SEMMELWEIS EGYETEM
DOKTORI ISKOLA

Ph.D. értekezések

3528.

JANOSKA ADAM

A gyogyszerészeti tudomanyok korszeri kutatasi iranyai

cimll program

Programvezetd: Dr. Antal Istvan, egyetemi tanar

Témavezetd: Dr. Toth Gergd, egyetemi docens



TYROSINE KINASE INHIBITORS:
PHYSICOCHEMICAL CHARACTERIZATION,
CYCLODEXTRIN COMPLEXATION, AND
PROTONATION-STATE-DEPENDENT RECEPTOR
BINDING

PhD thesis

Adam Janoska

Semmelweis University Doctoral College

Pharmaceutical Sciences and Health Technologies Division

AN 5an CS
(A .t 2
] P . 4
§ %
= o %
=) + = \\, 7
2 WA Y <
< S
& 4? 1769 \Q
Yerwprs N
Supervisor: Gerg6 Toéth, Ph.D.
Official reviewers: Ida Fej6s, Ph.D.

Attila Almasi, Ph.D.

Head of the Complex Examination Committee: Zoltan Benyo, D.Sc.

Members of the Complex Examination Committee: Szabolcs Béni, D.Sc.
Akos Urai, Ph.D.

Budapest
2026



TABLE OF CONTENTS

LIST OF ABBREVIATIONS ....ooiiiiiiiiiienieneee ettt s 4
1 INtrOAUCLION ...t 6
1.1 Challenges in the development of cancer treatment ............c.cccccvveeenveenneee. 6
1.2 Protein-KiNASES........ceeeuiiiuieiiieiiesiie ettt ettt sttt 7
1.3 Growth factor receptor (GFR) as a therapeutic target .........c.cccecvveeenveennnee. 8
1.4 Studied tyrosine kinase inhibitorS..........ccceeeviieeciieeeiieecieecee e 8
14T ETIOtiNID cooeviiiiiicee et e e 10
1.4.2  LapatiNiD .....cccoviieciieccieeeieecee ettt e 11
L T € 155 41311 Lo J TSP 11
1.4.4  Vandetanib .........cccoooiiiiiiiiiinieeeeeeeeee e 12

1.5 Key aspects of the structure-activity relationships of tyrosine kinase

TRIDITOTS Lottt 13

1.6 Methods used to determine physico-chemical properties........................ 14
1.6.1 Methods used to determine acid-base dissociation constants......... 14
1.6.2 Determination of lipophiliCity ........cccoceriiniiiiniiniiiiiiccenne 20
1.6.3 Determination of SOIUDIIItY ......cccocveviiiiiniiniiiiiicicccecce 21
1.7 CyClOAEXIIINS ....euvieiiieiieeiieeite ettt ettt ettt et saee e 22
1.7.1 Use and pharmaceutical relevance of cyclodextrins............c.......... 23

1.7.2 Methods for equilibrium and structural characterization of

cyclodextrin COMPIEXES ......cccvvreeruireeiiieniieeriie et 25

2 ODBJECLIVES ..vvieiiiieeiieeeieeeeite et e sttt e et e et e e et eessbeeesabeeesnseeennseesnaeesnnnees 29
3 IMELOMS. ...t 30
3.1 MALETIALS e 30
3.2 MEthOAS. ..o 31
3.2.1 Potentiometric tIration .......cccueeeueerieeriierieeiee et eiee e 31



3.2.2 UV-pH tIratioN .....oovieeiiieiieeie ettt 31

3.2.3 Intrinsic solubility determined by the Chasing Equilibrium Solubility
MEHOd ...t 32

3.2.4 Determination of partition coefficient using shake-flask method .. 33
3.2.5 Measurements by NMR .......cccccooviiiiiiiiiiiee e 34

3.2.6 Determination of the stoichiometry of inclusion complexes using UV

and NMR SPECIIOSCOPY ..uvvreevrieeiiieeiieeeiieeeieeeereeeeree e e e 35

3.2.7 Phase-solubility Study .......ccccccuveeriiiieniiieeiie e 36
3.2.8 Molecular Modelling Study .........cccceevieriiiiiiniieieecieeeee e, 36

4 RESUILS .t 38
4.1 Physico-chemical Properties ..........cevuieruieriiierieeiieniieeieeneeereesneeveesaeeens 38
4.1.1 Potentiometric titration of erlotinib in methanol/water mixture...... 38
4.1.2  UV-pH titration of erlotinib and lapatinib .............ccceveeverencnnnen. 39
4.1.3 'H NMR-pH titration of erlotinib, vandetanib and gefitinib .......... 40

4.1.4 Molecular modelling of the different protonation states regarding

studied TKIS ....ccoooiiiiieeeee e 41

4.1.5 Determination of lipophiliCity ........ccccevirviiriininiiniiniiicriceee 45
4.1.6 Determination of SOIUbIlity .......ccccoceriiniiiiniiiniiiccce 45
4.2 Interaction studies with cyclodeXtring ........c.ccceceevereenieneniieneenienienene 45

4.2.1 Determination of stoichiometry of guest molecule-CD complex using

the Job plot method ........cccvvveviiiiiieee e 46

4.2.2 Determination of the apparent stability constants and solubility

enhancement using phase-solubility tests.........ccccceceveiveriineenns 47

4.2.3 2D ROESY NMR spectroscopy StUdi€s ........ccceevvervvreruiresreenerennnnens 49
4.2.4 Molecular modelling..........cceevieriieniiniieieeeeree e 51
4.2.5 Study of tyrosine kinase receptor binding of TKIS...........cccerueneen. 53

5 DISCUSSION ....cuiiteeiteitete ettt ettt st s e b 55



5.1

52

53

9.1

9.2

10

Physico-chemical characterization of the studied tyrosine kinase

INRIDILOTS ..o 55
Characterization of cyclodextrin complexation of TKIS .........cccccceeneene. 59

Evaluation of interactions with the binding domain of tyrosine kinase...62

CONCIUSIONS ...ttt ettt e 64
SUMMATY ...ttt e e e et e e e e ra e e e s entaeeeennsaeeens 65
RETRIENCES ....eouiieiieie e e 66
Bibliography of the candidate’s publications ...........cccccceevveeerieeeenveenne. 78
Publication relevant to the dissertation..........ccccoeceevieeiieenieniiienieeeenee, 78
Other, not related publications...........ccceeevveeeiieeeiiieeeeeee e 78
ACKNOWIEAZEMENLS......c..eiiiiieiieiieciiee et 79



LIST OF ABBREVIATIONS

ATP - Adenosine triphosphate

BCRP - Breast Cancer Resistance Protein

CD - Cyclodextrin

CPMC - Conductor-like Polarizable Continuum Model
DS - Degree of substitution

DMSO - Dimethyl-sulfoxide

EGFR - Epidermal growth factor receptor

EMA - European Medicines Agency

FDA - U.S. Food and Drug Administration
GFR - Growth factor receptor

HER - Human epidermal growth factor receptor
HH - Henderson-Hasselbach

HP-B-CD - Hydroxypropyl-p-cyclodextrin

MS - Mass spectrometry

NMR - Nuclear magnetic resonance

NSCLC - Non-small cell lung cancer

OATP - Organic Anion Transporting Polypeptide
RAMEB - Randomly Methylated B-cyclodextrin
RET - Rearranged during transfection

ROESY - Rotating frame Overhauser Enhancement Spectroscopy
SBE-B-CD - Sulfobutylether-B-cyclodextrin

TKI - Tyrosine kinase inhibitor



uv - Ultraviolet

VEGFR - Vascular endothelial growth factor receptor



1 INTRODUCTION
1.1 Challenges in the development of cancer treatment

Cancer is one of the leading causes of death worldwide. Chemotherapy has been
the primary therapy of choice for the last few decades. However, the drugs used for
chemotherapy have a low therapeutic index and serious side effects [1]. For this reason,
one of the most important tasks of medical and pharmaceutical research is the complete
clarification of the pathomechanism of these diseases and the development of a suitable
therapy. According to current knowledge, the formation of malignant tumor cells is the
result of a multi-stage process which can be described as a series of genomic changes or
the improper functioning of the intercellular communication system. Pharmaceutical
research is currently focused on the development of drugs that act on specific signaling
mechanisms relevant to the development and progression of malignant tumors.

With the help of active tyrosine kinase inhibitors (TKIs) already on the market
(even in monotherapy), the complete eradication of certain cancers can be achieved (e.g.
imatinib against chronic myeloid leukemia), and they can significantly increase the
chance of survival in many serious cancer cases. The importance of TKls is well
illustrated by the fact that, in recent years, most small molecules approved by the FDA
have come from this compound class. Their detailed characterization and improved
understanding contribute to the development of new, safer cancer therapies.

The pharmacokinetics of ionizable drugs are strongly shaped by the properties of
biological compartments—most notably pH, but also dielectric constant, temperature, and
related factors. A molecular-level understanding of disposition and effect therefore
requires rigorous physicochemical profiling of the active substances, including their
protonation constants, solubility, and lipophilicity. Achieving the desired therapeutic
outcome depends as much on appropriate pharmacokinetic behavior as on favorable
pharmacodynamics. Membrane permeation is generally greatest for the unionized
species, which typically exhibits the lowest aqueous solubility—highlighting the intrinsic
trade-off between permeability and solubility. However, it should be noted that ionization
state is an important parameter for the protein binding as well. The clinical application of
TKIs is often hindered by their poor aqueous solubility. Solubility can be enhanced by

several formulation strategies, including complexation with cyclodextrins (CDs). CDs are



widely used in the pharmaceutical industry to increase the solubility of hydrophobic
compounds. They have been proven to have biocompatibility and beneficial toxicological
properties, and the expansion of their pharmaceutical application and their positioning are
still subjects of cutting-edge research. In the following chapters, I will introduce protein
kinases, the molecules under investigation, and the methods employed throughout my

PhD work.
1.2 Protein-kinases

In the molecular mechanism of the response of cells to external stimuli, the
reversible phosphorylation of proteins plays a fundamental role, which are catalyzed by

protein kinases in the intracellular space [2,3].

The functioning of these enzymes is influenced by the mediators found in the
cells, which are either only involved in the given signaling pathway, and as a result, the
protein kinase regulated by the given mediator is directly responsible for the effect or
non-specifically has a role in changing the mechanism of the given protein
phosphorylation. Chemical signals with receptors located in the plasma membrane either
activate the given signal pathway with the help of the above-mentioned mediator, or
without the intervention of a mediator, the chemical signal-receptor complex activates it
directly by protein phosphorylation. There is a “crosstalk” between the activated signal
pathways, which are completely different from each other, and the molecular basis of this

information exchange is also mediated by proteins [4].

Proteins are phosphorylated on specific amino acid side chains by moving the y-
position phosphate group of adenosine triphosphate (ATP) to the specific OH-groups.
Protein kinases are grouped according to whether they create a phosphate ester bond on
a serine or threonine side chain (serine/threonine kinases), or they phosphorylate the OH-
group of a tyrosine side chain (tyrosine kinases). The structure of protein kinases is
characterized by a certain degree of similarity despite the differences in their function,
regulation, and substrates. In the part of the enzymes responsible for catalysis, there is a
characteristic, short, rich in glycine amino acid sequence followed by a lysine in the

appropriate position, which is responsible for ATP binding [5]. Protein kinases can



recognize the often very basic or acidic amino acids located next to the side chain to be

phosphorylated; thus, they can perform the phosphorylation of many different proteins.

In most cases the catalytic activity of protein kinases is strictly regulated. Protein
kinases are found in almost all biochemical processes, such as regulation of growth and
differentiation, metabolic pathways or regulation of cell reproduction. Kinases can be
regulated both allosterically and by phosphorylation. Research has traced the causes of
many diseases to improper functioning in signaling processes: cancer, chronic
inflammatory processes, the development of diabetes, etc. It is therefore important to
learn more about protein kinases, as these results can open new horizons in today's drug

research [6,7].
1.3 Growth factor receptor (GFR) as a therapeutic target

Tyrosine kinase proteins play a key role in cell reproduction, but their abnormal
functioning leads to serious diseases. In the last 20 years, countless families of tyrosine
kinase enzymes have been identified, which are involved in the transduction of
extracellular signals or are modulators located intracellularly. Our expanding knowledge
of the structural and functional background of the growth factor receptor tyrosine kinase
enzyme family and its role in the development of cancer has contributed to the research

of new, specific target components in the GFR signaling pathway.

The research results showed that disruption of both the extracellular ligand-
binding region of the receptor and the intracellular tyrosine kinase region in the signaling
system increases the risk of cancer disease [8]. New potential anti-tumor drugs that target
the external ligand-binding domain include several monoclonal antibodies,
immunotoxins, and cytotoxic agents. Currently, the most promising chemotherapy drugs
with GFR inhibitory function used in the clinic incorporate quinazoline and pyrazolo-

pyrrolo-pyridopyrimidine structures.
14 Studied tyrosine kinase inhibitors

The studied TKIs in our work represent a class of small molecule inhibitors
designed to interfere with the ATP-binding sites of tyrosine kinases, a family of enzymes

critical to the regulation of signal transduction processes and, consequently, cellular



growth and division. The specificity of these inhibitors for kinases is grounded in the

molecular structures of both the enzymes themselves and the inhibitors, which are
engineered to exploit differences in the kinase domains.
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Figure 1.1. — Molecular structures of studied TKIs: erlotinib, gefitinib, lapatinib [9].

Erlotinib, gefitinib, and lapatinib have been primarily associated with the
inhibition of the human epidermal growth factor receptor (HER) family, which includes
EGFR and HER2/neu. These receptors are frequently overexpressed or mutated in
malignancies such as NSCLC and breast cancer, making them prime targets for
therapeutic intervention. Erlotinib and gefitinib have garnered attention due to their
effectiveness in treating NSCLC patients with specific EGFR mutations, and lapatinib's
dual-action against EGFR and HER2 has proven beneficial for patients with HER2-

positive breast cancer.

Vandetanib, on the other hand, extends the scope of tyrosine kinase inhibition
beyond the HER family by also targeting the vascular endothelial growth factor receptor
(VEGFR) and RET tyrosine kinase. This broadened target profile is particularly pertinent
in the context of medullary thyroid cancer, where these pathways play a significant role

in disease progression.



Collectively, the choice to study these four TKIs is justified by their illustrative
roles in the emerging field of molecularly targeted therapy. Their development and
clinical application have provided invaluable insights into the treatment of various
cancers and have set precedents for the design of new inhibitors. By examining these
agents, researchers can continue to elucidate the complexities of tyrosine kinase signaling
in oncogenesis, refine therapeutic strategies to overcome resistance mechanisms, and

advance the overarching goal of precision medicine.

Below, we detail the TKIs evaluated in this work:
1.4.1 Erlotinib

Erlotinib, IUPAC chemical  name: N-(3-ethynylphenyl)-6,7-bis(2-
methoxyethoxy) quinazolin-4-amine (see Figure 1.1), selectively inhibits the intracellular

tyrosine kinase domain of the epidermal growth factor receptor, by reversibly binding to

the ATP binding site.

According to clinical studies, erlotinib has significant antitumor activity both in
monotherapy and in combination with other agents. It can reduce the tyrosine kinase
activity of HER1/EGFR to 50% (ICso) at a concentration of 2 nM (0.8 ng/ml). Abnormal
function of the HER/EGFR receptor leads to the development of several epithelial derived
tumors, including NSCLC and pancreatic cancer [10]. In a clinical phase III study, the
survival rate of patients with already treated and advanced NSCLC was significantly
increased [11]. When erlotinib is combined with gemcitabine, a significant therapeutic
effect can be achieved in locally advanced or already metastatic pancreatic cancer [12].
Based on these data, it is used as a second- and third-line treatment approved by the EMA

and FDA in the form of 25, 100 and 125 mg film-coated tablets (Tarceva®).

After oral administration, the absorption of erlotinib is relatively rapid, reaching
its peak plasma concentration in 4 hours. According to a study on healthy volunteers, the
absolute bioavailability of the active ingredient is 59% [13]. Exposure after an oral dose
may be increased by food. After absorption, at clinically relevant concentration
conditions, 95% of erlotinib is bound to plasma proteins, mainly to albumin and al-acid

glycoprotein. Its volume of distribution is 232 L, which indicates significant tissue
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distribution. The equilibrium blood level is reached in 7-8 days, its terminal elimination

half-life is 36 hours [13,14].
1.4.2 Lapatinib

Overactivity of the epidermal growth factor receptor (ErbBl) and human
epidermal growth factor receptor 2 (ErbB2) tyrosine kinase subfamilies have been
associated with many breast, head and neck cancer diseases [15—17]. Lapatinib belonging
to the 4-anilinoquinazoline  group (chemical name: N-[3-chloro-4-[(3-
fluorophenyl)methoxy Jphenyl]-6-[5-[(2methylsulfonylethylamino)methyl]-2-furyl]-
quinazoline-4 -amine) is a selective and reversible inhibitor of ErtbB1 and ErbB2 tyrosine

kinase.

The active ingredient is marketed under the name Tykerb® as a ditosylate salt in
the form of a 250 mg film-coated tablet. Clinical trials showed that even lapatinib used
as monotherapy caused a significant increase in the survival rate in previously untreated
breast cancer patients. The bioavailability of lapatinib was less than 25%, and the AUC
curve shows a high standard deviation [18]. Due to its absorption, the daily dose of the
active ingredient is extremely high 1.0-1.5 g. The serum concentration appears in the
blood after a delay of 15 minutes, reaching its peak concentration after 4 hours. At a daily
dose of 1250 mg, reaching the equilibrium blood level, the plasma concentration is 2.43
pg/ml (coefficient of variation 76%). Taking the active ingredient together with a high-

fat meal can result in an increase in bioavailability [19].

Lapatinib is strongly bound to plasma proteins (> 99%), mainly to albumin and
al-acid glycoprotein, like erlotinib. In vitro research has shown that lapatinib is a
substrate of BCRP (ABCG1) and p-glycoprotein (ABCB1) transporters and can inhibit
these efflux transporters and the hepatic OATP 1B1 transporter, which can be a source of
interactions when other drugs are used. With a single daily dose, the equilibrium plasma

concentration is reached after 6-7 days, with a plasma half-life of 24 hours.
1.4.3  Gefitinib

Gefitinib is the first selective inhibitor of epidermal growth factor receptor's

(EGFR) tyrosine kinase domain. Chemical name: N-(3-chloro-4-fluorophenyl)-7-
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methoxy-6-(3-morpholin-4-ylpropoxy)quinazolin-4-amine, marketed under the name of
Iressa®. EGFR activating mutations have an important role in blocking apoptosis,
increasing angiogenic factors and facilitating metastasis. Gefitinib is highly effective in
non-small cell lung cancers with a mutation in the EGFR tyrosine kinase domain
regulating anti-apoptotic pathways [20]. Clinical trials showed no activity without any

EGFR mutation.

Marketed in 250 mg dose, administered as a single daily dose, peak plasma
concentration reached relatively slowly between 3 to 7 hours after oral administration.
The mean absolute bioavailability was found 59% in cancer patients and has no
significant relation with nutrition [21]. Plasma protein binding is approximately 90%,
binds to albumin and al-acid glycoprotein. Gefitinib has an extensive distribution into
tissue with a volume of 1400 L, resulting in a pharmacokinetic profile, which supports a

once-daily dosage regimen [22].
1.4.4 Vandetanib

Vandetanib has proven activity against different epidermal growth factor receptor
family like vascular endothelial growth factor (VEGF) receptors, RET, protein tyrosine
kinase 6 (BRK), tyrosine kinase with immunoglobulin and EGF domains-2 (TIE2),
members of the ephrin (EPH) receptor kinase family, and members of the Src family of
tyrosine kinases [23]. Vandetanib contains the same 4-anilinoquinazoline structure,
typical of TKIs (Chemical name: N-(4-bromo-2-fluorophenyl)-6-methoxy-7-[(1-
methylpiperidin-4-yl)methoxy]quinazolin-4-amine).

Vandetanib is administered orally from 100 mg to 300 mg dose once a day, after
administration peak plasma concentration achieved at a median of 6 hours, range 4-10
hours. For bioavailability, no data were available, presumably due to variable absorption
and bioavailability for individual patients. During studies absorption was not significantly
affected by the presence of food, approximately 69% was recovered with 44% in feces
and 25% in urine [24]. Vandetanib binds to human serum albumin and alpha-1-acid-

glycoprotein with in vitro protein binding being approximately 90%.
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1.5 Key aspects of the structure-activity relationships of tyrosine Kkinase

inhibitors

The structure-activity relationship (SAR) of TKIs refers to the relationship
between the chemical structure of these compounds and their biological activity in
inhibiting tyrosine kinases. This relationship helps in optimizing TKIs for better
selectivity, potency, and pharmacokinetic properties. Nowadays there are many TKIs on
the market or in the development phase. Some of them bind more kinases, and act as non-
selective kinase inhibitors. Some developed selective TKIs like tovarafenib only inhibit
RAF. Both approaches could have advantages and disadvantages as well. However, the
structure activity relationship may change as a function of the target. Kinase inhibitor
molecules can be classified into two major groups based on their binding mode to the
protein: reversible and irreversible inhibitors. Since proteins primarily use ATP as an
intracellular energy source, most reversible inhibitor molecules exert their effect at the
enzyme's ATP-binding site, either in the active or inactive state of the kinase. The hinge
region is responsible for forming hydrogen bonds with the adenine moiety of ATP, which

is essential for kinase activity.

Here I would like to summarize the main structural elements and their impact on

the activity:

- Core scaffolds: Most TKIs have a heterocyclic core, such as quinazolines (in
erlotinib, gefitinib, vandetanib, lapatinib etc.) pyrrolopyrimidines (avitinib), or indoles

(alectinib), which mimic ATP and interact with the ATP-binding site of kinases.

- Substituents in the core ring: The presence of electron-donating or
withdrawing groups in the core ring highly affects kinase binding activity, for example
quinazoline derivatives with an anilino group (like erlotinib and gefitinib) enhance the
interaction with the hinge region of EGFR. The following Figure 1.2 shows how the core
and substituents in the core ring influence the activity in the case of disubstituted

pyridopyrimidine.
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5-membered heterocycle shows a significantly decreased activity
Alkene increases selectivity to EGFR

L

3-Br shows dual inhibitory activity p
3,4-disubstitution increases the inhibitory activity
OCHj; and NO, decreases inhibitory activity :
;......N......I:I...,. N is essential, substitution by C=0 retains activity
Tertiary N more selective to EGFR
Morpholine and piperidine shows dual inhibitory activity

Pyrido[4,3-d]pyrimidine enhances selectivity to EGFR
Pyrido[3,4-d]pyrimidine decreases EGFR inhibition and increases ErbB2 inhibition
Saturation of pyridine results in molecules that are selective to EGFR

Figure 1.2 — Structure-activity relationship of tyrosine kinase inhibitors with

pyridopyrimidine core [25]

In hinge-binding region, hydrogen bonding to key residues (e.g. Met793 in EGFR)
is essential for strong inhibition. Alteration in linker groups (amide, ether, or
sulfonamide) impact kinase specificity and selectivity. In the distal side chain region we
can find the region that alters the physico-chemical properties and pharmacokinetics of
the drug. Polar and ionizable groups in this region improve solubility and affect
permeability. Some halogen atoms, for example fluorine substitution in lapatinib

increases the metabolic stability.
1.6  Methods used to determine physico-chemical properties
1.6.1 Methods used to determine acid-base dissociation constants

Every analytical method is suitable for determining macroscopic protonation
constants if the pH-dependent change of the measured physicochemical parameter can be
clearly linked to the proton uptake of the molecule. Among the many methodologies, only

those that were used in this thesis are reviewed below.

1.6.1.1 Potentiometric titration in aqueous medium

Since the publication of Jannik Bjerrum's dissertation, pH-potentiometric titration
has been a classic, highly accurate method for determining protonation (and complex
stability) constants [26,27]. Known volumes of a standard solution of a strong base are

added to the solution of the compound to be tested (usually containing a known amount
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of strong acid) while stirring. Taking the dilution into account, the concentration of the
remaining unneutralized H* (OH") ions can be calculated for each point of the titration,
and the concentration of free H" (OH) ions is measured through pH. Their difference
gives the number of protons taken up by the ligand, as expressed by combining the

stoichiometry for H" and L:

cy+ — Cog- = [H| = [OH™] + ¢z - iy (1.1)

The limits of the pH-potentiometric titration can also be read from the equation
above. The total concentration must be chosen in a way that the contribution of the H"
absorption of the ligand is dominant on the right side of the equation (1.1), this is usually
achieved in the pH range of 1.7-12.0. However, when measuring pKa in a strongly acidic
(or alkaline) medium, most of all H" (or OH’) ions are freely present and the buffering
capacity of the solution is not dominated by the ligand, but by the solvent [27]. This can
be compensated by a ligand concentration greater than the usual 0.5-10 mM
concentration, but then it is more difficult to keep the ionic strength at a constant value.
To measure constants in the extreme pH range, it is more appropriate to choose the NMR-
pH or UV-pH titration method [28]. Another disadvantage of pH potentiometry is that it
is only suitable for testing highly pure and non-volatile substances. The contribution of
impurities, possible stereoisomers or degradation products ¢ - ny that ionize in the tested
pH range cannot be separated from the substance to be measured in equation (1.1), which
is the basis of the evaluation, they give a common buffer range(s) [27]. In situations, the
interference of carbonate from atmospheric CO> complicates the measurement in the case
of a ligand concentration of less than 1 mM, which can be prevented by introducing an
inert gas (N2 or argon) into or over the solution. During the evaluation of potentiometric
titrations, the unknown protonation constants are determined so that the weighted sum of

squares of the deviation of the calculated and measured mV values is minimal.

The measured titration curve can be directly transformed into the Bjerrum

function by rearranging the balance equation (1.2):

— ., _ Cy+—Cog——[HY]+K,[H*]™!

nH (1.2)

Crz
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It is immediately clear from ny = f(p[H]) representation that, for example if a
non-stoichiometric amount of strong acid is introduced together with a compound
crystallized from an acidic solution, or the crystal water content is unknown, than c¢;z does
not match the nominal value [29]. In such cases, for the unbiased estimation of the
protonation constants, it is also necessary to recalculate the total concentrations from the
derivative of the titration curve or based on equivalence point(s) calculated from Gran's

linearization [30,31].

1.6.1.2 Potentiometric titration in an aqueous-organic co-solvent

One of the conditions for determining the pK, of a compound by potentiometric
titration is that the solubility of the compound should be at least 5-10°* M in the entire
tested pH range [32]. In the case of poor solubility and a suitable chromophore group, the
determination can be carried out by UV-pH titration, but in the absence of a suitable
chromophore group, it is necessary to increase the solubility by adding an organic solvent
component (cosolvent). The most often used is methanol [33], but dimethyl sulfoxide
(DMSO), dimethylformamide, dioxane and acetonitrile can also be [34]. Mixtures of
different cosolvents are prepared from water and the organic solvent, and the apparent
psKa value is determined by pH potentiometry in each solvent, and the value obtained by

extrapolated to 100% water content, which cannot be directly measured in water [35].

Organic solvents can be classified according to protic/aprotic character,
acidic/basic character, H-bond donor/acceptor character and polarity. In solvents
(mixtures) with medium and high permittivity, the complete dissociation of strong
electrolytes can be assumed with a good approximation, and to apply the electrode
calibration and logK calculation methods to aqueous solutions, only the constant value of

autoprotolysis needs to be modified [33,34].
1.6.1.3 Potentiometric titration in methanol-water mixtures

The combined glass electrode can be calibrated to the psH-scale [34] by blank
titration, as in aqueous medium, if the Gran analysis confirms the complete dissociation
of the strong acid and strong base in the solvent mixture. Compounds with similar

structures are similarly solvated, therefore their protonation constants can be expressed
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as a linear function of the logwK basicity in an aqueous medium for any composition of a

selected solvent mixture[36]:

logs K = a; - log,, K + by (1.3)

As the dielectric constant (&) and organic solvent content of the mixtures change,
the protonation constants also change and approach the value valid in water as the organic
solvent content decreases. Yasuda and Shedlovsky's extrapolation formula (which also
considers the decrease in water activity) gives a linear correlation for most compounds,

logs K + log[ H,0] = a-£i+ b (1.4)

T

thus, it can be obtained by linear extrapolation valid for the aqueous medium
[33,34,37-39]. The slope a is positive when negatively charged groups are protonated,
and negative or close to zero when neutral groups are protonated. This can even help in
deciding which of several overlapping protonable groups has the greatest contribution to

a given macroconstant.
1.6.1.4 NMR-pH titration

The chemical shift 6 measured in ppm of an NMR active nucleus is defined by the

following equation [40]:

5=v_:—oref- 10¢[ppm] =(17T_eTf;:Earef—a (1.5)
where v is the resonance frequency [Hz] of the selected nucleus and vyer 1s the
frequency of the reference materials nucleus, ¢ and orr are the shielding factors for the
same nuclei, and vo is the base frequency [MHz] of the used spectrometer for the nucleus
being measured. As a result of protonation, the electron density around the functional
group decreases, which is decreasing the diamagnetic shielding of the nearby NMR
nuclei, therefore the chemical shift changes. Since most small molecules exchange
protons at a rate close to the diffusion limit in water, these reactions are instantaneously
fast on the "chemical shift" time scale (fast-exchange regime): k >> |v. - vur|, where v,
and vy are the frequencies of the examined NMR nucleus in the transforming L and HL

axiparticle species. In this case, only one common resonance signal can be observed in
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the mole fraction-weighted average of the individual chemical shifts 6. and dur of the

particles[41]:

S +8y K[HY]
gmeasured = § x; + Sy Xy, = L1+ﬁL[H+] (16)

Upon protonation of a ligand capable of accepting n» number of protons, the

chemical shift of a selected nucleus in its pH function is given by the following equation:

measured _ — \n _ 1 n +7i
6 = 8px, + Sy Xy + -+ Oy X, = Nizo SHpLXH,L = a_HZi=0 O, LBH,L [H]

(1.7)

By measuring the chemical shift of K number of NMR-active nuclei at a pH value
of M, a data matrix of size M x K is obtained, which, gives the logf (or logk)

macroconstants and the unique chemical shift (65, ,) of the HiL particles for each

measured nuclei. From the perspective of statistical thermodynamics, ax corresponds to
the partition function of the grand canonical ensemble (also known as the “binding

polynomial”).

As the field strength of the superconducting magnets increases, the precision with
which chemical shifts can be measured improves [42], so the accuracy of the calculated

logK is increasingly determined by the precision of the pH measurement (+ 0.02).

Many forms of performing NMR pH-titration are known, of which we present the
technique used in this thesis. In the traditional single-sample NMR titration, the titration
solution is added in pl increments to a single NMR tube and the pH is measured with a
microelectrode in the tube inaccurately without any adequate mixing. During single-
sample NMR titration, it is preferable to determine the pH in situ with an indicator
molecule present in the solution. From the measured chemical shift of the indicator, the

pH can be calculated using the following equation (1.8),

measured

8Ind _6H1nd (1.8)

measured
81ma—S6ma

pH = log Kjpq +

if the limit shifts d1.« and duma and the value of log Ki.a are precisely known from
a separate experiment. The accuracy of the pH obtained from equation (1.8) (via error
propagation) is determined by the standard deviation of the chemical shifts, and pH can

be calculated in the interval [logKa - 1, logKma + 1] with acceptable accuracy [43]. The
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use of NMR indicators has long been widespread for in situ pH measurement of biological
samples [44], however, Szakdcs et al. compiled a series of five indicators covering the
entire range 0 < pH < 12 [43]. It was found that p[H] values between 0.0 and 1.8 can be
determined with the dichloroacetic acid indicator without bias and with less random error
than with a glass electrode [43]. For this, the protonation constant of dichloroacetate must
be known precisely, for which a special NMR titration was also developed [28,41,45].
Another important aspect is the choice of a reference substance for NMR titration that

does not change its ionization state in the tested pH range [46].

One of the advantages of NMR spectroscopic pK, measurement is that it is not
necessary to know the exact concentration of the substance to be measured, and possible
impurities do not interfere, if the assignation of the resonance signals can be clearly

determined and the substance to be tested does not interact or react with these impurities.
1.6.1.5 Optical spectroscopy titration

Nowadays, UV-pH titration can be considered a widely used method for
determining pK,. Ultraviolet-visible spectrophotometry can be used to determine pK, if
the ionizable group of a compound is located near the chromophore group and change in
the pH causes a change in the spectrum corresponding to the protonation state of the
ionizable group. UV-pH titration is the primarily used method to determine the
dissociation constants of compounds whose low solubility does not allow the use of
potentiometric titration. In such cases, depending on the specific absorption coefficient
of the compound, we can even measure at a concentration two orders of magnitude lower

(usually 50 pM).

During the measurement, a series of solutions with the same compound
concentration and the same ionic strength, but with different pH, must be prepared, and
the spectrum of each solution must be recorded. The dissociation constant of the

compound can be calculated using the following equation:

ALy tALyKIHT]
1+K[H*]

APH(/‘I) = AL(l)xL + AHL(A)A'XHL = (1.9)

where 4,4 is the absorbance value measured at the given pH, 4, and 4y are the

absorbance of the completely unprotonated and fully protonated particles at a given
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wavelength, while x; and xx; are the mole fractions of the two particles. An appropriate
wavelength (1) should be selected where the difference in molar absorptivity between the

two species is maximized. [47].
1.6.2 Determination of lipophilicity

Lipophilicity is one of the oldest and most widely used physicochemical
parameters in drug research. For decades, logP—the logarithm of the octanol/water
partition coefficient—was often the sole molecular descriptor employed in QSAR
analyses (with logD later adopted to capture pH-dependent distribution). Today, there has
been a move towards complex physico-chemical characterization, but the determination
of logP is still essential in this process. Lipophilicity is the molecular property that most
strongly determines the fate of a molecule in the body, both at the pharmacokinetic and
pharmacodynamic (interaction with the receptor) stages, and is much more informative
than a mere number, since it is formed by the same interactions that occur between the

molecule and its biological environment.

Experimental determination of the partition coefficient often employs
methodologies such as the shake-flask technique or reverse-phase high-performance
liquid chromatography (RP-HPLC) [48]. Complementarily, two-phase chromatography,
utilizing biphasic systems with immiscible aqueous and organic phases, enables the
quantification of lipophilicity based on differential retention times. This chromatographic
modality is particularly adept at mirroring the partitioning behavior of drug molecules
within biological membranes [49]. In parallel, in silico modelling provides a theoretical
framework for the prediction of lipophilicity, exploiting molecular descriptors to predict

distribution trends without the need to rely on laboratory experiments [50].

In our study, the traditional shake-flask method was used for determining the
partition coefficient. During the measurement, the aqueous and the immiscible organic
phase (most commonly octanol) are pre-saturated with each other. This eliminates the
error caused by dissolution. The substance to be tested is dissolved in the aqueous phase,
its concentration is determined, and the organic phase is added. The two phases are
brought into contact by vigorous shaking until equilibrium is reached. The solvents are

then separated by centrifugation and the concentration of the substance in the two phases
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is determined by an appropriate quantitative analytical method. For reasons of simplicity
and accuracy, concentration is most often determined by spectrophotometry if the spectral
properties of the substance under test conditions allow it. In special cases, the
concentration can be measured by HPLC [51] or GC [52]. Accurate concentration
measurement in octanol is difficult due to the unfavorable properties of octanol (e.g. high
viscosity, volatility). However, according to Leo et al., it is not necessary to determine
the concentration of the substance in octanol after representative control of the mass
balance, but it is sufficient to measure the decrease in concentration of the aqueous phase
[53]. Furthermore, the main sources of error in the shake flask technique (e.g. formation
of emulsions or micelles during shaking, imperfect phase separation, errors due to
impurities of the test sample or the solvents and reagents used) have been identified. The
main aspects of validation of the shake-flask method have been published by Dearden
and Bresnen [54].

The disadvantages of the method are that it is labor and time intensive, requires
relatively large quantities of high purity material, it is difficult to thermostat and can only
be used over a relatively narrow logP range. For compounds with logP values greater
than +4 or less than -2, the distribution fraction cannot be determined with satisfactory
accuracy by the shake-flask method. Due to the very low solubility of highly lipophilic
or hydrophilic molecules in one of the partition phases, an extreme phase ratio must be
used, which increases the measurement error [55]. Under validated conditions, the

average error of the method is 0.05 - 0.10 log units in the logP range -2 to +3.

1.6.3 Determination of solubility

The biological, chemical and biochemical processes necessary for the body to
function take place in an aqueous medium. The action of drugs therefore depends on their
solubility in water. The aqueous compartments of the body provide a favorable
environment for polar compounds; therefore, a certain degree of hydrophilicity is
necessary for dissolution, distribution, and renal elimination. However, the passive
permeation of biological membranes requires lipophilicity. Consequently, an ideal drug
molecule exhibits a balanced combination of hydrophilic and lipophilic characteristics.

However, it has been observed that the drug candidate molecules of the last decades have
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an increasing molecular weight and an increasing lipophilicity. Accordingly, the
hydrophilic property is decreasing or becoming less important, which may result in poor

bioavailability [56].

The numerical value of thermodynamic (equilibrium) solubility gives the
concentration of the solution phase of a heterogeneous two-component system in
thermodynamic equilibrium. Its value is constant at a given pressure and temperature and
is characteristic of the quality of the material. For ionizable molecules, solubility is pH

dependent.

A method for solubility determination was developed based on potentiometric
titration, this is the Chasing Equilibrium Solubility: CheqSol method [57]. This method
has the advantage of being suitable for both equilibrium and kinetic solubility
determination, requires low amount of material, it is fast, automated and reproducible.
The method depends on the selection of a concentration at which precipitation occurs
during the potentiometric titration. CheqSol has the disadvantage that it is only suitable

for determining the solubility of ionizable compounds.

The measurement should be carried out in such way that the compound (organic
acid or base) is present in the solution in ionized and dissolved form. During the titration,
at the pH at which the neutral form of the compound predominates, the non-ionized form
must precipitate, which is detected by the optical cable immersed in the solution. To
measure solubility, it is therefore essential to provide a quantity of material at which the
compound is still completely dissolved at the pH corresponding to its ionized form but
precipitates out of solution at the pH of its neutral form. For the measurement, the
substance to be measured is dissolved in a known volume of an aqueous solution of an
inert salt (usually 0.15 M KCl). The instrument mixes the sample throughout the
experiment and measures the pH of the solution. The volume and concentration of the

sample solution is continuously recorded by instrument control software.

1.7 Cyclodextrins

CDs are cyclic, non-reducing oligosaccharides built up from D-glucopyranose
units via o-(1,4)-glycosidic linkages. The individual CDs are named according to the

number of glucose units they contain, so that in the case of 6, 7 and 8 units, respectively,
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we distinguish between a-, B- and y-CDs. The glucopyranose units that make up CDs are
arranged on the surface of a truncated cone. The inner cavity of the molecule is relatively
apolar due to the orientation of C—H bonds and glycosidic oxygen atoms. The narrower
opening of the truncated cone is lined with primary hydroxyl groups, while the wider
opening is bounded by secondary hydroxyl groups. Due to the high polarity of the rim
hydroxyl groups, CDs are highly soluble in water (except -CD). The schematic structure
of CDs is shown in Figure 1.3 [58,59].
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Figure 1.3 - Structural scheme of native a-, - and y-cyclodextrins composed of D-

glucopyranose units

The CDs contain one primary and two secondary hydroxyl groups per glucose
unit (a total of 18, 21 and 24 free OH groups for a-, - and y-CD, respectively), which
provide an excellent opportunity to prepare a wide variety of derivatives. For CD
derivatives, the degree of substitution is defined as the average number of hydroxyl
groups substituted per molecule. Today, the number of CD derivatives described in the
literature is more than a thousand. In general, CD derivatives can be classified in two
ways: according to the number of substituents and their ionizability. In the former case,
we are talking about monofunctional (degree of substitution = 1), multifunctional random
(degree of substitution between 1 and 21 for B-CD) or isomerically pure (degree of
substitution is an integer) derivatives. Introducing an ionizable substituent imparts either

a permanent or a pH-dependent charge to the CD.

1.7.1 Use and pharmaceutical relevance of cyclodextrins

Nowadays CDs are widely used, given the variety of derivatives and diverse

applications. Today, thousands of tons of CDs are used in industry. RAMEB is used in
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the paint industry to produce water-based paints and wood staining solutions, while HP-
B-CD is used in cleaning and cosmetic products. In the food industry, CDs used as food
additives stabilize flavors and volatile compounds, reduce unwanted tastes and odors, and
improve product shelf-life. CDs and their derivatives are utilized in analytical chemistry,

mainly in the field of chromatographic techniques owing to their chiral recognition ability
[60].

In the pharmaceutical industry, CDs and their derivatives are used for the
molecular encapsulation of poorly water-soluble active substances to enhance their
solubility and bioavailability, to stabilize formulations of volatile active substances, and
to counteract local irritation of the active substance. There are currently dozens of
preparations on the market in which the active substance is in an inclusion complex of
CD. Pharmaceutical forms containing CD cover almost the entire spectrum, including
registered tablets, capsules, oral solutions, nasal sprays, suppositories, creams, ointments,
infusions, injections, nail lacquers and eye drops [60—63]. A recent publication shows that
more than 120 active pharmaceutical ingredients on the market are formulated with CDs.
Numerous medicinal products contain various CD derivatives, with B-CD and its
modified forms being the most widely used. Among the derivatives applied in approved
formulations, hydroxypropyl derivatives of B- and 7y-CDs, sulfobutyl-ether-f-CD,
randomly methylated B-CD, and sulfolipo-B-CD are the most common. There are already
innovative TKIs with hydroxypropylated CD, such as larotrectinib and quizartinib,
offering targeted therapies for patient with specific genetic alterations in tropomyosin
receptor kinase fusion cancers and fms-like tyrosine kinase 3 mutated acute myeloid

leukemia, respectively [64]. Table 1. shows examples of marketed CD formulations:

Table 1. Examples of approved pharmaceutical formulations with native

cyclodextrin and cyclodextrin derivatives

Drug CD Trade Name Dosage form Company
Remdesivir SBE-B-CD Veklury iv. Gilead Sciences
Voriconazole SBE-B-CD Vfend 1.v. solution Pfizer
Posaconazole SBE-B-CD Noxafil 1.v. solution Merck
Itraconazole HP-B-CD Sporanox oral solution Janssen
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Quizartinib HP-B-CD Vanflyta iv. Daiichi Sankyo
o ) ) capsules, oral
Larotrectinib HP-B-CD Vitrakvi ) Bayer
solutions
Nitroglycerin B-CD Nitropen sublingual tablet Nippon Kayaku
Olmesartan B-CD Olmetec OD OD tablet Daiichi Sankyo
medoxomil Tablets
Omeprazol B-CD Omebeta enteric capsule Betafarm, Stada
Losan Pharma,
UCB Pharma,
chewing Sandoz,
Cetirizine B-CD Zyrtec, WalZyr, tablet.OD Walgreen, Sawai
Revicet ’ Pharm., Nichi-
tablet,dry syrup

Iko, Takeda

For a long time, it was thought that the bioavailability of CD-containing
formulations was poor due to the slow release of the active substance from the CD cavity,
but Stella et al. have shown that both the rate of formation and dissociation of the drug/CD
complex are generally diffusion controlled [65]. Consequently, a water-soluble drug/CD
complex at the surface of hydrated epithelial cells can significantly increase the
bioavailability of a highly lipophilic, poorly water-soluble drug, but can also cause a

decrease in bioavailability for a drug with good water solubility and permeability [66].

1.7.2  Methods for equilibrium and structural characterization of cyclodextrin

complexes

The formation of a supramolecular complex in the equilibrium reaction of a ligand
L (guest molecule) and CD, and the thermodynamic constant characterizing the stability
of the complex, are illustrated in equation 1.10 [67]:

_ [epjL]
Kepjii = {ieny

il +jCD < CD;L; (1.10)

The stoichiometry of the inclusion complex is defined by the coefficients i and j.

The simplest and most common is a complex consisting of one CD and one guest
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molecule, but a 1:2 stoichiometry is also relatively common. Examples of highly diverse

compositions can also be found in the literature [67].

There are stoichiometric and thermodynamic conditions for the formation of the
inclusion complex. For a CD to partially or completely incorporate the guest molecule
without covalent bonding, by purely intermolecular forces, the basic criterion is a proper
sterical fit, i.e. the ability of part or all of the guest molecule to enter and fit into the CD
cavity. The internal diameter, and consequently the cavity volume, limits the range of
guest molecules that can be accommodated by the CD. The other criterion is the presence
of a sufficiently favorable free-enthalpy difference between the hydrated reactants (L and
CD) and the resulting complex(es). In aqueous solution, the slightly apolar CD cavity is
occupied by energetically unfavorable, highly ordered water molecules. As a result of the
unfavorable polar-apolar interaction, replacement by a less polar guest molecule is
thermodynamically favored. In an aqueous medium, two thermodynamic processes favor
complex formation: the release of cavity water, which subsequently forms numerous
hydrogen bonds in the bulk solvent, and the associated gain in enthalpy and entropy upon
displacement of these energetically constrained water molecules. At the same time, there
is a loss of interactions between the hydrophobic guest molecule and the polar solvent,
followed by the formation of secondary interactions between the apolar cavity of the CD
and the hydrophobic guest, including mainly van der Waals, hydrophobic interactions and

hydrogen bonds.

Methods for the quantitative characterization of the stability of CD complexes are
those in which the change in the measured physico-chemical quantity can be clearly
related to complex formation. In the following, we summarize only those methodologies

that have been applied in the present work.
1.7.2.1 Ultraviolet-visible spectrophotometry

The most widely used method is the phase-solubility assay developed by Higuchi
and Connors [68], which spectrophotometrically measures the increase in solubility after
equilibrating an excess amount of the guest molecule in solutions containing increasing
concentrations of CD. By plotting the total (typically submillimolar) concentration of the

guest molecule as a function of the CD concentration, the resulting function provides
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information on the stoichiometry of the complex formed and even the stability constant
can be calculated from the slope and intercept of the plot. The advantage of the method
is that the intercept also provides the intrinsic solubility of the guest molecule in solvent

not containing CD.
1.7.2.2 NMR spectroscopy

NMR spectroscopy is one of the most versatile techniques for the solution-phase
equilibrium and structural characterization of CD complexes [69]. The study of CDs and
their complexes started in the second half of the 1960s [70,71], also due to the increasing
performance of spectrometers. Among the first NMR results, the hydrogen bond structure
formed between the secondary hydroxyl groups of various native CDs was published,
which helped to explain the extremely low solubility (0.013 M) of B-CD [72,73]. The 'H
and >C chemical shifts of CDs were determined from early studies, their spin systems
and conformational changes analyzed, and with the advent of 400 MHz and higher field
devices and gradient techniques, it became possible to study various substituted CDs and

their complexes [74].

NMR shift titration is the most used method for the equilibrium characterization
of the CD-guest molecule system. Usually, the chemical shift change (Ad) is measured
on one or more NMR active nuclei of the guest molecule upon addition of increasing
amounts of CD. The complex stability constant is obtained from the Ad vs. CD

concentration dataset by nonlinear parameter fitting [67,75].

To accurately determine the stability constant, titration should be carried out
between 0-80% complex formation grade if the solubility data allow. The chemical shifts
measured in 'H (less frequently '*C) spectra taken at different host/guest concentration

ratios represent the mole-fraction weighted average of the individual 6, m+ and
8 u,,m+—cp chemical shifts of the particles, if the complexation reaction is sufficiently fast

on the NMR time scale:

61{1-11"r +BHL-I”—CD'K

Hi1i+—CD[CD]
Hytt " Xyt + 6Hl-1i+—CD "Xyt —cp = oK

[cD]

gmeasured — §

(1.11)

H;1i+—cD
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The advantage of NMR titration is that the effect of complex formation on all
NMR spin-active nuclei of both the guest molecule and the CD can be monitored
simultaneously, so that several data sets are available for K determination from a single
titration. An additional advantage of the method is the extent to which the apparent
stability constants diverge when the chemical shift changes measured on each nucleus are
evaluated separately. If the resulting stability constants differ by more than 10% or exhibit
a systematic trend, an additional equilibrium process must be incorporated into the
assumed 1:1 stoichiometric model - most commonly a 2:1 complex - when evaluating the

weighted averages [76,77].

NMR pulse sequences make it possible to investigate the three-dimensional
structures of supramolecules. The intramolecular cross-peaks observed in two-
dimensional Nuclear Overhauser Effect Spectroscopy (NOESY) provide valuable
information for signal assignment and for determining the conformations of non-
symmetric CD derivatives. The applicability of conventional NOE methods is strongly
influenced by the correlation motion of molecules. The critical cross-relaxation times
depend on both the solvent viscosity, the rotational correlation time (7.) and the
spectrometer frequency. On a 500-600 MHz instrument, a positive NOE (fast motion,
T, << 1) is expected for compounds below 1000 Da, while a negative NOE (wt.>> 1)
is expected only for compounds with molecular weights well above 5000 Da. CDs and
their complexes typically fall within an intermediate correlation-time regime (@t. = 1),
which makes NOESY generally unsuitable for these systems. In rotating-frame
Overhauser effect spectroscopy (ROESY), a spin-lock field is applied during the mixing
time, causing cross-relaxation to occur not along the z-axis but along an effective axis
with x—y components. Because this occurs at an effective frequency (@esr) distinct from
the spectrometer's Larmor frequency, the condition @t < 1 is satisfied for virtually any
molecular rotational rate. As a result, ROESY spectra exhibit cross-peaks that are

opposite in phase to the diagonal [78,79].
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2  OBJECTIVES

The overall aim of this PhD work was to obtain a comprehensive physicochemical

characterization of selected TKIs and to explore how their fundamental molecular

properties influence solubility, complex formation, and protonation-dependent behavior

in biological systems.

To achieve this, the specific objectives were:

1.

To determine the acid—base properties (pK, values) of the selected TKIs and
describe their protonation equilibria in aqueous solution, establishing the
speciation patterns relevant under physiological conditions.

To characterize the aqueous solubility and lipophilicity profiles of each
compound and evaluate how ionization state influences these properties.

To investigate whether CD complexation can enhance the solubility of poorly
water-soluble TKIs, and to determine the stoichiometry and stability of the
corresponding inclusion complexes.

To characterize the structure and binding geometry of TKI-CD complexes,
using solution-state methods to gain molecular-level insight into host—guest
interactions.

To assess how protonation state, molecular conformation, and inclusion
complexation influence the physicochemical behavior of the studied TKIs,
with implications for formulation development and biopharmaceutical

performance.

These objectives together support a deeper understanding of how fundamental

molecular properties govern the solubility, complexation, and protonation-dependent

behavior of TKIs, contributing to the rational design of improved drug formulations.
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3.1 Materials

3

METHODS

All CDs a-, B-, y-CD, HP-B-, RAMEB- and SB-B-CD were the products of

Cyclolab R&D Ltd, Hungary. CDs and their most important properties are summarized

in Table 2. TKIs (erlotinib, lapatinib, gefitinib and vandetanib) were purchased from

Eurasia’s Ltd, India. Tris(hydroxymethyl)aminomethane (Tris), H;POs4, KH2PO4, KOH,

NaOH and HCI were of analytical grade from commercial suppliers. D,O, DCI and n-

octanol were obtained from Sigma-Aldrich, Hungary. HPLC-grade methanol (MeOH)

and acetonitrile (ACN) were purchased from Merck, Germany. The deionized water was

prepared by a Milli-Q Direct 8 Millipore system, France.

Table 2. Properties and abbreviations of used cyclodextrins
Degree of . Molecular
: - : - Purity :
Cyclodextrin Abbreviations Substituent substitution %) weight
0
(DS) (g/mol)
a-cyclodextrin a-CD - - 100 972.9
- cyclodextrin B-CD - - 100 1135.0
v- cyclodextrin v-CD - - 100 1297.2
randomly methylated
RAMEB —CH3 12 12 1303.4
- cyclodextrin
hydroxylpropylated
‘ HP-3-CD —CH2-CH(OH)-CHj3 6.3 >98 1497.6
B-cyclodextrin
carboxymethylated
CM-B-CD CH>-COO 3.5 >95 1375.1
B-cyclodextrin
sulfobutylated
SB-B-CD (CH2)4SO5 6 >95 2084.2

B-cyclodextrin
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3.2 Methods
3.2.1 Potentiometric titration

The protonation constant (pK,) of erlotinib was determined by pH-potentiometric
method as follows. A combined Ag/AgCl glass electrode coupled to a GLpKa analyser
was used for titration. The electrode was calibrated in aqueous medium in methanol/water
mixture using the so-called four-parameter calibration procedure (Four Plus™ method)
[80]. Due to the poor water solubility of erlotinib, the logK value was determined by the
co-solvent method. The apparent ionization constants (logK") in the medium were
determined in methanol/water mixtures with different proportions of organic solvents
ranging from 31-49 wt%. Titrations were performed under nitrogen gas at constant ionic
strength (I = 0.15 M KCl) and temperature (t = 25.0 = 0.5 °C). For each measurement,
6 mL of 1 mM erlotinib solution was prepared, acidified to pH = 2 with 0.5 M HCI
solution and titrated to pH = 10 with 0.5 M KOH solution. LogK" values were calculated

from 3 parallel measurements using the RefinementPro™ program.

The logK' values measured in the given methanol/water mixture were then
extrapolated to the aqueous medium (zero methanol concentration) using the Yasuda-
Shedlovsky method [39]. According to this method, there is an inverse relationship

between the logK" value and the dielectric constant of the solvent mixture:
logK '+ log|H,0]l =a/e+Db (3.1)

where ¢ is the dielectric constant and log[ H20] is the logarithm of the molar concentration

of water in the given methanol-water mixture.

3.2.2 UV-pH titration

The protonation constants of erlotinib and lapatinib were determined using a D-
PAS spectrophotometer (Sirius Analytical Instruments Ltd., UK) coupled to a GLpKa
autotitrator. During the measurement, a spectrophotometer was directly connected to the
titrator, and an optical cable was extended into the titration vessel, allowing spectra to be

recorded after each titrant addition throughout the titration [81].
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A stock solution of 6 mM in methanol was prepared for the measurement of
erlotinib. Aliquots of the stock solution (100 pl - 150 pl) were transferred into 15 mL
sample vessels containing 0.15 M KCl solution to achieve a final concentration of 40—60
uM. For each measurement, the sample solution was acidified to pH = 2 with 0.5 M HCI
solution and titrated to pH = 10 with 0.5 M KOH solution. The spectra of the samples
were recorded in the wavelength range between 200 and 700 nm. About 20 pH
measurements and absorption spectra were obtained from each titration.

Titrations were performed under nitrogen gas at constant ionic strength
(I=0.15M KCI) and temperature (t = 25.0 = 0.5 °C). The pK, and psK, values were
calculated from three parallel measurements using the RefinementPro™ program.

For lapatinib, UV—pH titration could not be performed in purely aqueous solution
due to its low water solubility. Therefore, the co-solvent-based approach described in
section 3.2.1 was applied. The apparent acid-base constants were measured in six
different solvent mixtures ranging from 23-43 wt% methanol content. Titrations were
performed under nitrogen gas at constant ionic strength (I = 0.15 M KCl) and temperature
(t=25.0£0.5 °C). Stock solutions of 20 uM concentration were prepared and UV spectra
were recorded at 19 different pH values. RefinementPro™ was used to evaluate the

results, calculated from three replicates.
3.2.3 Intrinsic solubility determined by the Chasing Equilibrium Solubility method

The thermodynamic solubility of neutral bases was measured using the Chasing
Equilibrium Solubility (CheqSol) technique [82]. Solubility was monitored using an
optical fiber connected to a GLpKa titration device, with the absorbance changes recorded
by a D-PAS spectrophotometer. The operation of the instrument was managed by
RefinementPro™ and CheqSol software from Sirius, Forest Row, UK. The titration
process was carried out in a nitrogen atmosphere at a controlled temperature of 25.0 + 0.5
°C, utilizing solutions of 0.5 M HCI and 0.5 M KOH. For each measurement, three
replicates were conducted.

The measurement was carried out by weighing a certain amount of the active
substance into titration vessels and dissolving it in 10 ml of a 0.15 M KCl solution. A
certain amount of acid was added to the basic solutions to ensure a pH value at which the

compounds were present in the solution in fully protonated form. Aliquots of the KOH
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solution were added to the solution of the ionized molecule until the solution became
turbid. The precipitation of the base with poor water solubility from the solution was
monitored by a spectrophotometer. In this two-phase system, small pH changes were
induced by adding acid or base, causing the concentration of the neutral species to
oscillate around their equilibrium saturation level. These pH perturbations triggered
processes that transiently produced either undersaturated or supersaturated conditions in
the solution. The exact pH value at which the system would be in equilibrium can be
determined from the changes in the pH gradient, from which the thermodynamic
solubility of the non-ionized particle can be calculated based on mass and charge

equilibria [57].

3.2.4 Determination of partition coefficient using shake-flask method

The shake-flask method was used to determine the partition coefficient. To
minimize errors due to mutual solubilization, the water and immiscible octanol layers
were pre-saturated with one another for a duration of 24 hours. The compounds studied
were dissolved in the aqueous phase, and their concentrations were determined prior to
addition of the octanol phase. For all compounds except lapatinib, the pH of the aqueous
phase was adjusted to pH 11 using NaOH. Following phase combination, the systems
were agitated for 12 hours to ensure equilibration. This duration was sufficient for the
establishment of partition equilibrium, while no detectable degradation of the compounds
was observed under these conditions. After equilibration, the phases were separated by
centrifugation [53]. The concentration of the substances in the aqueous phase was
measured both before and after the equilibrium using a Jasco V-550 diode array UV
spectrophotometer at a wavelength of 250 nm. The logP value was determined by UV-

spectrophotometry according to equation:
log P = log(*"R) (3.2)
1

where 4 and A; are absorbances of water phase before and after partition, and R
is phase ratio.

The partition coefficient (logP) could not be measured directly due to the high log
P value of lapatinib. Therefore, the distribution coefficient (logD) was determined at

acidic pH (pH = 2), where the molecule exists in a dicationic form, as well as at two
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additional pH values (pH 5.83 and 6.11). Three parallel measurements were performed at
each pH. The pH was measured using a Metrohm 6.0204.100 combined glass electrode
connected to a Metrohm 780 pH meter. The water/n-octanol phase ratio ranged between
250 and 600. The logP values of the individual macrospecies were calculated using the

following equation:
Dpn = xiP; = XLAP2+PLAP2+ * XLAP+PLAP+ * XLAPPLAP (3.3)
where y is the mole fraction of the corresponding macrospecies, of the charge

indicated.
3.2.5 Measurements by NMR

NMR spectroscopy measurements were carried out using a Varian Unity Inova
DDR spectrometer with a frequency of 599.9 MHz for 'H, equipped with a Smm inverse
detection z-gradient probe (IDPFG). The data from these measurements were analysed

using VNMRIJ 2.2C/Chempack 4.0 software package.

3.2.5.1 'H NMR-pH titration

Studied TKIs (erlotinib, gefitinib and vandetanib) were accurately weighed to
prepare a 1 mM solution, to which 0.2 mM of DSS was added as an internal reference
standard. NMR-pH titration of lapatinib could not be performed because the substance
precipitated during the measurement. The titration experiments were executed at a
maintained ionic strength of 1.0 M KCl, at a temperature of 25 °C in a solvent system
composed of 5% D>O and 95% H>O. 1H NMR spectra were recorded using solvent
suppression by the double pulsed field gradient spin echo (dpfgse) sequence was
employed [83]. The pH measurements were conducted in a 5 ml solution under
continuous mixing, and 600 pl of this solution was subsequently loaded into an NMR
tube. The pH measurements were carried out using a Metrohm 6.0234.110 combined
glass electrode, except where the pH was below 2.0. To avoid glass electrode error,
dichloroacetic acid was used as an in-situ NMR pH indicator molecule below pH < 2.0.
The pH was determined based on the chemical shift of the NMR indicator molecule, as
described by equation (1.8), which incorporates the indicator's protonation constant (Kind

with a value of 1.14 for dichloroacetic acid) and the chemical shift values of the indicator
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(Oina = 6.050, Oying = 6.345 for dichloroacetic acid) [28]. The pK, values were
determined from the chemical shift-pH curves by non-linear parameter fitting using the

OriginPro 8§ software.

3.2.5.2 Analysis of the structure of inclusion complexes by 2D-ROESY NMR

measurements

The position and orientation of the guest molecules within the inclusion
complexes were investigated using phase-sensitive 2D ROESY NMR spectroscopy. The
experimental solutions contained 2 mM native B-CD and 1 mM of the studied TKIs,
dissolved in a solvent mixture of 30% DMSO and 70% D>0O. The pH level was set to 2.0
using a 30% DCI solution. The spectral data were acquired with a mixing time ranging
from 300 to 500 milliseconds, across 64 scans and 512 data points for each 256

increments.

3.2.6 Determination of the stoichiometry of inclusion complexes using UV and NMR

spectroscopy

UV spectroscopy measurements were performed using a Jasco V-550 diode array
spectrophotometer, utilizing a quartz cuvette with a 10 mm path length at a constant
temperature of 25 °C. NMR spectroscopy measurements were carried out as mentioned
in chapter 3.2.5. The determination of the complex's stoichiometry was achieved by using
Job's method of continuous variation [84]. Solutions with different [ligand]/[CD] ratios
were prepared while keeping the sum of [ligand] + [CD] constant, and then the UV
absorbance or chemical shift of the solutions was measured. The overall molar
concentration was kept constant at 2.5 x 10° M during the experiment. Solutions were
prepared with the molar ratio of the TKI and native B-CD molecules ranging from 0 to 1
(x as molar ratio), after which the absorbance (A) or chemical shift (6) of each solution
was measured. The absorbance curves were obtained at the wavelength corresponding to

the maximum change in absorbance (AA).
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3.2.7 Phase-solubility study

The phase-solubility study for TKIs was conducted using the Higuchi and
Connors method [68]. To the supersaturated solutions of the drug increasing amounts of
native CD or their derivatives were added. The solutions were adjusted to pH 2 using
HCI, and KCIl was added to maintain an ionic strength of 0.15 M. After stirring these
mixtures for 24 hours, they were left undisturbed to settle for an additional 24 hours.
Following this, the concentration of the drug in the clear solutions was measured using

UV spectrophotometry with a Jasco V-550 diode array spectrophotometer.

For a 1:1 complex formation, the stability constants of the complex can be
calculated from the phase solubility diagram (TKI concentration vs CD concentration) as

per the given equation (3.4).

tga

So(1-tga) (3.4)

Kstap =

In this equation, Sy represents the drug's intrinsic solubility, which is indicated on the

vertical axis, and tga the slope of the linear part of the graph provides stability constant.

3.2.8 Molecular Modelling Study

Calculations were conducted using the Schrodinger suite (Released: 04-2020).
The molecular structures of the four TKIs were generated using the Maestro graphical
user interface (version 13.6.122). The LigPrep module refined these structures, utilizing
the OPLS4 force field. Epik Classic and Epik 7 tools within the software suite estimated
the potential protonation states across a pH range of 1.0 - 13.0. The most likely
conformations of the TKIs were selected for subsequent molecular docking studies.
Docking simulations used the inactive form of the EGFR tyrosine kinase domain (Protein
Data Bank ID: 4HJO)[85]. The 4HJO protein structure was prepared using the Protein
Preparation Wizard's default settings in the Schrédinger suite[86]. The protein's residue
protonation states were estimated at a physiological pH using PROPKA [87], and the
OPLS3e force field was applied during the minimization process [88]. The Receptor Grid
Generation module defined the docking target region. Glide software performed the

docking, utilizing flexible docking options and extra precision (XP) mode [89,90].
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Additionally, the PM6 semi-empirical quantum chemistry method optimized the
most likely protonation states of the inhibitors. These optimized structures, in complex
with (B-CD), were compared for system stability. The Gaussian 16 program package was
used to perform the calculations. The CPCM implicit solvent model, which approximates
an aqueous environment (¢ = 78.3553), and was applied to model solvent effects [91,92].
Thermodynamic properties derived from these calculations provided a basis for

comparing the stability of the inclusion complexes.
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4 RESULTS
4.1 Physico-chemical properties
4.1.1 Potentiometric titration of erlotinib in methanol/water mixture

The protonation constant (pK.) of erlotinib was determined using UV-—pH
titration, 'H NMR—pH titration, and pH-potentiometry. Using these three independent
analytical methods, errors from individual titrations can be minimized and additional
information on the protonation of the quinazoline ring can be obtained.

The co-solvent method was used to determine the protonation constant of compounds that
are poorly soluble in water. The most widely used and studied organic solvent mixture is
the methanol/water system, as methanol most closely mimics the solvation characteristics
of water [33]. The apparent ionization constants (psK. values) were determined in
different methanol/water mixtures and extrapolated to zero organic solvent content —
that is, to aqueous solution — to obtain the true pK, value [39]. The Yasuda—Shedlovsky
extrapolation accounts for the decreased relative activity of water in mixed solvents; thus,
a linear relationship is obtained by plotting the apparent dissociation constants against the
reciprocal of the relative permittivity of the solvent mixtures (Figure 4.1). The

extrapolated value was pK, = 5.25 + 0.02.

T T T T T
15,0 155 16,0 16,5 17,0 175
1000/

Figure 4.1 - Yasuda-Shedlovsky extrapolation for the determination of the

protonation constant of erlotinib [93].
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4.1.2 UV-pH titration of erlotinib and lapatinib

The pK, value of erlotinib was also determined by UV-pH titration. Due to the
high specific absorbance of the compound, titration was performed directly in aqueous
solution. The protonable group of erlotinib is part of the UV chromophore, thus the
spectrum during protonation is very sensitive in the 225-400 nm range. The obtained pK,
value was 5.39 + 0.03.

The protonation constant of lapatinib was determined by UV-pH titration in
methanol/water mixtures. A linear relationship between the apparent ionization constants
(psKa values) and solvent composition was observed only up to 60 wt% methanol
concentration. At higher methanol fractions, the p;K,—permittivity plot became sigmoidal,
resulting in distorted extrapolation and therefore unusable data. For lapatinib, the
solubility is so low that the base precipitates during the titration even in high-methanol
solvent mixtures at appropriate stock solution concentrations. For pH-potentiometric or
'"H NMR-pH titrations therefore neither of them can be performed. The UV—pH titration
followed the same solvent-composition strategy as described for potentiometry. In
different solvent mixtures, apparent acid-base constants (psK,) were determined. Because
the protonable sites lie within or near the chromophoric regions, the protonation process
can be monitored by UV spectroscopy. The obtained apparent ionization values were
extrapolated to 0 wt% methanol content according to the Yasuda-Shedlovsky method

(Figure 4.2.), yielding a value of 5.08 & 0.05 for pK,; and 7.72 + 0.07 for pKa.
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1000/e

Figure 4.2 - Yasuda-Shedlovsky extrapolation to determine the protonation

constants of lapatinib [94].
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4.1.3 '"H NMR-pH titration of erlotinib, vandetanib and gefitinib

To refine our estimation of the pK, values and gain a deeper insight into the
protonation mechanisms of the 4-anilinoquinazoline scaffold at the atomic scale, we
conducted a detailed study using NMR-pH titration. The measurement was carried out as
follows: solutions covering the pH range 0—12 were prepared, and the change in chemical
shift as a function of pH was monitored for the carbon-bonded aromatic hydrogens H?,

H® and H® (hydrogens on the quinazoline ring) located closest to the protonation site.

8,60 = n H2
8,55 o HB8
8,45—:

8,40 1

7,955

g 7.90
& 7,85
= 780
7,75
7.70 =
{e
7,30 1 ALMfV"\\NK.\“

Figure 4.3 - Variation of chemical shift of specific carbon-bonded

protons of erlotinib as a function of pH [93].

Gefitinib and vandetanib each have two protonation centers, whereas erlotinib can
only be protonated on the quinazoline ring. The pK, calculated for erlotinib from equation
(1.6) is 5.32 £ 0.06, which shows a good correlation with pH-potentiometry and UV-pH
measurements. In addition, the protonation values determined by 'H NMR-pH titration
for gefitinib are pK4;=5.05 + 0.02 and pK,>=7.11 + 0.02, while for vandetanib pK.;=5.29
+ (0.08 and pK.>=9.11 £ 0.02, by examining the chemical shifts of the aromatic hydrogens
H2, H5 and HS.
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4.1.4 Molecular modelling of the different protonation states regarding studied TKIs

For erlotinib, the Epik Classic algorithm identified six possible protonation states,
whereas Epik 7 predicted only three. Taken together, the combined predictions yielded
three neutral structures (erlotinib-01, -05, -06), two mono protonated forms (erlotinib-02,
-03), and one anionic species (erlotinib-04), as shown in Table 3. Both prediction methods
consistently identified erlotinib-01 to erlotinib-03. This subset includes one neutral
structure (erlotinib-01) and two protonated variants in which either the N1 atom

(erlotinib-02) or the N3 atom (erlotinib-03) of the quinazoline ring is protonated.

erlotinib

-~ 04 - 05 - 06

Figure 4.4 - All possible protonation states of erlotinib calculated

by Epik 7 and Epik Classic

41



Table 3. State penalty values for all possible protonation states of erlotinib
calculated by Epik 7 and Epik Classic - The numbering used in the table corresponds to

the numbering used in Figure 4.4

Calculation of Epik  Calculation of

Erlotinib
Classic / kcal/mol ~ Epik 7 / kcal/mol
ERL-01 — unprotonated 0.0015 0.0018
ERL-02 — N1 protonated 3.5729 3.4407
ERL-03 — N3 protonated 6.2483 5.9991
ERL-04 — 4-amine deprotonated 6.5137 -
ERL-05 — N3 protonated, cis 4-amine 7.4290 -
ERL-06 — N3 protonated, trans 4-amine 7.4290 -

Protonation states of lapatinib were also evaluated. In total, nine distinct
microspecies were predicted: one neutral form, five monocationic forms (+1), two
dicationic forms (+2), and one anionic form (—1) (Table 4.). Epik Classic identified eight
possible states, whereas Epik 7 predicted seven (Table 4.). Six states—Iapatinib-01
through lapatinib-05 and lapatinib-09—were common to both workflows. Among the
shared species, three are monoprotonated (+1), arising either from protonation of the

secondary amine adjacent to the sulfonyl group or from protonation of the quinazoline

core.
Table 4. State penalty values for all possible protonation states of lapatinib
calculated by Epik 7 and Epik Classic
Calculation of Epik  Calculation of
Lapatinib
Classic / kcal/mol ~ Epik 7 / kcal/mol
LAP-01 — unprotonated 1.1014 0.0574
LAP-02 — secondary amine protonated 0.1043 1.4172
LAP -03 — N3 protonated 4.7781 4.2719
LAP -04 — N1 protonated 4.9263 6.2792
LAP -05 — sec. amine; N3 protonated 4.1627 7.6390
LAP -06 — sec. amine deprotonated - 5.5446
LAP -07 — N3 protonated, trans 4-amine 7.3811 -
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LAP -08 — N3 protonated, cis 4-amine 7.3432 -
LAP -09 — sec. amine; N1 protonated 3.2525 5.6317

A detailed evaluation of gefitinib indicated that ten distinct protonation states are
feasible, comprising three neutral species, five monocationic species (+1), and two
dicationic species (+2) (Table 5.). Epik Classic predicted all ten states, whereas Epik 7
identified six (gefitinib-01 to gefitinib-06). Thus, the six states predicted by Epik 7 were
a subset of those generated by Epik Classic. Consistent with the observations for lapatinib,
three of the shared species are monoprotonated (+1), arising from protonation either at
the secondary amine of the morpholine moiety or at the quinazoline core. For the
diprotonated gefitinib structures (gefitinib-05 and gefitinib-06), protonation occurs at
both sites, i.e., on the quinazoline core and on the morpholine unit (Table 5.).

Table 5. State penalty values for all possible protonation states of gefitinib

calculated by Epik 7 and Epik Classic

Calculation of
Calculation of

Gefitinib Epik Classic /
real/mol Epik 7 / kcal/mol
GEF-01 — unprotonated 0.4260 0.1735
GEF-02 — N1 protonated 4.1292 3.6305
GEF-03 — N3 protonated 6.3359 6.2496
GEF-04 — morpholin N protonated 0.3983 0.8190
GEF-05 — morpholin; N1 protonated 4.0126 4.2760
GEF-06 — morpholin; N3 protonated 6.4771 6.8951
GEF-07 — N3 protonated, cis 4-amine 7.1219 -
GEF-08 — N3 protonated, trans 4-amine 7.1219 -
GEF-09 — morpholin; N3 protonated, cis 7.1404 -
GEF-10 — morpholin; N3 protonated, trans 7.1332 -

The protonation behavior of vandetanib was also investigated. Eight distinct
protonation states were predicted, comprising one neutral species, five monocationic

species (+1), and two dicationic species (+2), mirroring the overall charge-state
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distribution observed for gefitinib. Epik Classic identified all eight states, whereas Epik
7 proposed five (Table 5.). Notably, all five Epik 7 states (vandetanib-01 to vandetanib-

05) were included among the Epik Classic predictions.

Among the Epik 7 set, two species are monoprotonated (+1), arising either from
protonation of the quinazoline core or from protonation of the nitrogen atom of the N-
methylpiperidine moiety. In the dicationic vandetanib structures (vandetanib-04 and
vandetanib-05), both the quinazoline core and the N-methylpiperidine groups are

protonated (Table 6.), consistent with the trends described for the other TKIs.

Table 6. State penalty values for all possible protonation states of vandetanib

calculated by Epik 7 and Epik Classic

Calculation of
Calculation of

Vandetanib Epik Classic /
real/mol Epik 7 / kcal/mol
VAN-01 — unprotonated 3.6349 3.4530
VAN -02 — piperidine N protonated 0.0056 0.0033
VAN -03 — N1 protonated 6.7532 6.9813
VAN -04 — piperidine; N1 protonated 2.9457 3.5316
VAN -05 — piperidine; N3 protonated 4.7832 6.1853
VAN -06 — N3 protonated 7.9207 -
VAN -07 — N3 protonated, cis 4-amine 6.5383 -
VAN -08 — N3 protonated, trans 4-amine 6.5383 -

As the next step of the study, we aimed to determine which nitrogen atom in the
4-anilinoquinazoline scaffold exhibits the highest proton affinity. For this, the state
penalties of the predicted protonation states were calculated using Epik Classic and Epik
7. The state penalty values associated with protonation on the quinazoline amino group

in the para N1-position are predicted to be at least 2.00 kcal/mol lower in each TKI.
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4.1.5 Determination of lipophilicity

To characterize lipophilicity, the partition coefficient (logP) of the fully unionized
active compounds in the n-octanol/water system was determined. The results are shown

in Table 7.

Table 7. Octanol/water partition coefficient of the investigated TKIs.
Lipophilicity (logP)
Erlotinib 2.75+0.02
Gefitinib 3.65+0.08
Vandetanib 4.12+0.13
Lapatinib 5.65+0.25

4.1.6 Determination of solubility

The compounds we tested are in Class II of the Biopharmaceutical Classification
System (BCS) which means that they have low solubility and high permeability. For the
determination of intrinsic solubility CheqSol method was used, the results are shown in

Table 8.

Table 8. Summarized solubility values of TKIs.
Solubility (So)
Erlotinib 491 +0.9 pg/ml=12.5 uM
Gefitinib 86.0 +2.53 pg/ml =192.3 uM
Vandetanib 443 +0.13 pg/ml =93.1 uM
Lapatinib 0.48 £0.12 ng/ml = 210.0 pM

4.2 Interaction studies with cyclodextrins

In the case of active substances with low solubility, various CDs can be
successfully used to increase solubility, which may lead to an increase in bioavailability.
In the experiments described below, the most suitable cavity size for complexation of

CDs incorporating the guest molecule was identified and the variable complex stability
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resulting from substitution of CDs was investigated. The complex stability values are
important parameters, because if the stability value is too low, there will be no complex
formation, whereas if the value is too high, the active substance will not dissociate from
the complex and cannot exert a biological effect. In addition to stability, the stoichiometry

and geometry of complexes have been investigated using various techniques.

4.2.1 Determination of stoichiometry of guest molecule-CD complex using the Job plot

method

Job’s continuous variations method was used to study the stoichiometry of ligand-
CD complexes. The procedure is based on measuring the change in the concentration of
the product by keeping the sum of the concentrations of the two reactants at a constant
value but continuously varying their ratios. The variation of the physico-chemical
parameters under study is maximized when the two reactants are present in exact

stoichiometric proportions.

The calculated AAy and Ady values were plotted as a function of molar
composition (y). In all cases of the studied TKIs, the curves obtained showed a maximum
for the solution with a molecular fraction of 0.5, indicating a 1:1 complex stoichiometry.
Figures 4.5 and 4.6 show the Job plot curves for erlotinib -CD and vandetanib B-CD,

respectively.
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Figure 4.5 - Job plot curve for erlotinib-B-CD using UV spectroscopy [93]
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Figure 4.6 - Job plot curves for vandetanib-f-CD using NMR spectroscopy [9].

4.2.2 Determination of the apparent stability constants and solubility enhancement

using phase-solubility tests

The increase in the solubility of the guest molecule is strongly dependent on the
stability of the cyclodextrin inclusion complex, and therefore the determination of the

stability constant of TKI-CD is very important [95].

The stability of the inclusion complexes formed between the studied TKIs and six
CDs (a-CD, B-CD, y-CD, HP-B-CD, RAMEB, and SBE-B-CD) at pH 2 was assessed
using phase-solubility tests. Within the studied concentration range the phase-solubility
profiles were linear (so-called Ar-type curve), which also demonstrates the 1:1
stoichiometry of the inclusion complex in all cases [68]. The stability constant of the CD
complexes of TKIs with 1:1 stoichiometry was calculated from the phase-solubility
diagram using equation (3.4). The resulting logK«» values are shown in Table 9, the
solubility enhancement at 10 mM CD is also calculated. Among the native CDs, B-CD
formed the most stable inclusion complexes; therefore, further studies were performed

with B-CD and its derivatives.
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Table 9.

The logarithm of the stability constants (logKstb) obtained from phase

solubility studies and the solubility enhancement at 10 mM CD concentration [9].

log K (With solubility enhancement at a 10 mM CD concentration)

CD Erlotinib Lapatinib Vandetanib Gefitinib
2.15+£0.09 1.66 £0.12 1.34+0.03 1.49 +£0.05
a-CD
(2.3X) (1.4X) (1.2X) (1.3X)
2.43 £0.05 2.07£0.11 2.32 £0.05 2.29 +£0.01
B-CD
(4.0X) (2.4X) (3.0X) (2.7X)
1.73+£0.05 1.93 £0.09 2.16 £0.02 2.07 £0.07
v-CD
(1.6X) (1.7X) (2.5X) (2.3X)
2.37+£0.08 2.73£0.04 1.88 £0.07 2.19+£0.04
RAMEB
(3.5X) (4.5X) (1.5X) (3.5X)
2.63 +£0.11 2.52+0.03 2.37+0.12 240+0.11
HP-$-CD
(4.4X) 4.7X) (3.1X) (4.0X)
3.37+0.15 4.33+£0.10 3.18£0.18 3.51+£0.15
SBE-B-CD
(23X) (183X) (17X) (34X)
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4.2.3 2D ROESY NMR spectroscopy studies

2D ROESY NMR measurements were used to determine the structures of the
assumed complexes at the atomic level. To investigate the structure of the TKI-B-CD
complex, we recorded the 'H NMR spectrum of each TKI. Figure 4.7. shows the 'H NMR

spectrum of lapatinib in acidic medium.

T T T T T T T
3.25 3.5 3.05 2.95
‘ ppm

Mol L

e B et B et e (e o e o B o By i T S e et e Gy e e e Pt s e e e e 2t T Sy S Tt e
10.5 10.0 9.5 9.0 8.5 8.0 75 70 6.5 6.0 5.5 5.0 4.5 4.0 35 3.0 25 2.0 15 1.0 0.5
ppm

Figure 4.7 - "H NMR spectrum of lapatinib at pD = 2.0 in a mixture of
30% DMSO and 70% D->O

To confirm the complex structures, 2D ROESY spectra of the complex were
recorded at pD = 2.0. ROESY provides information on through-space interactions
between spatially proximate protons (typically within ~5 A). As an example, the ROESY

spectrum of the vandetanib--CD complex is shown in Figure 4.8.
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Figure 4.8 - 2D ROESY NMR spectra of vandetanib—-CD inclusion complex [9].

NMR analysis detected intermolecular interactions between the protons in the
bromo-fluorophenyl group of vandetanib and the H*> and H> protons (at 3.62 ppm) in the
CD cavity. The ROESY spectrum did not show any cross-peaks involving the H> protons
of the CD core, which suggests that the bromo-fluorophenyl group of vandetanib
predominantly enters the CD core through its wider rim, leading to the formation of an
inclusion complex. Similar results were obtained for erlotinib and gefitinib, where the
phenyl moiety directly attached to the 4-amino group is accommodated in the CD cavity.
In the case of lapatinib, the inclusion complex is formed from the wider rim, where the

H? protons of CD cross-peaked with the fluorophenyl group.
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4.2.4 Molecular modelling

A comprehensive analysis was performed across the four studied TKIs, resulting
in eleven selected protonation states for subsequent modelling. For each state, the
inhibitor was placed into the B-CD cavity to generate eleven distinct inhibitor—3-CD
complexes. The initial orientation within the cavity was guided by ROESY NMR results,
which indicated that the more hydrophobic end of each molecule was encapsulated within
the CD cavity, as depicted in Figure 4.9. Analogous starting geometries were constructed

for all protonation states and subsequently optimized.

ERL/B-CD GEF/B-CD

LAP/B-CD ; ) VAN/B-CD
Figure 4.9 - TKI/B-CD complexes optimized at the PM6 level of theory. (ERL —
erlotinib, GEF — gefitinib, LAP — lapatinib and VAN — vandetanib) [9].

51



Table 10. The Gibbs free energies of complex formation were then determined at the
PM6 semiempirical level of theory. Calculated relative Gibbs free energies of complex
formation (AG and AAG, kJ/mol) determined at the PM6 semi-empirical level of theory.
The numbered TKI names refer to the optimized protonation states in Table 3 - 6. (ERL
— erlotinib, GEF — gefitinib, LAP — lapatinib, and VAN — vandetanib) [9].

Complex Charge AG (kJ/mol) AAG
(kJ/mol)
ERL-01/B-CD 0 +31.07 0.00
ERL-02 /B -CD +1 +42.68 +11.61
GEF-01/p-CD 0 +36.62 0.00
GEF-04 /B -CD +1 +40.76 +4.14
GEF-05/B -CD +2 +46.29 +9.67
LAP-01/B-CD 0 +48.74 0.00
LAP-02/p-CD +1 +39.63 -9.11
LAP-09 /B -CD +2 +46.25 -2.49
VAN-01/B-CD 0 +37.63 +0.00
VAN-02 /B -CD +1 +39.68 +2.05
VAN-04/f -CD +2 +41.24 +3.60
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4.2.5 Study of tyrosine kinase receptor binding of TKIs

In line with previous findings, molecular docking calculations were performed to
investigate how the different protonation states of the TKIs bind to the receptor.
Molecular docking calculations (Table 11.) revealed that the quinazoline core exhibits
excellent alignment across the docked neutral structures of erlotinib, gefitinib, lapatinib,

and vandetanib.

Table 11. Calculated docking scores (DS, kcal/mol) of TKIs with different
protonation states docked to tyrosine kinase domain (PDB ID: 4HJO). (ERL — erlotinib,
GEF — gefitinib, LAP — lapatinib and VAN — vandetanib) [9].

Docking score

Complex Charge
(kcal/mol)

ERL/TK 0 -9.543
ERL"/TK +1 -4.806

GEF/TK 0 -9.109
GEF'/TK +1 -7.994
GEF*'/TK +2 -0.833

LAP/TK 0 -12.03
LAP/TK +1 -8.018
LAP*/TK +2 -2.148
VAN/TK 0 -5.255
VAN'/TK +1 -5.225
VAN*/TK +2 -2.436

In the current study, molecular docking simulations were performed to explore
the interactions between various TKIs and the tyrosine kinase domain (PDB ID: 4HJO)

in their different protonation states. Specifically, the docking experiments included the
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neutral and protonated forms of erlotinib (ERL and ERL"), gefitinib (GEF, GEF*, and
GEF?"), lapatinib (LAP, LAP*, and LAP?"), and vandetanib (VAN, VAN", and VAN?").
Ligand interaction maps were generated to visualize the binding modes, with hydrogen

bond interactions between the ligands and the protein residues indicated by purple arrows,

pointing from hydrogen bond donors to acceptors (Figure 4.10).

GEF*

Figure 4.10 - Tyrosine kinase inhibitors docked to the binding site of tyrosine kinase
domain (PDB ID: 4HJO). Ligand interaction maps of the docked neutral and protonated
erlotinib (ERL and ERL"), gefitinib (GEF, GEF', and GEF*"), lapatinib (LAP, LAP",
and LAP?"), and vandetanib (VAN, VAN, and VAN?") at the binding site of tyrosine
kinase domain is also shown. Purple arrows represent hydrogen bonds between the

ligand and the protein, and the arrows points from the hydrogen donor to the acceptor

[9].
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S DISCUSSION
5.1 Physico-chemical characterization of the studied tyrosine kinase inhibitors

The development of small molecule inhibitors targeting the tyrosine receptor-
binding domain of enzymes has emerged as a promising strategy for cancer therapy.
Among these inhibitors, compounds with a quinazoline core have received considerable
attention due to their high specificity and efficacy. The quinazoline-based TKIs are
characterized by a bicyclic core that competitively inhibits the binding of ATP to the
tyrosine kinase domain. The activity of these inhibitors is strongly influenced by
substitutions on the quinazoline core. The structural modifications represent the most
successful compounds of rational drug design to date, aiming to enhance affinity for the
ATP binding site, increase selectivity and improve bioavailability. The introduction of
the phenyl ring to the quinazoline core resulted in a dramatic increase in its kinase
inhibitory activity. However, these compounds have low bioavailability and poor water
solubility. To overcome these problems, high polarity side chains (e.g. methoxyethoxy,
methylsulfonylethylamino, morpholine or piperidine) were added to the compounds as a

final step in the drug design [96].

Assessing the physico-chemical characteristics of pharmaceutical compounds is essential
for understanding their pharmacokinetic profiles at the molecular level. Thus, bio-
relevant attributes of TKIs, including protonation constants, the octanol/water partition

coefficient, and intrinsic solubility were determined (Table 12.).
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Table 12. Summarized physico-chemical properties and of TKIs and their

bioavailability values. (N/A — not applicable) [9].

Dissociation constant Lipophilicity  Intrinsic solubility = Bioavailability
pKa lOgP So
Potentiometr UV-pH NMR-pH
ic titration titration titration
4.91+0.9 pg/ml =
Erlotinib 5.25+0.02 5.39+0.03  5.32+0.06 2.75+0.02 59%
12.5 uM
5.05+0.02 86.0 £2.53 pg/ml =
Gefitinib N/A N/A 3.65+£0.08 59%
7.11£0.02 192.3 uM
5.29+0.08 44.3 £ 0.13 pg/ml =
Vandetanib N/A N/A 4.12+0.13 N/A
9.11+0.02 93.1 uM
5.08+0.05 0.48 £ 0.12 ng/ml =
Lapatinib N/A N/A 5.65+£0.25 Less than 25%
7.72+0.07 210.0 pM

A comparative evaluation of the protonation constants of erlotinib supports the

reliability of each technique. Comparing the different methods provides cross-validation,

enhancing both the accuracy and robustness of physicochemical determination. The slight

variations observed among the methods reflect their specific sensitivities and

experimental conditions, emphasizing the importance of using complementary

approaches for a comprehensive understanding. Based on the results obtained, the

constant of the single protonatable group of erlotinib was found to be within the error

range of 5.32. The pKai value of quinazoline ring was obtained between 5.0 — 5.3 for all

the four molecules. The calculated state penalty values indicate that protonation on the

quinazoline core occurs at the para N1-position rather than at the additional N3 nitrogen

(Figure 5.1).
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Figure 5.1 - Favored protonation of 4-anilinoquinazoline core

calculated by Schrédinger suite [9].
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Because the erlotinib study established methodological reliability across
techniques, the investigations of gefitinib, vandetanib, and lapatinib proceeded with one
optimized method. Since all three techniques (potentiometric titration, UV-pH titration
and NMR-pH titration) provided consistent and reliable results for erlotinib, the most
practical method was chosen for efficiency. Gefitinib, vandetanib, and lapatinib each
contain two protonation centers. Evidently, the aliphatic amino group functions as the
stronger basic center than the quinazoline ring. Vandetanib exhibits the most elevated
pK.> value at 9.11. In the case of lapatinib and gefitinib, the proximity of an electron-

withdrawing group to the aliphatic amine diminishes their pK,> values to 7.72 and 7.11,

respectively.
i | BB ERL_GEF_LAP VAN
| H,GEF?*
084 H,VAN2*
{ H,LAP?*
0,6
<

0,4 -

0,2 4

0,0

Figure 5.2 - pH-dependent distribution of species of the studied TKIs.
(ERL — erlotinib, GEF — gefitinib, LAP — lapatinib, VAN — vandetanib) [9].

Regarding the pH-dependent distribution of studied TKIs (Figure 5.2) it can be
concluded that all four molecules exist predominantly in their (di)cationic form in the
highly acidic environment of the stomach, with negligible contributions from the neutral
or monocationic forms. This cationic dominance is consistent with the low pH being far
below their respective pKa; and pK,> values, leading to full protonation of the molecules.

The lack of significant neutral or monocationic forms in this environment suggests that
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passive absorption through the stomach lining is minimal or hindered. In the slightly
acidic to neutral environment of the intestines, all molecules shift predominantly to their
monocationic or neutral form, which is more favorable for passive diffusion across the
intestinal epithelium. Below pH 2, over 90% for erlotinib and small percentages of the
neutral form persist for gefitinib (~15%), vandetanib (<1%), and lapatinib (~6%),
reflecting their respective pK.> values being close to this pH. In the slightly basic
environment of the blood, the molecules demonstrate more complex behavior. Erlotinib
exists almost entirely in its neutral form (~99.0%), suggesting effective transport across
membranes in this state. Gefitinib and lapatinib display a significant proportion of the
monocationic form (~32-34%), alongside the neutral form (~66-68%), due to their pK,
being close to blood pH. This dual presence influences their solubility and interactions
with plasma proteins. Vandetanib is overwhelmingly monocationic (~97%), with only
minor contributions from the neutral form (~3%). Its higher pK,> limits deprotonation at
physiological pH.

Lipophilicity results are presented in Table 7. Among the compounds studied,
lapatinib exhibited the highest lipophilicity with a logP value of 5.65 and erlotinib the
lowest with more than 2 logP unit lower value. This indicates a broad variability in the
lipophilic nature of TKIs across different biological environments, suggesting that even
their monoprotonated forms possess the capacity to traverse membranes via passive
diffusion. The logD value at pH 7.4 for the investigated molecules are the following: 5.16
for lapatinib, 2.40 for vandetanib, 3.47 for gefitinib, and 2.75 for erlotinib. A notable dip
in lipophilicity for vandetanib was observed, corresponding to the prevalence of its
monocationic form. The substantial lipophilicity of TKIs under physiological conditions
implies their potential to permeate the blood-brain barrier and accumulate within the
central nervous system, offering a possible therapeutic strategy for treating brain

metastases [97].

The obtained solubility results highlight significant variability among the studied
TKIs, which has important pharmacokinetic and pharmacodynamic implications.
Solubility is a key determinant of oral bioavailability, as it influences the extent of drug
dissolution in the gastrointestinal tract, a prerequisite for absorption. Among the TKIs
analyzed, gefitinib exhibited the highest intrinsic solubility (86.0 ug/ml), followed by

vandetanib and erlotinib, with lapatinib demonstrating the lowest solubility (0.48 ng/ml).
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From a pharmacodynamic perspective, solubility plays a critical role in achieving and
maintaining therapeutic drug concentrations. Erlotinib and gefitinib achieve an absolute
bioavailability of 59%. In contrast, lapatinib, with extremely poor solubility, has a
bioavailability of less than 25%, demonstrating the significant limitations associated with
low solubility. There are no publicly available data on the bioavailability of vandetanib
from human studies. Reliable determination was probably not possible due to high
variability, influenced by factors such as its moderate solubility, first-pass metabolism
and transporter interactions. The low solubility of lapatinib reflects its inability to dissolve
adequately in the gastrointestinal tract, which severely limits its absorption and systemic
exposure. To overcome this, lapatinib must be administered in high daily doses of 1250
mg to achieve therapeutic plasma concentrations. This large dosing requirement not only
imposes a considerable pill burden on patients but also increases the risk of dose-
dependent side effects and interindividual variability in response. To address the
solubility challenges identified in this study, CD-based complexation was explored as a

strategy to enhance the solubility of these TKIs.

5.2 Characterization of cyclodextrin complexation of tyrosine kinase inhibitors

Establishing the stoichiometry of CD inclusion complexes is a prerequisite for the
quantitative interpretation of binding and for the subsequent evaluation of solubility
enhancement. CD—drug complexes are typically characterized by 1:1 stoichiometry;
however, numerous deviations from this have been reported in the literature [98],
particularly when a compound contains multiple lipophilic regions, as is also the case for
the compounds investigated in this work. Therefore, we first assessed the predominant
host—guest ratio by Job’s method of continuous variation, which indicated 1:1 complex

formation for all complexes.

Importantly, this conclusion was not based solely on the Job plot results. In the
subsequent experiments, the phase-solubility isotherms, the detected cross-peaks during
2D NMR ROESY measurements, and the computational modelling provided convergent
and mutually consistent evidence supporting predominant 1:1 stoichiometry, thereby
justifying the use of 1:1 binding model for comparing complexation efficiency and for

interpreting the solubility-enhancing effects of the selected CD derivatives. Beyond
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supporting 1:1 complexation, 2D ROESY NMR provides direct, spatial evidence for
inclusion by revealing through-space contacts between CD cavity protons (typically H3
and/or H5) and protons of the guest. In our measurements, the observed intermolecular
cross-peaks confirmed that complex formation involves true cavity inclusion rather than
nonspecific association, and they also indicated which lipophilic moieties of the TKIs are
preferentially accommodated and whether inclusion is more consistent with entry from
the wider or narrower rim. This level of structural resolution is critical because stability
constants alone do not define the binding geometry: different orientations (or partial
inclusion) can yield similar stability values yet lead to markedly different
physicochemical behavior and formulation performance. The obtained logK» values
confirm that all four TKIs form thermodynamically stable host—guest complexes with the
investigated CDs, and that the complex strength is highly dependent on CD type, with the
most pronounced stabilization observed for substituted B-CD derivatives (especially
SBE-B-CD). It is widely reported that moderate-to-strong stability constants (often in the
range of 10>-10* M, depending on the system) are favorable for formulation, as they
provide sufficiently stable complexation while maintaining reversibility. Our values fall
within or close to this commonly applied range. Therefore, these stability data support
the feasibility of CD-based complexation as a formulation-enabling strategy, providing a
quantitative basis for selecting the most appropriate CD derivative for further
development. The stability constant values are dependent on the ionization state of the
guest, that was investigated by molecular modeling techniques between TKIs and -CD.
As we expected, the neutral, non-ionized species form the most stable complex with
native B-CD in case of erlotinib, gefitinib and vandetanib. In contrast, for lapatinib, we
found no clear correlation between charge and complex stability. This can be explained
by the specific characterics of the molecular structure. Lapatinib has a larger hydrophobic
unit, and based on structural analysis, the stabilizing hydrogen bond between the
molecule’s N—H group and the hydroxyl groups of B-CD—which is present in the case of
the other inhibitors—cannot form. This hydrogen bond contributes to the stability of the

complex in the other systems.

The results of this study also demonstrate the significant impact of CDs on the
solubility enhancement of poorly water-soluble drugs, with notable differences in

efficacy across the various CD derivatives tested. The data reveal that the choice of CD
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plays a critical role in determining the extent of solubility enhancement. SBE-B-CD
consistently demonstrated the strongest interactions with the TKIs, as indicated by the
high stability constants and exceptional solubility enhancement factors. Its performance
was particularly remarkable for lapatinib, achieving a logKt» of 4.33 and a dramatic 183-
fold increase in solubility. For the other TKIs, SBE-B-CD also achieved substantial
solubility enhancements, including a 23-fold increase for erlotinib, 17-fold for
vandetanib, and 34-fold for gefitinib. These results suggest that the sulfobutylether
substitution on the B-CD backbone significantly enhances its ability to form stable
inclusion complexes with a broad range of poorly soluble drugs. The superior
performance of SBE-B-CD can be attributed to its unique physicochemical properties.
The introduction of negatively charged sulfobutylether groups increases the
hydrophilicity and electrostatic interactions of the CD, which may contribute to stronger
drug binding and improved solubility in aqueous environments. Additionally, the
modified cavity size of SBE-B-CD appears to be well-suited for accommodating the
molecular structures of the tested drugs, particularly lapatinib and gefitinib. These
findings highlight the potential of SBE-B-CD as a key excipient for enhancing the
solubility and bioavailability of hydrophobic basic drugs, especially those with extremely

poor aqueous solubility.

While SBE-B-CD demonstrated the highest efficacy, HP-B-CD and RAMEB also
showed strong interactions and substantial solubility enhancements across the four drugs.
HP-B-CD, achieved consistent solubility enhancement factors ranging from a 3.1-fold to
4.7-fold increase, making it a viable alternative to SBE-B-CD in scenarios where
moderate solubility enhancement is sufficient. Similarly, RAMEB demonstrated notable
solubility enhancement for lapatinib (4.5-fold increase) and moderate efficacy for the
other TKIs, suggesting that methylation of B-CD improves its binding affinity for certain
drug molecules. Both HP-B-CD and RAMEB are widely recognized for their favorable
safety profiles and regulatory acceptance, making them practical choices for drug
formulations. Their moderate solubility enhancement capabilities make them suitable for
drugs that require less drastic modifications to their solubility profiles. Overall, the
combined stoichiometric, structural, thermodynamic, and modelling evidence

demonstrates that CD complexation—particularly with appropriately substituted 3-CD
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derivatives—offers a robust, mechanistically well-founded, and highly promising

platform for advancing these TKIs toward effective, formulation-ready drug products.

53 Evaluation of interactions with the binding domain of tyrosine kinase

The protonation state of both the receptor and the ligand play a pivotal role in
determining receptor binding affinity and the accuracy of molecular docking simulations.
Ionizable groups within these molecules can undergo protonation or deprotonation during
complex formation, leading to pH-dependent binding behaviour. Such protonation state
shifts can profoundly influence the binding affinity and binding mode by altering critical
intermolecular interactions, including hydrogen bonds, salt bridges, and electrostatic
forces, all of which are highly sensitive to the charge state of the interacting molecular
partners. As a result, the precise assignment of protonation states is indispensable for the
realistic simulation of receptor—ligand interactions. However, this task is inherently
challenging due to the dynamic and often poorly defined microenvironments at binding

sites, which can significantly impact local protonation equilibria.

Traditional docking protocols often simplify this complexity by assuming fixed
protonation states for both the receptor and the ligand, which can lead to inaccuracies in
modelling the binding process. An ideal docking approach would involve the
simultaneous consideration of all relevant protonation and tautomeric states of the ligand,
allowing for a more comprehensive exploration of receptor—ligand interaction dynamics.
This approach is particularly critical for TKIs, as their ionization states can significantly
affect their binding properties. Docking studies that account for the different protonation
states of TKIs not only provide a deeper understanding of the molecular-level interactions
between these inhibitors and their target tyrosine kinase domains but also serve as a

valuable tool for rational drug design and optimization [99].

The docking results demonstrated that the quinazoline core of the TKIs exhibits
excellent alignment across the docked neutral structures of erlotinib, gefitinib, lapatinib,
and vandetanib. Key interactions were observed between the ligands and binding site
residues, such as MET769 and PHE832, which are critical for stabilizing the receptor—
ligand complex. Interestingly, as the charge state of the TKIs increased, the binding

modes of the ligands deviated from their positions in the neutral species, except for
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monoprotonated gefitinib. Notably, for monoprotonated gefitinib, the core of the ligand
maintained the same position as its neutral form, suggesting a unique binding behaviour
compared to the other TKIs. In all other cases, the protonated ligands engaged in
additional or altered interactions with the protein, leading to significant changes in
binding mode. These differences are clearly depicted in the ligand interaction maps
(Figure 4.10). Furthermore, all neutral TKI structures were found to interact with
MET769, a finding that aligns with previous studies and emphasizes the importance of
this residue in the binding mechanism (Figure 4.10) [100]. In terms of docking scores,
the neutral TKIs consistently exhibited the most favourable binding, forming the most
stable complexes, while the least favourable interactions were observed for the ligands
with the highest charge states (Table 11.). Interestingly, the neutral and monoprotonated
gefitinib structures showed a greater difference in docking scores (>1 kcal/mol) compared
to the neutral and protonated vandetanib pair (0.03 kcal/mol). Structural analysis revealed
that despite this difference, the neutral and protonated forms of gefitinib and vandetanib

exhibit significant overlap in their binding poses.

In summary, these findings highlight the critical role of protonation states in
modulating the binding interactions of TKIs with their target receptors. Accurate
modeling of these effects is essential not only for understanding the molecular basis of
receptor—ligand recognition but also for guiding the rational design and optimization of

TKIs in therapeutic applications.
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6 CONCLUSIONS

My first objective was to describe the pharmacokinetic behavior of TKIs at an atomic
level by determining the physicochemical properties of four notable TKIs—erlotinib,
gefitinib, vandetanib, and lapatinib. As a result of rational drug development, modern
TKIs contain more protonatable groups, which can improve the solubility of these
molecules. Protonation of the quinazoline ring was identified as a critical factor for
efficient receptor binding, and molecular docking studies highlighted the impact of
protonation state—dependent interactions on this process. Overall, the physicochemical
results confirmed the key pharmacokinetic challenges associated with TKIs, particularly
limited bioavailability due to high lipophilicity and low water solubility—a common

issue for BCS class II drugs.

CDs can increase the solubility of these active compounds by forming inclusion
complexes, which may lead to improved bioavailability. Our in-depth analysis
demonstrated that the cavity size of B-CD is particularly well suited for incorporating
these molecules. The inclusion complexes formed between the TKIs and B-CD showed a
consistent 1:1 stoichiometry, as confirmed by Job plot titration. Furthermore, 2D ROESY
NMR spectroscopy and molecular modelling provided atomic-level structural insights
into the complexes, contributing to a deeper understanding of TKI pharmacokinetics and
receptor binding. Among the modified B-CDs evaluated—randomly methylated,
hydroxypropylated, and sulfobutylated B-CDs—sulfobutylated B-CD produced the most

pronounced improvement, with up to two orders of magnitude higher solubility.

The outcomes of this study address major drug-development challenges associated
with poor water solubility in oncological therapeutics. The biocompatible nature of CD
complexes, coupled with their favorable toxicological properties, underscores the
importance of continued research in this area. Overall, the results presented in this
dissertation contribute to the field of TKI development and provide a quantitative and
mechanistic basis for the design of new drug formulations, thereby expanding therapeutic

options for cancer patients and advancing oncology pharmacotherapy.
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7 SUMMARY

The detailed physicochemical characterization and CD complexation of four key
TKIs—erlotinib, gefitinib, vandetanib, and lapatinib—were investigated. A broad set of
analytical techniques was applied to study the acid—base properties, lipophilicity, and
solubility of these drugs, highlighting low solubility as a fundamental barrier to their

bioavailability.

CD complexation emerged as a promising strategy to improve the performance of
the studied TKIs. The stoichiometry and stability constants of inclusion complexes
formed with native CDs (a-CD, B-CD, y-CD) and substituted derivatives were

characterized using different analytical methods.

Phase-solubility studies demonstrated that CD complexation can substantially
enhance the water solubility of the investigated TKIs, with the potential to improve
bioavailability. In addition, NMR and molecular modelling were used to examine the
stoichiometry and geometry of the complexes, providing mechanistic insights that can
support formulation design and inform the further development of TKI-based

therapeutics.
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