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Abstract

Cyclodextrins are important excipients in drug formulations due to their abil-
ity to form inclusion complexes with a wide range of smaller guest molecules.
The inclusion complexes exist as a product in a dynamic equilibrium con-
sisting of cyclodextrin and guest molecule, and the inclusion complex has
favorable apparent properties, e.g. increased solubility or stability, different
from that of cyclodextrin or guest alone.

In this thesis, the interplay between cyclodextrins, guest molecule, and
other ingredients in a drug formulation, e.g. buffers, was explored with ex-
perimental techniques; isothermal titration calorimetry (ITC) and nuclear
magnetic resonance (NMR), as well as equilibrium modeling based on the
law of mass action and mass conservation. Further, it was investigated how
external factors, i.e. temperature and pH, affected the interplay. The in-
terplay was studied by quantifying the stability constants of the inclusion
complexes, since this constant is used to assess complex formation for prac-
tical applications.

The stability constant for the interaction between cyclodextrin and guest
molecule was affected by temperature, pH, and presence of buffer species,
and the effects of the three factors were intertwined. Temperature affects all
thermodynamic equilibria, and in the context of cyclodextrin drug formula-
tions, it affects both the stability constant for the inclusion complex, and the
ionization constants of any ionizable molecules in the formulation, e.g. the
guest molecule or buffer.
Buffers are ionizable molecules central to drug formulations, as they are used
to maintain a specific pH of a solution. Dicarboxylic acid buffers, e.g. citric
acid, maleic acid, and succinic acid, affected the stability constant of cy-
clodextrin inclusion complexes, and they acted as competitors to the guest
molecule. There was a strong link between the structure and ionization state
of the buffer, and their ability to act as competitors. This was not surprising
as the interaction between cyclodextrin and guest molecule is largely gov-
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erned by the size of the cyclodextrin cavity and the guest molecule.
The pH value of the solution determines the distribution of ionizable species
in solution, and the different species had different affinities for the cyclo-
dextrins. It was demonstrated that the apparent stability constant can be
expressed as a weighted average stability constant based on the pKa value
of the ionizable molecule, the pH of the solution, and the relative stability
constants for neutral and ionized species of the molecule.

The effects of temperature, pH, and buffer species could be modeled using
equilibrium models. The equilibrium modeling may serve as a useful tool for
other scientists working with practical applications of cyclodextrins.
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Resume

Cyklodextrin er vigtige hjælpestoffer i lægemiddelformuleringer p̊a grund af
deres evne til at danne inklusionskomplekser med en lang række af min-
dre gæst molekyler. Inklusionskomplekserne er et produkt i en dynamisk
ligevægt mellem cyklodextrin og gæst molekyle, og komplekserne har favor-
able egenskaber, fx øget opløselighed eller stabilitet, som adskiller sig fra
egenskaber for cyklodextrin eller gæst alene.

I denne afhandling undersøges sammenspillet mellem cyklodextriner, gæst
molekyler og andre ingredienser, fx buffere, i lægemiddelformuleringer. Sam-
menspillet blev undersøgt ved hjælp af isotermisk titrerings kalorimetri (ITC),
nuklear magnetisk resonans (NMR) og modellering af ligevægte baseret p̊a
kemiske love om massebevarelse og -aktion. Endvidere blev det undersøgt,
hvordan eksterne faktorer, temperatur og pH, p̊avirkede sammenspillet. Det
blev undersøgt ved at kvantificere stabilitetskonstant for inklusionskomplek-
serne, da denne konstant bruges til at bedømme kompleksdannelsen ved prak-
tisk brug.

Stabilitetskonstanten for interaktionen mellem cyklodextrin og gæst mole-
kyle blev p̊avirket af temperaturen, pH og tilstedeværelsen af buffer specier,
og effekten af de tre faktorer afhang af hinanden. Temperaturen p̊avirker
alle termodynamiske ligevægte, og i forhold til lægemidler med cyklodex-
triner p̊avirkes b̊ade stabilitetskonstanter samt ioniseringskonstanter i en
given lægemiddelformulering. Buffere er ioniserbare molekyler, der er cen-
trale i lægemiddelformuleringer grundet deres evne til at fastholde en spe-
cific pH værdi i en opløsning. Dicarboxylsyrer, fx citronsyre, maleinsyre
og ravsyre, p̊avirkede stabilitetskonstanten af cyklodextrin komplekser, og
de virkede som kompetitorer til det oprindelige gæst molekyle. Der var et
kraftigt link mellem strukturen og ionisering af buffer p̊a den ene side, og
deres evne til at virke som kompetitorer p̊a den anden side. Dette var ikke
overraskende, da interaktioner mellem cyklodextriner og gæst molekyler i høj
grad afhænger af den indre størrelse af cyklodextriner og størrelsen af gæst
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molekylet. Fordelingen af specier for et ioniserbart molekyle afhænger af
opløsningens pH værdi, og de forskellige specier har forskellig affinitet for en
given cyklodextrin. Det blev vist, at stabilitetskonstanten kan udtrykkes som
en vægtet, gennemsnitlig stabilitet konstant baseret p̊a pKa værdien af det
ioniserbare molekyle, pH af opløsningen og de relative stabilitetskonstanter
for de neutral og ladet specier af molekylet.

Effekterne af temperatur, pH og buffer specier kunne modelleres ved hjælp
af ligevægtsmodeller. Ligevægtsmodeller er et brugbart værktøj for andre
forskere, der arbejder med praktisk anvendelse af cyklodextriner.
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Preface

This thesis has been submitted to the Doctoral School of Science and En-
vironment, Roskilde University, as part of the requirements for a PhD degree.

The project was a collaboration between Janssen Research and Devel-
opment (Drug Product Development) and Roskilde University. Janssen Re-
search and Development contributed economically and scientifically to the
work presented in this thesis. A collaboration agreement was made to en-
sure satisfactory outcome for both collaborators, i.e. rights for publication
of research and equal share of potential patents.

The research was mainly conducted at the Department of Science and En-
vironment, Roskilde University, during the period June 2018 to May 2021.
As part of the PhD, a subproject was performed during a four month stay at
the Technical University of Denmark (DTU) in September 2020 to December
2020.

The overarching aim of the project was to contribute to the current knowl-
edge on physicochemical properties of cyclodextrin complexes by formalizing
theoretical relations between chemical thermodynamics and chemical equi-
libria. These theoretical principles are important during drug formulation,
and they are the basis for creating a framework for optimizing the formula-
tion of novel drug products containing cyclodextrins.

We know a lot about Cyclodextrins, but this is just the tip of the iceberg
(Jozsef Szejtli, 1980)
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Guide to the reader

The purpose of this thesis is to present the research conducted during the
past three years of doctoral studies. The content is structured as a synop-
sis based on research papers. The thesis consists of a general introduction,
a short review of the field, and a discussion of the research contributions.
All the work conducted during the past three years has been published (or
submitted) as scientific papers in peer-review journals, hence the reader is
referred to the appended papers for a comprehensive description of the work.
The appended papers will be referred to by roman numbers and marked bold
in the text.

The thesis is divided into parts. The first part, General introduction
and basic concepts, provides a brief introduction to cyclodextrins and basic
chemical principles used throughout the work. The following part, Present
investigations, summarizes important findings from the appended research
papers and relates the results to general questions in the cyclodextrin research
field. The last part, Appendix, includes the published (or submitted) papers.
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concepts
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Chapter 1

Introduction to the problem

Cyclodextrins (CDs) are a group of host molecules whose ability to include
smaller molecules within their cavity has yielded wide applications in basic
science and multiple industries (Fig. 1) [Crini, 2014]. CDs act as molecu-

Figure 1: Conceptual figure of CD interactions and their uses. CDs can
include guest molecules within their cavity, forming inclusion complexes. The
inclusion complexes have many uses in basic science, e.g. as enzyme models,
and industrial applications, e.g. as drug products, cleaning products, food,
etc.

lar containers for smaller guest molecules, and together they form inclusion
complexes. One of the most common uses of CDs is as excipients in the
pharmaceutical industry. CDs are used as a formulation strategy with the
main benefit that it addresses low solubility of a potential drug candidate,
which is a major challenge during drug development today [Williams et al.,
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Chapter 1. Introduction to the problem

2013; Göke et al., 2018]. By using alternative formulation strategies instead
of producing new drugs, development costs and time are reduced [Verma
et al., 2002]. CDs are currently used in numerous drug products to solubilize
or stabilize drugs, or even to mask unpleasant odors and tastes [Loftsson and
Brewster, 1996; Brewster and Loftsson, 2007; Jambhekar and Breen, 2016].
The different CD-containing drugs are used to treat a very wide range of
conditions such as pain, inflammation, nicotine addiction, impotence, infec-
tions, high blood pressure, anxiety, schizophrenia, skin diseases, and cancer
[Loftsson and Brewster, 2010].

All applications of CDs are based on the ability of CDs to form inclusion
complexes with a wide range of guest molecules [Szejtli, 1998]. Thousands
of studies have previously reported details on the inclusion phenomena for
specific CD systems, however, the results are often conflicting, hence, a more
comprehensive and systematic approach to generalize the findings is needed.
The wide opportunities within the field of CDs make it necessary to clearly
define the scope and limitations of this work.

The focus of this thesis was understanding the fundamental inclusion phe-
nomena, i.e. binding equilibrium and thermodynamics, of selected natural
and modified CD complexes, and how the inclusion complexes were affected
by changes in the surrounding chemical environment, e.g. temperature, pH
and buffer composition. Understanding the binding equilibrium and thermo-
dynamics of CDs are highly relevant for their applications in the pharma-
ceutical industry, and in this work, the findings were put in relation to drug
development, formulation and processing.

The formation of CD inclusion complexes is an equilibrium reaction be-
tween CD and guest. Typically, a 1:1 interaction between CD and guest is
observed, however, more complicated, higher order interactions have been
reported, e.g. 2:1, 1:2, 3:2, etc. [Stella and Quanren, 2008]. The interac-
tion between CD and guest is conceptually simple, with a mechanism that
is easy to understand. The guest molecule is encapsulated within the hy-
drophobic cavity of the CD, shielding the guest molecule from the solvent
molecules. Experiments can provide evidence for the inclusion, and it is
possible to quantify the affinity of the guest for the CD cavity in terms of
the equilibrium constant, K. The equilibrium constant describes the extent
of complex formation, i.e. to what extent does the reacting species form
the product. The equilibrium constant is most often used to evaluate the ef-
fectiveness of complex formation, making it a crucial parameter [Mura, 2014].
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The equilibrium constant for countless CD complexes have been reported
in the literature [Rekharsky and Inoue, 1998], and it is not uncommon to find
large variation in reported equilibrium constants for the same CD complex.
Part of the explanation for the large variance in the reported values arises
from variation in the experimental parameters, e.g. pH of solution, tempera-
ture, ionic strength or presence of co-solutes. In most cases, it is the apparent
equilibrium constant that is reported, instead of the more appropriate ther-
modynamic equilibrium constant [Connors, 1997]. However, when aiming
to understand the inclusion equilibrium and how this can be exploited in
practical applications such as drug development and formulation, standard
conditions cannot necessarily be fulfilled. Hence in some cases, it is more
relevant to discuss and describe the apparent equilibrium, since inclusion
complexes are affected by the surrounding chemical environment.

A drug formulation is defined as a physical system with properties de-
pending on the individual contributions of all elements, often containing
other excipients such as buffers, flavour agents, lubricants, colorings, etc.
[Conceição et al., 2018]. In such a drug formulation, the interaction between
CD and guest is not the only equilibrium. It is important to understand
the interplay between CD and other excipients, in addition to the CD-guest
interactions. Additionally, ionization and solubility equilibria may play an
important role when considering drug formulations containing CDs. The
various equilibria are all affected independently by the surrounding chemical
environment, resulting in a complicated interplay between various equilibria
and external factors. The contributions of all elements must be understood
and considered to ensure stable drug formulations during pharmaceutical
processing, manufacturing and storage.

1.1 Aim of the project

The aim of this project was to explore, describe and model the processes
occurring in drug formulations containing CD, generating knowledge and
supportive tools before initiation of development work with CDs in the fu-
ture.

In this project, the interplay between different equilibria and external
factors were explored by slowly increasing the complexity of the investigated
systems. Model systems of CD complexes with high binding affinities were
used for all investigations. It was possible to isolate the individual equilibria,
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Chapter 1. Introduction to the problem

and hence define generalized thermodynamic rules for each. Simple mathe-
matical relations and models were used, resulting in specific tools to assist
the formulation process.

Extending the current knowledge on the interplay between the different
equilibria and reaction parameters is key in optimizing the use of CDs in
industry and for the development of the field of CD research.
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Chapter 2

The basis of cyclodextrins

CDs belong to the field of supramolecular chemistry [Szejtli, 1998]. CDs are
used as molecular containers (hosts) that can form inclusion complexes with
other, smaller molecules (guests) (Fig. 1). Inclusion complexes are a type of
molecular complexes, though they are unusual due to their structure [Popi-
elec and Loftsson, 2017]. Other molecular complexes include protein-protein
and enzyme-ligand interactions. Compared to macromolecules such as pro-
teins and enzymes, CDs are simple molecules. However, the same physical
mechanisms are often observed for binding of large biomolecules and simpler
host-guest complexes [Chen et al., 2004], emphasizing the importance of un-
derstanding the simpler systems before tackling more complicated systems.
This chapter is an introduction to the structure and inclusion abilities of CDs.

The first reference to CDs emerged in 1891, followed by the revelation
of the chemical structure and their abilities to form inclusion complexes in
the period 1930-1970 [Crini et al., 2020]. The first pharmaceutical formula-
tion containing CDs were marketed in Japan in 1976, and in 1997 in the US
[Brewster and Loftsson, 2007]. After the CDs were commercialized in the
1970s, the field of CD chemistry has exploded [Szejtli, 1998; Brewster and
Loftsson, 2007; Crini et al., 2020].

It is estimated that the field is growing with more than 2000 publications
every year [Crini et al., 2020]. Needless to say that during the time I have
worked on this thesis, the field of CD research has expanded vastly. In the be-
ginning of my PhD enrolment, the search topic ’Cyclodextrin’ yielded 43,419
hits in Scopus, and two years later, the same search topic resulted in 46,915
hits. Evidently, CD chemistry is a very active research field today. The large
body of CD publications naturally means that it is impossible to make an
exhausted review of the literature, and it will not be attempted in this thesis.
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Chapter 2. The basis of cyclodextrins

2.1 Structure of CDs

CDs are semi-natural products produced from renewable natural material.
They are produced in large quantities, reasonable priced, highly useful in
many industries and have a low toxicity [Szejtli, 1998]. They are cyclic
oligosaccharides produced from enzymatic degradation of starch, and they
consist of α-1,4-linked glucopyranose units positioned in a truncated cone-
like structure, see Fig. 2 [Valle, 2004; Brewster and Loftsson, 2007; Crini,
2014; Popielec and Loftsson, 2017; Saha et al., 2017]. Each of the glucopyra-

Figure 2: Chemical structure of the α-1,4-linked glucopyranose units, and
the three dimensional shape of CDs showing the relative position of the
hydrogen atoms in relation to the CD cone.

nose units is in the rigid chair conformation [Szente et al., 2016]. The inside
of the cone is referred to as the CD cavity, and it is relatively hydropho-
bic, and lined with hydrogen atoms and glycosidic oxygen bridges, causing
a high electron density within the cavity [Saenger, 1980; Szejtli, 1998]. The
exterior of the CD is covered by hydroxyl groups providing hydrogen bond
donors and acceptors, making the surface hydrophilic [Loftsson and Duchêne,
2007; Loftsson and Brewster, 2012]. Hydrogen bonds are formed between
the various glucopyranose units, resulting in the structure of the CDs be-
ing somewhat rigid and non-planar [Szejtli, 1998; Davis and Brewster, 2004].
The conformation of the glucopyranose units causes the secondary hydroxyl
groups in position 2 and 3 to be positioned on the wide edge of the cone,
whereas the primary hydroxyl groups in position 6 are situated on the narrow
edge of the cone.

The size of the CD cavity is determined by the number of glucopyra-
nose units, and the most common CDs contain 6-8 units and are referred
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to as α-, β- and γ-CD, respectively [Loftsson and Brewster, 1996; Connors,
1997]. Most fundamental research has focused on the common CDs, espe-
cially β-CD, which is the most commonly used and produced CD [Saokham
and Loftsson, 2017; Fourmentin et al., 2018]. Larger CDs exist, but are more
difficult to isolate and purify, and thus, their uses are more seldom [Larsen,
2002]. The three common CDs have different chemical and physical proper-
ties, e.g. molecular weight, cavity size and aqueous solubility [Loftsson and
Brewster, 1996]. Both molecular weight and cavity size increase with the
number of glucopyranose units, but notably the aqueous solubility of β-CD
is significantly lower than that of α- and γ-CD. The low solubility arises
from the rigid structure of β-CD, which is caused by the optimal distance
for formation of hydrogen bonds between the glucopyranose units [Connors,
1997]. When increasing the size of the CD to γ- and larger CDs, the struc-
ture becomes more flexible [Szejtli, 1998].

The chemical structure of CDs can be modified, thus creating derivatives
of CDs. Modification of CDs usually happens by substitution at any of the
hydroxyl-groups [Brewster and Loftsson, 2007]. Most common is random
substitution, where the number of substituents vary, and is typically given
by an average number of substituents per glucose repeat unit. The degree of
substitution is important for the ability of CDs to form complexes with guest
molecules [Uekama et al., 1998; Jambhekar and Breen, 2016]. Though, the
degree of substitution can be guaranteed, the exact position of the substi-
tution is difficult to predict, thus these molecules are complicated, isomeric
mixtures [Szente et al., 2016]. For a β-CD, there are 21 hydroxyl groups that
can be substituted, leading to more than 2 million different combinations
for substitutions [Davis and Brewster, 2004]. Thus, the substituted CDs can
have a tremendous complexity. There is a seemingly endless possibility for
creating CD derivatives, due to the vast range of possible substituents. In
recent years, more seldom selected modification of either rim has received
increasing attention [Kellett et al., 2018].

Modified CDs have higher solubility, and even substitution with hydropho-
bic side groups leads to improved solubility [Brewster and Loftsson, 2007;
Williams et al., 2013], likely because the modification leads to breaking of
intramolecular hydrogenbonds [Davis and Brewster, 2004]. Traditionally, the
derivatives are classified into three main groups; hydrophilic derivatives, hy-
drophobic derivatives and ionic derivatives [Uekama, 2004; Conceição et al.,
2018]. Today numerous functionalized CDs exist [Davis and Brewster, 2004],
but the most common modifications count the random addition of methyl-,
2-hydroxypropyl-, or sulfobutylether-groups. These derivatives have also
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Chapter 2. The basis of cyclodextrins

found uses in the pharmaceutical industry [Stella and Rajewski, 1997; Brew-
ster and Loftsson, 2007]. The methyl and 2-hydroxypropyl modified CDs
are hydrophillic, and sulfobutylethers are ionizable [Uekama, 2004]. The
2-hydroxypropyl-CD (HP-CD) and sulfobutylether-CD (SBE-CD) have dif-
ferent properties, and the position of the hydrophobic and hydrophilic part
is different for the two derivatives [Zia et al., 2001]. The functional groups
on HP-β-CD are flexible and can fold into the CD cavity [Schneider et al.,
1998]. The charged functional groups of SBE-β-CD are assumed to repel each
other, forming a hydrophobic region near the CD cavity [Zia et al., 2001].
This entails that the HP-β-CDs are very flexible, whereas some rigidity is
expected of the SBE-β-CD due to the repellent effect between the charges of
the side chains.

2.2 Inclusion formation

CDs form so-called host-guest complexes with hydrophobic molecules by
packing of the smaller guest molecule inside the CD cavity. The major inter-
est in CDs arises from their ability to form inclusion complexes in aqueous
solutions [Connors, 1997; Szejtli, 1998; Conceição et al., 2018; Fourmentin
et al., 2018]. Formation of inclusion complexes alters the apparent physico-
chemical properties of the molecules, while keeping the intrinsic properties
intact. The term inclusion complex was introduced in 1956 by Cramer [Crini
et al., 2020], and it refers to the non-covalent interactions between CDs and
guests. In aqueous solutions, a thermodynamic equilibrium exists between
CD and guest molecules, and it is often expressed quantitatively by the sta-
bility constant, Kcomplex, of the complex (Eq. 2).

CD + Guest −−⇀↽−− CD−Guest (1)

Kcomplex =
[CD −Guest]

[CD][Guest]
(2)

No covalent bonds are involved in the interactions, and CD-guest complexes
are constantly forming and breaking apart, thus CD, guest and CD-guest
are in dynamic equilibrium [Davis and Brewster, 2004; Brewster and Lofts-
son, 2007]. The CD complex are most often composed of one CD and one
guest molecule, though other more complex host-guest ratios such as 1:2,
2:1, 2:2, etc. are reported [Szejtli, 1998; Stella and Quanren, 2008]. In so-
lution, CD complexes with mixed stoichiometry may co-exist, and the mul-
tiple complexes have different affinities, which can be expressed as separate
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equilibrium constants. Uncommonly, CDs are reported to be able to form
non-inclusion complexes with guests, as the outer hydroxyl-groups can form
hydrogen bonds, thus making the guest attached on the outside of the cone
[Brewster and Loftsson, 2007; Crini, 2014]. Such complexes are sometimes
referred to as association complexes [Crini, 2014].

For CDs, as for molecular complexes in general, recognition and spatial
configuration play an important role in the interactions. The interactions
between CDs and guests are strongly dependent on the size of the CD cav-
ity and the guest molecule [VanEtten et al., 1967; Jambhekar and Breen,
2016]. The ability of the guest to fit into the CD cavity is crucial for optimal
compatibility [Stella and Rajewski, 1997]. The hydrophobicity or specific lo-
cation of atoms that can interact with surface atoms of the CD are important
for the recognition [Davis and Brewster, 2004; Valle, 2004]. CDs form inclu-
sion complexes with both polar and apolar molecules, small molecules, ions,
proteins, and oligonucleotides [Zhang and Ma, 2013; Crini, 2014]. In general,
α-CD forms strongest complexes with aliphatic compounds, whereas β-CD
has a suitable size for aromatic compounds, and γ-CD has the optimal size
for larger aromatic compounds consisting of multiple ring systems [Davis and
Brewster, 2004]. The stability constant for complex formation ranges from
0.1 M−1 to 1,000,000 M −1 [di Cagno, 2016; Fourmentin et al., 2018], usually
in the range 10-10,000 M−1 [Stella and Quanren, 2008]. One guest molecule
may fit inside several of the CDs, perhaps even all three, e.g. 4-nitrophenol
[Rekharsky and Inoue, 1998]. It can be difficult to predict the binding of a
guest to different CDs, and thus many studies have investigated the binding
of one guest to different CDs to find the CD with the strongest binding.

Many researchers have explored the predictability of inclusion complexes
based on structural considerations [Stella and Rajewski, 1997], but it is of-
ten difficult to qualitatively understand the driving forces of inclusion forma-
tion [Schönbeck and Holm, 2019]. Several mechanisms contribute to the net
thermodynamics of CD-guest interactions [Saenger, 1980]. Initially, it was
proposed that complex formation was based on five energetic contributions:
(1) Release of water from CD cavity, (2) the guest molecule is released from
the surrounding water molecules, (3) the guest enters the CD cavity, (4) the
released water forms hydrogen bond with the bulk solvent, and (5) hydration
shell around CD and guest are restored [Tabushi et al., 1978; Crini, 2014].
These steps include desolvation of interacting surfaces, entropic factors and
CD-guest specific interactions. It was the balance of the various mechanisms
and forces that causes complex formation, and there was no universal break-
down of the relative magnitude of the various forces [Taulier and Chalikian,

11



Chapter 2. The basis of cyclodextrins

2008]. The guest was held in the CD cavity by non-covalent forces, e.g.
hydrogen bonding, electrostatic and van der Waal forces, and hydrophobic
interactions [Loftsson and Brewster, 1996].

It is certain, that the complex formation must be thermodynamically fa-
vorable [Valle, 2004]. Complex formation has been suggested to be driven
mainly by release of entropy-rich water from the CD cavity [Szejtli, 1998],
van der Waals interactions [Cromwell et al., 1985], hydrophobic effects [Chen
et al., 2004], or hydrogen bonding [Cramer et al., 1967]. Especially, the re-
lease of water from the cavity and the resulting gain in free energy of the
system have been pointed out as paramount for the formation of inclusion
complexes. This has been supported by computational studies, as compu-
tational models accounting for the effects of water-release were better at
mimicking experimental data [Wickstrom et al., 2013]. However, in reality,
the driving forces for complex formation are still disputed [Astray et al.,
2009]. The sum of the different attractive and repulsive forces acting on spe-
cific CDs and guests in solution are likely responsible for complex formation,
instead of one force being dominant in all CD complex formation. Thus, a
mix of van der Waals forces, hydrogen-bonding and hydrophobic interactions
as well as entropic balance of the steps in inclusion formation are all relevant
[Sifaoui et al., 2016].

Typically, the non-polar part of the guest molecule will be enclosed in
the CD cavity, and any polar parts can face either down-state (toward pri-
mary alcohol, narrow rim) or up-state (toward secondary alcohols, wide rim),
and protrude into the solvent [Wickstrom et al., 2013]. Most commonly, an
up-state position will be expected, though the exact position of the guest
molecule depends on the sum of the various forces [Wenz et al., 2008].

The difference between modified and common CDs is also evident in the
complex formation, where substituents at the rim of the CD cause increased
enthalpy and entropy for the complex [Schönbeck et al., 2010; Schönbeck
and Holm, 2019]. Also, additional forces may be involved in binding. Some
positively charged guests have showed an increased affinity for SBE-β-CD,
which has a negative charge, compared to the neutral CDs [Zia et al., 2001].
This increased affinity has been attributed to an additional interaction site
provided by the CD charge [Zia et al., 2001]. Thus, for ionizable derivatives
of CDs charge-charge interactions may play a significant role in complex for-
mation.
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2.2.1 Techniques to study inclusion formation

Experiments can provide evidence for association and quantify the affinity in
terms of thermodynamic binding data. Any physico-chemical technique may
be used to study inclusion formation of CD complexes [Fourmentin et al.,
2018]. All the techniques rely on the detection of a change in either physi-
cal or chemical property as a consequence of inclusion formation [Mihailescu
and Gilson, 2004; Mura, 2014]. Some of the most common techniques in-
clude isothermal titration calorimetry (ITC), HPLC, capillary electrophoresis
(CE), NMR, UV-vis spectroscopy, molecular modeling and phase-solubility
[Connors, 1997; Hedges, 1998; Wimmer et al., 2002; Terekhova et al., 2010;
Mura, 2014; Szente et al., 2016]. Often, a combination of several techniques
are applied to get an in-depth understanding of the CD-guest interaction.
Whereas NMR and molecular modeling yield information about the struc-
ture of the CD complexes, most of the other techniques are used to determine
the stability constant, and thus indirectly confirm inclusion formation. The
stability constant is one of the most important features of host-guest inter-
actions, and exact measurements of the complex stability is important for
practical applications [Bouchemal and Mazzaferro, 2012; Mura, 2014; Four-
mentin et al., 2018].

In this work, ITC was mainly used to evaluate the inclusion formation,
because it is easy to use, yields precise data and the thermodynamics of
the complex formation is quantified. ITC is a calorimetric technique, where
the reaction heat is monitored during a titration, yielding information about
the stoichiometry, extent of complex formation and the energy involved in
complex formation. Additionally, NMR spectroscopy was also used in this
work to investigate inclusion formation. In this project, 1H NMR was used
to determined formation of inclusion complexes based on the change in the
chemical shifts upon complexation, and ROESY NMR was used to study the
geometry of CD complexes. Besides these uses, NMR may be used to yield in-
formation regarding the stoichiometry and mechanism of complex formation.

Principles of isothermal titration calorimetry

Isothermal titration calorimetry (ITC) is a powerful and indispensable tech-
nique often used in biomolecular research, though it also has applications in
binary solution thermodynamics [Illapakurthy et al., 2005; Broecker et al.,
2011; Velazquez-Campoy, 2015; Glöckner and Klebe, 2021; Rose et al., 2021].
In this PhD thesis, ITC is not only used to evaluate binding between CDs
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and guests (Papers II and IV-VIII), but it is also shown that it can easily
be used to determine pKa values of small molecules (Paper III).

ITC is widely used to determine thermodynamics of binding, i.e. binding
constants and the change in enthalpy [Tellinghuisen, 2003; Bouchemal and
Mazzaferro, 2012; Bertaut and Landy, 2014]. In fact, it is the only experimen-
tal technique that directly determines the enthalpy change upon binding, and
it yields the binding constant, change in enthalpy and stoichiometry, simul-
taneously [Holdgate and Ward, 2005; Bianconi, 2016]. Based on the binding
constant (K) and the change in enthalpy (∆H), the change in Gibb’s free
energy (∆G) and entropy (∆S) can be determined (Eq. 3).

∆G◦ = −RTlnK = ∆H◦ − T∆S◦ (3)

Where T is the temperature, and R is the gas constant. The standard terms
in Eq. 3 imply that standard conditions of pressure, temperature, and infinite
dilute concentrations are met. In ITC experiments, dilute concentrations of
host and guest are used, hence the standard terms (e.g. ∆H◦) and practical
terms (e.g. ∆H ) will approximately be equivalent. However, when no ex-
trapolation to infinite dilute concentrations has been performed, it is correct
to use the term ∆H, hence, this term will be used in this thesis.

A schematic overview of the ITC equipment, and corresponding binding
isotherm, is shown in fig. 3. The principle of ITC is monitoring the heat of
a reaction as a function of the concentration of a titrant [Markova and Hall,
2004; Velazquez-Campoy, 2015]. The heat measured is the heat needed to
maintain the temperature of the cell at the set-point during a titration [Duff
et al., 2011]. The power needed to maintain the temperature is measured
over time, and integration of the peaks yields the heat associated with bind-
ing, producing an isotherm [Ladbury and Chowdhry, 1996; Holdgate and
Ward, 2005]. The measured heat yields a sigmoidal binding isotherm, which
can be fitted to a theoretical curve [Chaires, 2008; Brautigam et al., 2016].
Simplisticly put, the shape of the isotherm determines the binding constant,
and the scale determines the change in enthalpy [Tellinghuisen, 2012]. For
optimal data analysis, there should be a good match between the experimen-
tal isotherm and the theoretical curve fitting [Turnbull and Daranas, 2003;
Broecker et al., 2011]. Additionally, sufficient heat and conversion of titrand
to product is important for the quality of the data [Tellinghuisen, 2012].

In this work, data were analyzed with the classical one-set of sites model,
which assumes one binding site on the host and one guest, and in return es-
timates the stoichiometry (n), the stability constant (K ), and the change in
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Figure 3: Schematic drawing of the ITC equipment and the resulting heat
signals and binding isotherm. The ITC equipment consists of one reference
and one sample cell. A solution is step-wise injected into the sample cell,
and the power required to keep the temperature in the sample cell constant
relative to the reference cell is recorded. The power is measured over time,
and integration of the peaks yields the binding isotherm used to derive ∆H
and K.

enthalpy (∆H ). Analysis were performed either with the accompanying soft-
ware or in a few cases with self-made MatLab scripts, which allowed global
fit of multiple dataset.

In ITC, the heat is measured during a titration into an already full sample
cell. Each injection displaces a volume from the sample cell into an overflow,
but in practice, the volume in the sample cell is considered constant [Hansen
et al., 2011]. Injection into the sample cell produces heat effects coming from
different sources: 1) Potential temperature differences between compound in
cell and compound in syringe, 2) the mechanical heat of injection and stir-
ring inside the cell, 3) the heat of mixing and dilution of compound from
syringe (solute) into the compound in the cell (solvent), and 4) the heat of
the reaction [Holdgate and Ward, 2005]. It is easy to account for 1) and 2),
as these are strictly related to the equipment and the laboratory set-up, e.g
the temperature in the room. By conducting titrations with water in cell
and syringe, 1) and 2) can even be quantified. Point 3) is usually accounted
for by performing a control experiment with titrant in the syringe and pure
buffer (without host/guest) in the cell. The heat of mixing and dilution can
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then be subtracted from the heat determined in an experiment to yield the
heat of the reaction.

The main advantages of ITC is that it requires small amount of com-
pound, is label and fluoro- or chromophore free, and is easy to use [Falconer
et al., 2010; Bianconi, 2016]. The technique is known for yielding exact data,
and it can be used to evaluate binding constants in the range 103 to 109 M−1

[Sigurskjold, 2000; Hansen et al., 2011]. The accuracy of the data depends on
a good distribution of data points and on the Wiseman parameter, c [Hansen
et al., 2011]. The Wiseman parameter is the product of the binding constant
(K ) and the concentration of reactant (Creactant) in the sample cell (Eq. 4).

c = KCreactant (4)

It is typically said that the Wiseman parameter must be between 1-1000 to
ensure an appropriate binding isotherm [Tellinghuisen, 2008; Hansen et al.,
2011], though protocols have been developed to go beyond this typical range
[Turnbull and Daranas, 2003; Tellinghuisen, 2008].

The data obtained by ITC are apparent values, since it is the overall heat
processes in the reaction vessel that is measured [Krimmer and Klebe, 2015].
Careful planning of experiments is necessary when making conclusions re-
garding the underlying physical interpretation of the thermodynamic data
[Baranauskienė et al., 2009; Falconer et al., 2010; Krimmer and Klebe, 2015].

2.2.2 Thermodynamics of inclusion complexes

Chemical equilibrium reactions may be defined based on either chemical ki-
netics or thermodynamics, leading to two different definitions with the same
practical meaning. In terms of chemical kinetics, equilibrium is obtained
when the rate at which products are formed equals the rate at which prod-
ucts dissociate, thus when there is no overall change in the concentrations of
reactants and products. In terms of thermodynamics, equilibrium is reached
when the minimum Gibb’s free energy is obtained.

Thermodynamics is the study of energy transformation of a system on
the macroscopic scale, and the interaction between CD and guest can be
quantified by experiments yielding thermodynamic quantities. The binding
constant is linked directly to the thermodynamic quantity change in Gibbs
free energy (∆G), and indirectly to the changes in enthalpy (∆H) and en-
tropy (∆S) of the complex reaction (Eq. 3). For many practical applications,
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including pharmaceutical applications, the stability constant and other ther-
modynamic data serve as a tool in the application of CDs.

Thermodynamic binding data are available for a large range of CD-guest
complexes [Rekharsky and Inoue, 1998]. However, it is not uncommon to
find variance in reported thermodynamic binding data for the same interac-
tions. Regardless of the experimental technique used to obtain the binding
data, e.g. spectroscopic, calorimetric, or enzyme assay, all experimental data
must be fitted to a theoretical curve for quantification. Though the classical
thermodynamics cannot (and will not in this thesis) be disputed, it is worth
mentioning that a distinction between theories, defined under standard con-
ditions, and practice is necessary. The abstract nature of the description
of thermodynamics, i.e. the term chemical potential, makes it difficult to
explain exactly in terms of real world problems. Variation between reported
thermodynamic data can arise from variation in the chemical environment
across different experiments, e.g. pH of solutions, temperature, ionic strength
or presence of co-solutes. In the literature results are seldomly extracted to
thermodynamic values [Connors, 1997].

The change in Gibbs free energy can be divided into contributions from
the change in enthalpy and the change in entropy [Holdgate and Ward, 2005],
though it is important to understand that these two parameters are interre-
lated. The relative values of the change in enthalpy and entropy are often
used to deduce the driving forces and mechanisms of complex formation. For
the formation of most CD complexes, the change in enthalpy is in the range
+1.0 to -12 kcal mol−1 [Connors, 1997], and it is typically associated with van
der Waals interactions or electrostatic forces [Schönbeck and Holm, 2019]. A
positive change in entropy is often associated with classical hydrophobic in-
teractions [Takagi and Maeda, 1984]. However, it is too simplistic to rely
solely on these typical associations, since many individual interactions con-
tribute to the determined values of the change in enthalpy and entropy. Also,
both structural, conformational and hydration changes may contribute to the
change in enthalpy and entropy [Tabushi et al., 1978]. Thus, it is difficult
to conclude anything based on the change in enthalpy and entropy alone
[Holdgate and Ward, 2005], especially when reorganization of water might
significantly contribute to the measured vales for these quantities.

A small or non-existent variation in the change in Gibbs free energy can
result from enthalpy-entropy compensation, i.e. the change in enthalpy might
change significantly, but the entropy will compensate by changing, similarly
[Holdgate and Ward, 2005]. Thus, only a small effect is seen of the change in
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Gibbs free energy of the system, though the mechanisms that drive complex
formation might differ greatly. This enthalpy-entropy compensation is often
observed for CD complexes [Inoue et al., 1993].

2.3 Practical applications of CDs

The wide application of CDs range from pharmaceutical industry [Davis and
Brewster, 2004], cosmetics [Kfoury et al., 2018], hygiene, and food [Astray
et al., 2009], to environment protection [Simpanen et al., 2016], packaging
[Kfoury et al., 2015], purely analytical purposes [Crini et al., 2020] and the
more fundamental understanding of intermolecular recognition and interac-
tions in aqueous solutions [Chen et al., 2004; Wickstrom et al., 2013].

In the pharmaceutical industry, CDs are mainly used to solubilize and sta-
bilize drug molecules. The drug is positioned inside the cavity of the cone,
and this way it is protected from the surrounding aqueous environment, re-
sulting in improved solubility [Brewster and Loftsson, 2007; Williams et al.,
2013]. Once into the body, drug molecules are released from the inclusion
complexes by diluting or competing molecules that can also form complexes
with CD [Valle, 2004]. The limit for the solubility of the inclusion complex
relates to solubility of the CD [Williams et al., 2013], though the relation
is not 1:1. This means that having highly soluble CD is important in drug
formulation. Multiple reviews and books on the use of CD in the pharmaceu-
tical industry is available covering their uses in drug delivery, co-polymers,
nano-particles, their ADME properties, toxicity, and their potential uses in
various formulation forms [Stella et al., 1999; Davis and Brewster, 2004;
Challa et al., 2005; Loftsson et al., 2007; Stella and Quanren, 2008; Laza-
Knoeer et al., 2010; Loftsson and Brewster, 2010; Messner et al., 2010; Jan-
sook et al., 2018]. Some research have even focused on the use of CDs as
active ingredients themselves, e.g. a modified γ-CD called Sugammadex has
been used as an active species to remove excess neuromuscular blockade after
anaesthesia [Conceição et al., 2018].

New practical applications of CD are continuously being developed, ex-
panding the potential uses of CDs. This contributes to the large expansion of
the CD field, and highlights why the field is expected to grow in the coming
years.
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Part II

Present investigations

19





Chapter 3

Research contributions

This section will discuss the important research findings obtained during the
course of the PhD project, and relate the contributions to relevant work in
the literature. The section will start with a discussion of the use of ITC to
determine ionization constants, and hence pKa values, before continuing to
treat the perspectives regarding the effect of pH on the CD-guest complex
formation, choice and role of buffers in CD research and applications, and
finally, the modeling of CD binding constants in relation to external factors.

In 1998, it was approximated that 22% of CD publications study the in-
clusion phenomena in a non-practice-oriented way [Szejtli, 1998], i.e. study
the basic science of inclusion phenomena rather than focus on applications
of the inclusion process. In this work, a semi-practice-oriented focus is used,
since the fundamental inclusion phenomena is treated, and when relevant
put into a pharmaceutical framework. The principles investigated in this
thesis are often of a general nature, and may be applied in other fields of CD
research, since the fundamental knowledge of CD is central to all its applica-
tions. The main focus has been on understanding macroscopic energy con-
tributions rather than the microscopic driving forces of complex formation,
though microscopic interpretations are offered concerning relations between
molecular structure and binding affinity.

3.1 pKa determination by ITC

Ionizable molecules are often characterized in terms of their pKa value, and
this property is used to assess and predict solubility, lipophilicity, bioavail-
ability, and pharmacokinetic behavior. Many potential drug molecules are
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ionizable [Williams et al., 2013], and buffers are often used as excipients in
drug formulations [Conceição et al., 2018]. Hence, having easy and accurate
ways of determining pKa values are essential in the pharmaceutical industry.

Often, it is difficult to compare pKa values obtained by different analyt-
ical techniques [Tajc et al., 2004]. As an example, the reported pKa value
of ibuprofen spans from 4.35-5.20 [Shaw et al., 2008; Etherson et al., 2016].
It is common to use potentiometric or spectrophotometric techniques to de-
termine pKa values [Tajc et al., 2004; Ŕıos Mart́ınez and Dardonville, 2012],
both are high throughput techniques. Generally, spectrophotometric deter-
minations are considered accurate and requires small sample aliquots, but
the technique requires a chromo- or fluorophore in the molecule [Allen et al.,
1998].

In paper III, it was demonstrated how ITC can be used to determine
pKa values of weak acids and bases. Using ITC to study ionization equilibria
differs from the conventional macromolecular binding studies, since autoion-
ization of water must be considered, and due to the interaction between water
and acid/base, fractions of both conjugate acid and base will be present in
the sample cell at the beginning of an experiment. The experiment must be
designed in such a way that one acid/base species is dominant before start-
ing the experiment, and that during the experiment, it will be converted to
the conjugate base/acid, to achieve a good binding isotherm. To guide the
experiment design, a flowchart was made, see Fig. 4.

Previous studies have successfully applied ITC to determine pKa values
using different approaches [Tajc et al., 2004; Shoghi et al., 2009; Zheng et al.,
2015]. The main advantage of ITC is the high accuracy of the resulting data,
while simultaneously gaining insights into the enthalpy of ionization. Simul-
taneously obtaining the enthalpy of ionization allows for extrapolation of the
ionization constant to other temperatures by the Van’t Hoff relation. The
ITC equipment is easy to use, and the titration is automated, however, it is
a slow technique with a low power, i.e. one titration takes approximately 2-3
hours for a single compound, and it requires measurable amounts of heat to
be involved in ionization.
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Figure 4: Flowchart to guide experimental design for determination of ion-
ization constants of weak acids or bases by ITC.

3.2 Effects of solution pH on CD complexes

The pKa values of buffer and guest are central for the pH of a solution. Solu-
tion pH may play a large role in the binding between CD and guest molecule,
in cases where CD and/or guest is ionizable, as the pH of the solution will
affect the distribution of species. The effect of pH on the complex formation
between CD and guest is indisputable. Early in the CD research lifetime, it
was shown that CDs exhibited differential binding of ionizable species, e.g.
phenolates was favored over phenols, and carboxylic acid was favored over
carboxylates [Cramer et al., 1967; Connors and Lipari, 1976; Bergeron et al.,
1978; Saenger, 1980; Gelb et al., 1981; Cromwell et al., 1985; Rekharsky and
Inoue, 1998].

An equilibrium diagram may be used to visualize the various species and
interactions in a solution (Fig. 5). The diagram shows the coupling between
guest binding and proton dissociation. It is especially important to under-
stand the relation between CD-guest interaction and pH considering that
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Figure 5: Equilibrium scheme of possible interactions between CD and
ionizable guest. This example considers 1:1 and 1:2 binding mechanism to
an amphoteric guest molecule.

CDs are often used to solubilize guest molecules, and solubility also depends
on pH.

In paper II and IV, a theoretical description of the correlation between
the average binding constant and pH was presented (e.g. Eq. 5 is valid when
the guest is a monoprotic acid).

KB = Kneu(1 − 1

10pKa−pH + 1
) +Kion(

1

10pKa−pH + 1
) (5)

The binding constant KB, also referred to as the apparent binding constant,
should be understood as the weighted average of the binding constants for
the ionized and neutral guests to the CD. The expression is based on prin-
ciples from physical chemistry, i.e. mass conservation and the law of mass
action. A comprehensive derivation of the expression is found in paper II,
and in IV, the expression is expanded to include multiple ionization states.
Expressions similar to the one in paper II have been described previously by
Connors and Lipari [1976] and Rao and Stella [2003].

Several studies have investigated the effect of pH on CD complex forma-
tion [Cromwell et al., 1985; Veiga et al., 1996; Perlovich et al., 2003; Cirri
et al., 2006; Kuwabara et al., 2006; Al Omari et al., 2006b, 2007a,b, 2008,
2009; Danel et al., 2008; Jug et al., 2009; López-Nicolás et al., 2009; Zheng
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et al., 2013; di Cagno, 2016; López-Miranda et al., 2018], without relating
the effect of pH to the coupling between guest binding and proton dissoci-
ation. In paper II and IV, a thorough and systematic approach has been
used to follow the effect of pH on a β-CD complex, and using available data
from the literature also showed a good agreement with the theoretical expres-
sion, demonstrating the accuracy of the expression. A study by Volkova and
Perlovich [2020] has successfully applied the theoretical approach in paper II
to describe their CD interaction, which further confirms the validity of the
theoretical expression.

The average binding constant of a system always lies between the bind-
ing constant for the neutral and the ionized guest species to the CD. The
difference between neutral and ionized guest binding is typically of a small
magnitude [Rao and Stella, 2003], though examples of significant decreases
in binding constant are reported, e.g. from 104,000 to 42,300 M−1 [Li et al.,
1998]. One study found that a factor 10 difference between the binding
constants for neutral and ionized species was possible [Connors and Lipari,
1976]. The variation between the binding constants for the various species
is strongly related to the position of the ionizable group relative to the CD
cavity [VanEtten et al., 1967; Astray et al., 2009].

Typically, it is claimed that the neutral species has a higher affinity for a
natural CD than the ionic species of the same guest molecule [Cromwell et al.,
1985; Okimoto et al., 1996]. However, this is not the case for phenols, where
phenolates have a higher affinity compared to the phenols [Connors and Li-
pari, 1976; Bergeron et al., 1978; Buvari and Barcza, 1988; Rekharsky and
Inoue, 1998]. Instead, the correct formulation is that the strongest interaction
may be expected for the species with the higher electron density [Connors
and Lipari, 1976; Buvari and Barcza, 1988]. Protons close to electro-negative
atoms, e.g. oxygen, are partly positively charged, which explains the high
affinity for species with high electron density [Biedermann and Schneider,
2016]. Also, a phenol is an excellent hydrogen-bond donor and acceptor re-
sulting in a high affinity for the bulk solvent, which is expected to destabilize
the interactions with CDs [Connors and Lipari, 1976]. Anilines are expected
to behave similar to phenols [Connors, 1997].

For the binding between guest and ionic derivative SBE-β-CD, the role
of pH becomes even more complicated due to the effect of coloumbic inter-
actions. In one study, the interaction between SBE-β-CD and a negatively
charged guest species was lower compared to the neutral counterpart of the
guest, whereas the interaction between neutral and positive charged guest
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did not differ [Zia et al., 2001]. This could be explained by looking at the
sum of the forces acting on the molecules in the solution. Ionization of guest
molecule will decrease the affinity for a CD, however, charge interactions will
result in either attractive or repulsive forces working in the solution, depend-
ing on the orientation of the charge. A species with a positive charge will
have opposing forces working on the system; one force increasing ionization
and decreasing hydrophobicity, and thus decreases the affinity for the CD,
and another force increasing affinity for the CD due to change interactions.
The sum of these forces will cancel each other, and the relative size of the
forces will determine any changes in the apparent stability constant com-
pared to the neutral species. A negative charge on the guest molecule will on
the other hand lead to decreased affinity due to ionization and decreased hy-
drophobicity compared to the neutral counterpart, and the negative charge
will result in repulsive charge interactions, also decreasing the affinity for the
CD.

In paper IV, the average binding constant as a function of pH was de-
scribed for acids, bases and amphoteric compounds with more than one pKa

value. Thus, the potential complexity of these systems was explored. In ad-
dition, a graphical user interface (GUI) was produced to help facilitate easy
use of the theoretical expression in CD research. The GUI makes it easier for
researchers and scientist to view the relation between CD-guest interaction,
pKa, and pH.

Understanding the role of pH on complex formation may be obscured by
the focus on solubility enhancement. Phase-solubility measurements is tra-
ditionally used to assess the complex formation between CD and guests, but
the effects of pH on the binding constant and solubility are opposite [Rao
and Stella, 2003]. The solubility is increased with ionization of the guest,
whereas the binding constants is most often decreased. Hence, the trade-off
between increased solubility and decreased stability must be considered when
interpreting results.

The presences of buffers may also contribute to observed solubility or sta-
bility, and it may be difficult to separate the effects of pH and buffer. The
buffers are used to maintain a certain pH of the solution, and the buffers are
restricted to working in narrow pH intervals depending on their pKa values,
thus many studies have changed buffer when investigating the effect of the
pH, but this may impact the measured binding constants, as will be discussed
later.
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3.3 Buffers in CD research

Buffers are central to drug formulation, and more generally to chemical and
biological research. The main purpose of buffers is to maintain a specific pH
value in a solution. In paper I, variation in buffer pKa due to temperature,
pressure and ionic strength was reviewed. In paper V, VI, and VIII, the
interactions between CD and buffers were investigated, in order to determine
the specific effects in relation to drug formulations containing CDs.

A suitable buffer for a specific drug formulation is chosen based on the
following criteria: 1) the pKa value of the buffer, 2) minimal interaction be-
tween buffer and other ingredients in the formulation, and 3) the buffer must
be inexpensive and accessible [Mauger, 2017]. However, as discussed in paper
I, it may also be relevant to consider external factors such as temperature,
pressure and ionic strength, depending on the specific buffer, formulation,
and processing strategy.

Several studies have reported that the stability constant for a CD complex
varies depending on the buffer species used [Yi et al., 1999; Fenyvesi et al.,
1999; Perlovich et al., 2003; Al Omari et al., 2006a; Danel et al., 2008]. A
few studies even report that some buffers may form inclusion complexes with
CDs [Suzuki et al., 1993; Germain et al., 1995; Csernak et al., 2005; Baril-
laro et al., 2008]. This is surprising as buffers are generally hydrophilic and
expected to have favorable interactions with water. But as mentioned previ-
ously, the driving forces of complex formation are not completely understood.

In paper V, VI, and VIII, the effects of buffers were systematically in-
vestigated on model systems of CD and strong binding guest molecules. The
investigated buffers included buffers commonly used in the pharmaceutical
industry or buffers structurally similar to the ones commonly used. The re-
sults from paper V and VI showed that some dicarboxylic acid buffers, i.e.
especially citric, succinic, and maleic acid, decreased the binding constant for
β-, HP-β, and SBE-β-CD complexes. The decreased binding constant was
accompanied by a change in the thermodynamic fingerprint of the reactions.
Citric acid caused the largest decrease in the stability constant for a β-CD
complex, and the buffer altered the thermodynamics compared to the com-
plex formation in water. In presence of citric acid, both change in enthalpy
and entropy were correspondingly increased. The increase in the change in
enthalpy and entropy was concentration-dependent, and it was also observed
for all other buffers affecting the stability of the complex.
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The buffers decreased binding through competitive binding, see Fig. 6.
Similar competitive binding was previously described for other complexes,

Figure 6: Conceptual, schematic representation of complex formation in
presence of a competitive binder, assuming formation of regular inclusion
complexes. A shows the formation of regular inclusion complexes between CD
and guest. B shows the potential, competitive complex formation between
CD and buffer.

e.g. bile salts showed a competitive effect on a intraconazole-HP-β-CD com-
plex [Uekama, 2004], and inorganic anions acted as competitors on CD-bile
salt complexes [Holm et al., 2014]. The competitive mechanism depends
strongly on the stability constant for the CD-competitor complex. Though
the competitive effect of the buffers was pronounced, it was unclear whether
the buffers formed regular inclusion complexes with the CDs, or inhibited
complex formation between CD and guest by attaching to the exterior of the
CDs, and perhaps acted as a lid to the opening of the CDs.

In addition to the competitive effect of the buffers, the results in pa-
per VI demonstrated the importance of ionic strength when dealing with
charged CD derivatives. The ionic strength of the buffers as well as specific
interactions between buffer and CD affected the binding between CD and
guest. The effect of ionic strength depends on the charge of the CD and the
guest [Zia et al., 2001], whereas the competitive effect of dicarboxylic acid
buffers always decreased the binding constant. Hence, electrostatic interac-
tions significantly contribute to the effect of buffers on charge CD complexes
[Ghosh et al., 2000; Wenz et al., 2008]. The electrostatic interactions can be
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quantified in terms of the Debye-Hückel theory.

The results in paper V and VI are mainly based on ITC data, demon-
strating the macroscopic effect of buffers on the CD interactions. Based
on ITC results alone, it is not possible to understand the geometry of the
CD-buffer interaction, i.e. to distinguish between regular inclusion forma-
tion and atypical non-inclusion complexes. Instead, NMR was used in paper
V to investigate specific interactions between CD and buffer. Though the
results indicated formation of inclusion complexes, they were somewhat am-
biguous due to the weak interactions between CD and buffer combined with
the low extent of complex formation, which affected the quality of the signals
in ROESY NMR spectra.

NMR is a fundamental technique to characterize and study the structure
of CD complexes, and interactions between the H3 and H5/H6 protons in
CD (see fig. 2 in chapter 2) with the protons in the guest molecule is often
taken as proof of inclusion formation [Schneider et al., 1998]. In a previous
study, weak cross peaks between the protons in maleic acid and the H3 and
H5/H6 protons in β-CD were used to argue formation of regular inclusion
complexes [Barillaro et al., 2008]. However, it may be difficult to separate
the signals of the H5/H6 protons, as these are often overlapping, and both
the H3 and H6 protons are located close to the rims of the CD. Hence, weak
interactions are not necessarily proof of regular inclusion complexes, though
in the absence of interactions between the H1, H2, and H4 protons and guest,
it is often taken to indicate regular inclusion complexes. Also, it is worth
noting that evidence of non-inclusion formation is rare.

It is difficult to use NMR as the only evidence of complex formation when
the expected extent of complex formation is low. A low extent of complex
formation, combined with the transient nature of CD complexes, makes it
difficult to use routine proton NMR and ROESY NMR to identify complex
formation [Melnikova et al., 2020]. The stability constants for the buffers
with the CDs are low, meaning only a small fraction of the buffer molecules
will be bound to the CD. Also, the buffers may occur in different inclusion
modes with the CDs, and rapid exchange between binding modes affects the
strength of ROESY cross peaks [Schneider et al., 1998].

NMR was not used to explore the effect of buffers on the derivatized
CDs, i.e. HP-β, and SBE-β-CD, since these CDs have very complicated
NMR spectra, and in combination with the expected weak signals from the
ROESY NMR, NMR was not considered a fruitful approach. Instead, a
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comparative analysis of the effect of buffers on γ-, β-, HP-β, and SBE-β-CD
complexes was conducted in paper VIII. By comparing the effect of buffers
on CD with different cavity sizes and exteriors, information on the inclusion
mechanism could be deduced.

A comparative analysis of the effects of buffers was made, Fig. 7. The

Figure 7: Comparative analysis of the results from paper V, VI,
and VIII. Effects of 100 mM buffer on four different CD com-
plexes; β-CD-Adamantanol (β-CD-AdOH), HP-β-CD-AdOH, SBE-β-CD-
Taurochenodeoxycholate (SBE-β-CD-TCDC), and γ-CD-TCDC. On the
right y-axis the absolute stability constant determined in water is shown
(marked with gray). On the left y-axis, the relative effect of the buffers com-
pared to their respective values in water is shown. The data for SBE-β-CD
is extrapolated to constant ionic strength by using the Debye-Hückel theory
and data presented in paper VI, in order to visualize the effects solely re-
lated to the CD-buffer interaction. The buffers showed little effect on the
γ-CD complex, whereas succinic, maleic, and citric acid clearly decreased the
binding constant of the three β-CD complexes.

comparative analysis showed that the effect of the buffers was closely related
to the size of the CD cavity Similar effects of the buffers were observed on β-,
HP-β-, and SBE-β-CD complexes, despite their very different exterior. On
the other hand, the relative effect of the buffers was different between β- and
γ-CD, e.g. data for succinic, maleic, and citric acid, demonstrating that the
size of the CD cavity was more important for the interaction between buffer
and CD than their exterior. Combined with the previously mentioned am-
biguous NMR results, this supports formation of regular inclusion complexes.
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The interactions between CD and guests are linked to the optimal fit be-
tween the size of the guest and the CD cavity [Stella and Rajewski, 1997;
Fourmentin et al., 2013]. As an example adamantane is known for its strong
binding to β-CD, and this has been related to the very tight fit between
guest and CD cavity. However, most guest molecules can interact with more
than one CD, though a preference will be observed for one CD over others
[Cromwell et al., 1985; Rekharsky and Inoue, 1998]. In relation to buffers, it is
interesting that citric and maleic acid showed the strongest interactions with
β- and γ-CD, respectively, according to paper V and VIII. It was hypothe-
sized that dicarboxylic acids are able to form intramolecular hydrogen bonds
[Csernak et al., 2005], e.g. for citric acid formation of two intramolecular,
six-membered rings which is optimal for the size of the β-CD cavity. How-
ever, though the hypothesis may explain the affinity of dicarboxylic acids,
solid experimental evidence is needed to confirm it.

The low stability constants between CD and buffer are to be expected as
the buffers must have favorable polar interactions with the surrounding water
molecules. It is peculiar that seemingly hydrophilic buffers appear to interact
with CD cavities through formation of regular inclusion complexes. Complex
formation must be energetically favourable to occur spontaneously, i.e. the
energy required to break existing solvent-solvent interactions and form new
solute-solvent interactions must out-compete the existing solvent-solvent in-
teractions. However, it adds to the growing evidence that the driving forces
of complex formation must be understood as the sum of all energy contribu-
tions, and it is a complicated combination of several non-covalent forces that
are impossible to separate experimentally.

3.4 Equilibrium modeling of binding

The practical application of CDs in drug formulations requires a thorough
understanding of CDs, potential interactions with other excipients, and the
effect of external factors such as temperature and pH. Scientists must ensure
that drug formulations are robust, meaning the formulation must remain sta-
ble during manufacturing, shipping, storage, and use [Shah and Agnihotri,
2011]. Hence, it must be guaranteed that variations in external factors do not
have major effects on the ingredients or the interplay between the ingredients.

The binding of CD complexes is largely determined by the physical chem-
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istry of the CD and the guest, but external factors, i.e. pH, temperature,
ionic strength and co-solutes, affect CD complexes [Schneider et al., 1988;
Junquera and Aicart, 1997; Perlovich et al., 2003; Mura et al., 2003; Liu
et al., 2005; Cirri et al., 2006; Wenz et al., 2008; Al Omari et al., 2009;
Ansari and Sunderland, 2009; Holm et al., 2014; López-Miranda et al., 2018],
as also demonstrated in paper II, IV, V, VI, VII, and VIII.

Choice of buffer, pH, and temperature are some of the most important
parameters to optimize during early drug formulation with CDs. The choice
of buffer and pH is closely linked, and a suitable pH value is chosen to mini-
mize potential issues with aggregation, degradation or solubility [Bhattachar
et al., 2006]. The importance of temperature is connected to manufacturing,
transportation, and storage, where temperatures might change.

The thermodynamic equilibrium between CD and guest is only affected
by changes in temperature, as described by the Van’t Hoff relation. Rear-
ranging Eq. 3 followed by differentiation of the expression with respect to
temperature yields the Van’t Hoff equation, Eq. 6.

δlnK

δT
=

∆H◦

RT 2
(6)

For practical considerations, it makes sense to consider the apparent equilib-
rium between CD and guest rather than the true thermodynamic equilibrium.
Apparent equilibria are affected by the surrounding chemical environment,
and thus changing buffer or adding other co-solutes will affect the apparent
equilibrium between CD and guest.

In paper VII, the apparent binding between CD and guest was extrapo-
lated to larger temperature and pH ranges simultaneously by modeling the
involved equilibria. The modeling approach relies on principles from physical
chemistry, e.g. conservation of mass and law of mass action. It is based on a
combination of the well known Van’t Hoff equation (Eq. 6), the Henderson-
Hasselbalch equation, and the theoretical relation between pH and the aver-
age binding constant (e.g. Eq. 5) from paper II. Experimental data was used
to validate the model. Such a model has obvious practical uses, since it can be
used to estimate the binding constant under various experimental conditions.

The thermodynamics of a CD-guest interaction depend on the specific
guest molecule and its properties [Valle, 2004], and hence the effect of tem-
perature and pH are complex specific. The effect of temperature is not
limited to the effect on the CD complex, but temperature will also affect the
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guest ionization, or the buffer equilibrium. Changing the temperature of the
solution will often decrease the binding stability, and it may affect the pH
of the solution due to the ionization equilibria, which may further affect the
stability of the CD complex.

The effect of pH is often considered to be minor, and irrelevant for practi-
cal applications, whereas the effect of temperature yields significant changes
to the binding affinity. However, in reality, even small changes in the binding
affinity may be significant, especially in the presence of a competitive binder,
where the relative affinity of guest and competitor determines the ratio be-
tween the two complexes. The effect of competitive binders, e.g. buffers, is
governed by the interactions between CD and competitor. In many practical
applications, competitive binders will be present, e.g. in a drug formulation
or in the body.

Modeling of the interplay between the external factors and the multiple
equilibria in a drug formulation may be used as a supportive tool in the
pharmaceutical industry, since it may give a qualified starting point for de-
sign of experiments. It could be used to guide experimental set-ups and as a
supplement to current experiments conducted.

3.5 Concluding remarks

The foundation of this thesis is based on the macroscopic effects of pH,
buffers, and temperature on complex formation. The findings build partly on
systematic investigations of CD complexes and partly on a modeling frame-
work to understand the interplay between equilibria and external factors.

The results in this thesis come from calorimetric measurements, equilib-
rium modeling, and NMR experiments. The focus has been on the stability
constant, but the enthalpy of the complex formation has also been included,
though to a limited extent. By mainly exploring the effects on the stability
constants, it may be possible to overlook more discrete patterns related to
the driving forces of complex formation. The occurrence of enthalpy-entropy
compensation is a well-known phenomena in CD chemistry, and though the
stability constant may be similar for various CD complexes, the enthalpy-
entropy ratio may be completely different. However, it is the stability con-
stant which is most often used to assess complex formation for practical
application. Hence, the more subtle differences in binding mechanism or

33



Chapter 3. Research contributions

driving mechanisms were not included in the scope of this work.

Buffer, pH, and temperature affect the apparent equilibrium between CD
and guest, and it is relevant to consider during drug formulation. The pH of
a solution affects the apparent stability of a CD complex, when either CD
or guest is ionizable. For ionizable molecules, the species with the highest
electron density will form the strongest interactions with CDs. The effect of
the pH is complex specific, and it depends on the structure of the guest and
the position of the ionizable group(s). The pH of the solution is inevitably
linked to the buffer species used to maintain the pH of the solution.

Some buffers, i.e. dicarboxylic acids, have shown to interact with CDs,
acting as competitors to the guest binding, hence decreasing the stability of
complex formation. However, the competitive effect of the buffer is linked
to the structure of the buffer, the concentration of the buffer as well as the
species distribution of the buffer, i.e. the pH. So, the interplay between pH
and buffer is naturally intertwined.

Temperature is the only parameter to affect all thermodynamic equilib-
ria, and hence it impacts ionization of guest, CD, and buffer as well as the
binding equilibria. Though, the effect of temperature is well-established, it
is rarely considered that it might significantly affect the pKa values of guest
and buffer in relation to CD complexes.

In this work, it was demonstrated that these factors may be success-
fully considered using a modeling approach based on principles from physical
chemistry.
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K. Göke, T. Lorenz, A. Repanas, F. Schneider, D. Steiner, K. Baumann,
H. Bunjes, A. Dietzel, J. H. Finke, B. Glasmacher, and A. Kwade. Novel
strategies for the formulation and processing of poorly water-soluble drugs.
European Journal of Pharmaceutics and Biopharmaceutics, 126:40–56,
2018. doi: 10.1016/j.ejpb.2017.05.008.

L. D. Hansen, G. W. Fellingham, and D. J. Russell. Simultaneous determina-
tion of equilibrium constants and enthalpy changes by titration calorime-
try: Methods, instruments, and uncertainties. Analytical Biochemistry,
409:220–229, 2011. doi: 10.1016/j.ab.2010.11.002.

A. R. Hedges. Industrial Applications of Cyclodextrins. Chemical Reviews,
98:2035–2044, 1998.

G. A. Holdgate and W. H. J. Ward. Measurements of binding thermody-
namics in drug discovery. Drug Discovery Today, 22:1543–1550, 2005. doi:
10.1016/S1359-6446(05)03610-X.

R. Holm, C. Schönbeck, P. Somprasirt, P. Westh, and H. Mu. A study of salt
effects on the complexation between b-cyclodextrins and bile salts based
on the Hofmeister series. Journal of Inclusion Phenomena and Macrocyclic
Chemistry, 80:243–251, 2014. doi: 10.1007/s10847-014-0383-9.

A. C. Illapakurthy, C. M. Wyandt, and S. P. Stodghill. Isothermal titration
calorimetry method for determination of cyclodextrin complexation ther-
modynamics between artemisinin and naproxen under varying environmen-
tal conditions. European Journal of Pharmaceutics and Biopharmaceutics,
59:325–332, 2005. doi: 10.1016/j.ejpb.2004.08.006.

Y. Inoue, T. Hakushi, Y. Liu, L.-H. Tong, B.-J. Shen, and D.-S. Jin. Ther-
modynamics of Molecular Recognition by Cyclodextrins. 1. Calorimet-
ric Titration of Inclusion Complexation of Naphthalenesulfonates with
alpha, beta-, and gamma-Cyclodextrins: Enthalpy-Entropy Compensa-
tion. Journal of the American Chemical Society, 115:475–481, 1993. doi:
10.1021/ja00055a017.

S. S. Jambhekar and P. Breen. Cyclodextrins in pharmaceutical formulations
II: solubilization, binding constant, and complexation efficiency. Drug
Discovery Today, 21(2):363–368, 2016. doi: 10.1016/j.drudis.2015.11.016.

P. Jansook, N. Ogawa, and T. Loftsson. Cyclodextrins: struc-
ture, physicochemical properties and pharmaceutical applications. In-
ternational Journal of Pharmaceutics, 535:272–284, 2018. doi:
10.1016/j.ijpharm.2017.11.018.

40
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