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“O que sabemos é uma gota; o que ignoramos é um oceano. Mas o que seria o
oceano se ndo infinitas gotas?”

- Isaac Newton
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ABSTRACT

Drug discovery and development is a complex, time-consuming, and resource
demanding process. Despite technological advances in the pharmaceutical industry over
the years, many diseases still don’t have a cure, and many others lack proper treatment.
Thus, new drugs are continually required by the healthcare systems to address unmet
medical needs.

Rheumatoid arthritis is an autoimmune and inflammatory disease which leads to
progressive loss of motor function. Disease-modifying antirheumatic drugs are often
used as the first-line treatment. However, patient variability in response to treatment
with these drugs continuously demands that new alternatives for both monotherapy
and combinatory therapy are found.

Iguratimod (IGU) is a synthetic non-steroidal anti-inflammatory disease modifying anti-
rheumatic drug used for the treatment of rheumatoid arthritis. It has shown positive
results both when administered alone, and in combination with methotrexate. The
scarcity of information about IGU in literature makes this compound a very interesting
subject of study.

In the present work, solid-state characterization and investigation of IGU was conducted
with calorimetric and spectroscopic techniques. Solvate formation was observed with
acetonitrile, methanol and dimethylformamide, but not with acetone, ethanol, ethyl
acetate, and dimethyl sulfoxide. The structure of the solvate with dimethylformamide
was solved with SCXRD. A new polymorphic form of IGU was also found, by
crystallization in dimethyl sulfoxide.

Alternative solid formulations for enhancement of physicochemical properties were
studied, specifically cocrystals, amorphous, and coamorphous, with six other
compounds: leflunomide, sulfasalazine, nicotinamide, folic acid, metoclopramide and
omeprazole. A cocrystal with leflunomide was obtained in a 2:1 molar ratio (IGU:LEF)
with liquid assisted grinding. Additionally, coamorphous of IGU with leflunomide (1:1),
sulfasalazine (1:1), nicotinamide (1:1 and 1:2), and folic acid (1:1) were also obtained,
with neat grinding.

IGU was characterized in solution, and its molar absorption coefficient
(€16u (347 nm) = 1.44 x 10* Mlcm™), pKa (pKa = 6.3), and fluorescence quantum yield
(®f = 0.0007 for the neutral specie, and ®r=0.0779 for the deprotonated specie) were
experimentally determined. Furthermore, lipid interaction was investigated with POPC
and DDAB, using a partition model. IGU showed good partitioning to POPC
(KL = 4.60 x 10! [7, 106]), and even better partitioning to POPC:DDAB (9:1)
(KL= 1.46 x 10% [107, 193]). Permeation with POPC large unilamellar vesicles was also
studied. IGU desorption from and permeation through the lipid bilayer was showed to
occur in a time scale comparable to that of elution from the chromatographic columns,
rendering most of the results obtained in this experiment inconclusive.
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RESUMO

A descoberta e desenvolvimento de farmacos é um processo complexo, demorado e
exigente. Apesar dos avangos tecnoldgicos na industria farmacéutica ao longo dos anos,
muitas doengas ainda ndo tém cura, e muitas outras carecem de tratamento adequado.
Assim, novos medicamentos sdo constantemente exigidos pelos sistemas de salde para
responder a necessidades médicas emergentes.

A artrite reumatoide é uma doenca autoimune e inflamatéria que leva a perda
progressiva da fungdao motora. Os fdrmacos antirreumaticos modificadores de doenca
sdao frequentemente utilizados como tratamento primario. Contudo, a variabilidade de
resposta entre pacientes ao tratamento com estes medicamentos exige que sejam
continuamente encontradas novas alternativas, tanto para a monoterapia como para a
terapia combinatéria.

O iguratimode (IGU) é um anti-inflamatério ndo esteroide sistémico, pertencente a
classe dos farmacos antirreumaticos modificadores de doenca, utilizado para o
tratamento da artrite reumatoide. Este composto demonstrou resultados positivos
guando administrado sozinho, e também em combinacdo com metotrexato. A falta de
informacdo sobre o IGU na literatura faz deste composto um alvo de estudo
interessante.

No presente trabalho, a caracterizacao e investigacdao do estado sélido do IGU foi
conduzida com recurso a técnicas calorimétricas e espectroscépicas. A formacao de
solvatos foi observada com acetonitrilo, metanol e dimetilformamida, mas ndo com
acetona, etanol, acetato de etilo, ou dimetilsulfoxido. A estrutura do solvato com
dimetilformamida foi resolvida com SCXRD. Foi também encontrada uma nova forma
polimdrfica do IGU, por cristalizacdao em dimetilsulféxido.

Foram estudadas formulacdes sélidas alternativas, para o melhoramento das
propriedades fisico-quimicas, em particular cocristais, amorfos, e coamorfos, com seis
outros compostos: leflunomida, sulfassalazina, nicotinamida, 4cido fdlico,
metoclopramida e omeprazol. Foi obtido um cocristal com leflunomida numa proporcao
2:1 molar (IGU:LEF) com moagem assistida por solvente. Além disso, também foram
obtidos coamorfos de IGU com leflunomida (1:1), sulfassalazina (1:1), nicotinamida
(1:1 e 1:2), e acido félico (1:1), com neat grinding.

O IGU foi caracterizado em solugcdo, e o seu coeficiente de absor¢do molar
(ei6u (347 nm) = 1.44 x 10* Mcm™?), pKa (pKa = 6.3), e o rendimento quantico de
fluorescéncia (Or = 0.0007 para a espécie neutra, e Of = 0.0779 para a espécie
desprotonada) foram determinados experimentalmente. Além disso, a interagdo com
lipido foi investigada com POPC e DDAB, utilizando um modelo de particdo. O IGU
mostrou uma boa parti¢do para POPC (KL= 4.60 x 10! [7, 106]), e ainda melhor particdo
para POPC:DDAB (9:1) (KL= 1.46 x 10% [107, 193]). Foi também estudada a permeac3o
com vesiculas unilamelares grandes de POPC. Foi demonstrado que a dessorgao e a
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permeacdo do IGU através da bicamada lipidica ocorreu numa escala temporal
compardvel a da eluicdo a partir das colunas cromatograficas, tornando grande parte
dos resultados obtidos nesta experiéncia inconclusivos.
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1-INTRODUCTION

1.1 — Rheumatoid Arthritis

Rheumatoid arthritis (RA) is a chronic autoimmune disease which affects mostly women,
between the ages of 30 and 60. It causes joint swelling, deformity, and severe pain,
eventually leading to motor disfunction.?

Its inflammatory nature has brought early interest in treatment with nonsteroidal anti-
inflammatory drugs (NSAIDs). In cases which RA does not show an overtime
development, these offer a good solution to alleviate some of the symptoms.
Corticosteroids may also be used as a short-term solution to acute flares. However, since
none of these have any influence in disease progression, they are perceived as non-
sufficient for long-term treatment.?3

Disease-modifying antirheumatic drugs (DMARDs) are immunosuppressive and/or
immunomodulatory agents, commonly used in inflammatory arthritis, such as RA.
Conventional DMARDs include methotrexate, which is the first-line DMARD, but also
leflunomide, hydroxychloroquine, and sulfasalazine. Extended treatment with DMARDs
usually slows down RA progression, even leading to remission, in cases of early
diagnosis.>?® Due to RA’s complexity, combinatory therapy is often used in case of
monotherapy failure. Ultimately, biologic DMARDs (bioDMARDs) may be used in
combination with DMARDs, providing more specific response, by targeting a particular
step of the inflammatory pathway.3* FIG. 1 shows a summary of the most common
treatment options for RA.

Nowadays, there are still many cases of inadequate response to DMARDs from patients,
as well as the side effects connected to the continued use of some of these drugs.
Suboptimal handling of RA can lead to irreversible structural damage on the body. Thus,
the search for new and more efficient DMARDs remains in high demand to increase
treatment options. The cure for rheumatoid arthritis is yet to be found.>

NSAIDs Corticosteroids
Good to alleviate " Effective short-term
symptoms. . solution to acute
Often need high ) flares.
doses. Common

treatments for RA

DMARDs Biologics
First line of Powerful and highly
treatment for RA. targeted treatment.
Slow down disease Often used in
progression. combination with

DMARDs.

FIG. 1 — Schematic of the most commonly implemented treatments for RA on the present day.



1.2 —Iguratimod

Ilguratimod (IGU), also referred to as T-614, is a synthetic non-steroidal anti-
inflammatory disease modifying anti-rheumatic drug, that was developed in Japan. It
was first introduced on the market in 2011, and it is currently approved for treatment
of RA in China, Japan, and India. IGU has shown good efficacy and safety both in
monotherapy and combinator therapy with methotrexate. 13 Positive results have also
been reported with other rheumatic diseases, such as Sjogren’s syndrome, ankylosing
spondylitis and lupus nephritis.%14-16

IGU presents a good alternative to inadequate response in treatment with other
DMARDs. However, larger scale data is still in demand. The effects of age, sex, and
ethnicity (among other heterogeneity factors) in continued treatment with IGU are still,
to this day, a subject of study. Moreover, the majority of information available on this
compound is clinical related, and very little is known about IGU’s solid state and
thermodynamics.’

1.2.1 — Pharmacodynamics: understanding IGU’s
mechanism of action

Pharmacodynamics is the study of the drug’s effects on the human body. Understanding
the biochemical action of a compound on the body, as well as the molecular and cellular
processes involved in the target pathology, is extremely important, as it allows
improving the development of drugs and clinical studies. A thorough insight on a drug’s
pharmacodynamics also permits predicting possible synergetic and toxic drug to drug
interactions.

Although its biologic target is still unknown, the mechanism of action of IGU has been a
widely studied subject over the past decade.®8011141517-20 |t can be separated in three
major categories: anti-inflammatory; immunomodulatory; and osteoprotective. These
are hereinafter summarized.

The Nuclear Factor Kappa-light-chain-enhancer of Activated B Cells (NF-kB) is a protein
complex of major importance in gene expression. Upon activation, it modulates the
transcription of genes, particularly those for pro-inflammatory cytokines. Therefore,
NF-kB plays a key role in the pathogenesis of inflammatory diseases, such as RA.2 IGU
was found to interfere with NF-kB translocation to the nucleus by both Th17 and TNF-a
signalling pathways, hindering the production of pro-inflammatory cytokines, such as IL-
6, IL-8 and TNF. In addition, IGU can inhibit the activity of macrophage migration
inhibitory factor (MIF), preventing MIF-induced pro-inflammatory effects.'42%.22

T cells have been found to play an important role in RA’s autoimmune response. IGU
regulates immune balance in patients with RA by significantly reducing the levels of Th1,
Th17 and Tfh cells, while increasing the levels of cytokines and transcription factors
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associated with Treg cells, a subpopulation of T cells that supresses immune
response.’*?> Moreover, IGU reduces immunoglobulin production and secretion,
without affecting B cell proliferation.142*

IGU’s osteoprotective mechanism was found to unfold by increasing the expression of
Sp7, DIx5, and p38, proteins crucial in the differentiation of osteoblasts, which are bone-
forming cells. Furthermore, IGU was found to protect osteocyte integrity by reducing
NF-kB activation.418

Studies aiming to identify IGU’s biological target are still ongoing. Once found, its
mechanisms of action should become clearer, also being expected an increase in its

clinical application.

1.3 — Drug pharmacokinetics

Drug discovery and development is an expensive and time-consuming process, which
follows a series of strict rules, imposed by the regulating authorities to ensure the final
product is effective, while also being safe. Since new drugs are continually required by
the healthcare systems to address unmet medical needs, this procedure is of utmost
importance. Even though there have been several technological advances in the
pharmaceutical industry over the years, there are still many diseases without a cure, and
many others with suboptimal treatment options, which inevitably cripple patients
quality of life.

Nowadays, the ideal drug candidate must combine efficacy with good physicochemical
and pharmacokinetic properties, in order to be accepted in what is a highly competitive
market. The pharmacokinetics of an active pharmaceutical ingredient (API) is defined as
how the body responds after the administration, and how that response affects the AP,
in terms of the absorption, distribution, metabolism and elimination. Toxicity is also a
very determining factor to consider, hence why these principles are commonly
represented in literature by the acronym ADMET.

One of the most important pharmacokinetic parameters is the bioavailability, this being
the fraction of API that enters systemic circulation, in an unmetabolized form, thereafter
reaching the desired biological target. Absorption, the transport of the drug from the
administration site to the circulatory system, plays a determining role in the
bioavailability of drugs administered orally, as only the absorbed fraction can exert the
therapeutic effect. This, however, is not applied to intravenous administrations, because
in these the drug is directly transferred to the bloodstream, and no absorption is
required. The absorption process has three main limiting steps: dissolution, permeability
to the intestinal mucosa, and presystemic metabolism (FIG. 2). In particular, dissolution
and permeation are two of the most frequently chosen targets in modern science drug
development, and various methods for predicting, testing and improving these
parameters are often employed. 2>’
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FIG. 2 — Simplified schematic representation of the absorption process of a drug.

1.3.1 - Biopharmaceutics Classification System

The Biopharmaceutics Classification System (BCS), represented in FIG. 3, is a simple, yet
effective first indicator of bioavailability. It separates compounds according to their
aqueous solubility and permeability, two determining parameters in initial formulation.
It also allows for a direct correlation between dissolution and bioequivalence for class |
compounds, for it is assumed that the entirety of the dissolved fraction will reach the

bloodstream, since it is highly lipophilic.2%2°
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FIG. 3 — The biopharmaceutics classification system. Adapted from reference 29.

Poor water solubility is proving to be one of the most recurring problems with new drug-
candidate compounds. It is estimated that approximately 90% of new chemical entities
(NCEs) would be categorized as either class Il or IV. Compounds belonging to one of

4



these two classes will requires higher doses and/or dosages in order for therapeutic
effect to be observed, which increases the risk of toxicity coming from potential reactive
metabolites of the unabsorbed portion. Although improving APl low solubility and
dissolution rates is a challenging obstacle to overcome, and can ultimately decide if a
NCE will be able to reach the market, since it severely limits its bioavailability.3°

1.4 — Solubility

Solubility is the maximum quantity of a substance which, at given temperature and
pressure, can be completely dissolve in a defined amount of solvent. This parameter has
increased importance is drug discovery, since only the dissolved fraction of the solute is
able to cross biologic membranes, making this a limiting step in absorption.3!
From a thermodynamics standpoint, for two phases in thermal and mechanical
equilibrium (uniform temperature (T) and pressure (p)), the chemical potential (u) of a
compound in the two phases is equal, as given by equation (1):

(1)

u (phase A) = u (phase B)

In complete thermodynamical equilibrium, the chemical potential corresponds to the
partial molar Gibbs energy. When the two phases are solid and liquid, the most
considered in solid state chemistry, the chemical potential can be represented by
equation (2):
(2)
uliquid - usolid + RTIn(a)

where p*°djs the chemical potential of the solute in the reference state; R is the gas
constant; T is the temperature, expressed in Kelvin; and a is the activity of the solute in
the solution, which is defined as the product of the molar fraction (x) and the activity
coefficient (y), a thermodynamics concept used to account for deviations of a compound
in solution from the ideal behaviour.31,32

1.5 — Solid formulations to increase solubility

The solubility of a drug is intrinsically related with its solid form. Some drug formulations
aim to increase dissolution rates, without altering the drug’s physicochemical
properties, in order to ensure it retains its pharmacological effect. Solid state chemistry
offers a wide variety of strategies for solubility enhancement (FIG. 4). Polymorphs,
cocrystals, solvates, eutectics, amorphous and coamorphous were studied in the
present work as alternative formulations over the pure API, to increase IGU’s water
solubility.
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FIG. 4 — IGU solid formulations landscape in the present work.

Eutectics

1.5.1 — Polymorphs

A chemical substance can exist in different structural forms. These are known as
polymorphs, crystalline supramolecular structures with unique molecular
conformations and packing in the crystal lattice. Although being identical in chemical
content (formed by the same molecules), polymorphic forms have distinct physical and
chemical properties amongst each other, due to the presence of different
intramolecular interactions, such as hydrogen bonds and van der Waals. These comprise
stability, melting point, solubility, and even taste and smell, together with many other
thermodynamical, spectroscopic, kinetic, and mechanical properties. As such, the
pharmaceutical interest highly varies between different forms, the more stable and
soluble being notably more appealing.

Polymorphs can exhibit a monotropic or enantiotropic relationship. In cases where two
(or more) polymorphs are stable, over different temperature ranges (and constant
pressure), these are said to be enantiotropes. However, if only one of them is stable,
regardless of temperature and pressure, they are considered monotropes. In
accordance with the phase equilibrium equation (1), spontaneous transformation from
polymorphic forms A to B occurs when, at a certain temperature, Gg < Ga (FIG. 5).3133-3¢
Sulphonamide drugs, such as IGU, have a predisposition towards crystalline
polymorphism and solvate formation, due to their multiple hydrogen bond donor and
acceptor groups, which makes them an interesting object of study.3’
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FIG. 5 — Gibbs energy diagrams, as a function of temperature, for the monotropic (A) and enantiotropic (B)
relationship. TO corresponds to the transition temperature.

1.5.2 — Cocrystals

Cocrystals are neutral single-phase materials, with supramolecular crystalline structures
consisting of one (or more) API, and a coformer, typically in well-defined stoichiometric
ratio. Moreover, cocrystals with different stoichiometries can be formed with the same
coformer. They are stabilized by non-covalent and non-ionic intermolecular API-API,
coformer-coformer, and API-coformer interactions (hydrogen bonds and van de Waals),
and are solid when pure at ambient temperature and pressure. These solid forms are
conferred unique physicochemical properties, such as solubility, dissolution profile,
pharmacokinetics, and stability, which opens a possibility for improvements over its
pure starting compounds, without altering their pharmacological nature.3-*! Cocrystals
have been extensively used as a means to increase dissolution rates, with some already
on the market, and several others in clinical trials and registration phase.*?

Coformers do not affect the pharmacological activity of an API. Thus, selection is based
both on the API characteristics aimed to be enhanced, and the coformer’ properties.
Typically chosen coformers are both highly water soluble, and capable of forming
hydrogen bonds. The coformer safety profile is also very important, as it must be in
accordance with GRAS (generally regarded as safe) or other safe-for-consumption
guidelines in order to be accepted on the market. Highly soluble vitamins, such as
nicotinamide, are frequently used as coformers, as they are generally acknowledged as
safe for consumption. Other pyridinecarboxamide isomers have also been reported as
effective coformers.*3-%

Other APIs can also be used as coformers. In this case, the final product is called drug-
drug cocrystal, or simply dual-drug. Dual-drugs are an emerging strategy in drug
development. They allow the combination of compounds previously used in
combinatory therapy in a single solid form, while boosting their synergetic effects, and



enhancing their separate physicochemical properties, such as water solubility, and,
consequently, bioavailability.*3->°

There are numerous methods for preparing cocrystals. These can be categorized as
solid-state or solution based.*® The present work focuses on mechanochemistry, a
solvent-free mechanical grinding method®?, for cocrystal formation, more specifically
neat grinding (NG) and liquid-assisted grinding (LAG). Although being green chemistry
friendly, and having shown good results in cocrystal obtention across several studies,
mechanochemical methods cannot fully replace solution based techniques, as these can
more consistently produce single crystals, which are determining for crystalline
structure solving.4047,>2

1.5.3 — Solvates

Solvates are solid forms in which solvent molecule becomes “trapped” within the host
molecule’s crystal lattice. Similar to cocrystals, they are stabilized by hydrogen bond and
van der Waals intermolecular interactions, and can alter physical and chemical
characteristics of the API, thus modifying their pharmaceutical performance. Hydrates
are a special kind of solvates, in which the solvent is water. There are many examples of
pharmaceutical compounds commercialized in hydrated and dihydrated form, these
showing very distinct properties when compared with the respective anhydrous (water-
free) forms.>3—>>

Solvated form’s stability is, much like polymorphs, temperature and pressure
dependent. Overtime, metastable solvates can go through a spontaneous desolvation
process, which involves solvent exit, followed by crystallization (three-dimensional
molecular rearrangement).

Apart from being stable, solvates destined for commercial practice must also obey the
guidelines for residual solvents, such as the ICH guideline Q3C on residual solvents in
pharmaceuticals, as they are generally considered to be impurities. These two factors,
however, together with non-ideal physicochemical property modifications upon solvate
formation with an API (such as decreased dissolution rates), severely limits the
pharmaceutical applicability of these solid forms, for which they are mostly addressed
for characterization purposes.>3>4

1.5.4 — Amorphous

Solid compounds can be classified as either crystalline or amorphous, depending on the
order degree found on their molecular structure. Amorphous solids lack long-range
order between molecules, this meaning molecules are not organized in a well-defined
lattice.



Amorphous formulations represent one of the most direct approaches to increase
solubility, and are commonly used with poorly water-soluble drugs to improve their
bioavailability. This is explained by the loss of long-range order between molecules,
which results in higher Gibbs energy and enhanced reactivity, thus increasing dissolution
rates. However, amorphous systems are unstable, and recrystallization often occurs due
to a thermodynamic drive to return to equilibrium - the lower energy state (crystalline).
For this reason, the stabilization of the amorphous form stands as the main obstacle to
outcome in these types of formulations.>®>8

Glasses are a special type of amorphous rigid materials, obtained by rapidly cooling melt
compounds, to avoid crystallization. This process is known as supercooling, and has been
deemed as a crucial factor for glass formation. Although the kinetics of crystal nucleation
and growth from the liquid are known to be directly connected, the molecular intricacies

of this phenomenon are yet to be fully understood.>*-6%
1.5.4.1 — Coamorphous

Coamorphous systems, like cocrystals, are solid forms comprised of a mixture of an API
and a coformer. The APl is amorphized with the coformer, to obtain a single amorphous
phase, in a well-defined stoichiometric ratio, as represented in FIG. 6. Due to the
characteristics of the amorphous nature, coamorphous have the potential to increase
the dissolution rates of poorly water-soluble drugs.®?
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FIG. 6 — Schematic representation of crystalline and amorphous drugs, and coamorphous blends. Adapted
from reference 61.

The development and stabilization of amorphous drug delivery systems has been a
widely studied subject in pharmaceutics as a mean to improve aqueous solubility.
Similar to amorphous solids, coamorphous tend to recrystallize after a certain period,
which makes stabilization a crucial step for determining pharmaceutical potential.62-%4
Coamorphous blends with and without molecular interactions are possible to obtain.
The absence of evidence of APl-coformer interactions, however, does not imply an



inferior performance over other interacting blends, as several studies demonstrated

increases in solubility and dissolution rates with such coamorphous drugs.®>-%’

1.6 — Compounds used in solid form investigation with IGU

Solid state studies with IGU were conducted with six different compounds: leflunomide
(LEF); sulfasalazine (SSZ); nicotinamide (NA); folic acid (FA); metoclopramide (MCP); and
omeprazole (OPZ). These can be organized in three categories, according to the

pharmacological purpose behind choosing them, as is shown in FIG. 7.
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FIG. 7 — Schematic representation of the six compounds used in studies with IGU in the present work.

1.6.1 — Selection process of coformers

LEF and SSZ are DMARDs, both being used in modern clinical practice in the treatment

of RA. Similar to IGU, these drugs have been used in monotherapy, but also in
combinatory therapy with methotrexate.?8%° Furthermore, both LEF and SSZ molecules
have several hydrogen bond donors and acceptors, which raises their potential as

coformers. LEF cocrystals have also been reported in published journals.”® Dual-drug

cocrystal and coamorphous formation was investigated with IGU, with the aim of

obtaining a new API-API DMARD cocrystal, with enhanced physicochemical properties

over the separate compounds.
NA and FA are vitamins. Even though the solubility of NA is far superior to that of FA,
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both these compounds have been reported in cocrystal studies. Moreover, FA was
found to have a synergetic effect with methotrexate in patient being treated for RA, by
alleviating side-effects.”* The added benefit of consumption safety was decisive in
choosing them as coformers for investigation with IGU.#>46.72

MCP and OPZ were selected in order to target IGU’s gastrointestinal side-effects.
Possible drug-drug cocrystal formation could not only improve the bioavailability of IGU,

but also alleviate one of most frequently occurring the adverse reactions associated with
its treatment.”374

1.7 - Biological membranes: insights on phospholipids

Biological membranes are of vital importance for the maintenance cell life. They are
complex systems, composed of many types of lipids, proteins, and sugars. Aside from
their structural role, they mediate a series of chemical and biochemical events, such as
cell signalling, cell motility, and molecular traffic between the intracellular and
extracellular compartments.”>7®

Three different families of lipids can be found in biological membranes, these being
phospholipids, glycolipids, and sterols (FIG. 8).
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FIG. 8 — Schematic representation of the three families of lipids found in membranes: phospholipids

(A — phosphatidylcholine), glycolipids (B — diacylglycerol glycolipid), and sterols (C). Adapted from
reference 75.

Phospholipids, the most abundant in membranes, consist of two hydrophobic
hydrocarbon “tails”, connected to a hydrophilic “head” group. In aqueous
environments, their amphipathic nature causes them to spontaneously form micelles or
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bilayers, in which the polar “heads” face outward, and the non-polar “tails” face the
centre, towards each other, in order to minimize their contact with water (FIG. 9).7>77

Extracellular space

_ Polar “head”

Phospholipid { " Hydrophobic “tail”

bilayer

Cytoplasm

FIG. 9 - Simplified schematic representation of a phospholipid bilayer.

This phenomenon occurs due to what is known as the hydrophobic effect, a
thermodynamic concept that describes the tendency of hydrophobic molecules to
aggregate in aqueous solutions, and isolate themselves from water molecules. The
aggregation results in a large increase in the entropy of the system, due to the break of
the hydrogen bonds between the water molecules initially surrounding the
hydrophobes, leading to an overall decrease in Gibbs energy. Additionally, non-covalent
interactions, such as van der Waals interactions between hydrocarbon chains, and also
electrostatic and hydrogen bond interactions, between the polar “head” groups and the
interfacial water molecules, help further stabilise the membrane.””’8
Phosphatidylcholines are zwitterionic phospholipids which have a hydrophilic “head”
group composed of phosphate and choline. They are the major phospholipids in biologic
membranes. Other commonly found phospholipids, like phosphatidylethanolamines,
phosphatidylserines, and sphingomyelins, differ on the composition of their “head”
group, and the length and unsaturation degree of their hydrocarbon chains.

Unlike phosphatidylcholines, not all phospholipids are neutrally charge.
Phosphatidylserines and phosphatidic acid are two examples of phospholipids with an
overall negative charge (FIG. 10).”>7° There are, however, no natural overall positively
charged lipids.

The hydrocarbon chains of phospholipids can be saturated (only C-C bonds),
monosaturated (one C=C bond) or polyunsaturated (two to six C=C bonds). The
unsaturation degree affects, amongst other aspects, the lipid’s transition temperature
(Tm), this being the transition between the more ordered gel phase, to the more fluid
liquid phase.8% A single C=C bond causes the hydrocarbon “tail” to bend, which impacts
lipid packing in the bilayer, allowing adjacent lipid’s chains to be more flexible. This is
one of the reasons why 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC),
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which has a transition temperature of -2 °C 8, is so commonly used in mimetic
membrane models, since biological membranes are often found in fluid liquid phase.®?
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FIG. 10 — Schematic and molecular structure of two phospholipids with different overall charges at
physiological pH.

1.7.1 — Partitioning and permeation studies

The biological membrane’s selective permeability often presents a challenge in drug
design. Although there are several different mechanisms of permeation, drug-like
compounds often cross lipidic membranes by passive diffusion. Those who cannot
efficiently pass through these barriers will have their bioavailability compromised, due
to the inability to reach the therapeutic target.2 Thus, finding consistent and reliable
methods for predicting permeability across biological barriers is vital in early stages of
drug development and testing.

In this work POPC, a very abundant phospholipid in animal membranes®4, was used to
create of large unilamellar vesicles (LUVs) for evaluating IGU’s permeation performance,
ultimately aiming to calculate its permeation rate. POPC was also used in lipid partition
studies, together with dimethyldioctadecylammonium bromide (DDAB), a positively
charged surfactant that is able to form cationic vesicles in solution.8 Unlike POPC, DDAB
is not a constituent of biological membranes, and does not occur naturally. FIG. 11
shows the molecular structure of POPC and DDAB.
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Partition experiments are often used to predict a compound’s lipophilicity, the primary
result being the partition coefficient.268” Both experiments used fluorescence
spectroscopy as the main characterization technique for IGU.

FIG. 11 — Molecular structure of POPC and DDAB.

1.8 — Objectives

The scarcity of information about IGU in literature makes this compound a very
interesting subject for study. Moreover, the fact it is currently only utilized for clinical
treatment of RA in China, Japan and India, means that upcoming research may be the
deciding factor for treatment approval in other countries.

In the present work, IGU is investigated in solid-state, with calorimetric and
spectroscopic methods, and characterized in solution, to address missing information.
Cocrystal, amorphous and coamorphous formulations are studied with LEF, SSZ, NA, FA,
MCP and OPZ, with the objective of obtaining a new solid form with improved
physicochemical properties. Solvated and hydrated forms are additionally reported, to
complement the study.

Lipid interaction studies, based on a partition model, are conducted with POPC and
DDAB, and permeation through POPC LUVs is also described, in order to evaluate IGU’s
lipophilicity.
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2 - Materials and Methods

2.1 — Materials and equipment

The full list of the chemical materials used in the development of the present work is
presented in Table 1.

Table 1 — Materials, and respective abbreviation, supplier, molecular mass, and purity.

BOC Sciences 99.8 %
lguratimod IGU & 374.37 &
AmBeed 98.0 %
Leflunomide LEF Supelco 270.21 >98 %
Folic acid FA Sigma-Aldrich 441.40 >97 %
Nicotinamide NA Sigma-Aldrich 12212 | 299.5%
. . . 98 -
Sulfasalazine SSz Sigma-Aldrich 398.39 1015 %
Metoclopramide MCP AmBeed 299.79 99 %
Omeprazole OPZ TCl 345.42 >98 %
Acetone Ace Fisher Chemical | 58.08 | >99.8%
Acetonitrile ACN Fisher Chemical | 41.05 99.99 %
Ethyl Acetate EtOACc Fisher Chemical | 88.11 99.97 %
Ethanol EtOH Fisher Chemical | 46.07 99.8 %
Dichloromethane DCM LAB-SCAN 8493 | >99.8%
Dimethylformamide DMF Fisher Chemical | 73.09 | 299.8 %
Dimethyl sulfoxide DMSO Merck 78.13 | >995%
Sodium phosphate dibasic NazHPO4 Sigma-Aldrich 141.96 >99 %
Sodium chloride NaCl BioXtra 58.44 | 299.5%
Quinine Sulphate QS Sigma-Aldrich 746.91 >99 %
L-palmitoyl-2-oleoyl-sn- POPC Avanti 7600 | >99%
glycero-3-phosphocholine
Dlmethyldldoderlammomum DDAB Avanti 4626 99 %
bromide
. 602.79-
Triton X-100 TX-100 Fluka 646.86 -

Table 2 displays the list of equipment used in the development of the present work.
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Table 2 — Equipment, and respective brand, model, and technique abbreviation.

Differential Scanning Calorimeter

Fourier Transform Infrared Spectrometer
with Smart Orbit ATR module with a
diamond crystal
Microscope
Camera

Single Cell Calorimeter for imaging and
spectroscopy

Mixer Mill
Benchtop powder X-ray diffraction
instrument
Thermo-microbalance for
Thermogravimetric Analysis coupled to a
Differential Thermal Analysis detector
Diffractometer for Single-crystal X-ray
diffraction
Fluorescence Spectrometer

Ultraviolet—visible Spectrophotometer
Multi-Mode Microplate Readers

Light Scattering System

DSC

FTIR-ATR

PLTM
PLTM

PLTM

LAG & NG
XRPD

TG-DTA

SCXRD
FS
UV-Vis

Fl
UV-Vis

DLS

Perkin Elmer

Thermo
Scientific

Leica
Pixelink

Linkam

Retsch

Rigaku

Netzsch

Bruker-
Nonius
Varian
Thermo
Spectronic
Molecular
Devices
Malvern
Panalytical

DSC7
TAC 7/DX

Nicolet 380

DM RB
PL-A662
DSC600
LNP
Cl 94
MM 400

MiniFlex 600

TG 209 F3

Kappa Apex Il
CCD
Cary Eclipse
Unicam
Uvs00
SpectraMax
iD5
Zetasizer
Nano Series

2.2 —Sample preparation methods

2.2.1 — Mechanochemistry (LAG & NG)

Mechanochemistry is a synthesis technique which works by an externally induced

mechanic energy, specifically by constant shaking vessels, at a controlled frequency,

which in turn causes steel balls to repeatedly collide with the sample, inside the vessel.

Ball milling was used as the prime technique for cocrystal, amorphous and coamorphous

production.

Solid mixtures were prepared by liquid-assisted grinding (LAG), with EtOAc as the
reaction enhancing solvent (1uL/10mg), or by neat grinding (NG), in 10 mL stainless steel
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grinding vessels, using two 7 mm stainless steel balls, or in 10 mL zirconium oxide
vessels, using nine 5 mm zirconium oxide balls. Samples with a total mass of 70 mg were
grinded at 15 Hz or at 30 Hz, for 30 to 60 minutes, according to the desired results.
Cocrystal studies were mostly performed with LAG, with low milling frequencies and
times, while amorphous and coamorphous investigation was conducted with NG, with
higher milling frequencies and times.

2.2.2 — Solvate investigation by solvent evaporation and
by slurry

Solvates were prepared by dissolving the desired amount of IGU in a fixed amount of
solvent (10 to 15 mL), with constant mixing, and without a heat source. After dissolution
was observed, the solution was filtrated, and then transferred to a petri dish or beaker,
which was covered and stored at ambient temperature. Storage in the fridge was also
tested with more volatile solvents, such as DCM. Samples were ready over a period of
two weeks (except with PBS and DMSO), after the solid crystalized and dried, following
solvent evaporation.

An attempt at replicating IGU’s hydrate formation (which had been previously obtained
in a different study?*®) was conducted with slurry chemistry. Supersaturated solutions
were prepared with 20 to 50 mg of IGU and 1 to 2 mL of PBS, and maintained at 25 °C
for 2 to 3 days, while being constantly stirred with a magnet. Resultant mud-like sample
was analysed by XRPD.

2.3 — Calorimetric techniques

2.3.1 — Differential scanning calorimetry (DSC)

DSC was used to investigate the thermal behaviour of the solids obtained in the present
work. A power compensation calorimeter, with an intracooler cooling unit adjusted to
- 20 °C (ethyleneglycol-water, 1:1 (v/v)), was used. A N, purge, with a flow rate of
20 mL/min, was also used. Samples weighting 0.5 to 3 mg were prepared in 30 to 50 plL
aluminium pans, and perforated pans were occasionally used. Scanning rates from
B=5°C-minttof=100°C- min?, with #=10°C- min* being the most commonly used.
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2.3.2 — Thermogravimetric analysis coupled with a
differential thermal analysis detector (TG-DTA)

TG-DTA was used as a complementary calorimetric technique to DSC, as it allows a
sharper analysis of desolvation and degradation processes.

Samples weighting 2 to 10 mg were transferred to an alumina crucible, and were then
heated at =10 °C - min'tin air atmosphere. Resulting lost mass (%) and temperature
variation from the reference (AT) curves, as a function of temperature, where used to
identify solvent exit and sample degradation steps, and solid-solid transitions and
fusions (respectively).

2.3.3 — Polarized light thermal microscopy (PLTM)

PLTM is a technique that allows direct observation of sample alterations during the
heating process through imaging. Structural modifications, phase transitions and crystal
habits are some of the information possible to obtain with this method.

Small samples were accommodated in the centre of the glass sample pans, which were
then covered, and placed in the calorimeter unit. Scanning rates varying from
S=10°C- mintto £=20°C- mintwere used. Imagens were collected with an ampliation
of 200x.

2.4 — Spectroscopic techniques

FTIR-ATR and XRPD allow for an easy distinction between different solid forms.
However, a determined compound can only be categorised as polymorph or as solvate
when these methods are complemented with calorimetric techniques, such as DSC,
PLTM, and TG, which permit observing desolvation events.

2.4.1 — Fourier transform infrared spectroscopy
with ATR module (FTIR-ATR)

FTIR-ATR is a technique based on the vibration of atoms in a molecule. It studies the
interaction of electromagnetic radiation, with wavelengths from the infrared region,
with the sample, being that for a certain molecule to absorb in this region, a dipole
moment alteration caused by its vibrations must occur. This technique also allows
studying cocrystal and coamorphous formulations, as the hydrogen bonds induce shifts
in the infrared bands, caused by changes in the vibrational modes of the groups that are
involved.
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Solid’s infrared spectra were collected by FTIR-ATR, using 32 scans and a resolution of
2 cmL. The attenuated total reflectance (ATR) module allows for an easy and practical
sample manipulation, not requiring any preparation before analysis.

2.4.2 — X-ray powder diffraction (XRPD)

XRPD is a very useful technique for the characterization of solid formulations, namely
pure APls, cocrystals, amorphous and coamorphous. Moreover, it is particularly valuable
in the study of amorphous forms. Due to the lack of a crystal lattice, fully amorphous
compounds show no diffraction peaks. As such, the X-ray pattern is fully driven by short-
range order, and will be composed by one or more halos, characteristic of the
amorphous material.

Diffractograms were obtained with collection times of approximately 8 minutes, with a
scanning range between 3 and 40 °, a scan rate of 5 °/min, and steps of 0.01 °. Zero
diffraction silicon sample holders were used, which are specially design so that no
diffraction occurs from them (and only from the sample). Samples were properly
accommodated in the centre of the sample holder, to ensure good signal quality.

2.4.3 — Single-crystal x-ray diffraction (SCXRD)

SCXRD is a technique which provides information on molecular structure and
arrangements in the three-dimensional space. It uses the diffraction that occurs when
X-ray radiation is directed towards a single crystal. The measured intensities and angles
of these diffracted x-ray beams are interpreted as a distribution of the electron density
in 3-D space, allowing to determine the positions of each atom, and the overall
molecular geometry of the molecule.

The equipment comprised a molybdenum anode, which transmits MoKa radiation
(A = 0.71013 A). A detailed structural description of the IGU:DMF system was obtained
with this method.

2.5 — IGU characterization in solution

Experimental calculation of the molar absorption coefficient (g), ionization equilibrium
constant (pKa), and fluorescence quantum yield (¢) was achieved with the aid of
ultraviolet-visible spectroscopy (UV-Vis) and fluorescence spectroscopy. This
characterization was conducted as a means to address the lack of information on this
molecule, as none of these parameters were found to be described in literature.
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2.5.1 - Determination of the molar absorption
coefficient (g)

Three independent stock solutions were prepared, with 2.66 mg, 2.62 mg, and 2.54 mg
of IGU, each in 1 mL of DMSO, and were named “266”, “262” and “254”, respectively. A
first 100-fold dilution (dil 1) was made by collecting a 50 uL aliquot of stock and adding
it to 4.95 mL of saline phosphate buffer (PBS) with 2% of DMSO. A subsequent 2-fold
dilution (dil 2) was then made by removing 1 mL of dil 1 and adding it to 1 mL of PBS
with 2% DMSO. This process was repeated until five 2-fold dilutions (dil 1, dil 2, dil 3,
dil 4 and dil 5, corresponding to 100-, 200-, 400-, 800- and 1600-fold dilutions,
respectively) were obtained from each stock in DMSO. The solutions were analysed by
UV-Vis spectroscopy, in cuvettes with an optical path of 1 cm, and the maximum
absorbance values were registered at 347 nm. These values were then plotted against
the concentration of the respective solutions, and € was calculated through the curve
slopes, following Beer-Lambert’s law.®

2.5.2 - Determination of the pK; value

For this procedure, 1.25 mL of the “dil 1” solution used in 2.5.1 was collected, and then
added to 18.75 mL of PBS with 2% DMSO, leading to a 1600-fold dilution from the stock
in DMSO. The pH of this solution was then adjusted to 9, with NaOH. A titration was
made in the pH range from 9 to 3, by adding small aliquots of HCI, and analysing the
solution by UV-Vis and fluorescence spectroscopy between each addition.
Concentration variations due to HCl addition were taken into consideration in the
results’ analysis.

2.5.3 - Determination of the fluorescence quantum
yield (D)

The fluorescence quantum yield (®f) of IGU was calculated relative to a standard with
known Ok. In this case, quinine sulphate (QS) was used.®’ Knowing that samples with
identical absorbance values at the excitation wavelength are absorbing equal amounts
of photons, the ®rof IGU can be calculated from the ratio of the integrated fluorescence
intensities, since it is indicative of the ®f ratio between the standard and the test
samples.?091

A QS solution was prepared by dissolving 2 mg of this compound in 5 mL of 0.5 M H,SQ4,
and subsequently diluting it, until the observed maximum absorbance was
approximately 0.05. Using the same procedure an in 2.5.2, two IGU solutions were
prepared by preforming a 1600-fold dilution from a stock solution (with 2.59 mg of IGU
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dissolved in 1 mL of DMSO) with PBS 2% DMSO. Afterwards, their pH value was adjusted
respectively to 3 and to 9, and they were further diluted, so their absorbance at the
desired excitation wavelengths (320 nm and 346 nm) matched with that of quinine
sulphate, as visible in the UV-Vis spectra in FIG. 12.

The refractive indexes of the solvents (PBS for IGU and H,SO4 0.5M for QS) were both
considered to be equal to the refractive index of PBS (1.34 %) while calculating ®r.

0,05 — —— Quinine Sulphate
IGU pH3
— IGU pH9
0,04
= 0,03
iel
=
I}
(%]
< 002+
0,01 4
0,00 T T T T T T ’ T ’ T T |
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FIG. 12 — UV-Vis spectra of the quinine sulphate solution, and both IGU solutions, respectively at pH = 3
and at pH =9.

2.6 —Studies of the interaction of IGU with POPC and
POPC:DDAB membranes

For this experiment, 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC) was
used alone, and in combination with dimethyldioctadecylammonium bromide (DDAB),
in a POPC:DDAB molar ratio of 9:1. POPC is a widely abundant phospholipid in
biomembranes, also being commonly used in biophysical studies with membrane
models.?3=2> DDAB is a surfactant that forms cationic vesicles in solution. Unlike POPC,
DDAB is not a component of biological membranes.®>%

From a stock solution with IGU (5.05 mg in 2mL of DMSO), 50 uL were initially diluted in
4.95 mL of PBS with 2% DMSO. This solution was named “dil 0”. Three more dilutions
were made with the same buffer, each with half the concentration of the original. These
were named “dil 1”, “dil 2” and “dil 3”, being that only dil 3, with a concentration of
8.39 x 10® M, was used for these lipid interaction studies.

IGU’s fluorescence was studied with successively higher concentrations of POPC and
POPC:DDAB, ranging from 0 to 10 mM. A five-minute wait period was done after each
addition, before reading the sample’s fluorescence, and concentration variations due to

22



lipid addition were properly considered while analysing results. The experiment was
conducted at 37 °C.

2.7 — Large unilamellar vesicles preparation

IGU’s permeation through and partition to biomembranes was studied with large
unilamellar vesicles (LUVs) made from POPC. These were prepared by extrusion.®’

The required volume of a POPC solution, in a previously prepared azeotropic mixture of
chloroform:methanol (87.4:12.6 (V:V)), with a concentration of 20 mM, was firstly
measured and transferred to a glass tube. The solvent was evaporated under a stream
of N2, while heating the tube with a hot air flow, and constantly stirring in a vortex,
producing a lipid film. The tube was placed in a desiccator, under vacuum, for one hour.
After that, the vacuum pump was turned off, and the tube was left in the desiccator
overnight. The POPC film was placed in a water bath at 37 °C, the minimum temperature
being 10 °C above the lipid’s transition temperature (T7,"°P¢ = -2 °C 81), for five minutes.
A IGU solution was prepared beforehand, from a stock containing 4,02 mg in 1 mL of
DMSO. A portion of 100 L of this stock was added, under constant stirring in a vortex,
to 4.9 mL of PBS buffer, which had been preheated to 37 °C. The solution was then once
again placed in the bath at 37 °C, to prevent IGU from precipitating.

The POPC film was hydrated with the required volume of the IGU solution, and then left
in the water bath for 30 minutes, with some occasional mixing, until all the lipid had
been suspended.

A falcon tube was cleaned by freezing PBS buffer inside with liquid nitrogen, thawing,
and then disposing of its content three consecutive times. The hydrated POPC
suspension, now forming multilamellar vesicles (MLVs), was transferred to the clean
falcon tube. Followed three steps of freezing, with liquid nitrogen, and thawing, in the
water bath at 37 °C.

The extruder was prepared with two stacked polycarbonate filters, with 2.5 cm diameter
and pores with 100 nm, and 5 mL of PBS were passed though. The lipid suspension was
then passed though the extruder three times, agitating in a vortex and preforming a step
of freeze and thaw after every passage. After this, ten additional passages were made,
with mixing between each one.

2.8 — Permeation assay

The IGU+POPC solution from the above-described methodology contains IGU
encapsulated inside the LUVs, and IGU in the external aqueous media. Since permeation
is intended to occur from the internal to the external media, it is essential that the
non-encapsulated IGU is separated from this solution (so that only the encapsulated IGU
is characterized). To this end, size-exclusion chromatography was used, with 2 ml Zeba™
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Spin Desalting Columns, from Thermo Scientific™. These columns contain a high-
performance resin, that offers higher retention times to particles of smaller dimensions,
allowing for an easy separation of bigger particles, such as LUVs.%®

The gel resin of four columns was primarily resuspended and equilibrated with PBS. The
IGU+POPC solution was then added to in two columns (500 mL in each one), and
centrifuged at 1000 g, for two minutes. After that, 1 mL of PBS was added to each
collection tube (containing only LUVs with encapsulated IGU), they were mixed, and
then distributed equally through 10 eppendorfs (300 pL each). These were placed in a
water bath at 37 °C, each one having a different incubation time, ranging from 0 to 60
minutes. During this time, IGU is permeating the LUVs. Once the target incubation time
was reached, the eppendorfs were put in ice, to stop permeation.

The content of each eppendorf was passed through a Zeba™ Spin Desalting Column, by
adding its content to the column and centrifugating at 1000 g. This was followed by a
passage with 500 uL of PBS. Afterwards, 11 to 13 more passages with 1 mL of PBS were
made, and the liquid from the collection tubes was stored between every passage. Once
all had been collected, the samples were analysed by UV-Vis and fluorescence
spectroscopy, in order to obtain the permeation profile of IGU through the LUVs over
time. This process was also made with a IGU solution, in order to better understand the
compound’s column exit profile. For some samples, triton X-100 was added to the
solutions, before absorption and fluorescence characterization, to break the lipid
vesicles, thus minimising interference in the resultant spectra.

2.9 — Dynamic light scattering and zeta potential
measurements

Dynamic light scattering (DLS) is a modern, non-invasive technique, used for
determining the size of particles in a liquid dispersion. Such is accomplished by
measuring their Brownian motion, the random movement of molecules associated with
collisions with solvent molecules. By treating the particles as spheres, this allows to
determine their hydrodynamic size. Smaller particles diffuse more quickly than bigger
ones. Consequentially, when irradiating the dispersion with a laser, the scatter intensity
correlation over time will decrease more rapidly the smaller the particles in the
dispersion are. The obtained translational diffusion coefficient (D) is then used in the
Stokes-Einstein equation to determine the particles size.?>1%° DLS was used to study IGU
solutions with increasing concentrations, and to characterize the size distribution of the
LUVs. Each sample was analysed in triplicate.

The zeta potential of POPC LUVs was also measured by DLS, and compared with and
without the presence of IGU. Zeta potential, also know as electrokinetic potential, is the
potential at the slipping plane, the interface between the moving particles of dispersant
and the particles that eletrophoretically attached to the absorbed double layer, due to
the electric field applied.1®
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3 - RESULTS AND DISCUSSION

3.1- IGU: calorimetric and spectroscopic study

3.1.1 -IGU’s polymorphism

Two IGU polymorphs, forms | and Il, were identified from commercial samples. Form I
is converted into form | though an endothermic solid-solid transition during heating, at
T ~ 175 °C, which is then followed by the fusion of form |, at T=(238.7 £ 0,6) °C, with a
AfusH = (40 * 2) kJ-mol2.1748 |t was also found that, if the molten portion crystallizes at
T <190 °C, a third polymorph would form, which was designated as form Ill. Form Ill has
a melting point of T = 228 °C. FIG. 13 and FIG. 14 (respectively) contain the FTIR-ATR
spectra and XRPD diffractograms of the three mentioned IGU forms, while FIG. 15 shows

their DSC curves.*®
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FIG. 13 - FTIR-ATR Ispectra of IGU’s forms I, Il and III.
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FIG. 14 — XRPD diffractograms of IGU’s forms |, Il and Il
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FIG. 15 — DSC curves of an IGU Il sample, with m = 1.74 mg, and a IGU | sample, with m = 1.21 mg. The
scanning rate used was £ = [10] °C/min.

Polymorphs’ I and || XRPD diffractograms were found to be in accordance with literature
data (FIG. Apdx1 - 1).%7

Form | converts into form Il from storing at room temperature and pressure for an
extended period. This supports the existence of an enantiotropic relationship between
these two polymorphs. The | = Il conversion was also observed by ball milling, and in
crystallizations from different solvents, as is shown in FIG. Apdx1 - 2.

In some cases, metastable forms may endure a spontaneous polymorphic transition. Yet
sometimes the energy barrier for that transition does not allow for it to happen
instantaneously without an outside stimulus, whether it is temperature, pressure or
mechanical related. Furthermore, the endothermic nature of the solid-solid
transformation between forms Il and | (FIG. 15) agrees with the heat transition rule,
firstly briefed by Burger et al., that associates endothermic transitions to enantiotropic

relationships, and exothermic transitions to monotropic relationships.33:3436

3.1.2 —IGU amorphization by neat grinding

IGU’s amorphization was achieved with mechanochemistry, by neat grinding (NG) at
30 Hz for 60 minutes. Additionally, the performance of steel vessels was compared to
zirconium vessels. FIG. 16 shows a summary of the XRPD results obtained.
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FIG. 16 — XRPD diffractogram of 100 mg IGU samples submitted to neat grinding at 30 Hz for 60 minutes in
a zirconium and steel vessels.

Steel vessels performed better than zirconium vessels, since the second ones failed to
fully turn the sample into an amorphous, under the same grinding frequency and time
conditions. This is confirmed by the two peaks on the diffractogram of the solid grinded
on the zirconium vessel (marked by arrows), which are proof that a fraction remains
crystalline.

IGU’s amorphous remained stable for 3 months, stored at ambient pressure and
temperature (FIG. 16). However, a more thorough investigation of its stability and
dissolution performance is necessary in order to evaluate its pharmaceutical potential
over the crystalline counterpart.

3.1.3 —IGU’s glass formation

Through a PLTM experiment with IGU, it was observed that, while cooling the melt at
£ = 20 °C/min, the crystallization process stopped, and a glass was formed. Upon
reheating the sample, devitrification occurred at T ~ 86 °C, followed by a cold
crystallization at T~ 110 °C. The images captured are shown in FIG. 17.

A close analysis of the DSC curves for first cooling and second heating of a sample of
IGU, also allows the detection of these events (FIG. 18). The thermogram shows both
glass formation (1% cooling) and devitrification (2"¥ heating). There are, however, no
signs of a cold crystallization, which was expected to start at T ~ 110 °C, according to
what was observed by PLTM. Moreover, that is no certainty that this step even occurs
in this case, as the sample could remain liquid during the entire heating process. This
may be due to the distinct conditions in which the sample is accommodated in each of
these techniques.
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FIG. 17 — Images captured during a PLTM analysis of an IGU sample. = | 20| °C/min.
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FIG. 18 — DSC curves of first cooling from the melt, and second heating of an IGU sample.
B =10 °C/min.

It was not possible to fully bypass crystallization with the conditions used, and increasing
how fast the liquid was cooled produced no effect, as is shown in FIG. 19. However, no
conclusions can be taken for cooling velocities above 100 °C/min, as they were not
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tested. Finding an efficient method for obtaining and stabilizing the glass could be a
valuable path for solving IGU’s solubility issues in the future.
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FIG. 19 — DSC curves of 3 IGU samples, cooled at successively higher rates.

3.1.4 —Crystallization from different solvents

Crystallization from solvent evaporation is often a method used to study polymorphism.
Literature data refers that IGU forms solvates with EtOH, ACN, DMF, Ace and DCM.Y’
Yet, there is no record of new polymorphs obtained through this method to this day.
Hence, a more thorough investigation was made. Table 3 shows the list of solvents used
for this experiment.

Solvates with ACN, MeOH, MeOH:ACN and DMF were successfully obtained from
solvent evaporation. FIG. 20 and FIG. 21, respectively containing the FTIR-ATR spectra
and XRPD diffractograms of the aforementioned samples, allow from a clear distinction
between these and the three known IGU polymorphs.

Table 3 — Solvents used for the crystallization experiments, and results.

Solvent Solvate Polymorph
Ace - -
ACN Y -

MeOH Y -
EtOAc - -
MeOH:ACN Y * -
EtOAc:ACN ? ?
EtOH - -
DCM ? ?
DMF Y =
DMSO - ?
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FIG. 21 — XRPD diffractogram of IGU’s polymorphs and the solvates obtained from solvent evaporation.

The IGU:ACN and IGU:DMF solvates’ XRPD diffractograms was found not to be in
accordance with those of #8#KFY et al. (FIG. Apdx1 - 3). However, on the mentioned
paper, solvate formation is not proved, as no calorimetric techniques are used to analyse
these samples. Furthermore, an accurate comparison between diffractograms was not
possible, due to the poor quality of the ones published in the referred document
(patent), for which the cause for this discrepancy was not found.’

As showed, both FTIR-ATR spectrum and XRPD diffractogram for the solvate obtained
with MeOH are identical with those of MeOH:ACN. This suggests ACN is not
incorporated in the crystal lattice, and the solvate is formed exclusively with MeOH. The
inclusion of ACN may, however, prove useful in future attempts to replicate this solvate,
as it dramatically increases IGU’s solubility, which is practically insoluble in MeOH, while
not affecting solvate formation.

The solids were analysed by DSC with perforated capsules, to allow monitoring of the
solvate exit. The resulting curves clearly show the desolvation events for each solvate
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(FIG. 22). This step could also be observed by TG (FIG. 23). The API-solvent molar ratios
for each solvate were calculated from the mass lost upon each desolvation step.
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FIG. 22 - DSC curves of the IGU solvates obtained with ACN, MeOH and DMF. 8 = 10 °C/min.
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FIG. 23 - TG (A) and DTG (B) curves of IGU Il and the solvates obtained. = 10 °C/min.

The IGU:ACN curve in FIG. 22 additionally suggests that IGU crystallized in a mixture of
polymorphs after desolvation occurred. However, these were not investigated.

The DSC (FIG. Apdx1 — 4-A) and TG-DTA (FIG. Apdx1 — 4-B) curves for the solvates with
MeOH do not match those of MeOH:ACN. Rather, in both cases MeOH shows a single
desolvation step, whereas the curves for MeOH:ACN have two consecutive steps. A
possible cause for this phenomenon may be that, at the time these analyses were made,
some leftover ACN was still mixed with the sample. In this case, the second step
(T ~ 85 °C) would be caused by its vaporization (being that this temperature is closely
matched with ACN’s literature vaporization temperature, which is 82 °C).
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The binding energy (enthalpy of desolvation) was determined to quantify how strongly
each solvent molecule is connected in the crystal lattice. This was accomplished by
comparing the calculated energy (AH4) with the enthalpy of vaporization of the
respective solvents. Equation (3) was used:

(3)

AHg gy * 100
AHq = M - l( doxp )l
d

Am

where AHy is the binding energy per mole of bonded solvent, My is the molecular mass
of the solvent, AHg ey, is the experimental enthalpy of desolvation, and Amg is the
percentage of mass lost in the desolvation process.01-103

The results are summarized in Table 4.

Table 4 — Thermal data of the desolvation of IGU’s solvates.

Desolvation Calculated Enthalpy of
Boiling temperature/°C Mass Loss Enthalpy of Enthalpy of Vaporization Molar Rati
olar Ratio
IGU Point of (DSC) Upon Desolvation Desolvation of Pure i
()
Solvate Pure Desolvation(%) /gt (Binding Solvent at
Onset Peak IGU:Solvent
Solvent/°C Trc /e (TG) (DSC) Energy) 25°C
/KJ-mol? /KJ-mol?
ACN 82 89.93  95.00 5.15 53.02 42.26 33.2 1:0.5
MeOH 64.7 53.79 72,43 12.23 64.45 16.88 38.3 1:1.5
DMF 153 90.51 104.07 8.94 68.27 55.81 46.9 1.0.5

Note: Values for the enthalpies of vaporization of pure solvents were collected from the NIST database.

The calculated binding energy values for IGU:ACN and IGU:DMF surpassed the
enthalpies of vaporization of the respective solvents, suggesting the solvent molecules
are tightly bound to the host lattice. In contrast, IGU:MeOH connections were found to
be less strong, as the binding energy is lower than the enthalpy of vaporization of MeOH.
Solvate formation was not observed with neither Ace, EtOAc, or EtOH, as concluded
from the resultant FTIR-ATR spectra (FIG. Apdxl - 2) and XRPD diffractograms
(FIG. Apdx1 - 5), matching those from the starting IGU polymorph (form ).

From the solid crystallized in EtOAc:ACN, a crystal with a distinct crystal habit, that grew
from the side of the container, revealed differences in the XRPD diffractogram
(FIG. Apdx1 - 6), suggesting it had crystallized in a different form. But, since the sample
was not enough to perform a DSC or a TG run, it’s not possible to conclude weather this
new form is a solvate or a polymorph.

The solid crystallized from DCM presented in a distinct FTIR-ATR spectra
(FIG. Apdx1 - 7-A) and XRPD diffractogram from the three known IGU polymorphs
(FIG. Apdx1 - 7-B). Although, similar to the previous case, there was not enough material
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to perform a calorimetric analysis. Hence, and since no more replicates of this form
could be produced in time, it's not possible to tell if it is a new IGU solvate or
polymorphic form.

IGU’s crystallization from DMSO resulted in a new solid form, as confirmed by analysing
its XRPD diffractogram and comparing it with those of the IGU polymorphs and solvates
(FIG. Apdx1 - 8). This solid was proved not to be a solvate, as no desolvation event was
visible on the TG thermogram. The DTA curve additionally revealed an exothermic
transition had occurred, at T=162 °C, followed by a single fusion, at T=233 °C (FIG. 24).
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FIG. 24 — TG and DTA curves of the IGU crystallized from DMSO. f = 10 °C/min.

The results from the analysis of this sample by DSC (FIG. 25) did not reveal the previously
observed exothermic transition. However, a crystallization was observed, followed by
two overlapped fusion events, at T~ 230 °C and T ~ 235 °C, which indicates the sample
is mixture of polymorphic forms. Data from a second TG-DTA run (FIG. Apdx1 - 9) also
revealed no solid-solid events on the DTA curve, which may be due to the technique’s
sensitivity, not allowing detection of this step in a polymorphic mixture. Moreover, the
fusion onset was similar to the first observed by DSC, at T= 230 °C.

A PLTM experiment was also made (FIG. Apdx1 - 10). The sample remained unaltered
until T~ 210 °C. At this temperature, a long-lasting melting process began, which ended
at T~ 240 °C. This supports the presence of two distinct forms, as was observed by DSC.
Since solvent exit was never observed in calorimetric studies, and the XRPD
diffractogram showed clear differences from the know IGU forms, the IGU:DMSO solid
can be concluded to be a new polymorph of IGU, the first obtained by solvent
evaporation. Since this form was not obtained in its pure state (but rather in a mixture),
it is not possible to accurately describe its thermal behaviour, as there were some
discrepancies in results.
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FIG. 25 — DSC curve of IGU crystallized from DMSO. 8 = 10 °C/min.

3.1.4.1 - IGU:DMF solvate crystal structure solving with SCXRD

From the evaporation of DMF, monocrystalline IGU:DMF crystals were obtained. The
solvate was analysed by SCXRD, and its crystalline structure was solved. FIG. 26 shows a
representation of the solvate’s unitary cell. The figure suggests a second IGU:DMF
solvate was formed, in a 1:1 molar ratio, unlike the previously observed one, in a 1:0.5
molar ratio.

FIG. 26 — Hydrogen-bonded four-molecule unit of IGU:DMF, obtained by SCXRD. Hydrogen bonds are
represented by dashed lines.

The crystal is described by a monoclinic system. The unitary cell’s dimensions are a =
5.4149(4) A, b = 11.7831(7) A, and ¢ = 16.9643(11) A; the angle values a = 85.2130(10)°,
S =86.630(2)°, and y = 79.035(3)°; and its volume is 1057.91(12) A3. The IGU molecules
are linked to one another via N-H---O hydrogen bonds across an inversion centre. Each
of them is also connected to a solvent molecule by a N-H:--O hydrogen bond, thus
forming hydrogen-bonded units consisting of four molecules, as visible in FIG. 26. These
units are further interlinked with others, by weaker C-H:--:O hydrogen bonds and van
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der Waals interactions. IGU molecules also present intramolecular N-H---O hydrogen

bonds.

A 3 year later analysis of the IGU:DMF crystals revealed the sample had desolvated, and

transformed into IGU’s form I.

Intensity / a.u.

3.1.5 —Study of IGU’s hydrate

In a previous study, a 1:1 cocrystal of IGU with nicotinamide (NA) was obtained with
LAG. A dissolution test was preformed, to clarify whether the newly obtained solid form
had improved solubility over the pure API. Although results showed no apparent
increase in this parameter, it was discovered that both IGU and the IGU:NA co-crystal
(which partially disassociated during the experiment) originated a 1:1 IGU hydrate while
in contact with the phosphate buffer solution, which was proved by XRPD*and TG
(FIG. Apdx1 - 11). A one-week later analysis revealed that the hydrate had evolved to
the starting compound (IGU’s form I1).4¢

To replicate the hydrate obtained on the dissolution studies, three slurries were made,
using IGU’s forms | and Il, and a saline phosphate buffer with pH = 8. The resultant solids
were analysed by XRPD (FIG. 27).
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FIG. 27 — XRPD diffractogram of the IGU sample analysed after the dissolution test, the three slurries made
to replicate the hydrated form, and forms I, Il and Il of IGU. The arrows mark the signals corresponding to

the hydrate.

Three clear signals can be used to identify the hydrated form: 8.2°, 10° and 16.7°
(marked in FIG. 27 with arrows). Using these as reference, it’s possible to observe that
only the slurry made from IGU’s form Il (IGU Il slurry) originated the hydrate. It's showed,
however, that this transformation was only partial, as some of form II's signals are still
visible (for example, at ~ 5° and ~ 7°). As for the other two slurries, both show signals
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from IGU, but none from the hydrate, by which is concluded they were not well
succeeded.

Further characterization of the IGU hydrate may involve developing a better method to
obtain it, with a good yield and no impurities, as well as studying its thermal behaviour
with calorimetric techniques, such as DSC and TG.

3.2— Cocrystal and coamorphous investigation

3.2.1 - Leflunomide

3.2.1.1 — Polymorphism studies on LEF

Leflunomide (LEF) has two known polymorphs: form | and form 11.1%4 A XRPD analysis
(FIG. 29) revealed that commercial LEF comes as a mixture of those two polymorphs, by
comparison with the simulated diffractograms for forms | and Il (generated on
Mercury 2020.3.0 with data collected from CCDC). The isolation of each polymorph
becomes then imperative, as the mixture would bring unnecessary complications for
future studies with the compound.

It is known that forms | and Il can be obtained by recrystallization from ethanol and
benzene, respectively.!%* However, since benzene is a highly toxic solvent, it was crucial
that an alternative methodology for the isolation of form Il was found.

LEF’s form |, when heated, transforms into form Il through a solid-solid transition.1%* A
DSC run, at a rate = 10 °C/min, revealed the mentioned transition, at T= 125 °C, which
was then followed by the fusion, at T = 165 °C (FIG Apdx1 - 12), both these values being
in accordance with literature data.'%* A thorough analysis of the DSC curves of the LEF
samples (FIG Apdx1 - 12) showed, however, that the polymorphic transition on the
commercial sample was incomplete, and that a composed fusion took place,
overlapping those for forms | and Il. This allowed the determination of the fusion
temperature of form I. A closer inspection of the DSC graph is done in FIG. 28. As can be
seen on the commercial LEF curve, form I’s fusion occurs at T= 165 °C (calculated from
the commercial LEF curve), followed by the fusion of form Il at T = 166 °C (calculated
from the heated LEF curve).

Despite being incomplete, this transition proved to be a reliable approach for obtaining
form I, as by simply heating a sample past the solid-solid transition temperature, it
would convert into this polymorph (FIG. 29; FIG Apdx1 - 12).
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FIG. 28 — DSC curves of commercial LEF and LEF preheated to 120 °C (zoomed in). £ = 10 °C/min.

Two samples of commercial LEF were submitted to LAG with EtOAc, respectively at 15Hz
and 30Hz, for 30 minutes. A post milling XRPD analysis revealed that the compound,
initially a mixture of polymorphs, had fully converted into form | in both cases (FIG. 29
shows the result for 30 Hz). This not only presented itself as new, and essentially solvent-
free, method for isolating form I, but would also imply that, in future grinding studies
with LEF, regardless of its starting polymorphic composition, this compound would be

fully converted into form I.
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FIG. 29 — XRPD diffractogram of polymorphism studies conducted with LEF. Simulated data collected from
CCDC (Vega 2006).

3.2.1.2 — IGU:LEF system study and characterization

An equimolar mixture of IGU and LEF was submitted to LAG, at 15Hz for 30min, with
EtOAc, same conditions as those used in a previous study to obtain the 1:1 IGU:NA
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cocrystal.*® The analysis of the resulting solid by XRPD revealed some differences from
the starting compounds and respective polymorphs, suggesting cocrystallization
occurred. However, when the sample was heated by DSC, a single peak was not
observed, but rather a series of successive fusion and crystallization events. This
indicates not only the molar ratio used for obtaining the cocrystal was wrong, but also
that part of the excess IGU and LEF originated an eutectic composition. The IGU:LEF
system was studied by DSC, in molar ratios varying from 5:1 to 1:4.5, these being
achieved with the same LAG conditions (FIG. 30). The DSC runs of the samples containing
LEF were carried until 190 °C, since, in a TG analysis (FIG. Apdx1-13), this compound was
found to start degrading before 200 °C.
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FIG. 30 — DSC curves of the various molar ratios used to study de IGU:LEF system. 8 = 10 °C/min.

The sample in a 2:1 molar ratio corresponds to the pure cocrystal. The DSC curve
presents a single endothermic event, a fusion at T = 175 °C, which is situated in the
middle of both API and coformer fusions, as is typical for these kinds of formulations.*!
FTIR-ATR spectra (FIG. 31) and XRPD diffractograms (FIG. 32) show significant
differences between the cocrystal and the starting compounds and their polymorphs.
Samples in FIG. 30 were also studied by XRPD (FIG. Apdx1-14). It is possible to observe
that the cocrystal was obtained (at least partially) in all compositions. However, excesses
of IGU and LEF are observed for molar ratios other than 2:1.

IGU and LEF have been in the vanguard of scientific research on rheumatoid arthritis for
over a decade. They proved effectiveness both in monotherapy, and in combinatory
therapy with methotrexate.’® This new API-API cocrystal could pave the way for
discovering a possible synergetic effect between these two drugs. Further investigation

on their physicochemical compatibility is, however, necessary.
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FIG. 31 — FTIR-ATR spectra of the IGU:LEF 2:1 cocrystal, and the known polymorphs of IGU and LEF.
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FIG. 32 — XRPD diffractogram of the IGU:LEF 2:1 cocrystal, and the known polymorphs of IGU and LEF. The
arrows mark signals corresponding to the cocrystal.

The sample in a 1:4.5 molar ratio (yicu = 0.18), as described in FIG. 30, presents a single
fusion at T ~ 152 °C (following an endothermic transition), which is seen to also occur
for the solids in a 1:1, 1:2, 1:3 and 1:4 molar ratio. An endothermic event is observed at
T ~ 120 °C, which was found to be the solid-solid transition from polymorphs | to Il of
LEF. This was confirmed by preheating the sample until 130 °C and analysing it by XRPD,
comparatively to LEF’ known polymorphs (FIG. Apdx1-15). Since the 1:4.5 solid’
diffractogram also shows peaks of the cocrystal (FIG. Apdx1-14), this is concluded to be
an eutectic composition between the IGU:LEF cocrystal and LEF’s form II.

PLTM images of both transition and fusion events were captured, and are displayed in
FIG. 33. It is possible to observe that the entirety of the material melts, which
corroborates the eutectic composition is in the right molar ratio.
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FIG. 33 — Images captured during a PLTM run with IGU:LEF 1:4.5. = 10 °C/min.

3.2.1.3 = IGU:LEF NG study

As discussed in a chapter 3.1.2, IGU turns amorphous with NG at 30 Hz for 60 minutes.
In contrast, under these conditions, LEF does not. However, it was verified by XRPD that
the 1:1 mixture with IGU fully turned amorphous, remaining unaltered over a period of
at least 3 months (FIG. 34).

Furthermore, evidence of molecular interactions was found by FTIR-ATR
(FIG. Apdx1-16), as the spectrum for this new solid shows several differences from those
of the starting compounds (band shifts at 1205 cm™, 1016 cm™ and 840 cm2). As such,
this is concluded to be a coamorphous with interaction.

Similar to the IGU:LEF 2:1 cocrystal, this drug-drug coamorphous has potential for
combinatory therapy in rheumatoid arthritis, but also for improving both component
drugs’ bioavailability by increasing their solubility, as amorphous materials are expected
to be more water soluble than their crystalline counterparts. Additionally, coamorphous
blends tend to remain stable over a longer period, meaning this could present as an
advantage over IGU’s amorphous.5%63
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FIG. 34 — XRPD diffractogram of IGU, LEF and IGU:LEF 1:1, submitted to neat grinding at 30 Hz for 60
minutes.

3.2.2 - Sulfasalazine

3.2.2.1 — Preliminary studies with SSZ

A triclinic polymorph of sulfasalazine (SSZ) has been described by Lorena et al., which
was obtained by recrystallization from EtOH. Besides the commercial form, this is the
only known polymorph of SSZ. Furthermore, no form alterations have been reported to
happen with mechanochemical grinding to date.%®

SSZ, as well as the mixture with IGU in a 1:1 molar ratio, obtained by LAG at 15Hz for 30
minutes with EtOAc, were investigated with XRPD (FIG. 35) and FTIR-ATR
(FIG. Apdx1-17). Through the analysis of these graphs, it was concluded that
cocrystallization did not take place under the milling conditions used. The samples were
also studied by PLTM (FIG. 36) and DSC (FIG. Apdx1-18), in order to assess their thermal
behaviour. From PLTM analysis, it was verified that both SSZ and IGU:SSZ started to
degrade immediately after fusion occurred. Although eutectic fusion was observed by
both PLTM and DSC, investigation on this composition investigation was not conducted,
as the observed degradation would have presented a great obstacle in further

calorimetric studies.
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FIG. 35 — XRPD diffractogram of commercial and simulated SSZ, IGU’ forms I, Il and Ill, and the IGU:SSZ
sample in a 1:1 molar ratio. Simulated data collected from CCDC (Filip 2001).

T=222°C
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FIG. 36 — Images captured during a PLTM run with SSZ (pink) and the equimolar IGU:SSZ mixture (green)
obtained through LAG. £ =10 °C/min.

3.2.2.2 — NG investigation with SSZ

A NG experiment was conducted, using a milling frequency of 30Hz, over a period of 60
minutes. SSZ was found to not fully turn amorphous in these conditions, even though
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steel vessels were used. A similar result was observed with the IGU:SSZ 1:1 sample
grinded in a zirconium vessel. In contrast, the 1:1 solid milled in a steel vessel produced
a clear amorphous, as visible in the XRPD diffractograms in FIG. 37, demonstrating once
more the overall better performance of steel vessels over zirconium vessels in

amorphous obtention.
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FIG. 37 — XRPD diffractogram of SSZ, IGU’ forms Il, and the IGU:SSZ sample in a 1:1 molar ratio, submitted to
NG at 30Hz for 60 minutes.

3.2.3 — Folic Acid

3.2.3.1 — Analysis of FA’s thermal behaviour

The study of folic acid dihydrate (FA) began with a thermal behaviour examination.
Following heating by TG-DTA (FIG. 38), at a rate of # = 10 °C/min, it is initially detectable
a mass loss at T ~ 100 °C. This was confirmed to correspond to the exit of two water
molecules, by calculation with the percentage of lost mass, given by TG. The water exit
process is also evident in the DSC analysis with a perforated capsule (FIG. Apdx1-18).
Furthermore, Braga et al. found this step to be reversible, as by heating the sample to
150 °C, and then cooling it to room temperature, the hydrated phase, as well as
crystallinity, were restored over a certain period.'%” A first degradative process occurs
at T~ 228 °C, which is represented by an endothermic event on the DTG curve. FA does
not have an observable melting point.1%8
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FIG. 38 — TG and DTA curves of a commercial FA sample. = 10 °C/min.

Both water exit and degradation processes were observed by PLTM (FIG. 39), upon
heating at # =10 °C/min. Samples’ loss of water is accompanied by a solid-solid transition
to the anhydrous phase'®” (T = 130 °C). At higher temperatures, the colour fades (T =
184.5 °C) and the sample turns black (T = 220 °C), due to loss of crystallinity, which is
caused by degradation.

Since FA degradation through heating was already characterized by Vora, et al., no
further investigation was made on this subject.%8

T=130°C

T=184.5°C

FIG. 39 — Images captured during a PLTM run with FA. = 10 °C/min.
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3.2.3.2 = IGU:FA system study with LAG and NG

As described by Braga et al., FA dihydrate has two conformational polymorphs®, FOL1
and FOL2, which differ in the conformation of the glutamic moiety. These were found
to have a monotropic relationship, FOL1 being the more stable than FOL2. It is
additionally stated that FA’s anhydrous form is yet to be fully characterized, and there
is no spectral data for it to date.!%’ Since the early degradation complicates the study of
FA with calorimetric techniques, and since there is still very little information on the
anhydrous form, the focus of this study was instead placed in room temperature
experiments.

An equimolar mixture of IGU and FA was submitted to LAG, at 15Hz for 30 minutes, with
EtOAc. The resultant solid was analysed by XRPD (FIG. 40) and FTIR-ATR
(FIG. Apdx1-19). From the analysis of the graphs, it was concluded that cocrystallization
did not occur under these conditions.

In later attempts for the obtention of a cocrystal with IGU, higher milling frequencies
and times were used. Although no improvements were observed on this matter, after a
LAG run at 30Hz for 60 minutes, the 1:1 sample was found to turn amorphous, as visible
in the diffractogram in FIG. 41. Hence, and since FA has been previously reported in
successful coamorphous formulations’?%19, the amorphous form was further studied.
FA was found to fully turns amorphous with NG at 30Hz for 60minutes in steel vessels
(FIG. 41). The observed bias for molecules with high molecular weight and flexibility,
such as FA, to easily turn (and remain) amorphous is associated with the difficulty of the
groups, that establish van der Waals interactions in the crystal lattice, realigning in
proper order.
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FIG. 40 — XRPD diffractogram of the three known IGU polymorphs, commercial FA, FA submitted to LAG
at 15Hz for 30 minutes with EtOAc, and the equimolar mixture of IGU and FA, obtained in the same

conditions.
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A new 1:1 coamorphous with IGU and FA was also obtained with NG, in the same
conditions used for FA. Moreover, the sample remained stable over a period of six
months, which is also shown in the XRPD diffractogram in FIG. 41.
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FIG. 41 — XRPD diffractogram of FA dihydrate and IGU, prepared with NG, and the IGU:FA sample ina 1:1
molar ratio, prepared by NG, and by LAG with EtOAc. NG was performed at 30Hz for 60 minutes, in steel
vessels.

A later analysis of the IGU:FA 1:1 coamorphous by FTIR-ATR revealed no evidence of
intermolecular interaction, as the 1:1 spectrum revealed a sum of the two component
compounds’ spectra (FIG. Apdx1-20). However, no qualitative conclusions can be taken
from this, as several pharmaceutical coamorphous formulations, with no signs of
molecular interactions between the constituent compounds, have been reported to
significantly improve solubility and stability over the pure amorphous forms and the

amorphous physical mixtures.5>-67

3.2.4 — Nicotinamide

3.2.4.1 — Study of the IGU:NA system with NG

As mentioned in chapter 3.1.5, the IGU:NA system has already been investigated with
LAG, and a cocrystal in a 1:1 molar ratio was obtained. However, no coamorphous
formation was observed in previous studies, and no other methods for obtaining this
cocrystal were found. This chapter focuses on NG of IGU and NA, in order to
complement the existing data on this system.

Coamorphous formation was studied by submitting two IGU:NA samples, in 1:1 and 1:2
molar ratios, to NG at 30Hz for 60 minutes, in steel vessels. NA amorphization was also
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studied under the conditions mentioned. As shown in the XRPD diffractogram in FIG. 43,
both 1:1 and 1:2 samples fully turned amorphous (unlike NA, which demonstrated to
only become amorphous when grinded with IGU), this meaning coamorphous formation
was successful.

Evidence of intermolecular interactions was found with for the 1:2 coamorphous, as is
clear by analysing the FTIR-ATR spectra (FIG. 42-A and FIG. 42-B). This sample remained
stable over a period of 3 months (FIG. 43 — IGU 1:2 NG after 3 months).

The 1:1 spectrum showed a sum of IGU and NA’s spectra, revealing no signs of
interaction (FIG. 42). The 3 months later analysis by XRPD revealed the 1:1 coamorphous
had crystallized in the cocrystal (FIG. 44). The transformation between coamorphous
and cocrystal systems has been reported to occur for unstable coamorphous
formulations, such as those in which the coformer has very low stability in the
amorphous state, as is the case for NA.11%112
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FIG. 42 - FTIR-ATR spectra of IGU, NA, and the samples in a 1:1 and 1:2 molar ratios, obtained with NG at
30Hz for 60 minutes in steel vessels. Panels A and B highlight the distinct peaks found on the 1:2 sample.
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FIG. 43 — XRPD diffractogram IGU, NA, and the samples in a 1:1 and 1:2 molar ratios, obtained with NG at
30Hz for 60 minutes in steel vessels.
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FIG. 44 — XRPD diffractogram of the known IGU polymorphs, the IGU:NA 1:1 cocrystal, and the IGU:NA 1:1
solid that crystalized from the amorphous 3 months after obtained.

Although the IGU:NA 1:1 cocrystal showed no solubility improvements over IGU%,
finding a method for stabilizing these new coamorphous could mark a turning point on
the search for means to increase the oral bioavailability of this API.
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3.2.5 — Metoclopramide and Omeprazole

3.2.5.1 — Calorimetric studies on MCP and OPZ

Metoclopramide (MCP) and Omeprazole (OPZ) cocrystal formation with IGU was
investigated, the goal being the obtention of a dual-drug which improves IGU’s
solubility, while reducing its gastrointestinal side effects. However, the study with these
compounds was abandoned at early stages, due to OPZ’s degradation, and due to
IGU:MCP’s system high complexity, both being time consuming factors. Nonetheless,
obtained results are briefly discussed in this chapter.

OPZ was submitted to LAG with IGU I, at 30Hz for 60 minutes, and with IGU I, at 15Hz
for 30 minutes, with EtOAc. FTIR-ATR spectra (FIG. Apdx1-21) and XRPD diffractogram
(FIG. Apdx1-22) analysis revealed cocrystallization was not achieved. DSC data on OPZ
(FIG. Apdx1-23), as mentioned, showed signs on degradation immediately after fusion
occurred, both for the pure APl and the 1:1 mixture with IGU.

MCP was studied with IGU in various molar fraction, these being 1:1, 1:2.3 and 1:7.1.
Mixtures were obtained with LAG, at 15Hz for 30 minutes, and at 30Hz for 30 minutes,
using EtOAc as the solvent. XRPD diffractograms (FIG. Apdx1-24) showed no signs of
cocrystal formation. Furthermore, DSC curves (FIG. Apdx1-25) revealed a series of
fusion and crystallization events for each IGU:MCP composition, which indicated the
presence of an eutectic composition. MCP’s polymorph was also characterized with DSC
and XRPD, by heating it past the solid-solid transition temperature.
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3.3 —IGU in solution: determination of €, pK, and Ok

Beer-Lambert’s law 2, shown in equation (4), describes a linear relationship between

the concentration of a solution and its absorbance:
(4)

Since the optical path (I) of the cuvette used equals 1 cm, the molar absorption
coefficient (€) can be calculated though a calibration curve of absorption versus
concentration. FIG. 45 shows the resultant plots.
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FIG. 45 — UV-vis spectra of dilutions 1 to 5 of “IGU 266" (A) and calibration curves of the three IGU samples:
266, 262 and 254 (B). Maximum absorbance values registered at A = 347nm.

The molar absorption coefficient was calculated as the average value of the curve
slopes. The obtained value was € icu (347 nm) = 1.44 x 10* M*cm™, with a standard
deviation of 0 =0.05 x 10* M*cm™, showing good reproducibility in the data set.

IGU was found to exist in two different species in solution: a neutral one, and a
deprotonated one. This was firstly hypothesized when, while predicting the molecule’s
pKa on the Marvin software 113, the N from the sulphonamide group was showed to lose
its proton. This will be further discussed in this chapter, as well as substantiated with
experimental data.

The pKj value of IGU was characterized from the concentration of the neutral and
deprotonated species, depending on pH. By analysing the UV-Vis spectra (FIG. 46), it is
observable that, as the pH is decreased, the absorbance peak moves to lower
wavelengths (FIG. 46 - B). It is also noticeable that the maximum registered absorbance
reduces to approximately half its original value (FIG. 46 - A). This is due to the prevalence
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Absorption

0,5

increase of the neutral specie as the pH is lowered. Since concentration is kept constant,

it can be inferred that € also decreases.

The fluorescence spectra (FIG. 47) reveals a decrease in intensity as the pH is lowered,
ult imately nearing zero, at pH = 3. This suggests only the deprotonated specie presents

fluorescence, as will be discussed later in this chapter.
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FIG. 46 — Raw UV-Vis spectra (A) and normalized UV-Vis spectra (B) of the pH titration of a IGU solution

at 4.25 pM in PBS with 2% DMSO.

80

60 —|

Intensity / a.u.
&
1

20

pH
—8.96
—8.55

—78
—7.58
—74
—7.19
—7.01
e 6. 79
— 001
—6.38
— .21
~—6.01
——5.82
5.62
5.36

4.35
3.98

T 4 T T
400 450 500
Wavelength / nm

FIG. 47 — Fluorescence spectra of the pH titration of a IGU solution at 4.25 uM in PBS with 2% DMSO.

FIG. 48-A shows the curves for the maximum absorbance values, registered at 325 nm
and at 346 nm, and FIG. 48-B shows the curve of the maximum fluorescence intensities,

registered at 470 nm. The inflection point (IP) corresponds to the pKj, the pH at which

both species have an incidence of 50%.
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(B) values are plotted as a function of pH. IP(A)3s6 = 6.33; IP(A)325 = 6.33; IP(B) = 6.32.

Curves resulted from the best fit of equation (5) to the experimental values:

[A] — [A]T X Ka (3)
[H*] + K,

Where [A] is the concentration of the protonated/deprotonated specie in uM; [A]r is
the total concentration of IGU in solution; K, is the first dissociation constant; and [H*]
is the hydrogen ion concentration.

Species incidence (%) was plotted as a function of pH (FIG. 49), using the fluorescence
pKa data (FIG. 48-B), allowing for a clearer insight on the prevalence of the deprotonated
form at physiological pH.
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FIG. 49 - Incidence (%) of the neutral (IGU H) and deprotonated (IGU ) species of IGU in solution. The
arrows mark the % values at pH = 7.4. 53



The obtained value was pKa = 6.3.

The fluorescence quantum yield was calculated for both neutral and deprotonated
species of IGU, respectively by adjusting the pH of the solutions to 3 and to 9. At these
pH values, the incidence of each one of these species is close to 100%, as was shown in
FIG. 49.

For this calculation, equation (6) °* was used:

FS AR nsz (6)
CDS:q)RX(F_RXA_SXn_RZ

where @y is the quantum vyield of QS 89°!; Fg and Fy are the integrated fluorescence
intensities of the sample and the reference, respectively; Ag and Ag are the absorbance
values at the excitation wavelengths (320 nm in the pH = 3 solution, and 346 nm in the
pH = 9 solution); and ng? and ng? are the refractive indexes of water (1.333) and 0.5M
H2S04(1.346).

The Orf value obtained was 0.0007 for the neutral specie, and 0.0779 for the
deprotonated specie, confirming that only the deprotonated form of IGU is fluorescent.
The fluorescence spectra of both forms is displayed in FIG. Apdx2 - 1, and is compared
with QS, which has a ®r of 0.546.8°

Fluorescence spectroscopy will be used in further chapters as the prime characterization
technique for IGU, as it allows its monitoring at high pH values (deprotonated specie
predominates), in relatively low concentrations, and without the interference of other
non-fluorescent molecules in solution.

3.4 — IGU interaction with POPC and POPC:DDAB

IGU solutions were studied by fluorescence spectroscopy, while varying the lipid
concentrations from 0 to 10 mM. The results obtained with POPC were compared with
those of POPC:DDAB. The process for studying IGU’s lipid interaction was based on the
wavelength shift that occurs upon partitioning to the lipid bilayers &
(FIG. 50 and FIG. 51).
A simplified version of the equation used by Cardoso, et al.®” was used for this partition
model. Equation (7):

(7)

Ky, 1073 -[L]
Aswitt = T k1073 - [1]
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where K, is the partition coefficient Kp multiplied by the molar volume of POPC
(0.795 dm3/mol) &, and [L] is the concentration of lipid (POPC or POPC:DDAB). K;, values
appear multiplied by 1073 so the units match with those of [L].

FIG. 50-A and FIG.51-A represent the best fit of equation (7) to the experimental results.
At the pH value the experiment was conducted (7.4), IGU is mostly present in its ionized
form (FIG. 49). This justifies the higher partitioning observed to the positively charged
lipid (POPC:DDAB - FIG. 51). In comparison, IGU showed significantly lower partitioning
to the neutral lipid (POPC — FIG. 50).
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FIG. 50 — Best fit curve to the wavelength shift (A) and normalized fluorescence variation (B), with the

increase of [POPC].
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FIG. 51 — Best fit curve to the wavelength shift (A) and normalized fluorescence variation (B), with the
increase of [POPC:DDAB] (9:1 molar ratio).

K. was calculated from the best fit of equation (7). Confidence intervals (Cl) at 75% and
90% were determined from the chi-square test (FIG. Apdx2 - 2-A and FIG. Apdx2 - 2-B).
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The obtained result for POPC was 4.60 x 10 with a 75% Cl of [7, 106], and for POPC:DDAB
was 1.46 x 10% with a 90% Cl of [107, 193]. This means that, at the maximum lipid
concentration used (10mM), IGU was approximately 30% partitioned into the POPC lipid
bilayer in the study with POPC, and 60% for lipid bilayer formed by POPC:DDAB (9:1
molar ratio).

3.5 — Permeation studies with LUVs of POPC

IGU’s elution profile through the Zeba™ columns was studied with UV-Vis and
fluorescence spectroscopy. Knowing the volume PBS that needs to be passed through
the column in order for IGU to start eluting proves determining, as this behaviour is
expected to be reproduced by the IGU that permeated the POPC LUVs bilayer in the
following studies.

From FIG. 52 it is noticeable that IGU starts exiting the column after roughly 3000 uL of
PBS were passed through, the peak absorbance and fluorescence being registered
around the 5000 pL mark. This behaviour should maintain in the permeation tests for
the IGU that has permeated the LUVs, while the encapsulated IGU ought to exit first
with the lipid vesicles. The performance of both columns was similar, which advocates
for good performing conditions.

The analysis of the data from the separation of the non-encapsulated IGU brought some
concerns. The UV-Vis spectra (FIG. 53) and absorbance versus volume curves (FIG. 53)
showed the LUVs exited mainly after the first passage of PBS (500 mL). However, IGU
left the column sooner than expected, as the peak absorbance was registered with the
passage of 3500 mL of buffer, rather than 5000 mL.

This suggests the compound is being dragged by the LUVs, or even rapidly permeating
the vesicles as they are crossing the resin gel, which results in an early exit. Furthermore,
the exit of the LUVs is overlapped with that of IGU, as the curve does not go to zero
(FIG. 54— 1500 mL PBS).

The pH of the IGU solution was adjusted to 9 (FIG. 54-B), as an attempt to lower its
permeation velocity by increasing the incidence of the deprotonated specie. Yet, this
produced no effect, for the results were similar to those at pH = 7.4 (FIG. 54-A).
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of PBS passed through the size-exclusion chromatography columns, describing IGU’s exit profile.
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FIG. 53 — UV-Vis spectra from the separation of the non-encapsulated IGU.
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FIG. 54 — Absorbance at 345 nm, as a function of the volume of PBS passed through the size-exclusion
chromatography columns, for IGU, and the separation of the non-encapsulated IGU from the LUVs, at
pH=7.4 (A) and at pH =9 (B).

The overlapping of curves, and the suggested fast permeation through the LUVs bilayer,
is incompatible with this assay, as it can only determine the permeation velocity for slow
permeating compounds. As such, further results were inconclusive, showing only that
IGU desorption from and permeation through the lipid bilayer of LUVs occurs in a time
scale comparable to that of elution from the column (a few minutes).

3.6 — Dynamic light scattering studies

DLS was used to analyse the IGU dilutions prepared in section 2.6, to evaluate eventual
aggregation. Experimental data distribution fit (FIG. 55) reveals a rapid decrease in
correlation, responsible for the small particles in the dispersion, as values are observed
to start from 0.4 at around 1 us. The correlation function shows the presence of some
particles with intermediate sizes, although it does not show a trend with concentration.
It also reveals the presence of very large particles, with a weight that is higher for less
diluted solutions, suggesting it is originated by IGU aggregates. However, the best fit of
the correlation function for the larger aggregates is not good, for which the size
distribution obtained for this region is not reliable.
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FIG. 55 — Correlation function and corresponding best fit for the four IGU solutions in PBS with 2 % DMSO,
with concentrations of 67.4, 33.7, 16.9, and 8.4 uM (dil O to dil 3).

The volume distribution is showed in FIG. 56, revealing a prevalence of smaller particles
in solution. The size of those small particles is not well defined, because it is obtained
from the best fit of the correlation function at times smaller than 4 us, where there are
few experimental values. Nevertheless, the value obtained (around 0.6 nm) is
compatible with IGU monomers is solution.
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FIG. 56 — Size distribution by volume of the four IGU solutions studied.

From the analysis of the scattering intensity of the IGU solutions (FIG. Apdx2 - 3) it is
possible to evaluate the global variation in the scatter contribution for particles in
solution and their relative size. Comparing these results with those obtained for PBS
(FIG. Apdx2 - 4), it is observable that most of the scattered light for particle sizes greater
than 1000 nm comes from the solvent, which suggests it might have contained traces of
dust.

Since the voltage was maintained throughout the analysis, the count rate for each
sample is directly proportional to the intensity of scattered light. The derived count rate
of the four samples and the stock solution in DMSO is represented in FIG. 57. It is
observable that the first three samples (dil 3, dil 2 and dil 1) appear to be similar, while
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having a count rate slightly higher to that of the solvent. However, a big increase is
verified from dil 1 to dil O (record index 3 to 4), followed by an even bigger increase from
dil 0 to the stock solution (record index 4 to 5). These increases in the intensity of
scattered light for higher IGU concentrations suggest the formation of aggregates, as
IGU significantly contributes for the overall dispersion of the sample.
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FIG. 57 — Derived count rate of PBS, the IGU stock solution in DMSO, and the four IGU solutions studied.
Record index number 1 corresponds to PBS, numbers 2 to 5 correspond to IGU dil 3 to dil 0, and number
6 corresponds to the stock solution.

The LUVs were also analysed by DLS, after the extrusion process. The distribution fit
(FIG 58) revealed a much slower loss of correlation when compared FIG. 55, due to the
presence of large particles in the suspension (POPC vesicles).

The resulting average size calculated for the POPC vesicles from the size distribution by
volume data (FIG. 59) was 114.7 nm, which matches the expected diameter for a LUV,

meaning extrusion was successful.
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FIG. 58 — Correlation function and corresponding best fit for the POPC LUVs collected from extrusion.
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FIG. 59 - Size distribution by volume of the POPC LUVs collected from extrusion.

3.6.1 — Zeta potential determination

The zeta potential of POPC LUVs was measured, and compared with the value for the
POPC LUVs in the presence of IGU. The obtained values are summarized in Table 5. The
average potential obtained for POPC was -1.72 mV. However, in the presence of IGU,
the potential significantly changed, taking the value -16.7 mV. This is due to IGU’s
deprotonated specie, which is prevalent at pH = 7.4. Furthermore, this severe change
in potential also advocates for the interaction between IGU and the lipid, discussed in
section 3.6.

Table 5 — Zeta potentials calculated for the POPC samples

Sample Zeta Potential (mV)
POPC LUVs + IGU (1) -14.9
POPC LUVs + IGU (2) -18.7
POPC LUVs + IGU (3) -16.4
POPC LUVs (1) -1.44
POPC LUVs (2) -2.15
POPC LUVs (3) -1.58
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CONCLUSIONS AND FUTURE WORK

IGU solid state proved to be an interesting, yet complex subject matter. In the present
work, six compounds, used in modern medicine practice for three distinct therapeutical
purposes, were investigated with IGU: LEF, SSZ, NA, FA, OPZ and MCP.
Mechanochemistry was used as the prime technique for cocrystal, amorphous and
coamorphous production. After ball milling, samples were characterized by calorimetric
methods, namely DSC, PLTM, and TG-DTA; and spectroscopic methods, these being
FTIR-ATR, XRPD and SCXRD.

Solvates were obtained with ACN, MeOH and DMF, but not with Ace, EtOH, EtOAc, and
DMSO. Additionally, the structure of IGU:DMF was solved with SCXRD, following
obtention of monocrystalline crystals. Since the pharmaceutical applicability of these
forms is usually limited, due to non-ideal physicochemical property modifications upon
solvate formation, and heavy legislation limitations on the commercialization of drugs
with residual solvents, solvate formation was mostly addressed for characterization
purposes.

A new IGU polymorphic form was also found, although as a mixture of forms, by
crystallization in DMSO, this being the first polymorph obtained by solvent evaporation.
Finding a more efficient method for replicating this polymorph is crucial for further
characterizing it, as solvent evaporation methods with DMSO are not practical.

A cocrystal was successfully obtained with LEF, in a molar ratio of 2:1 (IGU:LEF), by LAG
at 15 Hz for 30 minutes with EtOAc. This new solid form is a dual drug cocrystal, being
that both of these drugs are DMARDs used in treatment of RA, and have shown positive
results in monotherapy, and in combinatory therapy, together with methotrexate. This
new solid form has significant pharmaceutical potential for treatment of RA, as it could
not only show improved physicochemical characteristics over its pure components, but
also pave the way for discovering a possible synergetic effect between these two drugs.
Coamorphous formation was achieved with LEF (1:1), SSZ (1:1), NA (1:1 and 1:2), and
FA (1:1), with NG in steel vessels at 30 Hz for 60 minutes. The solid with LEF remained
stable for a period of 3 months, and the one with FA was stable after 6 months. The 1:2
solid with NA proved stable also after 3 months, unlike the one in a 1:1 molar ratio,
which crystallized during the 3 months process, resulting in a 1:1 cocrystal, which had
been studied in a previous work. The higher stability of the 1:2 coamorphous over the
1:1 was attributed to molecular interactions, of which evidence was found for the 1:2
solid, but not for the 1:1 solid, suggesting these helped stabilize the amorphous form.
Future investigation on the developed cocrystal and coamorphous systems with IGU
could involve proper stability tests, performed under controlled temperature, pressure,
and humidity conditions, over extended periods of time. These will help to determine
their pharmaceutical potential. Also, finding effective methodologies for amorphous
form stabilization is pivotal for upcoming studies with these forms. Dissolution studies
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would also be of interest, not only with the cocrystal and the coamorphous, but also
with IGU in amorphous form, as they would give a direct insight into possible solubility
enhancements from these formulations.

For the IGU studies in solution, an initial characterization was made. It was discovered
that this compound exists in two different species while in solution: a neutral one, and
a deprotonated one. Furthermore, the deprotonated form was found to be fluorescent
(®e=0.0779), while the neutral form showed not to be (®r = 0.0007). From calculated
pKa (pKa = 6.3), species incidence was calculated as a function of pH, showing that the
deprotonated form has an incidence of 93% at physiological pH. This was thought to
hinder IGU’s partition to and permeation through biologic membranes, as charged
molecules tend to have lower lipophilicity. Following studies, however, contradicted this
theory. The molar absorption coefficient was also calculated, with UV-Vis
(ei6u (347 nm) = 1.44 x 10* Mlcm™).

Lipid interactions studies were performed with POPC and POPC:DDAB (9:1), following a
partition model. IGU showed good partitioning to POPC
(KL = 4.60 x 10! [7, 106]), and even better partitioning to POPC:DDAB (9:1)
(KL= 1.46 x 10? [107, 193]), which was expected, since IGU is mostly negatively charged
at the pH value that these studies were conducted (pH = 7.4), and POPC:DDAB forms
positively charged vesicles in solution.

Permeation through POPC large unilamellar vesicles was also studied. Data collected
suggested that IGU rapidly permeated the POPC LUVs, which rendered most of the
results obtained in this experiment as inconclusive, as it was design to determine the
permeation velocity for slow permeating compounds. IGU desorption from and
permeation through the lipid bilayer was showed to occur in a time scale comparable to
that of elution from the chromatographic columns.

Alternative methodologies for quantifying the permeation rate of IGU may comprise the
use of fluorescent probes, sensitive to the pH of the liquid environment, as these would
enable following IGU’s permeation though the LUVs overtime, since it is mostly
negatively charged at physiological pH, and consequently lowers the pH of the
surrounding medium.
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Apdx1-1 — XRPD diffractograms of IGU’s forms | (A) and Il (B). Adapted from REF.
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FIG. Apdx1-2 - FTIR-ATR spectra of various experiments in which IGU’s form Il was obtained.
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FIG. Apdx1-3 — XRPD diffractograms of IGU solvates with ACN (A) and DMF (B). Adapted from REF.
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FIG. Apdx1-4 — DSC (A) and TG-DTA (B) curves of IGU crystallized from MeOH:ACN. 8 = 10 °C/min.
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FIG. Apdx1-6 — XRPD diffractogram of IGU crystallizations with EtOAc and forms I, Il and IIl. The ‘side’
crystal’s distinct signals are marked by arrows.
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FIG. Apdx 1-7 — FTIR-ATR spectra (A) and XRPD diffractograms (B) of the solid crystallized from DCM and
IGU’s forms |, Il and Il1.
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FIG. Apdx1-8 — XRPD diffractogram of IGU’s forms I, Il and Ill, the IGU solvates obtained with ACN, MeOH
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FIG. Apdx1-9 — TG and DTA curves of the IGU crystallized from DMSO (second run). = 10 °C/min.
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FIG. Apdx1-10 — Images captures during a PLTM run with IGU:DMSO. f = 10 °C/min.
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FIG. Apdx1-11 - TG and DTA curves of IGU’s hydrate, formed during the dissolution tests.
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FIG. Apdx1-12 — DSC curves of commercial LEF and LEF preheated to 120 °C. § = 10 °C/min.
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FIG. Apdx1-13 — TG curves of LEF, and IGU:LEF in a 1:1 molar ratio, obtained by LAG. £ = 10 °C/min.
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FIG. Apdx1-14 — XRPD diffractogram of the various molar ratios used to study the IGU:LEF system.
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FIG. Apdx1-15 — XRPD diffractogram of the IGU:LEF 1:4.5 eutectic composition, the same sample
preheated until 130 °C, and LEF polymorphs I and II.
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FIG. Apdx1-16 — FTIR-ATR spectra of IGU, LEF and IGU:LEF 1:1, submitted to neat grinding at 30 Hz for 60

minutes.
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FIG. Apdx1-17 - FTIR-ATR spectra of SSZ, IGU’ forms |, Il and 1ll, and the IGU:SSZ ample in a 1:1 molar
ratio.
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FIG. Apdx1-18 — DSC curve of a FA sample, heated at =10 °C/min in a perforated capsule.
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FIG. Apdx1-19 - FTIR-ATR spectra of the three known IGU polymorphs, commercial FA, FA submitted to
LAG at 15Hz for 30 minutes with EtOAc, and the equimolar mixture of IGU and FA, obtained in the same

conditions.
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FIG. Apdx1-20 — FTIR-ATR spectra of FA dihydrate, IGU, and IGU:FA 1:1, submitted to NG at 30Hz for 60
minutes, in steel vessels.
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FIG. Apdx1-21 - FTIR-ATR spectra of the known IGU polymorphs, OPZ, and the IGU:0OPZ equimolar
mixture, obtained with LAG. IGU Il was used in the 1:1 mixture grinded at 15Hz for 30 minutes, while IGU

I was used in the 1:1 mixture grinded at 30Hz for 60 minutes.
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FIG. Apdx1-22 — XRPD diffractogram of the known IGU polymorphs, experimental and simulated OPZ, and
the IGU:0OPZ equimolar mixture, obtained with LAG.
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FIG. Apdx1-23 — DSC curves of IGU, OPZ and the 1:1 mixture, obtained with LAG at 15Hz for 30 minutes
with EtOAc. £ = 10 °C/min.
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FIG. Apdx1-24 — XRPD diffractogram of the known IGU polymorphs, experimental and simulated MCP,
MCP’s polymorph, and the IGU:MCP compositions, obtained with LAG.
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FIG. Apdx1-25 — DSC curves of IGU, MCP, and the IGU:MCP composition, obtained with LAG.
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APPENDIX 2
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FIG. Apdx2-1 — Fluorescence spectra (A) and logarithmic spectra (B) of the QS solution and the two IGU
solutions, at different pH values. Excitation was done at 320 nm for both QS and IGU pH 3, whereas 346
nm was used for IGU pH 9.
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FIG. Apdx2-2 — Chi square test for the KL values obtained for the partition study with POPC (A) and with
POPC:DDAB (B). Confidence intervals are represented on each graph.
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FIG. Apdx2-3 - Size distribution by intensity of the four IGU solutions studied.
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FIG. Apdx2-4 - Size distribution by intensity of the IGU solutions dil 0 and dil 3, compared with the PBS
solvent used to prepare the dilutions.
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