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ABBREVIATIONS

API Active Pharmaceutical Ingredient
CD Cyclodextrin

FEN Fenofibrate

TER Terbinafine hydrochloride

DIMEB Heptakis-(2,6-di-O-methyl)-B-CD
HPBCD (2-hydroxypropyl)-B-CD
SBEBCD Sulfobutylether-B-CD

XRPD X-ray powder diffraction
HOT-XRPD XRPD at variable temperature
DSC Differential scanning calorimetry
TG Thermogravimetry

FT-IR Fourier-transform infrared spectroscopy
SEM Scanning electron microscopy

Ph. Eur. European Pharmacopoeia

USP-NF United States Pharmacopeia and the National Formulary
HPMC Hydroxypropyl methylcellulose
PVP Polyvinylpyrrolidone K-90

SIF Simulated intestinal fluid

SGF Simulated gastric fluid

CG Co-grinding

KN Kneading

SE Solvent evaporation

ATR Attenuated total reflectance

DE Dissolution efficiency

MDT Mean dissolution time

Caco-2 Human colorectal adenocarcinoma
PM Physical mixture

TS TER:SBEBCD product

TSP TER:SBEBCD:PVP product

TSH TER:SBEBCD:HPMC product
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1. INTRODUCTION

The field of green chemistry strives to create chemical products in a sustainable and cost-
effective manner, with the dual objective of meeting environmental and economic objectives.
It is an innovative area that seeks to balance these two goals. One of the major highlights of
green chemistry is minimizing or eliminating the use of solvents, as a significant amount of
industrial waste generated from chemical processes is linked to solvent usage. One of the green
technologies that can be easily implemented is co-grinding (CG), where mechanical force is
communicated to the system using various means. Most of the publications deal with organic
chemical syntheses, however, pharmaceutical intermediates from existing active
pharmaceutical ingredients (APIs) have also been produced in many cases.

Cyclodextrin (CD) complexation is an intermediate preparation method, that can enhance
the physicochemical properties of hydrophobic molecules, making them suitable for a diverse
range of applications. Often, the aim is to increase the solubility, dissolution rate, and stability
of poorly soluble APIs. Incorporating an auxiliary component during the preparation of CD
complexes is an effective approach to improve complexation efficiency and enhance the
therapeutic potential of various APIs. While various auxiliary components affect the
mechanisms of CDs differently, the use of water-soluble polymers has been demonstrated as
the most efficient method to enhance the solubilizing effect of CDs.

Traditional methods for forming molecular complexes with CDs involve using organic
solvents, which can lead to additional expenses and disposal issues. Solvent-free methods are
becoming increasingly important in the pharmaceutical industry, and various "green"
technologies, such as microwave irradiation and mechanochemistry, are being used to create
CD complexes. These methods have advantages such as reduced costs and environmental
impact. Moreover, recent studies have explored solvent-free methods such as CG, which uses
mechanical force to form complexes. This method can result in amorphous or partially
crystalline products, depending on the grinding parameters and raw material properties. CG is
considered a simple and economically desirable method for obtaining CD inclusion complexes
without the need for solvents.

A comprehensive evaluation of CD complex production requires a multidisciplinary
approach that incorporates a variety of analytical methods to guarantee the successful

development and enduring stability of these pharmaceutical products.



2. AIMS

This Ph.D. work aims to prepare CD complexes with different model drugs by a novel,
eco-friendly method, characterize this process, and compare it to conventional methods. This
research was planned and carried out by the following points:

I) An extensive literature review was carried out on CD complexation especially eco-
friendly, solventless preparation methods, which aimed to find less-explored alternative routes
of complexation methods. Also, the literature background of different drugs was reviewed to
find model drugs that were already proven to be suitable for complexation via conventional
methods. Based on this review CG as a preparation method, two model drugs and several CD
derivatives were selected. The preparation of amorphous products was aimed for better
solubility enhancement.

II) First, the CG of Fenofibrate (FEN) was evaluated. As CD derivative Heptakis-(2,6-di-
O-methyl)-B-CD (DIMEB) was selected, because pre-experiments showed that using DIMEB
had the best impact on the physicochemical properties of FEN. Physicochemical and in vitro
characterization was planned to characterize the product and the whole process also. A
comparison of other well-known methods was also applied.

IIT) Secondly, a similar process and characterization were carried out on CG of
Terbinafine hydrochloride (TER) with different CD derivatives. DIMEB and (2-
hydroxypropyl)-B-CD (HPBCD) were selected for complexation. TER has pH-dependent
solubility, so two different dissolution media were applied during in vitro tests.

IV) Based on the poor results with TER we aimed to prepare complexes with other CD
derivative and apply auxiliary components also, to further enhance the positive effects of CDs.
Pre-experiments showed that the combination of sulfobutylether-B-CD (SBEBCD) and water-
soluble polymers have the best effect on enhancing the properties of the drug. Cytotoxicity of
these products was also carried out since per os toxicity of SBEBCD is not yet fully explored.

V) Finally, we aimed to characterize the stability of complexed drugs, because amorphous
products tend to recrystallize during storage. Thermoanalytical and crystallographic changes

were examined in normal and accelerated stability tests for 3 months.



3. LITERATURE BACKGROUND

3.1 Green chemical approaches for enhancing physicochemical properties

One of the biggest challenges in the pharmaceutical industry is enhancing the
physicochemical characteristics of drugs that have poor solubility [1]. The Biopharmaceutical
Classification System (BCS) categorizes APIs into four classes based on their permeability and
solubility properties [2]. APIs with poor water permeability and good permeability are classified
in BCS Class II. The primary factor influencing the absorption of compounds in this category
within the gastrointestinal tract is their constrained solubility and slow rate of dissolving from
the formulation [3]. The inadequate solubility of these drugs can result in formulation
challenges and hinder their therapeutic effectiveness, thereby increasing the possibility of
bioavailability issues and dose-dependent adverse effects [4]. There are plenty of approaches to
enhance physicochemical properties and avoid bioavailability issues [5], but most of them
require the use of solvents, which are costly and polluting and therefore not sustainable.

Green chemistry is an innovative field that aims to produce chemical products in a
sustainable, cost-competitive way to achieve environmental and economic goals at the same
time [6]. Although as a cornerstone of the topic, the 12 Principles of Green Chemistry were
developed as early as 1998 by Paul Anastas and John Warner [7], the subject of environmentally
friendly production of materials is still a major concern today [8—10]. Among the green
chemical processes are organic chemical syntheses of basic compounds and the production of
intermediates, and final products [11]. It seems that chemistry, in process isolation, will not
"green" the chemical processing industries, especially as represented by the pharmaceutical
industry [12].

One of the most significant aspect of green chemistry is the reduction and elimination of
solvents since most of the industrial waste from chemical reactions comes from solvent use
[12,13]. Traditional solvents are harmful to the environment and the workers who use them.
One way to reduce solvent use is to reuse them, but this is time and energy-consuming.
However, the best possible way is to apply a method that achieves the same result without the
use of solvents, because it eliminates the costs and problems of using solvents [14].
Furthermore, no residual solvent content could affect the quality of the products [15,16]. This
is particularly important in the case of medicinal products, which has been established in a

guideline to regulate this (detailed in ICH guideline Q3C (R8)) [17].



Essentially, mechanochemistry is a green method, which includes physicochemical
transformations that derive from mechanical energy (compression, shear, impact, extension,
etc.) [18]. The most important advantage of mechanical chemistry is the possibility of reacting
substances under solvent-free conditions or using only a small amount of liquid reaction
media [19]. The simplest and most common way of mechanochemical transformations is when
energy is provided by grinding or milling. Both methods are suitable for mechanochemical
activation. The difference is that while grinding in a mortar is a process that is difficult to
reproduce, using milling machines is an automated and easily reproducible process [20].

Mechanochemical processes have several advantages over solution-based processes.
Yields are often improved, and reaction rates can be faster [21]. In addition, they offer better
control over the polymorphic outcome, which may not be achievable in solution-based
reactions [22]. Furthermore, these reactions often proceed to completion, eliminating the need
for additional purification steps [23]. Another advantage is that some mechanochemical
reactions use less energy, thanks to efficient energy transfer in the reaction mixture, such as in
planetary ball-milling [24]. Figure 1. summarizes the main differences based on the reviews

listed above.

Production of:
Pharmaceutical Solvent methods =
raw materials « Appropriate choice of solvent purification, product
or + Solubility of reagent is crucial | solvent removal
: » Can be time-consuming
. Starting
Intermediates materalcll |
(e.g. Cyclodextrin Mechanochemical methods
complexes)
» Using grinding or milling Pure
or —+ Solvent-free T | product
» Independent of reagent
Final products solubility

Figure 1. Main differences between solvent and solvent-free methods of product
preparation in the pharmaceutical field.
3.2 Cyclodextrins as molecular complexation agents
CDs find extensive application in various industrial sectors such as cosmetics, food, and
pharmaceuticals. CDs are cyclic oligosaccharides composed of a-D-glucopyranose units that

are connected by a-1,4 glycoside bonds. These units take on a chair shape, resulting in a



truncated cone structure with two openings of different diameters [25]. The hydroxyl groups
are located on the exterior of the molecule, with the primary and secondary ones facing the
wider and narrower edges, respectively, giving the exterior a hydrophilic character. On the other
hand, the CD cavity is lined with skeletal carbons and ethereal oxygens, which results in a
slightly hydrophobic character. This dual nature of hydrophilic and hydrophobic characters
gives CDs amphiphilic properties, making them ideal for hosting hydrophobic molecules and
creating water-soluble complexes [26]. The physicochemical properties of hydrophobic
molecules can be improved through complexation, making them useful for various
purposes [27].

These parent CDs can be chemically modified in many ways. While natural CDs have
been widely used to enhance pharmaceutical properties, chemically modified CDs (also known
as CD derivatives) offer superior benefits in terms of solubility, dissolution rate, and stability
[25]. Additionally, amorphous CD derivatives can be utilized to create amorphous complexes,
which can improve solubility [28]. Unlike their crystalline counterparts, amorphous forms lack
lattice energy and have higher configurational energies, providing better dissolution properties
[29]. Therefore, amorphous properties are desirable in this point of view [30]. However, these
non-crystalline materials have limited stability, and ensuring their long-term stability often
poses significant challenges in drug formulation work [31].

Another main conventional application of CDs is to increase the chemical stability of
complexed drugs [32]. The general perception is that CDs can enhance the chemical stability
of drugs and extend the shelf-life of pharmaceutical products [33]. However, in aqueous
solutions, complexation with CDs has been demonstrated to impede various types of
degradation, including hydrolysis [34], oxidation [35], and photodegradation [36] of dissolved
drugs. However, certain drugs, such as B-lactam antibiotics, may experience CD-catalysed
degradation under specific conditions in aqueous solutions [37]. Additionally, some drugs that
are stabilized by CDs in aqueous solutions may experience destabilization by the same CDs in
solid dosage forms [38]. As a result, it is necessary to assess and confirm the effects of CDs on
drug stability in the final drug formulation and under recommended storage conditions [39].

In addition to their conventional function, CDs can also be included as APIs in medicinal
products. Numerous research is also being carried out on this aspect. Some of these innovative
preparations are on the market for the unblocking of neuromuscular block under anaesthesia

(Sugammadex) and for the treatment of Niemann Pick Type C disease (HPBCD) [40].



Evaluating CD complex production requires a multidisciplinary approach, utilizing a
range of analytical methods to ensure the successful creation and long-term stability of these
important pharmaceutical products [41,42]. The investigation of potential complexes requires
X-ray powder diffraction (XRPD) studies as well as thermal analysis using differential scanning
calorimetry (DSC) and thermogravimetry (TG) [43—46]. Additionally, spectroscopic techniques
such as Fourier-transform infrared (FT-IR) and Raman spectroscopy can provide valuable
supporting information. Scanning electron microscopy (SEM) measurements have also been
demonstrated to be beneficial in explaining and improving the understanding of solid phase
changes [47-50].

3.3 Using auxiliary components to prepare ternary systems with superior properties

Binary systems consisting of the APIs and CDs are commonly used in pharmaceutical
applications, while supramolecular systems known as ternary CD complexes are composed of
three distinct materials [51]. Adding an auxiliary component in the preparation of CD
complexes is an adequate strategy to increase the complexation efficiency and promote the
therapeutic utility of different APIs [52]. These multicomponent systems contain amino acids,
organic acids or bases, or water-soluble polymers as a second excipient, further improving the
beneficial properties of CDs [53]. As a result of physicochemical, solubility, and transport
properties with these new formulations, higher drug administration and reduction of the amount
of API and/or CD can be achieved [54]. Thereby auxiliary components are tools to optimize the
cost, toxicity, and formulation volume in the final product.

Different types of auxiliary components influence the effects of CDs in different
mechanisms [51,53,55]. However, using water-soluble polymers has proven to be the most
effective way to increase the solubilising effect of CDs [56]. Polymers can act on their own to
increase solubility and are widely used in the pharmaceutical industry for this reason and many
more [57]. However, they can also interact with the outer surface of CDs and thus with CD
complexes. The resulting API-CD-polymer co-complexes have a stability constant that exceeds
that of binary products, thus increasing their solubilisation efficiency [58]. Several studies have
shown that the obtained ternary systems increase the in vitro solubility properties compared to
both polymer-containing and CD binary products, thus a synergistic effect can be
presumed [59]. PVP and HPMC have been widely studied for this purpose as easily available

polymers in ternary systems.
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Figure 2. Schematic representation of water-soluble polymer containing CD ternary
systems

3.4 Cyclodextrin complex preparation methods with or without using solvents

Typically, conventional methods for preparing molecular complexes with CDs involve
using a specific quantity of organic solvent [60]. This solvent mixture is used to dissolve all or
a portion of the components so that a secondary bond can form between the molecules, ensuring
sufficient stability of the inclusion complex [61].

Generally, all the materials are dissolved using a defined amount of organic solvent in
conventional methods of forming a molecular complex with CDs. To promote the formation of
the inclusion complex, the solution can be cooled slowly or added drop by drop to a solvent
that maintains low solubility of the complex. Alternatively, the pH of the solution can be
adjusted to facilitate the precipitation of the complex. Afterward, the precipitate is washed with
an appropriate solvent and dried [60].

However, in the case of kneading (KN), only a small amount of solvent mixture is used.
The KN process is utilized to improve manufacturability and blend uniformity. Depending on
the desired scale, KN can be accomplished using a mortar and pestle, as well as planetary or
high-shear mixers. The procedure involves mixing CD with enough water to create a slurry or
uniform paste, then adding the API as a solid or a pre-dissolved aqueous solution to the slurry,
and ultimately blending the components [1,62].

The process of purchasing, storing, disposing of organic solvents, and controlling residual
solvent content in the final product can be costly in terms of time, materials, and energy.

Additionally, the use of solvents can result in unwanted reagent consumption via hydrolysis



[63]. As a result, many industries, including pharmaceuticals, favour organic solvent-free
preparation methods due to these drawbacks [13]. Solid-state processes that do not require
solvents, or only use minimal amounts of solvent (catalytic amounts), have gained significant
attention lately. Green technologies such as microwave irradiation, sonochemistry,
photochemistry, and mechanochemistry are becoming increasingly important for producing CD
complexes [64].

In recent research, alternative techniques that eliminate the need for solvents, such as CG,
have been investigated. CG involves employing mechanical energy to produce the complexes
[65]. By avoiding solution-based methods, this approach offers added benefits and avoid
challenges, including problems with solvent complexation, and solvolysis. In addition to
reducing the use of solvents, CG is also preferred when the product or a certain polymorph of
the product cannot be produced by classical methods. Moreover, in many cases, this method
can provide a faster route to higher yields [66,67].

The mortar and pestle are the primary tools used for grinding (Figure 3.a). Although the
energy input is not easily measurable, grinding proved to be an effective technique for preparing
CD complexes in the solid state. Various examples show amorphization and complexation of
different APIs using mortar and pestle [47,68]. Vibrational mills are capable of operating batch-
wise and are appropriate for preparing laboratory products on a scale of grams (Figure 3.b). The
effect achieved by vibrational mills is typically attributed to several factors, including the
frequency of the vibrating motion, the milling time, the material of the milling balls, their
density, and the ratio of milling media to charge [69]. Several articles deal with the CD
complexation of APIs by vibratory milling and the effects of the mentioned variable parameters
[46,70]. Another well-known instrument is the planetary mill, where the variation in velocities
between the grinding jars and balls results in an interplay of frictional and impact forces,
generating significant dynamic energies (Figure 3.c). In contrast to the vibrational milling, the
parameter variable is the rotation speed instead of the vibration frequency and in addition to
laboratory-scale devices, pilot-plant scale production is also possible. Scientific work on CD

complexation is also being carried out extensively with planetary mills [71,72].



Figure 3. [llustrations of the three primary tools of CG: (a) grinding with mortar and pestle;
(b) high-speed vibration milling in a mixer mill; (c) planetary ball milling [73].
3.5 Pharmaceutical industrial application — marketed products containing cyclodextrins

There are basically 3 main directions in pharmaceutical research: original, generic and -
to a lesser extent — “Supergenerics”. While generics have the same bioavailability as the
originator product, “Supergenerics” are concerned with the development and
commercialisation of APIs with improved properties [74]. By 2030, the sales of these advanced
drug formulations in the pharmaceutical industry could potentially reach up to US$ 365 billion
[75].

CD-containing pharmaceutical products are widely used due to their ability to improve
the solubility and bioavailability of hydrophobic drugs as an attempt to formulate
“Supergenerics”. Publications related to CDs and their various applications have been steadily
increasing since 1975, as shown in Figure 4. The graph shows 5-year intervals, but the last
column shows only the 3 years from 2020 to the writing of this thesis. There was a slight
decrease in the time interval between 2015-2020. However, in just 3 years since then, there has
been an increase again. This surge in publications can be attributed in part to the more cost-

effective and efficient production of CDs in the industry.
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Figure 4. The growing trend of CD publications between 1955 and 2020 (using the keyword
"cyclodextrin" on Google Scholar)

The first patent recorded was in the early 1980s, when a slow increase in CD patents was
noted throughout the decade. Nevertheless, the pharmaceutical sector witnessed a remarkable
surge in the adoption of CDs in the early 2000s [76]. There are four main categories in which
current patents for CDs can be classified. The first category consists of patents for methods of
producing CDs. The second category includes patents for pharmaceutical applications of certain
CD derivatives. For instance, Johnson & Johnson holds a patent for the pharmaceutical use of
HPBCD in the US, while CyDex holds a patent for SBEBCD. The third category comprises
patents for methods aimed at enhancing the performance of CDs, such as certain ternary system
formulation techniques involving adding hydroxy acids or water-soluble polymers to improve
their solubilizing effects. Finally, the fourth category encompasses patents for specific drug/CD
combinations. This is the largest category, accounting for more than a third of all CD-related
patents [77].

Together with the publications and patents, the range of CD-containing drugs marketed
has also increased greatly. The first pharmaceutical product containing CD, commercialized in
Japan in 1976, was Prostarmon E™ (prostaglandin E2 with BCD) [78]. Table 1. provides a

summary of some of the medicinal products containing CD that are already on the market since
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then. In addition to these, there are more than 120 similar formulations on the market worldwide

[79], but the scope of this paper does not allow a complete list to be presented.

Table 1. A brief review of marketed products containing CD as excipient based on the

work of Puskas et al. [79].

Drug CDh Trade name Dosage form Company

chewing tablet, orally Losan Pharma,
Zyrtec, WalZyr,

Cetirizine B-CD ‘ dissolving tablet, dry = UCB Pharma,
Revicet
syrup Sandoz, etc.
Karalex
Fenofibrate,
tablet, capsule, Pharma,
Fenofibrate B-CD Fenacor, Fibrate, . ‘
o injection Avinash
Lipicard, etc.
Health, etc.
Vfend,Voriconazole 1.v. solution Pfizer,Sandoz
Voriconazole SBEBCD .
(veterinary)
Jeovden (previously
Ad26.COV2.S HPBCD COVID-19 Vaccine vaccine J&J
Janssen)
Estradiol RAMEB Aerodiol nasal spray Servier
Cisapride HPBCD Prepulsid suppository Janssen

The market is dominated by B-CD and its derivatives, including hydroxypropylated and
sulfobutylated variants such as HPBCD and SBECD. While HPBCD was the first semi-
synthetic derivative of CD to be used in final dosage forms, SBECD has become increasingly
popular due to its powerful solubilizing and stabilizing properties. CDs can be used in all routes
of administration, from per os tablets to eye drops and parenteral vaccines [60]. However, there
1s no evidence that SBEBCD-containing per os medicines are on the market.

3.6 Previous complexation approaches of the applied active ingredients
3.6.1. Terbinafine hydrochloride

Terbinafine is an antifungal medication that works by inhibiting the squalene-epoxidase
enzyme, which is essential for the synthesis of ergosterol, an important component of fungal
cell membranes [80]. This drug can be administered both topically and systemically and one of

the advantages of terbinafine is its ability to accumulate in the hair and nails during systemic
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administration, making it particularly effective in treating fungal infections of the nails [81,82].
Common side effects of terbinafine therapy include gastrointestinal complaints, taste loss, and
cutaneous adverse effects such as rash or itching [83—85]. In addition to these common side
effects, elevations in liver enzymes and bilirubin have also been observed in some patients
taking terbinafine, and acute hepatitis has been reported in rare cases [86].

Because of its poor water solubility, its hydrochloride salt is used in pharmaceutical
preparations on the market. However, even the more soluble hydrochloride salt is BCS Class II.
and its pH-dependent solubility is particularly problematic. Several studies have shown that CD
complexation can increase the stability and solubility of terbinafine, making it a promising
approach for the formulation of this drug [87,88]. However, the solvent-free conditions to
produce the API-CD complex have not yet been developed.

3.6.2. Fenofibrate

Fenofibrate (FEN) is a widely used antidyslipidaemic drug for lowering blood cholesterol
and triglycerides levels [89]. The most common side effects of FEN include gastrointestinal
symptoms such as nausea, diarrhea, and abdominal pain. Other potential side effects include
muscle pain or weakness, liver problems, and an increased risk of developing gallstones
[90,91]. It was marketed for the first time in 1975 and is currently being marketed in
approximately 85 countries worldwide [92].

There are four known polymorphs of FEN that exhibit distinct physical characteristics,
and among these, three have been observed to possess limited thermal stability [93]. This API
belongs to BCS Class II. because of its low water solubility, causing low bioavailability [94].
This property can be effectively improved by CDs so that the dosage applied can be reduced,
thus reducing side effects. For this reason, several article deals with the solubility and
bioavailability enhancement of FEN [95]. Previous works have also demonstrated the
feasibility of CD complexation. However, these scientific publications have always used
solvent-based methods [96,97]. Aigner et al. have previously studied have shown that DIMEB

has the most solubilising effect on FEN among the various CD derivatives [98].
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4. MATERIALS AND METHODS

4.1 Materials
4.2 Active pharmaceutical ingredients

Terbinafine hydrochloride (TER) and Fenofibrate (FEN) was kindly donated by Gedeon
Richter Plc. (Budapest, Hungary).

Table 2. The physicochemical and pharmaceutical properties of the drugs were used.

Name of API Terbinafine HCI (TER) Fenofibrate (FEN)
NS °
Chemical W
structure . HC| o OXL‘/ Y
(E)-N,6,6-trimethyl-N- isopropyl-2-[4-(4-
Chemical name (naphthalene-1-ylmethyl) hept-2-  chlorbenzoyl)phenoxy]-2-
en-4-yn-1-amine hydrochloride methylpropanoat
Formula C21H2sN.HCI C20H21Cl0O4
My 327.9 360.8
Melting point 204-208 °C 80-81 °C
logP 5.53 5.30
Solubility in
<0.1 mg/mL
water
BCS class * BCS class II.
Antifungal medication used to
Used to treat abnormal blood lipid
Pharmacology treat pityriasis versicolor, fungal

L _ levels.
nail infections

4.3 Excipients

Different type of CD-derivatives was used in the studies discussed below. Heptakis-(2,6-
di-O-methyl)-3-CD (DIMEB) was kindly donated by Cyclolab R&D Laboratory Ltd.
(Budapest, Hungary). Sulfobutylether-p-CD (SBEBCD) was provided by Sanofi-Aventis Ltd.
(Paris, France). (2-hydroxypropyl)--CD (HPBCD) was purchased from Wacker Chemie AG
(Munich, Germany).
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Table 3. The physicochemical and pharmaceutical properties of the CDs were used.

Heptakis-(2,6-di-O-

(2-hydroxypropyl)-

Sulfobutylether-$-CD

Name of CD methyl)-p-CD B-CD (SBEBCD)
(DIMEB) (HPBCD)
OR
Chemical {
'k,o —x,.‘\l |
structure ROS\;T/OR - ?_/%_,OR
Ro O /O‘\L/_, ~ OR
W
R
R=H or CH3 R=H or C;H-0 R=H or C4HgO3SNa
C42H70-nO3s -
Formula C42H70-n035 - (CH3)n C42H70-0035 - (C3H70)n
(C4H3O3SNa),

Type nonionic nonionic anionic
My 1135.0 + n-(14.0) 1135.0 + n-(58.1) 1135.0 + n-(158.2)
Degree of

14.0 6.3 2.0
substitution
LogP unavailable -11 [99] <-10 [99]
Forar® unavailable <0.03 [25] 0.02 [25]
Solubility in

highly soluble > 600 mg/mL [25] > 500 mg/mL [25]
water
Max. dosage in
marketed drug  unavailable 8000 mg/day [100] 3600 mg/day [101]
products
Pharmacopoeia

none Ph.Eur., USP-NF Ph.Eur., USP-NF
monographs °

? Fraction of CD excreted unchanged with the urine after parenteral administration to humans.

® The European Pharmacopoeia (Ph.Eur.), the United States Pharmacopeia and the National
Formulary (USP-NF)
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Hydroxypropyl methylcellulose (HPMC) was kindly supplied by Colorcon (Dartford,
UK). Polyvinylpyrrolidone K-90 (PVP) molecular weight: 1300000 was received as a gift from
Gedeon Richter Plc. (Budapest, Hungary).

For buffer preparation simulated intestinal fluid (SIF) and simulated gastric fluid (SGF)
without enzymes were prepared based on Chapter 5.17.1 of the Ph.Eur. (10th edition). For the
preparation of SIF (pH 6.8) 77.0 mL of 0.2 M NaOH, 250.0 mL of an aqueous solution
containing 6.8 g of KH2PO4, and 500 mL of purified water were mixed, pH was adjusted to
pH 6.8 and diluted to 1000 mL with purified water. SGF (pH 1.2) was prepared as follows: 1 g
of NaCl was dissolved in purified water and 80 mL of 1 M HCI was added; finally, the solution
was diluted to 500 mL with purified water. To prepare 1 L of phosphate buffer solution (PBS)
1.44 g of disodium phosphate dihydrate (Na;HPO4 x 2 H20), 0.12g potassium dihydrogen
phosphate (KH2PO4), 8.00 g sodium chloride (NaCl), and 0.20 g potassium chloride (KCI) were
dissolved and diluted to 1000 mL with distilled water. All materials used for these solutions
were purchased from Sigma-Aldrich (Budapest, Hungary).

4.4 Methods

4.4.1. Product preparation methods

The first critical issue regarding the design of the product preparation reported in this
thesis was the determination of the API to CD molecular ratio of the complexes for substances
to be investigated. Based on the literature and our own preliminary experiments, complexes
with a molecular ratio of 1:1 are formed with both APIs and the CD used. To accurately
calculate the substances to be measured, water content was determined for each CD derivative.
The moisture contents of the CDs were measured at 105 °C using a Mettler-Toledo HR73
(Mettler-Toledo Ltd., Budapest, Hungary) halogen moisture analyzer.

Each time, after determining the exact materials to be measured, a physical mixture (PM)
was prepared, and samples of the PM were taken for later analysis. Different solvent and
solvent-free complexation methods were then performed based on these PMs.

To achieve a lightweight and uniform product, an agate mortar was utilized for CG. The
time of CG process was determined through preliminary tests. At intervals of 5 minutes, suitable
sample quantities were collected for physicochemical analysis. During CG, samples were taken
every 5 minutes and XRPD tests were performed simultaneously. Grinding was continued until

an amorphous product was obtained. These grinding times varied depending on API and CD,
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but the final products always had amorphous characteristics. Grinding amorphous materials
below their glass transition temperature can produce an amorphous phase while grinding at
higher temperatures is more likely to lead to metastable polymorphic forms [22]. Therefore, the
CG preparation method was carried out at room temperature and pauses were included at fixed
intervals to avoid heating due to friction. The grinding times mentioned in the thesis do not
include these pauses, only the time spent on effective grinding.

For the preparation tool of the inclusion complex using the KN method mortar was used.
However, this time a minimal amount of 50% (v/v) ethanol-water mixture was employed. Once
the liquid phase was added, the suspension system was continuously stirred until a significant
portion of the liquid had evaporated. The resulting product was subsequently dried in a vacuum
drier at room temperature for 24 hours and then finely powdered with care. The solvent
evaporation (SE) products were prepared by completely dissolving the PM in 50%(v/v) ethanol-
water mixture and evaporating the solvent in a vacuum drier at room temperature for 24 hours.

The production of ternary systems was similar. The only difference was in the calculation
of the PM composition. Here, the predetermined amount to be prepared had a given polymer
(PVP or HPMC) content of either 5 or 15 w/w%. The remaining 95 or 85 w/w% also contained
API:CD in a 1:1 molar ratio, also taking into account the water content.

4.4.2. Differential scanning calorimetry (DSC)

The DSC analysis was performed with a Mettler-Toledo DSC 821e instrument
(Greifensee, Switzerland), the heating rate was 5 °C min "', in the temperature interval of 25—
300 °C, argon was used as a carrier gas (10 L h™"). All samples and raw materials were
characterized with these parameters, the investigated quantity was in the range of 2—5 mg, and
examinations were performed in sealed Al pans of 40 puL with three leaks.

4.4.3. Thermal gravimetric analysis (TG)

Thermogravimetric analysis (TG) was performed with Mettler—Toledo TGA/DSCI
(Mettler—Toledo GmbH, Switzerland) instrument. The weight of the samples ranged from 5.0
to 5.5 mg. Samples were heated from 25 to 300 °C with a heating rate of 10 °C min™"'.

The evaluation of all measurements was performed with STARe VER 9.30 software for

both DSC and TG experiments.
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4.4.4. X-ray powder diffractometry (XRPD)

For XRPD measurements a Bruker D8 Advance diffractometer was used. The
measurements were performed with Cu-Kal radiation at a wavelength of 1.5406 A, X-ray tube
voltage was 40 kV and 40 mA. Diffractograms were recorded in the angular range of 3-40° (20)
with a pitch of 0.007° and a time constant of 0.1 s. The obtained data were evaluated with the
Bruker DiffracPlus Eva software.

The alteration in crystal structure resulting from temperature fluctuations was observed
using XRPD (HOT-XRPD) fitted with an MRI Basic hot-humidity chamber (MRI
Physikalische Gerdte GmbH, Karlsruhe, Germany) that was regulated by an Ansyco Sycos H-
Hot system (Analytische Systeme und Componenten GmbH, Karlsruhe, Germany). HOT-
XRPD measurements were conducted within a temperature range of 30-240 °C, with intervals
of'5 °C. The humidity remained constant at the ambient level throughout the experiments, which
were carried out under typical room conditions.

4.4.5. Fourier-transform infrared spectroscopy (FT-IR)

Spectra were recorded on different types of spectrophotometers equipped with attenuated

1

total reflectance (ATR) devices. Measurements were performed between 4000 and 400 cm ™, at

an optical resolution of 4 cm™!

, and 256 scans were averaged to increase the signal-to-noise
ratio.

Spectral manipulations were performed by using Thermo Scientific GRAMS/AI Suite
software (version 9.0) and Spectragryph - optical spectroscopy software [102]. Subtracting
atmospheric water vapor superimposed on the sample spectrum was performed using a

measured water vapor spectrum.

4.4.6. Raman spectroscopy

Raman spectra were recorded with a Thermo Fisher DXR Dispersive Raman spectrometer
(Waltham, USA) equipped with a CCD camera and a diode laser (A = 780 nm). The following
parameters were used during the measurements: the applied laser power was 12 and 24 mW at
25 um slit aperture size; spectra were collected with an exposure time of 6 sec. The data were

collected in the spectral range of 3300-200 cm™

using automated fluorescence corrections.
OMNIC for Dispersive Raman 8 software package (Thermo Fisher Scientific, Waltham, USA)
was used for data collection, averaging a total of 20 scans. For the removal of cosmic rays, a

convolution filter was applied to the original spectrum using a Gaussian kernel.
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In addition to recording individual spectra, the Raman mapping method was also applied
to obtain images of the distribution of the ingredient in the samples. Spectra were collected
using a five times six grid from the 750 times 250 um size area of the samples, defined by the
optical microscope.

4.4.7. Scanning electron microscopy (SEM)

The morphological aspects of the products were studied by scanning electron microscopy
(SEM; Hitachi S4700, Hitachi Scientific Ltd., Tokyo, Japan) at 10 kV on samples previously
coated with a thin film (about 10 nm) of gold-palladium from a coater sputter (Bio-Rad SC 502,
VG Microtech, Uckfield, UK). The results were obtained using Image] 1.44p software
(Bethesda, MD, USA). Statistical analysis was performed to determine the existence of a
significant difference between the measured data. For all characterized products, unidirectional
variance analysis (ANOVA) was performed with the post hoc Tukey HSD test. In the same way,
the particle diameters of the samples produced by different preparation methods were
examined. Experimental results with p-values <0.05 and <0.01 were assumed to be statistically
significant.

4.4.8. In vitro dissolution rate studies

Dissolution rate studies of pure drugs and prepared solid inclusion complexes, and
marketed products were carried out. According to European Pharmacopeia dissolution studies
were performed in a dissolution apparatus with a paddle method at 37 °C by applying 100 rpm
but in a reduced volume of medium (50 mL). Aliquots were withdrawn and replaced with fresh
dissolution medium at given times (5, 10, 20, 30, 60, 90, and 120 min) and immediately filtered
(syringe membrane filter with a pore size of 0.22 um). After proper dilution with the dissolution
medium, the concentration of the dissolved drug was determined using a Unicam UV/VIS
spectrometer (Thermo Fisher Scientific, Waltham, MA, USA).

Cumulative dilution caused by the medium replaced during sampling has been
considered. To quantify the dissolution curves, two metrics were used, dissolution efficiency
(DE) and mean dissolution time (MDT), calculated according to the following equations. DE
represents the area under the dissolution curve up to a specified time and it is expressed as a
percentage of the rectangle area and can be calculated using the equation:

) Ot ydt

Y100

DE

100% ()
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MDT is used to characterize the drug release rate of the APIs and the products, using the
following equation:
n
MDT = % 3)
4.4.9. Cytotoxicity studies
To characterize cell viability, the mitochondrial activity was measured using an MTT (3-
(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide) assay in 96-well cell culture
microplates using Caco-2 (human colorectal adenocarcinoma) cells. Caco-2 cells were seeded
at a density of 4 x 104 cells/well. Two-fold serial dilution of compounds has been prepared with
a maximum TER concentration of 1 mg/mL to 0,001953 mg/mL. Afterward, samples were
incubated at 37 °C for 24 h. Later, 20 pL of MTT was added to each well. After an additional
incubation at 37 °C for 4 h, 100 puL of 10% sodium dodecyl sulfate was added and after 12 h
incubation, the optical density (OD) was measured. Cytotoxicity was then determined by
measuring the OD at 550 nm (ref. 630 nm) with EZ READ 400 ELISA reader (Biochrom,
Cambridge, UK). The viability of untreated cells corresponded to 100% and the viability of
products was compared to this control. The assay was replicated four times for each

concentration.
4.4.10. Stability tests

Amorphous materials are thermodynamically unstable forms due to their high Gibbs
energy, and this instability can lead to recrystallization [103]. The stability of the products was
investigated under different conditions because of the expected instability of the amorphous
materials. They were investigated at room temperature and for accelerated stability tests: 40 °C
and relative humidity of 75% in a KKS TOP+ climate chamber (POL-EKO-APARATURA,
Wodzistaw Slaski, Poland) for 3 months. Stored products were evaluated by DSC and XRPD
methods to reveal changes in the crystal structure, thermal behaviour, and intermolecular

interactions.
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5. RESULTS AND DISCUSSION

5.1 Complexation of Fenofibrate

The complexation of FEN was experimented with DIMEB and studies were carried out
to investigate the complexation effect and the change of the investigated properties as a function
of time.

5.1.1. Thermoanalytical evaluation of Fenofibrate products

FEN thermogram contains a sharp peak around 80.5 °C indicating the melting point of
the API. The test does not indicate any decomposition of the melted substance at higher
temperatures. On the DIMEB thermogram, a broad and flat drop in temperature range between
25 and 70 °C is observed, which is due to the presence of moisture in the material. No further
changes in temperature can be detected above 70 °C (Figure 5.a). As the endothermic peaks of
DIMEB and FEN do not overlap, the thermally-induced changes resulting from CG can be
investigated.

The thermogram of the PM (0 min grinding) of FEN and DIMEB shows the endothermic
peak of the drug's melting point. The presence of the complexing component widens the peak,
and the area beneath the curve decreases proportionally to the weight ratio of the two-
component product. As the grinding time progresses, the area under the curve corresponding to
the drug's melting point diminishes, indicating a gradual reduction in the amount of crystalline
drug. After 60 minutes of CG, it becomes challenging to detect the presence of crystalline API
(Figure 5.b).
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Figure 5. DSC diffractograms of starting materials (a) and series of samples from 0 to 60
minutes grinding time (b).

5.1.2. Crystallographic characterization of Fenofibrate products

XRPD diffractograms were obtained for both the PM and the CG products. FEN exhibited
well-defined characteristic peaks, indicating its crystalline nature and belonging to polymorph
I according to the Cambridge Structural Database. On the other hand, DIMEB displayed a
completely amorphous structure with no sharp peaks. The PM of FEN and DIMEB exhibits
distinct peaks characteristic of the drug, which overlay the amorphous diffractogram of CD.
The intensity of these peaks reflects the FEN content in the two-component product. Through
60 minutes of CG, the intensity of these peaks gradually decreasing, leading to the amorphous
nature of the product (Figure 6.). This finding aligns with the continuous decrease and eventual
absence of the endothermic peak at the melting point of FEN observed in the DSC studies. The
DSC and XRPD tests don’t provide conclusive information regarding whether amorphization
or molecular complexation during CG 1is responsible for the decrease in the area under the
endothermic peak. To confirm this, additional studies such as FT-IR should be used. The KN
method did not succeed in obtaining a completely amorphous product, but a partially crystalline

product. (data not shown).
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Figure 6. XRPD diffractograms of FEN (polymer I.), PM (0 min), and CG samples are shown
every 20 minutes until complete amorphization at 60 minutes.

5.1.3. Vibrational spectroscopic evaluation of Fenofibrate products

The grinding process led to complex changes in the FTIR spectra of the samples, making
it difficult to interpret the results using simple methods such as spectral subtraction or more
advanced techniques like Fourier deconvolution or peak fitting. However, by constructing a
dynamic surface using normalized spectra (Figure 7.), it became apparent that the grinding
process could be examined in three distinct 20-minute intervals.

The changes in intensity indicated that the behaviour of the peaks could be grouped into
three categories based on the grinding time. Some peaks exhibited increasing intensities, while
others showed decreasing intensities. Additionally, some peaks reached their maximum
intensity around the middle of the grinding time. During the grinding process, it appeared that
the first and last 20 minutes were primarily influenced by a single dominant process. In contrast,

the middle 20 minutes indicated a combination of multiple processes occurring simultaneously.

22



0.05

0.00

S

o

(8,1
Absorbance

\

e
Y
o

Figure 7. The dynamic surface (the different colours of the surface produced by the 3D
representation belong to the values of the Y-axis), was constructed from the truncated and
normalized spectra between 1800 and 630 cm ™! and recorded between 0 and 60 min of the

grinding time interval.

5.1.4. In vitro studies of Fenofibrate products

Dissolution studies were carried out using modified pharmacopeia methods in SIF. Figure
8 illustrates the dissolution curves of the pure drug and its equimolar products, while Table 1
presents the corresponding calculated DE values. FEN on its own demonstrated minimal
solubility in this aqueous solution. All binary systems exhibited improved dissolution properties
compared to the pure drug. The PM showed enhanced solubility compared to the API alone,
attributed to the presence of a small concentration of dissolved CD in the medium. Nevertheless,
this improvement was limited. In contrast, the KN and CG products achieved a much greater

increase in solubility. The CG product exhibited a faster dissolution rate and slightly better

solubility compared to the kneaded product.

23



-B-F:D - Co-ground product
4.5 —4—F:D - Kneaded product
F:D - Physical mixture
FEN

Dissolved drug (%)

0 20 40 60 80 100 120
Time (min)

Figure 8. Dissolution curves of FEN, PM, KN, and CG products in SIF.

Table 4. Calculated DE at 60- and 120-minutes during dissolution studies.

DE 60 min (%) DE 120 min (%)
FEN 0.09+0.01 0.11+0.01
F:D - physical mixture 0.94+0.09 1.20+0.12
F:D — kneaded 3.05+0.10 3.07+0.09
F:D - co-ground 3.59+0.10 3.46+0.11

5.2 Binary systems of Terbinafine HCI with cyclodextrins

This part of the thesis aimed to prepare CG products and follow through the preparation
process of the CG method with analytical tools in the case of TER and two amorphous CD
derivatives: HPBCD and DIMEB.

5.2.1. Thermoanalytical characterization of binary systems of Terbinafine HCI

Figure 9.a displays the DSC thermograms of TER, DIMEB, and all samples obtained
during the CG process with these materials. Figure 9.b illustrates the same scheme for products
containing HPBCD. At lower temperatures, both CDs exhibit a broad endothermic signal (25—
85 °C), indicating the presence of water in the CD derivative. DIMEB also exhibits an
exothermic peak at 187 °C, indicating a crystallographic phase transition. The DSC data reveals
a distinct peak corresponding to the melting point of TER near 209 °C, as well as a complex
phenomenon at higher temperatures, suggesting TER degradation. These peaks are separate,
allowing the detection of thermoanalytical changes related to the process. Products containing

DIMEB show a complex thermoanalytical signal below the melting point of the API. This peak

24



broadens with longer grinding time and can be detected in the final product at 150—190 °C. In
the case of HPBCD, this phenomenon is absent, but a broad complex endothermic peak appears

between 220 and 260 °C, likely associated with the degradation of the API.
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Figure 9. DSC thermograms of raw materials, PM (0 min), and products (15-105 min)
containing DIMEB (a) and HPBCD (b).
5.2.2. Crystallographic characterization of binary systems of Terbinafine HCI
Only the XRPD diffractogram of TER exhibited distinct peaks, indicating crystallinity,
while CDs, being amorphous materials, lacked well-defined peaks in their diffractograms. The
peak intensity seen in the diffractogram of the PMs decreased as the grinding time progressed,
and with 105 minutes of the process, the diffractograms exhibited the absence of well-defined

peaks. The formation of amorphous character was observed with both CDs (Figure 10).
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Figure 10. XRPD diffractograms of raw materials, PMs, and final CG products (105 min)
containing DIMEB (a) and HPBCD (b).

5.2.3. Vibrational spectroscopic evaluation of binary systems of Terbinafine HCI

FTIR and Raman spectroscopy provide complementary information despite being based
on the same set of normal vibrations. This is due to the distinct selection rules governing peak
intensities in their spectra. The combination of these methods is particularly valuable for
materials like TER, which contain both charged or highly polarized components and non-polar
yet electron-rich elements such as multiple bonds and aromatic rings.

The infrared spectra of the samples, obtained at different grinding times, showed
noticeable changes. The broad N-H stretching band of the ammonium group gradually
diminished and became indistinguishable from the baseline after 30 minutes. Moreover, the
characteristic bands of TER mostly vanished, became broader, and merged with the broad bands
of the product, regardless of whether DIMEB or HPBCD was used. Among the spectral regions,
the progress of product formation could be tracked for a longer duration in the out-of-plane

vibrations of the aromatic rings between 820-675 cm™ (Figure 11.).
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Figure 11. Selected spectra between 820-675 cm™ FTIR spectra of the starting materials raw
materials, PMs, an intermediate product (30 min), and final CG products (105 min) containing
DIMEB (a) and HPBCD (b).

To monitor the component distribution in the sample, Raman intensity maps can be
generated for various peaks. The effectiveness of this method relies on the careful selection of
peaks for map construction. The TER’s out-of-plane deformation modes of the aromatic rings
and the stretching bands region of triple and double bonds seemed promising initially, but the
products exhibited some intensities at those wavenumbers as well. There was a single peak at
1289.5 cm™! in the challenging-to-assign fingerprint region, which proved to be useful in
monitoring the presence and distribution of crystalline TER in the sample (Figure 12.a).

All samples were mapped using the 1289.5 cm™! peak. It was observed that crystalline
TER appeared as isolated "islands" in the samples during earlier stages of grinding, the
disappearance of these signals confirmed the absence of crystalline TER in the samples after

75 minutes of grinding (Figure 12.b).

27



1289.5

et

0 min O min

2
G
=1
: _ E
=
5
=1
<
g TER: HPBCD CG 75 min ZSmin
M 001
, TER DIMEBCG
HPBCD VM
DIMEB ™ ﬂ\\’\"'\m & 105 min 105 min

0.01 0.05 0.09 013 001 003 0.05

1400 ) *3'00. ) 1200 TER:DIMEB TER:HPBCD
Raman Shift/cm!

Figure 12. Raman region containing the peak at 1289.5 cm™ for the characterization of the
presence and the distribution of crystalline TER in the samples (a), and examples of Raman-
intensity maps of the TER:DIMEB and the TER:HPBCD at 0, 75, and 105 min.

5.2.4. In vitro studies of binary systems of Terbinafine HCI

Dissolution studies were conducted using the paddle method with a reduced volume of
dissolution medium. The dissolution profiles were graphed as the percentage of dissolved drug
versus time.

The solubility of the TER is highly pH-dependent, with lower solubility observed at
higher pH levels, resulting in incomplete dissolution or precipitation and reducing
bioavailability. This can be a concern for TER, particularly at high doses. In SIF, the solubility
of TER is below 1%. The use of CDs demonstrated a solubility-enhancing effect on TER.
However, the extent of this enhancement varied depending on the CD used. The TER product
containing DIMEB showed a significant increase in DE to 4.814+0.09% by 120 minutes, and a
higher dissolution rate indicated by the MDT value. On the other hand, the HPBCD product
exhibited a lesser increase in DE to 1.70+0.02%, accompanied by a lower dissolution rate
compared to the pure drug (Table 5). In SGF, the solubility of TER reached nearly 100%. Both
CD had a positive impact in this scenario, enhancing the dissolution rate of the API as evidenced

by the decreased MDT values (Table 5).
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Table 5. DE and MDT values in SIF and SGF.

Simulated intestinal medium Simulated gastric medium
DEgomin ~ DE120min MDT DEsgomin DE 120min MDT

TER 0.85+0.05 0.90+0.04 18.88+7.49 68.57+6.91 80.45+5.19 18.35+2.69

TER:DIMEB 4.75+0.09 4.81+0.09 11.024+2.00 88.68+1.50 91.54+1.02 12.5446.08

TER:HPBCD 1.40+0.04 1.70=0.02 28.86+1.63 88.80+0.84 88.54+1.32 7.69+5.68

5.3 Ternary systems of Terbinafine HCI with cyclodextrins and water-soluble polymers

The TER:SBEBCD:PVP (TSP) and the TER:SBEBCD:HPMC (TSH) products obtained

these compositions and methods, 15 products were prepared.

Table 6. Abbreviations of products based on materials and preparation methods.

by different methods have been prepared and evaluated in this part. The 2 polymers were used

in 5 and 15 w/w%, and the 3 methods were applied for all compositions. As a combination of

Abbreviation Methods Materials Percentage of polymer (%)
TS SE Solvent evaporation
TER,
TS KN Kneading 0
SBEBCD,
TS CG Co-grinding
TSP SE 5% 5
Solvent evaporation
TSP SE 15% 15
TER,
TSP KN 5% 5
Kneading SBEBCD,
TSP KN 15% 15
PVP
TSP CG 5% S
Co-grinding
TSP CG 15% 15
TSH SE 5% 5
Solvent evaporation
TSH SE 15% 15
TER,
TSH KN 5% S
Kneading SBEBCD,
TSH KN 15% 15
HPMC
TSH CG 5% 5
Co-grinding
TSH CG 15% 15
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5.3.1. Thermoanalytical characterization of ternary systems of Terbinafine HCI

The thermal curves of individual components, their PM, and presumed inclusion
complexes reveal changes in solid-state and component interactions, influenced by the methods
used to form ternary systems. DSC data (Figure 13.a) displayed a distinct peak at approximately
209 £ 0.2 °C for TER, followed by decomposition at higher temperatures. The DSC curve of
SBEBCD demonstrated the amorphous nature of the CD derivative, characterized by a broad
and intense endothermic effect with a peak around 90-100 °C, representing dehydration,
followed by decomposition above 280 °C. PVP exhibited a significant endotherm peak between
40 and 110 °C, indicating water loss. HPMC exhibited a similar thermal profile, with a broad
endothermic transition around 60 °C.

The DSC curves of different samples showed disappearance of the melting peak,
indicating partial loss of TER crystallinity due to solid-state interactions between components.
TG measurements were also investigated to analyse the thermoanalytical behavior of the
materials and gain insights into the observed decomposition in the DSC measurements. Each
product exhibited multiple stages of mass loss. The first derivative of the TG curves was
calculated and presented alongside the TG and DSC curves to facilitate the identification of
each inflection point. Figure 13.b illustrates the recorded DSC, TG, and 1st derivative of the
TG curves for TSH CG 5%, which serves as a representative sample of all prepared ternary
systems.

The first weight losses observed at the beginning of the TG curves for all products
correspond to the detection of the original water content present in the CD. Subsequent mass
decreases observed in the curves indicate the degradation of compounds, which is consistent
with the prolonged complex phenomenon observed in the DSC curves. The disappearance of
the melting point of the crystalline drug in the DSC curves of the presumed complexes provides
evidence of the drug molecule being incorporated into the CD cavity.

Furthermore, comparing the TG curves of pure TER with those of the ternary systems, it
was observed that the decomposition occurred within the same temperature range. This suggests

that the products did not enhance the thermal stability of the API.
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Figure 13. DSC thermograms of starting materials and TSH CG 5% as a representation of all
amorphous products (a). TG, and 1st derivative of the TG curves for TSH CG 5% (b).

5.3.2. Crystallographic characterization of ternary systems of Terbinafine HCI

XRPD patterns on the powder of the individual components and the products were
compared. The preparation methods of the complexes using SE and CG resulted in amorphous
products with both polymers. However, the obtained products using the KN exhibited
characteristic peaks of TER, indicating only partial loss of crystallinity. Generally, the
percentage of polymer used did not influence the crystalline nature of the products.

Amorphization of the products was achieved through the continuous energy supply during
the grinding process. Increasing the grinding time led to a greater loss of crystallinity, with the
characteristic peaks of the drug showing decreased intensity. For example, the product
containing 5 w/w% PVP required 70 minutes of grinding for complete amorphization, while all
other products achieved it in a shorter time of 30 minutes. This behavior was observed across
all systems, regardless of the polymer used in the preparation of the ternary system (Figure 14).
Notably, applying the same grinding procedure for pure TER for the longest time (70 minutes)
did not result in the amorphization of the API.
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Figure 14. XRPD diffractograms of raw materials and all products. Crystalline peaks were

highlighted in the case of TER and KNss.

To further examine the changes in crystalline properties induced by grinding and assess

the influence of polymers on grinding time, mechanochemical activation was performed using

a milling machine while maintaining the same material composition. The initial degree of

crystallinity was approximately 16%, considering that the starting PM also contained a

significant amount of amorphous material due to the presence of excipients, resulting in an

amorphous background in the diffractograms. Plotting the crystallinity against grinding time

revealed similar curves for all products. For all product he most significant decrease in

crystallinity occurred within the first two minutes, reaching the minimum detectable

crystallinity by the instrument within 12 minutes (Figure 15.).
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Figure 15. Percentage of the crystalline material of milled samples as a function of time.

SEM analysis was performed on TER and the products obtained through various
techniques, with a focus on samples containing 5% of the polymer (presented in Figure 16.).
TER crystals appeared as aggregates, exhibiting a flat crystalline profile with an average
diameter of 15.904 = 7.090 pm. The crystal surface was smooth, with rounded edges and no
cracks. The SE method resulted in smooth-surfaced samples, with small sections of polymer
film-like cohesive material forming a film in the case of HPMC. Samples containing PVP
showed larger crystals with smooth surfaces and sharp edges.

The SE method yielded uncertain results in terms of particle size. The average diameter
for the sample obtained with PVP was 21.408 + 14.791 um, while for HPMC it was 8.122 +
3.279 um. Notably, using PVP as the polymer resulted in significantly larger particle sizes
compared to all other samples except for TSP CG, with a significant difference (p <0.01). There
was also a significant difference (p < 0.05) in size compared to TER. Evaporation of the solvent
method was not desirable for achieving controlled particle diameter, making it not
recommended for product manufacturing.

Using the KN preparation method, there was no significant difference in the particle size
of the samples prepared with the two polymers. The particle size was 14.924 + 7.110 pm for
PVP products and 14.869 £+ 5.224 um for HPMC products. SEM images showed a strong
similarity, with particles having small, irregular, and flat morphology.

Similarly, the particle size of the samples produced by CG was not influenced by the
polymer used. Both PVP and HPMC CG products exhibited a size similar to that of untreated
TER crystals. The particle size was 17.813 £ 8.157 um for products with PVP and
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15.178 + 7.441 pm for products with HPMC. A notable difference was that the grinding process
made the particles rough and wrinkled instead of smooth. Additionally, the particles had an

irregular shape in this case.

Average diameter (um)

TSP SE5% TSP CG5%  TER  TSH_CG 5% TSP_KN5% TSH_KN5% TSH_SES5%

Figure 16. SEM images (up) of TER and SE products. Average diameter (down) of products
containing 5% of the polymer. Experimental results with p-values <0.05 (*) and <0.01 (**)
were assumed to be statistically significant.

5.3.3. Vibrational spectroscopic evaluation of ternary systems of Terbinafine HCI

The FTIR analysis provided additional insights into the intermolecular interactions
between TER and the excipients. The TER spectrum exhibited characteristic and intense bands
at 2968, 2446, 1361, 1631, 1514, 958, 1450, 1318, and 1248 cm™!, along with three bands in the
range of 820-760 cm™'.

In the CG products, a broad band corresponding to the amine group at 2446 cm™' was
present, which disappeared in SE and KP products (Figure 17.a). The aromatic out-of-plane
bands (in the range of 820-760 cm™) and the aromatic C=C bond band (1514 cm™) did not
exhibit any shifting or decrease in intensity. The band related to the aliphatic C=C group (1631

cm’™!) was not detectable in the products due to the presence of a broad band attributed to the
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CD in the same region. The trans-substituted olefin group band at 958 cm™! was only detected
in the CG products, although reduced and shifted (Figure 17.b). Other C=C bands associated
with stretching vibration at 1450, 1318, and 1248 cm™! either completely disappeared or, in the
case of CG products with HPMC, significantly reduced and shifted (Figure 17.c). However, for
PVP, interpreting interactions using the band at 1318 cm™ was challenging due to the presence
of a broad band in this spectral range associated with PVP itself.

There are some differences in spectral changes depending on the polymer used. For
aromatic C-H deformation bands referring to the methyl and methylene groups at 2968 cm™!
disappearance of the peak can be seen in the spectra of TSP SE products and shifting in TSP
KP and CG products, while there were no changes in the spectra of HPMC-products. Similarly,
shifting of t-butyl axial deformation (1361 cm™) can be detected in all PVP products, in HPMC
KP and CG products no changes occurred, except for shifting bands of TSH SE products.

Overall, the amount of polymers used did not affect the interactions that occurred, so for

better transparency, only products containing 5% of polymer are shown in Figure 17.
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Figure 17. Selected regions of FTIR spectra of TSH products and corresponding raw
materials and their PM. Amine group at 2446 cm™! (a), trans-substituted olefin group band at
958 cm! (b), C=C bands associated with stretching vibration at 1450, 1318, and 1248 cm’!
(©).

Physicochemical characterization showed no difference between products with 5% and
15% polymers, so further tests were carried out with 5% polymer-containing products.

5.3.4. In vitro studies of ternary systems of Terbinafine HCI

In vitro dissolution studies were performed to assess the dissolution performance of the
formulations in comparison to the pure drug, binary system, and pulverised commercial product
Terbisil® tablet. Various pH conditions were tested in the dissolution studies to
comprehensively understand the release profiles of TER. In the SIM dissolution experiments,
the DE was calculated at 120 minutes (Figure 18.). Pure drugs and Terbisil® exhibited DE of
less than 1%, which increased to around 8% when using SBEBCD alone. PVP products did not

further enhance the DE, indicating no impact of this polymer on solubility improvement.
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However, HPMC products approximately doubled the DE, with variations among the different
products. Among them, CG products showed the highest DE value, reaching approximately
20%.

In lower pH, in the SGM dissolution of TER results in increased dissolution. Over 90%
of the pure drug dissolves within 60 minutes. However, the products achieve this level of
dissolution in a shorter time, indicating a higher dissolution rate. To measure this phenomenon,
the MDT was calculated (Figure 18.). A lower value of MDT means a faster dissolution rate.
The MDT reveals a longer dissolution time for TER compared to each product, including the
pulverised marketed product. However, none of the products exhibit a significantly lower MDT

than the binary system.

18

DE (%)
|
MDT (min)

Figure 18. DE values at 120 minutes were measured in SGF and MDT values were measured
in SIF.

Cytotoxicity studies were conducted for samples containing 5% polymer. MTT assay
studies were performed to evaluate the impact of the products and the TER on cell viability.
The tests included pure TER, SBEBCD, and ternary products. Concentrations of TER and the
products were applied at a serial two-fold dilution of 1 mg/mL TER concentration. The

concentration of SBEBCD was diluted serially at a two-fold concentration of 4.89 mg/mL.
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SBEBCD exhibited the least cell toxicity among the tested samples, marked with blue in
Figure 19. Only the highest concentration sample (4.89 mg/mL) demonstrated reduced cell

viability, while all other dilutions remained within the non-toxic range.
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Figure 19. Cell viability (%) as a relationship between TER concentration (lower x-axis) and
SBEBCD concentration (upper x-axis) in reverse order on a logarithmic two scale. The two
raw materials are shown in both graphs. Products with PVP (a) and HPMC (b) showed in
black since those were depicted as their TER-content concentration. 100 % of cell viability
was marked with the red dashed line, as a marker of non-toxic level.

At a concentration of 1 mg/mL, pure TER (marked with orange in Figure 19.) exhibited
45.66% (+13.21) cell viability. However, the cell viability of all products was lower than that
of pure TER at this concentration. When pure TER was diluted, cell viability remained within
the toxic range until a dilution of 0.008 mg/mL. In contrast, the products showed reduced cell
toxicity as they reached the non-toxic level at higher concentrations of TER, ranging from 0.125
to 0.31 mg/mL. The only exception was TSP KP 5%, where the highest non-toxic concentration
was 0.004 mg/mL, suggesting poorer cell viability properties.

5.4 Stability tests of prepared co-ground products

We have shown above that inclusion complexes were formed during CG with the applied
substances and that the properties of the APIs were modified. One of the most important of
these changes was the formation of amorphous products from crystalline APIs. Since such
products are prone to recrystallization over time, stability studies were performed. DIMEB

complexes of the two tested drugs were selected from the previous products prepared by CD
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grinding. Stability studies were performed for 3 months under normal conditions at room
temperature and accelerated stability studies at higher temperatures and humidity (40 °C and
relative humidity of 75%). The amorphous properties were most effectively monitored by DSC
and XRPD measurements.

5.4.1. Thermoanalytical characterization during stability tests

For the freshly prepared samples, the DSC thermograms did not contain a peak
characteristic of the APIs for either drug. However, they did both contain an endothermic
broadening peak due to the water content of the product at low temperatures. Furthermore, both
thermograms (Figure 20.) show an exothermic peak indicative of the recrystallization of a
substance. These exothermic peaks appeared at different temperature values (100 °C for FEN
and 151 °C for TER). The recrystallized materials melted in a temperature range close to each
other (185 °C for FEN and 195 °C for TER). This indicates that it’s likely that the same crystal
was formed during the previous recrystallization but at different temperatures depending on the
product.

The TER product retained its thermal properties during this period in both the normal and
accelerated stability tests. Therefore, from these data, it appears to be a stable amorphous
product. Only a slight shift of recrystallized material’s melting point can be observed. For FEN,
as for TER, there was no change in the stability tests under normal conditions, with similar
thermograms after 3 months as for the freshly prepared sample. The difference between the two
products was between the values measured in the accelerated stability test at 3 months. Under
these conditions, the product containing FEN no longer retained its original thermal behaviour.
A melting point of around 80 °C, typical of the original API, was observed, suggesting that the
original polymorph of FEN was present in crystalline form in some quantity. Furthermore, the
previously observed exothermic peak was not detected, but, controversially, the melting point
indicative of the recrystallized product was unchanged. To investigate this apparent
contradiction, XRPD studies were performed at room temperature and gradually increased

temperature.
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Figure 20. DSC thermograms of CG products and corresponding data of samples after 3

months accelerated stability test.

5.4.2. Crystallographic characterization during stability tests
The Figure 21. shows the diffractograms of the APIs used, the freshly prepared CG

products, and the samples of 3-month accelerated stability tests. Also shown are the
diffractograms selected from HOT-XRPD measurements at different temperatures for the two
products, corresponding to the exothermic peak temperatures seen in the DSC thermograms.

In the case of TER, we also found during XRPD tests that the physicochemical properties
of the product did not change either under normal or elevated conditions during 3 months. The
diffractograms of the product show that the products are amorphous, the characteristic peaks of
TER are not present, and this property does not change during the stability tests. HOT-XRPD
measurements demonstrate the crystallization of a material at 175 °C that is different from the
original TER crystal structure and all known polymorphic crystal structures of TER.

The stable amorphous form was also characteristic of the FEN product during the tests
carried out under normal conditions. However, during accelerated tests, the initially amorphous
product showed crystalline peaks that were different from those of the original FEN and every
known polymorph of the API. The peaks characteristic of FEN can only be observed to a small
extent, but the determination of this is disturbed by the presence of the unknown, recrystallized
material.

In accordance with the exothermic peak on the DSC thermograms, this time around

105 °C we could also experience the appearance of crystalline material during HOT-XRPD
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measurements. The crystallized material showed the same peaks that were observed in the
accelerated stability test of the FEN product. This resolves the apparent contradiction we raised
with DSC measurements. Because the product did not have to recrystallize during the DSC
measurements, it was already present in the product at room temperature. Furthermore, it can
be observed that the product recrystallized in the case of TER also shows the same peaks.

The differences observed during the accelerated stability tests of the two products may be
because the temperature required for recrystallization of the FEN product is very close to the
temperature used during the accelerated stability test. Since the product was exposed to this
slightly lower temperature for a longer time than during the DSC measurements, it received a
higher thermal load, so it recrystallized even at a lower temperature. However, this temperature

was not sufficient for the recrystallization at a temperature higher than the TER during the test.
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Figure 21. Diffractograms of the APIs (TER: left, FEN: right) used the freshly prepared CG
products, the samples of 3-month accelerated stability tests. Upper diffractograms shows
HOT-XRPD measurementes on different temperature.

We can conclude that based on both DSC and XRPD measurements the TER product has
stable amorphous properties, while the FEN products are less stable at high temperatures and

humidity due to the low-temperature crystallization process.
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6. CONCLUSION

The novel results of this Ph.D. work aim to prepare CD complexes in the novel,
solventless method and compare conventional methods, that is summarized in the following
points:

I) During this work co-ground CD complexes were prepared using FEN and TER. CD
complexation is a widely studied area of pharmaceutical technology. However, despite the
advantages of the method, there are only a few studies dealing with solventless, CG
complexation.

IT) FEN complexes were prepared with DIMEB. Based on the DSC thermograms, the
disappearance of the melting point associated with the API indicates the presence of amorphous
properties. This finding was further supported by the XRPD measurements, which revealed the
formation of amorphous products via grinding, while KN produced a crystalline and amorphous
mixture. Changes in the FTIR spectra indicated a three-stage process, proving the fact of
complexation. Dissolution studies showed increased DE for the products. Based on these
findings, XRPD and DSC studies can be useful in monitoring the degree of complexation during
grinding when intermolecular interactions between materials have been characterized using
other methods.

IIT) TER-containing CD complexes were successfully prepared by grinding API and two
kinds of CD derivatives. The DSC thermograms do not show the characteristic melting point of
the drug, suggesting interactions between the components. The XRPD measurements also
showed that the formation of presumed complexes is a time-consuming process leading to
practically amorphous products. FTIR results confirmed that TER with DIMEB or HPBCD
formed an inclusion complex through the unsaturated alkyl-chain of TER by simple grinding.
A peak in Raman spectra was found at 1289.5 cm™! characteristic of the crystalline form of TER
used to construct Raman microscopic images to follow the distribution of the unreacted TER in
the samples. Dissolution studies showed that each product has a higher dissolution rate in both
applied mediums and that each product has a higher solubility than the API in SIF.

IV) Complexation of TER with SBEBCD and the modifying effects of two different
polymers, PVP and HPMC were investigated. Two concentrations of the polymers, 5, and
15 w/w%, were used. The ternary complexes were compared with the binary complex, drug

alone, and commercial tablet formulation of TER. FTIR measurements showed that different
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methods of obtaining ternary complexes and different polymer excipients had varying effects
on the non-covalent bond formation between the drug and CD. These interactions influenced
thermoanalytical and in vitro behaviors. Overall, both polymers positively modified the
complex properties, with no significant difference observed between the polymer
concentrations used. The 5 w/w% systems exhibited similar synergistic effects and did not
affect the trend of crystallinity decrease compared to the 15 w/w% systems. This suggests that
a lower polymer concentration is sufficient to achieve the same effect. Additionally, the
15 w/w% polymer product contained a lower CD concentration, which has economic
advantages. By adding a larger amount of cheaper polymer, the relatively expensive CD
derivative, and API can be reduced. These findings indicate that polymers can enhance
bioavailability and should be considered in a future product design of these materials, taking
into account the lower material cost associated with producing complexes.

V) During real-time stability studies no changes were observed in the thermoanalytical
and crystalline properties of the products. Similar phenomena were observed for TER in the
accelerated stability tests. However, the FEN products showed crystalline properties under these
conditions. However, this crystallized material did not match the initial FEN or any polymorphs

of FEN.

The main new findings and practical aspects of the work:

1. FEN complexes with DIMEB were prepared via CG for the very first time, with a
comprehensive analytical evaluation.

2. For the first time, binary complexes of TER with DIMEB and HPBCD were prepared
using the CG technique, and a comprehensive analytical evaluation was performed.

3. Using the CG technique, ternary complexes of TER with SBEBCD and polymers (PVP
and HPMC) were successfully prepared for the first time, followed by a comprehensive
analytical evaluation.

4. We utilized a range of analytical methods to assess the CG method and establish a rapid
screening protocol essential for the CG procedure with CD binary and ternary systems.

5. However, applied APIs were model drugs, with improved physicochemical properties

suggesting possible “Supergenerics” can be formulated in the future.
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