to each guest molecule as a

function of distance.

Overall, the amount of solvent in the Cd cavity and in the immediate vicinity of the guest molecules
decreases upon the complex formation. In Figure 4.2, the set of curves is delimited above by Np
corresponding to the system with lower degree of desolvation, thus also corresponding to a lower
binding constant, and below by Anh in 3-Cd, and Ad and Anh in y-Cd systems, corresponding to the
highest binding constants. Anh is the larger guest, which is also consistent with a stronger desolvation,
and displays high binding constants for both cyclodextrins. It should be stated, however, that in spite

of these observations, the correlation desolvation/binding constant is poor, and other factors intervene

in the interaction, as previously remarked ([!, 19]). From Figure 4.3 it is also clear that inclusion

determines desolvation of the guest, and that desolvation is more intense for 3-Cd, except for a single

instance, Ad. It is also apparent, from the change in the slope of the curves, that the larger guest, Anh,

is the one that looses a larger amount of water.
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4.2.3 Cd conformation and host-guest contact

In the following, the conformational change of the - and y-Cd backbones upon complexation with
Np, NpAld, Ad, AdAld, NpNH; and Anh is detailed, for evaluating distorted structures over the
course of the simulations. The distortion phenomena of the Cd cavity has been previously observed
in similar systems ([19]). Depending on different binding modes and different guests, the Cd cavity
can be dynamically stretched and compressed. In f-Cd complexes, a larger deformation of the cavity
is, in general, characterized by a higher degree of inclusion and stronger host-guest interactions. The
average overall conformation of each Cd in each complex is summarized in Table 4.3. Also included
are the free solvated Cd molecules. Deformation of the Cd cavities is assessed by inspecting the

principal moments of inertia (MOI), denoted as /1, I, and I3 ([19, 82, 83]).

Table 4.3: Summary of the total and averaged moments of inertia, 11, I and I3, and aspect ratio and
elongation values for the 8- and y-Cd backbone, upon inclusion at the equilibrium state. Standard
deviations of the estimated parameters are also provided.

Cd Np NpAld Ad AdAld NPN H;r Anh
B-Cd
Lo 132 142 157 159 158 142 141
<11> 185411 188 +8 20042 197+6 198 +6 18248 188+ 8
(L) 214+8 216+8 212+2 216+5 215+5 223+8 216+7
() 233+11 237+7 345+3 346 +5 345+5 337+7 337+8

L:L: LI 1.0:1.2:1.8 1.0:1.2:1.8 1.0:1.1:1.7 1.0:1.1:1.8 1.1:1.1:1.8 1.1:1.2:1.9 1.0:1.2:1.8
Aspectratio 0.87+£0.07 0.87+£0.06 0.94+0.01 091£0.03 0.92+0.04 0.824+0.06 0.87£0.06
Elongation 0.93+0.04 1.07+0.04 1.03+£0.01 1.05£0.03 1.04+0.02 1.114+0.04 1.07£0.04
Asymmetry 0.24+0.03 0.24+0.03 0.20£0.01 0.22+£0.02 0.22+0.03 0.264+0.02 0.24+0.03

y-Cd
Lot 999 1007 1074 986 1027 1008 1033
(L) 235420 224416 262+3 246+12 234+ 16 242411 253+11
(L) 302+ 16 316+ 14 31443 289+ 10 315+15 300+ 14 300+ 13
(Iz) 463 +£23 467+ 16 499 +4 450+ 15 4785+£23 466+15 480+£13

L:L:5I 1.0:1.3:22.0 1.0:1.4:2.1 1.0:1.2:1.9 1.0:1.2:1.8 1.0:1.3:20 1.0:1.2:1.9 1.0:1.2:1.9
Aspectratio 0.78£0.09 0.71+0.06 0.83+0.01 0.85£0.06 0.75+0.08 0.814+0.07 0.84+£0.07
Elongation 0.88+0.06 1.19+£0.06 1.10+0.01 1.094+0.04 1.16+£0.06 1.12+0.05 1.10+0.05
Asymmetry 0.29+0.05 0.33+0.04 0.27+0.01 0.25£0.03 0.31+0.04 0.284+0.03 0.28+£0.03

It should be noted, that the values of the z-component (/3), averaged over the simulation trajectory,
exceed both x- and y- components (/; and I, respectively). The Cd cavities are positioned symmetri-
cally along I3, at the center of the truncated cone, as illustrated in Figure 4.4. The MOI ratios found
for B-Cd accommodating the different guests are 1.0:1.1:1.7, 1.0:1.1:1.7, 1.0:1.2:1.8, and 1.1:1.2:1.9,
and for y-Cd are 1.0:1.2:1.8, 1.0:1.2:1.9, 1.0:1.3:2.0, and 1.0:1.4:2.1 (see Table 4.3). In the absence
of a guest molecule, 3-Cd cavity displays a similar deformation degree as that observed for the com-

plexes with Np and Anh (1:1.2:1.8). However, the latter two guests promote disparate affinities, with
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a relative AGgm 4 difference of ca. 1/3. This suggests that the guest size determines the complex
stability in systems containing 3-Cd, as the distortion of cavity is not significant. For the complexes
containing NpAld, Ad and AdAld the values slightly differ, with the most balanced ratio attributed to
AdAld. In B-Cd:AdAld, the B-Cd cavity is less distorted displaying two similar components (/; and
1) and also possesses the most favorable interactions (AGgin 4=39.0kJ mol ). B-Cd:AdAld was also
identified previously, as one of the two complexes possessing deeper and larger PMF wells. For y-Cd-
based systems, only in y-Cd:AdAld the Cd cavity presents similar deformation relative to the empty
host (1.0:1.3:2.0). The less balanced ratio is displayed by y-Cd:Np and y-Cd:AdAld (1.0:1.4:2.1 and
1.0:1.3:2.0 1, respectively) corresponding to the narrower PMF profiles and to the less stable com-
plexes (Kping of 98 and 74 for y-Cd:Np and y-Cd:AdAld, respectively). This indicates that in y-Cd
systems, the host deformation compromises inclusion and binding. In contrast to $-Cd, the stability
of y-Cd complexes is ruled more by Cd cavity size than guest size. Deformation of the Cd cavity
can be further inspected by calculating the aspect ratio and the elongation values, also summarized
in Table 4.3. These parameters are shape factors determined based on the closest principal moments,
I and I, and can be translated in two proportional relationships between the latter two components

(see Figure 4.4). It is clear that the deformation observed in the B-Cd is less significant than that

.1
aspect ratio = —
L

; I
elongation = | —
1

Figure 4.4: Illustrative representation of a typical model reflecting the calculation of the moments of
inertia, denoted as /1, I and I3, which are averaged over the course of the simulations. The cavities of
B- and y-Cds are positioned symmetrically along the z-component, /3. Also described are the aspect
ratio and the elongation parameteres, used for evaluating the distortion degree of Cds based on /; and
b.
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for the y-Cd, and this can be ascribed to the larger diameter and larger cavity volume of the latter.
Also, the aspect ratios observed in the $-Cd display a small variation among systems, in contrast to
Y-Cd. In the latter, deformation decreases in the order of Np > AdAld > NpNHgr > NpAld > Ad >
Anh. Somewhat counterintuitively, the first system corresponds to the most solvated y-Cd cavity, and
the latter to one of the least solvated. This suggests that Cd deformation promotes a higher Cd-guest
contact, but does not necessarily govern the amount of water molecules that are expelled from the
cavity.

Direct inspection of intermolecular signatures of the Cd complexes at equilibrium states and in the
most representative conformations (extracted from geometric clustering) allows inferring on the type
and strength of the Cd-guest interactions as a function of the respective electronic charge densities.
Areas of low density, corresponding to stabilizing/destabilizing noncovalent interactions between f3-
and y-Cd and guest molecules are decoupled and represented by 3D IGM isosurfaces (Figure 4.5).
The volume of the interacting regions reflects the extent of the interactions. Blue and red indicate
stronger stabilizing/destabilizing interactions (respectively), green denotes weak van der Waals-type
interactions. Attractive, repulsive interactions, and weakly repulsive or attractive forces are thus col-
ored in blue, red and green, respectively. In the 3D convex surfaces a volume cutoff of gz = 0.05
a.u. and a color coding in the range of —0.1 < sign(A;)p < 0.1 a.u. are employed. In the latter,
sign(2A;)p corresponds to the second eigenvalue extracted from principal components analysis of the
Hessian of the charge density, p (see ref. ([41]) for details). Also included are the corresponding
2D scatter plots, in which each point refers solely to interaction scenarios. Specifically, these repre-
sent the total IGM interaction points for dguer < 0.1 in the region of —0.2 < sign(d,)p < 0.2. In
each system, 35 A spheres centered on the complexes were used, for providing similar values of grid
points and allowing the relative comparison between the Cd complexes. The favorable nature of the
Cd-guest interactions is reflected by the asymmetry of the peaks. In all cases the peaks on the positive,
destabilizing side of the plot are smaller than the corresponding peaks on the negative, stabilizing side
showing that the balance of noncovalent forces in the complex are in overall favoring the complex for-
mation. The reference systems containing Np and Ad molecules display weak stabilizing noncovalent
forces such as van der Waals and London dispersion forces with both 8- and y-Cds. These are rep-

resented by discrete regions of enhanced interactions (3D isosurfaces) and by solid peaks (2D scatter
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Figure 4.5: A composed view of the IGMPlot isosurfaces and 2D scatter plots for each - and y-Cd
complex, corresponding to structures in lower energy states (local minima sampled from the PMF
profiles). Stabilizing/destabilizing noncovalent interactions are represented in blue/red and van der

Waals forces are colored in green (volume cutoff of dgjyser = 0.05; color coding: —0.1 < sign(A;)p <
0.1).
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plots) at sign(A;)p ~ —0.02, suggesting some specificity in the nature of binding. This specificity is
enhanced by the presence of the Ald substituents. In the Anh systems the van der Waals interactions
are similar, although slightly enhanced in y-Cd:Anh.

In addition the architectures of the §-/y-Cd:Np, B-/y-Cd:NpAld, -/y-Cd:NpNH; and f8-/y-Cd:Anh
complexes (Figure 4.5) exhibit propensity to establish hydrophobic C-H---C-H interactions and C-
H. .- & dispersion interactions. For the former, the C-H bonds belong to the glucopyranose units of
Cds and the aromatic rings of the naphthalene backbones. For the C-H- - - 7 interactions, the glucopy-
ranose units of Cds are the C-H donors and the electron-rich naphthyl rings are the 7 systems.

These interactions can also be identified in the more intense peaks on the left, at sign(A,)p ~ —0.03.
Such weak attractive forces have been recognized as important driving forces in the inclusion process
of similar systems involving cyclodextrins and aromatic guests ([84—88]).

The latter type have also been observed in more complex systems involving supramolecular car-
bohydrates and aromatic moieties, such as carbohydrate-binding proteins ([89-92]). The structural
predisposition and ability of glucopyranose units for establishing carbohydrate-aromatic interactions
has been recently observed and attributed to a favorable parallel stacking geometry ([93-95]).
Typical energies in the range of 6.3-10.5 kJ mol~! have been reported in systems involving aliphatic
and aromatic C-H groups as hydrogen donor and the C6 aromatic ring as C-H acceptor ([94, 96]).
In Figure 4.5 a clear difference between Ad and AdAld systems can be observed. In both - and
Y-Cd:AdAld complexes the aldehydic chain provide a more effective inclusion (Figure 4.1) and desol-
vation of the adamantyl moiety (see Figure 4.3), thus increasing the adamantyl group-Cd hydrophobic
interaction and decreasing the adamantyl moiety-solvent interaction. Due to the polar nature of the
Cd hosts, stronger hydrogen-bonding interactions are also established in complexes between AdAld
and both - and y-Cds. In addition to noncovalent forces derived from the interaction between the
adamantyl moiety and the methine groups of the Cd cavity, both - and y-Cd:AdAld complexes are
stabilized by a hydrogen bond (corresponding to large volumes with a blue center), between the C=0
groups of the Ald chain and the hydroxyl groups present in the Cd larger portals. Water molecules can
also significantly affect these Cd-guest interactions, due to variations in the hydrophobic/hydrophilic
interactions with the solvent along the association/dissociation of the binding partners.

The hydrogen-bonding is also discriminated in 2D scatter plots, identified by large diffuse peaks with
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the respective maxima at sign(A,)p ~ —0.05.

The IGM-based model also allows decomposing individual atomic contributions (8g,), and estimat-
ing the impact of a specific Cd or guest atom in the intermolecular region between the binding part-
ners. This complementary scheme is presented in Figure 4.6, in which the atoms of the complex are
depicted in a gray-to-red color scheme, depending on the respective contribution to the iso-surfaces
of Figure 4.5 (grey if there is no contribution to the interaction and red for the highest relative con-
tribution). This approximation provides an accurate estimation of the contribution (expressed in a
percentage score) of each atom in the pro-molecular electron density gradient, presented in the fea-
tured peaks of the 8gu.r 2D scatter plots.

From Figure 4.6, different contact patterns are observed, resulting from distinct contributions of the
inter-partner atoms, either in the flat iso-surfaces representing the hydrophobic, van der Waals and
dispersion interactions or in the well-defined larger volumes (blue center) corresponding to hydrogen
bonds. Identifying individual atom contributions in the formation of inclusion complexes is important

for understanding the molecular determinants of Cd-guest recognition.

Figure 4.6: An overview of the individual atomic contributions to the Cd-guest noncovalent interac-
tions discriminated in the iso-surfaces included in Figure 4.5. A relative score (%) is attributed to
each atom, which is colored using a gray-to-red color gradient, according to this percentage. Gray:
no contribution to the noncovalent interaction, red: significant relative contribution to the Cd-guest
1nteraction.
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4.3 Discussion

Overall, the present work indicates, for each guest, higher binding constants for the f-Cd, with only
one exception, Ad. Common sense dictates that this must be dependent on the guest, but other sys-

tems ([97]) (see Figure 4.7) have shown the same overall behavior. In this latter work, of experimental
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Figure 4.7: Stability constants (M) extracted from ([97]), showing that 1:1 complexes between
B-Cd and several terpenes are, in general, more stable than those with y-Cd.

nature, again only one exception was found for a set of 14 guests. Naturally, these guests have one
thing in common, which is being able to form inclusion complexes with the 3-Cd, which limits their
size. As such, one is not inspecting a general behavior, rather is looking at the behavior of guests for
which the part included in the y-Cd does not fill the respective cavity.

Why is Ad an exception, forming more stable inclusion complexes with the larger Cd? One obser-
vation is that this Cd is more efficient in promoting the desolvation of the guest, while the latter, in
turn, induces a strong desolvation of the Cd cavity. Another aspect is that this guest promotes one
of the smallest distortions in the larger Cd. Tests conducted at the DFT level in PCM indicate that
distortion significantly penalizes binding. This is illustrated in Figure 4.8 for Ad, in both - and y-Cd.
In the latter, deformation causes an increase in energy of ca. 90 kJ mol~!, while host-guest interaction

lowers by ca 98 kJ mol~!, with a net decrease of ~ 8 kJ mol~! upon inclusion (this in the order of
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magnitude of the PMF well depth). In fact, there is a strong inverse correlation between distortion and
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Figure 4.8: Schematic illustration of the proposed thermodynamic cycle corresponding to the for-
mation of 1:1 complexes between f3- and y-Cds and adamantane. The estimated energy differences
were estimated using the hybrid DFT TPSSO level with D3 dispersion corrections and PCM water.
The triple-zeta polarized Def2-TZVP (a) and the related Def2-TZVPP (b) with further polarization
functions are the two large basis sets used to check the convergence of the energies.

binding constant for the y-Cd. With no exception, the higher the distortion, the lower is the constant.
Distortion is not significant for the $-Cd and the current guests, so this argument does not apply to
this Cd. In this case, and as previously remarked, substitution with consequent enlargement of the
guest molecule promotes large binding constants.

With regard to desolvation, the pattern is far from clear but observations suggest that a high desol-
vation of the cavity may correspond to a high constant, while a low desolvation is associated to low
constants. Finally, the largest guest considered in this work, and recalling that they are all smaller
than the y-CD cavity, promotes the higher constant in the larger Cd and, still, a high constant in the
smaller. Note that, in the former, the size of the guest minimizes distortion.

In summary, it is apparent that host/guest contact and distortion both play an important role in inclu-
sion. The system tends to increase the former, which favors inclusion, at the expense of the latter,

which opposes inclusion.



146 Chapter 4. Host Flexibility and Space Filling

4.4 Concluding remarks

Although there exist extensive experimental and theoretical studies concerning Cd complexation, a
comprehensive description of the effect of Cd cavity size and conformation on the formation of in-
clusion complexes, especially at the atomic level, is still lacking. MD simulation and free-energy
calculations were used in this work as tools for bridging this gap. Consistent with previous studies,
our calculations also suggested that the complexes of y-Cd are less stable than the f-Cd complexes.
The stability of complexes with Np and Ad derivatives were determined and compared with that of
the single Np and Ad molecules used as references.

The estimated stability of inclusion complexes between -Cd and y-Cd and the model guests, is
highly affected by the host conformation, the fit and orientation of the guest into the cavity, the size
and nature of the guest moieties and by dessolvation effects. As best models, the interactions among
B- and y-Cds and naphthalene, adamantane and also lycorine derivatives are selected.

It was shown that -Cd is, in general, more effective than y-Cd in encapsulating Np, Ad and Anh,
and that the Cd cavity size difference plays a more important role than the guest size in the stability
of the inclusion complexes. The binding constants of 3-Cd-based complexes increase monotonically
as the size of the guest increases, while those of y-Cd show higher stability with decreasing degree
of substitution. Solvation patterns suggest that the improved stability of the 3-Cd complexes as com-
pared with y-Cd is also due to the higher desolvation degree in both host cavity and guest backbone.

The cavity size and propensity to deform has a significant effect on the strength of the interactions,
and a series of different findings prove that this phenomenon is the basis for the stability of different
Cd-based complexes.

The estimate of the inclusion thermodynamic signatures and binding constants must be complemented
with information on the enthalpy penalty associated to collapsed host structures, in order to obtain a

reliable description of the binding process.
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Chapter 5

Network Stabilization

The critical role of solvent, enthalpic and entropic contributions in complexes between different
hyaluronic acid derivatives bearing monomeric 3-cyclodextrin and adamantene moieties are assessed
combining the previously designed free-energy oriented method and a recently proposed density-
based noncovalent interaction analysis. This establishes the relevant thermodynamics signatures and
identifies the stabilizing/destabilizing noncovalent interactions within the complexes used as models
for the junction points. It is observed that structural variations promote major changes in the ther-
modynamic variables. The presence of the amphiphilic chains emphasizes inclusion and drastically
increases the binding constant (to ca. 10?®). A comprehensive thermodynamic scheme is thus pro-
vided, in which host-guest interactions, host conformation and solvation play the leading roles. These
results have direct implications for the rational design of supramolecular materials with specific prop-

erties based on these host-guest systems.

5.1 General aspects

The interaction of Cd with guest molecules has been extensively investigated[ | ], but there is no assess-
ment of the effect of amphiphilic substituents when moving towards supramolecular Cd assemblies,
in which host-guest inclusion complexes act as junction nodes in transient networks. [2] A quanti-
tative understanding of the effect of substitution on the complex stability is still missing. [3] The

effect of polymer pendant modification over the thermodynamic signatures and association/binding
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constants of the partner junction sites, has not been addressed so far, in the context of network stabi-
lization. [4] In the continuing effort to develop improved nanostructure-based networks constructed
from polysaccharides and using noncovalent interactions, the specific recognition between Cd and
Ad, each grafted to a Hy side chain is investigated. This is done by characterizing the energy patterns
associated with the formation of 1:1 inclusion complexes between these hyaluronic acid derivatives
bearing monomeric Cd and Ad moieties. [4, 5] Such an approach is expected to provide improved
networks with properties comparable to those based on other polysaccharide derivatives. [4, 6—8] The
key factors affecting the thermodynamic signatures of inclusion complexes between Hy derivatives
are presented along with a precise first-principles description of the NCI including their spatial dis-
tribution features. The analysis of the NCI is carried out using the recently developed Independent
Gradient Method of Lefebvre and co-workers. [9] This method allows the visualization of regions of
low charge density corresponding to stabilising/destabilising NCI, based on the analysis of the elec-
tronic charge density of the interacting molecules and its gradients, similar to the original NCI method
of Johnson et al. [10, 11]. A novel feature is that it permits a quantitative comparison of the strength
of NCI interactions through the calculation of the IGM descriptor, 8, which corresponds directly to

the charge density gradient(s) in real-space (for details see refs. [4, 9]).

5.2 Model and computational details

Figure 5.1 presents a schematic illustration of the targeted networks in which Cd/Ad complexes play
the role of junction points between the Hy chains. [4] These junction points influence the long time
dynamics, governed by the degree of substitution, the number of junction points per chain, and the
motion of network chains (see e.g. [12, 13]). In the present work, the key parameters controlling the
dynamics and stability of the inclusion complexes used as building block for noncovalent networks
are elucidated. Investigation of the relative importance of the structural components of the complexes
is performed by varying the structural complexity as the presence of the Hy chain in both host and

guest molecules may influence the thermodynamics of inclusion.
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Figure 5.1: Schematic representation of the system components including (top) the targeted networks
in which Cd/Ad complexes play the role of junction points and (bottom) the chemical structure of
the hyaluronic acid derivatives. Also included (right) are the inclusion complexes used as models of
the network junction points, with increasing structural complexity. The Cd:Ad complex is used as a
reference system. Reproduced with permission from ref. [4]. Copyright (2018) American Chemical
Society.

5.2.1 Binding constants

Experimental studies on host-guest interactions usually provide information on stoichiometry and
affinity, and/or estimates of free-energy, enthalpy, entropy changes and heat capacity. Such changes
in binding interactions are rarely identified as changes in affinity as a consequence of the enthalpy-
entropy compensation, from which the enthalpy released from an improved favorable association is
offset by an entropic penalty. However, such changes can be inspected by measuring the binding en-
thalpy. The thermodynamics of inclusion is described essentially by two components of the standard
Gibbs free-energy, AGgm 4> the standard enthalpy, AHgin 4> and the standard entropy ASgl.n 4» Which are
determined for the entire inclusion process.[4] The binding affinity is derived numerically from the

association constant, Kj;,;, defined in Eq.( 2.22), Chapter 2 (further details are given in refs. [3, 4,
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]). The interval over which host and guest molecules associate and dissociate provides the limits of
integration. Eq.(2.22) weighs each value of the inclusion coordinate and the complex volume, estab-
lished on the basis of the COM positioning related to each Ad backbone inside the cavity. The values
of Kp;nq for the complexes between the hyaluronic acid derivatives are computed using a cylindrical
approximation [3]. This approach allows determination of the available volume for the Ad/AdHy
guests upon inclusion. This volume is constrained to a small cylinder able to sample most of the
movements of guest molecules along the xy plane of the Cd cavity. The PMF is thus defined in the
cylindrical region where the &, coordinate is oriented along the axis of the cavity and the cylinder.
Integrating the PMF over z is equivalent to integrating over the whole cylinder. It is also possible
to calculate the standard free-energy of binding, AGgm 4 the standard enthalpy, AHgm 4> and entropy

TAng 4 (see Chapter 2).

5.2.2 Charge density interaction analysis

Investigation of the NCI within the Cd/Ad complexes was carried out with the IGM[9] as implemented
in the IGMPIlot software (version 1.0). The IGM depends on the topological characteristics of the
electronic charge density, p, of the system under study. The method employs, in addition to p,
quantities related to the first and second derivatives of the density. The IGM descriptor §g"¢" is given
by the difference between the first derivatives of the charge densities for the total system. Further
details on the NCI analysis are given in Chapter 2 and refs. [4, 9]. IGMPlot uses pre-computed
atomic charge densities to construct a pro-molecular density which although differing from the relaxed
bonded density can be shown to have a minimal effect on the NCI's since very little relaxation of the
charge density occurs in these extremely low-density regions following covalent bond formation.
This has the added benefit of being much faster for large systems where first-principles calculation
of electronic charge densities would be computationally demanding. Furthermore, decomposition
into fragment densities is trivial for the pro-molecular approach but can be problematic with first-
principles electronic structure methods. Although it is possible to identify NCI regions using the value

of §g™ " it is necessary to progress to the second derivative (Laplacian) of the density V2p in order

to differentiate between types (favorable/unfavorable) of NCI. When the Laplacian is decomposed
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into its three eigenvalues of maximal variation, V2p = A; + A, + A3 (A4} < A, < A3), it is found that
the sign and magnitude of the second eigenvalue provides information on whether an interaction is
bonding/stabilizing (A, < 0) or non-bonding/destabilizing (4, > 0). Weak NCI such as van der Waals
forces are associated with sign(A,)p approaching zero whilst stronger interactions such as hydrogen

bonds will display larger (negative) values of sign(A;)p.

5.3 Computational methodology

5.3.1 System components and molecular dynamics simulation setup

The starting geometries of Hy derivatives (Figure 5.1) were constructed using Pymol (Version 1.7.7.2)
and optimized with the semi-empirical Antechamber/SQM method. Partial charges were generated
using the R. E. D. D. Server. [15] The initial coordinates of the Cd backbone were extracted from the
RCSB protein data bank (PDB code: 1DMB). MD simulations were performed with the GROMACS
package (version 4.6.5) [16, 17] using the all-atom amber99sb [18, 19] forcefield to describe both
host and guest molecules. Aqueous solvation was modelled using the TIP3P water model. Periodic
boundary conditions were used in combination with a NPT ensemble. A coupling constant of 0.5 ps
was employed to maintain the temperature at 300 K and a coupling constant of 1 ps was applied to
keep the pressure at 1bar. Prior to each production run, an equilibration of 500 ps in which the
pressure is maintained at 1 bar with the Berendsen barostat was performed. The box size was kept
unchanged with no pressure coupling, during the production runs. A cutoff of 0.9 nm was used
for calculating the Lennard-Jones interactions. Electrostatic interactions were evaluated using the
PME method. [14, 20] Constraints were applied for bond lengths of host and guest molecules with
the LINCS algorithm. [21] Further details of the simulation procedure are described in Refs. [3,

]. In each system, the Cd backbone was centred in the simulation box with the cavity axis of Cd
parallel to the z-axis. Each system was solvated with ca. 13000 water molecules in a cubic box of
7.5 x 7.5 x7.5nm. After equilibration, a periodic pulling simulation was carried out allowing the

distance to be larger than half the box size, to modulate the formation of 1:1 complexes.
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5.3.2 Biasing procedure

The fundamental steps for optimizing the procedure in (i) umbrella sampling, (ii) construction of the
PMF profiles and (iii) the analysis of the thermodynamic aspects of inclusion were already designed in
a previous work [3], in which the modulation of Cd-based inclusion complexes and the identification
of free-energy patterns were carried out, by imposing different guest substituents on a naphthalene
backbone. In the present work, a series of initial configurations were generated, each corresponding to
a location within which the adamantane moiety evolves towards inclusion in, and then separates from
the host molecule (Cd and CdHy), using an umbrella biasing potential. This restraint allows the guest
(Ad and AdHy) to sample the configurational space in a defined region along the inclusion pathway.
Specifically, the reaction coordinate &, is set as the distance in the z direction between the centre of
mass (COM) of the carbon atoms of the Ad backbone and that of the central glycosidic oxygen (GO)
atoms of Cd. In each system, the Cd backbone is centred in the simulation box with the cavity axis of
Cd parallel to the z-axis. The COM of the GO atoms of the Cd backbone was harmonically restrained
with an isotropic force constant of 1000 kJ mol~! nm~! and used as an immobile reference. A steering
force of 2000kJ mol~! nm™' was applied to the COM of the carbon atoms of the Ad backbone for
pulling the guest molecule through the Cd cavity from the secondary to the primary portal, along the
z-axis over 480 ps and with a pulling rate of 0.01 nmps~—!. The results from the pulling process were
used both to establish the initial configurations and to estimate the force constants to be applied in
each window in the actual umbrella sampling (for details see Ref. [3]). The initial (§;) and final (§ 1)
values of the reaction coordinate were set to & =1.5nm and & =-2.0 nm for systems containing the
natural Ad moiety, and & =1.0nm and &y =-3.5 for systems with AdHy guest, respectively. The
guest molecules were sampled approximately 3.5 and 4.5 nm covering the entire [§;, &¢| intervals. In
these intervals ca. 120 adjacent windows were selected, with an imposed distance of 0.03 nm between
adjacent positions, and were used as starting configurations for umbrella sampling simulations. All

the systems regarding the hyaluronic derivatives were inspected and analyzed following this scheme.
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5.3.3 Construction of the free-energy profiles

In order to calculate the PMF for each system, multiple simulations were performed corresponding
to adjacent umbrella windows, using different position values of &, for the harmonic force centre.
The mean force, as a function of &, position, was calculated in each window, and potentials were
derived using an unbiasing procedure. [3] Those potentials were combined using a periodic version
of WHAM [22]), which minimizes the discrepancy between each umbrella window, in regions where
the windows overlap. The PMF profiles were established as a function of the inclusion coordinate.
The more negative is the value of the free-energy (AGpyr), the more favorable the interaction. The
bootstrap procedure of trajectories based on umbrella histograms was used to calculate the statistical

uncertainties from the variance of the PMFs. [3, 4, 23]

5.3.4 Equilibrium, references and energy decomposition

In order to establish appropriate references for free-energy calculations and subsequent energy de-
composition, 10 independent simulations were performed, corresponding to the equilibrium states of
the complexes and the completely separate state between host and guest molecules. At equilibrium,
the Ad moiety or the Hy amphiphilic chain are included in the Cd cavity. The equilibrium proper-
ties, structure and dynamics of these systems were calculated over the 5 ns simulation runs after the
systems were equilibrated for 500 ps. A relevant aspect that still obscures the rationalization of the
experimentally observed enthalpy and entropy parameters is the fact that both are global terms, com-
posed by several individual contributions. It has been shown [3, 14] that the rationale for enthalpy
optimization is essentially based on the misleading premise that the measured observed enthalpy is
governed by direct host-guest interactions. This simplistic assumption neglects other important fac-
tors that affect the dynamics and complexity of host-guest binding and the respective thermodynamic
attributes, including host and guest conformational changes, and solvation/desolvation effects. A de-
tailed analysis of the enthalpy change (Eq.(5.1)) can be performed for simulations in the equilibrium
state (corresponding to systems containing the inclusion complexes and systems in which the host

and guest molecules are dissociated), by estimating the van der Waals contributions, and decompos-
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ing the electrostatic components. However, in the GROMACS package the latter interactions are
evaluated using the particle mesh Ewald (PME) method, which combines the long-range energies for
the pair-pair contributions (host-guest (HG), host-solvent (HS), guest-solvent (GS), host-host (HH),
guest-guest (GG), and solvent-solvent (SS)) into a global expression for the reciprocal sum. The lat-
ter can be further decomposed by re-running the reference systems (complexes and free components)
with different charge layouts, as described in Refs. [3, 14]. The global enthalpy is decomposed in

individual contributions as follows,

AH = AHy + AHg + AHpp + AHgg + AHyg + AHys + AHgs + AHgg (5.1

AHy and AHg refer to bonded interactions, including the bond and dihedral angles. The other six
terms correspond to intra- and intermolecular non-bonded interactions. As the bond lengths are
constrained, and the bond lengths and angles in the rigid water model TIP3P are fixed during the
simulations, the bond stretching terms of host and guest molecules equals to zero and the bonded
interactions do not exist. Lennard-Jones and Coulomb contributions are summed for the estimation

of energy terms corresponding to non-bonded interactions.

5.3.5 NCI calculations

Cartesian coordinates of the minima in the calculated PMF were taken from the MD simulations of
all systems described above. After removal of solvent the complexes were split into their host and
guest components and analysis of noncovalent interactions between the components analysed using
version 1.0 of the IGMPlot software.[9] Spatial representations of the NCI were obtained by plotting

inter_ coloured by the value of sign(A;)p at each point on the surface,

isosurface volumes for the 6g
indicating both the extent and (de)stabilizing nature of the interactions. UCSF Chimera version 1.12
was used for the preparation of all isosurface graphics.[24] Whilst these plots are able to provide a
rapid qualitative overview of the NCI, it can be difficult to clearly detect differences between two

systems. For this reason the isosurface plots were complimented by graphical plots of the same two

descriptors which permit much better quantitative analysis and comparison of the types and strengths
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of NCI within the various complexes.

5.4 Results and discussion

5.4.1 Free-energy profiles and favorable interactions

In the following, the analysis of PMF profiles presented in Figures 5.2 and 5.3 permits direct compar-
ison between the different systems. The inclusion complex between natural 3-Cd and Ad serves as a
reference, while the substituted host and guest molecules are used to assess the different features that
are imposed. From Figures. 5.2 and 5.3 it can be seen that substituents clearly affect the inclusion
process and the interaction behaviour, as indicated by the different shapes and well depths. Also in-
cluded in Figures 5.2 and 5.3 are the representative 3D IGM isosurfaces showing areas of low charge
density corresponding to stabilizing/destabilizing NCI between host and guest molecules. In these
3D molecular images a volume cut-off of g, = 0.05 is used and the colour coding corresponds to
the range of —0.1 < sign(A;)p < 0.1. In the latter, sign(A,)p is the second eigenvalue obtained from

principle components analysis of the Hessian of the charge density, p. [9]

Table 5.1 summarizes the main descriptive parameters of the PMF profiles and includes, for each
system, the minimum depth and respective position, and the width at half height. The range of profile
depths is 28-165 kI mol~!, with the extreme values corresponding to the reference system, Cd:Ad,
with non-substituted molecules and the system with both host and guest bearing the polymer chain,
CdHy:AdHy. The latter is almost 6 times deeper than for the reference system. It is clear that these
substituents have a significant effect on the PMF profile, with tendency to make it deeper relative to

that of non-substituted components.

Examining the PMF profiles in more detail, and considering the most prevalent conformations in the
equilibrium state, it is also informative to investigate the binding in the present host-guest systems
using non-empirical methods depending on their electronic charge densities, in order to decouple
the types of interaction and rationalize the respective strengths. In the reference system, Figure 5.2

(bottom, A), since both molecules are neutral, the only form of interaction expected between host
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AGpwmr(&,) (kJ/mol)

Figure 5.2: (Top) Free energy profiles for the formation of inclusion complexes involving non-
substituted Ad moieties: (A) Cd:Ad and (B) CdHy:Ad, calculated from the integration of the mean
forces (solid curves) and from the WHAM approach (dashed curves), both presenting a high degree
of overlap. All curves are vertically aligned to have the Cd cavity positioned at £, = 0.0 nm. The
error bars represent the statistical uncertainties estimated with bootstrap analysis. (Bottom) IGM-
Plot isosurfaces (side and top views) for the (A) reference system, Cd:Ad, and (B) CdHy:Ad, for
complex structures sampled from the A/B minima in the upper plot. Blue/red indicates stabiliz-
ing/destabilizing noncovalent interactions and green indicates weak vdW-type interactions (volume
cut-off of dginrer = 0.05, color coding:—0.1 < sign(A;)p < 0.1). Reproduced with permission from
ref. [4]. Copyright (2018) American Chemical Society.

and guest are weak noncovalent forces such as van der Waals and London (dispersion) forces. Due
to the polar nature of the Cd host, stronger hydrogen-bonding interactions are conceivable with the
substituted Ad derivatives. The presence of water can also significantly modify these host-guest in-
teractions, due to variations in the hydrophobic/hydrophilic interactions with the solvent as the host
and guest molecules approach each other.

In Figures 5.2 and 5.3 (bottom), the volume of the interacting regions can be taken as an indication

of the extent of interaction. Green denotes weak vdW-type interactions whilst blue and red indicate
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Figure 5.3: A composed view of the PMF profiles for the inclusion complexes between (orange)
natural Cd and substituted guest AdHy, Cd:AdHy, and (red) substituted host and guest molecules,
CdHy:AdHy. Also included are the 3D molecular images for the equilibrium states of Cd:AdHy (C
and C’) and CdHy:AdHy (D and D’) complexes, showing different types and strengths of nonco-
valent interactions between host and guest molecules (for details see Figure 5.2). Reproduced with
permission from ref. [4]. Copyright (2018) American Chemical Society.
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Table 5.1: Summary of the main features assessed from the PMF profiles of the inclusion complexes
between hyaluronic acid derivatives, including the minimum depth (kJ mol~!) and position (nm), and
width at half height. Reproduced with permission from ref. [4]. Copyright (2018) American Chemical
Society.

Complex —AGpyr FWHM &

Cd:Ad 28.4 0.90 0.08
Cd:AdHy 148.9 2.25 -0.85
CdHy:Ad 53.1 0.44 0.05
CdHy:AdHy 164.5 2.55 -1.18

stronger stabilising/destabilising interactions (respectively). An interesting feature is that the 3D iso-
surface images show discrete regions of enhanced interactions which indicates that even with the most
simple reference Cd:Ad system there exists specificity in the nature of the encapsulation of the guest
within the host cavity. The specificity is increased, as is to be expected, by the inclusion of the Hy
substituents. In Figure 5.2 a clear difference between A and B minima is observed. In the latter, the
CdHy host provides a more complete cavity for the Ad guest, shielding it from the bulk solvent and
thereby diminishing the Ad-solvent hydrophobic interaction.

In the complexes containing the substituted guests, Cd:AdHy and CdHy:AdHy, the deepest minima
(Figure 5.3, C and D), display configurations in which a strong interaction between host and guest
chains is clearly visible. In the second minima (Figure 5.3, C’ and D’), the configurations of both
complexes display the Ad moiety included in the Cd cavity. In addition to the noncovalent forces, and
suggesting a significant interaction between the guest adamantyl group and the methine groups of the
Cd cavity, both complexes are stabilized by a hydrogen bond, between the NH and C=0 groups of
the guest chain and the hydroxyl groups present in the Cd larger portal. These hydrogen bonds are
identified by large volumes with blue centres (Figure 5.3, C’ and D’). All these observations point to
amphiphilic nature of the guest molecules, determined by substitution in the hyaluronic acid chain,
being those that form inclusion complexes with the most favorable interactions.

Further details on the nature and strength of the interactions are provided in the 2D scatter plots,
presented in Figure 5.4 (bottom). These show the total IGM interaction points for 8gi,z.r < 0.1 and
in the region —0.2 < sign(A2)p < 0.2. In each of the systems studied 35 A spheres centred on the
complexes were employed providing identical numbers of grid points for the analyses so the contents
of these 2D plots can be directly compared with one another. The strong hydrogen bond seen in

the upper left isosurface plots in Figure 5.4 is observed as a large diffuse peak with its maximum at
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Figure 5.4: IGMPIot isosurfaces (top) and 2D scatter plots (bottom) for the CdHy:AdHy system,
corresponding to the deepest minimum (left) and to the higher-lying local minimum (right) of the
corresponding PMF profiles, depicted in Figure 5.3, D and D’, respectively. Reproduced with per-
mission from ref. [4]. Copyright (2018) American Chemical Society.

sign(A2)p ~ —0.05 in the lower left scatter plot. The solid peak at sign(4;)p ~ —0.02 corresponds
to weakly stabilising van der Waals-type interactions.

It is interesting to note that in the second PMF minimum on the right of Figure 5.4 the van der Waals
interactions remain similar, although slightly enhanced, and another polar interaction (weaker than
the Hydrogen-bond in the structure on the left) can be seen at sign(A;)p ~ —0.03. This interaction
is identifiable as two regions of blue coloration in the isosurface plots on the right of the figure with
one arising from the interaction of the AdHy tail with the CdHy macrocycle and the other occurring
between the AdHy and CdHy tails.

In the 2D scatter plots the favorable nature of the host-guest interactions can be seen in the asymmetry
of the peaks. In all cases the peaks on the positive, destabilising side of the plot are smaller than the
corresponding peaks on the negative, stabilising side showing that the balance of noncovalent forces

in the complex are in overall favor of complex formation.
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5.4.2 Thermodynamics and interaction components

The thermodynamic parameters derived from the cylindrical model are given in Table 5.2. Eq.( 2.22)
is used for the calculation of the binding constants and combines the host/guest interaction as mea-
sured from the PMF profiles. It can be seen that substitution has a significant effect in the thermody-
namic signatures of the inclusion complexes and the trend followed by the PMF (AGpyr) is generally
the same in terms of AGgm e Ang)m 4 and Kp;,q, following the order Cd:Ad < CdHy:Ad << Cd:AdHy
< CdHy:AdHy. This indicates that the most stable complexes are those with the substituted guest,
AdHy, displaying association constants much higher than that found for the binding of natural Cd and
Ad. The complex Cd:Ad displays a binding constant of 2666425, within the typical range, 103-10°
M- [5, 25, 26], for complexes between Ad derivatives and -Cd. Substitution with Hy chain in-
creases binding strength, as also found experimentally [12, 13].

The unfavorable entropy found for the CdHy:Ad and CdHy:AdHy interactions is probably due to a
restriction of mobility and freedom of host and guest molecules upon inclusion, as the presence of
the polymer chain may influence the degree of inclusion and provides additional interaction sites,
conferring an increased structural rigidity to the complexes. The presence of the polymer chain in Cd
appears to slightly enhance the binding constant, in complexes with non-substituted and substituted
guests. This can be related to a more pronounced hydrophobic character for the Ad moiety and the

possibility of occurring favorable intermolecular chain-chain interactions.

Table 5.2: Binding free energies, enthalpy and entropy changes (kJ mol~!), and association constants
for the complex formation between hyaluronic acid derivatives, at 300K and in aqueous solution.
Standard deviations of the estimated association constants are also provided. Reproduced with per-
mission from ref. [4]. Copyright (2018) American Chemical Society.

Complex —AGpyF —AG). —AH). TAS). . Kpina
Cd:Ad 28.4 19.7 15.6 4.1 2666425
Cd:AdHy 148.9 147.8 147.8 -0.04 5.4x 10% + 23
CdHy:Ad 53.1 39.8 51.7 11.9 8.5x 10 + 24
CdHy:AdHy 164.5 161.3 163.4 2.1 1.2x 102 +34

In general, complex formation is accompanied by negative changes in enthalpy and a relatively small

entropic penalty. The stability of inclusion complexes can be attributed to the enthalpic contribution,
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with entropy decreasing upon formation of CdHy:Ad and CdHy:AdHy (Table 5.2). The inclusion
complexes that are more strongly favored in enthalpic terms are Cd:AdHy (-147.8 kImol~!) and
CdHy:AdHy (-163.4 kI mol~!) both containing the substituted guest molecule. This contribution is
smaller in the remaining systems including the natural Ad guest. In complexes with the substituted Cd,
there is an entropic penalty to inclusion. This penalty reaches a maximum in the CdHy:Ad complex.
Entropy opposes inclusion, as experimentally observed [12, 13], but constitutes a small contribution
to the overall stability compared to the favorable enthalpic component. The estimates for AH? are
close to those found in supramolecular assemblies [13], once the availability for complexation is
taken into consideration. For example, the predicted AH? values for each node are of the order of 150
kJ mol~!, while experimental determinations halve this value, pointing only to 59% of availability for
complexation (see Table 3 and text of Ref. [13]).

The global enthalpy change is now decomposed into individual components, as described in Eq.
(5.1) and combines estimates of van der Waals contributions and individual electrostatic components
(Table 5.3). It is apparent that the complex formation is governed essentially by increased host-guest
(AHp ) and solvent-solvent (AHgg) interactions, and also by favorable conformational changes of Cd
(AHgp), which implies a substantial decrease in energy. The latter term suggests that the Cd adopts
a more favorable conformation upon inclusion, as addressed in Ref. [3]. Desolvation penalizes the
host/guest-solvent interactions (AHgys and AHgg, respectively), as indicated by their positive change,
and favors solvent-solvent interactions (AHgg). However, the latter does not compensate for either

AHHS or AHgs.

Table 5.3: Individual interaction changes (kJ mol~') for the inclusion process between hyaluronic
acid derivatives. Reproduced with permission from ref. [4]. Copyright (2018) American Chemical
Society.

Complex —AHy AHg AHyy AHgg AHss  AHpg AHys AHgs  AHr
Cd:Ad -16.0 0.2 -85.1 -0.1 -104.2 -167.2 302.2 11.6 -58.6
Cd:AdHy -5.6 4.13 -18.9 214 -140.2  -121 127.2  37.1 -96

CdHy:Ad 1.6 24 -25.3 0.04 -76.1 -105.7 111.4 4777 -57.8

CdHy:AdHy 12.6 044 -514 -10.8 -285 -204.6 2404 1193 -177
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5.4.3 Analysis of substitution effects

The host/guest affinity, and the respective dependence on hyaluronic acid substitution is now to be
addressed in a systematic way. Note that this implies assessing the main effect of each of the imposed
substitutions, and also the interaction between substitution in host and guest. Simply, the effect of
substituting the host must be evaluated both with a non- and a substituted guest, and vice-versa. The
effects are described in terms of AAGy;,s (Figure 5.5). This emphasizes the effect of host and guest
substitution on the final energy. Table 5.2 indicates that Cd:AdHy and CdHy:AdHy complexes, both
containing the substituted guest display the most favorable energies. The presence of the Hy chain in
the Ad moiety results in a lower Gibbs free-energy and a higher association constant compared to the
reference Cd:Ad. Table 5.2 also suggests that there is a main effect of Cd substitution: the presence of
the polymer chain in both Cd and Ad results in lower AAG;,; than just one-way partner substitution.
Figure 5.5 presents the AAGy,;,4 difference between all possible featured states corresponding to the (i)
reference system with non-substituted (N) Cd and Ad (NN), (ii) substituted (S) Cd in CdHy:Ad (SN)
and CdHy:AdHy (SS) and (ii1) substituted Ad in Cd:AdHy (NS) and CdHy:AdHyl1 (SS). The picture
is very clear: substituting the guest is the key action for obtaining a much more stable complex (with
a much higher binding constant), either with the substituted or the non-substituted host. Substitution
on the host promotes only a moderate impact upon the energy, slightly higher if the guest is already
substituted. Note, however, that this slight impact upon the energy translates into a 220 fold increase
in the binding constant.

All these observations can be summarized using a DoE-like approach, in which H/G = —1 codes for

unsubstituted and H/G = +1 for substituted, yielding

AX =so+sgH+5s¢G+sgcHG (5.2)

where AX represents the energy differences depicted in Table 5.4, s is the overall average of the
determinations, which would ideally correspond to the value in the absence of substitution effects,
and syH, s¢G, and sygHG are, respectively, the model coefficients corresponding to the main effects
of substituting host (H), guest (G), and to the interaction term (HG). It is seen for AGgm . that the

main effect of substituting the guest is ca. 7 times that of substituting the host, and that the interaction
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term is small and potentiates the main effect of host/guest in the absence of substitution for guest/host,
respectively. A similar trend is found for AGpyr,and AHgm 4 In contrast, the effect upon ASgin 4 stems

mainly from substituting the host.

SS
128

NS—SS Sub. Ad

SN-SS

AAGbind (kJ/moI)

NN-SN

Figure 5.5: Estimated AAGy,;,, differences between the inclusion complexes corresponding to the
reference system Cd:Ad (NN), Cd:AdHy (NS), CdHy:Ad (SN) and CdHy:AdHy (SS). Reproduced
with permission from ref. [4]. Copyright (2018) American Chemical Society.

Table 5.4: Coefficient values obtained from a simple factorial design, reflecting the significance of
the main substitution effects. Reproduced with permission from ref. [4]. Copyright (2018) American
Chemical Society.

Energy component s SH SG SHG
TAS). . 25 45 -14 -34
AGY. | 922 -84 624 1.7
AH. 946 -129 -61.0 5.1
AGpyr -98.7 -10.1 -58.0 23

5.5 Concluding remarks

The modulation of the interaction between hyaluronic acid derivatives provides general rules to iden-
tify the forces that govern the thermodynamics of binding in supramolecular nanostructures cross-
linked by host-guest complexes. The main driving forces of binding are host-guest interactions,
1.e., van der Waals interactions and intermolecular hydrogen bonding. The favorable conformation
adopted by the host molecule upon inclusion also contributes to decrease the total energy. Desolva-
tion effects, contributions that are often neglected, oppose binding. The most favorable free-energy

differences display greatest correspondence with changes in enthalpy, with entropy playing a lesser
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role in the energetic profile of the complexes. The presence of the amphiphilic chains enhances in-
clusion behavior and drastically increases the binding constant (> 10?%). Stability of the inclusion
complexes is greatly affected by host-guest interactions, desolvation effects, host fit and guest ori-
entation. The cylindrical approximation and the thermodynamic quantities indicate that the entropic
component acts as a penalty for inclusion, when the Cd is substituted with the amphiphilic chain.
Strong contribution from desolvation of both host and guest molecules is observed, even for natural
Cd and Ad. Measured thermodynamics quantities, when directly comparable, and respective trends
are compatible with those found experimentally in related systems.

Modulation of the character of the network interaction sites can be achieved by incorporating am-
phiphilic substituents, with direct implications for the rational design of supramolecular structures
with tailored properties based on these complexes. Detailed analysis of the energetics of the host-guest
complexation suggests that conformational changes of the binding partners and solvation-related en-
thalpy change must be included in the estimation of the binding thermodynamics. From the present
study, it follows that the substituted Cd and Ad molecules help to assess the relative importance of the
different structural features, allowing for systematic prediction of binding free energies. Free-energy
calculations represent an effective alternative route to access the thermodynamics underlying the in-
clusion processes and provide a logical connection between experimental and computational studies.
The present approach can be adopted for obtaining a detailed understanding of the mechanisms gov-

erning soft associations in nanogel materials and other nanostructures such as targeted nanoparticles.
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Chapter 6

Aggregation of Cyclodextrins

The simulation of host-guest systems involving Cd molecules and aggregates is already offering ways
to explore a set of favorable events at different scales. The aggregation behavior and the interac-
tion patterns of Cds, modified with both hydrophobic and hydrophilic groups, have been investigated
by atomistic simulations in non-polar solvents and in water [I, 2] Although most studies involving
amphiphilic Cds have been conducted in aqueous solutions, the use of non-polar solvents is also im-
portant in preparative and characterization procedures, as suggested in ref. [1]. In the latter, dynamic
light scattering observations demonstrated that Cds can form well defined aggregates in non-polar
solvents (e.g. dichloromethane) displaying a hydrodynamic radius of ca. 80 nm and low polydisper-
sity. [1]

Electrostatic, dipolar, and dispersion forces have been recognized as playing a definite role in the
formation and stabilization of these aggregates. The formation of even larger structures (such as mi-
celles, vesicles, membranes and nanoparticles) based on these smaller aggregates, and their potential

uses in pharmaceutical formulations have also been suggested. [3]

6.1 Controversial experimental evidence

The aggregation of single Cds and Cd-guest complexes, in water, has been described in a number of
recent studies. [4—10] Despite the efforts for understanding the factors that govern inclusion/binding

with guest molecules, the precise manner in which Cd molecules aggregate and the cooperative effects
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underlying this phenomenon is much less studied and still far from consensual.

The classical assumption states that inclusion complexes between Cds and guest molecules are al-
ways formed in "ideal" solutions, with individual complexes, independent of each other. However,
the treatment of the interaction between system components is oversimplified, since Cds can form
both inclusion and non-inclusion complexes and water-soluble aggregates. In some cases, the ag-
gregation results in the opalescence of aqueous Cd solutions. However, the reduced diameter of the
aggregates is smaller than the wavelength of visible light and, more often, the formation of clear solu-
tions is promoted. The first reference to the occurrence of self-aggregation dates back to 1983, when
Miyajima and co-workers [ | 1], based on viscosity and activity coefficient data of aqueous solutions of
o- and y-cyclodextrins, suggested the occurrence of dimers or larger aggregates. These authors have
also pointed out that such aggregates are acting as "structure making" [12] by tightening water-water
hydrogen bonding. Ten years later, Hausler and Muller-Goymann [ 3] have observed that at con-
centrations above 50 % (w/w) hydroxypropyl(HP)-B-Cd self-aggregates, leading to an increase in the
solution viscosity. They also found that the addition of chaotropic solutes (e.g., urea and NaCl) tends
to decrease the viscosity of solutions as a consequence of Cd disaggregation. A similar observation
was found for y-Cd (10 % m/v) solutions [ 4], at physiological pH. In both works, the self-aggregation
of Cd monomers is justified by intermolecular H-bonding interactions promoted by the hydrophilic
rims. [13, 14] Coleman et al. [15] extended their studies to 3-Cd, the less soluble of all native Cds,
and found that the addition of water structure-breaking solutes or an increase of the solution pH (at
values higher than 12.5) in order to ionize the -OH groups, lead to an increase in solubility. This
evidence led them to hypothesize that the solubility of Cds is related with interactions between Cd
aggregates and the water through the formation of two chains of hydrated $-Cd molecules forming a
rod-like aggregate. These authors also argue that the structure of water has an important role on the
aggregation/dissociation of Cds. The quantification of size and mass percentage of aggregates was
only made possible, in a systematic manner, during the last decade. It has been concluded, by using
photon correlation spectroscopy (PCS), that in a 12mM Cd aqueous solution, large polydisperse ag-
gregates of 200-300 nm in size were formed [!6]; however, the respective mass percentage is quite
small when compared to that of free Cd. For example, the mass contribution of o-Cd aggregates

is ca. 0.8 % (0.096 mM) assuming coils, or 0.001 % (0.12 uM) considering spheres. [16] For other
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Cds, the mass contribution of aggregates is also residual, i.e., 0.0011 % (0.13 uM) for B-Cd [17], and
0.02 % (0.154 mM) for y-Cd solutions. [14] He et al. [17] found a bimodal distribution in dynamic-
light scattering (DLS) data of a-, B- and y-Cd aqueous solutions, with mean hydrodynamic radii of
less than 1 nm and higher than 60 nm for the fast and slow components (attributed to monomer and
aggregated Cds, respectively). This has been revisited by Puskds et al. [18] by using the same tech-
nique. However, contrarily to previous work, only y-Cd aggregates have been confirmed. In other
studies [19, 20], the formation of Cd aggregates of globular shape, at [3-Cd]=3 mM, with a minimum
hydration radius of ca. 90 nm, was reported, based on data from different techniques, including DLS,
cryo-TEM and electron spin resonance (ESR) probe spectroscopy. However, at higher Cd concen-
trations these particles coexist with other structures as large as a few micrometres. These aggregates
tend to increase with Cd concentration suggesting cooperative aggregate-aggregate interactions. In
addition, Rao and Geckeler [21] have concluded that the formation of 3-Cd supramolecules can also
occur in aqueous solutions at room temperature. By increasing the stirring time and the concentra-
tion from 4 to 10 mM it was possible to follow the formation of cage-like structures (with an average
size of 7.5 nm), after 5 hours stirring, evolving to channelled structures (with 260 nm length) after 72
hours stirring. The thermodynamic parameters of 3-Cd self-assembly have been studied, assuming
that Cds behave as colloids. [22] For that, the scattering intensity of a set of f-Cd solutions of dif-
ferent concentrations has been measured; by plotting the scattering intensity as a function of 3-Cd
concentration, two different regimes were observed below and above the critical aggregation con-
centration (cac=1.6mM): at c<cac only monomers (the occurrence of small aggregates cannot be
also neglected) exist in solution. However, at c>cac the scattering intensity increases linearly with
B-Cd concentration, indicating the presence of two different set of aggregates of 60.0 nm and 120 nm
in size. Using the pseudo-phase model, the free energy of aggregation was calculated to be -15.95
kI mol~!, at 298.15 K. From the dependence of the cac value on the temperature, the variation of the
aggregation enthalpy and, consequently, the aggregation entropy (at 298.15 K) were estimated to be
-26.48 kImol~! and -35.32 TK~! mol~!, respectively. These values for thermodynamic parameters
suggest that: a) aggregation is enthalpy-driven, and b) aggregates are formed by non-covalent inter-
actions. [23] Following the same approach, the cac values of a-, 8- and y-Cds were also measured by

using a permeability technique, based on dialysis membranes with molecular weight-cut off higher
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than 2kDa. [5, 24] Inspecting the flux of Cds as a function of concentration, two different regimes
have been found which was attributed to the formation of aggregates. The calculated values for the cac
of a-, B- and y-Cds are 12.2, 6.1 and 7.2 mM, respectively. Recently, a thermodynamic study [25] us-
ing isodesmic and K2-K self-assembly models was performed on Cd derivatives (HP-3-Cd, HP-y-Cd
and sulfobutylether(SBE)-3-Cd). The isodesmic model assumes that the Gibbs energy and equilib-
rium constant (K) are equal in each addition of a monomer to an aggregate (for details see ref. [25]).
The K2-K model is a modified version of the former, in which the K value of the first step of the
self-assembly is different from those of the remaining steps. The respective cac values and aggregate
sizes were also determined, using DLS and 'HNMR and TEM, respectively. These Cds displayed
similar cac values of ca. 2 % (m/v). Three different groups of particle sizes were also identified based
on correlation functions: (i) a group with ca. 1 nm corresponds to a single Cd molecule, (ii) a group
with size values ranging from ca. 30 nm to 60 nm for HP-y-Cd and from ca. 10-70 nm for SBE-3-Cd
and from ca. 100 nm to 200 nm for HP-3-Cd, and (iii) a small group with larger aggregates attaining1
um, for B-Cd derivatives, and from ca. 140nm to 1 um for HP-y-Cd. It was shown that aggre-
gation results from some cooperative contributions, with the first step of the aggregation being less
favorable than the subsequent ones. A thermodynamic analysis indicated that the aggregation process
was spontaneous, exothermic and associated to an entropy loss. The calculated standard free energies
range from -7.1 kJ mol~! for SBE-B-Cd to -10.6 for HP-y-Cd), the enthalpy values were -20.6, -27.5
and -46.3 kJ mol~! for HP-B-Cd, SBE- B-Cd and HP-y-Cd, respectively. [25] The dynamics of Cds
in aqueous solution has been fully assessed using different NMR techniques by Valente et al. [26, 27].
The analysis of THNMR self-diffusion of deuterium solutions of Cds shows that, for all three natural
Cds, diffusion coefficients depend linearly on the Cd volume fraction, suggesting that these molecules
are behaving as non-aggregate hard spheres. A similar conclusion was reached from the analysis of
the dependence of mutual diffusion coefficients on Cds concentration. [28—-30] A more sensitive pa-
rameter, related to the volume of the diffusing particle, is the transverse magnetization relaxation time
T2, or the spin-spin relaxation rate R2 (=1/T2). In a perfectly homogeneous magnetic field, the R2
relaxation rate can be measured directly from the free induction decay in the time domain or the full
width at half height of the resonance in the frequency domain. The dependence of R2 as a function of

Cd volume showed that no aggregation occurs. However, the presence of more transient aggregates
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cannot be excluded for cases in which the lifetime of the aggregate is short compared to the respective
tumbling time. The presence of very large aggregates, not visible in the NMR spectra on account of
their slow rotational tumbling, cannot also be ruled out. A different, but complementary aspect is
related to the mechanism of interaction. For further insight, the aggregation of «-, 8- and y-Cds, in
aqueous solutions was addressed by focusing on the Cd-Cd interactions using deuterium relaxation
rates (R1) for deuterium labelled Cds. In this particular case, the dependence of T1 (=1/R1) on the
Cd concentration, for all Cds, was explained by the equilibrium between monomeric and dimeric Cds
and, again, no evidence in favour of large aggregates of Cds involving a non-negligible fraction was
found. [27] The formation of aggregates in aqueous solutions containing Cds can be promoted by
the presence of guest compounds, which upon inclusion can also contribute to understand and pre-
dict the Cd aggregation behavior. The structure and nature of the guest molecule can thus affect the
Cd aggregation process. Cd-guest complexes are, most often, simply formed by one guest molecule
and one Cd molecule. However, ternary complexes are also frequently described [3 1] where water-
soluble polymers [32, 33], metal ions, or organic salts [34] are used to potentiate some Cd effect. The
coexistence of inclusion and non-inclusion complexes in aqueous solutions containing Cds has been
documented and associated with the formation of aggregates based on these complexes. The first
evidence for aggregation with complexes involving Cds and lipophilic guests was reported by Mele
and co-workers [35] in 1998. Later studies [36], with contradictory or ambiguous results fostered fur-
ther investigation on this phenomenon. The formation of Cd-guest based aggregates in the nanosize
range has been confirmed by DLS and TEM analyses, and associated to a negative deviation from
linearity. This type of aggregation occurred for a Cd concentration of ca. 10 % (wt/vol). [36] The
self-association of Cd complexes can explain the observed decrease in the activity coefficient with in-
creasing Cd concentration, and the dependence of the complex stoichiometry on the method applied.
Several model compounds [36] have been recently used to investigate the effect of the physicochem-
ical properties of the guest molecules on the Cd aggregation behavior. For instance, the impact of a
set of esters of para-hydroxybenzoic acid, differing in the side chain length, on HP--Cd aggregation
was recently evaluated resorting to permeation experiments, DLS and MS. The number and size of
Cd aggregates (<200 nm) increased in the presence of longer guests. However, no clear relation was

found between the extent of aggregate formation and the Cd concentration. The premicellar asso-
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ciation of inclusion complexes of cationic surfactants and 3-Cd followed by micellar association of
the inclusion complexes, has also been suggested based on NMR studies. In addition, micelle-like
assemblies with diameters exceeding 200 nm have been observed in aqueous solutions containing
trans- f-carotene and -Cd and y-Cd. [4] The structure and size of these Cd aggregates is clearly
affected by water molecules and hydration shells. [4] Although the ability of Cds to self-assemble
to form aggregates is well documented, it has also been shown that the aggregates are very unstable.
Attempts to stabilize nanosize self-assembled Cd aggregates of the native Cds, and their hydrophilic

and monomeric derivatives have not been successful so far.

6.2 Common arrangements in Cd aggregates

There are two typical crystal structures for native Cds: cages and channels (see Figure 6.1). [37,

] The cage arrangement occurs when Cds are grouped crosswise, displaying a herringbone pattern
(Figure 6.1a), or are aligned in adjacent layers leading to a brick-like pattern (Figure 6.1b). In both
cases, the formation of inclusion complexes is prevented, as the Cd cavities are blocked on both por-
tals by neighboring Cds. The channel-type assembly is observed if the Cds are stacked in columns
so that cavities are aligned to produce channels (Figure 6.1c). While the channel arrangement can be
converted into a cage structure by water sorption/desorption cycles, with an intermediated amorphous
state, the latter usually results from rapid recrystallization of Cds. After reaching sorption equilibrium,
Cd molecules undergo a slow rearrangement to the cage structure with defined water content. [38]
Similar patterns are generally found in the crystal structures of Cd inclusion complexes. [38] When
the entire guest molecule is small enough to be included inside a single Cd cavity, cage-type struc-
tures are formed. On the other hand, a channel-type structure is observed in the presence of long-chain
molecules as guests (e.g. polymers). Rusa and co-workers [4, 39] have reported the encapsulation
of poly(g-caprolactone) and poly(L-lactic acid) into a- and y-Cds. The inclusion of a polymeric
structure inside the Cd cavity induces the formation of channel-like structures, being those with ¢-Cd
more stable due to the increase of hydrophobic Cd-polymer interactions. By using an appropriate
experimental procedure, the authors were able to produce a solid-state channel packing of Cds con-

taining only water molecules inside the cavities [40] The same group has also observed the inclusion
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of poly(vinyl alcohol) (PVA) into Cd by taking advantage of the freezing-thawing process for PVA
gelation. [41] In this process, the gelation of PVA-containing composites occurs taking into account
two different types of cross-linking: (i) the hydrogel-bonding naturally observed during the freezing-

thawing process and (ii) the Cd-Cd aggregation resulting from channel-type arrangements. [41]

=
=

Figure 6.1: Schematic representation of packing structures of (a) cage-type; (b) layer-type Cd; and
(c) head-to-tail channel-type Cd crystals. Adapted with permission from ref. [38].Copyright (2018)
American Chemical Society.

6.3 Applications of Cd aggregates

As already mentioned in previous sections, a variety of Cd-based aggregates can be formed under
different conditions (e.g. concentration, solvent medium, and temperature). These include native and
modified Cds, inclusion complexes and the respective aggregates and also rotaxanes and polyrotax-
anes, nanotubes, and other high-order structures, such as nanospheres and network aggregates. [42]
The potential use of these self-assembled nanomaterials have been explored for advanced applica-
tions, ranging from drug stabilization and drug delivery [43], selective binding [44] and controlled
adsorption [44]. In pharmaceutical and biomedical fields it is expected that such applications may
include (i) the nanoencapsulation of drugs in the hydrophobic interchain volumes and nanocavities
of modified Cds, which can be used as drug carriers or pharmaceutical excipients, (ii) anticancer

phototherapy, (iii) gene delivery, and (iv) protection of unstable active components through the for-
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mation of inclusion complexes. [42] Several interesting examples of these potential applications have
been focused on amphiphilic Cds, which allow to easily modulate both hydrophobic/hydrophilic and
self-assembly properties, by grafting different substituents on the portals of native Cds. [42, 45] For
instance, supramolecular assemblies based on Cd/porphyrin nanoassemblies have been studied in
vitro [46] as potential nanotherapeutics in A375 human melanoma cells. Other micellar structures
and spherical vesicles based on Cd-perylene conjugates have been designed to be included in fluo-
rescence sensory and photoresponsive materials, photoinduced electron transfer systems and organic
electronic devices. [47] The self-aggregation of amphiphilic Cds have also been explored for drug
delivery applications, as they are able to capture selectively drug molecules, displaying enhanced sol-
ubilization capacity. [43] The affinity of amphiphilic Cds for incorporation in model and biological
membranes has also been investigated and explored for preparation of functionalized lipid membranes
and improved biomimetic systems. [45, 48, 49] A broader range of potential applications of Cd ag-

gregates are compiled in recent publications such as refs. [42] and [45], and references therein.

6.4 Computational results

Irrespective of the disparate observations, the self-aggregation capability must be affected by the type
of Cd present in the aqueous solution. While the aggregates of ¢-Cd and y-Cd can be completely
removed by standard filtering procedures, the formation of 3-Cd aggregates (at least as dimers, or
possibly larger aggregates) persists in solution, displaying fast aggregation kinetics. This suggests
that the hydrophilic Cd portals play a definite role in the aggregation process. [16] The disruption of
hydrogen bond networks by ionization (or functionalization) increases solubility and may suppresses
aggregation. The presence of aggregates in solutions containing structure-breaking solutes, in which
the solubility of B-Cd is enhanced, has provided new insights into this unusual behavior. The low
solubility of B-Cd has been explained by the presence of aggregates and the respective unfavorable
interaction with the hydrogen bond network of bulk water. [15] Note that aspects pertaining to the
binding energy in the solid state cannot be disregarded. The relevance of understanding the mechanis-
tic details of the Cd aggregation phenomena encompasses either controlling/preventing the formation

of aggregates (that preclude the development of specific formulations and the product development)
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or designing novel formulation strategies. Computer simulations have been used to rationalize the ex-
perimental findings concerning recognition [50], inclusion [22, 50-57], and aggregation [ 1, 2, 8, 53,

]. The cooperative binding of at least two Cd monomers to a guest molecule has been considered
the driving force responsible for self-assembly processes in the construction of Cd-based nanoarchi-
tectures. [51] For aggregation processes without using guests, the assembly is usually driven by the
hydrophilic portals (in native Cds) and by interactions between substituent chains of Cd derivatives
with the neighboring cavities of other Cds. [51] The orientational patterns of inter-glucopyranose
hydrogen bonds at the secondary portal of §-Cd and the respective effect on the Cd structure and
dimer binding/stability in polar and non-polar solvents have been explored by Spoel et al. [50] in the
presence of various guest molecules. It was demonstrated, based on MD simulations and free energy
calculations, that polar solvents with stronger hydrogen bond accepting abilities can easily disrupt
intermolecular hydrogen bonds, resulting in less stable dimers. Also, the guest models included in
the channel-type cavity increases the binding affinity between Cd monomers, particularly in polar
solvents. [50] Using a similar computational approach, the authors have explored the effect of three
different dimerization modes of B-Cd molecules and the presence of isoflavone drug analogues in the
construction of Cd-based nanostructured materials. It was demonstrated that the cooperative binding
of Cd cavities to guest molecules favors the dimerization process and, consequently, the overall sta-
bility and assembly of the Cd nanostructures. It was also proved that the desolvation of Cd dimers
and entropy changes upon complexation cooperatively contribute to the binding process. [51] An-
other study [¢] focused on the spontaneous adsorption of native Cds and the respective aggregates,
and the related dependence on temperature. It was found that the adsorption of both individual Cds
and small Cd aggregates (ca. 20 molecules) to the solution/air interface is negligible. The solute-
solute interactions were significantly larger for f-Cd than for @-Cd at 298 K, and the dependence
of these interactions on temperature was more relevant for the smaller Cd, which displayed a more
favorable aggregation at 283 K than at 298 K. The dynamic exchange of hydrogen bonds between
the Cd hydroxyl groups and the neighboring water molecules, indicated a much larger occupancy for
individual intramolecular hydrogen bonds in 3-Cd. In what follows, the Cd-Cd interactions [27], for
deuterium labelled Cds, in aqueous solutions are further explored by atomistic simulations. Two types

of systems are defined, one in which the B-Cd is free in water, and three others in which two -Cds
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are present and may form dimers. In what concerns the latter, these include initial arrangements with
proximity of one primary portal and one secondary portal (PS), two primary portals (PP), and two

secondary portals (SS), as shown in Figure 6.2.

PS PP SS

Figure 6.2: Schematic illustration of the pairwise initial arrangements of 3-Cds, with facing primary
and secondary portals (PS), two primary portals (PP), and two secondary portals (SS), with the colors
used to distinguish 3-Cd molecules. Reproduced from ref. [3].

The molecular dynamics simulations were performed with GROMACS (version 4.6.5), using the
all-atom amber99sb [55] force field and the TIP3P water model. The initial coordinates of the -
Cd were extracted from the RCSB protein data bank (PDB code: 1DMB) and partial charges were
generated using the R.E.D.D. Server. [56] In each system, the molecules were accommodated in a
cubic box (7.5 nm edge-length) containing approximately 13000 explicit TIP3P water molecules. To
obtain a starting configuration, each system was firstly subjected to an energy minimization step. All
the calculations were carried out in NPT ensemble with periodic boundary conditions at a constant
temperature of 300 K, and a pressure coupling of 1.0 bar, respectively, to V-rescale and Berendsen
external baths. A standard time step of 2 fs was used for both equilibration and production runs. A cut-
off of 0.9 nm was used for calculating the Lennard-Jones interactions. Electrostatic interactions were
evaluated using the particle mesh Ewald method. [57] Constraints were applied for bond lengths with
the LINCS algorithm. [58] Equilibrium properties, structure and dynamics of 3-Cd systems were
calculated for the simulation runs of 50 ns after the systems were equilibrated for 2ns. Geometric
clustering was performed to identify dominant Cd-Cd structures, sampled during the MD simulations.
The algorithm for cluster analysis is based on the hierarchical (top-down) approach [59], and allows
evaluating the conformational prevalence of each Cd-Cd structure, by determining dominant clusters

based on the root mean square deviation of the atom positions between all pairs of structures. For
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each Cd-Cd arrangement, the number of neighbouring structures is calculated for RMSD values of
0.35nm. Figure 6.3 presents the behaviour of Cd-Cd structures in different simulation runs, each
corresponding to a different initial arrangement. For each Cd backbone, the COM of the oxygen
atoms at the secondary portal (S) was defined as the reference point for evaluating aggregated and

non-aggregated structures, and the possible rotation or tilt of the Cd molecules.

d(CDcoms) /nm

1 | | | |
0 10000 20000 30000 40000 50000
Time (ps)

Figure 6.3: Distribution of distances between the centers of mass of 3-Cd molecules, defined by the
oxygen atoms of the secondary portals. Right panels illustrate the final conformations for the imposed
PS, PP and SS initial arrangements of -Cd molecules, in aqueous solution, sampled during the MD
simulations at 300 K and identified by geometric cluster analysis. The colour codes for Cd molecules
are as in Figure 6.2, while the initial arrangements are represented in black, green and red, for PS, PP
and SS, respectively. Reproduced from ref. [3].

For PS and PP as initial arrangements, a significant evolution is observed in the relative positioning
of the two molecules. The PS and PP initial arrangements display an almost complete rotation or a
tilt of one molecule with respect to the other, leading to most favourable SS and PS arrangements,
respectively. The "intermediate" PS arrangement increases the Cd-Cd interactions through partial
inclusion of some P groups in the hydrophobic cavity of the other Cd molecule. The initial SS
arrangement prevails over the course of the simulation with a typical COM distance of 0.46 nm. In

addition to intramolecular hydrogen bonds, the two Cd molecules can form additional intermolecular
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hydrogen bonds, optimizing the Cd-Cd interaction. PS is an intermediate arrangement between the
most (SS) and the least stable (PP) arrangements. The PP arrangement of the Cd pair involves weaker
interactions between P groups of the two molecules, producing a low prevalence, relatively open
aggregate (COM distance of 0.8 nm), suggesting a relatively poor clustering of this dimeric aggregate.
Also inspected were the rotational autocorrelation functions (ACF) corresponding to the motion of
each Cd, free or mostly in dimer arrangement. Two alternatives were tested for the definition of the
molecule fixed rotating vector: defined by the C2-D (see Figure 6.4) bond (vector) and resulting from
the use of three atoms (triplet), those of the C2-D bond and the adjacent carbon C3, and defined as

the cross product of vectors C3-C2 and C2-D.
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Figure 6.4: Cyclodextrin structures (-Cd, n=6; 3-Cd, n=7 and y-Cd, n=8). Reproduced from ref. [3].

The ACF curves are similar for these two cases, and are represented in Figure 6.5. The curves were
fitted from O up to 500.0 ps to a one-parameter exponential, and reflect the slower decay for the dimer
situation, Top=1250 ps, much larger than for the free Cd, 7p=448 ps. These values are of order of

magnitude of those experimentally obtained.
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Figure 6.5: Average autocorrelation function of C2-D bond for Cd molecules in the monomeric and
dimeric states, in water at 300 K. (black and orange curves, respectively). Reproduced from ref. [3].
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The organization of Cd molecules in aggregates when in the presence of guest-entities clearly deserves
further attention. As an example of the behaviour found for more complex systems, simulations were
performed to study the inclusion complex of f-Cd and PVA molecules in water. The importance
of this polymer is related to the ability to form hydrogels exhibiting a high degree of swelling in
water that have demonstrated a great potential to act as a matrix for many applications, including
drug delivery [60], wound dressing [61], and sensors [62]. More recently, it has been found that such
broad applications of PVA result from its ability to behave as an amphiphilic polymer. [63] This latter
feature is relevant for studying the ability of Cds for forming host-guest or aggregate complexes. In
this example, three molecular dynamics simulations were performed in systems containing two 3-Cd
(denoted as A and B) molecules with 1 PVA, 2 PVA (A and B), and 10 PVA (A to J) oligomers,
respectively. The main results are illustrated in Figure 6.6. Cds are able to form aggregates at early
stages of the simulations and PVA seems to promote the formation of Cd dimers (Dmyg). Indeed,
PVA contains both hydrophilic and hydrophobic groups that may interact either with the outside part
of the Cds or form inclusion complexes; the latter is shown by the snapshot in Figure 6.6(b), while
the former appears for simulations of 2 Cds with 1 PVA (Figure 6.6(a)) and 2 Cds with 10 PVAs
(Figure 6.6(c)). It is also noted that the prevalence of the type of configurations in Figure 6.6(b) and
Figure 6.6(c) across the simulation is very high (above 95 %), which is a strong indication that such
complexes are stable; for 2 Cds with 1 PVA, even though the prevalence of the typical configuration
represented in Figure 6.6(a) is above 50 %, it is much less than in the other two cases. Nonetheless,
it is apparent from the distance versus time plot in Figure 6.6(b) that the PVA is able to exit the Cd
pocket in some instances and, then, reform the inclusion complex. In turn, it is particularly interesting
to notice from the simulation of 2 Cds with 10 PVAs that the concomitant aggregation of the Cds with
various molecules of PVA appears to be relatively stable complex, and likely to delay or even prevent

the formation of inclusion complexes (not observed during the course of the simulation).

6.5 Concluding remarks

Cd aggregation is still a poorly understood phenomenon that requires systematic studies, both from

the experimental and computational points of view. Several conflicting evidences are provided experi-
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Figure 6.6: Summary of the MD simulations between 3-Cd and PVA molecules. Left panels present
the measured distances between the center of mass of the groups formed by (i) each f-Cd in the
dimer (Dmyp), (ii) the secondary-secondary portals (SS), the primary-primary portals (Dmyp/PP),
the secondary-primary portals (PS), Dmgg-PVA, Dmyg-PVB, Cds-PVA, Cd4-PVB, Cdp-PVA, Cdp-
PVB, Dmyg-PVA aggregate (Ag(4PVA)), Cds-Ag(4PVA), Cdp-Ag(4PVA), and Ag(4PVA) - 6 sepa-
rated PVA molecules (Sg(6PVA)). Right panels illustrate the 3 dominant conformations (accounting
for more than 50 %, panel a, and 90 %, panels b and c, of the occurrences) sampled during the equili-
brated parts of the production runs, at 300 K, in aqueous solution. The force field F-85 was used for
the Cds. The electrostatic charges of PVA were calculated using the R.E.D. server and the remaining
terms generated by acpype. [64] Reproduced from ref. [3].

mentally, calling for a comprehensive explanation of the involved phenomena and detailed, interaction

based, mechanistic rationales from computation are still much needed. It is expected that, in the next
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years, this subject will benefit from substantial efforts on both grounds.
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Chapter 7

Properties and Patterns in Bambusurils

The recently discovered glycoluril-based macrocycles, bambusurils, have been recognized as effective
anion containers and electron donors, playing an important role in a variety of systems with techno-
logical and biological relevance. The potential use of bambusurils in energy-storage systems and in
processes related to ion-channel diseases are undoubtedly examples of emerging applications. [1, 2]
Their multifaceted properties are, so far, very little explored and recent efforts have set the basis for a
better understanding of the binding behavior of bambusuril derivatives, able to form stable complexes
with various anionic molecules. In what follows the key advances pertaining to bambusurils, includ-
ing structural variations, methods of synthesis and corresponding physical and chemical properties
are summarized. The main factors affecting the stability and structure of the respective inclusion
complexes are outlined. Challenges regarding computational approaches for predicting properties of
these host-guest systems are also discussed. Computational insight is particularly valuable to im-
prove and fine-tune the conformation and ion affinity of bambusurils, being crucial to reinforce anion

recognition properties.

7.1 Anion-receptors: properties and relevant issues

Macrocycles formed by glycoluril units have been used in functional structures involving host-guest
interactions. [ |—3] These cyclic molecules, that function as anion receptors, are essential in a variety of

systems with technological and biological relevance. Bambusurils consist of 2,4-dimethylglycoluril
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units, adopting alternate conformations, interconnected by one methylene bridge. [2] Their interior
acts as anion receptor, but little is known about the binding properties of their portals. In spite of the
importance of these systems, only a few studies on the preparation methods are available the litera-
ture, the most recent ones dating from 6 years ago.

For many years the field of noncovalent anion coordination chemistry was only sporadically studied.
Even the first edition of Comprehensive Supramolecular Chemistry series [4, 5] devoted only a single
chapter fully to anion binding. This subject, which has attained in the last 10 years an impressive
degree of diversity and complexity, has been developed at an unusually rapid pace following the ini-
tial findings on the molecular recognition of small anionic species. A variety of receptors for anionic
species have been investigated in detail in areas of particular importance such as organocatalysis and
in the development of new sensors and sensing arrays for anionic agents. [6] Several comprehensive
publications have provided a full account of the advances in the field (see e.g. [6—11]). The chemistry
of anion receptors cannot be dissociated from host-guest and supramolecular interactions, which have
also led to a huge variety of applications. [0, 2]

Although the concepts underlying "receptor” or "host" often have different meanings, both terms
can be used to describe complexes that are composed of two or more entities (molecules or ions)
that are held together in unique structural relationships by interactions of noncovalent nature. For
instance, the development of anion transporters to promote the translocation of anions across lipid
membranes is an emerging field, contributing to improve the mechanisms involved in ion channel dis-
eases such as cystic fibrosis. [13] In parallel, the use of anions to template self-assembled structures
has also significantly progressed, and has been recently revisited. [14] Subsequently, the synthesis
of anion-templated rotaxanes and catenanes [10, 14] have provided new systems of the same type,
again making a direct connection to host-guest supramolecular systems. Recently, rotaxanes form-
ing strong complexes with halides in water through a combination of halogen and hydrogen bonding
have also been investigated. [10, 15] The recognition and monitoring of anions is of paramount im-
portance in maintaining balances and neutrality in biological mechanisms, including those connected
to ion-channel diseases. In these systems, compatibility with aqueous media is mandatory; how-
ever, in some cases, water may hinder the binding affinity. This has fostered the development of

new host-anion systems, but the establishment of tools to rationalize the relation between structural
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variations of the new synthetic anion receptors and their affinity, with different anions, still remains
necessary. In fact, anions are generally strongly hydrated [7, 16], and possess a great range of hy-
drophilicity/hydrophobicity and multiple protonation equilibria that causes difficulties in their recog-
nition. Due to their strong hydration, they interact weakly by electrostatic interactions with positively
charged hosts. Anions also possess a huge variety of geometries (spherical, linear, etc.), thus requir-
ing a higher degree of design and complementarity to prepare selective and specific receptors. The
design of water-soluble receptors for anions is particularly challenging and significant advances have
been made, taking advantage of specific effects such as the hydrophobic effect, C-H hydrogen and
halogen bonding. [7] The nature of the solvent plays a fundamental role in the selectivity and strength
of the anion binding process. Electrostatic interactions are particularly important in stabilizing an-
ions in solution and generally dominate over other recognition forces. A potential anion receptor
must compete effectively with the solvent environment. Neutral anion receptors possess directional
modes of interaction via hydrogen-bonds, which allow stabilizing their complexes with bound anions.
The use of these interactions provides an increased selectivity for a particular anion, and minimizes
the competition effect in the presence of a counter ion. A neutral receptor that binds anions solely
through hydrogen-bonding interactions is less likely to win the competition with the solvation shell
surrounding the anion, and hence may only be effective as an anion receptor in solvents in which the
anion interacts more weakly (e.g. organic solvents). Charged receptors, on the other hand, can ben-
efit from electrostatic effects and thus may be more effective in the presence of water or other polar
protic solvents. Note that, the anion receptor also faces competition from the counterion of the target
anion. Additionally, host solvation, hydrophobicity, and Hofmeister effects [7, 15, 17] also affect the
selectivity of the receptor. Anion receptors that disrupt the Hofmeister series regular order are usually
able to bind the target anion selectively. The most popular hosts for recognition of anions in aqueous
solution, are naturally those of cationic nature. The interaction occurs through electrostatic attraction
and hydrogen bonding. [ 18, 19] A few strategies have been used to counteract the strong interactions
between anions and their hydration shells. [15, 16, 20] Examples of receptors that are neutral or pos-
sess a low charge and function in organic/aqueous mixtures are uncommon and those that operate in
pure water are in fact, very scarce. [/, 8] These receptors are often classified according to the nature

of the interaction with the anion, including hydrogen and halogen bonds [21-24] and anion-7 inter-
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actions. [25] In fact, the role of anion-7 interactions has been discussed, and a survey of synthetic
supramolecular examples for this type of complexes has been included in the Protein Data Bank. An
example of these type of anion receptors is the bambusuril (BU[n]s) family, which have been pointed
as effective ion caging agents [2] and transporters [26], and electron donors in photoinduced elec-
tron transfer processes. [3] The results already obtained with benzoates and tosylates [27] and dialkyl
phosphates [28] seem to point towards the feasibility of obtaining interesting supramolecular struc-
tures, possibility that further motivates exploring the potential of BUs in energy-storage systems, such
as optoelectronic devices. [3] Fiala et al. [3] have reported a new photoactive crystalline material in
which dodecabenzylbambus|6]uril plays an interesting and innovative role as reducing agent in the
photoreduction of methyl viologen (MV2") in the presence of hexafluorophosphate. As previously
observed by the same group [27, 28] the stabilization of the complex of (Bnj,BU[6]), MV?* and two
hexafluorophosphate (PF, ) ions is ensured by one water molecule placed in the center of the cavity,
between the PF, ions. These complexes adopt a layered strucuture in which the BU molecules inter-
act by weak hydrogen bonds (for details see ref. [3]). The mechanistic details of one-electron transfer
from BU to MV?* and the formation and nature of the radical ion pair were provided resorting to a
combined approach based on experimental (spectral and cyclic voltammetry data) and computational
techniques (quantum-chemical calculations). In the next section, a comparison between the structure
and binding affinity of the methyl-substituted bambus|[6]uril, Me,BU[6], containing six glycoluril
monomers and two other hosts (cucurbit[6]uril, CB[6], and hemicucurbit[6]uril, hmCB[6]) derived

from the same building block is provided.

7.2 Structure and binding affinity

The cyclic structure [29-32] of the glycoluril-based receptors, BU[n]s, discovered by Sindelar and
co-workers and illustrated in Figure 7.1 (panel a), possesses dimethylglycoluril units, adopting alter-
nate conformations, interconnected by methylene bridges. [30, 31, 33] The development of the gly-
coluril building block and its derivatives is an important linking thread between the bambusuril and
cucurbit|n]uril (CB|n]s) families. [34—38] Interestingly, althought the latter have similar glycoluril

building blocks, the different arrangement of these units makes them hosts for cationic and neu-
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tral species. Other related macrocyclic molecules, formed of n methylene-linked imidazolidin-2-one
units, have been called hemicucurbit[n]urils [39—4 1] (hmCB|n]s, n=6, 12), as their structures feature
the arrangement obtained when the corresponding cucurbit[n]uril is cut in half along the equator (Fig-
ure 7.1, panel a). These hmCBs can also bind anionic guests. Some of the structural features of CBs
and hmCBs have been combined to produce the cyclic hexamer bambus[6]uril, methyl-substituted
bambus|[6]uril (Me,BU[6]). [34] In spite of being characterized by high steric constraints imposed
by their subunits, the latter differ from CB[6] by enhanced overall structural flexibility, conferred
by the "single stranded" arrangement of their glycoluril units, in contrast with the significantly rigid
structure of the "double stranded" CBs molecules. The parent containers, hmCBs, are devoid of these
steric effects, and are highly flexible. [34, 40] BUs and hmCBs are both flexible and present good
solubility in organic solvents. However, BUs bind halide anions with higher affinity and selectivity
than hmCBs. [34] From panel b (Figure 7.1) it is worth to note the differences between the charge

density of each macrocycle, compatible with the differential binding affinity.

Electrostatic potential profiles thus confirm that in Me,BUJ[6], the positive potential is present inside
the core due to the inward methine hydrogens. The presence of only one row of mehylene bridges
confers to the cavity an increased flexibility and adaptability to the size of the anion. [31, 42] Using
electronic structure calculations, at the DFT level, Sundararajan and co-workers [34] have investigated
the type of interactions present in host-guest complexes formed between halides (iodide, bromide
and chloride) and Me,BU[6]. The calculations showed that, among the complexes with hmCB 6]
and Me,BUJ6], chloride complexes possess the largest relaxation energies (ca. 8.6kcalmol~! and
12.5 kcal mol !, respectively). This indicates that the host molecules have large structural reorgani-
zations when the size of the halide ion is small, due to strong electrostatic and hydrogen bonding
interactions. The possible binding sites of the halide ions were then revealed by the LUMO of the
three empty hosts (Figure 7.1, panel ¢). [34] In hmCB/[6] and in BU[6], the twelve methine hydrogens
create a positive potential at the core, whereas in CB[6], a positive potential is created by methine
hydrogens oriented outwards the CB[6] cavity. The central core region of hmCB[6] and BUJ6] is,
therefore, more suitable for the inclusion of anions, such as halides. However, CB[6] can be a better
binding site for cations, such as metal ions, and anion binding can occur only outside the cavity. In

comparison to hmCB[6] and BU[6], inclusion of a halide ion to CB[6] does not lead to any significant
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Figure 7.1: (a) Molecular structures of bare CB[6] (left), hmCB[6] (middle) and BUI6] (rigth)
molecules. The shaded parts highlight one of the repeating units. (b) Electrostatic potential pro-
files of CB[6] (left), hmCB[6] (middle) and BU[6]. ESPs are mapped on electron density isosurfaces
at the HF/6-31G(d) level of theory. The carbonyl oxygen atoms of the macrocycles are negatively
charged and are colored in red, while positive regions are depicted in blue. (c) Lowest unoccupied
molecular orbitals of CB[6] (left), hmCB[6] (middle) and BU[6] (right). (d) Optimized structures of
a halide encapsulated in CBI6] (left), hmCB[6] (middle) and BUJ6] (right) (color code: yellow refers
to oxygen, bright blue to carbon, green to nitrogen, brown to halide ion and pale white to hydrogen).
Reproduced from ref. [1].

geometrical change (for details see Figure 7.1, panel d, and ref. [34]). As expected, the anionic portals
in CB[6] hinder the inclusion of anions. The calculated binding energies also confirm that inclusion
by hmCBJ[6] and BU[6] is favored. In addition to the electrostatic contribution, the twelve methine
hydrogens of the glycoluril units pointing inside the core, promote the formation of hydrogen bonds

with halide ions. In contrast, inclusion by CB[6] is largely unfavorable irrespective of the nature of
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the halide ions. [34]

The convex arrangement of glycoluril units in BUs, dictate that the methine hydrogen atoms point
inwards. In this typical conformation, the methine hydrogens form a pocket with the possibility of
establishing CH- - - X interactions. The internal diameter and the respective height of Me;,BU[6] may
reach a typical maximum of 6.4 A and 12.7 A, respectively. [3 1] The binding modes of BU[6] and their
arrangement in the solid-state have been established [33] using X-ray diffraction and the measured
parameters are summarized in Figure 7.2. The values in the inset correspond to the typical heights and
diameters of the host in various BU[6]-anion complexes, with the latter increasing with the increasing

of the anion size.

~ 7 1
" ! o1 c2
Y C2 C3Jm e b = dmilC2
) c2 c3 c3 i
Ny AKL DN
o1 ] T 7Y
02 | | [
b TS A
dl d2 d3 hl h2 h3
(A] [A] (A] [A] [A] [A]
BU6-CI™ 8.76 6.57 9.68 317 1.68 9.64
BU6-Br~ 9.62 6.83 9.73 3.05 1.76 9.63
BUG6-I- 9.79 6.91 9.73 3.04 1.76 9.61
BU6-BF,~ 9.88 6.99 9.75 3.4 1.78 9.64

Figure 7.2: Crystal structure of the complex between BU[6] and iodide including the measured (b)
diameters and (c) heights. The glycoluryl units of the host displayed on the upper (blue) and lower
positions (yellow) are symmetric related and are at the same distance to the central anion. Reproduced
from ref. [1].

7.3 Synthesis and properties

Glycoluril (systematic name: tetrahydro[4,5-d]imidazole-2,5(1H,3H)-dione, Scheme 7.1c) was first
prepared in 1865 [43], and since then has became a fundamental building-block for the preparation

and assembly of supramolecular molecules [44—-51], such as bambusurils and cucurbiturils. [47, 51—
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], and also molecules used as acyclic hosts (e.g. glycoluril oligomers [54, 56—59], molecular clips
[46, 60-65], and capsules [56, 66]). The potential of glycoluril as key unit of supramolecular con-

structs is due to their intrinsic geometry, chemical nature and ability to form noncovalent interactions

[46, 67, 68]. The suitability of this bicyclic product (c) of the reaction of glyoxal (b) with two equiv-
alents of urea (a) has been a relevant topic covered in refs. [44, 46, 49, 69].
Q
o 0 HN" “NH
M H+
HEN/LLNHZ B = H=—=H ©
C HN \ﬂ/NH
a b 0

Scheme 7.1: Preparation of glycoluril (c) used for the synthesis of important cyclic and acyclic host
molecules. This bicyclic product is obtained from the reaction of glyoxal (b) with two equivalents of
urea (a). Reproduced from ref. [1].

The mechanistic details for the preparation of BUs are scarce, in contrast to what happens for CBs.
However, part of this mechanism is likely to be similar to that found in the latter, especially in what
concerns the cyclo-oligomerization (see below). CBs are obtained from an acid-catalyzed conden-
sation reaction of glycoluril and formaldehyde, in which participate methylene bridged glycoluril
oligomers. A molar ratio of 1:2 between glycoluril and formaldehyde is required to ensure the syn-
thesis of the macrocycle. [46, 48, 52, 53, 67] Using less than 2 equivalents of formaldehyde, a mixture
of oligomers is obtained, intermediates of the synthesis of the macrocycle. Thus, the CBs synthesis
can be explained by a mechanism based on a step-growth cyclo-oligomerization. The stepwise ad-
dition of the glycoluril to the end of the growth oligomer chain affords oligomer (e.g. hexamer) that
can undergo direct cyclization to give CB[n] macrocycles by the condensation with 2 equivalents of

formaldehyde.

The reaction of glycoluril with one equivalent of formaldehyde affords glycoluril dimer C1, (C-
shaped form) the dimer with the relative orientation of the pairs of methine C-H groups observed
in the macrocycle and no evidence for the formation of diasterioisomer C2 (S-shaped form) is ob-
served. This selectivity was explained considering the thermodynamic preference for C1, which is
in agreement with model studies carried out with C1 and C2 derivatives bearing CO,Et groups. [54]

Nevertheless, in the synthesis of CB, glycoluril reacts initially with two equivalent of formaldehyde to
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afford a mixture of diastereomers C1 and C2 which can undergo interconversion via a intramolecular

process 60 (Scheme 7.2). Further oligomerization of the dimer, followed by macrocyclization affords

0 0 0 0 0
HNJLNH Hwkwﬁmka HNJ\N”“‘“NJ&NH
- CH,0 L )  {
T—m NHH by lI:IN N " HN ILNI:' ’ I-ilil*»l N " NHNHH
bl s Y 7Y Y ™Y
0 0 o)
ci c2

Scheme 7.2: General preparation of methylene bridged glycoluril dimers. Reproduced from ref. [1].

CB. However, Sindelar et al. [44] demonstrated that for substituted glycolurils the imerization process
involves the initial synthesis of the S-shaped dimer which undergoes isomerization into its C-shaped

diastereoisomeric. [44]

Bambusurils are prepared by acid-catalyzed reaction of the appropriate 2,4-disubstituted glycoluril ¢’
with formaldehyde d (Figure 7.3). In these glycoluril building blocks, only two nitrogens of the same
imidazolidin-2-one ring are available for the reaction with formaldehyde resulting in the synthesis of

bambus|[6]uril where the glycoluril units are connected by one methylene bridge.

Me,,BU[6]
PryBU4]
Pr,,BU[6]

Allyl BUM4]

Allyl ,BU[6]
BngBUM4]
Bn,,BU[6]
(BnCOOH),,BU[6]

R= Me, Pr, Allyl, Bn, BhnCOOH

Figure 7.3: General synthesis of bambusuril derivatives from the acidic-catalyzed condensation be-
tween 2,4-disubstituted glycoluril (¢’) and formaldehyde (d). Reproduced from ref. [2].

So far, bambusuril derivatives have been prepared from disubstituted glycoluril building block con-

taining aliphatic residues (methyl [30, 31, 33], propyl and allyl [32] groups) and aromatic substituents
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(benzyl and benzoyl [27, 29] groups). Depending on the substitution, it is possible to tune the prop-
erties of the macrocycle backbone, such as, solubility and molecular affinity. At this point it should
be stressed that BUs derivatives (Figure 7.3) result from peripheral substitutions, in which the dis-
substituted glycoluril units, containing aliphatic or aromatic substituents are used to construct the
macrocycle, while BU analogs [26, 70, 71], in which the portal or equatorial oxygen atoms of the
carbonyl groups are replaced by different heteroatoms (e.g sulfur [71] and nitrogen [70]) requires the
reaction of glycoluril analogs (e.g. monothio glycoluril). Figure 7.4 presents the structures of BUs

derivatives, panels (a) to (c), and sulfur-based BUs analogs, panel (d).

The preparation of the methyl substituted BU, Me,BU[6], was first described in 2010 [3 1] by Sinde-
lar and co-workers, and consisted of an acid-catalyzed condensation between 2,4-dimethylglycoluril
and formaldehyde. During the synthesis, the chloride anion from HCI was used as a template and the
macrocycle was formed as a 1:1 complex, in which the chloride anion was bound in the middle part
of the cavity. The Me,BU[6]-Cl complex was soluble in a chloroform-methanol mixture (1:1), but
also in the water-acetonitrile mixture (1:1). The stability of the complex hampered the dissociation
to obtain the anion-free Me,BU[6]. The chloride anion was substituted only by bromide or iodide
anions, which were able to be included inside Me ,BU[6] with higher affinity compared to the chlo-
ride anion. The oxidation of the iodide anion in the Me ,BU[6]-HI complex allowed the isolation
of the anion-free Me|,BU[6], which appeared insoluble in the investigated solvents. [31] Me;,BU[6]
is a strong anion binder but their synthesis depends on the anion template effect as described in ref-
erences [31, 72, 73]. This approach is based on the use of the anion of interest as a templating
agent to link together the glycoluril units into assemblies that have high selectivity for the templat-
ing anion. The latter can be considered as an entity that contains the required features to promote
the organization of the building blocks in a specific manner, in a thermodynamically or kinetically
driven process. [72] Since the discovery of Me,BU[6], the synthesis of other derivatives has been
reported namely octabenzylbambus|4|uril (Bng BU[4]), dodecabenzylbambus|6]uril (Bnj,BU[6]) and
dodecapropylbambus[6]uril (Prj; BU[6]) [30], obtained from 2,4-dibenzylglycoluril (for Bng BU[4]
and Bn|,BU[6], Scheme 7.3) or 2,4-dipropylglycoluril (for Prj; BU[6]) units, respectively. The syn-
thesis of these derivatives has been controlled by anionic templates and has been performed in non-

polar solvents, in contrast to the aqueous media used in the synthesis of Me|,BU[6]. The microwave
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Me,BU[4] Me,,BU[6]

(!

Allyl,BU[4] Allyl,,BU[6]

BnBU[4] Bn,,BU[6]

SemithioMe,BU[4] SemithioMe,,BU[6]

Figure 7.4: Representative structures of some derivatives and analogues of bambusurils. All structures
were optimized at the HF/6-31G(d) level, except for the larger molecules (Bng BU[4] and Bn, BU[6)),
in which the AM1 semiempirical method was employed. Color code: red refers to oxygen; gray to
carbon; blue to nitrogen and orange to sulfur atoms. Reproduced from ref. [2].

assisted synthesis of unsaturated bambusurils including the octaallylbambus|4]uril (AllylgBU[4]) and
dodecaallylbambus[6]uril (Allyl;,BUJ[6]) derivatives has been detailed by Heck and co-workers [32],

considering the preliminary preparation of diallylglycoluril, Scheme 7.4. The latter has been reacted



214 Chapter 7. Properties and Patterns in Bambusurils

BnyBU[4] Bn,BU[4] + Bn,,BU[6]

Scheme 7.3: Preparation of Bng BU[4] and Bnj,BU[6] from 2,4-dibenzylglycoluril and formaldehyde
under different conditions. Reproduced from ref. [1].

with formaldehyde under classical conditions to afford BUs bearing diallylglycoluril units. A mono-
functionalization of Allylg BU[4] by a cross metathesis reaction [32], using 2 equivalents of hexene
and the Hoveyda-Grubbs II catalyst affording Allyl;HepBU[4] was also reported (Scheme 7.4). Addi-
tionally, the preparation of the propyl derivative PrgBU[4] has been carried out by the hydrogenation

reaction of Allylg BU[4] using Hy over 10 % Pd/C in EtOH.

Other related molecules have also been synthetized using N,N-methyl semithio-glycoluril as building
block. Reany, Keinan and co-workers [/ 1], found that this precursor is suitable to react with formalde-
hyde under various acidic conditions, leading to successful synthesis of the related tetrameric and
hexameric macrocycles (Scheme 7.5). These containers, known as semithio-bambusurils (semithio-
BUs), have been prepared by the incorporation of sulfur atoms within the backbone of the macrocycle,
specifically by the substitution of the carbonyl oxygen atoms. This structure confers a strong binding
capability with a broad variety of anions in their interiors, and with metal ions at their sulfur edged
portals. As observed in previous works [32], halide anions have also acted as templates, promoting

the formation of the semithio-BU[6] macrocycle instead of the semithio-BU[4].

Sindelar and co-workers [29] have prepared a water-soluble bambusuril, functionalized with twelve
benzoate groups, (BnCOOH),BU|6], using the synthetic procedure described in Scheme 7.6. This
receptor exhibits good solubility in neutral and basic aqueous solutions, being suitable for appli-
cations in areas such as biomedicine and analytical chemistry. [29] In the course of the prepara-
tion of this review, a new study [70] reporting the synthesis and characterization of an unique BU

analog was published. This was obtained through an accessible manner from the corresponding
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Scheme 7.4: (top) Preparation of allylbambusurils derivatives, Allyls BU[4] and Allyl;»BU|6], from
diallylglycoluril (top), using optimized conditions a) CH,O, HCI, PTSA, CHCl3, 0.04 M, MW for
AllylgBU[4] and b) CH,O, HCI, PTSA, toluene, 0.01 M, MW, TBAI; (bottom) Cross metathesis re-
action of AllylgBU[4]. Reproduced from ref. [1].

semithio-bambusurils and following a similar strategy used in the synthesis of several dendrimers
and calixarenes, that consists on the modification of functional groups in the complete skeleton of the
macrocycle. Considering the cyclic hexamer of semithio-BU[6] (1a-c), the neutralized compounds
3’-6” were obtained by the neutralization of the corresponding protonated semiaza-BUI[6] (3-6) with
Amberlyst A26 (OH - form) (Scheme 7.7). The latter compounds were obtained by the reaction of

triflate salts of semi(methyl)sulfonium-bambusurils 2a-c with primary amines.

7.4 Complexes

Me,BUI6], binds anions with affinities of up to 3.0x 10° L mol~! in organic solvents. [29] The equi-
librium association constants calculated for Me,BU[6] with C1~, Br—, BF,, NO; and CN™ using

solubility measurements, are summarized in ref. 1] (Table S1), in which a general overview of the
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reactants employed in each synthesis and the experimental techniques used both to confirm complexa-
tion and determine the stability constants are also presented. Although there exists a manifold of meth-
ods for the determination of the stability constants of these complexes, most of them require consider-
able amounts of material, are time-consuming, and can only be applied to systems with one receptor
and one (or two) anions. Electrospray ionization mass spectrometry (ESI-MS) have been alternatively
used to probe the binding of small anions to Me,BUJ6], establishing the correlations between anion
binding in the condensed phase and the abundance of anion-receptor clusters in gas-phase measure-
ments. [74] The strength of anion binding has been mainly studied based on competition experiments
[23]. However, other relevant insights have been provided using the anion-free Me,BUJ[6]. [33] The
latter has been used to determine equilibrium association constants of the complexes with various
anions and demonstrate the ability to bind halide ions in organic solvents and aqueous media, while
still preserving its high affinity and selectivity. The binding of Me,BU[6] to halide ions follows the
order " >Br >Cl >F . The influence of anion size on the macrocycle structural parameters and the
electrochemical behavior of the complex have also been investigated. [33] The presence of twelve
weak favorable interaction sites (for the chloride ion) has been confirmed using single crystal struc-
ture, and further modifications to this macrocycle have been considered to afford novel materials for
various applications. The formation of cationic (Me,BU[6] - H;0™ and Me,BU[6] - (H307),) [75],
neutral, (Me;,BU[6] - Cs™ I™ [76] and Me,BU[6] - Na® I7) [77] and anionic (Me;,BU[6] - OCN™,
Me,BU[6] - SCN™ [78] and Me,BU[6]-SH™) [79] complexes, has been suggested resorting to

DFT calculations (see ref. [1], Table S1, in which the estimated binding energies are reported).
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Note that the stabilities of the complexes Me,BU[6] - H30" and Me,BU[6] - (H30™),are approx-
imately half those of the corresponding complex species CB[6] - H30" and CB[6] - (H307),. The
octabenzylbambus|4]uril (Bng BU[4]) presents similar structural features to those of previously re-
ported Me|,BU[6]. However, the small cavity of the Bng BU[4] macrocycle has no affinity for anions.
Recent studies carried out by Sindelar and co-workers [27, 80] have elucidated the formation of
stable supramolecular complexes of dodecabenzylbambus[6]uril, Bn;,BU[6], with tetrabutylammo-
nium benzoates and tosylates, in the solid state and in wet chloroform solution, mediated by water
molecules. Ion-dipole interactions are considered relevant, but the complex formation between these
components is also mediated by water molecules, acting as bridges between the two carboxylate and
the two sulfonate groups, thus stabilizing the 1:2 complexes. An analogous arrangement has been ob-
served in complexes of Me,BU[6] with diethyl phosphate anions. [28] In those complexes, a water
molecule serve as a bridge between two phosphate anions located in oppose portals of the macrocycle,
by formation of two O-H--- O~ hydrogen bonds. The first use of two bambus|6]uril derivatives (with
12 benzyl and 12 benzoyl groups) as NMR-active chemosensors, for analyzing multi-anion mixtures,
comprise anions with affinities higher than 10* M~!. This has been applied to environmental pollu-
tants, biologically active anions, species used in ion-pairing catalysis, among others. [$0] In particular,
the ability of these receptors for recognizing specific components of multianion mixtures in aqueous
solutions have been used in conjunction with ! H-NMR techniques, in order to construct a system
with sensing properties, able for detection and characterization of complex mixtures of inorganic an-
ions. [80]. Inspired by previous studies on the preparation of phosphatethreaded rotaxanes [ 1, 82],
the supramolecular complexes between Bnj;BU([6] and several dialkyl phosphates, bearing various
alkyl substituents, have been characterized using ! H-NMR spectroscopy and X-ray diffraction. [28]
Two possible binding modes were proposed, corresponding to internal and external 1:1 complexes.
However, only the external complex was formed, precluding the formation of interlocked structures,
such as rotaxanes. The complex formation between Me,BU[6] investigated and a complex with 1:2
stoichiometry was obtained in the solid state. Two diethyl phosphate anions were bound at the car-
bonyl portals of Me;,BU[6] and the complex was stabilised by one water molecule, an analogous
structure already observed in complexes of Bnj;BU[6] with benzoates and tosylates. [27] Quantum

mechanical DFT calculations on BUs complexes have proposed the most probable structures of the
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complexes with halide ions. [34] The host-guest interactions of these molecules in aqueous environ-
ments and in non-polar solvents on the topic [83] focuses on the binding properties of work have also
been investigated using thermal calorimetry and ' H-NMR data. A recent dodecabenzylbambus|[6]uril
(Bn1,BUI6)) in the presence of multiple anion mixtures in chloroform, with association constants of
up to 10'°M~!. In aqueous solutions, BUs have been suggested, among others, for the preparation
of sensors able to detect the occurrence of abnormal salt concentrations in human body, upon contact
with very small amounts of blood or urine. [50, 84] Further interest has grown with the preparation
of the first water soluble derivative, (BnCOOH),BUJ6]. [2, 29] This molecule, functionalized with
twelve benzoate groups, is able to bind anions in buffered water solution with high affinity (stabil-
ity constants up to 10’ M~!) [29] and high selectivity. The structure and complexation profile of
this BU molecule with grafted carboxylate groups have been inspected by ' H-NMR titration and
isothermal titration calorimetry (ITC). The association constants for the formation of 1:1 complexes
between (BnCOOH),BU[6] and various halide ions have been determined through free-energy calcu-
lations [2] and competition experiments [29] with another anion (often the chloride ion). The complex
is stabilized by multiple weak C-H- - - anion interactions, resulting in exceptionally strong complexes
with various anions in water, even those that are usually weakly associated (e.g. PF, , BF, and
ClO, ). Reany, Keinan and co-workers [71] have prepared new BU derivatives taking advantage of
the stability of substituted monothiol-glycolurils to synthesize the semithio-bambusurils (semithio-
BU]|n|s). These new molecules, including semithio- BU[4] and semithio-BU|6], (Figure 7.4, panel d)
differ from the parent BU macrocycles in that half of the carbonyl groups are replaced with thiocar-
bonyl groups. The resulting modified bambusurils are able to interact with thiophilic metal cations at
their sulphur-edged portal, while retaining the ability to bind anions in their interior with high affinity.
These observations were also confirmed [70], shortly afterwards, by the same group. In this interest-
ing effort to improve the binding properties of BUs, in comparison with the all-oxygen conterparts,
novel binding opportunities were predicted considering the substitution of glycoluril oxygen atoms by
other heteroatoms (e.g. nitrogen). This modification alters the molecular electrostatic potential and
the binding properties of the macrocycle, as reflected by the different BU analogs, depicted in Fig-
ure 7.5. This was explored using DFT calculations on the crystal structures of the model complexes

with halide guests (e.g. chloride). The replacement at the portal carbonyls affect the induced dipole
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more significantly than substitutions in the equatorial carbonyls. [70] The new portal heteroatoms are
thus acting as "electron sinks", confering interesting capabilties reflected by stronger dipole moments,

polarizations and stronger anion binding (see ref. [70]). These molecules open interesting pathways in
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Figure 7.5: Electrostatic potential maps (left) and structure of the HOMO and LUMO (middle) and
binding geometries (right) of the different complexes involving glycoluril analogs, 2a-e. Calculations
were perfomed at the M06-2X/6-311+G** level of theory. The electrostatic potential surfaces are
presented in kcal mol~!, ranging from red (R) to blue (B). Reproduced from ref. [70] published by
the PCCP Owner Societies.

both basic and applied science. It has been demonstrated that the formation of the hexameric macro-
cycle is facilitated by the use of halide anions as templates. Successful synthesis of semithio-BU[6]
have been observed [70, 71] not only with tetrabutylammonium salts (TBAX, X=CI, Br~, 1", Cl1O,
), but also with Et4NCIOg4, Ph4PBR, Csl and Me4NI. [71] These thiourea-based BUs can be explored

in nanotechnology, including patterning of nanoparticles, in the formation of monolayers on metal
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surfaces, as well as in catalysis. The most recent works [26, 70] on the enhanced properties of bam-
busuril analogs, have predicted that protonated aza-bambusurils are able to bind multiple anions and
function as synthetic anion channels, with potential applications in ion transport mechanisms. The
substitution of the six portal oxygen atoms in Me,BU[6] by nitrogen atoms leads to the formation
of semiaza-bambus|6]urils. Surprisingly, the positive electrostatic potential character of their cavity
allows to accommodate multiple anions, due to the capability for overcoming electrostatic repulsion
among ions, which is relevant for promoting multiple ion flows. This opens unprecedented opportu-
nities due to the possibility of converting a single anion-host in an ion-channel. It should be noted that
other anion receptors with the glycoluril molecular scaffold have been developed, such as those based
on diphenylglycoluril and imidazolium rings. The association of the diphenylglycoluril-based recep-
tors with various anions has reflected the shape, size and basicity of the anions. [85-88], Additionally,
there are some other related macrocycles such as biotinurils [89], which have emerged recently, and
which have sufficient similarities to be mentioned in the context of this review. The synthesis of the
macrocyclic 6+6 hexamer of d-biotin with formaldehyde and templated by halide ions, has been re-
ported. [50, 84] This molecule is able to bind mono-charged anionic guests in water with binding
constants ranging from logK=1.8 (C17) to logK= 4.5 (SCN™). ITC measurements have indicated
that anion binding is enthalpically driven, with contributions from the release of high-energy waters
present in the cavity (see Refs. [84, 90]). Besides this non-classical hydrophobic effect, it has been
suggested (by the single-crystal X-ray structure) that C-H hydrogen-bonding interactions are present

between the host and the anion.

7.5 [Evaluating the ion caging ability

For understanding the bambusuril ion caging ability in aqueous media, MD simulations, includ-
ing free-energy calculations are performed. Our investigation is focused on three BU derivatives,
dodecamethylbambus|6]uril (Me,BUJ[6]), dodecabenzylbambus|[6]uril, Bn;;BU[6], and dodeca(4-
carboxybenzyl)bambus|6]uril, (BnCOOH),BUJ6].
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7.5.1 General procedure

The exploratory MD simulations were performed with the GROMACS package (version 4.6.5) by
using all-atom amber99sb force-field. The starting geometries of the Me,BU[6], Bn;,BU[6] and
(BnCOOH),BU[6] hosts were constructed resorting to Avogadro and Pymol (Version 1.7.7.2) and
optimized by the semi-empirical Antechamber/SQM method. Electrostatic charges were obtained
from AM1-BCC [91, 92] calculations. For the rigid Me,BUJ[6], these methods provide good approx-
imations for its structure in solution. However, some degree of distortion is expected for the benzyl
(Bnj,BUI6]) and carboxybenzyl (BnCOOH),BU|6]) derivatives, as has been reported for other flex-
ible hosts, such as cyclodextrins [90]. The distortion/collapse of these flexible hosts may suggest that
a high energy is required to fill their cavities and preclude the interior vacuum state [20]. The main
idea in what follows is to evaluate in silico how the conformation and the hydration pattern of each
BU molecule is affected by the presence of bulky substituents and by the formation of the inclusion
complexes. For this purpose, five different systems are considered: three of them taken as references,
account for the solvation of each single molecule of Me|;BU[6], Bnj;BU[6] and (BnCOOH),BU[6],
while in the other two the inclusion complexes of the charged host (BnCOO),BU[6] with one and
two chloride ions are considered. In each case, the molecules were accommodated in a cubic box
(7.5 nm edge-length) containing explicit TIP3P water molecules. All the calculations were carried
out in NPT ensemble with periodic boundary conditions at a constant temperature of 298 K, and a
pressure coupling of 1.0 bar, respectively, to V-rescale and Berendsen external baths. A standard time
step of 2 fs was used for both equilibration and production runs. Non-bonded interactions were com-
puted on the basis of a neighbor list, updated every 10 steps. Long range electrostatic contributions
were computed using the particle mesh Ewald (PME) method [93]. For Lennard-Jones energies, a
cut-off of 0.9 was applied. To obtain a starting configuration, each system was firstly subjected to an
energy minimization step.

Equilibrium properties, structure and dynamics of BU systems were calculated over the 35 ns simu-
lation runs after the systems were equilibrated for 5Sns. The bonds were constrained by the LINCs
algorithm [94]. The simulated time was found to be enough to provide a robust statistics for the

host solvation and the last 5 ns were subjected to the standard analysis. These include time-dependent
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RMSD for (i) all BU atoms and (ii) a defined cavity backbone, excluding the twelve carboxybenzyl
groups and geometric clustering performed to identify similar structures, sampled during the MD
simulations. The algorithm for geometric cluster analysis is based on the hierarchical (top-down) ap-
proach, as described by Daura and coworkers [95], and allows evaluating the conformational preva-
lence of each BU structure. This simple clustering approach reduces the complexity of the structural
information, revealing patterns which are hidden, at the scope of dynamic properties. To find clusters

of structures in each MD trajectory,

7.5.2 Free-energy calculations

The free-energy profile of the binding process was inspected using a path-based approach based on
umbrella sampling with PMF estimation [96]. The host molecule was taken to have a net charge
of 12, (BnCOO™),BU[6] and was centered in the simulation box with the cavity axis parallel to
the z-component. The distance d¢;_py between the COM of the chloride ion and that of the cavity
methylene-linkers of the host was defined as the reaction coordinate &, (see Figure 7.6). The initial (i)
and final (f) values of the reaction coordinate were set to £z; = 0nm and £z = 2.0 nm, respectively.
After equilibration, a periodic pulling simulation was carried out allowing the distance to be larger
than half the box size, to modulate a dissociation process of 1:1 (BnCOO);,BU[6]:Cl complex. The
center of mass of the (BnCOO™),BU[6] backbone was harmonically restrained with an isotropic
force constant of 1000kJ mol~! nm~2 and used as an immobile reference for pulling. The ion was
moved away from the (BnCOO™),BUJ6] cavity along the z-axis for 600 ps with a harmonic force
constant of 1000 kI mol~! nm™2 and a pulling rate of 0.005 nm ps~'. The guest ion was sampled ap-
proximately 2 nm covering the entire [§z;,Ez¢] interval. In this interval, ca. 60 windows were selected,
with an imposed distance of 0.03 nm between adjacent positions and used as starting configuration

for umbrella sampling simulations.

The thermodynamic parameters and the binding affinity associated to the formation of the BU:Cl

complexes were estimated using the procedure described in Chapter 2 and ref. [2].
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A

Figure 7.6: Schematic representation of the pathway along which chloride ion is pulled along the
z-component, with umbrella sampling. The purple circle indicates where the steering force is applied.
Reproduced from ref. [2].

7.5.3 Structural stability and cavity size

In what follows, the structural features of bare Me ,BU[6], Bn2-BU[6] and (BnCOOH),BU[6], and

the relative energy contributions to the formation of the (BnCOO);,BUJ[6]:Cl complex are detailed.

In the absence of anions and in polar solvents, the conformational and binding studies have been
hampered by the low solubility of the macrocycle. The solubility can be tuned by varying the sub-
stituents grafted to the nitrogen atoms of the portals. The type of substitution also affects the confor-
mational behavior in solution, as can be seen in Figure 7.7 for the bare Me;,BU[6], Bn;,BU[6] and
(BnCOOH),BU[6] hosts. Although regular conformations prevailed for Me,BU[6] and Bn;,BU[6],
distorted structures account for ca. 11 and 24 %, respectively. The distortion observed in Me ,BU[6]
can be attributed to the ability of some glycoluril units to rotate with respect to the cavity plane de-
fined by the methylene-linked groups. Me|,BU[6] displays an approximately symmetric arrangement
with an open and accessible cavity (see Figure 7.7). In Bnj;BU[6] and (BnCOOH);,BU[6] the min-
imization of the steric effects among their bulky phenyl and carboxybenzyl substituents leads to a

considerable distortion of the cavity-backbone and structural asymmetry (see Figure 7.8).

Distortion is also expressed in terms of the variation of the "typical diameter" of each molecule,
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Single-host

Conformation Me,,BU[6] (%) Bny,BU[6] (%) (BNCOOH),,BU[6] (%)

Side

Front

Top

Prevalence 77.3 10.7 54.5 23.7 99.9

Figure 7.7: Typical conformations for the bare Me2BU[6], Bnj2BU[6], (BnCOOH),BU[6] hosts in
aqueous solution, sampled during the MD simulations. The occurrence of each type of conformation
is also included. Reproduced from ref. [2].

Me,,BU[6] Bn,,BU[6] (BnCOOH),,BU[6]

Figure 7.8: Schematic illustration of the structural symmetry present in the bare BU-hosts and re-
flected by the final arrangement of the six glycoluril units and the methyl (Me;,BUI[6]), phenyl
(BnpBU[6]) and carboxybenzyl (BnCOOH);,BU|6]) substituents relative to the plane defined by
the cavity methylene-linked groups. Reproduced from ref. [2].

Figure 7.9.

The distance profile of Bnj2BU[6] shows a broad range of values that include those related to the

skewed arrangements (lower distances and less frequent) and the one reflecting the most prevalent
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Figure 7.9: Distribution of distances from cavity-carbon CA to cavity-carbon CB in Me,BUI[6]
(green), Bnj,BU[6] (orange), (BnCOOH),BU[6] (purple) and (BnCOO);,BU[6]-Cl (magenta). The
cavity-carbon atoms considered for each host, to define the relevant distances, are depicted in the
structure of each molecule. Reproduced from ref. [2].

and undistorted arrangement. In (BnCOOH),BU[6], only one typical distance indicating a perma-
nently collapsed structure is found. When this host is complexed with one chloride ion, collapse is
prevented and the cavity diameter increases. In this complex, the chloride ion resides in the cen-
ter of the electropositive cavity (see Figure 7.10), without water molecules inside, being the cavity
hermetically sealed by four carboxybenzyl groups. Sindelar and co-workers [33, 83], have reported
the complexation of two chloride ions with Bnj,BU[6] positioned above and below the plane of the

central ring formed by the methylenelinked groups, mediated by an water molecule between the ions.

Based on these observations it was decided to explore the possibility of a similar 1:2 complex with
(BnCOO™),BU[6]. A simulation was carried out with the starting configuration presenting two
chloride ions inside the (BnCOO™);,BU[6]. Contrarily to what had been reported for Bn;,BU[6],
the chloride ions have left the BU cavity along the simulation. Apparently, the electrostatic repulsion
between anions and the carboxybenzyl groups overcome the stabilizing interactions that would favor
the complex formation. In fact, the release of the first chloride induced the distortion of the host

cavity, and thus prevented the stability of a possible 1:1 complex. Subsequently, the second anion has
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Figure 7.10: Dominant conformation (accounting for more than 94 % of the occurrences) sampled
during the last 5 ns of the production run, at 298 K, for the inclusion complex of (BnCOO);,BU|[6]:Cl
(1:1) in aqueous solution (for details see Figure 7.7) Reproduced from ref. [2].

also escaped from the cavity. Note that increased repulsion, including that of chloride-chloride term
and the consequent displacement of the ion towards the portal barriers are likely explanations for the
absence of a 1:2 complex.

The formation of the 1:1 complex enhances the symmetry of the host structure with the arrangements
of the substituents in the two portals becoming identical, see Figure 7.11, panels (c) and (d). In
the solvated host, panels (a) and (b), the distances of the carboxyl group to the center of the cavity
differ significantly, reflecting some "random" arrangement of the bulky substituents, and the distance
profiles related to each portal (P1 and P2) are clearly different. This structural asymmetry is reverted

when the chloride ion is inserted in the cavity, panels (c) and (d).

Figure 7.12 presents the RMSD evolution along the simulation run for the (BnCOO);,BU[6]:Cl com-
plex. Panel (a) indicates a significant difference between the structural fluctuations of the cavity
backbone and the all-atoms carboxybenzylsubstituted BU, in the complex. The RMSD values sug-
gest that the structural changes in the (BnCOO);,BU[6]:C] complex are mainly due to fluctuations
in the carboxybenzyl substituents. Positional variations of these groups, highly mobile, seem to play
a central role for the overall structure fluctuations of the complex. In panel (b), the distribution of
the RMSD values is represented. An almost equilibrated Gaussian distribution of the corresponding

RMSDs is observed in both cases.
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Figure 7.11: Distribution of the distances between the center of mass of the groups formed by the
two oxygen atoms in each carboxybenzyl group, and the cavity center of (BnCOO™);,BU[6]. Panel
(a) and (b) refer to portals P1 and P2 in the hydrated host. Panels (c¢) and (d) correspond to the
same portals in the 1:1 (BnCOO);,BU[6]:Cl complex. A schematic illustration of the arrangement
of each carboxybenzyl group is included in panel (c) and (d), with the colors used to represent the
corresponding oxygen atoms. Right panel illustrates the measured distances referred in panels (a)-
(d).. Reproduced from ref. [2].

7.5.4 Solvation

The solvation of each component of the system can play a key role in the formation and stability
of the complex [16], being thus inspected in more detail. To gain insight into the system hydration
patterns, the number of water molecules inside the cavity was inspected as a function of the cavity
radius. The hydration profile of each BU system (Figure 7.13) shows that, in general, the larger
the substituents, the less water molecules are found inside the cavity. In Me,BU[6], three water
molecules are found inside the cavity, one in a more central position and two surrounding the latter.
The curve steeply increases outside of the cavity because the volume of the substituents is small, and
bulk water starts to be considered. In the (BnCOOH);,BU[6] host, prone to a collapse that produces
a smaller cavity, this number decreases to one. In Bnj;BU[6] a less clear profile is observed, showing
that four water molecules reside inside the cavity, without a definite gap between cavity and bulk
water. The inclusion of chloride in (BnCOO™),BU[6] [?], displaces the single water molecule from
the cavity, indicating that the interaction between chloride ion and the host cavity is stronger than

with nearby water molecules. In other words, the energy cost for desolvation of both guest and host
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Figure 7.12: Time evolution of RMSD for the simulation of the hydrated (BnCOO);,BU[6]:Cl com-
plex, panel (a). Red lines represent the RMSD considering all atoms of the host; orange lines refer
to the RMSD considering only the atoms of the cavity backbone. Panel (b) shows the normalized
statistical distributions for the RMSD values considering the cavity-backbone and all atoms of the
host. Reproduced from ref. [2].

cavity is compensated by the formation of the inclusion complex. It has been shown [29, 97] that
some halide ions, such as fluoride, are much more strongly solvated than others such as chloride and
iodide, and the lower binding affinities of the former can be partially attributed to the high desolvation

energies.

7.5.5 Interaction components

Eq.(2.22) is used for the calculation of the binding constant for the bambusuril-ion complex and incor-
porates the (BnCOO™);,BU[6]/Cl~ interaction as measured from the PMF. The latter weights each
value of the reaction coordinate and also the complex volume, established on the basis of the center

of mass positioning related to the ion inside the cavity. The estimated standard free-energy of bind-
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Figure 7.13: Running coordination number of water molecules, calculated from the center of the BUs
cavity. The average cavity radius is indicated as a dashed line in each curve. Reproduced from ref. [2].

ing and the respective Kp;,s are -11.7kJ mol~! and 112, respectively, pointing to a degree of binding
lower than that experimentally [29, 97] determined, and closer to the one based on ITC measure-
ments. The fact that the PMF profile possesses a very pronounced energy barrier for the exit/entry
of the chloride in the BU cavity (data not shown), has caused some difficulties in what pertains to
the restraining force constants. A gross estimation of this barrier points to 130 kJ mol~!.The entropic
term favors association, with a —TAS? term of -7.6 kI mol~! , exceeding the also negative enthalpy
change (-4.1 kJ mol~1).

Simulations in the equilibrium state, for which the complex (BnCOO);,BU[6]:Cl is formed and sim-
ulations in which host and guest are dissociated, allow a detailed analysis of the enthalpy change, by
determining the van der Waals contributions, and decomposing the electrostatic components.

As the latter interactions are treated using the particle mesh Ewald (PME) method, long-range ener-
gies for the pair-pair contributions (bambusuril-chloride, BU-CIl, bambusuril-solvent, BU-S chloride-
solvent, Cl-S, bambusuril-bambusuril, BU-BU, chloride-chloride, Cl-Cl, and solvent-solvent, S-S) are
combined in a global term of the reciprocal sum. This term can be further decomposed by re-running
the reference simulations (bonded and non-bonded states) with different charge arrangements, as de-

scribed in ref. [96]. Results for the main interaction components are summarized in Table 7.1.

The individual interaction component changes for the binding process of chloride in (BnCOO™);,

BU[6] are -2.4, 0.0, -107.2, -28.5, -144.6, -59.5, 265.7 and 175.4 kJ mol ', for AHpy, AH;, AHpy _py.,
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Table 7.1: Lennard-Jones, AHy;, and Coulombic contributions (Coulombic, AH¢,,;, and reciprocal
sum, AHc,,;, ) (kJ mol~!) for the interaction between (BnCOO™);,BU[6] and chloride ion. Repro-

rec

duced from ref. [2].

Interaction pair AHp AHcou AHcoy,,,
BU-BU -53.7 81.3 -175
Cl-Cl 7.3%x10% 0.1 -28.6
S-S -58.3 -15.0 713
BU-CI 16.6 -142.2 66.1
BU-S 65.0 -51.7 252.5
Cl-S -39.5 280.4 -65.6

AHcp_c1, AHs_s, AHgy 1, AHpy —s and AH¢y_g respectively. The AHpy and AHpy—py values are
compatible with the increased stability of the host backbone in the presence of the anion, promoted by
the concerted arrangement of the carboxybenzyl groups (see Figure 7.7) which minimizes the internal
electrostatic repulsion. In the collapsed structure, which is the prevalent conformation in the absence
of the anion, repulsion increases as the overall distance between these groups tends to decrease (see
Figure 7.8). Overall, desolvation opposes complex formation: it is favored by the release of water
molecules into bulk water (AHg_g < 0), but this term is surpassed by the strong penalties for host and
guest desolvation (AHgy —s, AHc;—s > 0). Also favorable is the host guest interaction, AHpy_¢;. The
bonded terms of the binding entities (AHpy and AH(;) are very small, but the non-bonded counter-
parts tend to favor BU-CI complexation. The substantial stabilization provided by the host-guest (both
negatively charged) component is surprising, and may be ascribed to direct C-H---Cl™ interactions.
In summary, the association and respective enthalpy of chloride to the BU-host is, in any case, rela-
tively weak [29, 97], because the enthalpy cost for desolvation is high when compared to larger halide
ions. The release of water molecules from the cavity with the chloride inclusion is expected to result
in an entropy gain. However, the reported entropy of binding has not been fully understood [29]. The
loss of mobility of the guest, and the loss of conformational freedom in the host upon complexation
may contribute to, at least partially, counterbalance the effect of guest desolvation. The overall trend
is that the smaller is the guest, the larger is the entropic penalty of binding [29, 98]. Inclusion of
the anion cancels ion-water interaction contributions, and respective effects upon the water structure
[29, 98]. The molar Gibbs energy of hydration becomes more negative from iodide to fluoride in the
series I~ (-275kJmol 1), Br~ (-315kJ mol '), CI~ (-340kJ mol 1), C1O, (-430kJ mol ') and F~ (-

465 k] mol_l) ions [99, ], thus correlating with the decrease of association constants and with the
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binding trends, in terms of the Hofmeister effects, found along the same series [29]. However, there
is no simple relationship between the size of the anion and the entropic cost of binding, as the number
and arrangement of water molecules is dependent on desolvation and also on aspects pertaining to the

conformation of the inclusion complex.

7.6 Concluding remarks

Water soluble bambusurils can bind and isolate inorganic anions in the center of the hydrophobic
cavity, with high affinity and selectivity. The ion caging ability of BUs in aqueous media was ex-
plored using MD simulations and free-energy calculations. This provided new insights on the con-
formation, hydration and energy changes involved in the complexation process between the water-
soluble benzoyl-substitutted bambus|6]uril, (BnCOOH);,BU[6], and chloride ion. The structural
features of single dodecamethylbambus[6]uril (Me{,BU[6]), dodecabenzylbambus|6]uril (Bn;,BU[6])
and (BnCOOH),BU[6], and the relative energy contributions to the formation of the (BnCOO);,BUJ[6]-
:Cl complex were detailed. For the latter, the estimated standard free-energy of binding and the re-
spective binding constant were -11.7 kI mol~! and 112, respectively. Anion binding, in water, occured
with complete desolvation of both ion and BU cavity. The ion was hermetically sealed inside the cav-
ity, as a result of a concerted action of both conformation change and desolvation. [2] All the efforts
mentioned above reflect the multitude of possibilities that can be explored with bambusurils. In fact,
inclusion complexes, in which a ionic guest binds to a neutral or ionic host, can be used as the ba-
sis for building an array of interconnections yielding highly complicated, ordered, and rearrangeable
structures due to the noncovalent nature of the interaction. However, "the implementation of these
constructs towards tackling specific real world issues is still in its infancy" [101], and an approach
based in building blocks going towards higher complexity is especially appealing. Host-guest inter-
actions in supramolecular systems, such as those found in the functionalization of surfaces and in
hydrogels, are amenable to such an approach and to the best of our knowledge, the properties of BUs
and their potential in the formation of supramolecular structures have not been previously addressed in
this perspective. In this context, modelling of BU-based supramolecular structures, as well as predici-

tong their properties, become indispensable. The current challenge in the supramolecular chemistry of
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bambusurils is to understand the affinity trends of these containers, with a high preference for iodide
or hexafluorophosphate over other anions. This is a general pattern in the recognition of chaotropic
anions [ 02] by macrocyclic hosts in water, a direction worth exploring computationally, for example,
by studying a series C1—, Br~, I” by Molecular Dynamics calculations. From the theoretical perspec-
tive, computer simulations of the bambusuril systems, employing systematic approaches, are almost
inexistent and are clearly useful to predict and guide future studies. The variety of possibilities related
to the number and type of host and guest molecules suggests that a systematic rationalization of the
inclusion complexes is most relevant. BUs suffer, with the exception of (BnCOOH);,BU[6], from
poor aqueous solubility, thus requiring the use of organic-aqueous solvent mixtures for anion-binding
investigations. It is therefore essential to predict the properties of new derivatives and the respective
competition behavior in biologically and environmentally relevant aqueous media.

Energy profiles of host-guest inclusion must be established to get insight on the different interacting
pairs and modes of interaction (direct host-guest interaction, host-guest interaction from functional-
ized chains or host-guest interactions mediated by linkers, among others). In fact, these are quite
complex systems to tackle computationally. However, relevant information can be gathered from the
computational study of small oligomers. Although the models are often quite simplified, effects such
as the nature of the groups, type of linker, respective length and geometry can be inspected resorting
for example to Molecular Dynamics, in an atomistic perspective, and Monte Carlo simulations, for a
coarse-grained approach.

Bambusurils bind to ions and, naturally, can only be used as linkers in the presence of polymers sub-
stituted with negative groups. The type of charged group in the polymer must thus be explored, but
the results already obtained with benzoates and tosylates [27] and phosphates [3, 28] seem to point

towards the feasibility of relevant supramolecular structures.
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Chapter 8

Conclusions and Future Prospects

Calculation of binding free-energies through molecular dynamics simulations still represents an in-
tricate computational challenge due to the mathematical complexity of solvated macromolecular sys-
tems, often consisting of myriads of atoms. Simulations contribute to the understanding of these
complex systems by providing a complementary molecular or atomistic view, which is in general not
accessible in experiments. The use of inclusion complexes as building blocks for supramolecular
structures/materials provides an important and convenient way for constructing targeted controlled-
release drug delivery systems.

Host and guest molecules are selected as models of common building blocks for obtaining higher
order structures. The necessity to explain the function of cyclodextrins in all details arises from their
multiple applications. The increasing interest in Cd as hosts is explained by their superior affinity
towards amphiphilic guests, distinct role as drug carriers and multifunctional character in polymeric
drug delivery systems. Bambusurils are also explored due to their recent discovery as transporters and
anion receptors, and to their poorly exploited host-guest properties.

The selected guests are practical molecular examples and leading structures of an extensive series
of promising therapeutic agents, acting also as model building blocks in supramolecular systems for
basic chemical and pharmaceutical applications. Robust and accurate MD based methods, includ-
ing umbrella-sampling and the cylindrical approximation for the calculation of binding constants in
this type of systems, provide new information that is correlated with available experimental obser-
vations. Accurate predictions are now available from MD, including the effect of variations in guest

substituents and of the available volume in the host cavity.
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Complexation of the model guests is sensitive to alterations in the basic backbone and in the available
cavity volume, as the fit variations into the host cavity have a direct impact on the respective binding
constants.

In summary, the designed computational procedure allows exploring the underlying factors affecting
the formation of supramolecular structures based on host-guest associations and is successfully ap-
plied to different systems with potential to be used in drug delivery technologies.

The effect of different imposed features on the stability of inclusion complexes between cyclodextrins,
bambusurils and several guests is thus investigated in terms of structural, mechanistic and thermody-
namic aspects. These have direct implication in guest encapsulation and release from host molecules
and include substitution, size, conformation, orientation, flexibility, fit and contact, solvation, and
energy.

For a proper estimation of the binding constants, substituent effects must be taken into account even
if these substitutions do not appear to geometrically affect inclusion. This may also be relevant in
supramolecular systems, in which a common guest group/moiety may coexist with different spacers
or polymers, as in the case of systems containing polymeric networks. Additionally, the estimate
of the inclusion thermodynamic signatures and binding constants must be complemented with infor-
mation on the enthalpy penalty associated to distorted host structures, in order to obtain a reliable
description of the binding process.

Cd aggregation is also investigated. Several conflicting evidence arise from experiment, requiring a
deep explanation of the involved phenomena.

The design of advanced materials based on host-guest complexes is thus a challenging and ingenious
proving-ground, from both the academic and commercial points of view. Several approaches are cur-
rently introduced to produce Cd derivatives with improved properties that can be applied in different
scenarios. However, the broad range of properties and specificities for different target molecules, such
as drugs, ensures that one specific type of host and polymer will not always be suitable of effectively
interacting and releasing specific molecules, thus requiring new molecular candidates. Comprehen-
sive rationales of the involved interaction mechanisms from computation are still much needed. This
means that substantial efforts involving chemical-physics and synthetic organic chemistry, must be

combined with work on materials design and characterization, and drug delivery for obtaining prod-
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ucts that make a change. Molecular simulations, including free-energy calculations is still a fertile
ground for research, from both theoretical and applied perspectives. Among the various challenges
in the field of free-energy calculations, the integration of thermodynamics and kinetics through the
concomitant determination of potentials of mean force and diffusivities in biased simulations, will
benefit from substantial efforts. There is a general consensus that free-energy calculations are an im-
portant tool of computational chemistry and structural biology, but some concerns still remain outside
academia, mainly dealing with the question of whether or not such methods provide convincing, reli-

able, useful answers.

The work described in this dissertation is to be expanded with the use of in-house synthesized com-
pounds, with different characteristics, so that both experimental and theoretical, computational, data
can be collected and contrasted. This will include terpenes of variable size and cross section, acting
as guests for Cds. Larger supramolecular networks, comprising assembled hydrogels, will also be
modeled resorting to coarse-grained approaches in which variations in the polymers and "connectors"
will be tested. Charge, rigidity, among others, are parameters to be tested in the effect they have on
the transient network.

Work on other hosts, including amphiphilic cyclodextrins and cucurbiturils, is also a natural exten-
sion of the present work, now taking into account 1:2 (host:guest) stoichiometry, so as to assess the
possibility of using these compounds for noncovalent reticulation and surface functionalization. The
latter will also be addressed by coarse-grain methods, which implies the development of interaction
potentials of high selectivity, so as to model host-guest interactions of different stoichiometry. More
specifically, experimental development resorting to lipid nanoparticles including the above surface
modification will be complemented with molecular simulations. The objective is to design, optimize
and test a system which allows the delivery of up to three anticancer drugs directly at tumor sites. The
setup is indeed complex, allowing the prediction of a wide range of structural and thermodynamic
properties which can be used to improve the design of the targeted lipid nanoparticles, while promot-
ing non-covalently tunable surfaces with high drug loading capacity and efficiency, tumor selectivity,
and an efficient delivery of drugs. Combining three drugs with three different mechanisms in a sin-

gle nanoparticle is conceptually simple, and can be achieved using green chemistry and sustainable
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strategies, i.e. without elaborated synthetic steps or the use of organic solvents. The multi-functional
lipid nanoparticle characteristics will be achieved by loading complementary drugs in the nanopar-
ticle core, and by surface modification through threading of hosts, acting as mediators between the
nanoparticle surface and the inhibitors for checkpoint targets. The computational results have direct
implications in the rational design of the targeted nanoparticles involving host-guest interactions to-
wards the optimal formulation. The selection, in silico, of the optimal components and procedures,
and of the most stable complexes are ensured by molecular simulations, including PMF calculations
and binding affinity estimates. The associations of the nanoparticle components are governed by
electrostatics and noncovalent interactions. The most adequate components correspond to those for
which the association constants are, in relative terms, the highest possible. These are the basis for the
success of the surface modification. These efforts will enable designing and testing this innovative

vehicle, increasing the value of the co-encapsulated drugs and the therapeutic efficacy.
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"Let me tell you the secret that has led me to my goal. My strength lies solely in my tenacity.
Whether our efforts are, or not, favored by life, let us be able to say, when we come near to the great
goal, I have done what I could!"

(Louis Pasteur)
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